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Preface to ”Natural Products and Derivatives in
Human Disorders”

When the Molecules Editorial Office proposed to us the idea of coordinating the edition, as

Academic Editors, of a Special Issue related to our research experience carried out during the

last twenty-five years, we were tremendously attracted to the possibility of being able to make a

monographic book related to the bioactive role of different natural compounds from the kingdoms

of plants and fungi, as well as many of their chemical derivatives, in the solution of a wide group of

human disorders and pathologies. After deep reflection and after rejecting several titles, we decided

to title it “Natural Products and Derivatives in Human Disorders”.

This Special Issue was finished forging with the intention of requesting, collecting and

disseminating some of the most significant and recent contributions in the use of natural compounds

and derivatives to reduce the risk of developing inflammatory and oxidant diseases such as cancer

and others human disorders.

Natural products are bioactive compounds synthesized by terrestrial and marine plants, fungi,

microorganisms and animals. Traditionally, they have been used in the prevention and treatment

of various human diseases in different cultures. In parallel, chemical derivatives of these natural

compounds have been used in order to enhance their bioactivities.

Although numerous nitrogenous compounds present in the composition of all living organisms

such as amino acids, nucleotides, biogenic amines, purine and pyrimidine bases and many others

play an important role in their own development and survival [1,2], it is an authentic reality that

scientists have recognized, for more than 50 years, that the wealth of secondary products also

recognized as phytochemicals in the plant kingdom in secondary products, is much greater when

compared to those found in the animal kingdom.

As we noted before [3,4], at the dawn of the 19th century, numerous researchers isolated and

characterized, from a chemical point of view, numerous secondary products in different groups of

plants that they called phenols, isoprenoids and alkaloids capable of presenting a real physiological

and biochemical activity whose initial purpose was that of defense against different types of external

aggressions caused by herbivores, competitors, pathogens and predators, avoiding, on the one hand,

recurrent infections caused by parasites, bacteria and viruses, and on the other hand, the destruction

of the organism produced by different types of phytophagous and mycophagous [5]. Later, from the

40s and 50s of the previous century, and with the advance of analytical techniques and methodologies,

more than 5000 secondary products could be recognized and characterized, a number that nowadays

exceeds, by far, 100,000 compounds [6].

During the last ten years, most of them have been reported to have a variety of interesting

and significant biological properties, such as analgesic, anti-allodynic, anti-diabetic, anti-oxidant,

anti-parasitic, antimicrobial, anti-viral, anti-atherogenic, anti-inflammatory, anti-proliferative,

anti-tumour, growth-stimulating activities, as well as cardio and neuro-protective activities [7-11].

However, special attention has been focused on the study of their anti-tumour capacity, through

the potential modulation of cancer initiation and growth, cellular differentiation, apoptosis and

autophagy, angiogenesis, and metastatic dissemination. Moreover, a considerable number of studies

reported the relation of the anticancer effect with their anti-inflammatory and antioxidant activities.

Besides these capacities, the use of natural compounds and derivatives represent one of the most

promising strategies to treat metabolic disorders such as oxidative stress, diabetes, obesity, metabolic

ix



syndrome, and so on [12-16].

The topics included in this Special Issue are:

·New natural compounds and derivatives as anticancer agents.

·Use of natural compounds and derivatives as anti-inflammatory agents in human disorders.

·Natural products and derivatives in oxidative stress associated with human diseases.

·Molecular mechanism implicated of natural products and derivatives.

·Effects of natural products and derivatives on nutrition and diet on human diseases.

·Type of natural product and derivatives with potential bioactive, extraction and synthesis.

After a relatively long period of requests for contributions, we decided to choose, from a total

of more than 30 papers submitted, the seven contributions that passed the peer review and in which

more than twenty independent reviewers participated. Finally, this book compiles a total of one

editorial and seven original articles in which different phytochemicals and chemical derivatives are

used, delving into the study of the molecular roles they present in different human pathologies, such

as cancer, neuronal and ocular dysfunctions, arterial hypertension and osteoarthritis.

The different contributions presented in this book have been made by 55 authors of up

to six nationalities (Korea, Spain, Germany, China, United Arab Emirates and Oman). The

topics covered include situations that alter pathological growth processes of the liver, colon and

breasts, with situations related to neurodegenerative diseases through inhibitors of acetyl and

butyrylcholinesterases, and with alterations of the vascular, bone and ocular systems such as

hypertension, osteoarthritis and dry eye disease, also known as keratoconjunctivitis.

The academic editors of this work thank the MDPI editorial group for this scientific space that

it offers us and that serves to share with its future readers the feelings generated by the compilation

of the different works that make up this work. We also want to congratulate all the participating

authors, all the reviewers who without their work make it difficult for science to continue advancing

and all the scientific and administrative staff of the Molecules Editorial Office for their extraordinary

and excellent work. Finally, our special wish is that we all enjoy your reading.
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Lupiáñez, J.A.; Peragón, J. Proteomics in liver of Gilthead Sea bream (Sparus aurata) to elucidate

the cellular response induced by the intake of maslinic acid. Proteomics 2011, 11, 3312-3325. Doi:

10.1002/pmic.201000271.

8. Reyes-Zurita, F.J.; Rufino-Palomares, E.E.; Medina, P.P.; Garcı́a-Salguero, L.; Peragón, J.;
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In the chronology of Biochemistry, as a new science that emerged in the mid-nineteenth
century after its separation from Organic Chemistry and Physiology, its beginnings were
characterized by an intense search and subsequent isolation and characterization of differ-
ent organic compounds that were part of the chemical composition of living organisms.
Scientists, such as Schwann, Pasteur, Berthelot, Bernard, Liebig, Wöhler and Büchner,
played a fundamental role in these origins. For example, Schwann discovered in 1836 that
gastric fluid contained, in addition to hydrochloric acid, another digestive component that
he called pepsin, or Wöhler, who obtained in 1828 an organic molecule, urea, using the
method of chemical synthesis that bears his name. All these initial studies formed what,
for a long time, was known as Elemental and Structural Biochemistry. The compilation of
all these organic elements for more than a hundred years served as the chemical basis for
the classification of most of the natural compounds present in the biosphere [1].

The next step in the “construction” of Biochemistry, well into the 20th century, was an
intensive study of the functionality and dynamics of each of the organic molecules present
in living beings. Some of them are used as ashlars in the construction of macromolecules
destined, mainly, in the formation of the macrostructures of the living being, while others
play an effective functional and dynamic role. In this way, the circle of the structure-
function binomial, basic for the understanding of all biological sciences, is closed. All this
constitutes what is known as Functional and Dynamic Biochemistry, and although the first
known vestiges of metabolism date back to the middle of the 13th century by the hand of
a doctor from Damascus called Ibn al-Nafis (1213–1288), who stated, in his best known
work, Theologus Autodidactus, that “... the body and all its parts are in a continuous state of
dissolution and nutrition, so they are inevitably in permanent change”, its greatest exponent
was HA Krebs, Nobel Prize in Physiology or Medicine in 1953, after the publication in 1932
of his work on the discovery of the urea cycle, a cyclical metabolic process through which
different nitrogenous compounds, mainly amino acids, are processed when they are not
recycled, generating urea as a final product [2].

From a functional point of view, a good example of the latter class of molecules
is a group of natural compounds known as “phytochemicals.” An extraordinary, and
almost inexhaustible source of these compounds is made up of a large part of terrestrial
and aquatic plants, along with numerous species from the kingdom of fungi. Over time,
it has become known that these molecules play a decisive role in the defence of these
plants and fungi against herbivores, competitors, pathogens and predators, preventing, on
the one hand, recurrent infections caused by parasites, bacteria and viruses, and on the
other, of the destruction of the organism produced by different types of phytophages and
mycophages [3]. A large number of these compounds are found in foods and although
they are not considered as nutrients or macronutrients, nor are they included in the group
of vitamins or minerals, they provide various beneficial functions. That is why foods that
contain them are called functional foods since, in addition to their nutritional component,
they also provide other types of health benefits.
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In view of how the development of phytochemicals has evolved, and paraphrasing
the recapitulation theory of Ernst Haeckel, who in 1866 defended that “ . . . embryonic
ontogeny is a brief and rapid recapitulation of phylogeny”, it can be said, in a certain
way, that the history of phytochemicals recapitulates the history of biochemistry; first it
was the discovery of molecules together with the decipherment of their structure and
later, the recognition of their functions and bioactivities. At present, and especially in
the last 20 years, there is a real explosion in the search for these compounds, capable of
presenting important and abundant biological properties. Although many of them act as
real poisons and teratogens, many more are being investigated thanks to their beneficial
effects on health and can be used as new drugs or adjuvants in the treatment of various
diseases [4]. Taking advantage of the anti-inflammatory capacities of many of them, their
therapeutic use could be very useful in all those infectious diseases with a huge increase in
cytokines, as is the case of the pandemic produced by SARS-CoV-2. In this sense, in several
countries a clinical trial is being carried out using maslinic acid (pentacyclic triterpene)
together with hydroxytyrosol (polyphenol), which have both demonstrated high antiviral
and anti-inflammatory capabilities, to treat COVID-19 patients.

The classification of organic compounds has always been very ambiguous and that
is also the case of phytochemicals. However, five groups can be included among them as
the most significant: flavonoids, phytosterols, terpenoids, lignans and stilbenes [5], all of
which are recognized for their large number of bioactive effects as nutraceuticals, essential
nutrients and even allelopathic, thus influencing both the growth and survival, as well as
the reproduction of other organisms [6]. Among all these phytochemicals, polyphenols
and triterpenoids should be highlighted, as many of their bioactive capacities are known,
both in vitro and in vivo [4]. Many of these compounds have various beneficial properties,
such as anticancer, antiproliferative and antiangiogenic in different tumour lines [7–15], as
well as antioxidant and anti-inflammatory [16–19], while others have properties related to
metabolic syndromes, such as antidiabetogenic and cardio and neuroprotective [20–22],
others anti-infectious, such as antifungal, antimicrobial, antiviral and antiparasitic [23–25],
and, finally, others that affect organic and metabolic activity, such as growth inducers, acti-
vators and inhibitors of enzymatic activity [26–30], as well as modulators in the production
of reducing equivalents in the form of NADPH. This explains most biosynthetic, cellular
and organic growth, nutritional processes, as well as processes of differentiation, cellular
detoxification and oxygen free radical scavenging [31–37].

On the other hand, the process of organic synthesis has been used recently with increas-
ing intensity, with the objective of finding chemical derivatives of natural compounds that
present improvements in functional effectiveness in relation to the bioactivity of the original
compound. In this sense, different chemical groups are being used in the synthesis of these
derivatives, significantly increasing their effectiveness [4]. Among these groups, acyls,
aminoacyls and dipeptidyls [23,24,38,39], derivatives of pegylated and diamino-pegylated
groups [40–44], and even derivatives with coumarin [45], with which their activities are
significantly increased, stand out.

After a rigorous peer review process, the Special Issue entitled Natural Products and
Derivatives in Human Disorders, (https://www.mdpi.com/journal/molecules/special_
issues/natural_products_chemoprevention, date accessed 20 January 2019), compiles a
total of seven original articles in which different phytochemicals and chemical derivatives
are used, delving into the study of the molecular roles they present in different human
pathologies, such as cancer, neuronal and ocular dysfunctions, arterial hypertension and
osteoarthritis. A summary of the main characteristics of the original papers included in this
Special Issue, both in terms of provenance and molecular type, as well as their molecular
effects, are discussed below.

It is relatively frequent that pathologies related to the production of tears by the
lacrimal glands can occur both in elderly people and in patients with certain types of
autoimmune diseases or even by external aggressions such as chemical or thermal burns.
When this problem worsens, the well-known dry eye disease (DED) or dry keratoconjunc-
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tivitis appears, the main pathology of which consists of corneal ulcers and infections. The
most common treatment is to moisten the eye with artificial tears composed basically with
hyaluronic acid, or with lubricating ointments; Kang et al. [46], in a very interesting study,
shows the beneficial effects of the extract of Aucuba japonica or spotted laurel, together with
its bioactive compound, aucubin, an iridoid glycoside, that is, a monoterpene glycosylated
derivative. In their study, these authors demonstrate that in in vitro assays, human corneal
cells (PCS-700-010), exposed to desiccation stress and treated with these compounds, ex-
tract and active ingredient, increase their survival in a clearly dose-dependent effect. At
the same time, overexpression of mRNA levels, generated by ocular desiccation, of dif-
ferent inflammatory cytokines (interleukins 1β (IL-1β) and 8 (IL-8), and tumor necrosis
factor TNF-α) were significantly reduced by the administration of the extract and aucubin.
Moreover, in in vivo tests using SD (Sprague-Dawley) rats as an animal model, they found
that after unilateral excision of the exorbital lacrimal gland, both lacrimal volumes and
corneal irregularities recovered completely. In addition, they found that these compounds
significantly reduced apoptotic cells in the cornea. All these results strongly suggest that
these compounds can be considered as a novel therapy for this disease and that aucubin is
probably responsible for this effect.

The evolutionary appearance of vertebrate animals generated the need to implement
an efficient bone turnover system that allows them to carry out an adequate regenera-
tion of the entire osteoarticular system. To this end, it is essential to ensure a regulated
and constant synthesis of collagen. A key element for this is a constant and adequate
supply of glycine molecules [47,48]. However, the cellular synthesis of this amino acid
is greatly reduced as it is linked to the concomitant synthesis of coenzymatic forms of
tetrahydrofolic acid (THF), preventing the production of sufficient and adequate amounts
of this amino acid, thus fulfilling the restriction theorem of glycine biosynthesis which
states: “If the only significant metabolic pathway for glycine synthesis is the reaction catalyzed by
glycine hydroxymethyl transferase, the steady-state metabolic flux for net glycine production cannot,
under any condition, exceed the flux for the consumption of the C1 units transferred via N5-N10

methylene THF”. Glycine must therefore be considered an essential amino acid because
the capacity for its synthesis is much lower than its actual requirement and, as a conse-
quence, the inevitable onset of degenerative diseases such as osteoarthrosis, osteoporosis
and osteoarthritis [47,48]. Therefore, all these bone diseases are inevitably linked to the
growth and development of large vertebrates. Within metabolic theory, this evolutionary
“failure”, especially frequent and serious in large vertebrates, is classified as a so-called
“default metabolic error”. In this context, traditional Korean medicine has been using an
herbal preparation known as RyuPungHwan (RPH) consisting of extracts of seven different
plants, Astragalus membranaceus, Turnera diffusa, Achyranthes bidentata, Angelica gigas, Eclipta
prostrata, Eucommia ulmoides and Ilex araguariensis, with high content of flavonoids and
triterpenoids, in patients with osteoarthritis, not to cure the disease but to alleviate the
inflammatory process and pain. Taking into account this background, Hong et al. [49],
have studied the effects of this herbal preparation in SW1353 chondrosarcoma cell models,
taking into account the inflammatory process associated with the disease. Administration
of this preparation produced a significant inhibition of Interleukin-1β-stimulated inflamma-
tion, making two active compounds isolated from the herbal preparation, isomucronulatol
7-O-β-D-glucoside, a flavonoid derivative, and ecliptasaponin A, a triterpenoid derivative,
responsible for this clear anti-inflammatory effect. They showed that both the preparation
and the two identified compounds were able to reduce the expression of matrix metallo-
proteinase 13 (MMP13), cyclooxygenases 1 and 2 (COX-1 and -2), Tumor necrosis factor α
(TNF-α), Interleukin-1β (IL-1β) or protein p65, previously increased by the administration
of IL-1β to SW1353 cells.

Hypertension, which is very common nowadays, is a serious risk factor associated
with cardiovascular diseases, which, together with other diseases such as obesity, dia-
betes and atherosclerosis, constitute the characteristic tetrad of the metabolic syndrome.
In this context, Hong et al. [50], belonging to the same research group as the previous
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work, analyze the effects on the main molecular markers of hypertension of a plant prepa-
ration, commonly used in traditional Korean medicine and consisting of three species,
Pine densiflora, Annona muricate and Momordica charantia, called No-ap (NA), as well as
several of its main bioactive molecules, a roseoside (a compound belonging to the group of
C13-norisoprenoids generated by the degradation of 40-carbon terpenes) and the flavonoid,
icariside E4. The authors used as a biological model H9C2 cells, rat cardiomyocytes derived
from myoblasts, treated with angiotensin II as a hypertensive molecule; with an antihy-
pertensive drug, termisartan; with gingenoside as a positive control; with different doses
of the NA extract; and with the two isolated compounds (roseoside and icariside), both
individually and together. Treatment with angiotensin II resulted in a significant increase
in myocyte angiotensin II receptor 1, (AT1), tumor necrosis factor α, (TNF-α), monocyte
chemoattractant protein 1, (MCP-1), tumor growth factor β, (TGF-β) mRNA expression
levels, NADPH oxidase enzyme activity, H2O2 and superoxide ion (•O2

−) levels, while
the activity levels of the antioxidant enzymes catalase and superoxide dismutase were
significantly reduced. Subsequent treatment with the extract and the isolated components
restored the levels of all markers to control values. The effect found was dose-dependent
and, in addition, a synergistic effect of the active compounds was observed. The authors
conclude that hypertension therapy with these compounds should be considered for further
clinical trials.

Neurodegenerative diseases constitute, nowadays, a serious problem, afflicting people
of all ages, but especially older people, preventing them from adequate cognitive devel-
opment and thus seriously affecting their life and daily activities. Many are classified as
neurodegenerative diseases and among the most important and visible are Alzheimer’s
disease and dementia with Lewy bodies, as well as Friedreich’s ataxia, Huntington’s dis-
ease and Parkinson’s disease. In the first two, but especially in Alzheimer’s disease, one
of the most important biochemical dysfunctions is the appearance of very high activity
of the neurotransmitter degradation systems, mainly acetylcholine. Therefore, the role of
cholinesterases, especially acetylcholinesterase and butyrylcholinesterase, plays a central
role in the development of this disease. It is therefore of interest to develop potential drugs,
based on natural compounds, that are capable of slowing down the rapid elimination of
these neurotransmitters. In this regard, Loesche et al. [51] have succeeded in synthesizing
up to 40 types of carboxamides, molecules derived from ethylenediamine, from up to five
different naturally occurring triterpenes, oleanolic, ursolic, maslinic, betulinic and platanic
acids. These authors evaluated acetylcholinesterase and butyrylcholinesterase activities
using the Ellman assay and both enzymes were derived, respectively, from Electrophorus
electricus and equine serum. Among all the carboxamides tested, seven different com-
pounds showed inhibition constant (Ki) values in the nanomolar to micromolar range. The
inhibitions are of mixed type with competitive dominance, according to the molecular mod-
elling studies performed. Therefore, the synthesis of molecules with these characteristics
could be used in the therapy of this type of neurodegenerative disease.

Teucrium mascatense is an understory shrub, the genus of which is widely distributed
over several continents. Its medicinal value has been known since ancient times and, there-
fore, it has been used in both traditional and modern medicine, thanks to the presence of its
bioactive components, including tannins, glycosides, phenols, steroids and terpenoids. Its
bioactivities include antibacterial, antipyretic, anti-inflammatory, antidiabetic, antioxidant,
analgesic and antipyretic properties. In this case, Panicker et al. [52] have investigated the
anticancer capacity of extracts from this plant, as well as that of one of its main components,
triterpene IM60. In their studies they used four cell lines, one for cervical cancer, HeLa
and three for breast cancer, MCF-7, MDA-MB-231 and MCF-10A. To certify the possible
antiproliferative activity, they studied the effects of the extract and the isolated triterpene
on some of the most important apoptotic markers, such as cytotoxicity at different times
and concentrations; levels of caspases 3, 7, 8 and 9; levels of PARP (Poly ADP ribose
polymerase); measurements of cell apoptosis by Annexin V/Propidium iodide assays in
order to decipher the different types of apoptosis, early, late and necrosis, as well as the
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morphological changes associated with apoptosis. The results indicate a clear anticancer
effect by significantly increasing the levels of all molecular markers together with an in-
crease in the apoptosis of malignant cells. This study identifies the triterpene IM60 as a
potential drug that can be successfully used in breast cancer therapy.

If it is important that certain compounds have the ability to cure diseases, some of
them as serious as cancer, in which irreparable individual and collective problems are
caused, the ability to prevent them is an incalculable advance, both from the personal point
of view and social, by being able to avoid all its fatal consequences. We know that many of
the phytochemicals present in nature have this property and we just need to be able to find
them and find it. This is the case of the good work presented by Juan et al. [53]. In it, the
chemopreventive capacity of maslinic acid, isolated from Olea europaea, is studied in vivo
in an animal model that mimics sporadic human colorectal cancer. Male Sprague-Dawley
rats were used in this test, to which for 49 days they were administered, orally, different
doses of maslinic acid, 5, 10 or 25 mg kg of animal weight. Subsequently, and after a
week of rest, the cancer was induced by means of three weekly injections of 20 mg/kg
of the carcinogenic inducer, 1,2-dimethylhydrazine. Under these conditions, different
preneoplastic markers, aberrant crypt foci (ACF) and mucin-depleted foci (MDF) were
analyzed. Since the administration of the lowest dose of maslinic acid, 5 mg/kg, decreases
of 15% were found in ACF and up to 27% in MDF, achieving these significant decreases
with the 25 mg/kg dose, with those that the reductions of these biomarkers were 33% and
50%, respectively, in addition, these results were corroborated by their association with
the concentrations of maslinic acid found in the colon of the animals. The results of this
work clearly demonstrate the preventive role that this phytochemical has on colon cancer,
which allows us to conclude that with an adequate addition of this triterpene in the diet,
this chemopreventive activity could be achieved, so important as to eliminate the problems
inherent of this disease.

The inclusion of bioinformatics studies in biological research is essential to advance
our understanding of the molecular mechanisms involved in the functions being sought.
At present, a very high percentage of molecular biology studies use this essential tool [10].
The work presented by Lv et al. [54] falls within this experimental concept, in which
experimental studies are combined with computational studies. In their work, the authors
use a saponin (glycosylated triterpene), saikosaponin D, from a preparation of Chinese
origin known as Radix Bupleuri, used as a traditional medicine for over 2,000 years in
China, Japan, Korea and other Asian countries, and consisting of the dried roots of two
plant species, Bupleurum chinense and Bupleurum scorzonerifolium. It has previously been
reported that saikosaponin D is able to inhibit cancer cell growth by inducing apoptosis and
arresting the cell cycle in the G1 phase. The present work aims to further investigate the
molecular anticancer mechanism of this saponin by combining both network pharmacology
and metabolomics databases. Up to 35 targets were studied in the bioinformatics analysis,
selecting neuropilin-1 (NRP-1) for further investigation based on the degree of molecular
docking score, demonstrating that saikosaponin D combined with NRP-1 deletion could
significantly ameliorate HepG2 damage. As a consequence, metabolomics analyses showed
that NRP-1 blockade exhibited the lowest metabolite deregulation score, and among the
metabolites analyzed, carnitines and short- or long-chain phospholipids were mainly
implicated. These results clearly implicate NRP-1 as a key molecule to explain the anti-
hepatoma activity of saikosaponin D.

An example of the importance the use of different phytochemicals has had in recent
years in order to help prevent, alleviate or, in its best version, cure the numerous pathologies
that currently afflict humanity, is precisely the content of this Special Issue that we are
commenting on. Diseases such as dry keratoconjunctivitis, osteoarthrosis, hypertension as
a risk factor in cardiovascular diseases, the role of certain cholinesterase inhibitors in some
neurodegenerative diseases, or some types of cancers, such as breast, colon and liver, are
the subject of the works presented here. For all these reasons, the academic editors of this
issue would like to sincerely thank all our colleagues, authors and reviewers, whose efforts

5



Molecules 2021, 26, 6159

and collaboration have contributed to the realization of this Special Issue, allowing it to
become a reality.
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Abstract: Dry eye disease is affected by a broad range of causes such as age, lifestyle, environment,
medication and autoimmune diseases. These causes induce tear instability that activates immune
cells and promotes expression of inflammatory molecules. In this study, we investigated the
therapeutic effects of an ethanolic extract of Aucuba japonica (AJE) and its bioactive compound,
aucubin, on dry eye disease. The human corneal cells were exposed to desiccation stress induced
by exposing cells to air, so that viability was decreased. On the other hand, pre-treatment of AJE
and aucubin restored cell survival rate depending on the dose under the dry condition. This result
was confirmed again by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining. The mRNA expression of inflammatory molecules was reduced by the pretreatment of
AJE and aucubin under the dry state. The therapeutic effects of AJE and aucubin were examined
in the animal model for dry eye induced by unilateral excision of the exorbital lacrimal gland.
Declined tear volumes and corneal irregularity in the dry eye group were fully recovered by the
administration of AJE and aucubin. The apoptotic cells on the cornea were also decreased by AJE
and aucubin. Therefore, this study suggests that administration of AJE can be a novel therapeutic
for dry eye disease and that the pharmacological activities of AJE may be in part due to its bioactive
compound, aucubin.

Keywords: Aucuba japonica; aucubin; cornea; dry eye; tear

1. Introduction

Dry eye disease (DED) is a chronic pathogenic condition, which is characterized by a lack of
tear production or an increase in tear evaporation, usually caused by ocular surface inflammation [1].
Most older people, but not exclusively them, are suffering DED; many of causes can affect the onset of
it including intrinsic factors such as systemic medication, autoimmune disorders, or extrinsic factors
such as low humidity of the environment, prolonged video display viewing and laser-assisted in situ
keratomileusis (LASIK) surgery [2,3]. When the patients experience dysfunction of tear secretion,
they already have a decreased function of secretory cells or glands resulting in a formation of the
unstable tear film. Tear instability exerts the activation of stress-related signaling pathways of
epithelial cells and resident inflammatory cells in the ocular surface, which induces the production of
pro-inflammatory cytokines [4]. It may exacerbate the deficiency of tear production and worsen
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dry eye symptoms. Therefore, inhibition of inflammation and apoptosis can be a promising therapeutic
strategy for DED.

Aucuba japonica, a perennial native plant of Korea and Japan, has been used as
food and as a medicinal plant to treat several diseases including edema, abscess and
gastrointestinal disorders [5]. The leaves have various chemical compounds such as aucubin and
eucommiol-O-β-D-glucopyranoside [6]; in particular, aucubin is abundant, a small molecule that is
known for anti-inflammatory and anti-oxidant effects [7,8], liver protection [9], gastroprotection [10],
neuro-protection [8] and promoting angiogenesis [11]. Although Aucuba japonica and its
bioactive ingredient, aucubin, have shown various pharmacological activities in vitro and in vivo,
its pharmacological activities on DED still have not been evaluated. The purpose of this study was to
examine the effects of an extract of Aucuba japonica and aucubin on desiccating stress-induced corneal
epithelial cell injury in vitro and tear film instability in a mouse model induced by unilateral excision of
the exorbital lacrimal gland and identify the possible mechanism of action.

2. Results

2.1. HPLC Analysis of AJE

As shown in Figure 1, aucubin was found in AJE. The content of aucubin in AJE was
284.30 ± 1.54 mg/g (Table 1). According to the content of aucubin in AJE, we determined the
doses of aucubin for in vitro and in vivo experiments.

Table 1. Content of aucubin in the Aucuba japonica extract.

Compound Content (mean ± SE, n = 3), mg/g (%)

Aucubin 284.30 ± 0.89 (28.4)
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Figure 1. HPLC chromatographs of an extract of Aucuba japonica.

2.2. AJE and Aucubin Improve Cell Viability against Desiccation Injury

The cytotoxicity of AJE and aucubin to human corneal epithelial cells was examined by MTS
assay. We tested 1 to 100 µg/mL range of AJE and 0.1 to 30 µg/mL range of aucubin. There was no
cytotoxicity (Figure 2A). Desiccation was used as a stress corresponding to dry eye disease. The cells
were exposed to air on the clean bench for 10 to 30 min, and 25 min was used as a moderate damage
condition (Figure 2B). To investigate the preventive effects of AJE and aucubin against desiccation,
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the cells were pre-treated various concentrations of AJE and aucubin for 24 h. The cell viability
was significantly recovered, more than 70% in both of 25 and 50 µg/mL of AJE- treated groups.
Aucubin also restored the cell viability in a dose-dependent manner.
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desiccation process and the ratio of apoptotic cells was significantly decreased in both of 50 μg/mL 
AJE-treated group and 15 μg/mL aucubin-treated group (Figure 3A,B). These results gave us a 
possibility of use of AJE and aucubin as anti-dry eye disease reagent. 

2.4. AJE and Aucubin Decrease mRNA of Inflammatory Cytokine Expression 
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expression of inflammatory genes to determine whether AJE and aucubin showed anti-inflammatory 
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Figure 2. Effects of Aucuba japonica (AJE) and aucubin on the viability of human corneal epithelial cell.
(A) The cell viability in the dose-dependent treatments of AJE and aucubin for 24 h. (B) The cell viability
under the time-dependent desiccation. (C) The cells were pre-incubated with various concentrations of
AJE and aucubin for 24 h and then exposed to air to induce desiccation stress. All of the viability is
shown as % of control. The values in bar graph represent the mean ± SE. * p < 0.05 vs. control cell,
# p < 0.05 vs. vehicle treated cell.

2.3. AJE and Aucubin Inhibit Apoptosis against Desiccation Stress

To confirm the cytoprotective effects of AJE and aucubin more directly, we examined apoptosis
assay. The apoptotic cells were detected by TUNEL staining. The dying cells were increased by
desiccation process and the ratio of apoptotic cells was significantly decreased in both of 50 µg/mL
AJE-treated group and 15 µg/mL aucubin-treated group (Figure 3A,B). These results gave us a
possibility of use of AJE and aucubin as anti-dry eye disease reagent.

2.4. AJE and Aucubin Decrease mRNA of Inflammatory Cytokine Expression

Dry eye disease is further encouraged by inflammation [4]. Therefore, we evaluated the
expression of inflammatory genes to determine whether AJE and aucubin showed anti-inflammatory
effects under dry conditions. The mRNA expression of IL-1β, IL-8 and TNF-α were significantly
increased in the dry condition, and those were lowered by AJE and aucubin treatments (Figure 4A–C).
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Figure 3. Effects of AJE and aucubin on apoptosis rate of human corneal epithelial cell under
desiccation. The cell was pre-incubated with various concentrations of AJE and aucubin for 24 h
and then exposed to air to induce desiccation stress. After that, the cells were fixed and performed
TUNEL staining. (A) Apoptosis rate was calculated by comparing the ratio of TUNEL-positive cells to
total cell number. (B) The images were taken under the fluorescence microscope after TUNEL staining.
Scale bars = 100 µm. The values in bar graph represent the mean ± SE. * p < 0.05 vs. control cell,
# p < 0.05 vs. vehicle treated cell.
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Figure 4. Effects of AJE and aucubin on mRNA level of inflammatory cytokines in human corneal
epithelial cell. The cell was pre-incubated with 50 µg/mL of AJE and 15 µg/mL of aucubin for 24 h
and then exposed to air to induce desiccation stress. Total RNA was extracted and the mRNA of
(A) IL-1β, (B) IL-8 and (C) TNF-α were analyzed by real-time PCR. The data in bar graph are relative
values compare to control and represent the mean ± SE. * p < 0.05 vs. control cell, # p < 0.05 vs.
vehicle treated cell.
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2.5. AJE and Aucubin Improve Tear Production and Corneal Irregularity in the DED Rats

In order to test AJE and aucubin on in vivo dry eye rat model, we induced experimental DED
by surgical excision of the unilateral exorbital lacrimal gland. The AJE and aucubin were orally
administered for 7 days. Tear production was determined using a phenol red-impregnated cotton
thread and the wet lengths of thread indicated tear volume were compared. The experimental dry
eye model showed significantly lower tear volume compared with the normal group, but those were
recovered by AJE and aucubin treatments. In particular, the higher dose of AJE greatly recovered tear
volume to almost normal. (Figure 5A). The corneal irregularity was assessed by taking pictures of the
rat eye reflecting a white ring of light. The dry eye group showed an irregular circle shape of light,
but AJE and aucubin treatments improved this change (Figure 5B). The scores of corneal irregularities
showed that the dry eye group had a high score, but that AJE and aucubin treatments decreased it
significantly (Figure 5C).
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2.6. AJE and Aucubin Reduce Apoptotic Cells on the Cornea of Dry Eye Rats 

As shown in the above data, in order to confirm whether the cytoprotective effect of AJE and 
aucubin actually work on an in vivo dry eye model, we performed TUNEL staining to detect 
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Figure 5. Effects of AJE and aucubin on tear secretion and corneal irregularity in dry eye rats.
(A) Tear volume was measured using the phenol red thread test. Tear volume was expressed in
millimeters of thread that became wet by the tear and turned red in color. (B) Reflected images of
a white ring from the fiberoptic ring illuminator of a stereomicroscope. (C) Corneal irregularity
was graded according to the number of distorted quarters in the reflected white ring as follows:
0, no distortion; 1, distortion in one quarter; 2, distortion in two quarters; 3, distortion in three quarters;
4, distortion in all four quarters; 5, severe distortion, in which no ring could be recognized. The values
in bar graph represent the mean ± SE. n = 7. * p < 0.05 vs. normal rat, # p < 0.05 vs. vehicle treated
dry eye rat.

2.6. AJE and Aucubin Reduce Apoptotic Cells on the Cornea of Dry Eye Rats

As shown in the above data, in order to confirm whether the cytoprotective effect of AJE and
aucubin actually work on an in vivo dry eye model, we performed TUNEL staining to detect apoptotic
cells on cornea of rats. The apoptotic cells on the cornea were significantly increased in dry eye rats
than those of normal rats, but those were reduced by AJE and aucubin treatments (Figure 6A,B).
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Figure 6. Effects of AJE and aucubin on the number of apoptotic cells in ocular surface of dry eye
rats. (A) Apoptotic cells were stained by TUNEL assay. Scale bars = 100 µm. (B) TUNEL-positive cells
were counted in the unit area. The values in bar graph represent the mean ± SE. n = 7. * p < 0.05 vs.
normal rat, # p < 0.05 vs. vehicle treated dry eye rat.

3. Discussion

DED is a disorder of the tear film due to tear deficiency or excessive evaporation [12,13].
Numerous risk factors for DED have been reported, such as aging, gender, contact lens use,
air-conditioning and visual display terminal work [14–17]. Deficiency of tears is caused by various
pathophysiological mechanisms, including cell volume reduction, dysfunction to DNA repair systems,
increased reactive oxygen species generation and increased apoptotic cell death in the ocular surface
cells [18]. The most important core mechanism for DED is associated with hyperosmolarity of the tear
film and ocular surface inflammation [19].

Current treatment strategies for dry eye disease are using artificial tears, lubricants and
various ophthalmic drops, such as anti-inflammatory drugs, immunosuppressive agents and steroids.
However, these treatments have focused on alleviating clinical symptoms rather than resolving the
causes of DED. Therefore, in order to achieve a fundamental therapy of dry eye disease, we investigated
the protective effect of a natural product, an extract of Aucuba japonica, that has traditionally been
used for the treatment of burns, incised wounds and swelling. One of the major contents of the
plant is aucubin, which has demonstrated multiple protective effects including anti-inflammation,
anti-oxidation and tissue protection. We also examined whether aucubin is a major bioactive ingredient
in the AJE.

Desiccation injury on cells used here was widely performed to discover therapeutic molecules or
diseases progression mechanism [20–22]. AJE and aucubin treatments on corneal cell increased
viability against desiccation injury in our data. It is the first preventive report using AJE and
aucubin for the dry condition, even though a previous study showed similar data, that aucubin
has a protective effect on H2O2 induced apoptosis [8]. This result was confirmed by TUNEL staining.
As reported previously, the anti-inflammatory effect of aucubin was also detected by our AJE and
aucubin treatments on dry injured cells. Aucubin prevents proinflammatory cytokine-induced
inflammatory response by inhibition of NF-κB signaling [23,24]. Aucubin is also reported to regulate
Bcl-2 family protein expression and inhibit apoptosis [8,25]. Ho et al. reported that aucubin
protected against UVB-induced skin fibroblast activation by inhibition of the production of matrix
metalloproteinase-1 [26]. Since inflammation and corneal epithelial cell injury are involved in the
progression of DED, aucubin was predicted to have protective effects on DED. These anti-apoptotic
and anti-inflammatory effects of AJE and aucubin may work synergistically to prevent desiccation
injury, even though we did not confirm detailed mechanisms.

In the animal experiments, AJE and aucubin were orally administrated in the DED rats for
7 days. The tear volume and corneal irregularity were recovered almost to normal by AJE and aucubin
treatment in our data. AJE and aucubin also decreased apoptotic cell injury of the cornea of dry eye
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rats. Our results suggest that the cytoprotective effects of AJE and its bioactive compound, aucubin,
are mediated by its anti-apoptotic and anti-inflammatory activities. Inflammation acts as a major
factor of DED. We did not test that AJE and aucubin directly induce tear secretion or expression of
tear components, but we believe that it would be a good fundamental therapeutic, because AJE and
aucubin clearly inhibit the loss of cells consisting of the cornea. Therefore, further study should be
performed to confirm the effectiveness, as well as detailed therapeutic mechanisms and safety.

In conclusion, AJE and aucubin can inhibit corneal cell apoptosis induced by dry conditions.
Progression of the dry eye disease is clearly suppressed by AJE and aucubin treatments, and
dysfunction of tear secretion is also protected. Therefore, the current work demonstrates that AJE and
aucubin may pave the pathway to treat dry eye disease.

4. Experimental Section

4.1. Preparation of Aucuba japonica Extract

The leaves and stems of cultivated Aucuba japonica were purchased from Namhae,
Kyungsangnamdo, South Korea. The botanical identification was made by botanist Prof. Joo-Hwan
Kim (Department of life science, Gachon University, Kyounggi-do, South Korea). The voucher
specimen (No. JBNU-AJE) is deposited in the herbarium of the Korea Institute of Oriental Medicine
(Daejoen, South Korea). To prepare the standardized A. japonica extract (AJE), 1 kg of the aerial parts of
A. japonica was weighed accurately, and 30% ethanol (10 L) was added to the herb and extracted at
70 ◦C for 3 h. The extract solution was filtered and concentrated to get a 210 g extract. AJE was
standardized by high-performance liquid chromatography (HPLC) using aucubin (Sigma, St. Louis,
MO, USA) as a reference compound. According to the content of aucubin in AJE, we determined the
doses of aucubin for in vitro and in vivo experiments.

4.2. Cell Culture and Cell Viability Assay

The human corneal epithelial cells (PCS-700-010, American Type Culture Collection, Manassas,
VA, USA) were maintained in corneal epithelial cell basal medium containing growth supplements
according to the manufacturer’s instructions (American Type Culture Collection, Manassas, VA, USA).
Cell viability was examined using an MTS assay kit (Promega Corporation, Madison, WI, USA).
Cells (1 × 104 cells/well) were plated in 96-well plates. Cells at a density of 2 × 105/well were treated
with various concentrations of AJE (1–100 µg/mL) or aucubin (0.1–30 µg/mL). AJE and aucubin were
dissolved in the culture medium. The content of aucubin in AJE was 284.30 ± 1.54 mg/g. According to
the content of aucubin in AJE, we determined the doses of aucubin. Cell viability was measured 24
h after incubation. The results of the MTS assay were obtained by measuring absorbance using a
microplate reader (Tecan Group Ltd., Männedorf, Switzerland) at 490 nm.

4.3. Cell Viability and Apoptosis under Desiccating Stress

Desiccating stress on the cell was induced after pre-incubation with AJE or aucubin for 24 h.
To induce desiccating stress, the culture media was discarded and cells were exposed to different
durations of desiccation (0, 10, 15, 20, 25, and 30 min). The viability of desiccated cell was measured by
MTS assay as described in above. In order to detect apoptotic cells after desiccation, the cells were
seed on the autoclaved coverslip on the plate. After pre-incubation with AJE for 24 h, the cells were
exposed in a dry condition for 25 min and apoptotic cells were detected by TUNEL staining.

4.4. Real-Time PCR

Total RNA from the corneal epithelial cells was extracted using Trizol reagent
(Invitrogen, Carlsbad, CA, USA), and cDNA was synthesized using M-MLV reverse
transcriptase (Bioneer, Daejeon, Korea). PCRs were performed using an iQ5 Continuous
Fluorescence Detector System (Bio-Rad, CA, USA), with 2xSYBR®Green PCR Master
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Mix (SYBR Premix Ex Taq TM, TaKaRa, Tokyo, Japan). All procedures were
conducted according to the manufacturer’s instruction. The sequences of the primers
were as follows: IL-1b sense 5′-AGCTACGAATCTCCGACCAC-3′; IL-1b antisense
5′-CGTTATCCCATGTGTCGAAGAA-3′; IL-8 sense 5′-ATGCTTTTGATCTGCACAGCTGCAC-3′;
IL-8 antisense 5′-TGGTCCAGCAGGAATAACCCTCAG-3′; TNF-α sense
5′-CAGCCTCTTCTCCTTCCTGA-3′; TNF-α antisense 5′-GGAAGACCCCTCCCAGATAGA-3′;
GAPDH sense 5′-ATGTTCGTCATGGGTGTGAA-3′, and GAPDH antisense
5′-GGTGCTAAGCAGTTGGTGGT-3′. The results were normalized to GAPDH.

4.5. Animal Experiments

Seven-week-old male SD rats (Orient Bio, Seoul, Korea) were deeply anesthetized with isoflurane
(JW Pharmaceutical, Seoul, Korea). To induce experimental DED, the left exorbital lacrimal gland was
surgically excised. At three days after surgery, the animals were divided randomly into four groups
(n = 7/group): (1) vehicle-treated DED rat (DED); (2) 100 mg/kg AJE-treated DED rats (AJE-100);
(3) 250 mg/kg AJE-treated DED rats (AJE-250); (4) 75 mg/kg aucubin-treated DED rats (Aucubin-75).
AJE and aucubin were dissolved in distilled water and orally administered for 7 days. Seven rats in
the normal group (NOR) received a sham operation. All procedures performed on the animals were
approved by our Institutional Animal Care and Use Committee (IACUC approval No. 17-059).

4.6. Tear Volume Measurement

After a 7-day treatment of AJE, tear volume was measured using a phenol red thread (Zone Quick,
FCI Ophthalmics, Pembroke, MA, USA). The cotton thread was placed in the lateral canthus for 30 s.
The length of the color-changed thread was measured. Measurements of tear volume were obtained in
both eyes.

4.7. Corneal Surface Irregularity

To evaluate desiccating stress-induced ocular surface change, the corneal surface irregularity
was evaluated as previously described [18]. The irregularity of reflected light from the fiberoptic
ring illuminator (SZ51; Olympus, Tokyo, Japan) on the corneal surface were scored as follows:
0, no distortion; 1, distortion in 1/4 quarter of the reflected ring shape; 2, distortion in 2/4 quarters;
3, distortion in 3/4 quarters; 4, distortion in 4/4 quarters; 5, severe distortion and no ring shape
could be recognized.

4.8. TUNEL Staining

The apoptotic cells on the tissue were determined by terminal deoxyribonucleotidyl
transferase (TdT)-mediated dUTP nick end labelling (TUNEL) staining according to the
manufacturer’s instructions.

4.9. Statistical Analysis

Data in all of the tables and figures are presented as the mean ± standard error of the mean
(SE). Significant differences were assessed using one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison test. Differences were considered statistically significant at p < 0.05.
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Abstract: Osteoarthritis (OA) is the common form of arthritis and is characterized by
disability and cartilage degradation. Although natural product extracts have been reported to
have anti-osteoarthritic effects, the potential bioactivity of Ryupunghwan (RPH), a traditional
Korean medicinal botanical formula that contains Astragalus membranaceus, Turnera diffusa,
Achyranthes bidentata, Angelica gigas, Eclipta prostrata, Eucommia ulmoides, and Ilex paraguariensis,
is not known well. Therefore, the inhibitory effects of single compounds isolated from RPH on the
OA-related molecules were investigated using IL-1β-stimulated chondrosarcoma SW1353 (SW1353)
cell model. Two bioactive compounds, isomucronulatol 7-O-β-D-glucoside (IMG) and ecliptasaponin
A (ES) were isolated and purified from RPH using column chromatography, and then the structures
were analyzed using ESI-MS, 1H-NMR, and 13C-NMR spectrum. The expression or amount of
matrix metalloproteinase 13 (MMP13), COX1/2, TNF-α, IL-1β or p65 was determined by RT-PCR,
Western blot, and enzyme-linked immunosorbent assay (ELISA). RPH pretreatment reduced the
expression and amounts of MMP13, and the expression of collagen II, COX1/2, TNF-α, IL-1β or
p65, which were increased in IL-1β-stimulated SW1353 cells. IMG reduced the expression of all
OA-related molecules, but the observed inhibitory effect was less than that of RPH extract. The other
single compound ES showed the reduced expression of all OA-related molecules, and the effect
was stronger than that in IMG (approximately 100 fold). Combination pretreatment of both single
components remarkably reduced the expression of MMP13, compared to each single component.
These synergic effects may provide potential molecular modes of action for the anti-osteoarthritic
effects of RPH observed in clinical and animal studies.

Keywords: chondrosarcoma cells; osteoarthritis; Ryupunghwan (natural product mixture); IL-1β;
isomucronulatol 7-O-β-D-glucoside; ecliptasaponin A
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1. Introduction

The natural product formula popular in Asian countries, Ryupunghwan (RPH), is expected
to provide pain relief and reduce inflammation as a health supplement. RPH contains Astragalus
membranaceus, Turnera diffusa, Achyranthes bidentata, Angelica gigas, Eclipta prostrata, Eucommia ulmoides,
and Ilex paraguariensis.

Astragalus membranaceus contains calycosin and is a known Asian medicinal herb traditionally
used for the treatment of several diseases, such as hypertension, cirrhosis or cancer therapy through
anti-inflammatory and anti-carcinogenic properties, respectively [1]. Turnera diffusa, which contains
a major constituent arbutin, possesses anti-ulcer activity, which could be attributed to the inhibition
of lipid peroxidation, immunomodulatory and anti-oxidant activities [2]. Achyranthes bidentata has
been shown to protect rat articular chondrocytes against interleukin-1β-induced inflammation and
apoptosis in vitro [3]. Thus, it is suggested that it might be a potential drug candidate in the treatment
of osteoarthritis (OA) [3]. Angelica gigas, known as Chinese Angelica, has been shown to prevent
diabetes and liver disease [4]. Eclipta prostrata has anti-inflammatory activity in a murine model of
asthma [5]. Eucommia ulmoides ameliorates arthritis through inhibition of pro-inflammatory cytokines,
and through reducing the degradation of cartilage and bone in rat collagen-induced arthritis [6].
Ilex paraguariensis can modulate antioxidant defense during perimenopause [7]. Thus, RPH was
made by various natural products that have anti-inflammatory effects and reduce the degradation of
cartilage, as suggested by folk remedies or laboratory experiments.

OA, which affects most mammalian populations, is the most common form of arthritis and is
one of the leading causes of disability worldwide. In humans, 9.6% of men and 18% of women over
the age of 60 years have symptomatic OA [8]. Ageing, obesity, gender, increased biomechanical
loading of joints, and genetics or low-grade systemic inflammation have been known as risk factors
for OA [9,10]. Although the mechanistic details of OA pathogenesis remain to be elucidated, the
cartilage degradation and inflammation is the most predominant pathological feature that inevitably
leads to joint dysfunction [11,12]. The articular cartilage is composed of water and extracellular matrix
(ECM), which mainly composed of Type II collagen, aggrecan, proteoglycans and other collagen
subtypes [10]. Thus, the cartilage homeostasis is maintained by the balance between ECM synthesis
and degradation [12]. Disturbances of this balance are one of the main characteristics of OA cartilage,
and the restoration of balance is the key factor for cartilage regeneration in OA. Inflammation in early
OA is caused through inflammatory mediators, particularly TNF-α, IL-1β [13], and prostaglandin E2
(PGE2), which is produced through degradation of arachidonic acid by COX-2 [14].

Recently, NSAIDs, which are used in the clinic for OA therapy, target the cyclooxygenase
(COX) enzymes, key enzymes in the synthesis of prostaglandins produced in sites of tissue damage
or infection, and inhibit both enzymes COX-1 and COX-2. Inhibition of COX-1 often results
in gastrointestinal adverse effects, and the COX-2 is known as a regulator of inflammation [15].
The selective COX-2 inhibitor like celecoxib is used effectively for the pain relief and inflammation of
OA [16,17]. Recently, new biological agents, such as bone morphogenetic protein-7 and growth factors
etc., are known to stimulate chondrogenesis, inhibit matrix degradation and reduce inflammation [18].
However, in addition to an increased side effect such as gastrointestinal, cardiovascular adverse events
and complications [19], these agents have failed to block the progression of OA [18,20]. Therefore,
safer and better-tolerated solutions for the treatment of OA need to be developed.

Based on the findings above, this study investigates for the first time whether the RPH has
inhibitory effects on the OA-related molecules in IL-1β-stimulated SW1353 cells. After confirmation the
inhibitory effects of OA, this study also aimed to isolate single functional components contained in RPH
and to investigate whether the single components have osteoarthritic health benefits. The data suggest
that RPH may contribute to the development of a health functional food and valuable information
for OA.
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2. Results

2.1. Effects of Natural Product Mixture (Ryupunghwan, RPH) on the Expression of Osteoarthritis
(OA)-Related Molecules or Cyclooxygenase (COX) in IL-1β-Stimulated Chondrosarcoma SW1353 Cells

The OA joints when stimulated by IL-1β, produce high levels of a variety of MMPs, particularly
MMP13 [21,22]. Thus, we examined whether RPH has any influence on the expression of various
molecules (MMP13, TNF-α, IL-1β, IκBα, and COX1/2) related to cartilage degradation and
inflammation of OA in IL-1β-stimulated SW1353 cells. Expression of MMP13 mRNA and protein, and
the amount of MMP13 secreted was increased in IL-1β-stimulated SW1353 cells versus negative control
(NC). RPH pretreatment (50, 100, 300 µg/mL) reduced the expression of MMP13 in a dose-dependent
manner (Figure 1A).
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Figure 1. Effects of natural product mixture (Ryupunghwan (RPH)) on the expression or amount of
osteoarthritis (OA)-related molecules or cyclooxygenase (COX) in IL-1β-stimulated chondrosarcoma
SW1353 cells (SW1353 cells). SW1353 cells (1× 106 cells) were stimulated with 20 µg/mL IL-1β for 24 h.
Natural product mixture (RPH, 50, 100, 300 µg/mL) or ginsenoside (Gin, 300 mg/mL) was pretreated
for 1 h before IL-1β. The expression of MMP13, COX-1, COX-2, TNF-α or IκBα was determined
in protein or mRNA extracts isolated from the cell lysates using Reverse Transcription-Polymerase
Chain Reaction (RT-PCR) or Western blot, respectively. Amount of MMP13 was determined in the cell
supernatant isolated from IL-1β-stimulated cells using enzyme-linked immunosorbent assay (ELISA)
kit. (A) Expression of MMP13 and OA-related molecules (TNF-α, IL-1β, or IκBα). (B) Amount of
MMP13. (C) Expression of COX1/2. #, Numbers below band images show the mean values (n = 4)
obtained from the ratio of band density of each group versus those of the control and loading control
GAPDH or actin. Results for ELISA assay represent the mean ± SEM (n = 4) obtained from four
independent experiments performed in triplicates. NC, negative control; IL-1β (interleukin 1 beta),
IL-1β-stimulated SW1353 cells; Gin, ginsenoside. ***, p < 0.001 versus the NC. ++, p < 0.01; +++, p < 0.001
versus the IL-1β stimulation.

It has been reported that TNF-α is pro-inflammatory cytokine involved in IL-1β-induced
chondrocytes or OA [13,23], that NF-κB is related to the production of inflammatory molecules in
chondrocytes [24,25]. Thus, we examined whether RPH affects the expression of OA related-molecules
in IL-1β-stimulated SW1353 cells. The expression of TNF-α, IL-1β, and NF- kB subunit p65 was
significantly increased in IL-1β-stimulated SW1353 cells versus NC. RPH pretreatment inhibited these
molecules, which are typically increased in IL-1β-stimulated SW1353 cells, in the dose-dependent
manner (Figure 1A), but it increased expression of IκBα. Pretreatment of 300 µg/mL (high dose of
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RPH) of ginsenoside, which is used as one of natural positive control of natural product mixture (RPH),
inhibited the expression of all OA-related molecules (MMP13, TNF-α, IL-1β) which were observed in
RPH as well as amount of MMP13, but it increased expression of IκBα. However, its efficacy was less
than those in 100 µg/mL of RPH (middle dose).

We examined whether RPH has an effect on the expression of COX1/2, which are known
as a regulator of inflammation [21]. The expression of COX-2 was significantly increased in
IL-1β-stimulated SW1353 cells versus NC. RPH pretreatment inhibited the increased expression of this
enzyme in a dose-dependent manner. Pretreatment of 300 µg/mL Gin inhibited COX-2 expression less
than that in 100 µg/mL RPH (middle dose). However, constitutive COX-1 did not show any change in
this experimental groups pretreated with RPH or Gin (Figure 1C).

2.2. Purification and Identification of Bioactive Ingredients from RPH

To investigate single component, which has anti-OA efficacy contained in RPH, we used a variety
of methods. Ryupunghwan (RPH) as a natural product mixture and its contents are described in the
materials and methods section. RPH was suspended in distilled water under ultrasonic agitation at
90 Hz and 40 ◦C and successively partitioned with ethyl acetate and n-BuOH to afford ethyl acetate
and n-BuOH, and water fractions. n-BuOH extracts of RPH showed potent inhibitory effects on the
expression of MMP13 (data not shown). n-BuOH fraction was subjected to silica gel and C-18 column
chromatography, and five compounds (1–5) were isolated (Figure 2). The spectroscopic data (ESI-MS,
1H-NMR, and 13C-NMR spectra) and comparisons with previous data confirmed that these structures
were (−)-pinoresinol 4-O-β-D-glucopyranoside (1) [26], (−)-marmesinin (2) [27], columbianetin
β-D-glucopyranoside (3) [28], isomucronulatol 7-O-β-D-glucoside (4) [29], and ecliptasaponin A (5) [30]
(Figure 2, Supplementary Materials Figures S1–S15).
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Figure 2. Chemical structures of compounds isolated from RPH. RPH (1.5 kg) was fractioned
using various organic chemicals and columns as described in “Materials and Methods”. Finally,
five single components were identified from RPH, and then structure of each component was
analyzed using ESI-MS, 1H-NMR, and 13C-NMR spectrum. Inhibitory effects of each fraction
identified from organic chemicals were determined in the expression of MMP13 (data not shown).
Structures of (1), (2), (3), (4), or (5) indicate (−)-pinoresinol 4-O-β-D-glucopyranoside, (−)-marmesinin,
columbianetin β-D-glucopyranoside, isomucronulatol 7-O-β-D-glucoside (IMG) and ecliptasaponin A
(ES), respectively.
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2.3. Effects of Single Component IMG and ES Isolated from Natural Product Mixture (RPH) on the Expression
of OA-Related Molecules in IL-1β-Stimulated SW1353 Cells

Five single compounds were isolated from RPH, and to be the responsible bioactive compounds.
Two substances (isomucronulatol 7-O-β-D-glucoside (IMG) and ecliptasaponin A (ES)) among five
substances showed the suppression of molecules, MMP13, collagen type II, TNF-α, IL-1β, and COX-2,
typically related to OA. One of single components IMG (30, 50, 100 µg/mL) suppressed the expression
of MMP13, collagen type II, TNF-α, IL-1β, and COX-2 related to OA in IL-1β-stimulated SW1353
cells in a dose-dependent manner (Figure 3). The other single component ES (10, 30, 50 ng/mL)
remarkably reduced the expression of all molecules related to OA versus IL-1β-stimulated SW1353
cells. IMG showed less potency than that in RPH. On the other hand, ES has stronger potency
than that of RPH or IMG, but toxicity in terms of cell lysis was observed in the high dose above
70 ng/mL (data not shown). However, the potency of ES was stronger by approximately 1000 times
than IMG. Therefore, we tried the combination pretreatment of both single functional components.
The combination pretreatment of IMG (30, 50, 100 µg/mL) with ES, which fixed on 50 ng/mL of dose,
remarkably suppressed expression of all OA-related molecules by approximately 48~67% (100 µg/mL
of IMG plus 50 ng/mL of ES) in IL-1β-stimulated SW1353 cells (Figure 3).
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Figure 3. Effects of single component IMG and ES isolated from natural product mixture (RPH) on the
expression of OA-related molecules in IL-1β-stimulated SW1353 cells. SW1353 cells (1 × 106 cells) were
stimulated with 20 µg/mL IL-1β for 24 h. IMG (isomucronulatol 7-β-O-glucoside, 30, 50 or 100 µg/mL),
ES (ecliptasaponin A, 10, 30 or 50 ng/mL), or combination (each dose of IMG + 50 ng/mL ES) was
pretreated at 1 h before IL-1β stimulation. The expression of OA-related molecules including collagen
type II was determined in mRNA extracts isolated the cell lysates using RT-PCR, and Western blot,
respectively. (Upper panel) The mRNA expression of OA-related molecules (MMP13, TNF-α, IL-1β,
COX1/2). (Lower panel) The protein expression of OA-related molecules (MMP13, Collagen type II,
TNF-α, IL-1β, and COX-2). #, Numbers below band images are the mean values (n = 4) obtained from
as described in the Figure 1 legend. NC, negative control; IL-1β (interleukin 1 beta), IL-1β-stimulated
SW1353 cells; DMSO (0.3%), control for the solvent of a single component; Coll-II, collagen type II.
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3. Discussion

We demonstrate that natural product mixture Ryupunghwan (RPH) reduces the expression or
secretion of OA-related molecules such as MMP13, TNF-α, p65 and COX1/2, and that two compounds
(Isomucronulatol 7-O-β-D-glucoside, IMG; Ecliptasaponin A, ES) among five single compounds, which
are isolated and purified from RPH and then their structures are analyzed, have functional activities.
A single functional compound IMG is a known compound present in Astragalus propinquus [1,31]
that has the highest percentage in RPH, but its functional activity for OA has not been evaluated yet.
Astragalus propinquus contains calycosin-7-O-β-D-glucopyranoside as an index material, which had
anti-inflammation and anti-osteoarthritis properties [32,33]. The functional activity in OA for ES was
also not clarified yet, although ES is found in Eclipta prostrata L. and is reported as an index material,
which exhibited anti-inflammatory activity in an allergic asthma model in mice [5]. There is only one
report that ES shows a protective effect against lung tissue inflammation in the bleomycin-induced
pulmonary fibrosis via reducing the oxidative stress [34].

The pathological feature for OA, which is caused by various risk factors such as ageing and
low-grade systemic inflammation etc., is characterized by cartilage degradation and inflammation of
joint [11,13]. Increased MMP13 expression is related to cartilage degradation [21,22]. Inflammatory
cytokines TNF-α and IL-1β are associated with inflammation of joint in early OA [13,14]. NF-κB
subunit p65 as a transcriptional factor causes the production of inflammatory cytokines [14,24,25].
The articular cartilage is mainly composed of collagen type II, aggrecan and proteoglycans
subtypes [10]. Prostaglandins (PGE2), which recruited/activated inflammatory cells into synovia,
are produced via COX2 [14]. Thus, our data suggest that RPH may reduce cartilage degradation
and inflammation in OA through inhibiting the expression of MMP13, collagen type II, COX2 and
inflammatory cytokines, as demonstrated by the data showing that RPH reduced expression of all
OA-related molecules investigated. The data can also be inferred that RPH may induce the regeneration
of cartilage via reducing the expression of MMP13 and collagen type II in OA.

RPH has no effect on COX1 expression, which is known as an enzyme to regulate the secretion
of gastric acid in gastric intestinal tract [35]. This phenomenon implies that RPH is natural product
mixture that could be used for OA management and have less toxicity because it has no influence on
COX1 expression.

Also, our observations suggest that single component IMG and ES isolated in RPH may inhibit
the expression of MMP13 and COX2, which is typically associated with the degeneration of cartilage
in osteoarthritis, and inflammatory cytokines, and expression of COX2 which is known as a regulator
of inflammation.

In conclusion, these in vitro results support that single functional compounds IMG and ES have
significantly anti-osteoarthritic effect in IL-1β-stimulated chondrosarcoma SW1353 cells. The data
suggest that RPH containing IMG and ES with less side-effects, which have anti-oxidative and
anti-inflammatory properties associated with osteoarthritis, may have a potential as a health functional
food supplement for osteoarthritis, with less side-effects and should be further evaluated in animal
and clinical models.

4. Materials and Methods

4.1. Materials

Ryupunghwan (RPH), a natural product mixture was donated by Hyunsung Vital Co. Ltd. (Seoul,
Korea). RPH contains Astragalus propinquus (31%), Turnera diffusa (14%), Achyranthes bidentate (14%),
Angelica sinensis (14%), Eclipta prostrata (12%), Eucommia ulmoides (8%), and Ilex paraguariensis (7%).
These plants were extracted using hot water (90 ◦C) for 24 h and evaporated by Liquefied extractor
(Hyunsung Vital Co. Ltd., Seoul, Korea) to yield a powder of RPH.
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4.2. Purification and Identification of Bioactive Ingredients

The Ryupunghwan (RPH, 1.5 kg) was suspended in distilled water (4.0 L) under ultrasonic
agitation at 90 Hz and 40 ◦C and successively partitioned with ethyl acetate and n-BuOH to afford
ethyl acetate (96.0 g, A) and n-BuOH (80.0 g, B), and water fractions.

The n-BuOH fraction (B) showed potent inhibitory effects on the expression of osteoarthritis
(OA)-related molecules or cyclooxygenase (COX), this fraction was chosen for subsequent studies.
The n-BuOH fraction was separated using a silica gel column with a gradient solvent mixture of
CHCl3-MeOH-H2O (10:1:0, 6:1:0.1, 4:1:0.1, 2:1:0.1, and 1:1:0.1) to afford six subfractions (B-1 to B-6).
Next, subfraction B-1 (12.0 g) was subjected to silica gel CC and was eluted with a solvent mixture
of CHCl3-acetone (10:1, and 7:1) and CHCl3-MeOH-H2O (7:1:0.1, 5:1:0.1) to afford four subfractions
(B-1.1 to B-1.4). Further purification of subfraction B-1.1 (1.4 g) via YMC RP-C18 silica gel column
using mixtures of MeOH–H2O (1:1, 1.5:1, and 2:1) yielded compounds 1 (80.0 mg), 2 (78.0 mg), and
3 (90.0 mg). When the same steps were repeated as above, compounds 4 (20.0 mg), and 5 (60.0 mg)
were also obtained by purifying subfraction B-1.2 (2.0 g) on YMC RP-C18 silica gel using mixtures of
MeOH–H2O (1.5:1, and 2:1).

4.3. Human Chondrosarcoma SW1353 Cells Culture Conditions

Human chondrosarcoma cells (SW1353 cells) were obtained from American Type Culture
Collection (ATCC; No. HTB-94, Manassas, VA, USA). The cells were grown in Leibovitz’s L-15
medium (Gibco, Grand Island, NY, USA) supplemented with 1% l-glutamine (Sigma-Aldrich, St. Louis,
MO, USA), 1% antibiotic penicillin/streptomycin solution (Sigma-Aldrich, St. Louis, MO, USA), and
10% fetal bovine serum (HyClone, Logan, UT, USA). The cells were maintained at 37 ◦C in a humidified
atmosphere without CO2, and the media was replaced every 3 days [36].

4.4. Cell Stimulation and Treatment

After serum starvation for 24 h, the cells (1 × 106 cells) were stimulated with 20 µg/mL
recombinant human interleukin-1 beta (IL-1β; PeproTech, Rocky Hill, NJ, USA), and then incubated
for 24 h [37]. The cells were centrifuged (470× g, 3 min) to separate the supernatants and cells.
The supernatants were used to measure the amount of MMP13, and the cells used to determine
the expression of all molecules related to OA. Optimal concentrations for IL-1β stimulation, RPH,
single component or Gin (20 µg/mL) were yielded in the preliminary experiments (data not shown).
Dimethyl sulfoxide (DMSO; 0.3%), ginsenoside (300 µg/mL), natural product mixture (RPH; 50, 100
or 300 µg/mL), or isomucronulatol 7-β-O-glucoside (SG; 30, 50 or 100 µg/mL) and ecliptasaponin A
(ES; 10, 30 or 50 ng/mL) as a single component separated from natural mixture were pretreated at 1h
before IL-1β stimulation.

4.5. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Total mRNA was extracted from the SW1353 cells (1 × 106 cells) using TRIzol reagent
(Invitrogen, Life Technologies Ltd., UK). RT-PCR was performed in a final volume of 20 µL using a
High-capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA) and G-taq
kit (Cosmogenetech, Seoul, Korea) in an automated thermal cycler (Bio-Rad, Laboratories, CA, USA).
PCR assays were performed for 35 cycles. Each cycle consisted of following steps: denaturation at
94 ◦C for 30 s, annealing at 56 ◦C for 45 s, and extension at 72 ◦C for 1 min. The result was expressed
as a ratio of GAPDH mRNA. PCR products were analyzed using 1% agarose gel and visualized under
a UV light after staining with stay safe nucleic acid gel stain (Real Biotech Corporation, Banqiao,
Taiwan) [38].

The primer sequences used were as follows: MMP13 sense, 5′-TCC CAG GAA TTG GTG ATA
AAG TAG A-3′; MMP13 anti-sense, 5′-CTG GCA TGA CGC GAA CAA TA-3′; TNF-α sense, 5′-TCT
ACT CCC AGG TCC TCT TC-3′; TNF-α anti-sense, 5′-AAG TAG ACC TGC CCA GAC TC-3′; IL-1β
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sense, 5′-CTT TGA AGC TGA TGG CCC TAA A-3′; IL-1β anti-sense, AGT GGT GGT CGG AGA TTC
GTA-3′; COX1 sense, 5′-CGC GGA TCC ACC ATG AGC CGG-3′; COX1 anti-sense, 5′-TGC TTT CAA
GCT TCT CAG-3′; COX2 sense, 5′-TTG CGG CCG CCA CCA TGG TCG -3′; COX2 anti-sense, 5′-GCT
CTA GAG ACT TCT ACA GTT CAG-3′; GAPDH sense, 5′-AAC TTT GGC ATT GTG GAA GG-3′;
GAPDH anti-sense, 5′-ACA CAT TGG GGG TAG GAA CA-3′.

4.6. Preparation of Nuclear Extracts

The SW1353 cells (1 × 106 cells) harvested from IL-1β-stimulated cells were suspended in a
cytoplasmic extraction buffer [10 mM HEPES, 60 mM KCl, 1 mM EDTA, 0.075% (v/v) NP40, 1mM
DTT, 1 mM PMSF and 2.5 ug/mL each of aprotinin, leupeptin, and pepstatin), adjusted to pH 7.6], and
allowed to incubate on ice for 15 min. After removing the cytoplasmic extract, the cell pellets were
washed with cytoplasmic extraction buffer without NP40. After spin down, and the cell pellet was
treated with the nuclear extraction buffer [20 mM Tris Cl, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA,
0.5 mM PMSF and 25% (v/v) glycerol, adjusted to pH 8.0]. The final salt concentration was adjusted to
400 mM with NaCl. The extracts were incubated on ice for 30 min, and then the supernatants were
collected [39]. Nuclear extracts (50 µg) in supernatants were used to measure for expression p65 using
Western blot.

4.7. Western Blot Analysis

The SW1353 cells (1 × 106 cells) harvested from IL-1β-stimulated cells were suspended in a
low-salt lysis buffer [10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM
DTT, 0.5 mM PMSF, 2 µg/mL aprotinin, 2 µg/mL leupeptin] and allowed to swell on ice for
30 min. The cells were then homogenized using a Polytron homogenizer (Kinematica, Lucern,
Switzerland). After centrifugation, supernatants obtained from cells extracts were analyzed by
10% SDS-polyacrylamide gel electrophoresis and electrophoretically transferred to nitrocellulose
membranes (Amersham Biosciences, Piscataway, NJ, USA). The membranes were washed with
PBS containing 0.1% Tween 20 (PBST) and then blocked for 1 h in PBST containing 5% skim milk.
After washing the membranes with PBST, they were treated with primary Abs against actin, MMP13,
TNF-α, IL-1β, COX-2, or P65 (Cell Signaling Technology, Bevery, MA, USA), or collagen type II
(Santa Cruz, CA, USA) diluted with PBST (1:1000). Membranes were washed with PBST and
treated with horseradish peroxidase (HRP)-conjugated goat anti-mouse or HRP-conjugated goat
anti-rabbit IgG (diluted to 1:5000~1:10,000) (Bethyl Laboratories, Montgomery, TX, USA) in PBST for
1 h. After washing, the protein bands were visualized by Enhanced Chemi-Luminescence using a
chemiluminometer (ECL; Amersham Biosciences, Piscataway, NJ, USA) [40].

4.8. MMP13 Amount Assay

The amount of MMP13 secreted in supernatants (100 µL) isolated from media of cells stimulated
with IL-1β was determined using MMP13 ELISA kit (Abcam, Cambridge, UK). Briefly, 100 µL standard
solution or samples were added in 96 well plates coated with specific human MMP13 and then
incubated for an overnight on a microplate shaker. Each well was washed 3 times with 300 µL of
diluted wash buffer, and then 150 µL of HRP-conjugated streptavidin (Abcam, Cambridge, UK) was
added and incubated for 1 h. The wells are again washed, a TMB substrate solution was added to
the wells, and the color was developed in proportion to a number of MMP13 bound. The plates
were read at 450 nm using microplate spectrophotometer (Molecular Devices, Sunnyvale, CA, USA).
The amounts of MMP13 were calculated using the standard curves generated by specific MMP13
standards. The results were expressed in ng/mL (1 × 106 cells). The lowest detection limit for MMP13
was 8.23 pg/mL [41].
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4.9. Statistical Analysis

Experimental data are shown as means ± SEM (n = 8). The unpaired Student’s t-test was used
to compare the two groups. Multiple group comparisons were performed using two-way analysis of
variance (ANOVA) followed by Scheffe’s post hoc test, using the SPSS 11 software (SPSS Inc., Chicago,
IL, USA). p values < 0.05 were considered to indicate statistical significance. The densitometry analysis
of Western blots and RP-PCR were performed with Quantity One (version 4.6.3; Bio-Rad, Hercules, CA,
USA) and are indicated as means ± SEM (n = 4) obtained from the ratio of each band density versus
those in the control and loading control of four independent experiments using the densitometer.

Supplementary Materials: The following are available online. Figure S1: 1H-NMR of (−)-pinoresinol 4-O-β-
D-glucopyranoside (1); Figure S2: 13C-NMR of (−)-pinoresinol 4-O-β-D-glucopyranoside (1); Figure S3: ESI-MS
spectra of (−)-pinoresinol 4-O-β-D-glucopyranoside (1); Figure S4: 1H-NMR spectra of (−)-marmesinin (2);
Figure S5: 13C-NMR spectra of (−)-marmesinin (2); Figure S6: ESI-MS spectra of (−)-marmesinin (2); Figure S7:
1H-NMR spectra of columbianetin β-D-glucopyranoside (3); Figure S8: 13C-NMR spectra of columbianetin
β-D-glucopyranoside (3); Figure S9: ESI-MS spectra of columbianetin β-D-glucopyranoside (3); Figure S10:
1H-NMR spectra of isomucronulatol 7-O-β-D-glucoside (4); Figure S11: 13C-NMR spectra of isomucronulatol
7-O-β-D-glucoside (4); Figure S12: ESI-MS spectra of isomucronulatol 7-O-β-D-glucoside (4); Figure S13: 1H-NMR
spectra of ecliptasaponin A (5); Figure S14: 13C-NMR spectra of ecliptasaponin A (5); Figure S15: ESI-MS spectra
of ecliptasaponin A (5).
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Abstract: Hypertension is a major risk factor for the development of cardiovascular diseases.
This study aimed to elucidate whether the natural product mixture No-ap (NA) containing
Pine densiflora, Annona muricate, and Monordica charantia, or its single components have inhibitory
effects on hypertension-related molecules in Angiotensin II (Ang II)-stimulated H9C2 cells. Individual
functional components were isolated and purified from NA using various columns and solvents,
and then their structures were analyzed using ESI–MS, 1H-NMR, and 13H-NMR spectra. H9C2 cells
were stimulated with 300 nM Ang II for 7 h. NA, telmisartan, ginsenoside, roseoside (Roseo), icariside
E4 (IE4), or a combination of two components (Roseo and IE4) were administered to the cells 1 h
before Ang II stimulation. The expression and activity of hypertension-related molecules or oxidative
molecules were determined using RT-PCR, western blot, and ELISA. Ang II stimulation increased the
expression of Ang II receptor 1 (AT1), tumor necrosis factor-α (TNF-α), monocyte chemoattractant
protein-1 (MCP-1), tumor growth factor-β (TGF-β) mRNA, and nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase activity and the levels of hydrogen peroxide (H2O2) and superoxide
anion (•O2

−) and reduced anti-oxidant enzyme activity. NA significantly improved the expression
or activities of all hypertension-related molecules altered in Ang II-stimulated cells. Roseo or IE4
pretreatment either decreased or increased the expression or activities of all hypertension-related
molecules similar to NA, but to a lesser extent. The pretreatment with a combination of Roseo and IE4
(1:1) either decreased or increased the expression of all hypertension-related molecules, compared to
each single component, revealing a synergistic action of the two compounds. Thus, the combination
of single components could exert promising anti-hypertensive effects similar to NA, which should be
examined in future animal and clinical studies.
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1. Introduction

Hypertension is a major risk factor for the development of cardiovascular diseases including
coronary artery disease, stroke, heart failure, peripheral vascular disease [1]. Angiotensin II (Ang
II) is a vasoactive peptide of the renin–angiotensin system (RAS). The cellular effects of Ang II are
mediated by at least two receptors, Ang II receptor 1 (AT1) and Ang II receptor 2 (AT2). Ang II,
through AT1 or AT2, plays a key role in blood pressure homeostasis [2]. Ang II binds AT1 to induce
NADPH oxidase activation and leads to the production of reactive oxygen species (ROS) [3–5]. Thus,
the increasing of ROS is involved in cardiovascular diseases-related changes such as hypertrophy,
fibrosis, tissue inflammation, or vascular remodeling in the heart [4–6].

Inhibition of the RAS through AT receptor blockers (ARBs) can prevent cardiovascular
disease-related events [7]. ARBs (for example, losartan and telmisartan), which are a new class
of approved anti-hypertensive agents, prevent the hypertensive effects of Ang II by the selective
blockade of AT1 [8,9]. However, ARBs produce undesirable side effects such as headache, fatigue,
and dizziness [7]. Thus, we have much interest in the search for natural products with anti-hypertensive
effects and reduced side effects.

Our company (Hyunsung Vital Co. Ltd., Seoul, Korea) has manufactured a natural product
complex (No-ap, NA) expected to downregulate blood pressure. NA contains three natural materials,
i.e., Pinus densiflora, Annona muricata L., and Monordica charantia.

P. densiflora is widely distributed around the world, particularly in Korea and Japan [10]. Pine bark
or needle have been reported to be effective scavengers of ROS [11,12] and to have a suppressive effect
on the expression of pro-inflammatory mediators [13]. Pine needles have anti-hypertensive effects [14].
A.a muricata L., which is known as graviola or guanabana, is widely found in India, South and Central
America, tropical West Africa, and Asia [15]. It has been reported that a decoction made from A. muricata
can be used for hypertension therapy and that the plant extract has anti-oxidative and anti-hypertensive
properties [16]. M. charantia L. is a common vegetable in Okinawa, where it has been recently used in
the therapy of hypertension, diabetes, and dyslipidemia [17], and its phenolic extract has inhibitory
properties against angiotensin-1-converting enzyme, hypertension, and oxidative stress [18]. Thus, these
findings imply that NA may have anti-hypertensive effects, as it is also supported by its wide use as a
folk remedy and by laboratory experiments [14–16].

Although there are reports that the different constituents of NA, i.e., P. densiflora needle, A. muricata,
and M. charantia may have anti-hypertensive properties, the single components of this mixture have not
been isolated and examined [14–16]. This study investigated for the first time whether NA has inhibitory
effects on the hypertension-related molecules in Ang II-stimulated H9C2 cells. After confirmation of
the anti-hypertensive effects, this study aimed to identify the single functional components of NA
and to investigate whether they have anti-hypertensive properties individually. We observed that the
pretreatment with a combination of roseoside and icariside E4, which showed strong activity among
the five single components identified in NA, had anti-hypertensive effects by downregulating ROS
generated via the expression of AT1 and the activity of NADPH oxidase.

2. Results

2.1. Effects of NA on the Expression of Hypertension-Related Molecules in Ang II-Stimulated H9C2 Cells

AT1 is an important effector controlling blood pressure (BP) and blood volume in the cardiovascular
system [3]. We first examined the effects of NA on AT1 expression in Ang II-stimulated H9C2 cells.
AT1 expression was increased in the Ang II-stimulated H9C2 cells, compared with negative control
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(NC, treated with phosphate-buffered saline) cells. NA (60, 100, 200 µg/mL) reduced AT1 expression in
a dose-dependent manner (Figure 1A). A high dose of NA reduced AT1 expression similar to telmisartan
(Telmis), which is known as an AT1 blocker preventing Ang II-induced oxidative stress and vascular
remodeling in hypertension [9]. Pretreatment with 200 µg/mL (corresponding to the high dose of NA)
of ginsenoside (Gin), which was used as one of the natural positive controls for the natural product
mixture (NA), had no effect on AT1 expression in Ang II-stimulated H9C2 cells.

Figure 1. Effects of the natural product mixture (No-ap, NA) on the expression of hypertension-related
molecules or oxidative stress in the Ang II-stimulated H9C2 cells. H9C2 cells (1 × 106 cells) were
stimulated with 300 nM Ang II for 7 h. No-ap (NA), telmisartan (Telmis), or ginsenoside (Gin) were
administered 1 h before Ang II stimulation. The expression of AT1, TNF-α, MCP-1, TGF-β was
determined in mRNA extracts isolated from H9C2 cells using RT-PCR. The activity of NADPH oxidase,
catalase, and SOD, and the amounts of H2O2 and •O2

− were determined in cell lysates isolated from
H9C2 cells using an ELISA kit. The reactions were analyzed using an ELISA plate reader at 450 nm for
the activities of NADPH oxidase and SOD and •O2

− amounts, and at 590 nm for H2O2 amounts and
catalase activity. (A) Expression of AT1 and cytokines. (B) Activity of NADPH oxidase. (C) Amounts
of H2O2. (D) Amounts (fold change %) of •O2

−. (E) Activities of catalase and SOD. #, Numbers below
the band images, indicating the mean values (n = 4 independent experiments) obtained from the ratio
of the band density of each group to those of the corresponding controls and loading control GAPDH.
The results represent the mean ± SEM (n = 4) obtained from four independent experiments performed
in triplicates. NC, negative control; Ang II, angiotensin II stimulation; AT1, angiotensin II receptor 1;
TNF-α, tumor necrosis factor-α; MCP-1, monocyte chemoattractant protein-1; TGF-β, tumor growth
factor-β; NADPH, nicotinamide adenine dinucleotide phosphate; H2O2, hydrogen peroxide; •O2

−,
superoxide anion; SOD, superoxide dismutase. ***, p < 0.001 versus the NC. +, p < 0.05; ++, p < 0.01; +++,
p < 0.001 versus the Ang II stimulation.

It has been reported that inflammation has a crucial role in the pathogenesis of hypertension [19–21].
The inflammatory process, with ROS generation and increase in cytokines’ releases, is a hallmark
of hypertension [20,21]. Thus, in order to investigate whether NA prevents inflammation in Ang
II-stimulated H9C2 cells, the expression of inflammatory cytokines was examined. The expression
levels of tumor necrosis factor-α (TNF-α), monocyte chemoattractant protein-1 (MCP-1), and tumor
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growth factor-β (TGF-β) were increased in Ang II-stimulated H9C2 cells (Figure 1A). NA pretreatment
significantly suppressed the expression of these inflammatory cytokines caused by Ang II in a
dose-dependent manner. A high dose of NA showed stronger inhibitory responses than Telmis. Gin did
not show any effects in all cases. Therefore, hereafter, we will not consider Gin effects.

2.2. Effects of NA on Oxidative Stress in Ang II-Stimulated H9C2 Cells

It has been reported that Ang II-induced hypertension by ROS generated via nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase [22,23]. Thus, we examined the effects of NA on NADPH
oxidase activity in Ang II-stimulated H9C2 cells. NA pretreatment reduced NADPH oxidase activity in
Ang II-stimulated H9C2 cells (Figure 1B).

Next, we examined the effects of NA on the generation of ROS or on anti-oxidant enzyme activity
in Ang II-stimulated H9C2 cells. The production of hydrogen peroxide (H2O2) or superoxide anion
(•O2

−) increased by Ang II stimulation was diminished in NA-pretreated cells in a dose-dependent
manner (Figure 1C,D). The activities of catalase or superoxide dismutase (SOD) were decreased in Ang
II-stimulated H9C2 cells. NA pretreatment increased anti-oxidant enzyme activity (catalase and SOD)
in Ang II-stimulated H9C2 cells in a dose-dependent manner, similar to Telmis (Figure 1E).

2.3. Purification and Identification of Bioactive Ingredients in NA

As a natural product mixture, NA contains P. densiflora (75.0%), A. muricata (12.5%), M. charantia
(12.5%). NA was extracted with methanol and successively partitioned with ethyl acetate and n-BuOH
to afford ethyl acetate, n-BuOH, and water fractions. The n-BuOH fraction was subjected to silica
gel and YMC RP-18 silica gel column chromatography, and five compounds (1–5) were identified.
Their spectroscopic data and comparisons with previous data confirmed that these compounds were
roseoside (1) [24], isolariciresinol 9-O-β-D-xyloside (2) [25], massonianoside B (3) [26], icariside E4
(4) [27], and nicotiflorin (5) [28] (Figure 2, Supplementary Materials Figures S1–S15).

Figure 2. Chemical structures of the compounds isolated from NA. NA (1.9 kg) was fractioned
using various organic chemicals and columns as described in “Materials and Methods”. Finally, five
single components were identified from NA, and then the structure of each component was analyzed
using ESI–MS, 1H-NMR, and 13C-NMR spectra. The inhibitory effects on the expression of AT1
of each fraction separated with organic chemicals were determined (data not shown). Structures
of (1), (2), (3), (4), and (5) indicate roseoside, isolariciresinol 9-O-β-D-xyloside, massonianoside B,
icariside E4, and nicotiflorin, respectively. The molecular formulas of the components roseoside and
icariside E4, which demonstrated biological activity, re C19H30O8 (MW, 386.1941) and C26H34O10
(MW, 506.5480), respectively.
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2.4. Effects of the Isolated Components Roseoside and Icariside E4 on the Expression of Hypertension-Related
Molecules in Ang II-Stimulated H9C2 Cells

We first confirmed that two single components [roseoside (Roseo) and icariside E4 (IE4)], among the
five isolated components, had biological activity. Three components (isolariciresinol 9-O-β-D-xyloside,
massonianoside B, and nicotiflorin) did not have any effects on the expression of AT1 (data not
shown). Roseo or IE4 (20, 30, 50 µg/mL) pretreatment significantly reduced the expression of all
hypertension-related molecules (mRNA and protein) in Ang II-stimulated H9C2 cells in a dose-dependent
manner, compared to Ang II stimulation alone (Figure 3). Treatment with 70µg/mL of Roseo or 100µg/mL
of IE4 reduced the expression of all hypertension-related molecules by approximately 48% and 50%,
respectively, compared to Ang II stimulation. However, only Roseo showed downregulating activity at a
dose above 70 µg/mL (data not shown). Both components showed inhibitory effects on the expression of
all hypertension-related molecules, although neither one exhibited inhibitory effects similar to those of
Telmis or NA. Thus, we tried a combination pretreatment. A ratio of 1:1 for the combination pretreatment
of Roseo and IE4 was used in preliminary experiments. The combination of Roseo and IE4 in a 1:1 ratio
(each used in a dose of 25 µg/mL; total dose, 50 µg/mL) reduced the expression of all hypertension-related
molecules by approximately 50–72% in Ang II-stimulated H9C2 cells. Thus, the combination pretreatment
of Roseo and IE4 showed a strong synergistic inhibitory effect on the expression of all hypertension-related
molecules in Ang II-stimulated H9C2 cells.

Figure 3. Effects of roseoside and icariside E4, alone or in combination, on the expression of
hypertension-related molecules in the Ang II-stimulated H9C2 cells. The experimental details of the
stimulation of H9C2 cells and their treatment with different compounds were described in Figure 1
legend. Telmis (10 µM), roseoside (Roseo; 20, 30, or 50 µg/mL), icariside E4 (IE4; 20, 30, or 50 µg/mL),
and Roseo/E4 combinations (20, 30, or 50 µg/mL, 1:1 ratio) were administered 1 h before Ang II
stimulation. The expression of all hypertension-related molecules was determined in mRNA or protein
extracts isolated from H9C2 cells using RT-PCR and Western blot, respectively. (A) Expression of all
hypertension-related molecules’ mRNA. (B) Protein expression of all hypertension-related molecules. Both,
combination of Roseo and IE4 (1:1 ratio; each component used at a dose of 10, 15, 25 µg/mL; total doses for
the different mixtures at a 1:1 ratio were 20, 30, 50 µg/mL). Ang II, angiotensin II stimulation. #, Numbers
below the band images indicate the mean values (n = 4) obtained as described in Figure 1 legend.
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2.5. Respective Effects of Roseoside and Icariside E4 on Oxidative stress in Ang II-Stimulated H9C2 Cells

We examined the effects of Roseo or IE4 on NADPH oxidase activity in Ang II-stimulated H9C2
cells. Roseo or IE4 pretreatment reduced NADPH oxidase activity in Ang II-stimulated H9C2 cells
(Figure 4A).

Figure 4. Effects of roseoside, icariside E4, and their combination on oxidative stress in Ang
II-stimulated H9C2 cells. The experimental details of the stimulation of H9C2 cells and their
treatment with different compounds were described in Figure 1 legend. Telmis (10 µM), Roseo (20, 30,
or 50 µg/mL), IE4 (20, 30, or 50 µg/mL), and combinations of Roseo and IE4 (20, 30, or 50 µg/mL,
1:1 ratio) were administered to the cells 1 h before Ang II stimulation. The activities of NADPH oxidase,
catalase, and SOD, and the amounts of H2O2 and •O2

− were determined in cell lysates isolated from
H9C2 cells using an ELISA kit. The reactions were analyzed using an ELISA plate reader as described
in Figure 1 legend. (A) Activity of NADPH oxidase. (B) Amounts of H2O2. (C) Amounts (fold change
%) of •O2

−. (D) Activities of catalase and SOD. The results represent the mean ± SEM (n = 4) obtained
from four independent experiments performed in triplicates. ***, p < 0.001 versus NC. +, p < 0.05; ++,
p < 0.01; +++, p < 0.001 versus Ang II stimulation.

Next, we examined the effects of Roseo and IE4 on the generation of ROS and on anti-oxidant
enzyme activity in Ang II-stimulated H9C2 cells. The generation of H2O2 or •O2

− increased by Ang II
stimulation was diminished after Roseo or IE4 pretreatment in a dose-dependent manner (Figure 4B,C).
Both Roseo and IE4 pretreatments increased the anti-oxidant activity (catalase and SOD), which was
decreased by Ang II-stimulated H9C2 cells (Figure 4D). Roseo pretreatment showed reduction of ROS
and increase of anti-oxidant enzyme activity similar to Telmis, whereas IE4 pretreatment showed
smaller effects than Roseo or Telmis.

The combination pretreatment of Roseo and IE4 at a ratio of 1:1 (each used at the dose of 25 µg/mL;
total dose, 50 µg/mL) reduced the activity of NADPH oxidase and the generation of H2O2 and •O2

−

in a dose-dependent manner in Ang II-stimulated H9C2 cells. The combination pretreatment increased
the activity of catalase or SOD in a dose-dependent manner. Thus, the combination pretreatment

36



Molecules 2019, 24, 414

of Roseo and IE4 at a 1:1 ratio showed stronger synergistic inhibitory effects on the suppression of
oxidative stress and on the increase of anti-oxidant enzyme activities in Ang II-stimulated H9C2 cells,
compared to the single components (Figure 4).

3. Discussion

We demonstrated that the natural product complex NA suppresses the expression of AT1,
the generation of ROS (H2O2 and •O2

−), and the expression of inflammatory cytokines (TNF-α,
MCP-1, and TGF-β) produced via NADPH oxidase, which are related to hypertension, and that it
increases the expression of anti-oxidant enzymes (catalase and SOD) in Ang II-stimulated H9C2 cells.
Our data also demonstrate that two components, Roseo and IE4, among five identified components
isolated and purified from NA, whose structures were also analyzed in this study, have functional
activities in hypertension.

The component Roseo isolated from various plants, including A. muricata contained in NA, has
a variety of functional activities. It relaxes precontracted aortic rings in an endothelium-dependent
manner [29], increases insulin secretion [30], inhibits rat liver microsomal glucose-β-phosphate [31],
potentiates the inhibitory activity against angiotensin-converting enzyme, although itself shows no
activity against an its enzyme [32], shows inhibitory effects on lipopolysaccharide (LPS)-induced nitric
oxide (NO) production in RAW264.7 cells [33], prevents oxidative stress [34], and has a depigmentation
effect in melanocytes by inhibiting melanin synthesis [35]. However, it has not been reported yet that
Roseo directly suppresses hypertensive effects caused by the upregulation of ROS.

The other component, IE4, isolated and purified from plants, such as Ulmus pumila L. and
Tabebuia roseo-alba, has various functional activities. It inhibits NO production [36], shows anti-oxidant
activity [37], demonstrates anti-nociceptive activity in a chemical pain-induced model [38], and may
be beneficial in the traditional treatment of Alzheimer’s disease by preventing blood–brain barrier
damage and inflammatory cell infiltration into the brain [39]. IE4, purified from pine trees, such
as P. densiflora, Pinus thunbergii, and Pinus morrisonicola Hayata, also delays the coagulation time by
inhibiting thrombin activity [40] and inhibits the release of β-hexosaminidase in RBL-2H3 cells [41].
However, it has not been reported yet that IE4 purified from P. densiflora, which is the most abundant
component of NA, directly suppresses the hypertensive effects caused by the upregulation of ROS.
There is only a report indicating that IE4 isolated from P. morrisonicola H. could be a promising
anti-hypertensive candidate by blocking voltage-operating Ca2+ channels [42].

Hypertension is the most common cardiovascular risk factor. Ang II, which is known as one
of many factors causing cardiovascular injury in hypertension, elicits many pathophysiological
actions by inducing ROS generation via the activation of vascular NADPH oxidase [20,22,23,43].
Ang II stimulation can increase blood pressure in association with immune response activation and
inflammation [21]. Infiltration of inflammatory cells into areas around blood vessels that occurs
simultaneously with other events of the inflammatory process, such as the increase of ROS generation
and of the levels of cytokines and chemokines, is a hallmark of hypertension [9,21,22]. Thus, our data
suggest that NA may suppress blood pressure and vascular remodeling in hypertension mainly caused
by RAS through downregulating of ROS produced via AT1 expression and NADPH oxidase activity,
as demonstrated by the data showing that NA reduced hypertensive responses through inhibiting
downstream pathways via AT1 expression and NADPH oxidase (which generates ROS), and then
the generated ROS increased the release of the cytokine TNF-α and the chemokines MCP-1, which is
known to induce inflammation and cell infiltration [44], respectively, and increased TGF-β, which is
known to induce vascular remodeling in hypertension [9,22]. In addition, our data indicate that NA
increased endogenous anti-oxidant enzymes (catalase and SOD) in Ang II-stimulated H9C2 cells.
The endogenous anti-oxidant glutathione peroxidase (GPx), which scavenges H2O2, is not affected by
Ang II stimulation in cardiac fibroblasts [45] and vascular adventitial fibroblasts [46]. Thus, we did not
check GPx activity because the catalase also scavenges H2O2. However, it is necessary to investigate
the differences between cell types.
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Our observations also suggest that the components Roseo and IE4, isolated and purified
from NA, may independently suppress hypertension-related molecules such as ROS, cytokines
and chemokines, and TGF-β, which are typically associated with oxidative stress, inflammation,
and vascular remodeling in hypertension, by increasing endogenous anti-oxidant enzymes in Ang
II-stimulated H9C2 cells. In addition, we also show that combinations of Roseo and IE4 (1:1 ratio)
may have strong synergistic or additive effects.

In conclusion, these in vitro results support the conclusion that the functional compounds Roseo
and IE4 have significant anti-hypertensive effects on Ang II-stimulated H9C2 cells. Our data suggest
that Roseo and IE4 from NA, which have anti-oxidant, anti-inflammatory, and anti-vascular remodeling
properties in hypertension and less side effects than the whole mixure NA, have a potential as
health functional food supplements for hypertension and should be further evaluated in animal and
clinical models.

4. Materials and Methods

4.1. Materials

NA, a natural product mixture, was donated by Hyunsung Vital Co. Ltd. (Seoul, Korea) which
makes a variety of healthy functional foods. NA contains P. densiflora (75.0%), A. muricata (12.5%),
and M. charantia (12.5%). These plants were extracted using hot water (90 ◦C) for 24 h, and the extract
was evaporated by a Liquefied extractor (Hyunsung Vital Co. Ltd., Seoul, Korea) to yield a powder of
NA. This powder was named NA (No-ap), natural product mixture.

4.2. Purification and Identification of Bioactive Ingredients

NA (1.9 kg) was extracted using methanol (4 L, 95%) at room temperature for 2 days. The methanol
extract (556.4 g) was concentrated under pressure, dissolved in distilled water (2 L), and successively
partitioned with ethyl acetate and n-BuOH to afford ethyl acetate (23.0 g, A), n-BuOH (122.1 g, B),
and water fractions.

The n-BuOH extract (120 g) was separated by vacuum liquid chromatography using a silica
gel column with a gradient solvent mixture of CHCl3–MeOH (30:1, 25:1, 20:1, 15:1, 10:1, 8:1, 6:1, 4:1,
2:1, 1:1, and 100% MeOH) to afford 11 subfractions (B-1 to B-11). Next, subfraction B-6 (2.1 g) was
subjected to YMC RP-C18 silica gel column and was eluted with a solvent mixture of MeOH–H2O
(1:2), yielding compound 1 (20.0 mg), compound 2 (10.0 mg), compound 3 (30.0 mg), and compound 4
(10.0 mg). Further purification of subfraction B-9 via YMC RP-C18 silica gel column, using mixtures of
MeOH−H2O (1:1.5), and preparative HPLC yielded compound 5 (10.0 mg).

4.3. Cardiomyocytic H9C2 Cell Line Culture

The rat cardiomyocytic H9C2 cell line (H9C2 cells) was obtained from the Korean Cell line
Bank (KCLB, Seoul, Korea). H9C2 cells were grown in Dulbecco’s modified eagle medium (DMEM)
(HyClone, Logan, UT, USA) supplemented with 1% L-glutamine, 1% antibiotic penicillin/streptomycin
solution (Sigma-Aldrich, St. Louis, MO, USA), and 10% fetal bovine serum (HyClone, Logan, UT, USA).
H9C2 cells were maintained at 37 ◦C in a humidified atmosphere with CO2, and the media were
replaced every 3 days [47].

4.4. Cell line Stimulation and Treatment

H9C2 cells (1 × 106 cells) were stimulated with 300 nM angiotensin II (Ang II; Sigma-Aldrich, St.
Louis, USA) and then incubated for 7 h [47]. The cells were centrifuged (470× g, 3 min) to separate
the supernatants and pellet the cells. The cells were used to determine the expression of all molecules
related to hypertension. NA (60, 100 or 200 µg/mL), telmisartan (Telmis; 10 µM), ginsenoside
(Gin; 200 µg/mL), roseoside (Roseo; 20, 30 or 50 µg/mL), icariside E4 (IE4; 20, 30 or 50 µg/mL),
the last two as purified components isolated from NA, and combinations of Roseo and IE4 (1:1 ratio,
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20, 30, or 50 µg/mL) were administered to the cells 1 h before Ang II stimulation. As a negative control
(NC), phosphate-buffered saline (PBS) was used, which was also Ang II solvent. Telmis, which is a
drug used in the clinic, was used as a positive control. The optimal concentrations of Ang II stimulation,
NA, Gin, Roseo, and IE4 were determined in preliminary experiments (data not shown). Gin was used
as a natural positive control for the natural product mixture (NA).

4.5. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Total mRNA was isolated from H9C2 cells (1 × 106 cells) using TRIzol reagent (Invitrogen,
Life Technologies Ltd., Waltham, CA, USA). RT-PCR was performed in a final volume of 20 µL, using a
high-capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA) and a G-taq
kit (Cosmogenetech, Seoul, Korea) in an automated thermal cycler (Bio-Rad, Laboratories, Hercules,
CA, USA). The PCR assays were performed for 35 cycles. Each cycle consisted of the following steps:
denaturation at 94 ◦C for 30 s, annealing at 51 ◦C for 45 s, and extension at 72 ◦C for 1 min. The results
were expressed as a ratio to GAPDH mRNA. The PCR products were analyzed using 1% agarose
gel and visualized under UV light after staining with StaySafe nucleic acid gel stain (Real Biotech
Corporation, Banqiao, Taiwan) [48].

The primer sequences used were as follows: AT1 sense, 5′-CAT AGG ACT GGG CCT AAC CA-3′;
AT1 anti-sense, 5′-GCC GTA AAA CAG AGG GTT CA-3′; TNF-α sense, 5′-TTC TGT CCC TTT CAC
TCA CTG G-3′; TNF-α anti-sense, 5′-TTG GTG GTT TGC TAC GAC GTG G-3′; MCP-1 sense, 5′-GAA
GGA ATG GGT CCA GAC AT-3′; MCP-1 anti-sense, 5′-ACG GGT CAA CTT CAC ATT CA-3′; TGF-β
sense, 5′-CTC TCC ACC TGC AAG ACC AT-3′; TFG-β anti-sense, 5′-CTG CCG TAC AAT TCC AGT
GA-3′; GAPDH sense, 5′-AAC TTT GGC ATT GTG GAA GG-3′; GAPDH anti-sense, 5′-ACA CAT
TGG GGG TAG GAA CA-3′.

4.6. Determination of the Activity of NADPH Oxidase, Superoxide Dismutase, and Catalase and the Levels
of Hydrogen Peroxide and Superoxide Anion

The activities of NADPH oxidase, catalase, and SOD, and the amounts of H2O2 and •O2
− were

measured in the lysates of H9C2 cells stimulated with Ang II using a NADPH oxidase assay kit, a H2O2

assay kit (Abcam, Cambridge, UK), a •O2
− assay kit, a SOD assay kit (Cell Biolabs. Inc., San Diego,

CA, USA), and a catalase activity kit (Biovision, Milpitas, CA, USA), respectively. Briefly, H9C2 cells
(1 × 106 cells) were washed three times with PBS and placed in lysis buffer (PBS containing 1% Triton
X-100). Standard diluents (100 µL), lysates obtained from each sample (100 µL), and 100 µL of reaction
mixture (50 µL enzyme working solution and 50 µL probe) were added in 96-well plates; the plates were
then incubated on a plate shaker at room temperature for the time periods indicated (30 min for NADPH
oxidase, SOD, and catalase; 1 h for H2O2 and •O2

−). The optical density was read at 450 nm for NADPH
oxidase, •O2

−, and SOD, and at 590 nm for H2O2 and catalase. Standard curves were made using serial
dilutions of a standard sample, and then the activity was calculated according to the manufacturer’s
instructions. The lowest detection limit for NADPH oxidase was below 20 pg/mL, for H2O2 it was
0.04 pmol/µL, for •O2

− and SOD it was 1.2 mU/µL, and for catalase it was 0.078 pg/mL.

4.7. Western Blot Analysis

H9C2 cells (1 × 106 cells) harvested from Ang II-stimulated cells were suspended in a low-salt
lysis buffer [50 mM Tri-HCl (pH 7.9), 1.0 mM EDTA, 150 mM NaCl, 1.0% NP40, 5 mM NaF,
0.25% Na deoxycholate, 2 mM NaVO3, protease inhibitors cocktail] and allowed to swell on
ice for 30 min. The cells were then homogenized using a micropipette. After centrifugation,
the supernatants obtained from the cell extracts were analyzed by 10% SDS-polyacrylamide
gel electrophoresis and electrophoretically transferred to nitrocellulose membranes (Amersham
Biosciences, Piscataway, NJ, USA). The membranes were washed with PBS containing 0.1% Tween
20 (PBST) and then blocked for 1 h in PBST containing 5% skim milk. After washing the membranes
with PBST, they were treated with primary antibodies against actin, AT1, TNF-α (Cell Signaling
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Technology, Beverly, MA, USA), MCP-1, or TGF-β (Abcam, Cambridge, UK) diluted with PBST (1:1000).
The membranes were washed with PBST and treated with horseradish peroxidase (HRP)-conjugated
goat anti-mouse or HRP-conjugated goat anti-rabbit IgG (diluted to 1:5000) (Bethyl Laboratories,
Montgomery, TX, USA) in PBST for 1 h. After washing, the protein bands were visualized by Enhanced
Chemi-Luminescence (ECL; Amersham Biosciences, Piscataway, NJ, USA) using a chemiluminometer
(Bio-Rad, Laboratories, CA, USA) [48].

4.8. Statistical Analysis

The experimental data are shown as means ± SEM (n = 4). The unpaired Student’s t-test was
used to compare two groups. Multiple-group comparisons were performed using two-way ANOVA
followed by Scheffe’s post-hoc test, using the SPSS software (SPSS Inc., Chicago, IL, USA). Values of
p < 0.05 were considered to indicate statistical significance. Densitometry analyses of Western blots
and RT-PCR were performed with Quantity One (version 4.6.3; Bio-Rad, Hercules, CA, USA) and the
results are indicated as means ± SEM (n = 4), obtained from the ratio of each band density to those of
the control and the loading control of four independent experiments.
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Abstract: A set of overall 40 carboxamides was prepared from five different natural occurring
triterpenoids including oleanolic, ursolic, maslinic, betulinic, and platanic acid. All of which
were derived from ethylene diamine holding an additional substituent connected to the ethylene
diamine group. These derivatives were evaluated regarding their inhibitory activity of the enzymes
acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) employing Ellman’s assay. We further
determined the type of inhibition and inhibition constants. Carboxamides derived from platanic acid
have been shown to be potent and selective BChE inhibitors. Especially the mixed-type inhibitor
(3β)-N-(2-pyrrolidin-1-ylethyl)-3-acetyloxy-20-oxo-30-norlupan-28-amide (35) showed a remarkably
low Ki of 0.07 ± 0.01 µM (Ki

′ = 2.38 ± 0.48 µM) for the inhibition of BChE.

Keywords: acetylcholinesterase; butyrylcholinesterase; triterpenoids

1. Introduction

It is now more than a century since Alois Alzheimer, a German physician, described a new
disease of the brain [1], being today one of the most threatening plagues for the elderly and one
of the greatest challenges for chemists and biologists. The eponymous disease is today one of the
greatest scourges of humanity. Alzheimer’s disease (AD), the most common cause of dementia,
is a neurodegenerative disorder, causing the progressive loss of cognitive functions and memory.
As a result of demographic changes, the number of AD patients is steadily rising. This disease
is characterized by an increasing decline in acetylcholine (ACh, neurotransmitter) levels in the
cholinergic system [2]. A common strategy for the management of AD is to develop inhibitors
that suppress the degradation of ACh caused by hydrolases acetylcholinesterase (AChE, EC 3.1.1.7)
and butyrylcholinesterase (BChE, EC 3.1.1.8).

Ursolic acid (UA), oleanolic acid (OA), maslinic acid (MA), betulinic acid (BA), and platanic
acid (PA) are naturally occurring pentacyclic triterpenoids (Figure 1), which are widely distributed in
various plants. Triterpenes and their derivatives represent a group of pharmacologically interesting
substances showing a variety of biological activities such as antitumor [3], antiviral, and anti-HIV [4,5],
antibacterial [6,7], and antifungal [8] properties. Pentacyclic triterpenoic acids have already been tested
for cholinergic activities with moderate anti-cholinesterase activity [9,10]. Cyclic terpene derivatives,
which act as inhibitors of cholinesterases, have been our research focus for a long time. Results
from our group have demonstrated that structural modifications of the terpenoid backbone have a
high impact onto the inhibitory potential for cholinesterases (ChEs) [11–13]. Exceptionally good ChE
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inhibition has been found for some amino derivatives of platanic acid [12], as well as for amides of
dehydroabietylamine [14] and 12-hydroxydehydroabietylamine [15].
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Figure 1. Structures of triterpenoic acids 1–5.

In patients, BChE activity increases with progression of AD while the level of AChE remains
constant [16]. Therefore, selective BChE inhibitors represent legitimate therapeutic options to improve
the deficit in the neurotransmitter ACh. Deduced from the results of our previous studies, UA, OA,
MA, BA and PA carboxamides holding a terminal amino moiety were synthesized from the parent
pentacyclic triterpenoic acids. Altogether, 40 different compounds were synthesized and screened for
their ChE inhibitory activity using Ellman’s assay.

2. Results and Discussion

2.1. Chemistry

Acetylation of triterpenoic acids (Figure 1, 1–5) furnished acetates 6–10 (Scheme 1). Reaction
of 6–10 with oxalyl chloride and subsequent treatment with various amines derived from ethylene
diamine gave carboxamides 11–15, 21–25, 31–35 and 41–45. Their deacetylation with KOH/MeOH
gave compounds 16–20, 26–30, 36–40 and 46–50, respectively.
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Scheme 1. Generalized representation of 1–5 and preparation of triterpenoic carboxamides 11–50: (a)
Ac2O, DCM, TEA, 25 ◦C, 2 days, 90–96%; (b) oxalyl chloride, DCM, DMF, 0–25 ◦C, 1 h, then amine,
25 ◦C, 2 h; (c) MeOH/KOH, 25 ◦C, 2–3 days.

2.2. Biology

In this study, carboxamides with different triterpenoic backbones (ursolic, oleanolic, maslinic,
betulinic, and platanic acids), and various amine residues (Scheme 1), were investigated.
All compounds 11–50 (except those being not soluble under the conditions of the assay) were subjected
to Ellman’s assays to determine their inhibition rates and constants (Ki for competitive inhibition and
Ki
′ for uncompetitive inhibition) for the cholinesterases AChE and BChE. Galantamine hydrobromide

(GH), one of the gold standard drugs for treating AD symptoms, was used for comparison. In general,
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pre-screening the 37 triterpenoic acid amides using AChE (electric eel) and BChE (equine serum)
identified seventeen compounds as potential inhibitors with inhibition rates equal or even better than
GH. The results are summarized in Figures 2 and 3 (details are found in the Supplementary Part,
Table S1).
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Figure 3. Percentage of inhibition of selected carboxamides and galantamine hydrobromide
(GH as standard), final concentration of the inhibitor 30 µM, determined by Ellman’s assay using
acetylcholinesterase (green in the front) and butyrylcholinesterase (purple in the back).

The carboxamides showed a considerably higher inhibition for BChE than for AChE. With the
exception of 17 (88.61 ± 0.22%) and 49 (82.72 ± 0.09%), none of the tested compounds showed
any notable activity for AChE. Further kinetic studies (see Supplementary Part, Table S2) showed
(3β)-N-(2-piperidin-1-ylethyl)-3-hydroxy-lup-20(29)-en-28-amide (49) as a good mixed-type AChE
inhibitor with inhibition constants: Ki = 1.00 ± 0.09 µM and Ki

′ = 1.42 ± 0.08 µM. The results
of the screening experiments suggest that many of the synthesized carboxylic acid amides inhibit
BChE activity to a high degree. Fifteen derivatives showed promising inhibitory rates, five of which
seemed to inhibit BChE almost completely (88.37–94.60% inhibition rate). The evaluation of the
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Dixon [17], Cornish-Bowden [18], and Lineweaver-Burk [19] plots showed that all active compounds
were mixed-type inhibitors with a dominating competitive part. The results from these measurements
are compiled in Tables 1 and 2.

Table 1. Significant results of the BChE inhibition assay. Inhibitory constants (Ki and Ki
′ in µM),

determined using Ellman’s assays employing butyrylcholinesterase (BChE, equine serum) with
galantamine hydrobromide (GH) as standard.

Compound Ki in µM/Ki
′ in µM

(Type of Inhibition) Compound Ki in µM/Ki
′ in µM

(Type of Inhibition)

GH 2.30 ± 0.17
(competitive) 32 2.02 ± 0.56/29.88 ± 1.13

(mixed-type)

16 5.55 ± 0.12/12.15 ± 0.45
(mixed-type) 34 0.39 ± 0.04/> 5

(mixed-type)

17 1.93 ± 0.13/7.68 ± 0.61
(mixed-type) 36 0.47 ± 0.08/2.23 ± 0.12

(mixed-type)

21
6.48 ± 0.10/143.36 ±

0.02
(mixed-type)

37 0.55 ± 0.02/> 50
(mixed-type)

24 1.93 ± 0.13/7.68 ± 0.61
(mixed-type) 38 2.06 ± 0.03/14.15 ± 2.42

(mixed-type)

26 1.11 ± 0.09/3.10 ± 0.30
(mixed-type) 39 3.24 ± 0.58/> 9

(mixed-type)

27 1.31 ± 0.01/9.07 ± 0.02
(mixed-type) 46 2.37 ± 0.02/7.64 ± 0.22

(mixed-type)

28 2.20 ± 0.25/27.26 ± 3.47
(mixed-type) 47 1.57 ± 0.01/10.42 ± 1.36

(mixed-type)

29 3.52 ± 0.07/16.11 ± 0.18
(mixed-type) 48 2.26 ± 0.05/6.21 ± 0.47

(mixed-type)

31 4.42 ± 0.34/6.00 ± 0.47
(mixed-type) 49 2.52 ± 0.29/> 8

(mixed-type)

Table 2. Results of the BChE inhibition assay for platanic acid derivatives. Inhibitory constants (Ki and
Ki
′ in µM), determined using Ellman’s assay employing butyrylcholinesterase (BChE, equine serum)

with galantamine hydrobromide (GH, Ki = 2.30 ± 0.17) as standard.

Compound Ki in µM/Ki
′ in µM

(Type of Inhibition) Compound Ki in µM/Ki
′ in µM

(Type of Inhibition)

15 11.94± 1.17/17.14± 1.67
(mixed-type) 35 0.07 ± 0.01/2.38 ± 0.48

(mixed-type)

20 8.37 ± 0.67/> 110
(mixed-type) 40 0.45 ± 0.01/> 10

(mixed-type)

25 1.60 ± 0.13/1.60 ±0.11
(mixed-type) 45 0.71 ± 0.04/4.88 ± 0.21

(mixed-type)

30 1.12 ± 0.01/4.46 ± 0.01
(mixed-type) 50 0.97 ± 0.04/3.09 ± 0.03

(mixed-type)

The first set of compounds holding an aminoethyl residue, 11–14 and 16–19, were moderate
inhibitors of BChE, with oleanolic acid derivative 17 as the only noteworthy compound of this series
(Ki = 1.93 ± 0.13 µM and Ki

′ = 7.68 ± 0.61 µM). The next set consisting of triterpenoic amides with a
dimethylaminoethyl substituent (21–24 and 26–29) showed good inhibition with Ki values between
1.1 and 6.5 µM, respectively. For 2-piperidin-1-ylethyl substituted derivatives (41–44 and 46–49)
inhibition constants in the same range were obtained. The group of 2-pyrrolidin-1-ylethyl substituted
compounds (31–34 and 36–39) delivered the best results: derivatives 34 (from betulinic acid), 36 (ursolic
acid backbone) and 37 (from oleanolic acid), held excellent Ki values of 0.39± 0.04 µM, 0.47 ± 0.08 µM,
and 0.55 ± 0.02 µM, respectively. Compounds showing the highest selectivity (F, expressed by percent
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inhibition for AChE divided by percent inhibition for BChE) towards BChE were compounds 27
(F = 0.08) and 32 (F = 0.11).

Because of the known inhibitory effect [12], a set of eight platanic acid derivatives was investigated
(Table 2). Compounds with an aminoethyl residue (15 and 20) were the weakest BChE inhibitors in
our test. Compared to the standard GH (Ki = 2.30 ± 0.17 µM), 2-(dimethylamino)ethyl substituted
derivatives showed good inhibition constants (Ki = 1.60 ± 0.13 µM for 25 and Ki = 1.12 ± 0.01 µM
for 30).

Compounds, carrying a piperidinyl group, showed inhibition even in nanomolar concentrations.
For compound 45 (Ki = 0.71 ± 0.04 µM) and 50 (Ki = 0.97 ± 0.04 µM) excellent values were observed.
As already described above, introducing a pyrrolidinyl moiety resulted in compounds with excellent Ki

values. A very low inhibition constant (Ki = 0.45± 0.01 µM) was measured for compound 40. The most
active compound was (3β)-N-(2-pyrrolidin-1-ylethyl)-3-acetyloxy-20-oxo-30-norlupan-28-amide (35)
showing inhibition constants of Ki = 0.07± 0.01 µM and Ki

′ = 2.38± 0.48 µM for BChE. This compound
proved to be a selective (F ≈ 0.21) inhibitor for BChE. Except for 15 and 20, all PA-derived compounds
showed reasonably high BChE selectivity.

To explain the results from the biological testing, some molecular modeling studies were
performed. Table 3 summarizes the results for the most favored docking position of each ligand.
From these results, nice correlations between the gold fitness values (the higher the value the better the
predicted affinity between ligand enzyme), as well as the interaction energies, with the experimental
Ki values were established.

Table 3. Results of the docking studies with gold fitness values (PLP: Piecewise Linear Potential) and
interaction energies (IE).

Compound Gold Fitness
(ChemPLP)

IE
(kcal/mol) Ki

31 90.0 −57.8 4.42
34 98.7 −60.4 0.39
35 99.0 −64.0 0.07

Figure 4 displays details of the docking arrangements of ligands with BChE. All ligands fit
into the binding pocket—preferentially based on hydrophobic interactions (Figure 5) with the side
chains of residues W79, W228, L283, Y329, and F326. The highest affinity was observed for 35
(Figure 4a). Thus a hydrogen bond of the acetyl group of 35 with the phenolic hydroxyl group of Y79
stabilizes the interaction with BChE. This hydrogen bond, however, is not present in compounds 31
and 34. The modifications in ring E of 31 (six-membered ring) compared to compounds 34 and 35
(five-membered rings) slightly changed the docking arrangement (cf. Figure 4d) and caused reduced
hydrophobic interactions in particular with W79.

49



Molecules 2019, 24, 948
Molecules 2019, 24 FOR PEER REVIEW  6 

 

 

Figure 4. Details of the most favored docking arrangements of 35 (a), 34 (b) and 31 (c). (d) An overlay 
of all three ligands (orange colored: carbon atoms of 35; magenta colored: carbon atoms of 34; green 
colored: carbon atoms of 31). Hydrophobic interactions with the side chains of W79, W228, L283, Y329, 
and F326 preferentially stabilize the docking poses. As for 35 (a) a hydrogen bond with Y435 is formed 
which might explain the higher affinity compared to the other compounds. 

 
Figure 5. View from the top to the binding site of BChE with bound compound 35 (green colored: 
carbon atoms) with displayed lipophilic potential (green surface). The more hydrophilic site is colored 
magenta. 

 

Figure 4. Details of the most favored docking arrangements of 35 (a), 34 (b) and 31 (c). (d) An overlay
of all three ligands (orange colored: carbon atoms of 35; magenta colored: carbon atoms of 34; green
colored: carbon atoms of 31). Hydrophobic interactions with the side chains of W79, W228, L283, Y329,
and F326 preferentially stabilize the docking poses. As for 35 (a) a hydrogen bond with Y435 is formed
which might explain the higher affinity compared to the other compounds.

Molecules 2019, 24 FOR PEER REVIEW  6 

 

 

Figure 4. Details of the most favored docking arrangements of 35 (a), 34 (b) and 31 (c). (d) An overlay 
of all three ligands (orange colored: carbon atoms of 35; magenta colored: carbon atoms of 34; green 
colored: carbon atoms of 31). Hydrophobic interactions with the side chains of W79, W228, L283, Y329, 
and F326 preferentially stabilize the docking poses. As for 35 (a) a hydrogen bond with Y435 is formed 
which might explain the higher affinity compared to the other compounds. 

 
Figure 5. View from the top to the binding site of BChE with bound compound 35 (green colored: 
carbon atoms) with displayed lipophilic potential (green surface). The more hydrophilic site is colored 
magenta. 

 

Figure 5. View from the top to the binding site of BChE with bound compound 35 (green colored:
carbon atoms) with displayed lipophilic potential (green surface). The more hydrophilic site is
colored magenta.

50



Molecules 2019, 24, 948

3. Materials and Methods

3.1. General

All chemicals, reagents and technical equipment were purchased in Germany unless otherwise
stated. NMR spectra were recorded using the Varian spectrometers Gemini 2000 or Unity 500 (δ given
in ppm, J in Hz; typical experiments: H-H-COSY, HMBC, HSQC, NOESY), MS spectra were taken on a
Finnigan MAT LCQ 7000 (electrospray, voltage 4.1 kV, sheath gas nitrogen) instrument. The optical
rotations were measured on a Perkin-Elmer polarimeter at 20 ◦C; TLC was performed on silica gel
(Merck 5554, detection with cerium molybdate reagent) melting points were uncorrected (Leica hot
stage microscope or BÜCHI Melting Point M-565) and elemental analyses were performed on a
Foss-Heraeus Vario EL (CHNS) unit. IR spectra were recorded on a Perkin Elmer FT-IR spectrometer
Spectrum 1000 or on a Perkin-Elmer Spectrum Two (UATR Two Unit). The solvents were dried
according to usual procedures. The purity of the compounds was determined by HPLC and found
to be >96%. Ursolic (1), betulinic (4), and platanic acid (5) were obtained from Betulinines (Stříbrná
Skalice, Czech Republic), oleanolic acid (2) was purchased from Carbone Scientific (London, UK)
and maslinic acid (3) was synthesized as previously described [20,21].

3.2. Biology

A TECAN SpectraFluorPlus working in the kinetic mode and measuring the absorbance at
λ = 415 nm was used for the enzymatic studies. Acetylcholinesterase (from Electrophorus electricus),
5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) and acetylthiocholine iodide were purchased from
Sigma. Butyrylcholinesterase (from equine serum) was purchased from Fluka. Preparation of
the solutions, assay procedure, as well as molecular modeling conditions can be found in the
Supplementary Materials.

4. Experimental

4.1. General

The preparation of the platanic carboxamides 15, 20, 25, 30, 35, and 40 was performed as
previously described [12,22]. Betulinic and ursolic carboxamides 11, 14, 16, 19, 21, 24, 26, 29, 31,
34, 36, 39, 41, 44, 46, and 49 were prepared as previously reported in the literature [23]. Experimental
procedures and full analytical data of these compounds can be found in the Supplementary Materials.

4.2. General Procedure A for the Acetylation of Triterpenoic Acids (6–10)

To a solution of triterpenoic acid 1–5 (11 mmol) in dry DCM (150 mL) was added triethylamine
(4.6 mL, 33 mmol), acetic anhydride (3.1 mL, 33 mmol) and DMAP (cat.). After stirring for two
days at 25 ◦C, a saturated solution of NH3 in MeOH was added (3 mL) and the mixture was stirred
for another 30 min. Dilution with DCM and subsequent aqueous work-up provided crude acetates.
Recrystallization from EtOH yielded acetates 6–10 (90–96%) as colorless solids, whose spectroscopic
data were in full agreement with data from the literature.

4.3. General Procedure B for the Synthesis of Triterpenoic Amides (11–15, 21–25, 31–35, and 41–45)

Triterpenoic acetates 6–10 (0.8 mmol) were each dissolved in dry DCM (15 mL), cooled to 0 ◦C, then
oxalyl chloride (3.2 mmol) and dry DMF (3 drops) were added. After warming to 25 ◦C, the mixture
was stirred for 1 h. The solvent was removed under reduced pressure, re-evaporated with dry THF
(4 × 15 mL), and the residue was immediately resolved in dry DCM (10 mL). This solution was then
added dropwise to a solution of the amino compound (2.4 mmol) in dry DCM (5 mL) and stirred at
25 ◦C for 2 h. After usual aqueous work-up, the solvent was removed under reduced pressure and the
crude products were subjected to column chromatography (silica gel, chloroform/methanol mixtures).
Compounds 11–15, 21–25, 31–35, and 41–45 were each obtained as colorless solids.
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4.4. General Procedure C for the Deacetylation of Triterpenoic Amides (16–20, 26–30, 36–40, and 46–50)

To a solution of the acetylated amide (0.33 mmol) in methanol (10 mL) was added a solution
of potassium hydroxide (1.65 mmol) in methanol (2 mL). The mixture was stirred at 25 ◦C for 2 or
3 days. After completion of the reaction (as indicated by TLC), aq. HCl was added until pH = 7.
After usual work-up, the solvent was removed under reduced pressure and the residue was subjected
to column chromatography (silica gel, chloroform/methanol mixtures) yielding compounds 16–20,
26–30, 36–40, and 46–50 each as colorless solids. (3β)-3-Acetyloxy-urs-12-en-28-oic acid (6), Compound 6

was prepared according to general procedure A from ursolic acid (1). Yield: 96%; m.p. 287–290 ◦C
(lit.: 289–290 ◦C [24]).

(3β)-3-Acetyloxy-olean-12-en-28-oic acid (7), Compound 7 was prepared according to general
procedure A from oleanolic acid (2). Yield: 90%; m.p. 259–261 ◦C (lit.: 255–257 ◦C [25]).

(2α,3β)-2,3-Diacetyloxy-olean-12-en-28-oic acid (8), Compound 8 was prepared according to general
procedure A from maslinic acid (3). Yield: 91%; m.p. 172–175 ◦C (l.: 170–173 ◦C [26]).

(3β)-3-Acetyloxy-lup-20(29)en-28-oic acid (9), Compound 9 was prepared according to general
procedure A from betulinic acid (4). Yield: 93%; m.p. 281–284 ◦C (lit.: 280–282 ◦C [27]).

(3β)-3-Acetyloxy-20-oxo-30-norlupan-28-oic acid (10), Compound 10 was prepared according to
general procedure A from platanic acid (5). Yield: 94%; m.p. 256–259 ◦C (lit.: 252–255 ◦C [28]).

(3β)-N-(2-Aminoethyl)-3-acetyloxy-olean-12-en-28-amide (12), Compound 12 was prepared from
7 according to general procedure B using ethylenediamine as amino compound. Column
chromatography (SiO2, CHCl3/MeOH 9:1) gave 12 (yield: 75%); m.p. 212–215 ◦C (decomp.);
[α]D = +37.8◦ (c 0.350, CHCl3); Rf = 0.67 (CHCl3/MeOH/NH4OH 90:10:1); IR (ATR): ν = 2944 m,
1732 m, 1628 m, 1523 m, 1364 s, 1244 s, 1027 m, 985 m, 824 m, 752 m cm−1; 1H-NMR (400 MHz, CDCl3):
δ = 7.04 (t, J = 5.5 Hz, 1H, NH), 5.40 (t, J = 3.4 Hz, 1H, 12-H), 4.53–4.45 (m, 1H, 3-H), 3.68–3.56 (m, 1H,
31-Ha), 3.40–3.29 (m, 1H, 31-Hb), 3.24–3.11 (m, 2H, 32-H), 2.65 (dd, J = 12.7, 4.6 Hz, 1H, 18-H), 2.04
(s, 3H, Ac), 2.01–1.82 (m, 3H, 16-Ha, 11-Ha, 11-Hb), 1.79–1.22 (m, 14H, 19-Ha, 1-Ha, 2-Ha, 2-Hb, 7-Ha,
7-Hb, 9-H, 16-Hb, 6-Ha, 15-Ha, 22-Ha, 6-Hb, 21-Ha, 22-Hb), 1.22–1.11 (m, 2H, 19-Hb, 21-Hb), 1.14 (s, 3H,
27-H), 1.10–0.95 (m, 2H, 1-Hb, 15-Hb), 0.93 (s, 3H, 25-H), 0.90 (s, 3H, 30-H), 0.89 (s, 3H, 29-H), 0.86
(s, 3H, 23-H), 0.85 (s, 3H, 24-H), 0.84–0.79 (m, 1H, 5-H), 0.73 (s, 3H, 26-H) ppm; 13C-NMR (101 MHz,
CDCl3): δ = 180.8 (C-28), 171.0 (Ac), 144.0 (C-13), 123.1 (C-12), 80.7 (C-3), 55.2 (C-5), 47.5 (C-9), 46.6
(C-19), 46.3 (C-17), 41.8 (C-14), 41.4 (C-18), 40.4 (C-32), 39.4 (C-8), 38.2 (C-1), 38.1 (C-31), 37.7 (C-4),
36.9 (C-10), 34.2 (C-21), 33.1 (C-30), 32.3 (C-22), 32.2 (C-7), 30.6 (C-20), 28.0 (C-23), 27.2 (C-15), 25.8
(C-27), 23.6 (C-2), 23.5 (C-16), 23.5 (C-11), 23.5 (C-29), 21.3 (Ac), 18.2 (C-6), 16.9 (C-26), 16.7 (C-24), 15.5
(C-25) ppm; MS (ESI, MeOH): m/z = 541.3 (100%, [M + H]+); analysis calcd. for C34H56N2O3 (540.83):
C 75.51, H 10.44, N 5.18; found: C 75.42, H 10.57, N 5.07.

(2α,3β)-N-(2-Aminoethyl)-2,3-diacetyloxy-olean-12-en-28-amide (13), Compound 13 was prepared
from 8 according to general procedure B using ethylenediamine as amino compound. Column
chromatography (SiO2, CHCl3/MeOH 9:1) gave 13 (yield: 74%); m.p. 151–154 ◦C; [α]D = +18.7◦

(c 0.330, CHCl3); Rf = 0.63 (CHCl3/MeOH/NH4OH 90:10:1); IR (KBr): ν = 3426 br s, 2946 s, 1742 s,
1636m, 1522m, 1458m, 1436w, 1368m, 1254s, 1044m cm−1; 1H-NMR (400 MHz, CDCl3): δ = 6.36 (t,
J = 5.5 Hz, 1H, NH), 5.37 (t, J = 3.6 Hz, 1H, 12-H), 5.08 (ddd, J = 11.1, 10.9, 4.6 Hz, 1H, 2-H), 4.73 (d,
J = 10.3 Hz, 1H, 3-H), 3.48–3.39 (m, 1H, 31-Ha), 3.12–3.02 (m, 1H, 31-Hb), 2.87–2.76 (m, 2H, 32-H),
2.56 (dd, J = 13.1, 4.3 Hz, 1H, 18-H), 2.04 (s, 3H, Ac), 2.08–1.83 (m, 4H, 1-Ha, 16-Ha, 11-Ha, 11-Hb),
1.97 (s, 3H, Ac), 1.80–1.24 (m, 11H, 19-Ha, 22-Ha, 16-Hb, 9-H, 22-Hb, 6-Ha, 15-Ha, 7-Ha, 6-Hb, 21-Ha,
7-Hb), 1.23–1.09 (m, 2H, 21-Hb, 19-Hb), 1.14 (s, 3H, 27-H), 1.11–0.99 (m, 2H, 1-Hb, 15-Hb), 1.04 (s, 3H,
25-H), 0.99–0.92 (m, 1H, 5-H), 0.90 (s, 9H, 24-H, 29-H, 30-H), 0.89 (s, 3H, 23-H), 0.76 (s, 3H, 26-H) ppm;
13C-NMR (101 MHz, CDCl3): δ = 178.8 (C-28), 170.9 (Ac), 170.7 (Ac), 144.9 (C-13), 122.5 (C-12), 80.7
(C-3), 70.1 (C-2), 54.9 (C-5), 47.6 (C-9), 46.8 (C-19), 46.5 (C-17), 44.0 (C-1), 42.3 (C-18), 42.2 (C-14), 41.8
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(C-31), 41.4 (C-32), 39.6 (C-8), 39.5 (C-4), 38.2 (C-10), 34.3 (C-21), 33.1 (C-30), 32.9 (C-22), 32.3 (C-7), 30.9
(C-20), 28.5 (C-23), 27.4 (C-15), 25.9 (C-27), 23.8 (C-16), 23.8 (C-29), 23.7 (C-11), 21.3 (Ac), 21.0 (Ac), 18.3
(C-6), 17.8 (C-24), 17.1 (C-26), 16.6 (C-25) ppm; MS (ESI, MeOH): m/z = 599 (100%, [M + H]+); analysis
calcd. for C36H58N2O5 (598.87): C 72.20, H 9.76, N 4.68; found: C 72.01, H 9.92, N 4.44.

(3β)-N-(2-Aminoethyl)-3-hydroxy-olean-12-en-28-amide (17), Compound 17 was prepared from
12 according to general procedure C. Column chromatography (SiO2, CHCl3/MeOH/NH4OH
90:10:0.1) gave 17 (yield: 80%); m.p. 221–224 ◦C (decomp.); [α]D = +55.3◦ (c 0.315, CHCl3); Rf = 0.61
(CHCl3/MeOH/NH4OH 90:10:1); IR (ATR): ν = 3374w, 2941m, 1622m, 1530m, 1456m, 1387s, 1361s,
1344s, 1322s, 1187m, 1137m, 1097m, 1023m, 996m, 825m cm−1; 1H-NMR (500 MHz, CD3OD): δ = 5.36
(t, J = 3.7 Hz, 1H, 12-H), 3.50–3.43 (m, 1H, 31-Ha), 3.37–3.32 (m, 1H, 31-Hb), 3.15 (dd, J = 11.3, 4.8 Hz,
1H, 3-H), 3.07–2.95 (m, 2H, 32-H), 2.79 (dd, J = 13.2, 4.4 Hz, 1H, 18-H), 2.10 (ddd, J = 13.8, 13.0, 4.0 Hz,
1H, 16-Ha), 1.99–1.86 (m, 2H, 11-Ha, 11-Hb), 1.83–1.74 (m, 1H, 19-Ha), 1.70–1.35 (m, 12H, 22-Ha, 1-Ha,
9-H, 15-Ha, 2-Ha, 2-Hb, 16-Hb, 6-Ha, 22-Hb, 7-Ha, 6-Hb, 21-Ha), 1.33–1.27 (m, 1H, 7-Hb), 1.25–1.14 (m,
2H, 21-Hb, 19-Hb), 1.18 (s, 3H, 27-H), 1.11–0.99 (m, 2H, 15-Hb, 1-Hb), 0.97 (s, 3H, 23-H), 0.96 (s, 3H,
29-H), 0.94 (s, 3H, 25-H), 0.92 (s, 3H, 30-H), 0.79 (s, 3H, 26-H), 0.78 (s, 3H, 24-H), 0.77–0.74 (m, 1H,
5-H) ppm; 13C-NMR (126 MHz, CD3OD): δ = 182.0 (C-28), 145.0 (C-13), 124.2 (C-12), 79.6 (C-3), 56.7
(C-5), 49.0 (C-9), 47.6 (C-17), 47.6 (C-19), 42.9 (C-14), 42.4 (C-18), 40.8 (C-32), 40.7 (C-8), 39.8 (C-4), 39.8
(C-1), 38.8 (C-31), 38.1 (C-10), 35.0 (C-21), 34.2 (C-22), 33.8 (C-7), 33.5 (C-30), 31.6 (C-20), 28.7 (C-23),
28.5 (C-15), 27.8 (C-2), 26.5 (C-27), 24.5 (C-11), 24.0 (C-29), 24.0 (C-16), 19.5 (C-6), 17.9 (C-26), 16.3 (C-24),
15.9 (C-25) ppm; MS (ESI, MeOH): m/z = 499.3 (100%, [M + H]+); analysis calcd. for C32H54N2O2

(498.80): C 77.06, H 10.91, N 5.62; found: C 76.90, H 11.05, N 5.41.

(2α,3β)-N-(2-Aminoethyl)-2,3-dihydroxy-olean-12-en-28-amide (18), Compound 18 was prepared
from 13 according to general procedure C. Column chromatography (SiO2, CHCl3/MeOH 9:1)
gave 18 (yield: 60%); m.p. 260–266 ◦C (decompn.); [α]D = +47.6◦ (c 0.335, CHCl3); Rf = 0.36
(CHCl3/MeOH/NH4OH 90:10:1); IR (KBr): ν = 3424 br s, 944m, 1636m, 1528m, 1460w, 1384w,
1166w, 1050m cm−1; 1H-NMR (400 MHz, CD3OD): δ = 5.36 (t, J = 3.7 Hz, 1H, 12-H), 3.61 (ddd, J = 11.3,
9.5, 4.5 Hz, 1H, 2-H), 3.43–3.35 (m, 1H, 31-Ha), 3.29–3.22 (m, 1H, 31-Hb), 2.90 (d, J = 9.6 Hz, 1H, 3-H),
2.89 (t, J = 6.5 Hz, 2H, 32-H), 2.81 (dd, J = 13.5, 4.5 Hz, 1H, 18-H), 2.14–2.03 (m, 1H, 16-Ha), 2.03–1.88 (m,
3H, 11-Ha, 11-Hb, 1-Ha), 1.78 (t, J = 13.5 Hz, 1H, 19-Ha), 1.70–1.26 (m, 10H, 9-H, 22-Ha, 15-Ha, 16-Hb,
6-Ha, 22-Hb, 7-Ha, 6-Hb, 21-Ha, 7-Hb), 1.23–1.13 (m, 2H, 19-Hb, 21-Hb), 1.18 (s, 3H, 27-H), 1.10–1.02
(m, 1H, 15-Hb), 1.01 (s, 3H, 23-H), 1.00 (s, 3H, 25-H), 0.95 (s, 3H, 30-H), 0.91 (s, 3H, 29-H), 0.93–0.89
(m, 1H, 1-Hb), 0.88–0.82 (m, 1H, 5-H), 0.80 (s, 3H, 24-H), 0.78 (s, 3H, 26-H) ppm; 13C-NMR (101 MHz,
CD3OD): δ = 181.5 (C-28), 145.2 (C-13), 123.9 (C-12), 84.4 (C-3), 69.4 (C-2), 56.6 (C-5), 48.9 (C-9), 48.1
(C-1), 47.6 (C-17), 47.5 (C-19), 42.9 (C-14), 42.5 (C-18), 41.2 (C-32), 40.7 (C-8), 40.5 (C-4), 40.4 (C-31),
39.2 (C-10), 35.1 (C-21), 34.3 (C-22), 33.7 (C-7), 33.5 (C-30), 31.6 (C-20), 29.3 (C-23), 28.5 (C-15), 26.5
(C-27), 24.6 (C-11), 24.0 (C-29), 23.9 (C-16), 19.5 (C-6), 17.9 (C-26), 17.4 (C-24), 17.1 (C-25) ppm; MS (ESI,
MeOH): m/z = 515 (100%, [M + H]+); analysis calcd. for C32H54N2O3 (514.80): C 74.66, H 10.57, N
5.44; found: C 74.49, H 10.74, N 5.28.

(3β)-N-[2-(Dimethylamino)-ethyl]-3-acetyloxy-olean-12-en-28-amide (22), Compound 22 was prepared
from 7 according to general procedure B using N,N-dimethylethylene diamine as amino compound.
Column chromatography (SiO2, CHCl3/MeOH 95:5) gave 22 (yield: 95%); m.p. 227–230 ◦C (decomp.),
Lit.: 255 ◦C (decomp.) [29]; [α]D = +53.0◦ (c 0.320, CHCl3), Lit.: +51.8◦ (c 0.34, CHCl3)[29]; Rf = 0.38
(CHCl3/MeOH 9:1); IR (ATR): ν = 2944m, 1732m, 1640w, 1464m, 1365m, 1244s, 1027m, 986m,
753m cm−1; 1H-NMR (400 MHz, CDCl3): δ = 6.77 (t, J = 5.3 Hz, 1H, NH), 5.38 (t, J = 3.6 Hz, 1H,
12-H), 4.51–4.45 (m, 1H, 3-H), 3.61–3.51 (m, 1H, 31-Ha), 3.37–3.27 (m, 1H, 31-Hb), 2.89–2.83 (m, 2H,
32-H), 2.65–2.56 (m, 1H, 18-H), 2.61 (s, 6H, 33-H, 33′-H), 2.03 (s, 3H, Ac), 2.02–1.93 (m, 1H, 16-Ha),
1.93–1.85 (m, 2H, 11-Ha, 11-Hb), 1.72 (t, J = 13.4 Hz, 1H, 19-Ha), 1.66–1.22 (m, 13H, 22-Ha, 1-Ha, 2-Ha,
2-Hb, 16-Hb, 9-H, 22-Hb, 6-Ha, 15-Ha, 7-Ha, 6-Hb, 21-Ha, 7-Hb), 1.21–1.14 (m, 2H, 19-Hb, 21-Hb), 1.14
(s, 3H, 27-H), 1.10–0.97 (m, 2H, 1-Hb, 15-Hb), 0.92 (s, 3H, 25-H), 0.90 (s, 3H, 29-H), 0.89 (s, 3H, 30-H),
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0.85 (s, 3H, 23-H), 0.84 (s, 3H, 24-H), 0.83–0.79 (m, 1H, 5-H), 0.74 (s, 3H, 26-H) ppm; 13C-NMR (101
MHz, CDCl3): δ = 179.3 (C-28), 171.1 (Ac), 144.2 (C-13), 123.1 (C-12), 81.0 (C-3), 57.8 (C-32), 55.4 (C-5),
47.6 (C-9), 46.6 (C-19), 46.5 (C-17), 44.7 (C-33, C-33′), 42.0 (C-14), 41.9 (C-18), 39.6 (C-8), 38.3 (C-1), 37.8
(C-4), 37.0 (C-10), 36.1 (C-31), 34.3 (C-21), 33.2 (C-30), 32.9 (C-22), 32.5 (C-7), 30.8 (C-20), 28.2 (C-23),
27.5 (C-15), 25.9 (C-27), 23.7 (C-29), 23.6 (C-16, C-2, C-11), 21.4 (Ac), 18.3 (C-6), 17.1 (C-24), 16.8 (C-26),
15.6 (C-25) ppm; MS (ESI, MeOH): m/z = 569.5 (100%, [M + H]+); analysis calcd. for C36H60N2O3

(568.89): C 76.01, H 10.63, N 4.92; found: C 75.86, H 10.83, N 4.77.

(2α,3β)-N-[2-(Dimethylamino)ethyl]-2,3-diacetyloxy-olean-12-en-28-amide (23), Compound 23 was
prepared from 8 according to general procedure B using N,N-dimethylethylene diamine as amino
compound. Column chromatography (SiO2, CHCl3/MeOH 9:1) gave 23 (yield: 94%); m.p. 131–136 ◦C;
[α]D = +17.2◦ (c 0.340, CHCl3); Rf = 0.31 (CHCl3/MeOH 95:5); IR (KBr): ν = 3426br s, 2946s, 2772w,
1744s, 1654m, 1512m, 1462m, 1368m, 1252s, 1156w, 1044m cm−1; 1H-NMR (400 MHz, CDCl3): δ = 6.51
(t, J = 4.4 Hz, 1H, NH), 5.33 (t, J = 3.6 Hz, 1H, 12-H), 5.08 (ddd, J = 11.2, 10.3, 4.6 Hz, 1H, 2-H), 4.75 (d,
J = 10.3 Hz, 1H, 3-H), 3.39–3.29 (m, 1H, 31-Ha), 3.18–3.09 (m, 1H, 31-Hb), 2.56–2.48 (m, 1H, 18-H), 2.36
(t, J = 6.0 Hz, 2H, 32-H), 2.21 (s, 6H, 33-H, 33′-H), 2.05 (s, 3H. Ac), 2.04–1.99 (m, 1H, 1-Ha), 1.97 (s, 3H,
Ac), 1.96–1.87 (m, 3H, 16-Ha, 11-Ha, 11-Hb), 1.81–1.25 (m, 11H, 19-Ha, 22-Ha, 16-Hb, 9-H, 22-Hb, 15-Ha,
6-Ha, 7-Ha, 6-Hb, 21-Ha, 7-Hb), 1.22–1.12 (m, 2H, 21-Hb, 19-Hb), 1.14 (s, 3H, 27-H), 1.05 (s, 3H, 25-H),
1.10–0.99 (m, 2H, 1-Hb, 15-Hb), 0.99–0.94 (m, 1H, 5-H), 0.90 (s, 9H, 24-H, 29-H, 30-H), 0.89 (s, 3H, 23-H),
0.79 (s, 3H, 26-H) ppm; 13C-NMR (101 MHz, CDCl3): δ = 178.1 (C-28), 170.9 (Ac), 170.7 (Ac), 144.7
(C-13), 122.5 (C-12), 80.7 (C-3), 70.2 (C-2), 57.7 (C-32), 55.0 (C-5), 47.6 (C-9), 46.8 (C-19), 46.5 (C-17),
45.4 (C-33, C-33′), 44.1 (C-1), 42.5 (C-18), 42.2 (C-14), 39.6 (C-8), 39.5 (C-4), 38.2 (C-10), 37.0 (C-31), 34.3
(C-21), 33.2 (C-30), 32.8 (C-22), 32.5 (C-7), 30.9 (C-20), 28.6 (C-23), 27.5 (C-15), 25.8 (C-27), 23.8 (C-16),
23.7 (C-11), 23.7 (C-29), 21.3 (Ac), 21.0 (Ac), 18.4 (C-6), 17.8 (C-24), 17.0 (C-26), 16.7 (C-25) ppm; MS
(ESI, MeOH): m/z = 627 (100%, [M + H]+); analysis calcd. for C38H62N2O5 (626.92): C 72.80, H 9.97,
N 4.47; found: C 72.63, H 10.14, N4.29.

(3β)-N-[2-(Dimethylamino)-ethyl]-3-hydroxy-olean-12-en-28-amide (27), Compound 27 was prepared
from 22 according to general procedure C. Column chromatography (SiO2, CHCl3/MeOH 95:5) gave 27
(yield: 85%); m.p. 187–190 ◦C; [α]D = +42.6◦ (c 0.320, MeOH); Rf = 0.29 (CHCl3/MeOH 9:1); IR (ATR):
ν = 3383br w, 2943m; 1624m, 1532m, 1431s, 1387s, 1319s, 1186m, 1032m, 996m, 823m, 752s cm−1;
1H-NMR (500 MHz, CDCl3): δ = 6.73 (t, J = 5.2 Hz, 1H, NH), 5.40 (t, J = 3.6 Hz, 1H, 12-H), 3.63–3.53
(m, 1H, 31-Ha), 3.35–3.27 (m, 1H, 31-Hb), 3.21 (dd, J = 11.4, 4.3 Hz, 1H, 3-H), 2.87–2.81 (m, 2H, 32-H),
2.64–2.57 (m, 1H, 18-H), 2.60 (s, 6H, 33-H, 33′-H), 1.99 (ddd, J = 13.7, 13.6, 3.9 Hz, 1H, 16-Ha), 1.93–1.89
(m, 2H, 11-Ha, 11-Hb), 1.73 (t, J = 13.4 Hz, 1H, 19-Ha), 1.68–1.30 (m, 12H, 22-Ha, 16-Hb, 1-Ha, 2-Ha,
2-Hb, 9-H, 22-Hb, 6-Ha, 15-Ha, 7-Ha, 6-Hb, 21-Ha), 1.26 (ddd, J = 12.3, 3.0, 2.9 Hz, 1H, 7-Hb), 1.22–1.14
(m, 2H, 21-Hb, 19-Hb), 1.15 (s, 3H, 27-H), 1.05 (ddd, J = 14.1, 3.6, 3.5 Hz, 1H, 15-Hb), 0.98 (s, 3H, 23-H),
0.98–0.93 (m, 1H, 1-Hb), 0.92 (s, 3H, 29-H), 0.90 (s, 3H, 25-H), 0.90 (s, 3H, 30-H), 0.78 (s, 3H, 24-H), 0.75
(s, 3H, 26-H), 0.74–0.71 (m, 1H, 5-H) ppm; 13C-NMR (126 MHz, CDCl3): δ = 179.2 (C-28), 144.2 (C-13),
123.2 (C-12), 79.1 (C-3), 57.8 (C-32), 55.3 (C-5), 47.7 (C-9), 46.7 (C-19), 46.6 (C-17), 44.7 (C-33, C-33′), 42.1
(C-14), 42.0 (C-18), 39.6 (C-8), 38.9 (C-4), 38.6 (C-1), 37.1 (C-10), 36.0 (C-31), 34.3 (C-21), 33.2 (C-30), 32.9
(C-22), 32.6 (C-7), 30.8 (C-20), 28.2 (C-23), 27.5 (C-15), 27.3 (C-2), 25.9 (C-27), 23.7 (C-16), 23.7 (C-29),
23.6 (C-11), 18.5 (C-6), 17.2 (C-26), 15.7 (C-24), 15.5 (C-25) ppm; MS (ESI, MeOH): m/z = 527.4 (100%,
[M + H]+); analysis calcd. for C34H58N2O2 (526.85): C 77.51, H 11.10, N 5.32; found: C 77.37, H 11.31,
N 5.16.

(2α,3β)-N-[2-(Dimethylamino)-ethyl]-2,3-dihydroxy-olean-12-en-28-amide (28), Compound 28 was
prepared from 23 according to general procedure C. Column chromatography (SiO2, CHCl3/MeOH
9:1) gave 28 (yield: 66%); m.p. 146–149 ◦C; [α]D = +43.1◦ (c 0.355, CHCl3); Rf = 0.10 (CHCl3/MeOH
95:5); IR (KBr): ν = 3418br s, 2946s, 2862s, 2826m, 2778m, 1636s, 1522m, 1462s, 1386m, 1364m, 1266w,
1188w, 1158w, 1098w, 1050s cm−1; 1H-NMR (400 MHz, CDCl3): δ = 6.56 (t, J = 4.9 Hz, 1H, NH), 5.35
(t, J = 3.6 Hz, 1H, 12-H), 3.68 (ddd, J = 11.3, 9.5, 4.5 Hz, 1H, 2-H), 3.42–3.32 (m, 1H, 31-Ha), 3.20–3.11
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(m, 1H, 31-Hb), 2.99 (d, J = 9.5 Hz, 1H, 3-H), 2.57–2.50 (m, 1H, 18-H), 2.40 (t, J = 6.1 Hz, 2H, 32-H), 2.25
(s, 6H, 33-H, 33‘-H), 2.01–1.90 (m, 4H, 1-Ha, 16-Ha, 11-Ha, 11-Hb), 1.80–1.24 (m, 11H, 19-Ha, 22-Ha,
16-Hb, 9-H, 22-Hb, 15-Ha, 6-Ha, 7-Ha, 6-Hb, 21-Ha, 7-Hb), 1.22–1.16 (m, 2H, 19-Hb, 21-Hb), 1.15 (s, 3H,
27-H), 1.06–0.99 (m, 1H, 15-Hb), 1.02 (s, 3H, 23-H), 0.97 (s, 3H, 25-H), 0.95–0.87 (m, 1H, 1-Hb), 0.90
(s, 6H, 29-H, 30-H), 0.86–0.82 (m, 1H, 5-H), 0.82 (s, 3H, 24-H), 0.78 (s, 3H, 26-H) ppm; 13C-NMR (101
MHz, CDCl3): δ = 178.3 (C-28), 144.6 (C-13), 122.8 (C-12), 84.0 (C-3), 67.0 (C-2), 57.8 (C-32), 55.4 (C-5),
47.7 (C-9), 46.8 (C-19), 46.6 (C-1), 46.5 (C-17), 45.3 (C-33, C-33‘), 42.4 (C-18), 42.2 (C-14), 39.6 (C-8), 39.3
(C-4), 38.3 (C-10), 36.9 (C-31), 34.3 (C-21), 33.2 (C-30), 32.8 (C-22), 32.6 (C-7), 30.9 (C-20), 28.8 (C-23),
27.5 (C-15), 25.9 (C-27), 23.8 (C-16), 23.7 (C-11), 23.7 (C-29), 18.5 (C-6), 17.1 (C-24), 16.9 (C-26), 16.8
(C-25) ppm; MS (ESI, MeOH): m/z = 543 (100%, [M + H]+); analysis calcd. for C34H58N2O3 (542.85): C
75.23, H 10.77, N 5.16; found: C 74.99, H 10.97, N 5.08.

(3β)-N-(2-Pyrrolidin-1-ylethyl)-3-acetyloxy-olean-12-en-28-amide (32), Compound 32 was prepared
from 7 according to general procedure B using 1-(2-aminoethyl)-pyrrolidine as amino compound.
Column chromatography (SiO2, CHCl3/MeOH 95:5) gave 32 (yield: 90%); m.p. 175–178 ◦C (decomp.),
lit.: 258 ◦C (decomp.)[29]; [α]D = +47.9◦ (c 0.315, CHCl3), Lit.: +49.8◦ (c 0.350, CHCl3)[29]; Rf = 0.39
(CHCl3/MeOH 9:1); IR (ATR): ν = 2944m, 1731m, 1644w, 1522w, 1365m, 1244s, 1027m, 985m,
752m cm−1; 1H-NMR (400 MHz, CDCl3): δ = 6.89 (t, J = 5.6 Hz, 1H, NH), 5.41 (t, J = 3.6 Hz, 1H,
12-H), 4.48 (dd, J = 10.3, 5.7 Hz, 1H, 3-H), 3.90–3.76 (m, 2H, 33-Ha, 33′-Ha), 3.73–3.64 (m, 1H, 31-Ha),
3.51–3.41 (m, 1H, 31-Hb), 3.35–3.18 (m, 2H, 32-H), 2.99–2.86 (m, 2H, 33-Hb, 33′-Hb), 2.64 (dd, J = 13.5,
4.6 Hz, 1H, 18-H), 2.22–1.95 (m, 5H, 34-H, 34′-H, 16-Ha), 2.03 (s, 3H, Ac), 1.94–1.76 (m, 2H, 11-Ha,
11-Hb), 1.70 (t, J = 13.5 Hz, 1H, 19-Ha), 1.65–1.28 (m, 12H, 1-Ha, 2-Ha, 2-Hb, 7-Ha, 7-Hb, 16-Hb, 9-H,
6-Ha, 15-Ha, 22-Ha, 6-Hb, 21-Ha), 1.28–1.15 (m, 3H, 22-Hb, 19-Hb, 21-Hb), 1.13 (s, 3H, 27-H), 1.09–0.97
(m, 2H, 1-Hb, 15-Hb), 0.92 (s, 3H, 25-H), 0.91 (s, 3H, 29-H), 0.89 (s, 3H, 30-H), 0.85 (s, 3H, 23-H), 0.84 (s,
3H, 24-H), 0.84–0.79 (m, 1H, 5-H), 0.71 (s, 3H, 26-H) ppm; 13C-NMR (101 MHz, CDCl3): δ = 179.9 (C-28),
171.1 (Ac), 143.9 (C-13), 123.3 (C-12), 81.0 (C-3), 55.3 (C-5), 55.1 (C-32), 54.8 (C-33, C-33′), 47.6 (C-9), 46.5
(C-19), 46.5 (C-17), 41.9 (C-14), 41.5 (C-18), 39.5 (C-8), 38.2 (C-1), 37.8 (C-4), 37.0 (C-10), 36.4 (C-31), 34.2
(C-21), 33.2 (C-30), 32.9 (C-7), 32.5 (C-22), 30.8 (C-20), 28.2 (C-23), 27.5 (C-15), 25.9 (C-27), 23.6 (C-2),
23.6 (C-29), 23.6 (C-11), 23.6 (C-16), 23.4 (C-34, C-34′), 21.4 (Ac), 18.3 (C-6), 17.2 (C-26), 16.8 (C-24), 15.5
(C-25) ppm; MS (ESI, MeOH): m/z = 595.5 (100%, [M + H]+); analysis calcd. for C38H62N2O3 (594.93):
C 76.72, H 10.50, N 4.71; found: C 76.51, H 10.73, N 4.69.

(2α,3β)-N-(2-Pyrrolidin-1-ylethyl)-2,3-diacetyloxy-olean-12-en-28-amide (33), Compound 33 was
prepared from 8 according to general procedure B using 1-(2-aminoethyl)-pyrrolidine as amino
compound. Column chromatography (SiO2, CHCl3/MeOH 9:1) gave 33 (yield: 96%); m.p. 143–146 ◦C
(decomp.); [α]D = +20.0◦ (c 0.345, CHCl3); Rf = 0.30 (CHCl3/MeOH 95:5); IR (KBr): ν = 3426br s, 2948s,
2802w, 1744s, 1654m, 1508m, 1460m, 1368m, 1250s, 1152w, 1044m cm−1; 1H-NMR (400 MHz, CDCl3):
δ = 6.58 (t, J = 4.3 Hz, 1H, NH), 5.30 (t, J = 3.6 Hz, 1H, 12-H), 5.08 (ddd, J = 11.5, 10.3, 4.7 Hz, 1H, 2-H),
4.74 (d, J = 10.3 Hz, 1H, 3-H), 3.46–3.37 (m, 1H, 31-Ha), 3.24–3.13 (m, 1H, 31-Hb), 2.67–2.44 (m, 7H,
32-H, 33-H, 33′-H, 18-H), 2.04 (s, 3H, Ac), 2.03–1.98 (m, 1H, 1-Ha), 1.97 (s, 3H, Ac), 1.96–1.83 (m, 3H,
11-Ha, 11-Hb, 16-Ha), 1.82–1.76 (m, 4H, 34-H, 34′-H), 1.75–1.23 (m, 11H, 19-Ha, 22-Ha, 16-Hb, 9-H,
22-Hb, 15-Ha, 6-Ha, 7-Ha, 6-Hb, 21-Ha, 7-Hb), 1.24–1.10 (m, 2H, 21-Hb, 19-Hb), 1.14 (s, 3H, 27-H), 1.05
(s, 3H, 25-H), 1.09–0.99 (m, 2H, 1-Hb, 15-Hb), 0.98–0.93 (m, 1H, 5-H), 0.90 (s, 9H, 24-H, 29-H, 30-H),
0.89 (s, 3H, 23-H), 0.77 (s, 3H, 26-H) ppm; 13C-NMR (101 MHz, CDCl3): δ = 177.9 (C-28), 170.8 (Ac),
170.5 (Ac), 144.6 (C-13), 122.3 (C-12), 80.5 (C-3), 70.0 (C-2), 54.8 (C-5), 54.2 (C-32), 53.9 (C-33, C-33′), 47.5
(C-9), 46.7 (C-19), 46.3 (C-17), 43.9 (C-1), 42.3 (C-18), 42.0 (C-14), 39.4 (C-8), 39.3 (C-4), 38.1 (C-10), 37.8
(C-31), 34.2 (C-21), 33.0 (C-30), 32.6 (C-22), 32.3 (C-7), 30.7 (C-20), 28.4 (C-23), 27.3 (C-15), 25.6 (C-27),
23.7 (C-11), 23.7 (C-34, C-34′), 23.6 (C-16), 23.5 (C-29), 21.1 (Ac), 20.9 (Ac), 18.2 (C-6), 17.6 (C-24), 16.8
(C-26), 16.5 (C-25) ppm; MS (ESI, MeOH): m/z = 653 (100%, [M + H]+); analysis calcd. for C40H64N2O5

(652.96): C 73.58, H 9.88, N 4.29; found: C 73.27, H 10.02, N 4.02.
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(3β)-N-(2-Pyrrolidin-1-ylethyl)-3-hydroxy-olean-12-en-28-amide (37), Compound 37 was prepared
from 32 according to general procedure C. Column chromatography (SiO2, CHCl3/MeOH 95:5) gave
37 (yield: 76%); m.p. 189–192 ◦C; [α]D = +40.8◦ (c 0.325, MeOH); Rf = 0.28 (CHCl3/MeOH 9:1); IR
(ATR): ν = 3386br w, 2941m, 1631m, 1527m, 1320s, 1031m, 996m, 823m, 752m cm−1; 1H-NMR (500
MHz, CDCl3): δ = 6.94 (t, J = 5.6 Hz, 1H, NH), 5.42 (t, J = 3.7 Hz, 1H, 12-H), 3.88–3.78 (m, 2H, 33-Ha,
33′-Ha), 3.73–3.62 (m, 1H, 31-Ha), 3.51–3.41 (m, 1H, 31-Hb), 3.35–3.22 (m, 2H, 33-Hb, 33′-Hb), 3.20
(dd, J = 11.5, 4.4 Hz, 1H, 3-H), 2.99–2.88 (m, 2H, 32-H), 2.66 (dd, J = 12.9, 3.7 Hz, 1H, 18-H), 2.19–2.05
(m, 4H, 34-H, 34′-H), 2.01 (ddd, J = 13.9, 13.8, 3.9 Hz, 1H, 16-Ha), 1.97–1.84 (m, 2H, 11-Ha, 11-Hb),
1.70 (t, J = 13.4 Hz, 1H, 19-Ha), 1.65–1.29 (m, 12H, 1-Ha, 16-Hb, 2-Ha, 2-Hb, 22-Ha, 22-Hb, 9-H, 6-Ha,
15-Ha, 7-Ha, 6-Hb, 21-Ha), 1.28–1.23 (m, 1H, 7-Hb), 1.21–1.15 (m, 2H, 19-Hb, 21-Hb), 1.14 (s, 3H, 27-H),
1.04 (ddd, J = 14.4, 3.5, 3.4 Hz, 1H, 15-Hb), 0.98 (s, 3H, 23-H), 0.97–0.92 (m, 1H, 1-Hb), 0.91 (s, 3H,
29-H), 0.90 (s, 3H, 25-H), 0.89 (s, 3H, 30-H), 0.77 (s, 3H, 24-H), 0.74–0.70 (m, 1H, 5-H), 0.71 (s, 3H,
26-H) ppm; 13C-NMR (126 MHz, CDCl3): δ = 180.1 (C-28), 143.8 (C-13), 123.4 (C-12), 79.1 (C-3), 55.3
(C-5), 55.1 (C-33, C-33′), 54.9 (C-32), 47.7 (C-9), 46.5 (C-17, C-19), 41.9 (C-14), 41.5 (C-18), 39.6 (C-8), 38.9
(C-4), 38.6 (C-1), 37.1 (C-10), 36.4 (C-31), 34.3 (C-21), 33.2 (C-30), 32.9 (C-22), 32.6 (C-7), 30.8 (C-20),
28.2 (C-23), 27.5 (C-15), 27.3 (C-2), 26.0 (C-27), 23.7 (C-29), 23.6 (C-16), 23.5 (C-11), 23.4 (C-34, C-34′),
18.5 (C-6), 17.2 (C-26), 15.7 (C-24), 15.5 (C-25) ppm; MS (ESI, MeOH): m/z = 553.5 (100%, [M + H]+);
analysis calcd. for C36H60N2O2 (552.89): C 78.21, H 10.94, N 5.07; found: C 78.01, H 11.13, N 4.83.
(2α,3β)-N-(2-Pyrrolidin-1-ylethyl)-2,3-dihydroxy-olean-12-en-28-amide (38), Compound 38 was prepared

from 33 according to general procedure C. Column chromatography (SiO2, CHCl3/MeOH 9:1) gave
38 (yield: 67%); m.p. 153–156 ◦C (decomp.); [α]D = +44.3◦ (c 0.330, CHCl3); Rf = 0.10 (CHCl3/MeOH
95:5); IR (KBr): ν = 3406br s, 2946s, 2878s, 2808m, 1636s, 1522m, 1462m, 1386m, 1364m, 1268w, 1194w,
1150w, 1050m cm−1; 1H-NMR (400 MHz, CDCl3): δ = 6.72 (t, J = 5.1 Hz, 1H, NH), 5.34 (t, J = 3.6 Hz,
1H, 12-H), 3.67 (ddd, J = 11.3, 9.4, 4.4 Hz, 1H, 2-H), 3.53–3.43 (m, 1H, 31-Ha), 3.31–3.22 (m, 1H, 31-Hb),
2.99 (d, J = 9.5 Hz, 1H, 3-H), 2.80–2.63 (m, 6H, 32-H, 33-H, 33′-H), 2.56 (dd, J = 13.4, 4.3 Hz, 1H, 18-H),
2.02–1.89 (m, 4H, 1-Ha, 11-Ha, 11-Hb, 16-Ha), 1.89–1.83 (m, 4H, 34-H, 34′-H), 1.79–1.24 (m, 11H, 19-Ha,
22-Ha, 16-Hb, 9-H, 22-Hb, 6-Ha, 15-Ha, 7-Ha, 6-Hb, 21-Ha, 7-Hb), 1.23–1.11 (m, 2H, 21-Hb, 19-Hb), 1.14
(s, 3H, 27-H), 1.08–0.99 (m, 1H, 15-Hb), 1.02 (s, 3H, 23-H), 0.97 (s, 3H, 25-H), 0.94–0.87 (m, 1H, 1-Hb),
0.90 (s, 3H, 29-H), 0.89 (s, 3H, 30-H), 0.85–0.79 (m, 1H, 5-H), 0.81 (s, 3H, 24-H), 0.75 (s, 3H, 26-H) ppm;
13C-NMR (101 MHz, CDCl3): δ = 178.6 (C-28), 144.5 (C-13), 122.8 (C-12), 84.0 (C-3), 68.9 (C-2), 55.3
(C-5), 54.6 (C-32), 54.2 (C-33, C-33′), 47.7 (C-9), 46.8 (C-19), 46.5 (C-1), 46.5 (C-17), 42.2 (C-18), 42.1
(C-14), 39.6 (C-8), 39.3 (C-4), 38.3 (C-10), 37.6 (C-31), 34.3 (C-21), 33.2 (C-30), 32.8 (C-22), 32.5 (C-7), 30.8
(C-20), 28.8 (C-23), 27.5 (C-15), 25.9 (C-27), 23.8 (C-11), 23.7 (C-29), 23.7 (C-34, C-34′), 23.6 (C-16), 18.5
(C-6), 17.1 (C-26), 16.9 (C-24), 16.8 (C-25) ppm; MS (ESI, MeOH): m/z = 569 (100%, [M + H]+); analysis
calcd. for C36H60N2O3 (568.89): C 76.01, H 10.63, N 4.92; found: C 75.86, H 10.90, N 4.77.

(3β)-N-(2-Piperidin-1-ylethyl)-3-acetyloxy-olean-12-en-28-amide (42), Compound 42 was prepared
from 7 according to general procedure B using 1-(2-aminoethyl)-piperidine as amino compound.
Column chromatography (SiO2, CHCl3/MeOH 9:1) gave 42 (yield: 76%); m.p. = 163–166 ◦C (decomp.);
[α]D = +47.5◦ (c 0.305, CHCl3); Rf = 0.55 (silica gel, CHCl3/MeOH 9:1); IR (ATR): ν = 2943m, 2864w,
1732m, 1642w, 1523w, 1432m, 1388m, 1365s, 1330m, 1244vs, 1214m, 1149w, 1097w, 1027m, 1007m,
986m, 751m; 1H-NMR (500 MHz, CDCl3): δ = 6.93 (t, J = 5.3 Hz, 1H, NH), 5.42 (dd, J = 3.3 Hz, 3.3 Hz,
1H, 12-H), 4.51–4.44 (m, 1H, 3-H), 3.71 (dq, J = 11.9, 5.9 Hz, 1H, 31-Ha), 3.46 (dq, J = 12.2, 6.0 Hz,
1H, 31-Hb), 3.13 (s, 2H, 32-H), 2.64 (dd, J = 12.9, 3.3 Hz, 1H, 18-H), 2.03 (s, 3H, Ac), 2.02–1.84 (m, 8H,
2-Ha, 2-Hb, 16-Ha, 16-Hb. 33-H, 33′-H), 1.70 (m, 1H, 19-Ha), 1.66–1.40 (m, 15H, 1-Ha, 11-Ha, 22-Ha,
11-Hb, 9-H, 22-Hb, 6-Ha, 15-Ha, 7-Ha, 34-H, 34′-H, 35-H), 1.40–1.30 (m, 2H, 6-Hb, 21-Ha), 1.24 (m,
1H, 7-Hb), 1.22–1.14 (m, 2H, 19-Hb, 21-Hb), 1.13 (s, 3H, 27-H), 1.04 (m, 2H, 1-Hb, 15-Hb), 0.92 (s, 3H,
29-H) 0.92 (s, 3H, 26-H), 0.89 (s, 3H, 30-H), 0.85 (s, 3H, 23-H), 0.84 (s, 3H, 25-H), 0.81 (s, 1H, 5-H), 0.71
(s, 3H, 24-H); 13C-NMR (126 MHz, CDCl3): δ = 179.9 (C-28), 171.1 (Ac), 143.9 (C-13), 123.3 (C-12), 81.0
(C-3), 56.9 (C-32), 55.3 (C-5), 54.5 (C-33 + C-33′), 47.6 (C-9), 46.5 (C-19), 46.5 (C-17), 41.9 (C-14), 41.5
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(C-18), 39.5 (C-8), 38.2 (C-1), 37.8 (C-4), 37.0 (C-10), 34.9 (C-31), 34.3 (C-21), 33.2 (C-30), 32.9 (C-22),
32.5 (C-7), 30.8 (C-20), 28.2 (C-23), 27.5 (C-15), 26.0 (C-27), 23.6 (C-2), 23.6 (C-29), 23.6 (C-11), 23.6
(C-16), 23.1 (C-34 + C-34‘), 22.1 (C-35), 21.4 (Ac), 18.3 (C-6), 17.2 (C-24), 16.8 (C-25), 15.5 (C-26); MS
(ESI, MeOH): m/z = 609.5 (100%, [M + H]+); analysis calcd. for C39H64N2O3 (608.95): C 76.92, H 10.59,
N 4.60; found: C 76.78, H 10.79, N 4.44.

(2α,3β)-N-(2-Piperidin-1-ylethyl)-2,3-diacetyloxy-olean-12-en-28-amide (43), Compound 43 was
prepared from 8 according to general procedure B using 1-(2-aminoethyl)-piperidine as amino
compound. Column chromatography (SiO2, CHCl3/MeOH 9:1) gave 43 (yield: 71%); m.p. = 130–133 ◦C
(decomp.); [α]D = +15.7◦ (c 0.35, CHCl3); Rf = 0.47 (silica gel, CHCl3/MeOH 9:1); IR (ATR): ν = 2938m,
2863w, 1741s, 1653m, 1508m, 1503m, 1466m, 1455m, 1443w, 1434w, 1367m, 1303w, 1247vs, 1229vs,
1155w, 1127w, 1041s, 1032s; 1H-NMR (500 MHz, CDCl3) δ = 6.69 (s, 1H, NH), 5.36 (dd, J = 3.4 Hz, 1H,
12-H), 5.08 (td, J = 11.4, 4.6 Hz, 1H, 2-H), 4.74 (d, J = 10.4 Hz, 1H, 3-H), 3.40 (m, 1H, 31-Ha), 3.20 (m, 1H,
31-Hb), 2.55 (d, J = 11.7 Hz, 1H, 18-H), 2.43 (s, 6 H, 32-Ha, 32-Hb, 33-H, 33‘-H), 2.05 (s, 3H, Ac), 1.97
(s, 3H, Ac), 2.07–1.82 (m, 3H, 1-Ha, 16-Ha, 16-Hb), 1.78–1.42 (m, 15H, 19-Ha, 11-Ha, 22-Ha, 9-H, 11-Hb,
34-H, 34‘-H, 6-Ha, 15-Ha, 22-Hb, 35-H, 7-Ha), 1.42–1.13 (m, 5H, 6-Hb, 21-Ha, 7-Hb, 21-Hb, 19-Hb), 1.14
(s, 3H, 27-H), 1.04 (s, 3H, 25-H), 1.09–0.92 (m, 3H, 1-Hb, 15-Hb, 5-H), 0.90 (s, 3H, 29-H), 0.90 (s, 3H,
24-H), 0.90 (s, 3H, 30-H), 0.90 (s, 3H, 23-H), 0.75 (s, 3H, 26-H); 13C-NMR (126 MHz, CDCl3) δ = 178.0,
(C-28),170.9 (Ac), 170.7 (Ac), 144.8 (C-13), 122.4 (C-12), 80.7 (C-3), 70.2 (C-2), 57.0 (C-32), 55.0 (C-33 +
C-33′), 54.4 (C-5), 47.6 (C-9), 46.9 (C-19), 46.4 (C-17), 44.0 (C-1), 42.3 (C-18), 42.1 (C-14), 39.6 (C-8), 39.5
(C-4), 38.3 (C-10), 35.8 (C-31), 34.3 (C-21), 33.2 (C-30), 32.8 (C-22), 32.3 (C-7), 30.9 (C-20), 28.6 (C-23),
27.4 (C-15), 25.8 (C-38 + C-38′), 25.9 (C-27), 24.2 (C-35), 23.7 (C-16 + C-11), 23.7 (C-29), 21.3 (Ac), 21.0
(Ac), 18.3 (C-6), 17.8 (C-24), 17.0 (C-26), 16.6 (C-25); MS (ESI, MeOH): m/z = 667.5 ([M + H]+, 100%);
analysis calcd. for C41H66N2O5 (666.99): C 73.83, H 9.97, N 4.20; found: C 73.69, H 10.18, N 4.01.

(3β)-N-(2-Piperidin-1-ylethyl)-3-acetyloxy-20-oxo-30-norlupan-28-amide (45), Compound 45 was
prepared from 10 according to general procedure B using 1-(2-aminoethyl)-piperidine as
amino compound. Column chromatography (SiO2, CHCl3/MeOH 9:1) gave 45 (yield:
63%); m.p. = 141–144 ◦C; [α]D = –9.5◦ (c 0.34, CHCl3); Rf = 0.43 (silica gel, CHCl3/MeOH); IR (ATR):
ν = 2939m, 2867w, 1733m, 1711m, 1657m, 1654m, 1517m, 1468m, 1451m, 1391w, 1367m, 1352m, 1316w,
1302w, 1243vs, 1196m, 1157m, 1130w, 1110w, 1090w, 1073w, 1026m, 979m; 1H-NMR (500 MHz, CDCl3)
δ = 6.76 (s, 1H, NH), 4.45 (dd, J = 11.0, 5.1 Hz, 1H, 3-H), 3.40 (m, 4H, 18-H, 31-Ha, 31-Hb), 2.63–2.52
(m, 6H, 32-Ha, 32-Hb, 33-H, 33′-H), 2.21–2.14 (m, 1H, 13-H), 2.15 (s, 3H, 29-H), 2.09–2.00 (m, 3H, 9-H,
16-Ha, 21-Ha), 2.02 (s, 3H, Ac), 1.84–1.78 (dd, 1H, 1-Ha), 1.71–1.53 (m, 8H, 34-H, 34′-H, 19-Ha, 1-Hb,
16-Hb, 2-Ha), 1.53–1.20 (m, 14H, 13-Ha, 2-Hb, 21-Hb, 6-Ha, 35-H, 11-Ha, 12-Ha, 7-Ha, 7-Hb, 6-Hb, 11-Hb,
22-Ha, 22-Hb), 1.20–1.13 (m, 1H, 12-Hb), 1.10–1.00 (m, 2H, 15-Ha, 15-Hb), 0.98 (s, 3H, 27-H), 0.96–0.91
(m, 1H, 19-Hb), 0.88 (s, 3H, 26-H), 0.82 (s, 3H, 23-H), 0.82 (s, 3H, 25-H), 0.81 (s, 3H, 26-H), 0.79–0.75
(m, 1H, 5-H); 13C-NMR (126 MHz, CDCl3) δ = 212.9 (C-20), 176.5 (Ac), 171.0 (C-28), 81.0 (C-3), 57.3
(C-32), 55.8 (C-5), 55.5 (C-17), 54.3 (C-33), 51.4 (C-18), 50.5 (C-9), 50.1 (C-19), 42.4 (C-14), 40.8 (C-8), 38.5
(C-1), 38.0 (C-4), 37.9 (C-10), 37.2 (C-13), 37.0 (C-22), 35.3 (C-31), 34.4 (C-7), 32.9 (C-16), 30.3 (C-29), 29.6
(C-12), 28.8 (C-21), 28.1 (C-23), 27.3 (C-15), 25.3 (C-34), 23.8 (C-35), 23.8 (C-2), 21.4 (Ac), 21.1 (C-11), 18.3
(C-6), 16.6 (C-24), 16.3 (C-25), 16.3 (C-26), 14.8 (C-27); MS (ESI, MeOH): m/z = 611.5 (100%, [M + H]+);
analysis calcd. for C38H62N2O4 (610.92): C 74.71, H 10.23, N 4.59; found: C 74.56, H 10.51, N 4.39.

(3β)-N-(2-Piperidin-1-ylethyl)-3-hydroxy-olean-12-en-28-amide (47), Compound 47 was prepared
from 42 according to general procedure C. Column chromatography (SiO2, CHCl3/MeOH 95:5) gave
47 (yield: 93%); m.p. = 184–186 ◦C (decomp.); [α]D = +49.5◦ (c 0.365, CHCl3); Rf = 0.26 (silica gel,
CHCl3/MeOH 9:1); IR (ATR): ν = 3372w, 2941m, 2864m, 1633m, 1527m, 1431s, 1387s, 1378s, 1357s,
1324vs, 1245m, 1212m, 1200w, 1188w, 1138w, 1093w, 1032m, 1006m, 997m, 752m; 1H-NMR (500 MHz,
CDCl3) δ = 6.97 (t, J = 5.3 Hz, 1H, NH), 5.43 (dd, J = 3.4, 3.4 Hz, 1H, 12-H), 4.58 (s, 1H, OH), 3.71
(dq, J = 11.7, 5.8 Hz, 1H, 31-Ha), 3.46 (dq, J = 12.2, 5.9 Hz, 1H, 31-Hb), 3.22–3.17 (m, 1H, 3-H), 3.17–3.11
(m, 2H, 32-Ha, 32-Hb), 2.65 (dd, J = 13.4, 3.6 Hz, 2H, 18-H), 2.05–1.95 (m, 2H, 16-Ha, 16-Hb), 1.95–1.84
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(m, 8H, 11-Ha, 11-Hb, 34-H, 34‘-H, 35-H), 1.74–1.67 (m, 1H, 19-Ha), 1.65–1.45 (m, 10H, 1-Ha, 16-Ha,
22-Ha, 16-Hb, 22-Hb, 2-Ha, 2-Hb, 9-H, 6-Ha, 15-Ha), 1.45–1.39 (m, 1H, 7-Ha), 1.40–1.29 (m, 2H, 6-Hb,
21-Ha), 1.29–1.22 (m, 1H, 7-Hb), 1.21–1.15 (m, 2H, 19-Hb, 21-Hb), 1.14 (s, 3H, 27-H), 1.07–1.00 (m, 1H,
15-Hb), 0.97 (s, 3H, 23-H), 0.97–0.93 (m, 1H, 1-Hb), 0.92 (s, 3H, 29-H), 0.89 (s, 3H, 25-H), 0.89 (s, 3H,
30-H), 0.77 (s, 3H, 24-H), 0.73 (s, 1H, 5-H), 0.71 (s, 3H, 26-H); 13C-NMR (126 MHz, CDCl3) δ = 179.9
(C-28), 143.8 (C-13), 123.4 (C-12), 79.1 (C-3), 55.3 (C-32), 56.9 (C-5), 54.5 (C-33 + C-33′), 47.7 (C-9), 46.5
(C-19), 46.5 (C-17), 41.9 (C-14), 41.5 (C-18), 39.5 (C-8), 38.9 (C-4), 38.6 (C-1), 37.1 (C-10), 34.9 (C-31), 34.3
(C-21), 33.2 (C-30), 32.9 (C-22), 32.6 (C-7), 30.8 (C-20), 28.2 (C-23), 27.5 (C-15), 27.3 (C-2), 26.0 (C-27),
23.6 (C-29), 23.6 (C-16), 23.6 (C-11), 23.0 (C-34 + C-34′), 22.1 (C-35), 18.4 (C-6), 17.2 (C-26), 15.7 (C-24),
15.5 (C-25); MS (ESI, MeOH): m/z = 567.5 (100%, [M + H]+); analysis calcd. for C37H62N2O2 (566.92):
C 78.39, H 11.02, N 4.94; found: C 78.21,H 11.18, N 4.78.

(2α,3β)-N-(2-Piperidin-1-ylethyl)-2,3-dihydroxy-olean-12-en-28-amide (48), Compound 48 was
prepared from 43 according to general procedure C. Column chromatography (SiO2, CHCl3/MeOH
9:1) gave 48 (yield: 87%); m.p. = 149–152 ◦C; [α]D = +45.2◦ (c 0.31, CHCl3); Rf = 0.21 (silica gel,
CHCl3/MeOH 9:1); IR (ATR): ν = 3378m, 2934vs, 2861m, 2853m, 1635s, 1513s, 1459s, 1454s, 1386s,
1378s, 1364m, 1348m, 1328w, 1303m, 1281m, 1266m, 1259m, 1232w, 1209w, 1194m, 1154m, 1129m,
1111w, 1096m, 1084m, 1050vs, 1016m, 992m, 958m, 660m; 1H-NMR (500 MHz, CDCl3) δ = 5.41 (s, 1H,
12-H), 3.74–3.64 (m, 1H, 2-H), 3.59–3.45 (m, 1H, 31-Ha), 3.43–3.25 (m, 1H, 31-Hb), 3.00 (d, J = 9.5 Hz, 1H,
3-H), 2.72–2.60 (m, 1H, 18-H), 2.64–2.36 (m, 2H, 32-Ha, 32-Hb), 2.02–1.92 (m, 4H, 1-Ha, 16-Ha, 16-Hb,
11-Ha), 1.77–1.49 (m, 17H, 1-Hb, 33-H, 33‘-H, 9-H, 11-Hb, 34-H, 34‘-H, 6-Ha, 22-Ha, 35-H, 7-Ha, 15-Ha),
1.50–1.42 (m, 1H, 7-Hb), 1.41–1.31 (m, 2H, 6-Hb, 21-Ha), 1.31–1.28 (m, 1H, 21-Hb), 1.19 (m, 3H, 22-Hb,
19-Ha), 1.15 (s, 3H, 27-H), 1.04 (m, 1H, 15-Hb), 1.03 (s, 3H, 23-H), 0.97 (s, 3H, 25-H), 0.93 (s, 3H, 29-H),
0.91 (s, 3H, 30-H), 0.92-0.88 (m, 1H, 19-Hb), 0.86-0.82 (m, 1H, 5-H), 0.82 (s, 3H, 26-H), 0.74 (s, 3H, 24-H);
13C-NMR (126 MHz, CDCl3) δ = 179.0 (C-28), 144.0 (C-13), 122.8 (C-12), 84.1 (C-3), 69.1 (C-2), 57.2
(C-32), 55.37 (C-33 + C-33‘), 54.5 (C-5), 48.2 (C-17), 47.7 (C-9), 46.5 (C-19), 46.5 (C-1), 43.2 (C-18), 42.1
(C-14), 39.6 (C-8), 39.3 (C-4), 39.1 (C-10), 38.4 (C-31), 34.3 (C-21), 33.2 (C-30), 33.0 (C-22), 32.5 (C-7), 30.9
(C-20), 28.8 (C-23), 27.5 (C-15), 25.8 (C-34 + C-34‘), 26.0 (C-27), 24.1 (C-35), 23.7 (C-16), 23.7 (C-11), 23.7
(C-29), 18.5 (C-6), 17.2 (C-24), 16.9 (C-26), 16.8 (C-25); MS (ESI, MeOH): m/z = 569.5 ([M + H]+, 100%);
analysis calcd. for C37H62N2O3 (582.91): C 76.24, H 10.72, N 4.81; found: C 75.97, H 10.93, N 4.57.

(3β)-N-(2-Piperidin-1-ylethyl)-3-hydroxy-20-oxo-30-norlupan-28-amide (50), Compound 50 was
prepared from 45 according to general procedure C. Column chromatography (SiO2, CHCl3/MeOH
9:1) gave 50 (yield: 86%); m.p. = 153–156 ◦C (decomp.); [α]D = –21.2◦ (c 0.115, CHCl3); Rf = 0.16 (silica
gel, CHCl3/MeOH); IR (ATR): ν = 3371w, 2934vs, 2865m, 1706m, 1643s, 1524s, 1519s, 1466s, 1450s,
1387m, 1376s, 1356s, 1328m, 1319m, 1301m, 1277m, 1245s, 1197s, 1161m, 1131m, 1109m, 1085m, 1046s,
1035s, 1003m, 987m, 973m; 1H-NMR (500 MHz, CDCl3) δ = 3.67–3.55 (m, 2H, 31-Ha, 31-Hb), 3.27 (td,
J = 11.2, 3.9 Hz, 2H, 1-Ha, 1-Hb), 3.17–3.07 (m, 3H, 32-Ha, 32-Hb, 3-H), 2.20–2.12 (m, 1H, 13-H), 2.09
(s, 3H, 28-H), 2.10–2.02 (m, 1H, 16-Ha), 2.00–1.94 (m, 1H, 18-H), 1.91–1.73 (m, 6H, 12-Ha, 34-H, 34′-H,
22-Ha), 1.62–1.06 (m, 22H, 19-Ha, 33-H, 33′-H, 15-Ha, 15-Hb, 2-Ha, 16-Hb, 6-Ha, 22-Hb, 12-Hb, 11-Ha,
6-Hb, 7-Ha, 35-H, 7-Hb, 21-Ha, 9-H, 11-Hb, 21-Hb), 1.05–0.92 (m, 1H, 2-Hb), 0.90 (s, 3H, 27-H), 0.89
(s, 3H, 23-H), 0.82 (s, 3H, 25-H), 0.85–0.78 (m, 1H, 19-Hb), 0.74 (s, 3H, 24-H), 0.68 (s, 3H, 26-H), 0.63–0.58
(m, 1H, 5-H); 13C-NMR (126 MHz, CDCl3) δ = 212.7 (C-20), 177.8 (C-30), 78.7 (C-3), 56.9 (C-32), 55.6
(C-17), 55.3 (C-5), 54.0 (C-33), 51.1 (C-19), 50.4 (C-9), 50.0 (C-18), 42.1 (C-14), 40.6 (C-8), 38.8 (C-4), 38.6
(C-1), 37.6 (C-22), 37.1 (C-10), 36.7 (C-13), 34.3 (C-7), 34.2 (C-31), 32.1 (C-16), 30.0 (C-28), 29.4 (C-21),
28.4 (C-12), 28.0 (C-23), 27.3 (C-15), 27.2 (C-2), 22.8 (C-34), 21.8 (C-35), 20.90 (C-11), 18.2 (C-6), 16.1
(C-24), 16.1 (C-25), 15.4 (C-26), 14.6 (C-27); MS (ESI, MeOH): m/z = 568.5 (100%, [M + H]+); analysis
calcd. for C36H60N2O3 (568.89): C 76.01, H 10.63, N 4.92; found: C 75.93, H 10.46, N 4.71.
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5. Conclusions

In this study, 40 triterpenoic acid amides (11–50), with different triterpenoic backbones and
various amine residues were synthesized and subjected to Ellman’s assay to determine their potential
as inhibitors of cholinesterases. Furthermore, some enzyme kinetic studies were performed. Thus,
systematic variation of the amine substituent led to analogs possessing the same or even better
BChE-inhibiting properties as standard galantamine hydrobromide. Outstanding derivatives were
2-pyrrolidin-1-ylethyl substituted compounds 34 (from BA), 36 (from UA), and 37 (from OA), showing
Ki values of 0.39 ± 0.04 µM, 0.47 ± 0.08 µM, and 0.55 ± 0.02 µM, respectively. Furthermore, Ellman’s
assay revealed several platanic acid compounds as excellent inhibitors of BChE. Particularly, 40, 45,
and 50 were great inhibitors, showing inhibition rates even in the nanomolar range. The most
active compound in the test was a hybrid holding a platanic acid backbone and a pyrrolidinyl
residue. For (3β)-N-(2-pyrrolidin-1-ylethyl)-3-acetyloxy-20-oxo-30- norlupan-28-amide (35), inhibition
constants Ki = 0.07 ± 0.01 µM and Ki

′ = 2.38 ± 0.48 µM have been determined. The results obtained
in the biological assay can be explained by appropriate molecular modeling calculations. All active
compounds were mixed-type BChE inhibitors with a dominating competitive part (Ki < Ki

′). The best
inhibitor for acetylcholinesterase was a betulinic acid derived piperidinyl derivative (49), acting as
a mixed-type inhibitor showing Ki = 1.00 ± 0.09 µM and Ki

′ = 1.42 ± 0.08 µM, respectively.
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Author Contributions: A.L., M.K., and R.C., conceived and designed the experiments; M.K. and I.S. performed
the experiments; A.L., performed the biological assays and experiments; W.B., performed the molecular modeling;
A.L., M.K., and R.C., analyzed the data and wrote the paper.

Funding: We acknowledge the financial support within the funding program Open Access Publishing by the
German Research Foundation (DFG).

Acknowledgments: We’d like to thank R. Kluge for measuring the ESI-MS spectra and D. Ströhl and his team for
the NMR spectra. Thanks are also due to J. Wiese and V. Simon for the IR spectra and optical rotations.

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

References

1. Alzheimer, A. Über eine eigenartige Erkrankung der Hirnrinde. Allg. Z. Psychiatr. Psych.-Gerichtl. Med. 1907,
64, 146–148.

2. Davies, P. Selective loss of central cholinergic neurons in Alzheimer’s disease. Lancet 1976, 308, 1403. [CrossRef]
3. Peron, G.; Marzaro, G.; Dall’Acqua, S. Known Triterpenes and their Derivatives as Scaffolds for the

Development of New Therapeutic Agents for Cancer. Curr. Med. Chem. 2018, 25, 1259–1269. [CrossRef]
[PubMed]

4. Rezanka, T.; Siristova, L.; Sigler, K. Sterols and Triterpenoids with Antiviral Activity. Anti-Infect. Agents Med. Chem.
2009, 8, 193–210. [CrossRef]

5. Xiao, S.; Tian, Z.; Wang, Y.; Si, L.; Zhang, L.; Zhou, D. Recent progress in the antiviral activity and mechanism
study of pentacyclic triterpenoids and their derivatives. Med. Res. Rev. 2018, 38, 951–976. [CrossRef]
[PubMed]

6. Cunha, L.C.S.; e Silva, M.L.A.; Furtado, N.A.J.C.; Vinhólis, A.H.C.; Martins, C.H.G.; da Silva Filho, A.;
Cunha, W.R. Antibacterial Activity of Triterpene Acids and Semi-Synthetic Derivatives against Oral
Pathogens. Z. Naturforsch. C 2007, 62, 668–672. [CrossRef]

7. Wolska, K.; Grudniak, A.; Fiecek, B.; Kraczkiewicz-Dowjat, A.; Kurek, A. Antibacterial activity of oleanolic
and ursolic acids and their derivatives. Open Life Sci. 2010, 5, 543–553. [CrossRef]

8. Song, Q.-Y.; Qi, W.-Y.; Li, Z.-M.; Zhao, J.; Chen, J.-J.; Gao, K. Antifungal activities of triterpenoids from the
roots of Astilbe myriantha Diels. Food Chem. 2011, 128, 495–499. [CrossRef] [PubMed]

9. Jamila, N.; Khairuddean, M.; Yeong, K.K.; Osman, H.; Murugaiyah, V. Cholinesterase inhibitory triterpenoids
from the bark of Garcinia hombroniana. J. Enzyme Inhib. Med. Chem. 2015, 30, 133–139. [CrossRef] [PubMed]

10. Ahmad, Z.; Mehmood, S.; Ifzal, R.; Malik, A.; Afza, N.; Ashraf, M.; Jahan, E. A New Ursane-type Triterpenoid
from Salvia santolinifolia. Turk. J. Chem. 2007, 31, 495–501.

59



Molecules 2019, 24, 948

11. Schwarz, S.; Loesche, A.; Lucas, S.D.; Sommerwerk, S.; Serbian, I.; Siewert, B.; Pianowski, E.; Csuk, R.
Converting maslinic acid into an effective inhibitor of acylcholinesterases. Eur. J. Med. Chem. 2015, 103, 438–445.
[CrossRef] [PubMed]

12. Heller, L.; Kahnt, M.; Loesche, A.; Grabandt, P.; Schwarz, S.; Brandt, W.; Csuk, R. Amino derivatives of platanic
acid act as selective and potent inhibitors of butyrylcholinesterase. Eur. J. Med. Chem. 2017, 126, 652–668. [CrossRef]
[PubMed]

13. Loesche, A.; Köwitsch, A.; Lucas, S.D.; Al-Halabi, Z.; Sippl, W.; Al-Harrasi, A.; Csuk, R. Ursolic and oleanolic
acid derivatives with cholinesterase inhibiting potential. Bioorganic Chem. 2019, 85, 23–32. [CrossRef]
[PubMed]

14. Wiemann, J.; Loesche, A.; Csuk, R. Novel dehydroabietylamine derivatives as potent inhibitors of
acetylcholinesterase. Bioorg. Chem. 2017, 74, 145–157. [CrossRef] [PubMed]

15. Loesche, A.; Wiemann, J.; Rohmer, M.; Brandt, W.; Csuk, R. Novel 12-Hydroxydehydroabietylamine
derivatives act as potent and selective butyrylcholinesterase inhibitors. Bioorg. Chem.. submitted.

16. Perry, E.K.; Perry, R.H.; Blessed, G.; Tomlinson, B.E. Changes in brain cholinesterases in senile dementia of
Alzheimer type. Neuropathol. Appl. Neurobiol. 1978, 4, 273–277. [CrossRef] [PubMed]

17. Dixon, M. The determination of enzyme inhibitor constants. Biochem. J. 1953, 55, 170–171. [CrossRef]
[PubMed]

18. Cornish-Bowden, A. A simple graphical method for determining the inhibition constants of mixed,
uncompetitive and non-competitive inhibitors. Biochem. J. 1974, 137, 143–144. [CrossRef] [PubMed]

19. Lineweaver, H.; Burk, D. The Determination of Enzyme Dissociation Constants. J. Am. Chem. Soc. 1934, 56, 658–666.
[CrossRef]

20. Sommerwerk, S.; Csuk, R. Convenient and chromatography-free partial syntheses of maslinic acid and
augustic acid. Tetrahedron Lett. 2014, 55, 5156–5158. [CrossRef]

21. Sommerwerk, S.; Heller, L.; Serbian, I.; Csuk, R. Straightforward partial synthesis of four diastereomeric
2,3-dihydroxy-olean-12-en-28-oic acids from oleanolic acid. Tetrahedron 2015, 71, 8528–8534. [CrossRef]

22. Kahnt, M.; Heller, L.; Grabandt, P.; Al-Harrasi, A.; Csuk, R. Platanic acid: A new scaffold for the synthesis of
cytotoxic agents. Eur. J. Med. Chem. 2018, 143, 259–265. [CrossRef] [PubMed]

23. Kahnt, M.; Al-Harrasi, A.; Csuk, R. Ethylenediamine Derived Carboxamides of Betulinic and Ursolic Acid as
Potential Cytotoxic Agents. Molecules 2018, 23, 2558. [CrossRef] [PubMed]

24. Deng, S.-L.; Baglin, I.; Nour, M.; Cavé, C. Synthesis of phosphonodipeptide conjugates of ursolic acid and
their homologs. Heteroat. Chem. 2008, 19, 55–65. [CrossRef]

25. Wong, M.H.L.; Bryan, H.K.; Copple, I.M.; Jenkins, R.E.; Chiu, P.H.; Bibby, J.; Berry, N.G.; Kitteringham, N.R.;
Goldring, C.E.; O’Neill, P.M.; et al. Design and Synthesis of Irreversible Analogues of Bardoxolone Methyl for
the Identification of Pharmacologically Relevant Targets and Interaction Sites. J. Med. Chem. 2016, 59, 2396–2409.
[CrossRef] [PubMed]

26. Siewert, B.; Pianowski, E.; Obernauer, A.; Csuk, R. Towards cytotoxic and selective derivatives of maslinic
acid. Bioorg. Med. Chem. 2014, 22, 594–615. [CrossRef] [PubMed]

27. Petrenko, N.I.; Elantseva, N.V.; Petukhova, V.Z.; Shakirov, M.M.; Shul’ts, E.E.; Tolstikov, G.A. Synthesis of
betulonic acid derivatives containing amino-acid fragments. Chem. Nat. Compd. 2002, 38, 331–339. [CrossRef]
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Abstract: Plants of the genus Teucrium (Lamiaceae or Labiatae family) are known historically for
their medicinal value. Here, we identify and characterize the anticancer potential of T. mascatense
and its active compound, IM60, in human cancer cells. The anti-proliferative effect of a T. mascatense
methanol extract and its various fractions were analyzed in MCF-7 and HeLa cells in a dose- and
time dependent manner. The dichloromethane fraction (TMDF) was observed to be the most effective
with cytotoxicity against a more expanded series of cell lines, including MDA-MB-231. A time
and dose-dependent toxicity profile was also observed for IM60; it could induce rapid cell death
(within 3 h) in MCF-7 cells. Activation of caspases and PARP, hallmarks of apoptotic cell death
pathways, following treatment with TMDF was demonstrated using western blot analysis. Inversion
of the phosphatidylserine phospholipid from the inner to the outer membrane was confirmed by
annexin V staining that was inhibited by the classical apoptosis inhibitor, Z-VAK-FMK. Changes in
cell rounding, shrinkage, and detachment from other cells following treatment with TMDF and
IM60 also supported these findings. Finally, the potential of TMDF and IM60 to induce enzymatic
activity of caspases was also demonstrated in MCF-7 cells. This study, thus, not only characterizes
the anticancer potential of T. mascatense, but also identifies a lead terpenoid, IM60, with the potential
to activate anticancer cell death pathways in human cancer cells.

Keywords: Teucrium mascatense; natural plant products; anticancer activity; breast and cervical cancer;
apoptosis; caspases

1. Introduction

Cancer is the second major cause of mortality worldwide, responsible for an estimated 9.6 million
deaths in 2018, and accounting for one out of every six deaths [1]. This burden is expected to rise from
18.1 million worldwide to 29.5 million by 2040 [2]. The economic burden of cancer is no less, where
only in the US, it was estimated to be nearly $1.16 trillion in 2010 alone [3]. The use of plant-derived
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compounds for cancer therapy is widely prevalent, with more than 60% of clinically approved anticancer
drugs being derivatives of medicinal plants [4,5]. However, surprisingly, only 6% of the nearly 250,000
plant species known to exist have been screened for their biological activity [6]. Based on estimates of the
World Health Organization (WHO), around 80% of the world’s population depends on herbal medicines,
especially natives of Latin America, Asia, and Africa [7], and more than 3000 plant species are currently
known to treat cancer [8]. Considering the wealth of untapped knowledge available in the realm of
traditional/alternative medicine, there is an urgent need to use advanced screening methods to identify
and characterize the anticancer potential of plant extracts [9]. Interestingly, most of the therapeutic drugs
currently used in the treatment of breast cancer, the most frequent cause of cancer and cancer-related
mortality among women [2], are originally derived from plants [7]. These include paclitaxel and docetaxel
(Taxus baccata), etoposide (Podophyllum peltatum), camptothecin (Camptotheca acuminata), and vinblastine
and vinorelbine (Vinca rosea). In fact, results from recent clinical trials have established docetaxel as the
most active single agent in the treatment of advanced metastatic breast cancer, either as first or second-line
therapy [10]. Therefore, the skepticism often associated with the translation of compounds derived from
plant extracts into commercially viable drugs is unsubstantiated.

Teucrium mascatense (T. mascatense) is a medicinal plant of the genus Teucrium, belonging to
Lamiaceae or Labiatae family. The Teucrium genus is comprised of around 300 species distributed
over central Europe, Western Asia, the Mediterranean region, North Africa, and the Arabian
Peninsula [11–17]. The medicinal value of Teucrium species has been known since the times of
Socrates and Jalinous, and plants belonging to this genus have been used in both traditional and
modern medicine owing to their bioactive constituents [15–19]. Species of Teucrium are known
to contain tannins, glycosides, phenols, steroids, and terpenoids, with strong biological activities,
such as antibacterial, antipyretic, anti-inflammatory, anti-diabetic, anti-spasmodic, analgesic, lipolysis,
and antioxidant actions [19–31]. One species of Teucrium from the same family, found in areas like
Sardinia and Baronia of Siniscola, has been used as an antimalarial agent [32].

Not much is known about the anticancer potential of T. mascatense. Most of the anticancer studies
on this plant have been done on Teucrium polium (T. polium), one of the most widely studied plants
of the Teucrium genus [33]. It has been shown to be an effective and safe chemo-sensitizing agent
as it can potentiate the anti-proliferative and apoptotic effects of various chemotherapeutic drugs,
including vincristine, vinblastine, and doxorubicin [34]. T. polium may also have anticancer potential
that can be attributed to the presence of flavonoids and diterpenoids [19,35]. In addition, secondary
metabolites present in this species have been shown to have toxic effects against cancer cells [36–38].
Kandouz et al., have shown that extracts of T. polium can not only inhibit proliferation of prostate
cancer cells, but also inhibit their invasion and motility by altering the expression and localization of
E-cadherin and catenins [39]. Finally, a recent study using concentrates of T. polium in rats has shown
significant anticancer activity against hepatocellular carcinomas [40].

Compared to these, there is a dearth of literature on the anticancer potential of T. mascatense. Initial
screening of the T. mascatense plant extracts showed that it could inhibit growth of human breast cancer
cells [41]. Thus, the aim of the current study was to characterize this anticancer potential of T. mascatense
further in a comprehensive manner. Our work demonstrates that T. mascatense can induce apoptotic activity
in human breast cells. Furthermore, we go on to demonstrate that an active compound isolated from T.
mascatense has anti-proliferative and anti-apoptotic activity against breast cancer cells in vitro, leading to
the identification of a potential lead compound in the search for natural compounds against cancer.

2. Results

2.1. Crude Methanolic Extract of T. mascatense and Some of Its Fractions Induce Cytotoxic Effects in Human
Normal and Cancer Cell Lines

To determine the anticancer potential of T. mascatense, its methanol extract (TMME) along with
five of its organic/aqueous fractions were analyzed for their effects on cancer cell proliferation,
as described in the Materials and Methods section. The different organic/aqueous fractions of the
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crude methanol extract were tested to determine which solvents were better at isolating the relevant
biologically active content of the plant [42]. The initial screening was limited to two types of human
cancer cell lines: MCF-7, a breast cancer cell line [43], and HeLa, a cervical carcinoma cell line [44]
(Table 1). This allowed us to determine the general potential of these extract/fractions to affect cell
proliferation of two different types of human cancer cell lines. The samples were analyzed at four
different concentrations (25, 50, 125, 250 µg/mL), at 24 and 72 h post-treatment. After 24 h of treatment,
TMME and two of its organic fractions prepared by using dichloromethane and n-hexane solvents
(TMDF and TMHF), were observed to be effective against MCF-7 cell line by inducing ≥20% inhibition
of cell proliferation at a concentration of 250 µg/mL. None of these three showed cytotoxic effects on
HeLa cells 24 h post treatment. After 72 h, TMDF, TMME, and TMHF showed ≥20% cytotoxic effects
on the MCF-7 cell line at concentrations of 125 and 250 µg/mL, and were also active against the HeLa
cell line at a dose of 250 µg/mL (Table 1).

Table 1. Summary of the first screening of T. mascatense extract/fractions using the MTT assay.

Extract/Fractions
MCF-7

(24/72 HRS)
Breast Cancer Cells (µg/mL) *

HeLa
(24/72 HRS)

Cervical Cancer Cells (µg/mL) *

TMHF 24HR: 250
72HR: 125/250

24HR: X
72HR: 250

TMDF 24HR: 250
72HR: 125/250

24HR: X
72HR: 250

TMEF X X
TMBF X X

TMME 24HR: 250
72HR: 125/250

24HR: X
72HR: 250

TMAF X X

X = Extract/fractions displaying ≤ 20% inhibition of proliferation. * = Numbers denote extract/fractions
concentration (in µg per mL) at which ≥ 20% inhibition of proliferation was observed. Abbreviations: TMHF: Teucrium
mascatense n-hexane fraction; TMDF: Teucrium mascatense dichloromethane fraction; TMEF: Teucrium mascatense ethyl
acetate fraction; TMBF: Teucrium mascatense n-butanol fraction; TMME: Teucrium mascatense methanol extract; TMAF:
Teucrium mascatense aqueous fraction.

Based on our experience with the anti-cancer potential of crude methanol extracts and their
different fractions from several other plants where the dichloromethane solvent was the most consistent
in its ability to induce cytotoxic effects in both MCF 7 and HeLa cell lines, TMDF was chosen for further
testing in a more expanded series of cell lines, including MCF-10A and MDA-MB-231. MCF10A is
a normal human mammary epithelial cell line [45] and was used to allow comparison of the effect
of TMDF on normal versus cancer cell lines, while MDA-MB-231 is a cell line from a triple receptor
negative breast cancer tissue [46]. Such breast cancers are much harder to treat due to their inability to
respond to therapies directed against hormone receptors [47]; thus, this cell line allowed us to test for
natural compounds that may have anti-proliferation activity against them.

The MTT assay was performed on all the cell lines chosen in a dose-dependent manner using three
different concentrations of extract/fractions (50, 125, 250 µg/mL) after 24, 48, and 72 h of treatment.
Figure 1 shows the dose-dependency of each cell line and the time course of cell death observed after
normalizing cell proliferation to the effects of DMSO alone (the solvent used for solubilizing TMDF).
As can be seen, TMDF could induce cytotoxic effects in both the breast and cervical cancer cell lines in a
statistically significant manner (Figure 1). However, the normal breast epithelial cell line, MCF-10A,
was the most sensitive to TMDF, while the three cancer cell lines showed comparable dose response to
TMDF (Figure 1C). Calculation of the dose that caused 50% inhibition of proliferation (IC50) confirmed
these observations. As can be seen from the table in Figure 1, the IC50 value for the 72-h time point for
MCF-10A was the least (45.83 µg/mL), followed by that for HeLa (196.4 µg/mL), MCF-7 (227 µg/mL)
and MDA-MB-231 cells (232.8 µg/mL). On the other hand, time course analysis of cell viability revealed
that the cytotoxicity profile for the normal MCF-10A cells was comparable to the other two breast
cancer cell lines, MCF-7 and MDA-MB-231, while the HeLa cells were the slowest in response to
TMDF-induced cell death (Figure 1F).
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To eliminate the possibility of the observed cytotoxicity being due to the organic solvents
used in the extraction process, MTT assay was also conducted on the three cancer cell lines
(MCF-7, MDA-MB-231, and HeLa) using only the individual solvents starting at 1:500 dilution. None of
the organic solvents showed any cytotoxicity on the tested cell lines (data not shown). This was further
validated by nuclear magnetic resonance (NMR) analysis of the extract and fractions which detected
no residual organic solvents in these samples (data not shown). These observations, along with the fact
that only three of the five organic extract/fractions showed cytotoxicity on the tested cell lines, (Table 1)
confirms that the detected anti-proliferative effects on the cell lines were not due to any lingering
solvents that may have been left in the extract/fractions; rather, it was due to the compounds present
in the extract and fractions themselves.

2.2. TMDF Activates Key Apoptotic Proteins in Breast Cancer Cells

Next, we determined whether the cytotoxicity being observed in the cancer cell lines was due to
apoptosis, the primary cell death pathway activated by anticancer compounds [7,48]. The activation of
various caspases and downstream effector protein PARP (poly ADB ribose polymerase) are hallmarks
of apoptosis [49]. Thus, the classical technique of western blot analysis was used to detect activation
of these proteins involved in apoptosis 24 h post treatment with different concentrations of TMDF.
As shown in Figure 2A, the expression and cleavage of caspase 7 and PARP proteins was successfully
detected, demonstrating that TMDF had the potential to activate a caspase-dependent mechanism
of inducing apoptosis in MCF-7 cells. Some degradation of actin could be observed at the 250
µg/mL concentration, suggesting late stages of apoptosis when actin degradation can be expected [50].
Activation of caspase 8 and 9 could also be observed by the steady disappearance of the procaspase 8
and 9 bands; however, the actual cleaved products of these caspases could not be detected (Figure 2A).
This is most likely due to the well-known labile nature of the activated caspase cleavage products that
requires correct timing and concentration to be visible and the poorer specificity of the antibodies for
the cleaved products [51].
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detection of the specified caspases or poly ADB ribose polymerase (PARP) proteins. Actin antibody 
was used as a loading control. The “DMSO control” sample contains the same amount of DMSO as 
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To ensure that the caspase cleavage being observed was reproducible and not a reflection of 
generalized cytotoxicity from TMDF, the westerns for caspase 7 and PARP were repeated at earlier 
time points (6 and 12 h) on cell lysates generated from MCF-7 cells treated with 125 and 250 µg/mL 
of TMDF. As can be seen in Figure 2B, caspase 7 cleavage could be detected under these conditions 

Figure 2. Western blot analysis of MCF-7 cells treated with the dichloromethane fraction of T. mascatense
(TMDF): (A) for 24 h, (B) for 6 and 12 h at the indicated concentrations followed by detection of the
specified caspases or poly ADB ribose polymerase (PARP) proteins. Actin antibody was used as a
loading control. The “DMSO control” sample contains the same amount of DMSO as present in the
250 µg/mL sample of TMDF.
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To ensure that the caspase cleavage being observed was reproducible and not a reflection of
generalized cytotoxicity from TMDF, the westerns for caspase 7 and PARP were repeated at earlier
time points (6 and 12 h) on cell lysates generated from MCF-7 cells treated with 125 and 250 µg/mL of
TMDF. As can be seen in Figure 2B, caspase 7 cleavage could be detected under these conditions where
actin was not degraded, confirming that the caspase 7 cleavage observed earlier was bona fide and
not due to a generalized cytotoxicity induced by TMDF. Interestingly, under these conditions, PARP
cleavage was not visible, most likely due to the early time points studied since PARP cleavage is a later
event in apoptosis [49].

2.3. TMDF Can Induce Apoptosis in MCF-7 Cells

Another hallmark of apoptosis is inversion of the inner leaflet of the plasma membrane, exposing
the proteins and phospholipids that reside on the inside of the plasma membrane phospholipid
bilayer without compromising membrane integrity [49]. This is considered an early event observed
in cells undergoing apoptosis in which the cell viability is maintained despite the inversion of the
plasma membrane [49]. Therefore, we tested for the ability of TMDF to induce this classical effect on
treated cells using the well-established Annexin V/propidium iodide (PI) staining assay and flow
cytometry [49]. As can be seen from Figure 3, compared to the untreated cells, DMSO treatment did
not affect the viability of the cells (Figure 3A,B). This is in contrast to our positive control (Boswellia
sacra essential oil) that has a potent ability to induce apoptosis in a rapid manner (Figure 3C) [52].
Treatment of MCF-7 cells with Boswellia sacra essential oil led to shift of the cells into the Annexin
V-positive, but PI negative quadrants (19.6%), revealing the induction of early apoptotic events
(Figure 3C) as well as late apoptosis (28.9%) where the Annexin V population was PI positive
(Figure 3H). In comparison, treatment of MCF-7 cells for six hours with 125 µg/mL of TMDF led to
21.85% of the cells to move into the early apoptosis phase (Figure 3D), while treatment with 250 µg/mL
lead to a further increase in apoptosis induction with 62.6% of the cells moving into early apoptosis
phase and 2.1% into late apoptosis (Figure 3E,H). This dose-dependent increase in cells entering the
early apoptotic stage reveals that TMDF has the capability to induce apoptosis in MCF-7 cells.

To confirm whether this was indeed apoptosis, we further tested the ability of the classical
apoptosis inhibitor, Z-VAK-FMK to inhibit this process. As can be seen, pretreatment of the MCF-7
cells with 20 µM Z-VAK-FMK led to a significant inhibition of apoptosis in both 125 and 250 µg/mL
TMDF-treated cells (Figure 3F,G) with only 1.9 and 9.5% of the cells shifting into the early apoptotic
phase compared to 21.85 and 62.6% of the cells without the inhibitor (Figure 3H). These results
conclusively show that TMDF has the ability to induce apoptosis in breast cancer cells.
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Figure 3. Flow cytometric analysis of Annexin V and propidium iodide-stained MCF-7 cells treated with
dichloromethane fraction of T. mascatense (TMDF). MCF-7 cells were treated with 125 and 250 µg/mL
of TMDF for six hours. (A) Untreated cells; (B) DMSO control; (C) Cells treated with Boswellia sacra,
a known inducer of apoptosis (positive control) [52]; (D) Cells treated with 125 µg/mL of TMDF;
(E) Cells treated with 250 µg/mL of TMDF; (F) Cells pretreated with 20 µM of Z-VAD-FMK followed
by six hour treatment with 125 µg/mL of TMDF; (G) Cells pre-treated with 20 µM of Z-VAD-FMK
followed by six hour treatment with 250 µg/mL of TMDF. (H) Column graph that plots the percentage
of cells that shift into the early (green bars) and late (red bars) of apoptosis upon the various treatments
mentioned above. The “DMSO control” sample contains the same amount of DMSO as present in the
250 µg/mL sample of TMDF.

2.4. Effects of TMDF on the Morphological Properties of Treated Cells

Since the western blot and Annexin V/PI analyses of cells treated with TMDF suggested induction
of apoptosis, we next analyzed the effect of TMDF treatment on the morphological characteristics of
MCF-7 cells. Such changes started to appear within one day of extract treatment. Figure 4 shows the
effect of TMDF on MCF-7 cells 24 h post treatment with 125 and 250 µg/mL of TMDF (Figure 4C,D).
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As can be seen, differences were observed in cell morphology of the treated MCF-7 cells, including
appearance of cell rounding, cell shrinkage, and detachment of cells from other cells and the plate.
Importantly, these changes were absent in untreated (Figure 4A) or DMSO-treated cells (Figure 4B).
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Next, MCF-7 cells were pretreated with Z-VAD-FMK prior to exposure to TMDF to determine 
whether the morphological changes associated with apoptosis could be reduced or eliminated upon 

Figure 4. Photomicrographs of MCF-7 cells 24 h after treatment with: (A) media alone; (B) DMSO;
(C) 125 µg/mL, and (D) 250 µg/mL T. mascatense dichloromethane fraction (TMDF). Panels E and F
show the results after a 2-h pretreatement of the cells with 20 µM of the apoptosis inhibitor Z-VAD-FMK
before being treated with either (E) 125 µg/mL or (F) 250 µg/mL of TMDF for 24 h. Magnification:
400×. The “DMSO control” sample contains the same amount of DMSO as present in the 250 µg/mL
sample of TMDF.

Next, MCF-7 cells were pretreated with Z-VAD-FMK prior to exposure to TMDF to determine
whether the morphological changes associated with apoptosis could be reduced or eliminated upon
the inhibitor treatment. As can be seen in panels E and F of Figure 4, pretreatment of the TMDF-treated
cultures with Z-VAD-FMK essentially eliminated (Figure 4E) or reduced (Figure 4F) the appearance of
the apoptosis-specific morphological changes in cultures treated with 125 and 250 µg/mL of TMDF.
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These data support our conclusion that TMDF can activate apoptosis and further suggest that apoptosis
is probably the major mechanism of cell death in cultures treated by TMDF.

2.5. TMDF Activates Caspase Activity in Human Breast Cancer Cells

To confirm the potential of TMDF to activate caspases, the Promega caspase GLO assay was used
to detect the presence of their enzymatic activity. Towards this end, MCF-7 cells were treated with
250 µg/mL TMDF and tested for the induction of caspase 3/7, 8, and 9 enzymes. Figure 5 shows
two independent experiments testing the ability of TMDF to inhibit cell proliferation in MCF-7 cells
(blue bars) in parallel with its ability to induce caspase activity. In both experiments, a low cell viability
(blue bars) was associated with the induction of high levels of caspase 8 (green bars) and 9 (purple bars)
as well as caspase 3/7 (maroon bars) in a statistically significant manner.
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Figure 5. Viability and caspase activity in MCF-7 cells treated with 250 µg/mL of T. mascatense
dichloromethane fraction (TMDF) for 48 h, as shown in two independent experiments (panels A and
B). * indicates statistically significant differences between the control and treated samples (* p < 0.05;
** p < 0.01 but > 0.001; *** p < 0.001). The “DMSO control” sample contains the same amount of DMSO
as present in the 250 µg/mL sample of TMDF.

Since MCF-7 cells do not express any caspase 3 [53], any induction of caspase 3/7 in this system
is most likely due to the induction of caspase 7. Results obtained for the induction of caspases
were normalized against the number of viable cells in culture (obtained using the Cell Titer-GLO
luminescent cell viability assay) to ensure that the enzymatic activity being measured was taking into
consideration the ensuing cell death being observed (Figure 5). These observations correlated well
with the MTT results presented earlier (Figure 1). Overall, these results strengthen our conclusion that
TMDF contains bioactive molecules that can cause cell death via caspase-dependent apoptosis.

2.6. Test of the Anti-Proliferation Effect of IM60 on Breast Cancer Cells

Next, we wanted to study whether a lead compound could be identified from T. mascatense with
potential anticancer activity. Medicinal plants and their metabolites have an important role in cancer
treatment [47,48,54] and their natural or synthetic derivatives could play crucial roles in preventing,
slowing, or reversing cancer development [55,56]. Therefore, we screened one purified compound
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isolated from the dichloromethane fraction of the crude methanolic extract of T. mascatense, IM60,
to determine its potential anticancer activity [57].

Figure 6 show the results of the dose-dependent effect of IM60 on MCF-7 cells using the MTT
assay. The compound was observed to be effective with more than 90% of the MCF-7 cells being
killed after 24 h of treatment at a concentration starting at 425 µM (Figure 6). Some activation of cell
proliferation was observed at lower concentrations in the 24-h test; however, it was not observed in the
6-h test, suggesting that it could be an artefact. The IC50 value was calculated to be 403 µM for the 24-h
time point. The earliest differences in cell morphology could be observed at three hours post treatment,
eventually leading to complete cell death (Figure 7). Cell shrinkage and rounding and detachment
from other cells was noted early on with a loss of cell numbers, which again suggested apoptosis as a
possible mechanism of cell death induced by IM60 (Figure 7).
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time period.

2.7. IM60 Can Induce Caspase Activity in MCF-7 Cells

To determine whether IM60 had the potential to induce functional caspase activity, it was tested
in the caspase GLO assay conducted on MCF-7 cells at the effective concentration of 425 µM for
6 h. As expected, in comparison to DMSO-treated cells, cell viability was reduced by more than
90% in IM60-treated cells (p < 0.002), confirming its cytotoxic effect on MCF-7 (Figure 8). In addition,
a statistically significant activation of the effector caspase 7 was noted (p < 0.03); however, no significant
activation was observed of the initiator caspases 8 or 9. These data suggest that IM60 can cause
inhibition of MCF-7 cell proliferation and may have the potential to activate caspase activity as well
(Figure 8). Despite the high concentration needed for observing these effects, these are encouraging
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results since test of a compound and its several derivatives from another medicinal plant tested in
parallel did not result in cytotoxicity, and in fact resulted in activation of cancer cell proliferation
(personal observations).
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3. Discussion

This study assessed the anticancer potential of T. mascatense by analyzing its different organic and
aqueous extract/fractions, including n-hexane, dichloromethane, ethyl acetate, n-butanol, methanol,
and water. Our results revealed that only three of the organic extract/fractions tested (n-hexane,
methanol, and dichloromethane) had anti-proliferation activity against several human cell lines,
including MCF-7, HeLa, and/or MDA-MB-231 (Table 1 and Figure 1), confirming the earlier
preliminary test of these extract/fractions [41]. However, we did not find any inhibitory effect of
the aqueous extract on either MCF-7 or HeLa cell proliferation, while this fraction showed moderate
cytotoxic activity against MDA-MB-231 in the previous study [41]. This difference could be due
to the cell line tested. The dichloromethane fraction (TMDF), on the other hand, showed cytotoxic
potential against all three cancer cell lines tested, two breast cancer and one cervical cancer (Table 1
and Figure 1). The mechanism of cell death used by TMDF was demonstrated to be apoptosis which
was caspase-dependent (Figures 2–5). Furthermore, test of the cytotoxicity of an active constituent of
TMDF, IM60, revealed a time and dose-dependent effect (Figure 6); it could induce rapid cell death
(within 3 h) with morphological changes reminiscent of apoptosis (Figure 7), and activate caspase 7
enzymatic activity (Figure 8).

Thus, this study adds T. mascatense as another Teucrium species with anticancer potential.
In particular, one study has compared the anti-proliferative effects of six common Teucrium species on
cell viability of colon cancer cells HTC-116, as well as T. polium [58]. Methanolic extracts of all species
tested (T. chamaedrys, T. montanum, T. arduini, T. scordium subsp. Scordium, T. scordium subsp. Scordioides,
T. polium and T. botrys) inhibited the proliferation of HTC-116 in MTT assays. Interestingly, the IC50

values measured at 72 h post treatment fell between 59–253 µg/mL for all except T. arduini which is
comparable to our results. Using a crude method to detect apoptosis, their data further suggests that
all the tested species could induce apoptosis in these cells. Two other studies have recently tested
other species of Teucrium for anti-proliferative activity for different types of cancer cells. T. persicum can
potentially induce apoptosis of prostate cancer cells with inhibitory effects on viability of breast and
colon cancer cells [59]. It has also been shown to effect cell migration and epithelial cell morphology in
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the same study. T. pruinosum, on the other hand, has been shown to affect the viability of cervical cancer
cell line HeLa [60]. These data suggest that the Teucrium genus is a rich source of natural anticancer
compounds for further investigation.

While the studies mentioned above have tested the effects of extracts from various Teucrium
species on cancer cell proliferation, their effect on normal cells has not been studied. The cytotoxic
effect of TMDF, on the other hand, has been studied on normal cells and was observed to affect the
viability of the normal MCF-10A cells also (Figure 1). This is not very surprising since crude extracts
are composed of a number of active biomolecules with different potentials to affect cell proliferation
in a cell-specific manner. Thus, it is possible that the biomolecules (or their specific combination)
responsible for the cytotoxicity for normal and cancer cells differ, potentially belonging to different
compounds that can be separated from each other. That is why the pure compound IM60 was tested to
determine if it could affect proliferation of cancer cells. Unfortunately, due to its limited availability,
we could not test it on normal cells. In future we plan to test this compound more extensively in
both normal and cancer cells to characterize its anti-proliferation potential and determine whether its
cytotoxicity can be enhanced for cancer cells and modulated differentially in normal and cancer cells
via biochemical derivatization.

The various fractions of TMME tested in this study were made in a sequential manner to separate
the active constituents of T. mascatense selectively, based on polarity [41,57]. It is well known that the
choice of the solvent affects the rate of extraction, the type and quantity of phytochemicals extracted,
ease of handling of the extracts, and the health hazards associated with the extraction process [42,61,62].
Among the five tested solvents, dichloromethane [63] and n-hexane were observed to be the most
effective in isolating the active compounds responsible for the anti-proliferation activity observed in
the cancer cells. The remaining organic extracts, and especially the aqueous content, were not cytotoxic,
indicating that the biochemical entities responsible for anti-proliferation were primarily hydrophobic
in nature. Numerous studies have shown chloroform (a trichloromethane) to be effective in extracting
anticancer agents from several medicinal plants, such as Angelica archangelica, Nepeta deflersiana, and
Solanum nigrum [64,65].

IM60, tested for its anticancer activity in this study, is a sesquiterpene, 1-isopropanol-4a-methyl-
8-methylenedecahydronaphthalene, with the structure shown in Figure 9. It was isolated from the
dichloromethane fraction of the crude methanolic extract of T. mascatense (TMDF) [57]. Sesquiterpenes
belong to a large and diverse group of plant-derived bioactive compounds with promising anticancer,
anti-inflammatory, antifungal, antibacterial, and immunosuppressive activities [61,66,67]. This is
due to the presence of the decalin ring that imparts great structural and functional variety to these
compounds [68] (Figure 9). In one study on the anticancer potential of four different species of Teucrium,
Menichini et al., identified T. polium as the best among the four due to the sesquiterpene content of
its essential oil which included compounds such as spathulenol, D-cadinene, caryophyllene, etc. [69].
Identification of a novel sesquiterpene with the ability to activate caspase 7 in this study thus adds to
the arsenal of new biomolecules being discovered in the fight against cancer.
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This study shows that caspase-dependent apoptosis is the mechanism of cell death induced by
the dichloromethane fraction of T. mascatense and perhaps its active component IM60. Apoptosis as a
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mechanism of cell death has been observed in other plant-derived anticancer compounds as well [7,48].
Most of them induce cell death that may be intrinsic or extrinsic, and caspase and/or p53-dependent or
independent. Levitsky and Dembitsky recently analyzed the effect of a large number of plant extracts
on breast cancer cells, and observed apoptosis to be one of the most common mechanisms of inducing
cell death [7]. For example, genistein was found to induce apoptosis in MCF 7 and T47D breast cancer
cell lines. Similarly, oleuropein aglycone found in extra virgin olive oil increased apoptotic cell death
by factors of 1.5, 2.5, and 4 in MCF-5, MCF 7/HER, and SK-Br3 cells, respectively. Even “anticancer
diets” and crude preparations from a large variety of vegetables have shown to induce apoptosis in
breast cancer cell lines. In a study performed on MCF-7 and MDA-MB-231, the cells were pretreated
for 72 h with increasing concentrations of Brassica olearacea juice, and results suggested that presence of
active compounds from cabbage juices activated both apoptosis and necrotic pathway in the breast
cancer cells. Similarly, pro-apoptotic effects of green tea extracts and tea catechins have also been
reported in tumor cells, both in vitro and in vivo [7,48].

Our preliminary data suggests that TMDF may have the potential to induce autophagy (data not
shown), an important cell survival process that is being implicated as a mechanism that prevents
neoplastic transformation of cells as well [70,71]. Due to the crude nature of the extracts/fractions
tested in this study, it remains to be determined what other cell death pathways can be induced by
TMDF and other extract/fractions of T. mascatense to understand the full anticancer potential of this
plant species.

In this study, we used a cancer cell line model system to study the anticancer potential of our
extracts/fractions. Although breast cancer cell lines, in general, are considered to be crude models of
the disease as they may not be able to capture the intra- and inter- tumor heterogeneities [72,73], the fact
that MCF-7 and MDA-MB-231 cell lines that were used in our analysis, along with T47D, account for
more than two-thirds of cell lines used in preclinical studies analyzing breast cancer drugs [73], renders
our analysis to be state-of-the-art.

Large-scale screening of plant extracts for anticancer potential has mostly not been very
encouraging. In a study of more than 1000 aqueous and organic extracts from 351 species of Brazilian
rain forests, only 11 extracts showed any cytotoxicity in MCF-7 cells at a dose of 0.1 mg/mL [74].
An 8-year study of 7500 South African plant extracts found a total of only 50 active extracts when
screened against 60 cell lines; none of them was found to be potent in MCF-7, with only 20 presenting
moderate inhibiting activity [75]. One reason why they may have missed detecting such activities
could be the timing and dosage of the screening. Despite such discouraging data from large-scale
analysis, there is reason to believe that concerted, meticulous efforts in the testing of crude plant
extracts in a dose and time-dependent manner can lead to identification of active compounds and
reveal cellular mechanisms involved in their anticancer potential, as observed in our study.

4. Materials and Methods

4.1. Extraction and Isolation of Plant Material

T. mascatense Boiss (Lamiaceae) was collected in June 2013 from the mountains of Al-Jabel
Al-Akhdar, Oman. The collection, identification, and extract preparation of the plant has been
described previously [41]. A voucher specimen was deposited with the Herbarium of the University
of Nizwa, Oman. Briefly, the crude methanolic extract of the whole plant of T. mascatense (TMME)
was partitioned into five different fractions by solvent-solvent partition with increasing polarity,
starting with n-hexane (TMHF), dichloromethane (TMDF), a more stable and safer substitute of
chloroform with less genotoxic effects [63], ethyl acetate (TMEF), n-butane (TMBF), followed by water
(TMAF) [41] (Figure 10). IM60 was isolated from the dichloromethane fraction of the crude methanolic
extract of T. mascatense [57] (Figure 10).
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Figure 10. Schematic illustration of the extraction strategy used and isolation of the various fractions
and IM60 from the methanolic extract. TMDF and IM60 are highlighted in red as they were the ones
characterized in this study in more depth.

To study the anti-proliferative potential of the various extract/fractions of T. mascatense, TMME
and four of its fractions, TMHF, TMDF, TMEF, TMBF were solubilized in dimethyl sulfoxide (DMSO),
while TMAF was solubilized in water to prepare stock solutions at 50 mg/mL (some at lower
concentrations due to solubility issues). The stock solutions were stored at −20 ◦C till the proliferation
assays were performed in different cell lines. A compound from T. mascatense, IM60, was isolated [57]
and tested for its effect on cell proliferation by dissolving it in DMSO. Using the stock solutions of
TMME and its fractions, different dilutions were prepared at twice the final concentration (50, 100, 250,
and 500 µg/mL), depending upon the cell line used. A final volume of 100 µL of extract/fractions was
added to cells plated in 100 µL media on the day of treatment.

4.2. Cell Lines and Culture Medium

Human breast cancer cell lines, MCF-7 (an estrogen and progesterone receptor positive, hormone
responsive cell line [43]) and MDA-MB-231 (a triple receptor negative cell line [46]) were cultured
in Dulbecco’s Modified Eagles Medium (DMEM)/high glucose medium, supplemented with 10%
fetal bovine serum (FBS), 10,000 units/mL penicillin/streptomycin (Pen/Strep), and 50 µg/mL
gentamicin, while the human cervical cancer cell line, HeLa [44] was grown in DMEM/high glucose
medium supplemented with 7% fetal calf serum (FCS), 10,000 units/mL Pen/Strep, and gentamicin
(all reagents by HyClone Laboratories, Inc., Logan, UT, USA). The normal breast cancer epithelial
cell line, MCF-10A [45] was cultured in DMEM/F12 medium (DMEM/Hams nutrient mixture) and
5% horse serum supplemented with 10,000 units/mL of Pen/Strep, 10 µg/mL insulin, 20 ng/mL
epidermal growth factor (EGF), 0.5 mg/mL hydrocortisone, and 100 ng/mL cholera toxin (all reagents

75



Molecules 2019, 24, 977

by Sigma-Aldrich, St. Louis, MO, USA). The cell lines were maintained at 37 ◦C in a 5% CO2

humidified incubator.

4.3. MTT Cell Proliferation Assay

The cytotoxic effect of the extract/fractions was determined using the [3-(4,5-dimethylthiazol-2-yl)
-2-5-diphenyltetrazolium bromide] (MTT) colorimetric method [76]. A dose- and time-dependent
analysis of the MTT assay was carried out for all the extract/fractions on specified cell lines.
Briefly, cells were cultured in 96-well plates at a density of 5000 cells/well/100 µL media. The cell
number was determined empirically after testing the proliferative capacity of MCF-7 and HeLa cells in
MTT assays using increasing numbers of cells. Using this data, a cell number range was used which
provided a linear signal for either MCF-7 or HeLa cell lines.

For the MTT assay, 24 h after plating, the cells were treated with 100 µL of different concentrations
of T. mascatense extract/fractions dissolved in DMSO, DMSO alone diluted in media to the same
concentration as the extract/fractions (DMSO control), or culture media alone for various time points.
To measure proliferation in each well, 25 µL of an MTT stock solution (5 mg/mL) was added, and the
plates were incubated for 3–4 h in an incubator (at 37 ◦C). This was followed by decanting the culture
media from the plates, dissolving the formazan crystals formed with 200 µL of DMSO, and measuring
the absorbance at 560 nm using a plate reader. Cell viability was measured as the percentage of
cells treated with DMSO alone, using same concentrations of DMSO that were used to dissolve the
extract/fractions (0.2–1%). The IC50 values for all the cell lines were calculated using the non-linear
regression method of GraphPad Prism 7.4 software (GraphPad Software, San Diego, CA, USA) for the
72-h DMSO-normalized time points or the 24-h time point for IM60.

4.4. Cell Titer-GLO Cell Viability and Caspase-GLO 3/7, 8 & 9 Luminescent Assays

MCF-7 cells were seeded at a density of 5000 cells/well/100 µL in opaque white 96-well plates
for tissue culture (Thermo Fisher Scientific, Waltham, MA, USA). After 24 h, cell culture was treated
in triplicates with different extract/fractions concentrations or IM60 (in a 50 µL volume) at 37 ◦C.
Cell viability was measured after 48 h using the Cell Titer-GLO Luminescent Cell Viability Assay or the
Promega Caspase 3/7, 8 & 9 GLO Assays (Promega Corporation, Fitchburg, WI, USA), according to
the manufacturer’s directions. Luminescence was measured using the Infinite M200 Pro Tecan plate
reader. Data were plotted as percent cell viability of treated groups compared to DMSO-treated cells,
the viability of which was taken as 100%. The experiments with TMDF were performed 2 times with
each sample tested in triplicates.

4.5. Morphological Studies

To determine morphological changes, cell cultures treated with various concentrations of TMDF
or IM60 at different time-points and observed under an inverted light microscope attached to a charged
couple device (CCD) camera or the EVOS Cell Imaging System (Thermo Fisher Scientific, Waltham,
MA, USA). A comparison was performed between the treated cells and untreated cells or cells treated
with similar DMSO concentrations.

4.6. Western Blot Analysis

Western blotting of protein lysates was performed to determine the mechanism of cell death of
TMDF. The harvested cells treated with various concentrations of TMDF, DMSO, or untreated cells were
washed with 1x phosphate-buffered saline (PBS) and lysed using 100 µL of radioimmunoprecipitation
assay buffer (RIPA) lysis buffer (10 mM Tris-Cl [pH 8.0], 1 mM ethylenediaminetetraacetic acid (EDTA),
1% Triton X-100, 0.1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), and 140 mM NaCl) per
million cells supplemented with 50 µL of β-mercaptoethanol/mL RIPA and 1 mM of the serine protease
inhibitor, phenylmethyl sulfonyl fluoride (PMSF). The lysed cells were spun at 14,000 rpm for 10 min at
4 ◦C to separate the nuclei, and the supernatants containing the cell extract either used immediately
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or stored at −80 ◦C. The quantification of the proteins in the cellular extracts was performed using
the Bradford colorimetric assay (Bio-Rad Life Sciences, Hercules, CA, USA) as per manufacturer’s
instruction. Total cellular protein lysates (40 µg per lane) were loaded onto 8–12% SDS-polyacrylamide
mini gels and blotted onto Protran nitrocellulose membranes (Whatman plc-GE Healthcare, Kent,
UK) using standard protocol. The membranes were blocked with 5% low fat dried milk in 1× PBS
and 0.1% Tween-20 (PBST) for 1 h and incubated at 4 ◦C overnight with 1:1000 dilution of various
primary antibodies from Cell Signaling Technology (Danvers, MA, USA) against poly (ADP-ribose)
polymerase (PARP), caspase 7, caspase 8, and caspase 9, or actin (Sigma-Aldrich, St. Louis, MO, USA)
in 1% milk-PBST. The blots were then incubated with the appropriate secondary antibodies (anti-mouse
or anti-rabbit) for 1 h and 30 min at room temperature, followed by detection using the Pierce™ ECL
Plus Western Blotting Substrate (Thermo Fisher Scientific, Waltham, MA, USA). The chemiluminescent
signal was captured using Typhoon FLA 9500 (GE Healthcare, Chicago, IL, USA).

4.7. Annexin V/Propidium Iodide Staining

Early events of apoptosis induction were studied using the classical Annexin V/PI staining
assay employing flow cytometry. MCF-7 cells were treated with media alone, DMSO, or either 125 or
250 µg/mL of TMDF for six hours in duplicates. To inhibit apoptosis, cells were pretreated with
20 µM of Z-VAD-FMK (Promega Corporation, Fitchburg, WI, USA) before treatment with TMDF.
Following treatment, cells were harvested with Accutase (Sigma-Aldrich, St. Louis, MO, USA),
a trypsin substitute, and processed for flow cytometry using the Annexin V/PI kit from Becton
Dickenson (Franklin Lakes, NJ, USA) as per manufacturer’s instructions.

4.8. Statistical Analysis

Statistical analysis was performed using Microsoft Excel (Microsoft, Redmond, WA, USA) or
GraphPad Prism version 5 (GraphPad Software, San Diego, CA, USA) or higher software. For each
sample, averages were calculated in replicates of three or more, along with their standard deviations
(plotted as error bars on the column graphs). Significance of variation between any two groups was
assessed using paired, two-tailed student’s t-test (* p < 0.05; ** p < 0.01 but >0.001; *** p < 0.001).
Since a specific DMSO control was used for each tested extract/fraction, the dose- and time-dependent
GraphPad figures were created by normalizing the values obtained for the test groups against their
specific DMSO control.

5. Conclusions

This study characterized the anticancer potential of T. mascatense which resulted in the
identification of a potential lead anticancer compound. We found that various organic extract/fractions
of T. mascatense, especially TMDF, could induce cell death in breast cancer and cervical cell lines. In the
breast cancer cells, the cell death was primarily caused by the induction of apoptosis, providing
evidence to test its effectiveness and anti-proliferative activity in animal models. Furthermore, a lead
sesquiterpene, IM60, was identified from TMDF with the potential to induce cell death in breast cancer
cells. It would be valuable to characterize this compound experimentally further (or its derivatives) for
its mode of action and conduct in silico docking analysis for breast cancer receptors to determine if it
can be specifically targeted against breast cancer cells that are responsive to hormone treatment.
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Abstract: Maslinic acid triggers compelling antiproliferative and pro-apoptotic effects in different
human cancer cell lines. Hence, the chemopreventive activity was investigated on early stages of
carcinogenesis induced by 1,2-dimethylhydrazine (DMH) which is a model that mimics human
sporadic colorectal cancer. Male Sprague-Dawley rats were orally administered either maslinic acid
at 5, 10 or 25 mg/kg dissolved in (2-hydroxypropyl)-β-cyclodextrin 20% (w/v) or the solvent for
49 days. After one week of treatment, animals received three weekly intraperitoneal injections of
DMH at the dose of 20 mg/kg. Maslinic acid reduced the preneoplastic biomarkers, aberrant crypt
foci (ACF) and mucin-depleted foci (MDF), already at 5 mg/kg in a 15% and 27%, respectively.
The decline was significant at 25 mg/kg with decreases of 33% and 51%, respectively. Correlation
analysis showed a significant association between the concentrations of maslinic acid found in the
colon and the reduction of ACF (r = 0.999, p = 0.019) and MDF (r = 0.997, p = 0.049). The present
findings demonstrate that maslinic acid induced an inhibition of the initiation stages of carcinogenesis.
The assessment of this pentacyclic triterpene at the colon sheds light for designing diets with foods
rich in maslinic acid to exert a chemopreventive activity in colorectal cancer.

Keywords: aberrant crypt foci; colon cancer; mucin depleted foci; maslinic acid; dimethylhydrazine

1. Introduction

Colorectal cancer (CRC) is one of the most frequent malignancies in the world, ranking third in
incidence and second in mortality in both genders [1]. Epidemiological studies support that lifestyle
along with nutritional interventions can prevent CRC and that Mediterranean diet is associated with
a lower prevalence of this disease in humans of all races [2–4]. This eating pattern is characterized
by a high consumption of fruits, vegetables and legumes that provides a plethora of bioactive
compounds with antitumoral activity [2–4]. Among them, stand out resveratrol contained in grapes [5],
sulforaphane in cruciferous vegetables [6] or luteolin in celery and parsley [7]. Hence, chemoprevention
with natural compounds is currently proposed as a dietary strategy for the control and constraint of
carcinogenesis [8]. Therefore, here we focus our attention on maslinic acid, also known as crategolic
acid or 2α,3β-dihydroxyolean-12-en-28-oic acid (Figure 1) with molecular weight of 472.7 g/mol.
This phytochemical belongs to the group of pentacyclic triterpenes and is broadly distributed in
nature, being found in different foods such as olives, spinaches, eggplants, chickpeas, lentils, kiwi and
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pomegranates as well as in plants used in traditional Asian medicine for the treatment of different
affections [9]. In this sense, the leaves of banaba or Lagerstroemia speciosa L. have been used for the
treatment of diabetes, Crataegus monogyna L. commonly known as hawthorn, constitute a remedy
for cardiovascular diseases, and the leaves of loquat or Eriobotrya japonica L. have been employed as
antitussive and anti-inflammatory for chronic bronchitis [9].

Figure 1. Chemical structure of maslinic acid.

Maslinic acid is gaining interest due to its lack of harmful effects [10] together with its multiple
beneficial activity on health, essentially antidiabetic, antioxidant, anti-inflammatory, cardioprotective,
neuroprotective and antitumoral [9]. Among them, it its chemopreventive activity in the human colon
adenocarcinoma cell lines HT29 and Caco-2 cells [11–13] is worth mentioning. Moreover, it was also
demonstrated that after the oral administration of maslinic acid, high concentrations were found in the
colon due to its low bioavailability [14]. Taking together these results, they suggest that the distal part
of the intestine could be a target organ where maslinic acid can exert its beneficial effects.

Although the promising activities demonstrated in vitro, the antitumoral action in colon cancer
in vivo has only been evaluated in male ApcMin/+ mice which is a genetic model that mimics the
familial cancers such as human familial adenomatous polyposis (FAP) and hereditary non-polyposis
colon cancer. Results indicated that maslinic acid at 100 mg/kg of diet suppressed polyp formation
by a 54% [15]. However, the most common cancer is the non-familial colorectal type, which occurs
sporadically and can be induced in animal models with the use of carcinogens [16]. Therefore,
the chemopreventive effect of maslinic acid was investigated on colonic preneoplastic lesions induced
by the administration of 1,2-dimethylhydrazine (DMH) in rats. To that end, maslinic acid was
administered at 5, 10 and 25 mg/kg, being the lower dose easily attained following a Mediterranean
dietary pattern. Maslinic acid efficacy was assessed in terms of appearance of aberrant crypt foci
(ACF) that were determined as biomarker of cancer risk and mucin depleted foci (MDF) measured
as biomarker of dysplasia since they harbor characteristics comparable to microadenomas [17].
The reduction of these preneoplastic biomarkers by the phytochemical will confirm its action in vivo.
In addition, the relationship between the colonic concentrations of maslinic acid and the occurrence
of ACF and MDF were assessed. For that purpose, maslinic acid was quantified in the colon content
by LC-APCI-MS analysis and established the correlation between its concentrations in the colon and
the reduction of preneoplastic biomarkers. The results provide new insights not only on the maslinic
effects on gut health but also a thorough basis to allow a dietary recommendation of the intake of
foods with a high content of this pentacyclic triterpene.

2. Results

2.1. Body Weight, Food and Water Consumption, and Food Conversion Efficiency

Careful observation of the animals during the experimental period showed no mortality or
adverse effects. The consistency of stools was pelleted and firm, with no visible differences throughout
the seven groups.
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Body weight was not affected by the three consecutive intraperitoneal injections of DMH
compared to the controls. Moreover, the daily oral administration of maslinic acid at the doses
of 5, 10 or 25 mg/kg for 49 days did not modify body weight with respect to the control groups
(Figure 2).

Figure 2. Body weight of Sprague-Dawley rats (A) that did not receive the carcinogen and were orally
administered with solvent or maslinic acid at 5 or 10 mg/kg, whereas (B) displays the groups that
received 1,2-dimethylhydrazine (DMH) once a week for three weeks long with solvent or maslinic acid
at 5, 10 or 25 mg/kg. Results are expressed as mean ± standard error of the mean (SEM) (n = 6–8) and
were analyzed by two-way ANOVA, followed by Tukey’s multiple comparisons test. No significant
differences (p > 0.05) were found between groups submitted at the different treatments.

The seven groups did not differ in food and water consumption (data not shown). Figure 3
displays the food conversion efficiency (FCE) that showed the same pattern in all experimental groups.
FCE was highest during the first week, decreased during the second and third week, and remained
constant thereafter, with no significant differences between groups.

Figure 3. Food conversion efficiency of Sprague-Dawley rats (A) that were not intraperitoneally injected
with the carcinogen and were orally administered with solvent or maslinic acid at 5 or 10 mg/kg,
whereas (B) depicts the groups that received DMH once a week for three weeks along with solvent or
maslinic acid at 5, 10 or 25 mg/kg. Results are expressed as mean ± SEM (n = 6–8) and were analyzed
by two-way ANOVA, followed by Tukey’s multiple comparisons test. No significant differences
(p > 0.05) were found between groups at the different treatments. Differences over time: DMH−/MA−,
DMH−/MA 10, DMH+/MA10, 7 d = 14 d > 21 d = 28 d = 35 d = 42 d = 49 d; DMH+/MA−; DMH−/MA
5, DMH+/MA5, DMH+/MA25, 7 d > 14 d > 21 d = 28 d = 35 d = 42 d = 49 d.

2.2. Aberrant Crypt Foci

The colon mucosa of rats in the three DMH—groups, namely, intraperitoneally injected with
EDTA 1 mmol/L (pH 6.5) and orally administered with either (2-hydroxypropyl)-β-cyclodextrin 20%
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(w/v) or 5 and 10 mg/kg of maslinic acid did not show any microscopically observable alterations
compatible with the presence of ACF. Given that no preneoplastic lesions were found in the three
groups that were injected with saline solution (Figure 4A), all subsequent analysis were restricted to
the four groups that received DMH and developed ACF (Figure 4B–D).

Figure 4. Aberrant crypt foci (ACF) observed under a light microscope after staining of the colon with
methylene blue (magnification of ×10). The images show the whole mount colon of animals in (A) the
negative control (DMH−/MA−) and the positive control (DMH−/MA+) showing a topographic view
of ACF indicated by a white arrow, with one (B), two (C) or three crypts (D). The effects of maslinic
acid at the doses of 0, 5, 10 and 25 mg/kg on the number of ACF in (E) total colon; (F) colonic segments
and (G) number of crypt per focus in total colon. Results are expressed as mean ± SEM and were
analyzed by the non-parametric Kruskal–Wallis test, followed by Dunn’s multiple comparisons test,
n = 6–8. Asterisks indicate different from the control group: * p < 0.05.

The number of preneoplastic lesions in colon was higher in the DMH+/MA− group (224 ± 37
ACF), than in the maslinic acid treated animals. This pentacyclic triterpene reduced the lesions to
189 ± 40 (p > 0.05), 184 ± 38 (p > 0.05) and 150 ± 43 (p < 0.05), at the doses of 5, 10 and 25 mg/kg,
respectively (Figure 4E). ACF followed a regional distribution along the colon that was similar in all
groups. In the positive control, ACF were practically absent in the proximal segment, increased to
127.1 ± 12.4 in the medial segment and were 98.4 ± 6.32 in the distal part (Figure 4F). Maslinic acid
diminished the formation of ACF at the three doses evaluated, being 25 mg/kg the most effective
one with a count of 92.3 ± 12.1 in the medial (p > 0.05) and 54.5 ± 5.1 in the distal segments (p < 0.05).
Noteworthy, at the three doses evaluated maslinic acid was more active in inhibiting ACF in the distal
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parts of the colon, with reductions of 25% (p > 0.05), 22% (p > 0.05) and 42% (p < 0.05) at 5, 10 and
25 mg/kg, respectively.

The number of AC in each focus or crypt multiplicity was also determined (Figure 4G). In the
DMH+/MA− group, most of the lesions were formed by a single crypt (42%), followed by the
number of foci containing 2 crypts (32%), while thereafter, the foci comprising 3, 4 and ≥5 crypts were
progressively lower, appearing at a 15%, 7% and 4%, respectively. A similar distribution was observed
in the treated groups, in which maslinic acid reduced the number of lesions (Figure 4G). The effect
exerted in the foci with higher number of crypts, since those with 2 crypts decreased in a 31% (p < 0.05)
and 39% (p < 0.05) at the doses of 10 and 25 mg/kg, respectively. This pattern was also repeated at the
foci with 3 crypts that dropped in a 27% (p > 0.05) and 43% (p < 0.05) at 10 and 25 mg/kg, respectively.
Remarkable is that maslinic acid also induced a significant decrease in the foci with 4 and ≥5 crypts
at the dose of 25 mg/kg since these lesions were reduced in a 56% (p < 0.05) and 54%, respectively
(p < 0.05).

Aberrant crypts (AC) in the colon of the animals that were injected intraperitoneally with DMH
but did not receive maslinic acid were 445 ± 36. The oral administration of this compound reduced
AC to 388 ± 31 (p > 0.05), 341 ± 42 (p > 0.05) and 258 ± 42 (p < 0.01), at the doses of 5, 10 and
25 mg/kg, respectively.

2.3. Mucin-Depleted Foci

The oral administration of maslinic acid prevented the formation of dysplastic lesions or MDF
which are aberrant crypts characterized by the loss of mucin production (Figure 5C,E). While in
the DMH+/MA− group the number of MDF was 45.3 ± 4.0, the incidence decreased to 32.9 ± 6.6
(p > 0.05), 30.4 ± 8.5 (p > 0.05) and 22.3 ± 7.8 (p < 0.05), in the groups treated with 5, 10 and 25 mg/kg,
respectively (Figure 5F). The depletion of mucins in aberrant crypts followed the same regional
distribution observed for ACF (Figure 5G). Maslinic acid groups had fewer MDF than the DMH group,
with the highest efficiency at the dose of 25 mg/kg.

The incidence of crypt multiplicity for 1, 2 and 3 crypts per focus was markedly lower in the
maslinic acid groups than in the DMH+/MA− group (Figure 5H). Total mucin depleted crypts in the
DMH+/MA− group were 105.4 ± 7.3, that were reduced to 78.1 ± 16.7 (p > 0.05), 61.2 ± 17.0 (p > 0.05)
and 49.5 ± 18.1 (p < 0.05), in the groups that were orally administered with the doses of 5, 10 and
25 mg/kg of maslinic acid. Therefore, this bioactive compound was able to decrease the number of
dysplastic mucin depleted aberrant crypts (MDAC) in colon by 26%, 42% and 53%, at the doses of 5,
10 and 25 mg/kg of maslinic acid.

2.4. Determination of AST and ALT

The hepatic enzymes were determined in order to assess the safety of experimental animals.
Therefore, AST and ALT were analyzed in the three representative groups: the control rats, that did
not receive neither the treatment, nor maslinic acid (DMH−/MA−), the animals challenged with the
carcinogen that only received the solvent (DMH+/MA−), and the ones administered with the highest
dose of maslinic acid at 25 mg/kg (DMH+/MA 25). The results obtained for AST and ALT indicate
that the hepatic integrity of the animals is maintained throughout the experiment, since no significant
differences were observed between groups (Table 1).
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Figure 5. Mucin depleted foci (MDF) assessed after dying the colon with high-iron diamine/alcian
blue/neutral red staining (HID-AB) and analyzed under a light microscope (magnification of ×10).
Topographic features of the colonic epithelium of animals in (A) the negative control (DMH−/MA−)
and the positive control (DMH+/MA−) displaying ACF with one (B) or two (D) crypts and MDF with
one (C) or two crypts (E). The effects of maslinic acid at the doses of 0, 5, 10 and 25 mg/kg on the
number of MDF in (F) total colon; (G) colonic segments and (H) number of crypt devoid of mucin per
focus in total colon. Results are expressed as mean ± SEM and were analyzed by the non-parametric
Kruskal–Wallis test, followed by Dunn’s multiple comparisons test, n = 6–8. Asterisks indicate different
from the control group: * p < 0.05.

Table 1. Hepatic enzymes in animals in the negative control group, positive control group and injected
with DMH and MA at 25 mg/kg treatment group 1.

DMH−/MA− DMH+/MA− DMH+/MA 25

AST, UI/L 161 ± 20
(n = 8)

172 ± 30
(n = 8)

178 ± 15
(n = 6)

ALT, UI/L 54.8 ± 2.7
(n = 8)

53.5 ± 3.9
(n = 8)

54.1 ± 2.8
(n = 6)

1 Values are means ± SEM and were evaluated with one-way ANOVA and Bonferroni’s multiple comparisons test.
No significant differences (p > 0.05) were observed between groups.

2.5. Quantification of Maslinic Acid in Colon Content

Figure 6 depicts the typical chromatograms of the colon content from rats challenged with DMH
that received the solvent or maslinic acid at the dose of 10 mg/kg for 49 days obtained between 18 and
20 h after the last oral administration.
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Figure 6. Representative liquid chromatography-mass spectrometry (LC-MS) chromatograms obtained
in single ion monitoring (SIM) acquisition mode at m/z 471.3 of the colon content of (A) a rat from the
DMH+/MA− group and (B) an animal from the DMH+/MA 10 mg/kg group.

The colon content of the rats in the DMH+/MA− group did not show any maslinic acid, whereas
the animals orally administered with the pentacyclic triterpene showed a peak at 11.5 min that eluted
free from other interfering peaks, thus indicating the selectivity of the analytical method.

Maslinic acid was found in the colon content achieving concentrations of 18.4 ± 2.7 nmol/g;
90.7 ± 36.9 nmol/g and 453.6 ± 114.3 nmol/g in animals that received 5, 10 and 25 mg/kg (n = 6),
respectively. The DMH+/MA− group was also analyzed, and no maslinic acid was found in any
sample (Figure 7).

Figure 7. Concentrations of maslinic acid in the colon content of DMH-injected rats obtained 24 h after
the last oral administration of the pentacyclic triterpene at the doses of 0, 5, 10 and 25 mg/kg after
49 days of treatment. Results are expressed as mean + SEM and were evaluated with one-way ANOVA
and Bonferroni’s multiple comparisons test, n = 6–8. Asterisks indicate differences between doses:
** p < 0.01.

The possible effect of DMH treatment on the concentrations of the pentacyclic triterpene that
reached the colon was evaluated. Therefore, the content of the rats in the group that was not
injected with the carcinogen but was orally administered throughout the experimental period with the
pentacyclic triterpene at the doses of 10 mg/kg was analyzed. The concentration of maslinic acid in
the colon was 86.4 ± 7.6 nmol/g (n = 6), which did not differ from the 90.7 ± 36.9 nmol/g achieved in
the DMH+/MA 10 mg/kg group (p > 0.05). Given that DMH treatment did not modify the amounts
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of maslinic acid reaching the colon, the animals in the DMH−/MA 5 mg/kg were not included in
the analysis.

2.6. Correlation between the Reductions of Preneoplastic Markers and Concentrations in the Colonic Content

The concentrations of maslinic acid found in the colon content were determined to establish
a correlation between the biological effects observed in the colon and the amounts of the bioactive
compound in the site of action (Figure 8). The percentage of reduction of both, ACF and MDF versus the
amount of maslinic acid in the colon content showed a strong uphill linear relationship with Pearson’s
correlation coefficients higher than 0.99. The activity of maslinic acid in reducing preneoplastic lesions
was parallel in the three doses studied but the effect of this pentacyclic triterpene was approximately
1.8-folds higher on reducing MDF than ACF.

Figure 8. Pearson correlations of the reductions of aberrant crypt foci (ACF) and mucin depleted foci
(MDF) versus concentrations of maslinic acid in the colonic content. Values are represented as means
± SEM. Horizontal bars are the SEM of the concentrations of maslinic acid in the colon (n = 6 for each
dose). Vertical bars represent the SEM of the percentage of reduction of ACF (n = 6 for each dose) or
MDF (n = 6 for each dose).

3. Discussion

The effect of maslinic acid was evaluated in rats in a short-term assay in which precancerous
lesions were induced by DMH. This animal model is one of the most frequently used for the study
of chemopreventive agents since develops morphological and histological features similar to those
observed in CRC, which is sporadic and the most common in humans [18]. DMH is an alkylating
agent that produce free radicals that bind to DNA and cause mutations [16], specifically in the large
intestine upon subcutaneous or intraperitoneal administration in a dose dependent manner [16,18].
The mechanisms postulated to cause these preneoplastic lesions were the accumulation of mutations
that drive tumor initiation and then progression [19]. The carcinogen DMH cause mutations in the
DNA affecting different genes. Between them, K-ras mutations were found to be frequent (between
20–40%) in the first step of CRC process, where ACF are hyperplastic. The mutation of this oncogene
encode an intracellular signaling molecule that activate Ras and its down-stream signaling pathways,
such as the Raf/MEK/MAPK and PI3K/Akt/PKB [17,20]. In addition, mutations of the β-catenin
gene have been described in dysplastic MDF, being the activation of Wnt signaling by accumulation
of β-catenin a major mechanism in the DMH-induced colon carcinogenesis model that leads to cell
proliferation [21]. Mutations of K-ras and β-catenin may be involved in the up-regulation of NF-κB,
cyclin D1, COX-2 and iNOS causing an increase in cell proliferation and a decrease of apoptosis [22].

The experimental design used in the present study consisted on three subcutaneous injections
of DMH followed by an observation period of 4 weeks, resulted in the formation of preneoplastic
lesions, including aberrant crypt foci (ACF) and mucin-depleted foci (MDF) [5]. ACF not only appears
in murine animal models induced with carcinogens but also have been described in humans suffering
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from CRC and FAP [23]. ACF are the first lesions in the development of CRC and show a marked
hyperplasia. MDF constitute a more advanced stage than ACF and are characterized by a scarce or
absent production of mucins secreted by goblet cells, and exhibit dysplasia [18]. These crypts devoid of
mucins have been identified in the colon of humans at high risk of cancer and are considered a hallmark
of malignant potential [17]. ACF and MDF are considered as biomarkers of colon carcinogenesis and
are used to evaluate the chemopreventive potential of bioactive compounds [24].

Interestingly, the administration of the carcinogen produced preneoplastic lesions in our murine
model without any signs of toxicity confirming previous results [5]. When the chemopreventive
agent, maslinic acid, was also tested, no adverse effects were observed. Body weight, food conversion
efficiency and hepatic enzymes were affected neither by treatment with DMH nor by maslinic acid.
These results are consistent with the lack of toxicity reported for this pentacyclic triterpene in different
animal species [10,25,26] and humans [27].

In our study, the number of ACF and MDF developed in the positive control rats (DMH+/MA−)
was in agreement with the results obtained previously in our group [5] as well as by other
authors [18,24,28]. Our findings were also consistent in their distribution along the colon, mostly in
the middle and distal segments [18,24,28]. Once the model was established, it was applied to the
evaluation of the chemopreventive activity of maslinic acid. Our results indicate that this pentacyclic
triterpene exerted a protective activity since ACF in total colon were reduced in a 15%, 18% and 33% at
the doses of 5, 10 and 25 mg/kg, respectively. Multiplicity was also affected by maslinic acid, with a
significant shortcut in the number of focus with 1, 2, 3, 4 and ≥5 crypts at the dose of 25 mg/kg. MDF
were markedly lower in the treated groups, with a reduction of 27% at the lower dose of 5 mg/kg
that increased to 51% at 25 mg/kg. Moreover, this compound exerted a halt in the multiplicity of
MDF, since the count of focus with 1, 2, 3 and 4 crypts were decreased with respect to the positive
control. Taken together our results found in both, ACF and MDF, there is an unequivocal evidence of
the chemopreventive potential of maslinic acid in the initiation phase of CRC.

To the best of our knowledge, this is the first report to demonstrate the potential of maslinic acid
to reduce DMH-induced ACF and MDF. This murine model of CRC has been widely used to evaluate
the chemopreventive activity of other pentacyclic triterpenes such as oleanolic acid, ursolic acid and
glycyrrhizic acid, among others [22,29]. In this way, oleanolic acid, that only differs from maslinic
acid by the lack of a hydroxyl group at the 2-carbon position, reduced the number of ACF and crypt
multiplicity [30,31]. Similar results were found for both oleanolic acid and its positional isomer, ursolic
acid [32]. Moreover, glycyrrhizic acid supplementation reduced the number of ACF but not at the
significant level. However, MDF were significantly reduced by the treatment [33]. One of the plausible
effects of these compounds was the attenuation of the mucin depletion in DMH treated animals due
to the anti-inflammatory properties of these pentacyclic triterpenes [22]. In this sense, it has been
reported that maslinic acid acts as a suppressor of the pro-inflammatory pathway. This pentacyclic
triterpene has been described to inhibit the transcription factor NF-κB which has been involved in
the progression of inflammation linked to colon malignancies by down-regulating the expression of
iNOs, and COX-2 [34,35]. These key inflammatory molecules have been reported in mucin depleted
foci, thus indicating that detectable levels of local inflammation are present in the very early phases
of carcinogenesis [23]. Targeting inflammation by maslinic acid provides an important strategy for
cancer prevention, since abnormal expression of pro-inflammatory COX-2 have been thought to play
a crucial role in colorectal cancer development [22]. Activation of the Wnt/ β-catenin pathway and
the inflammation of the colonic mucosa, lead to the activation of transcription factors associated with
cell proliferation such as c-Myc, c-Jun and cyclin-D1 as well as to apoptosis such as Bcl-2, Bcl-xl and
p53 [22]. The effects exerted by maslinic acid on ACF and more important in the dysplastic MDF
indicates a chemopreventive activity on the initiation of colon carcinogenesis. The activity developed
in the early phases of carcinogenesis would reinforce those found in colorectal adenocarcinoma cell
lines HT-29 and Caco-2 cells. We have previously shown that maslinic acid is capable of inhibiting the
growth in HT29 cells and induced apoptosis by the intrinsic pathway, as evidenced by the generation
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of mitochondrial superoxide anions that served as a pro-apoptotic signal [36]. Subsequently, these
results were further confirmed involving the JNK-Bid signaling pathway via the activation of p53
prior to the activation of caspases [12]. However, in Caco-2 cells the pentacyclic triterpene induced
apoptosis through a death receptor-mediated apoptotic mechanism [13]. All these data suggest that
maslinic acid is able to suppress the activation of multiple CRC pathways to inhibit cell proliferation
and to induce apoptosis.

Another issue upon which our study sheds light is on setting up a relationship between the dose
of maslinic acid administered and the concentration of this compound reaching the colon. Hence,
this knowledge could help establish appropriate doses to produce chemopreventive effects. Our
results indicate that the concentrations facing the colonic mucosa 20 h after the last oral administration
were around 18, 90 and 450 nmol/g for the doses of 5, 10 and 25 mg/kg, respectively. These results
suggest that the doses administered can provide amounts associated with the anti-proliferative and
pro-apoptotic activities exerted in HT29 and Caco-2 cells that were within the range of 10 to 250 µM [36,
37]. The link between the amounts of maslinic acid at the target site and the reduction of preneoplastic
lesions was assessed by means of the Pearson’s correlation coefficient. Worth mentioning the fact that
maslinic acid inhibited the formation of the more advanced lesions, represented by MDF, revealing this
compound as an interesting molecule for the prevention of CRC. Among the factors related to CRC risk,
obesity, physical activity, inflammation and dietary habits have been suggested to play an important
role. A diet with a high intake of dietary fiber, vegetables and fruits has been associated not only with
a lower incidence of CRC onset [3,4] but also to improve the overall survival in patients with this
disease [38]. In the present study, maslinic acid at 5 mg/kg already exerted a chemopreventive activity,
and this low dose could be accomplished following a diet rich in foods containing a high amount
of this compound. Thus, the intake of one serving size (125 g) of cooked lentils [39], chickpeas [39],
eggplant [40], and spinaches [40] will supply 4.9, 7.7, 8.4 and 14.2 mg of maslinic acid, respectively. It is
especially remarkable the high content of this triterpene in table olives, since the intake of only 7 units
of the Kalamata variety will provide an amount greater than 10 mg of maslinic acid [41]. Therefore,
our results not only strengthen the evidence that the intake of maslinic acid protects against CRC, but
also could help to develop dietary recommendations of foods rich in this compound for the prevention
of this disease.

4. Materials and Methods

4.1. Chemicals and Reagents

Maslinic acid was provided by Dr. Parra from the University of Granada (Granada, Spain).
The triterpene was obtained as a pure (>95%) white powder after extraction of the olive pomace with
ethyl acetate and further purification by two-step flash chromatography [14]. Betulinic acid, which
was used as internal standard (I.S.), was supplied by Extrasynthèse (Genay, France). Ethyl acetate and
methanol were from J.T. Baker (Deventer, The Netherlands), whereas acetonitrile was from Scharlau
Chemie S.A. (Barcelona, Spain), being all of them LC-MS grade. (2-Hydroxypropyl)-β-cyclodextrin and
10% buffered formalin (pH 7.4) were provided by Sigma-Aldrich S.L. (Tres Cantos, Madrid, Spain). All
other chemicals used in the preparation of solutions were of analytical reagent grade. Ultrapure water
was obtained by purification through a Milli-Q®Gradient system (Merck Milliore, Madrid, Spain).

4.2. Animals and Diets

Adult male rats (7–8 weeks old) of the Sprague-Dawley strain were obtained from the Animal
House Facility of the Facultat de Farmàcia i Ciències de l’Alimentació (Universitat de Barcelona).
Animals were housed in cages (n = 2-3/cage) and maintained in a controlled environment with a
dark-light cycle of 12 h, relative humidity between 40% and 70% and temperature of 22 ± 2 ◦C. Rats
had free access to both water and food (2014 Teklad Global 14%, Harlan, Barcelona, Spain). Maslinic
acid was not detected in the commercial diet analyzed following an extraction method previously
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described [14]. Animal manipulation was performed in the morning to avoid the effects of circadian
rhythms. All experimental procedures met the ethical requirements established by the Guide for
the Care and Use of Laboratory Animals and were approved by the Ethics Committee of Animal
Experimentation of the Universitat de Barcelona (CEEA-UB ref. 373/12) and the Generalitat de
Catalunya (ref. 6558).

4.3. Experimental Design

Rats were randomly distributed into seven groups: Group DMH-/MA- (negative control: no
carcinogen, no test agent; n = 8), Group DMH–/MA 5 (no carcinogen, 5 mg/kg of maslinic acid; n = 6),
Group DMH−/MA 10 (no carcinogen, 10 mg/kg of maslinic acid; n = 6), Group DMH+/MA− (positive
control: DMH, no test agent; n = 8), Group DMH+/MA 5 (DMH, 5 mg/kg of maslinic acid; n = 6),
Group DMH+/MA 10 (DMH, 10 mg/kg of maslinic acid; n = 6) and Group DMH+/MA 25 (DMH,
25 mg/kg of maslinic acid; n = 6). Maslinic acid was administered daily by oral gavage (10 mL/kg) at
doses of 5, 10 or 25 mg/kg over 49 days. Due to its low solubility in water, an aqueous solution of the
triterpene was obtained by means of (2-hydroxypropyl)-β-cyclodextrin 20% (w/v) [10]. This solution
was prepared weekly and kept at 4 ◦C. Rats in the groups DMH−/MA− and DMH+/MA− received
only the solvent. On days 8, 15 and 22 of the experimental period, the carcinogenic agent dissolved
in EDTA 1 mmol/L (pH 6.5) was administered at a dose of 20 mg/kg by intraperitoneal injections
(1 mL/kg). DMH doses were freshly prepared before each use. Animals in the three DMH– groups
were given an intraperitoneal injection of EDTA 1 mmol/L.

Body weight was recorded daily, and food and water consumption were monitored every two
days throughout the study. Food conversion efficiency (FCE) was calculated, as a percentage, dividing
the weekly body weight gain by the weekly food consumption.

4.4. Sample Collection

At the end of the experimental period, overnight fasted rats were anesthetized with ketamine and
xylacine (90 and 10 mg/kg, respectively), the abdomen was opened by a midline longitudinal incision
and the colon of each animal was resected. The intestinal lumen was rinsed with 5 mL of ice-cold
phosphate-buffered solution (PBS) to collect the intestinal content for the quantification of maslinic acid.
These samples were rapidly immersed in liquid N2 and stored at -20 ◦C until analysis. Subsequently,
colons were trimmed of mesenteric fat, cut open on the median axis and divided into three segments
of similar length: proximal (close to the caecum), medial and distal (close to the rectum). The length,
width and wet weight of each segment were recorded before being fixed flat onto a polystyrene board
and plunged in 10% buffered formalin pH 7,4 (Sigma Aldrich, S.L.) for at least 24 h.

4.5. Aberrant Crypt Foci

Once fixed, colon segments were stained with histological dyes for the identification and count of
preneoplastic lesions, namely aberrant crypt foci (ACF). For the evaluation of ACF, a modification of a
method previously described was used [42]. Briefly, colon segments were dyed with methylene blue
0.2% for 8 min (proximal) or 10 min (medial and distal). The excess of dye was removed by rinsing
the tissues with PBS and each segment was placed with the mucosal side up on a microscopic slide
prior to examination at the light microscope at magnification of ×10 (Leitz, Leica Microsistemas S.L.U.,
Barcelona, Spain). Lesions were characterized by a larger size (2–3 times that of normal surrounding
crypts), and by displaying a more intense stain, distortion of the opening of the lumen and elevation
above the surface of the mucosa [42]. For each animal, the number of foci of aberrant crypts (ACF)
were determined in the proximal, medial and distal segments, and were also expressed for the entire
colon. Multiplicity was assessed by counting the number of aberrant crypts (AC) forming each focus
(AC/ACF). Finally, the total AC in the entire colon were also calculated. The lesions were determined
by two independent observers who were blinded to the treatments.
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4.6. Mucin Depleted Foci

Following ACF count, colon segments were kept in PBS at 4 ◦C until being processed with the
high-iron diamine/Alcian blue/neutral red staining (HID-AB) for the observation of mucin production.
Tissues were rinsed with PBS prior to being immersed in the high-iron diamine solution for 18–24 h
protected from the light. Then, segments were washed in PBS prior to being stained with alcian blue
1% in acetic acid 3% for 5 min, then rinsed again, and stained for 2 min in neutral red 0.1% in acetic
acid 0.002%. Tissues were mounted on microscopic slides and examined under a light microscope
at magnification of ×20. The total number of mucin depleted foci (MDF), multiplicity expressed as
mucin-depleted aberrant crypts per aberrant focus (MDAC/MDF) and total mucin-depleted aberrant
crypts (MDAC) were assessed in the HID-AB stained colons [43]. MDF are characterized by absence or
little production of mucins, distortion of the opening of the lumen as compared with normal crypts,
and elevation of the lesion above the surface of the mucosa. As stated above, the scores were evaluated
by two independent observers blinded to the groups.

4.7. Determination of AST and ALT

Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were determined in
the following three representative groups: DMH−/MA− (no carcinogen, no test agent; n = 8),
DMH+/MA− (DMH, no test agent; n = 8) and DMH+/MA 25 (DMH, 25 mg/kg of maslinic acid;
n = 7). Hence, blood was collected from anesthetized rats by cardiac puncture and was transferred
into a tube without anticoagulant for the determination of hepatic enzymes. Serum was obtained
after centrifugation of blood samples at 1500× g (Megafuge 1.0R, Heraeus, Boadilla, Spain) for 15 min
at 4 ◦C. Analyses of serum were carried out with a Roche/Hitachi 747 clinical analyzer from Roche
Diagnostics GmbH (Mannheim, Germany).

4.8. Determination of Maslinic Acid in Colon Content

The concentration of maslinic acid in colon content was determined by liquid extraction prior to
LC-APCI-MS analysis as previously described [14]. The quantification was carried out in the groups
that were induced preneoplastic lesions and received maslinic acid at 0, 5, 10 and 25 mg/kg. To assess
whether DMH treatment could affect the oral bioavailability of maslinic acid, the colon contents of
the rats in the group that were not injected with the carcinogen but received 10 mg/kg of maslinic
acid were also analyzed. In all the groups, samples were obtained between 18–20 h after the last
oral administration.

4.9. Statistical Analysis

Results are presented as means ± standard error of the mean (SEM). GraphPad Prism 6 (GraphPad
Software, Inc., La Joya, CA, USA) was used for data evaluation and statistical analyses. Normality of the
data was evaluated by the Kolmogorov-Smirnov test, and depending on the significance a parametric
or non-parametric analysis was applied. Body weight and food conversion efficiency were compared
using a two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test.
The number of ACF, MDF in total colon, and segments as well as multiplicity of ACF and MDF were
analyzed by the non-parametric Kruskal–Wallis test, followed by Dunn’s multiple comparisons test.
AST and ALT in serum, as well as the concentration of maslinic acid in colon content were evaluated
with one-way ANOVA and Bonferroni’s multiple comparisons test. The correlations between the
percentage of reduction of ACF and MDF colonic content of maslinic acid were assessed by Pearson’s
correlation method, previous application of Kolmogorv-Smirnov test. For all tests, two levels of
significance were considered, p < 0.05 and p < 0.01.
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5. Conclusions

The results described here demonstrate that the daily ingestion of maslinic acid at doses as low
as 5 mg/kg reduces the formation of ACF and most importantly the dysplastic MDF lesions in a rat
model relevant to human colorectal carcinogenesis. Consequently, and based on the results, it is not
unreasonable to associate maslinic acid to the lower prevalence of CRC linked to a greater adherence
to a Mediterranean diet [1,2]. Therefore, this pentacyclic triterpene merits further clinical evaluation in
CRC chemoprevention.
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Abstract: Saikosaponin d (SSd) is one of the main active ingredients in Radix Bupleuri. In our
study, network pharmacology databases and metabolomics were used in combination to explore
the new targets and reveal the in-depth mechanism of SSd. A total of 35 potential targets were
chosen through database searching (HIT and TCMID), literature mining, or chemical similarity
predicting (Pubchem). Out of these obtained targets, Neuropilin-1 (NRP-1) was selected for further
research based on the degree of molecular docking scores and novelty. Cell viability and wound
healing assays demonstrated that SSd combined with NRP-1 knockdown could significantly enhance
the damage of HepG2. Metabolomics analysis was then performed to explore the underlying
mechanism. The overall difference between groups was quantitatively evaluated by the metabolite
deregulation score (MDS). Results showed that NRP-1 knockdown exhibited the lowest MDS, which
demonstrated that the metabolic profile experienced the slightest interference. However, SSd alone,
or NRP-1 knockdown in combination with SSd, were both significantly influenced. Differential
metabolites mainly involved short- or long-chain carnitines and phospholipids. Further metabolic
pathway analysis revealed that disturbed lipid transportation and phospholipid metabolism probably
contributed to the enhanced anti-hepatoma effect by NRP-1 knockdown in combination with SSd.
Taken together, in this study, we provided possible interaction mechanisms between SSd and its
predicted target NRP-1.

Keywords: saikosaponin d; neuropilin-1; HepG2; metabolomics; metabolite deregulation score

1. Introduction

Radix Bupleuri is a common traditional Chinese medicine (TCM), which has been used in China
for over 2000 years. Saikosaponin d (SSd), as one of the main active ingredients extracted from
Radix Bupleuri, has been proved to be liver-protective and is used to treat liver fibrogenesis [1],
inflammation [2], and viral hepatitis. It was also reported that SSd exerted antitumor [3],
immunoregulation [4], neuroregulation [5], and anti-allergic activities [6]. However, on the contrary,
studies showed that SSd also had toxicity and could induce liver injury [7], hepatocyte or hepatic
stellate cells apoptosis [8,9]. The effect of SSd is diverse and the underlying mechanisms remain unclear.
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Target predicting is a feasible strategy that could facilitate a mechanistic study of TCM. For
TCM, databases such as HIT, TCMSP, TCM Database@Taiwan, and TCMID can be used to search for
potential targets [10–12]. However, databases cannot update reported targets. On the other hand,
different databases contain different targets due to various algorithms. There is no database integrating
targets from all sources yet. To further explore unreported targets, predicting approaches based on
chemoinformatics could be applied, such as ligand-based prediction, receptor-based prediction, and
data mining-based prediction [13–16]. However, the three-dimensional structures of targets are usually
ignored, so the mutual binding mode of drug and targets cannot be fully reflected. Thus, for the targets
obtained, molecular docking can be applied to evaluate the binding affinity between SSd and proteins,
which is a fast, accurate method to predict structural affinity.

NRP-1 is a transmembrane glycoprotein composed of five domains (a1, a2, b1, b2, c) [17],
whereas a1/a2 subunit mainly binds class-3 semaphorins and transduces signals by conjunction
with plexins [18]. Vascular endothelial growth factors (VEGF) interact with b1/b2 subunit to
exert angiogenesis regulation effects [19]. Studies have shown that NRP-1 was upregulated in
liver cancer [20], prostate tumor [21], gastric cancer [22], breast cancer [23], lung carcinomas, etc.
Overexpression of NRP-1 was found to promote tumor angiogenesis as well as the growth and
proliferation of cancer cells. On the other hand, NRP-1 plays an important role in the immune
system. NRP-1 expression in immune cells such as tumor-associated macrophages, T lymphocytes,
and dendritic cells is related to tumor growth, migration, and cell-cell interaction [24,25].

Metabolomics is a powerful approach that could reflect dynamic changes of small molecule
metabolites when disturbance such as disease and drug-taking happens [26]. Since metabolites are
located at the end of a biological information flow, changes could reflect the signal amplification effects
of biochemical changes. Therefore, metabolomics could act as a tool to reveal the mechanism between
TCM and potential targets.

In our present study, in order to explore new targets and reveal the in-depth mechanism of
SSd, network pharmacology and metabolomics were used in combination. First, potential targets of
SSd were obtained by database searching, literature mining, or chemical similarity predicting. Then
molecular docking was performed to investigate the binding affinity of SSd with potential targets.
Finally, untargeted metabolomics analysis was carried out to reveal the possible mechanism by which
SSd affected the aimed target and the role of NRP-1.

2. Results

2.1. NRP-1 Was Selected as a Target of SSd

Fourteen targets of SSd were obtained from the HIT [10] and TCMID [11] databases (Table S1).
Furthermore, 19 proteins were collected by literature mining and 14 targets were filtered from Pubchem
by chemical similarity predicting (Tables S1–S3) [27]. Targets obtained by the three methods overlapped
in some cases, which proved the reliability of the methods, as shown in Figure S1. A total of 35 proteins
were pooled as a target set (Table S4). Then SSd was docked with all the targets. Twenty proteins were
found to bind with SSd and were ranked by docking scores (Table 1). Prostaglandin G/H synthase 2
(COX-2) showed the strongest interaction with SSd, followed by neuropilin-1 (NRP-1) and transcription
factor p65. COX-2 was reported to inhibit DEN-induced liver cancer in rats by SSd [28]. Others found
that SSd downregulated transcription factor p65 and mediated inflammatory signaling to protect mice
from hepatotoxicity induced by acetaminophen (APAP) [29]. However, the interaction between SSd
and NRP-1 was not reported. Thus, we selected NRP-1 for further study.
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Table 1. Docking results of SSd and potential targets.

Number PDB
ID

Gene
Name

Uniprot
ID Target Name Docking

Score
Validated or

Not

1 5F19 PTGS2 P35354 Prostaglandin G/H synthase 2 −6.67 Validated [28]
2 2QQI NRP1 O14786 Neuropilin−1 −6.469 Unvalidated
3 1NFI RELA Q04206 Transcription factor p65 −5.585 Validated [1]
4 2W96 CDK4 P11802 Cell division protein kinase 4 −5.577 Validated [30]
5 1IKN NFKBIA P25963 NF-kappa-B inhibitor alpha −5.346 Validated [1]
6 5JFD F2 P00734 Prothrombin −5.325 Unvalidated
7 4AGN P53 P04637 Cellular tumor antigen p53 −5.205 Validated [31]
8 4MAN BCL-2 P10415 Apoptosis regulator Bcl-2 −4.857 Validated [7]
9 5TBE MAPK14 Q16539 Mitogen-activated protein kinase 14 −4.792 Validated [32]

10 1IL6 IL6 P05231 Interleukin-6 −4.666 Validated [1]
11 3V3K CASP9 P55211 Caspase-9 −4.49 Validated [8]
12 4PRY CASP3 P42574 Caspase-3 −4.443 Validated [8]
13 5T46 EIF4G1 Q04637 Eukaryotic translation initiation factor 4 −4.414 Unvalidated
14 4LXO FN1 P02751 Fibronectin −4.303 Unvalidated
15 2DBF NFKB1 P19838 Nuclear factor NF-kappa-B p105 −3.902 Unvalidated
16 5FF0 TGFB1 P01137 Transforming growth factor beta-1 −3.642 Validated [33]
17 5T01 JUN P05412 Transcription factor AP-1 −3.611 Validated [32]
18 4S0O BAX Q07812 Apoptosis regulator BAX −3.412 Validated [8]
19 4FDL CASP7 P55210 Caspase-7 −3.328 Validated [34]
20 5I4Z MYC P01106 Myc proto-oncogene protein −2.997 Validated [35]

2.2. NRP-1 Knockdown Enhanced the Anti-Hepatoma Effect of SSd

NRP-1 has been reported to display higher expression in hepatocellular carcinoma cell lines
than in normal hepatic cell lines [36]. In addition, the published data indicate that a tumor was
suppressed by silencing NRP-1. Therefore, it was speculated that the anti-hepatoma effect of SSd
might be enhanced if we could downregulate NRP-1 [37,38]. In order to select the most suitable
cell lines, we compared NRP-1 expression levels in hepatocellular carcinoma cell lines HepG2 and
SMMC-7721 and a normal hepatic cell line L-02 by Western blot (Figure 1a). High NRP-1 expression
was detected in the HepG2 cell line, followed by SMMC-7721. L-02 showed the lowest expression of
NRP-1, as reported [38]. Consequently, HepG2 was chosen for further study.

Firstly, different concentrations of SSd were used to treat HepG2 and the IC50 was 16.02 ±
0.91 µM. The effect of SSd on migration of HepG2 was also measured, as shown in Figure 1c. The
results demonstrated that SSd could inhibit the migration of HepG2. Next we investigated NRP-1
levels influenced by SSd. Upregulation of NRP-1 was observed when treated with 3.75 µM and 7.5 µM
SSd. However, NRP-1 expression displayed no significant difference at 15 µM compared to the control,
as shown in Figure 2a. According to the cell viability, HepG2 was damaged more severely at 15 µM
SSd than at 7.5 µM or 3.75 µM, which suggested the mechanism at 15 µM or higher may not be directly
related to NRP-1. So we selected a concentration of SSd at 7.5 µM for further investigation.

After NRP-1 was knocked down, HepG2 was treated with SSd. Then both cell viability and
migration were measured. Compared to the siNRP-1 (small interfering RNA of gene NRP-1) and
SSd-treated NC (negative control) groups, cell viability and migration were decreased significantly in
the SSd-treated siNRP-1 group, as shown in Figure 2b–d. The results suggested that NRP-1 knockdown
could significantly enhance the anti-hepatoma effect of SSd.
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Figure 1. Cell lines comparison and the effects of SSd on HepG2. (a) Expression of NRP-1 in three cell
lines; (b) cell viability of HepG2 after treatment with SSd, ** p < 0.01; (c) wound healing percentage
of HepG2 after treatment with SSd, * p < 0.05, ** p < 0.01; (d) wound healing pictures of HepG2 after
treatment with SSd.
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Figure 2. NRP-1 knockdown and effects of SSd on HepG2 in combination with NRP-1 knockdown.
(a) The expression of NRP-1 affected by SSd; (b) knockdown of NRP-1; (c) the cell viability of HepG2
cells after knockdown of NRP-1 in combination with SSd, *** p < 0.001; (d) the wound healing percentage
of HepG2 cells after knockdown of NRP-1 in combination with SSd, ** p < 0.01, *** p < 0.001.

2.3. Quantitative Evaluation of the Effect of NRP-1 Knockdown and SSd by Metabolomics

For all the metabolites obtained by GC/MS and LC/MS, PCA and OPLS-DA models were
constructed, as shown in Figure 3. Results from GC/MS and LC/MS were all integrated into one PCA
or OPLS-DA plot. In the PCA models, all the QC samples were clustered closely, which indicated
a satisfactory analytical performance. The supervised OPLS-DA models showed clearly separation
among the four groups and model statistics, R2X, R2Y and Q2 suggested the robustness of the models
(Table S5).
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phosphatidylethanolamines were disturbed by SSd treatment. The fold changes of the differential 
metabolites are shown in Figure 4a. A hypothetical pathways investigation is shown in Figure 5. 

Figure 3. (a) Score plots of principal components analysis (PCA) and (b) orthogonal partial least
squares discriminant analysis (OPLS-DA) models. C:NC samples, M:NC samples treated with SSd, S:
siNRP-1 samples, N: siNRP-1 samples treated with SSd.

To further evaluate the influence of NRP-1 and SSd quantitatively, MDS was calculated. The
results (Figure 4b) showed that the NRP-1 knockdown group displayed a smaller distance from
the principal curve than the combination with SSd or SSd alone, which showed that the metabolic
profile had a minor influence. On the other hand, a strong disturbance of the metabolic profile was
demonstrated in the SSd-treated NC group as well as the SSd-treated siNRP-1 group.
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Figure 4. Fold changes of differential metabolites and MDS of all metabolites. (a) Heatmap of the fold
changes of differential metabolites related to NRP-1 knockdown and SSd-treated; (b) MDS of all the
metabolites detected with NC as control.

2.4. Carnitines and Phospholipids Were Focalized Based on Metabolomics

Variables with VIP > 1 and p < 0.05 were considered differential metabolites. For LC/MS, mass-to-
charge (m/z) and MS/MS fragmentation patterns of metabolites were compared to the information
provided in the HMDB database for annotation. Metabolites obtained by GC/MS were annotated by
comparison with the National Institute of Standard and Technology library. Six differential metabolites
were related to NRP-1 knockdown, 30 related to SSd-treated, and four appeared relevant to both.
In general, NRP-1 knockdown combined with SSd treatment affected lyso-phosphatidylethanolamines,
acetylcarnitine, and pantothenate. For those only affected by one factor, propionylcarnitine
and meso-erythritol were related to NRP-1 knockdown, while hexadecenoylcarnitine, dodecanoic
acid, galactose, 1-monooleoylglycerol, lyso-phosphatidylcholines, lyso-phosphatidylethanolamines,
phosphatidylcholines and phosphatidylethanolamines were disturbed by SSd treatment. The fold
changes of the differential metabolites are shown in Figure 4a. A hypothetical pathways investigation
is shown in Figure 5.
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3. Discussion

In our study, we collected targets and investigated the affinity among SSd and potential proteins.
Results showed that COX-2, NRP-1, and transcription factor p65 were the top three based on docking
scores, which suggested the existence of strong interactions with SSd. Cancer-related targets such as
COX-2, transcription factor p65, cellular tumor antigen p53 [31], and myc proto-oncogene protein [32]
have been reported to be influenced by SSd. Other reported inflammatory and apoptosis-related
targets associated with SSd also gained satisfactory docking scores, which proved the reliability of
the methods applied. However, up to now no research has been reported on the relationship between
NRP-1 and SSd.

In our research, NRP-1 was found to be upregulated on the 3.75 µM and 7.5 µM of SSd, while the
cell viability of HepG2 was maintained at approximately 75%. Overexpression of NRP-1 was reported
to promote the proliferation of cancer cells [20], which probably suggested that the cell damage effect
of 7.5 µM SSd was antagonized by the proliferation promotion of upregulating NRP-1. This leads
us to ask whether NRP-1 knockdown would enhance the damage effect of SSd at 7.5 µM, due to the
upregulated NRP-1 and unexpected side effects appearing simultaneously with the anti-hepatoma
effect of SSd. After knockdown of NRP-1, the results showed that, compared to the siNRP-1- and
NC-treated SSd groups, the cell viability and wound healing percentage of siNRP-1 treated with SSd
decreased significantly, not counting the damage of the transfection reagent. The outcomes above
have clarified that NRP-1 knockdown enhanced the cell damage of SSd. NRP-1 acts as a co-receptor of
VEGF, which has been proven essential for the progression and metastasis for tumors [39]. However,
studies showed that adding external VEGF did not have an impact on the apoptosis of cancer cells
when NRP-1 was knocked down, which proved the crucial role of NRP-1 in the anti-tumor effect of
VEGF/NRP-1 [40]. Our study provided evidence of the enhanced anti-hepatoma effect of SSd on
hepatocellular carcinoma cells with NRP-1 knockdown. However, such a hypothesis still remains to be
confirmed in vivo.

To further explore the possible mechanism, a metabolomics study was performed. PCA and
OPLS-DA proved the overall difference between groups. MDS was calculated as an indicator to
quantitively evaluate the extent of disturbance by NRP-1 knockdown and SSd on HepG2 [41–43]. The
results showed that NRP-1 knockdown exhibited the lowest MDS, which demonstrated that the global
metabolic profile would not be severely influenced. However, SSd treated alone or NRP-1 knockdown
in combination with SSd groups had a significant influence. These results suggested that SSd would
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have a great influence on the metabolism of both untreated and NRP-1 knockdown cells, in accordance
with the more differential metabolites related to SSd. Even though it was not demonstrated by MDS,
the elevated damage effect of NRP-1 knockdown in combination with SSd on HepG2 has been verified
by our in vitro study.

In our study, four annotated differential metabolites related to both NRP-1 knockdown and
SSd treatment were observed to have the same trend during an intervention, which suggested
that the combined action of those metabolites contributed to the advanced anti-hepatoma effect.
There were also differential metabolites influenced by SSd or NRP-1 knockdown, respectively.
We propose that combining the action of common and particular metabolites contributed to the
intensive effect. The annotated differential metabolites mainly included short- and long-chain
acetylcarnitines, pantothenate, lyso-phosphatidylethanolamine (LPE), lyso-phosphatidylcholines
(LPC), phosphatidylethanolamine (PE), and phosphatidylcholines (PC). Thus, we analyzed the possible
underlying mechanisms.

Among all the annotated metabolites, pantothenate and acetylcarnitine were related to both NRP-1
knockdown and SSd, a short-chain carnitine, propionylcarnitine was elevated by NRP-1 knockdown,
while an intermediate in carnitine degradation, 3-dehydrocarnitine, and a long-chain carnitine,
hexadecenoyl carnitine, were detected to be influenced by SSd. A short-chain carnitine, acetylcarnitine,
increased in our study; however, the long-chain carnitine was decreased significantly. The elevation of
3-dehydrocarnitine was probably related to the degradation of long-chain carnitines [44]. Both short-
and long-chain acetylcarnitines are known to play important roles in fatty acid metabolism. Long-chain
acetylcarnitines are responsible for transporting long-chain fatty acids into mitochondria. Fatty acids
are then oxidized and converted to energy by the TCA cycle [45,46]. The decrease in long-chain
carnitines suggested a blockage of the energy production in cancer cells. For the excess short- and
medium-chain fatty acids, acetylcarnitine was responsible for the removal from the mitochondria.
The increased acetylcarnitine implied the accumulation of short- and medium-chain fatty acids. Others
also reported that increased long-chain carnitine and decreased short-chain carnitine were observed
in hepatocellular carcinoma [47]. Combined in our study, the increase of short-chain carnitines and
decrease of the long-chain carnitine probably contribute to the enhanced damage to HepG2. However,
such a hypothesis should be verified by further research.

Lyso-phosphatidylethanolamine (LPE), lyso-phosphatidylcholines (LPC), phosphatidylethanolamine
(PE), and phosphatidylcholines (PC) were influenced by SSd treatment, while only LPE (18:1) and
LPE (18:2) were observed to be downregulated by both NRP-1 knockdown and SSd treatment. Four
LPEs decreased and one increased under the intervention of SSd. Three LPCs increased and two
decreased after treatment with SSd, whereas all the PEs and PCs were increased. Those reflected
the dysregulation in phospholipid metabolism. LPC is derived from PC, which is a component of
cell membranes and mitochondrial membrane. Three methylation reactions can transform PE to
PC [48]. The results showed that a change of LPE (18:1) and LPE (18:2) possibly contributed to the
cell damage caused by NRP-1 knockdown and SSd, while disorder in phospholipid metabolism was
mainly induced by SSd rather than NRP-1 knockdown. Out metabolomic studies indicated that the
enhanced anti-hepatoma effect of NRP-1 knockdown, in combination with SSd, mainly influenced the
lipid metabolism, but this should be validated in the future.

4. Materials and Methods

4.1. Chemicals and Reagents

Cell culture medium RPMI 1640, DMEM, penicillin, and streptomycin were purchased from Gibco
(Carlsbad, CA, USA). Saikosaponin d (purity > 98%) was purchased from Sichuan Victory Biological
Technology Co., Ltd. (Chengdu, China). Fetal bovine serum (FBS) was purchased from Biological
Industries (Kibbutz Beit-Haemek, Israel). Cell Counting Kit-8 detection kit and BCA protein assay
kit were obtained from Beyotime (Shanghai, China). PVDF membrane and chemiluminescence (ECL)
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reagent were purchased from Millipore (Burlington, MA, USA). The primary antibodies were obtained
from Cell Signaling Technology (Boston, MA, USA) and HRP-conjugated secondary antibodies were
purchased from Proteintech (Philadelphia, PA, USA). The siNRP-1 sequences were provided and
synthesized by GenePharma (Shanghai, China). Lipofectamine 2000 reagent was purchased from
Invitrogen (Carlsbad, CA, USA). Heptadecanoic acid, glibenclamide, methoxyamine hydrochloride,
N-methyl-N-trifluoroacetamide (MSTFA) and pyridine were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Methanol and ethyl acetate (HPLC grade) were purchased from Merck (Darmstadt,
Germany). Distilled water was purified by a Milli-Q system (Merckmillipore, Darmstadt, Germany).

4.2. Target Collection and Screening

4.2.1. Target Collection

First, we searched several databases for the included SSd targets such as Traditional Chinese
Medicine Systems Pharmacology Database and Analysis Platform (TCMSP version 2.3, http://lsp.
nwu.edu.cn/tcmsp.php), Herbal Ingredients’ Targets Database (HIT, http://lifecenter.sgst.cn/hit/)
and Traditional Chinese Medicine Integrative Database (TCMID, https://academic.oup.com/nar/
article/41/D1/D1089/1057998). The keywords for database searching were “saikosaponin d.”

Secondly, reported targets of SSd were collected from literature mining. The keywords for
literature mining were “saikosaponin d” and “targets.”

Lastly, we predicted targets by chemical similarity via the Pubchem resource (https://pubchem.
ncbi.nlm.nih.gov/). Search entries of three databases, BioAssay, Compound, and Substance, can be
reached on the homepage. Our protocols were in three main steps, as follows: (1) Structure download.
The 2D structure formula of SSd was obtained via the Compound entry. (2) Selecting bioactive
compounds. After uploading the sdf format of SSd in Identity/Similarity searching, similar scores
were defined by 95%. Then, we filtered bioactive compounds of SSd and its structure analogs that
have been identified via BioAssays, Active. (3) Tracking down potential targets. Targets of bioactive
compounds were listed in Bioactivity Analysis. For all the targets, only those with more than one
corresponding active compound can be subsequently collected as putative targets. Targets of SSd and
its structural analogs could be obtained through this method.

For the targets achieved above, unified standard protein names and gene names were searched
in the Uniprot (https://www.uniprot.org/) database. Then the target numbers from the three
sources were input into Venny 2.1.0 (http://bioinfogp.cnb.csic.es/tools/venny/index.html) to view
overlapping ones and test the reliability of the methods.

4.2.2. Target Screening by Molecular Docking

To investigate the binding affinity of SSd and the candidate targets, molecular docking was carried
out by Maestro 9.6 (Schrödinger, Inc, San Diego, CA, USA). First, the crystal structures of candidate
proteins with high resolution and small ligands contained in the structures were downloaded from
RCSB PDB (https://www.rcsb.org/). Next, we preprocessed the proteins by deleting the water
molecules and other ligands. After energy minimizing, receptor-grid files and active sites were
generated. Finally, SSd was docked at the active sites of the proteins after hydrogenating and charging.
The targets were then sorted by docking scores and the degree of novelty.

4.3. Verification of the Target on HepG2

4.3.1. Cell Culture

Human hepatocellular carcinoma cell line HepG2 was obtained from Type Culture Collection Cell
Bank (Chinese Academy of Sciences Committee, Shanghai, China), human hepatocellular carcinoma
cell lines SMMC-7721 and human hepatocyte L-02 were kindly provided by Prof. Yong Yang (Center
for New Drug Safety Evaluation and Research, China Pharmaceutical University). SMMC-7721 and
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L-02 cell lines were cultured in RPMI 1640 with 10% FBS, 100 U/mL penicillin and 100 mg/mL
streptomycin. HepG2 were cultured in DMEM with 10% FBS, 100 U/mL penicillin and 100 mg/mL
streptomycin. All cells were cultured at 37 ◦C in a humidified incubator (Thermo, Waltham, MA, USA)
with 5% CO2.

4.3.2. Cell Proliferation Assay

The viability of HepG2 was measured by a Cell Counting Kit-8 (CCK-8) detection kit after
treatment with different concentrations (1.75, 3.75, 7.5, 15 µM) of SSd. Briefly, 5 × 103 cells per well
were seeded in 96-well plates and treated with SSd. After 24 h treatment, CCK-8 was added and
absorbance at 450 nm was measured after 2 h incubation at 37 ◦C.

4.3.3. Cell Migration Assay

Migration of HepG2 was determined by a wound healing assay. The scratches were made after
cell adherence in six-well plates. After rinsing with PBS, a medium containing different concentrations
(1.75, 3.75, 7.5, 15 µM) of SSd and no FBS was replaced. Pictures obtained at 0 h and 24 h after
scratching and distance of migration were analyzed by Image J (Version 1.48, National Institutes of
Health, Bethesda, MD, USA).

4.3.4. Western Blot

For the Western blot analysis of NRP-1 expression in blank HepG2, SMMC-7721 and L-02,
protein levels of the three cell lines were determined by a BCA protein assay kit. Proteins were also
measured for the Western blot analysis of NRP-1 expression in HepG2 after treatment with different
concentrations of SSd. Thirty micrograms of protein per well were resolved by SDS-polyacrylamide
gel, transferred to PVDF membrane, and blocked with 5% skim milk in phosphate-buffered saline
containing 0.1% Tween 20. The membranes were incubated with primary antibodies at 4 ◦C overnight
and probed with HRP-conjugated secondary antibodies at room temperature on the following day. The
bands were visualized by Tanon (Shanghai, China) after using a chemiluminescence (ECL) reagent.

4.3.5. Knockdown of NRP-1 Using Small Interfering RNA

HepG2 were cultured in a six-well plate then transfected with a mixture of Lipofectamine 2000
reagent and siRNAs in serum-free DMEM for 6 h. Cells were collected and we detected the knockdown
efficiency by Western blot after incubating them for 48 h.

4.3.6. Effect of SSd on siNRP-1 Cells

After transfection with siNRP-1/NC on HepG2 for 48 h, the medium was discarded and 7.5 µM
SSd was treated for another 24 h. Cell viability and migration were then measured to evaluate the
effect of NRP-1 knockdown in combination of SSd.

4.3.7. Statistical Analysis

Data analyses were performed by SPSS 19.0 software (Chicago, IL, USA) and results were
expressed as mean ± standard deviation (SD). The statistical significance of differences between
the two groups was indicated by a Student’s t test. p < 0.05 was considered statistically significant.

4.4. Untargeted Metabolomics Analysis

4.4.1. Sample Collecting and Metabolomic Analysis

HepG2 were seeded in culture plates and divided into four groups (siNRP-1 group, NC group,
siNRP-1 and SSd-treated group, NC and SSd-treated group, n = 6). Cells were treated as described
above. Culture medium containing SSd was removed before 3 mL cold methanol was added. Internal
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standard was dissolved in methanol firstly, 5 µg/mL heptadecanoic acid for GC, and 20 µg/mL
glibenclamide for LC. Then the samples were quenched at −80 ◦C for 20 min. Cells were scraped,
ultrasonicated for 3 min, and centrifuged for 10 min to collect the supernatant for subsequent
procedures. We dried the extracts with nitrogen flow at 37 ◦C and redissolved them with methanol
before metabolomic analysis. Sample preparation and methods of instruments were based on our
previous studies [49–51], as shown in the Supplementary Materials.

GC-MS analysis was performed on Shimadzu GCMS-QP2010 Ultra (Ultra GC-Q/MS; Shimadzu
Inc., Kyoto, Japan) equipped with an Rtx-5MS capillary column (30.0 m × 0.25 mm ID, 0.25 µm). LC-MS
analysis was carried out on a Shimadzu Prominence series ultrafast liquid chromatography (UFLC)
system coupled with an ion trap time-of flight mass spectrometry system (IT-TOF/MS) (Shimadzu
Inc.). Separation was achieved by a Phenomenex Kinetex C18 column (100 mm × 2.1 mm, 2.6 µm)
(Phenomenex, Torrance, CA, USA).

4.4.2. Data Preprocessing and Analysis

Data preprocessing and analysis were also based on our previous studies [52,53]. The original
chromatogram was processed for peak deconvolution and alignment by Profiling Solution (Shimadzu,
Kyoto, Japan, version 1.1). The primary parameters were set as follows: ion m/z tolerance (500 mDa
for GC/MS and 20 mDa for LC/MS), ion retention time tolerance (0.1 min for GC/MS and 0.2 min for
LC/MS), and ion intensity threshold (10,000 counts for GC/MS and 8000 counts for LC/MS). The data
were then exported to Excel and handled according to the “80%” rule: only metabolites detected in at
least 80% of one group or more would be kept. Variables with relative standard deviation (RSD) lower
than 30% in quality control (QC) samples were retained for further analysis.

The preprocessed data were imported into SIMCA-P (Umetrics, Sweden, Version 13.0). After
pareto scaling of all the variables, principal components analysis (PCA) and orthogonal partial least
squares discriminant analysis (OPLS-DA) were performed. The normalization by total ion intensity
was performed to standardize multivariant analysis. Differences among groups could be observed.
The differential metabolites were selected by variable importance in the projection (VIP) and p-values
obtained by Mann-Whitney U test, variables with VIP > 1 and p < 0.05 were screened out.

4.4.3. Quantitative Evaluation of NRP-1 Knockdown and SSd on HepG2 by Metabolites Deregulation
Score (MDS)

Effects of NRP-1 knockdown and SSd treatment could be quantified by the metabolites
deregulation score (MDS). All the metabolites detected were integrated as a whole dataset. Then the R
package pathifier was applied to analyze the metabolite sets. The whole dataset was considered as a
cloud and we built a “principal curve” through the NC samples in the cloud [44]. Since untargeted
metabolomic method covers limited metabolic pathways, we calculated the overall MDS instead of the
pathway deregulation score (PDS) by the R package pathifier [45,46]. Each sample was projected onto
the principal curve and the projection distance was MDS.

4.4.4. Differential Metabolites Annotation

Annotation of metabolites detected by GC/MS was carried out by comparison with the National
Institute of Standard and Technology library. Peaks with more than 80% similarity were assigned
corresponding compound names. For LC/MS, mass-to-charge (m/z) and MS/MS fragmentation
patterns of metabolites were compared with the information provided in the HMDB database (http:
//www.hmdb.ca/) for annotation. Then, retention time, accurate m/z, and the MS/MS fragmentation
of features of interest were compared with those standard compounds available in our lab. Pathways
by which metabolites got involved were searched and enriched on the MetaboAnalyst (version 4.0)
and KEGG databases (https://www.kegg.jp/).

For the differential metabolites, NRP-1 knockdown and SSd-related were filtered to calculate the
fold change of concentrations.
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5. Conclusions

In our study, potential targets of SSd were predicted and NRP-1 was chosen for further
research. Experimental proof of the enhanced anti-hepatoma effect of SSd in combination with
NRP-1 knockdown was provided for the first time. Further metabolomics study revealed that lipid
transportation and phospholipid metabolism were significantly altered when NRP-1 knockdown and
SSd were treated on HepG2. Our findings indicate a new insight into the understanding of mechanism
of SSd, but this should be confirmed in the future.

Supplementary Materials: The following are available online: Figure S1: The intersection of targets amount
obtained from three sources; Figure S2: The pictures of cell migration assay after NRP-1 knockdown and/or
SSd treatment; Table S1: Potential targets of SSd searched by databases; Table S2: Targets obtained by literature
mining; Table S3: Targets and its active compounds predicted by SSd and its structural analogues in Pubchem;
Table S4: All the predicted targets of SSd; Table S5: Statistical parameters of the models; Table S6: Differential
metabolites relevant to both NRP-1 knockdown and SSd treatment; Table S7: Differential metabolites related to
NRP-1 knockdown; Table S8: Differential metabolites related to SSd treated.
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