Article

J. Mex. Chem. Soc. 2017, 61(3), 186-196
© 2017, Sociedad Quimica de México
ISSN 1870-249X

Toxicity Assessment of Structurally Relevant Natural Products
from Mexican Plants with Antinociceptive Activity

Karina Martinez-Mayorga,"* Andrés F. Marmolejo-Valencia,! Fernando Cortes-Guzman, '
Juan Carlos Garcia-Ramos,"® Eric Ivan Sanchez-Flores,' J oaquin Barroso-Flores,'
Jose L. Medina-Franco,? and Baldomero Esquivel-Rodriguez!

U Instituto de Quimica, Universidad Nacional Autébnoma de México, Mexico City, Mexico. C.P. 04510

2 Facultad de Quimica, Departamento de Farmacia, Universidad Nacional Autdnoma de México, Mexico City, Mexico.
* Corresponding author: Email: kmtzm@unam.mx, phone: +52-55-5622-4770 (Ext. 4614), fax: +52-55-5616-2217

§ current address: CONACYT-UNAM-Centro de Nanociencias y Nanotecnologia. Km 107 Carretera Tijuana-Ensenada.

Ensenada, B.C. México. C.P. 22860
Received, December 13", 2016; Accepted, March 9%, 2017.

Abstract. UNIIQUIM database contains molecules from Mexican
plants, one of the richest sources of bioactive molecules in the world.
Here, we describe the chemical and toxicological profile of molecules
with analgesic activity from UNIIQUIM. Most of the compounds are
likely to interact with opioid receptors. The predicted acute toxicity is
low and none is predicted mutagenic. Given the structural diversity,
and biological and toxicity profiles, these molecules represent a new
avenue in the search of molecules with antinociceptive activity.
Keywords: UNIIQUIM; traditional Mexican medicine; analgesics;
nociception; toxicity profile.

1. Introduction

Mexican flora is among the five richest in the world in terms of
diversity and structural complexity of their secondary metabo-
lites including peptides, flavonoids, alkaloids, and terpenes,
among others. The first steps towards systematic studies of this
chemically and structurally rich content are given by the
UNIQUIM (Unidad de Informatica del Instituto de Quimica)
group and the CCUD (Coordinacion de Colecciones Universi-
tarias Digitales) supported by the National Autonomous Uni-
versity of Mexico (UNAM). Natural products play a central
role in traditional medicine, nutrition and in drug discovery.
Databases of natural products, drugs and nutraceuticals have
been created and allow the storage and analysis of chemical
information in an efficient and systematic manner. This allows
for example assessing diversity and structural novelty, the de-
sign of chemical libraries and the qualitative and quantitative
studies of structure-activity relationships (SAR, QSAR), the
prediction of ADME-Tox properties (absorption, distribution,
metabolism, excretion and toxicity). The handling and analy-
sis of chemical databases has been the starting point on drug
discovery, the methodologies are general and its use has been
expanded to agrochemistry, chemical of flavors, and environ-
mental chemistry, to name few examples.

The use of plants and other natural products as traditional
medicine not only conduced to the discovery of opiates as
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potent analgesics, but also to compounds with high selectivity
towards specific receptors and unusual molecular scaffolds.
One of the compounds that had a profound impact in the opioid
field is salvinorin A. This compound, obtained and character-
ized for the first time in 1982 by Dr. Alfredo Ortega in the Insti-
tute of Chemistry at UNAM [1], is a psychotropic terpenoid
found in the plant Salvia divinorum, an indigenous plant from
southern Mexico. This molecule is the first known opioid li-
gand that is not an alkaloid given the fact that it bears no basic
nitrogen atoms [2]. This outstanding discovery exemplifies the
relevance of natural products and advocates for the exploration
and analysis of other compounds of this type.

Better understanding of the different biological mecha-
nisms involved in pain modulation has allowed exploring and
designing new molecules with a wide range of affinity and se-
lectivity with the ultimate goal of attenuating undesirable side
effects. Molecular modeling studies have contributed in this
regard. We are actively working on opioid receptors and its
ligands, including those obtained from Mexican plants. For ex-
ample, we have contributed on the exploration of conforma-
tional preferences of opioid peptides into the kappa opioid
receptor [3], and the identification of probable binding modes
for relevant opioid agonists [4,5]. Molecules with known struc-
tural and biological properties are useful as reference. For in-
stance, morphine, herkinorin, DAMGO and naloxone have
affinity to the p-opioid receptor. While morphine is an opiate
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benzylisoquinoline alkaloid, mainly extracted from poppy
straw of the opium poppy, herkinorin is a semi synthetic ana-
logue of salvinorin A, obtained by deacetylation [6], and
DAMGQO is a synthetic peptide analogous to enkephalines [7].
In turn, naloxone is an opioid antagonist, it is used to block the
effects of opioids, especially in patients who are exposed to
overdose [8]. Little to no effect is observed when administered
in the absence of opioids. A popular formulation of oxycodone/
naloxone is available for controlled release of the former [9].
These molecules represent an opioid-related set of structurally
diverse molecules and from diverse sources.

Natural products usually have pharmacological or biologi-
cal activity. However, some products may be toxic for humans,
insects, etc. Thus natural products may show dual roles, de-
pending on the targets for treatment. The toxicity of natural
products against cancer cells, viruses, germs, or bacteria has
been revised.

The distinct characteristics of the chemical structures of
natural products have played a key role in its historic develop-
ment as lead compounds or sources of active molecules. Key
distinct features of natural products are, in general, molecular
diversity including coverage in chemical space, structural com-
plexity, and physicochemical properties. These features have
been measured and analyzed qualitatively and quantitatively
using a broad range of computational approaches.

Recent studies focused on the comparison of natural prod-
ucts with a variety of databases have shown that natural products
are distinct in terms of the number of aromatic rings and com-
plex ring systems, the number of chiral centers, the number and
proportions of heteroatoms and the degree of saturation [10],
have large molecular complexity [11] and adequate drug-like
physicochemical properties [12] [13].

Based on the aim to “fail early” in the drug discovery pipe-
line, it is advantageous to identify and deprioritize molecules

Table 1. Acute, subchronic and chronic oral toxicity study guidelines.

with low probability of success, for instance based on AD-
ME-Tox properties. Scientist and society learned the impor-
tance to focus on toxicity as a key aspect on the proposal of new
molecules as potential therapeutic or diagnostic agents. An ex-
ample with devastating consequences is the thalidomide trage-
dy, reported the mid 60’s [14] representing a turning point in
toxicity testing. This public health problem prompted to several
governments and international regulatory agencies to develop
systematic and rigorous toxicity testing protocols on com-
pounds intended for human consumption before going to mar-
ket. In this sense, the most accepted general toxicity testing
guidelines for chemicals are those published by the Organiza-
tion for Economic Cooperation and Development (OECD).
These guidelines are reviewed and updated periodically by ex-
pert committees to meet the scientific progress and ever chang-
ing assessment practices. Similar recommendations can be
found in the fourth revised edition of the Globally Harmonized
System of Classification and Labelling of Chemicals (GHS).
The most recently revised guidelines for Acute, Sub-chronic
and Chronic Oral Toxicity Studies are listed in Table 1.
Particularly for pharmaceuticals, the International Confer-
ence on Harmonisation of Technical Requirements for Regis-
tration of Pharmaceuticals for Human Use (ICH) has developed
universally accepted guidelines for acute, sub-chronic, and
chronic toxicity testing of pharmaceuticals, which have been
accepted by regulatory agencies in all member countries, i.e.,
US, Europe and Japan (http://www.ich.org/home.html). Even
though acute toxicity is no longer recommended for develop-
ment of pharmaceuticals and regardless which of the toxicolog-
ical test recommendations are being considered, some terms
have to be established to determine the toxicity of different sub-
stances studied. According to GSH, substances can be allocated
on one of five toxicity categories based on acute toxicity nu-
meric cut-off criteria. For oral acute toxicity expressed as

Guideline Issue Date Title Assay characteristics®
Acute 425 03/10/2008 Acute Oral Toxicity Up-and-Down Procedure Effects produced by a single dose or
multiple doses applied in a period
of 24 h.
Sub-chronic 407 16/10/2008 Repeated Dose 28-Day Oral Toxicity Study in ~ Effects produced by test substance
Rodents after exposition of 7 days per week
fi ini 90 ti
408 21/09/1998 Repeated Dose 90-Day Oral Toxicity Study in g " 0 o
Rodents vs:
409 21/09/1998 Repeated Dose 90-Day Oral Toxicity Study in
Non-rodents
Chronic 452 08/09/2009 Chronic Toxicity Studies Effects produced by an exposition of
th th
453 08/09/2009 453 9/8/09 Combined Chronic Toxicity/ ree months of more

Carcinogenicity Studies

# Guidance for industry and other stakeholders toxicological principles for the safety assessment of food Ingredients. Redbook 2000. U.S.
Department of Health and Human Services. Food and Drug Administration. Center for Food Safety and Applied Nutrition. July 2000; updated

July 2007.
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medium lethal dose (LDsy) is as follows: Category 1: 5 mg/Kg
bodyweight, Category 2: 50 mg/Kg bodyweight, Category 3:
300 mg/Kg bodyweight, Category 4: 2000 mg/Kg bodyweight
and Category 5: 5000 mg/Kg bodyweight. Medium Lethal
Dose (LDsy) is the concentration of a substance required to kill
half members of a tested population after a specific test dura-
tion. Historically obtained by a single dose protocol, nowadays
the Up-and Down procedure is employed to decrease the num-
ber of animals employed [15]. The toxicity of the compounds
can manifest as damage to the genetic material or cellular com-
ponents, this is associated with the functionality of chromo-
somes inside cell causing mutations; defined as a permanent
change in the amount or structure of the genetic material in a
cell. The term mutation applies to both, to heritable genetic
changes that may be manifested at the phenotypic level, and to
the underlying DNA modification when known, including for
example, specific base pair changes and chromosomal translo-
cations. When a compound gives rise to an increased occur-
rence of mutations in populations of cells and/or organisms, the
term mutagenic is used. In both cases, the Ames Assay is one of
the most commonly test employed.

During the past 30 years, QSAR methodologies have grad-
ually and greatly evolved [16]. The original use for the quanti-
fication of structure-activity relationships widened to
environmental toxicology, and QSAR models are now accepted
for regulatory purposes [17]. The International Conference on
Harmonisation (ICH)-M7 guideline provides a practical frame-
work that is applicable to the identification, categorization,
qualification, and control of these mutagenic impurities to limit
potential carcinogenic risk [18]. Regarding (Q)SAR models,
ICH-MT7 states “A computational toxicology assessment should
be performed using (Q)SAR methodologies that predict the
outcome of a bacterial mutagenicity assay [19]. Two (Q)SAR
prediction methodologies that complement each other should
be applied. One methodology should be expert rule-based and
the second methodology should be statistical-based.” (Q)SAR
models should follow the general validation principles set forth
by the Organization for Economic Co-operation and Develop-
ment (OECD) [20]. Expert knowledge can be used to review
any computer system-based analysis, highlighting the rele-
vance of expert review to provide additional supportive evi-
dence on decision making [17,21,22]. The interpretation of
models, in the framework of ICH-M7 is based on structural
alerts. Compounds are considered mutagenic or non-mutagenic
based on the absence, presence or contradictory structural alerts
from two complementary (Q)SAR methodologies (expert rule-
based and statistical) allowing to state if further testing is rec-
ommended.

To continue our efforts on the study of natural products
particularly those with antinociception activity, in this work, we
present the chemical and toxicological description of com-
pounds with analgesic properties extracted from Mexican
plants. Relevant molecules are included as reference, and the
toxicological profile includes the prediction of oral rat IC val-
ues, and mutagenic risk assessment.

Karina Martinez-Mayorga et al.
2. Results and Discussion

Compounds with analgesic or antinociceptive activity from
Mexican plants obtained from UNIIQUIM are summarized in
Fig. 1. These molecules include flavonoids, terpenes, alkaloids,
etc. For comparison, we included molecules with relevance in
analgesia, named: DAMGO, herkinorin, morphine, naloxone,
and salvinorin A. These reference molecules, particularly target
opioid receptors, which are the main targets for chronic pain,
for instance in post-operatory and cancer patients.

A great structural diversity is found in compounds with an-
algesic or nociceptive activity. Literature suggest that the phar-
macophore requires the presence of hydrophobic groups,
hydorgen bond donors and hydrogen bond acceptors. However,
some of the compounds studied in this work do not satisfy this
requirement, but show an important analgesic activity with low
toxicities.

Morphine was the first medicinal alkaloid isolated from
any plant and one of the most effective treatment for pain [23].
A study conducted by Dykstra shows that morphine completely
blocks acid-induced writhing with a dose of 3.2 (mg/Kg) or
0.011 mmol/Kg [24]. Results for acacetin (0.11 mmol, 72.5%),
lupenone (0.011 mmol, 50%; 0.023 mmol, 60-65%), epi-frie-
delanol (0.023 mmol, 45.83%), linarin (0.042 mmol, 38%;
0.337 mmol, 57%), taraxasteryl acetate (0.021%, 77.36%) and
caryophyllene oxide (0.056 mmol, 57.87%; 0.113 mmol,
75.19%) were found with the same methodology. None of them
show a better activity than morphine, but some show compara-
ble inhibition such as lupenone and taraxasteryl acetate.

Other interesting example is caryophyllene oxide that in-
hibits the acid-induced writhing in 75%, with a dose ten times
higher than that found for morphine, but with a 10-fold de-
crease in toxicity (caryophyllene oxide LDy, = 10.7 mmol/Kg,
Table 3. Regarding toxicity, all studied compounds showed
lower effect than morphine with a decrease of 4 to 10-fold in
the LDy, values, with exception of acacetin, that is practically
as toxic as morphine. It is important to note that all studied
compounds lack the structural requirements suggested in the
literature as key features for their interaction with opioid recep-
tors. However, tests like hot plate or tail-flick suggest that these
compounds (linarine, taraxasteryl acetate and caryophyllene
oxide) might be targeting opioid receptors. Due to the structural
similarity of epi-friedelanol, taraxterol and lupenone with ta-
raxasteryl acetate and similarity found between linarin and aca-
cetin is suggested that all compounds shown certain interaction
with the opioid receptors, probably with the p-subtype. More-
over, most of the compounds were predicted as non-mutagenic
in both Derek and Sarah, with exception of caryophyllene ox-
ide, for which Sarah gave an out of domain result.

Thus, these compounds isolated from Mexican plants rep-
resent a new benchmark in the search for compounds that can
interact with opioid receptors, due to the fact that most of them
have analgesic or antinociceptic activity with low acute toxici-
ty, most likely by interaction with opioid receptors, without the
fulfil of structural requirements previously identified for these
kind of compounds.
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The predictions of mutagenicity performed with the soft-
ware Sarah and Derek from Lhasa Limited are summarized in
Table 3. These complementary toxicity predictors are designed
to provide the necessary information for decision making under
the ICH-M7 guidelines. While Sarah is a statistical-based pre-
dictor, Derek uses an expert knowledge-based method. Al-
though both methods have the same endpoint, the way they
reach a conclusion is different; therefore they are not redundant
but complementary. Results are presented as positive (red) or
negative (green) boxes. The associated description substanti-
ates the prediction. In addition, in Sarah a percentage of confi-
dence is provided. Taking together, this information allows to
derive a conclusion on the predicted toxicity of each compound.

Based on this data, and according to Lhasa’s guidelines,
Derek predictions can fall on any of these categories: Certain:
There is proof that the proposition is true; probable: There is at
least one strong argument that the proposition is true and there
are no arguments against it; plausible: The weight of evidence
supports the proposition; equivocal: There is an equal weight of
evidence for and against the proposition; doubted: The weight
of evidence opposes the proposition; improbable: There is at
least one strong argument that the proposition is false and there
are no arguments that it is true; impossible: There is proof that
the proposition is false.

If independent methods arrive to similar conclusions to the
same endpoint then the accuracy of the results can be increased.
For example, when Sarah and Derek are used together the accu-
racy is as high as 90% [17]. If the independent methods were
always in agreement, there will be no need to apply both.

Karina Martinez-Mayorga et al.

However, when the conclusions are contradicting, the informa-
tion behind the conclusions need to be analyzed to discriminate
why they are contradicting and derive a justified conclusion.
For the reference molecules morphine and naloxone, Sarah
predicts they are mutagenic, salvinorin A and herkinorin are
equivocal, and DAMGO is predicted inactive with 45% confi-
dence. Among all the other compounds, acacetin is predicted
inactive with higher confidence. Caryophyllene oxide is out of
domain, and all the other molecules are predicted also inactive
with around 25% confidence. In turn, Derek predicts all the
compounds inactive, except for caryophyllene oxide that is pre-
dicted inactive with unclassified features. This quick but well
substantiated overview of the toxicity profile suggests that none
of the molecules studied here are predicted to be mutagenic.
Closer look at Derek’s prediction for acacetin shows that
not only there are not structural alerts for mutagenicity but also
there were not unclassified or misclassified features. In turn,
Sarah predicts acacetin as negative in a mutagenicity in vitro
assay with 38% confidence. To arrive to this conclusion, Sarah
searches for fragments with known mutagenic risk factor. As an
example, Fig. 2 shows relevant molecules from the training set
used within Sarah to come to the conclusion that acacetin will
be inactive in the bacterial in vitro (Ames) mutagenicity test.
The central analgesic activity of molecules can be studied
in vivo by means of thermal stimuli with the hot plate test in
mice [25]. In turn, peripheral analgesic activity can be evaluat-
ed through the acetic acid-induced writhing test in vivo [26].
Other ways to study the analgesic or antinociceptive activity
are the tail-flick test and formalin-induced paw licking test,

Table 2. Predicted LDs, oral in rat and mutagenicity of compounds with analgesic or antinociceptive activity from mexican plants and reference

molecules estimated with “TEST” software.

Oral rat LDs," Mutagenicity®

Compound -Log10(mol/kg) mg/kg mmol/kg

Morphine 3.08,2.932° 235.14,335.28 0.82,1.17° 0.47, 0° - -0
Salvinorin A 2.75 772.53 1.78 0.32 -
Herkinorin 241 1942.32 3.92 0.31 -
DAMGO 2.36 2234.67 423 -0.00 -
Naloxone 2.82 492.65 1.50 0.44 -
Acacetin 3.19 171.37 0.60 0.18 -
Epi-friedelanol 2.29 2204.82 5.14 0.29 -
(-)-B —caryophyllene oxide 1.97 2357.87 10.7 0.09 -
Linarin 2.29 2988.78 5.04 -0.03 -
Taraxasteryl-acetate 2.11 3614.01 7.70 0.12 -
Lupenone 245 1522.42 3.58 0.19 -
Taraxasterol 2.29 2202.73 5.16 0.07 -

? Predicted values.

b Experimental values. Oral rat LDs,: Amount of chemical (mg/kg bodyweight) that causes 50% of rats to die after oral ingestion. Ames
mutagenicity: A compound is positive for mutagenicity if it induces revertant colony growth in any strain of Salmonella typhimurium.
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Table 3. Predicted mutagenicity of compounds with analgesic or nonciceptin activity from Mexican plants and reference molecules, estimated
with Derek and Sarah Nexus.

Derek Sarah (Model - 1.1.19)

Morphine ...C] Inactive .... Positive
The query structure does not match any structural alerts The compound is predicted to be positive with 100%
or examples for (bacterial in vitro) mutagenicity in Derek.  confidence for the ‘Mutagenicity in vitro’ endpoint in the
Additionally, the query structure does not contain any model. This is based on an exact match with a compound
unclassified or misclassified features and is consequently ~ found in the training dataset. 3 supporting hypotheses
predicted to be inactive in the bacterial in vitro (Ames) were also found.
mutagenicity test.

Salvinorin A ...D Inactive ODDD Equivocal
The query structure does not match any structural alerts The compound is predicted to be equivocal with --
or examples for (bacterial in vitro) mutagenicity in Derek.  confidence for the ‘“Mutagenicity in vitro’ endpoint in
Additionally, the query structure does not contain any the model. Supporting hypotheses containing similar
unclassified or misclassified features and is consequently ~ examples from the training set have been found.
predicted to be inactive in the bacterial in vitro (Ames)
mutagenicity test.

Herkinorin 8880 . 0000 Equivocal
The query structure does not match any structural alerts The compound is predicted to be equivocal with --
or examples for (bacterial in vitro) mutagenicity in Derek.  confidence for the ‘Mutagenicity in vitro’ endpoint in
Additionally, the query structure does not contain any the model. Supporting hypotheses containing similar
unclassified or misclassified features and is consequently ~ examples from the training set have been found.
predicted to be inactive in the bacterial in vitro (Ames)
mutagenicity test.

DAMGO ...[:] Inactive ..DD Negative
The query structure does not match any structural alerts The compound is predicted to be negative with 45%
or examples for (bacterial in vitro) mutagenicity in Derek.  confidence for the ‘“Mutagenicity in vitro’ endpoint in
Additionally, the query structure does not contain any the model. Supporting hypotheses containing similar
unclassified or misclassified features and is consequently ~ examples from the training set have been found.
predicted to be inactive in the bacterial in vitro (Ames)
mutagenicity test.

Naloxone ...C] Inactive .... Positive
The query structure does not match any structural alerts The compound is predicted to be positive with 100%
or examples for (bacterial in vitro) mutagenicity in Derek.  confidence for the ‘Mutagenicity in vitro’ endpoint in the
Additionally, the query structure does not contain any model. This is based on an exact match with a compound
unclassified or misclassified features and is consequently ~ found in the training dataset. 4 supporting hypotheses
predicted to be inactive in the bacterial in vitro (Ames) were also found and are displayed for information.
mutagenicity test.

Acacetin

...C] Inactive

The query structure does not match any structural alerts

or examples for (bacterial in vitro) mutagenicity in Derek.

Additionally, the query structure does not contain any
unclassified or misclassified features and is consequently
predicted to be inactive in the bacterial in vitro (Ames)
mutagenicity test.

..DD Negative

The compound is predicted to be negative with 38%
confidence for the ‘Mutagenicity in vitro’ endpoint in

the model. Supporting hypotheses containing similar
examples from the training set have been found. For the
hypotheses indicated, the local activity signal generated
from the most similar compounds to the query compound
contradicts the overall activity signal for the hypothesis.

f -friedelanol

...C] Inactive

The query structure does not match any structural alerts

or examples for (bacterial in vitro) mutagenicity in Derek.

Additionally, the query structure does not contain any
unclassified or misclassified features and is consequently
predicted to be inactive in the bacterial in vitro (Ames)
mutagenicity test.

.OOO Negative

The compound is predicted to be negative with 25%
confidence for the ‘Mutagenicity in vitro’ endpoint.
Supporting hypotheses containing similar examples from
the training set have been found.
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Derek Sarah (Model - 1.1.19)

OC;z};ophyllene ..DC] Inactive® ODOD Outside domain
The query structure contains features that were not found At least one fragment derived from the query compound
in the Lhasa Ames test reference set and do not match is outside the training dataset domain and an overall
any structural alerts or examples for (bacterial in vitro) prediction is therefore not possible. For those fragments
mutagenicity in Derek. It is predicted to be inactive in the  that are in domain, supporting hypothesis is displayed for
bacterial in vitro (Ames) mutagenicity test. information.

Linarin ...C] Inactive .DDD Negative
The query structure does not match any structural alerts The compound is predicted to be negative with 24%
or examples for (bacterial in vitro) mutagenicity in Derek.  confidence for the ‘Mutagenicity in vitro’ endpoint.
Additionally, the query structure does not contain any Supporting hypotheses containing similar examples from
unclassified or misclassified features and is consequently  the training set have been found. For the hypotheses
predicted to be inactive in the bacterial in vitro (Ames) indicated, the local activity signal generated from the most
mutagenicity test. similar compounds to the query compound contradicts the

overall activity signal for the hypothesis.
Lupenone ...C] Inactive

The query structure does not match any structural alerts
or examples for (bacterial in vitro) mutagenicity in Derek.
Additionally, the query structure does not contain any
unclassified or misclassified features and is consequently
predicted to be inactive in the bacterial in vitro (Ames)
mutagenicity test.

.C]DC] Negative

The compound is predicted to be negative with 29%
confidence for the ‘Mutagenicity in vitro’ endpoint.
Supporting hypotheses containing similar examples from
the training set have been found.

Taraxasteryl acetate

...D Inactive

The query structure does not match any structural alerts
or examples for (bacterial in vitro) mutagenicity in Derek.
Additionally, the query structure does not contain any
unclassified or misclassified features and is consequently

.DDD Negative

The compound is predicted to be negative with 24%
confidence for the ‘Mutagenicity in vitro’ endpoint.
Supporting hypotheses containing similar examples from
the training set have been found.

predicted to be inactive in the bacterial in vitro (Ames)

mutagenicity test.

 Contains unclassified features. Specie: bacterium. Endpoint: Mutagenicity in vitro.

both in mice [27,28] [29]. Closer look at the biological activity
data of the molecules studied in this work shows that all these
compounds have been evaluated on either of these pain-related
biological endpoints. Table 4 shows in vivo biological activity
values for each of the molecules studied here. Interestingly,
some of these compounds are used in human consuption, for
example B-caryophyllene epoxide is a food additive approved
by FDA as flavoring substance.

Acacetin is an O-methylated flavone isolated from Robinia
pseudoacacia and Turnera diffusa among other plants, it exhi-
bits anti-inflammatory as well as anti-nociceptive properties
[30], and is widely investigated as part of the traditional Chi-
nese pharmacopeia [31]. Robinia (R. pseudoacacia) contains a
toxic lectin on its seeds; it has been observed that horses that
ingest this plant present anorexia, depression, weakness, and
cardiac arrhythmia, among other effects. However, this plant
could be investigated for health conditions where these effects
are desirable, for instance to investigate its effect on weight man-
agement. The flowers however are eatable. Acacetin produces a

significant and dose-dependent nociception inhibition of the
writhes. Also, acacetin inhibits licking and shaking associated
with nociceptive behavior, mainly in the inflammatory phase of
the formalin test. At the unique dose of 56.2 mg/kg, shows the
maximal efficacy in the writhing and formalin tests, and it was
compared to the antinociceptive response produced by the same
dosage of tramadol [32].

Lupenone is a derivative of the naturally occurring triter-
pene lupeol isolated from a variety of plants such as Acacia
visco, Abronia villosa and Mangiferae Mangifera sp. As its pre-
cursor, lupenone is an antibiotic and anti-inflammatory agent
but it has also been found to be cytotoxic against in vitro human
adenocarcinoma and melanoma models. Interest in developing
lupeol-based anti-neoplastic agents, has leaded to the discovery
of highly active derivatives [33]. Intraperitoneal adminis-
tration of lupenone produces a dose-related and significant in-
hibition of acetic acid-induced abdominal constriction in mice.
Approximately 50% inhibition of nociception is showed with
5 mg/Kg for lupenone; with 10 mg/Kg results in a inhibition of
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Fig. 2. Hypotheses for acacetin.

nociception ranging from 60 to 65% (Table 4). Pre-treatment of
mice with opioid receptor antagonist, completely reverses the
antinociceptive effects of lupenone, thus showing the opioid
receptor mechanism for nociception. Also, lupenone exhibits
35.6 and 51.2% inhibition of nociception response in the acute
and chronic phases, respectively [34].

Epi-friedelanol (also known as epi-friedelinol) is a triter-
penoid found in a wide variety of plants. It has been reported to
exhibit anti-inflammatory [35], antifungal [36] and antileish-
manial properties [37]. Epi-friedelanol has better inhibition
nociception values than diclofenac sodium (10 mg/kg) in the
pain’s early phase in formalin-induced paw licking test. The in-
hibition of writhing at 45.83% is considerable for acetic acid-
induced writhing test [38].

Linarin is a flavonoid glycoside found in Valeriana offici-
nalis which has sedative and sleep-enhancing properties that are
potentiated by simultanecous administration of valerenic acid
[39], acting as a second order positive modulator of GABA ,
receptors. Linarin exerts a significant protective effect from the
dose of 50 mg/Kg (45% nociception inhibition) in the acetic ac-
id-induced writhing test, and has a maximum nociception inhi-
bition value at a dose of 200 mg/kg (57%). Linarin (100 mg/kg)
significantly increases the reaction time of mice by 55% in the
hot plate test. A pretreatment with naloxone antagonized the an-
algesic effects of the linarin. The inhibitory effect of naloxone, a
specific antagonist of morphinic receptors, on the analgesic ac-
tivity of linarin suggests a morphine-like activity profile [40].

Taraxteryl acetate, a taraxasterol derivative, shows notable
antinociceptive activity (Table 4). At 10 mg/kg dose, taraxaster-
yl acetate exhibits higher activity than acetylsalicylic acid (300
mg/kg) in the tail-flick test, as well as in the acetic acid-induced

writhing tests. Moreover, antinociceptive activity of taraxaster-
yl acetate (10 mg/kg) is close to that of morphine (10 mg/kg)
in the tail-flick test. The highest activity exhibiting taraxasteryl
acetate is considered for good antinociceptive properties [41].

(-)-B-caryophyllene epoxide is a sesquiterpene found in
most plants from the genus Cannabis and is the component
which drug-sniffing dogs identify with marijuana [42]. The
non-epoxide analogue is widely present in several spices from
pepper, cloves, rosemary, basil and lavender; the epoxide is
used as food flavoring [43]. Pretreatment with caryophyl-
lene oxide in the hot plate test does not produce any signifi-
cant changes of paw licking time in the post-treatment early
phase. However, in the late phase, the caryophyllene oxide
has a dose-dependent and significant increase in licking time
treated in mice. The maximum activity is observed with
caryophyllene oxide at the 120 min time interval (25 mg/kg
bodyweight). Caryophyllene oxide has centrally and periph-
erally mediated analgesic properties, inhibiting pain in the
acetic acid-induced writhing test (Table 4). Further pharma-
codynamic investigations are required to understand the anal-
gesic mechanisms [44].

Comparing the reference molecules shown here, the seven
molecules under investigation are structurally different, for ex-
ample, some of them have opioid activity but does not contain
all the accepted pharmacophore features for those receptors,
such as a positively charge heteroatom and an aromatic moiety.
Thus, investigation of binding modes and structural-activity re-
lationship studies are warranted. Given the structural diversity,
the nociception activities and the low predicted toxicity of the
natural products studied here, they represent a promising hit
compounds for further development.
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Table 4. Biological activity of compounds with analgesic or nonciceptive activity from Mexican plants and reference molecules.

Treatment Test Result Ref
Caryophyllene oxide  acetic acid-induced writhing test mg/kg wt. nociception inhibition [44]
12.5 57.87%
25 75.19%
hot plate test mg/kg wt. latency to lick the paws after 120 min
(sec)
control 8.16£1.10
12.5 14.5£1.2
25 17.00+0.96
Taraxasteryl acetate acetic acid-induced writhing test mg/kg wt. nociception inhibition [41]
10 77.36%
tail flick test mg/kg wt. latency on reaction (sec)
0-30 min
control 7.03+0.25
10 12.59+0.36
Lupenone acetic acid-induced writhing test mg/kg wt. nociception inhibition [34]
5 50%
10 60-65%
formalin-induced nociception mg/kg wt nociception inhibition
10 0-5 min 15-30 min
35.6 51.2
Linarin acetic acid-induced writhing test mg/kg wt. nociception inhibition [40]
25 38%
200 57%
hot plate test mg/kg wt. latency on reaction time (sec)
control 11.9+0.9
100 18.4+2.5
Friedelanol acetic acid-induced abdominal mg/kg nociception inhibition [38]
constriction test 10 45.83%
formalin-induced paw licking test mg/kg nociception inhibition
10 0-5 min 15-30 min
35.67% 42.94%
Acacetin acetic acid-induced writhing test mg/kg nociception inhibition [32]
31.6 72.5
formalin-induced paw licking test mg/kg nociception inhibition
56.2 0-5 min 15-30 min

50 %
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In conclusion, molecules searched in the UNIIQUIM with
nociception activity represent structurally diverse molecules
including flavonoids and terpenes. There are indications that
lupenone, linarin and taraxteryl acetate extern their nociception
effect via opioid receptors. However, for other natural products
from Mexican plants with nociception activity the biological
pathways involved on this activity need to be explored. Regard-
ing toxicity profile, all the compounds studied do not represent
a mutagenicity risk. Some molecules like B-caryophyllene are
FDA approved flavor chemicals. The structural diversity of
these molecules, their common nociception activity and the
predicted safety profile as non-mutagenic agents highlights the
importance of these molecules for further studies on the search
of analgesic and nociception effects.

3. Methods

Molecules were searched and obtained from the UNIIQUIM
database. UNIIQUIM database aims to collect and organize
chemical, phytochemical, structural, and biological information
of natural products produce for over 75 years in the Institute of
Chemistry at the National Autonomous University of Mexico.
The database can be searched online at http://uniiquim.iquimi-
ca.unam.mx/. Search of compounds with analgesic or nocicep-
tive activity rendered seven compounds shown in Fig. 1.

Prediction of oral LDs, in rat and mutagenicity was per-
formed using TEST (4.1) (Toxicity Estimation Software Tool).
In addition, mutagenicity was also predicted with Derek Nexus
(v.5.0.2) and Sarah Nexus (v.2.0.1) from Lhasa Limited.

The methodologies implemented in TEST (4.1) are hierar-
chical clustering, FDA, and nearest neighbors. Details of these
methods are described elsewhere [45] and are briefly described
here.

Hierarchical Clustering. This method uses Ward’s Minimum
Variance Clustering Method making a series of n clusters which
has only one chemical of n chemicals, so for the training set
there will be n clusters, and the variance of test is the sum of the
variance of the individual clusters

Mz

V(l)=> v(k,0)

>~
]
—_

where v(k, ) is the variance of cluster k at step 1. Each of the
following steps adds two clusters together to one cluster so
the increase of the variance over all cluster is minimized

min V(I+1)=V({I+1)=V({I)=vk, [+ 1) =0k, )= (ky, )

where clusters k&, and k, join together at step / to make cluster
k" at step I+ 1 the process of combining clusters continues until
all of the chemicals are into a single cluster. Then, all cluster are
analized by a genetic algorithm to determine the optimal de-
scriptor set to obtain the toxicity values of the chemicals with-
in the cluster. The maximum number of descriptors is 7,/5.

Prior the genetic algorithm the model are optimized by means
of checking for outliners, removing constant descriptors, cor-
related descriptors, and linearly dependent descriptors, then the
predictions are made by “closest cluster from each step” ap-
proach in the hierarchical clustering.

FDA. In this method the predictions are made using new clus-
ters constructed containing compounds with at least 75% of
similarity coefficient with the test compound. A multiple linear
regression model is constructed and the toxicity is predicted,
the advantage of this method is that the training set is tailored to
fit the test chemical and the disadvantage is that new model has
to be generated for each test chemical. If the predictions cannot
be made the cluster size is gradually increased from 30 up to 75
chemicals.

Nearest Neighbors. Considered the base line for more complex
calculations. In TEST, this method has a fixed similarity coeffi-
cient (SC,,;, is set to 0.5). In this method the training cluster for
the chemical test is constructed with the three closest chemical
relative to the coefficient of similarity of the training set.

Derek and Sarah Nexus, developed by Lhasa Limited,
were used to predict bacterial mutagenicity. Settings were left
to default values. Derek is the expert toxicity prediction tool.
Sarah is a statistical machine-learning methodology for the pre-
diction of bacterial mutagenicity. Molecules are fragmented
and reviewed for activity vs. inactivity using self-organizing
hierarchical networks, whereby the model arranges relevant
fragments. Models arrange relevant fragments into nodes (hy-
potheses). An overall prediction is obtained based on the pre-
diction and confidence associated with each relevant fragment.
Sarah provides a measure of confidence (which is correlated to
expected accuracy) for each prediction it makes, for interpreta-
tion of a prediction by expert review.

Derek predictions are based on comparison of the informa-
tion in a chemical structure to the toxicity Derek information or
proprictary data in a knowledge base. Derek also highlights
fragments of the query compound in order to illustrate the
matches to patterns used to hold knowledge contained within
Derek; an overall conclusion about the likelihood of toxicity in
a structure and detailed reasoning information for the likeli-
hood is so obtained. The prediction is generated by applying
expert knowledge rules in toxicology to the data returned from
the knowledge base.
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