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Abstract

Background: Terpinolene, a monoterpene that is naturally found in a variety of herbs, is widely used as a flavoring agent in the
industry. Although it’s well established in the literature that terpinolene is an important component of plant extracts, the biological
properties and the potential therapeutic use of this compound remain poorly explored.

Purpose: This work aimed to answer the following guiding question: "What are the biological activities of terpinolene
demonstrated through in silico, in vitro, and in vivo assays?".

Study design and methodology: A systematic review was carried out in four electronic databases (Embase, Web of Science,
Scopus, and PubMed) according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines, using the following search terms: terpinolene “AND” activity “OR” properties “OR” therapeutic “OR” treatment. This
search included manuscripts published between 1960 and June 2020. Study selection was conducted by two independent reviewers
according to predefined criteria.

Results: The initial search found a total of 2449 articles. However, only 57 of them were selected as they met the inclusion criteria
and answered the guiding question. The analysis of these studies indicated that terpinolene presents a series of biological effects,
from which the antioxidant, larvicide, and insecticide activities stand out. Despite the evidence demonstrating that terpinolene has
the potential to be used in a broad pharmacological context, the mechanisms underlying its cellular and molecular effects remain to
be better elucidated. In addition, the in vivo efficacy and safety of the administration of this compound have been poorly evaluated
through either preclinical and clinical trials. Therefore, this study highlights the importance of characterizing the biological aspects
and mechanisms of action of this natural compound.

Conclusion: The data summarized in the present systematic review demonstrates the pharmacological potential of terpinolene.
Nevertheless, most studies included in this review provide a superficial characterization of terpinolene biological effects and
therefore, further research elucidating its mechanism of action and potential therapeutic benefits through preclinical and clinical
trials are required. Nevertheless, due to its wide range of different biological activities, terpinolene will certainly attract the interest
of scientific research, which could significantly contribute to the development of new products with both therapeutic and
environmental applications.

Graphical Abstract Graphical Abstract
.
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1. Introduction

The therapeutic underestimation of chemical compounds derived from plant species directly impacts the
development of new drugs. While nature provides a wide variety of herbs at low cost and whose consumption
viability is recognized by several ethnopharmacological data, the bioactivity of isolated compounds needs to be
confirmed through biological tests. In this context, computational (in silico), in vitro, and in vivo tests are fundamental
tools in the scientific investigation of innovative therapies, contributing to guiding the therapeutic use of natural
products (Geris, 2014; Tang et al., 2006).

Plants use metabolic processes to maintain their survival and specialized functions, which are divided into
primary and secondary metabolism (Famiani et al., 2019). The primary metabolism is characterized by a set of vital
processes responsible for the organism's essential maintenance through the generation of amino acids, simple sugars,
lipids, and nucleic acids. On the other hand, the secondary metabolism comprises the generation of compounds that
assist in growth and adaptation to stress conditions using substrates originated by the primary metabolism (Famiani
et al., 2019; Felipe and Bicas, 2017; Keeling and Bohlmann, 2006; Kroymann, 2011).

Terpenes are structurally diverse secondary metabolites whose chemical and biological properties have been
widely investigated in scientific research (Casanova and Costa, 2017). This class of metabolites has several subgroups,
including monoterpenes, which have the simplest structure among them, comprising about 90% of the composition of
essential oils (Bakkali et al., 2008; Guimaraes et al., 2013). Terpinolene is a 10-carbon monoterpene composed of a
cyclic main chain formed by two linked isoprene units to which methyl and propane are linked (Molecular formula:
CuwHis; IUPAC: 1-methyl-4-propan-2-ylidenecyclohexene (Figure 1)). With regard to the physicochemical aspects,
terpinolene is a water-white to light amber-colored liquid with low water solubility (9.5 mg/L at 25 °C) and high
liposolubility (estimated log Kow = 4.47). Due to its low molecular mass (136.23 g/mol) and high volatility, terpinolene
is widely used in the production of fragrances (Ghasemi et al., 2009; Guimaraes et al., 2013). This compound is widely
found in the chemical composition of aromatic plants (Gasinski et al., 2020; Petrovic et al., 2018), especially those of
Asian origin such as blackcurrant (Ribes rubrum) and saffron (Curcuma longa) (Tisserand and Young, 2014).

Evidence has placed terpinolene as a bioactive compound with significant pharmacological activities, among
which the antifungal (Davis et al., 2018; Pinto et al., 2020), antioxidant (de Christo Scherer et al., 2019; Lu et al., 2019),
and insecticide (Liu et al., 2020; Pavela et al.,, 2018; Ribeiro et al.,, 2019; Ribeiro et al., 2020) are highlighted.
Additionally, computational predictions by Bosc and collaborators (2019) indicate that terpinolene has a high
confidence level (90%) and significant activity threshold (>6) for the following targets: Muscarinic acetylcholine
receptor M1(Rattus norvegicus), Prostanoid EP4 receptor (Rattus norvegicus), Serotonin 3a (5-HT3a) receptor (Rattus
norvegicus), and Proto-oncogene tyrosine-protein kinase ROS (Homo sapiens) (“Compound Report Card,” n.d.).
However, few precinical studies have investigated its biological activities through in silico, in vitro, and in vivo
experiments. Additionally, there is currently no clinical trial supporting the potential of terpinolene as a therapeutic
compound.
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Therefore, this systematic review aims to report the biological activities of terpinolene demonstrated through
preclinical studies, attempting to contribute to further research addressing the therapeutic potential of this
monoterpene.

2. Results
2.1. Selection of studies

The initial literature search using the previously described keywords found a total of 2908 articles in the
selected databases, including 261 articles in Embase, 381 articles in Medline, 4,618 articles in Scopus, 189 articles in
PubMed, and 459 articles in the Web of Science. After removing 1992 duplicates of articles indexed in two or more
databases and applying the inclusion and exclusion criteria, 76 articles were selected for the final analysis. Finally,
following the individual verification of full texts, a total of 57 articles were obtained and included in the present
review (figure 2).

2.2. Data extraction and analysis

Considering the type of study, most articles were performed exclusively in vitro (n = 38), followed by studies
carried out exclusively in vivo (n = 15), both in vitro and in vivo (n = 2), both in silico and in vitro (n = 1) and exclusively
in silico (n = 1). Concerning the procedures used to perform the analyses, only in silico studies (3%), were carried out
using the same method: molecular docking. Differently, in vitro (67.1%) and. in wivo (29.9%) studies were carried out
following different protocols. To better describe the most relevant aspects of the articles, they were organized
according to the type of study, as shown in tables 1, 2, and 3. Those articles using two or more types of preclinical
trials were presented in different tables according to the corresponding type of assay.

The first article reporting terpinolene biological activity was published in 1967. Since then, although the
number of publications has gradually fluctuated over the years, a growing number of publications from 2009 indicates
increasing interest in this subject in the last years (figure 3a). Most of the investigations were carried out in the Asian
continent, where China (6 publications), Taiwan (6 publications), Japan (5 publications), and Korea (5 publications)
stand out as leading countries in this field of research. In the Americas, Brazil stands out with ten publications on this
issue. In comparison with the Americas, Europe demonstrates a similar interest in the topic (figure 3b).

The selected studies were separated and grouped into three experimental categories: in silico (Table 1), in vitro
(Table 2), and in vive (Table 3). Also, those articles that use 2 types of preclinical assays for terpinolene activity
analysis were presented in 2 distinct tables obeying the corresponding type of assay. The articles analyzed in this
research revealed that terpinolene has several pharmacological activities reported in the literature, including anti-
cholinesterase, sedative, cytotoxic,  cytoprotective, anti-inflammatory, antispasmodic, antiproliferative,
antinociceptive, lysozyme ligand and n-nitrosamine inhibitor, and P-glycoprotein. As reported for other terpenes, the
antioxidant and toxic (insecticide/larvicide) properties stand out as the most investigated activities of terpinolene
(figure 4).

With regard to the toxic activity of terpinolene, most articles reported its cytotoxic and insecticidal properties.
The data repoting terpinolene cytotoxicity indicate that this compound present low toxicity when compared with
other monoterpenes. Accordingly, in vitro assays using human lymphocytes showed that terpinolene present a
concentration- dependent cytotoxicity, causing significant decreased on cell viability at concentrations greater than
100 mg/L, which was not associated with the occurrence of genotoxic effects (Turkez et al, 2015). A study
investigating the toxicicty of orally administered terpinolene in rats found a LDso of 4390 mg/Kg, which characterizes
compounds with low systemic toxicity. The same study showed that a single topical application of this compound at a
dose of 5000 mg/Kg resulted in transitory erythema and edema during the first few days of observation (Opdyke,
1976). Thus, based on the available literature data, terpinolene can be considered a safe drug for both topical and
systemic use.

2.3. Methodological quality /risk of bias of the studies

This systematic review is a pioneering study listing the different properties of terpinolene in a biological
context. Then only in vivo trials were used tocompose this study had their risk of bias analyzed in order to determine
the reliability of their methods. It is worth mentioning that in vivo methods are of crucial importance in the evaluation
of the pharmacokinetic (e.g., absorption, metabolism, bioavailability) and pharmacodynamic (e.g., potency, affinity,
selectivity) parameters of a given compound, which allow the identification of the cellular or biochemical events
modulated by the drug such as gene transcription, protein expression and metabolic changes associated to disease
status. To analyze the methodological quality and risk of bias, we used the SYRCLE’s RoB tool based on the Cochrane
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RoB tool (Higgins et al., 2011; Hooijmans et al., 2014) adjusted for specific aspects of experimental studies in non-
human animals. This methodology evaluates the risk of bias from the answer to 10 questions, including selection bias,
performance bias, friction bias, detection bias, and other biases (Hooijmans et al., 2014). Some underlying evidence
indicates that the animal environment and experimental conditions, such as lighting, humidity, temperature, etc., can
influence the results of the study because they promote behavioral and biochemical changes (Claassen, 2013;
Hooijmans et al., 2014; Johnston and Nevalainen, 2002). Group allocation (random selection) and blind treatments are
also relevant for the methodological quality. Here, the articles were evaluated both qualitatively (figure 5) and
quantitatively (figure 6), allowing the reproducibility in the choice of risk criteria of this study. The classification was
initially performed independently by two researchers (IOM and JRS) in agreement with the kappa index = 0.748.
Subsequently, the possible divergences in the classification of the studies were resolved by consensus and expressed
in figures 5 and 6.

According to the present analysis, none of the in vivo studies included in the present review presented a low
risk of bias. From a total of 17 studies, seven had a high risk of bias in any of the judging questions, while 30% of the
manuscripts evaluated presented an unclear risk of bias. According to the score shown in figure 7, an analysis of the
manuscripts using in vivo experiments found 5.29%, 42.35%, and 52.35% of articles presenting a high, uncertain, and
low risk of bias, respectively. Although more than 50% of the studies have shown a low risk of bias, it is noteworthy
mentioning that the number of questions answered with unclear risk was high, which might be due to the lack of
information attested during the reading of manuscripts.

With regard to the judging questions, it was observed that questions 1, 2, 4, and 10 presented the lowest risk
of bias, as only one article (6%) did not adequately describe the sequence of events. All articles were apparently
carried out following the methodology proposed with an understandable and precise description. Additionally,
almost all of them (94 %) were free from other bias problems such as contamination by drugs, the addition of new
animals to replace unwanted animals in the groups, the influence of funders, or errors in analysis units.

All selected studies correctly described the objectives, methodology, outcomes, and main findings obtained.
However, no information on blinding strategy was provided. Nevertheless, no detailed evidence was found in any of
the studies that indicated that they were more prone to errors or manipulation of results than those using a blinding
methodology (Bebarta et al., 2003; Hooijmans et al., 2014).

2.4. Computationally predicted molecular targets for terpinolene

In order to contribute to further research investigating the potential therapeutic properties of terpinolene, we
used target prediction based on physicochemical parameters and structure similarity to evaluate other potential
molecular targets for this monoterpene. Our analysis showed that the most likely targets for terpinolene interaction
belong to the following categories: 1) Family A G protein-coupled receptors: Cannabinoid receptor 2, Adenosine Al
receptor, Prostanoid EP4 receptor, Acetylcholine receptor; 2) Nuclear receptors: Peroxisome proliferator-activated
receptor alpha (PPAR-a), Estrogen and Androgen Receptors; 3) Araquidonate oxidoreductase enzymes: 5-
lipoxygenase; Cyclooxygenase-1; 4) Orphan receptor tyrosine kinase (RTK): Proto-oncogene tyrosine-protein kinase
ROS and 5) Other enzymes: Alkaline phosphatase, tissue-nonspecific isozyme, Adenosine deaminase,
Aminopeptidase N (Figure 7). These findings corroborate the evidence demonstrated by the studies included in the
present review and encourage the development of further research to better characterize the pharmacological
properties and potential mechanisms of action by this compound in a preclinical context.

3. Discussion

Terpenes are the largest group of natural bioactive compounds. Studies have shown that the production of
these compounds is both influenced by genetic factors and the environmental conditions to which the plant is
exposed. In this context, evidence has suggested that the fact that terpenes are produced as part of the defense
mechanism of plants in response to stressful stimuli contributes significantly to their wide variety of biological effects.
Among the terpenes, monoterpenes are widely used flavoring agents with significant biological activity (Felipe and
Bicas, 2017), which has stimulated the development of studies aiming to characterize their pharmacological
properties, as well as determining their potential applications for human benefit.
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Terpenes have been acknowledged as efficient therapeutic alternatives in the treatment of numerous
conditions in the Mediterranean, Ayurvedic, and Chinese Medicine, which represent millenary treatment systems
based on the use of natural substances and spices following an evidence-based approach guided by traditional
knowledge (Khan, 2014). Asian countries such as India and China have a vast and rich record of medicinal plants that
have been scientifically validated and widely used by the population for the treatment of many diseases,
corroborating the interest of their scientists in natural product research (Jamshidi-Kia et al., 2018). Despite the
outstanding Brazilian biodiversity and the existence of populations where the traditional medicine culture is
transmitted from generation to generation, the use of herbal medicines and related therapies by the general
population is still under development, which is in part motivated by the growing difficulty of access to commercial
medicines (Valli and Bolzani, 2019). Importantly, natural product research using species of the Brazilian biodiversity
has identified a significant number of molecules with the potential to be used in drug development (Paduch et al.,
2007).

The present review included preclinical studies performed either in silico, in vitro, and in vivo, in order to cover
the therapeutic potential and other biological activities of terpinolene. Special attention should be given to the small
number of computational tests (in silico), despite the fact that this type of study present advantages such as lower
demand for physical resources, low execution cost, fast results, selection of new and likely targets based on machine
learning, and potential for fingerprint-based molecular interaction (Agamah et al., 2020). However, only preclinical
studies using in vivo animal models followed by clinical trials will provide consistent information regarding the
pharmacokinetic parameters (including absorption, distribution, metabolism, and excretion) required during the
stages of drug development (Jaroch et al., 2018). Next, we discuss the properties of terpinolene in sections organized
according to the main biological activities reported in this review.

3.1. Toxicity and Cytotoxicity

Insecticides are substances used to kill insects, which has a direct impact on human health due to the
elimination of disease vectors. However, many of these agents are synthetic compounds that pollute the environment
causing toxic effects to various organisms (Ansari et al., 2014; Beard et al., 2003). Thus, a growing number of
researchers have searched for bioecological alternatives to combat vectors without causing environmental damage,
among which plant-derived natural products stand out as promising insecticides (Ansari et al., 2014). In this context,
studies have demonstrated the effectiveness of terpinolene in the elimination of disease vectors due both to its
insecticide and larvicide properties (Monro, 1971).

Several of the pesticide categories (acaricides, fungicides, insecticides, herbicides, and larvicides) share
properties reported for terpinolene in the present review (Coutinho et al., 2005). Accordingly, terpinolene was found
to present toxic effects against a variety of organisms, especially against insects (Ali et al., 2015; Chang et al., 2012; do
Nascimento et al., 2018; Liang et al., 2018; Liu et al., 2020; Park et al., 2003; Pavela et al., 2018; Ribeiro et al., 2020; N. C.
Ribeiro et al., 2019; Wang et al.; 2009; Zhang et al., 2017, 2016), larvae (Ali et al., 2015; Cheng et al., 2009a, 2009b; Conti
et al., 2012; da Silva et al., 2016; Kweka et al., 2016; Pavela, 2015; Perumalsamy et al., 2009), and mites (Born et al., 2018;
N. de C. Ribeiro et al.,, 2019; N. C. Ribeiro et al., 2019). Studies have reported the insecticide effect of terpinolene
against Culex quinquefasciatus (with letal activity detremined by LCso of 25.7 uL/L and LCs of 50.1 pL/L) (Pavela et al.,
2018), Bemisia tabaci (2 uL/L) (Ribeiro et al., 2020), Bacopa caroliniana (20 uL/L) (Liu et al., 2020), Rhyzopertha dominica (5
UL/L) (do Nascimento et al., 2018), Musca domestica (1.25 pL/L)(Zhang et al., 2017), Callosobruchus chinensis (0.18
mg/cm?), and Sitophilus oryzae (0.05 mg/cm?) (Park et al., 2003), Tribolium castaneum and Lipocelis bostrychophila(Liang et
al., 2018), Drosophila melanogaster (Zhang et al., 2016), Aedes aegypti (da Silva et al., 2016), Anopheles quadrimaculatus (Ali
et al., 2015), A. albopictus (Cheng et al., 2009b; Conti et al., 2012; Gu et al., 2009), Culex quinquefasciatus (Pavela, 2015),
Anopheles gambia (Kweka et al., 2016), Culex pipens pallens, and Ochlerotatus Togoi (Perumalsamy et al., 2009) and
Blattella germanica (Chang et al., 2012).

Corroborating the findings of the present review, literature data regarding the biological activities of other
non-oxygenated monocyclic monoterpenes presenting the same molecular mass as terpinolene indicate that they
share comparable insecticidal activities, as demonstrated for limonene (Liang et al., 2018; Ribeiro et al., 2020).
Additionaly, p-cymene showed slightly higher toxicity than terpinolene against Cx. quinquefasciatus larvae (LCso of
20.6 pl/1 e LCo pl/L = 25.8) (Pavela et al., 2018). Wang et al., (2009) demonstrated that like terpinolene, monoterpene
terpinene presented a significant activity against Sitophilus zeamaise (fumigant assay) and a study carried out by
Chang et al. (2012), demonstrated the high toxicity of terpinolene, p-cymene, o-cymene, and m-cymene against
Blattella Germanica.

Unlike the large number of in vitro studies, the acaricide potential of terpinolene using in vivo models remains
poorly investigated. =~ Nevertheless, this monoterpene proved to be efficient against Tetranychus urticae at
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concentrations ranging from 0.0002 pL/L (Born et al., 2018) to 0.2 uL/L (N. de C. Ribeiro et al., 2019; N. C. Ribeiro et

al,, 2019) , which is comparable to results obtained with monoterpenes limonene and p-cymene against Tetranychus
urticazh

Regarding the mechanisms of action underlying the insecticidal activity of terpinolene, da Silva et al. (2016)
demonstrated that this monoterpene interferes with the activity of L4 gut proteases, including trypsin-like enzymes
(serine proteases are involved in insect digestion processes) of A. aegypti in addition to suggesting the involvement of
acetylcholine-related mechanisms in the toxicity to several insect species.

When analyzing the influence of drug exposure reported in the studies, it was observed that the insecticidal
effect of terpinolene is influenced by the time of exposure (tending to decrease the effect over the course of hours),
method of exposure (inhalation/vapor action seemed to be, comparatively, the most effective), and environmental
conditions (closed environments drastically increase the insecticidal action). Therefore, it is believed that increased
exposure in closed environments, for a shorter time and in a way that facilitates exposure to this airborne route tends
to optimize the desired toxicity. Also, studies have demonstrated that terpinolene's insecticide potential is associated
with its volatility and power of induction of cell death by mitochondrial apoptosis and ROS generation causing
oxidative stress (Monro, 1971). Together, these findings suggest that terpinolene could be used in the development of
anti-vector products.

The cytotoxic profile of terpinolene has been investigated and characterized on human cells (Aydin et al.,
2013; de Christo Scherer et al., 2019; Morshedi et al., 2014; Turkez et al., 2015) in order to determine its in vitro safety,
as well as assess its potential therapeutic uses, e.g. against cancer. Accordingly, our target prediction study identified
the Proto-oncogene tyrosine-protein kinase ROS (which has been shown to play key roles in signal transduction and
cellular communication, as well as is associated with a variety of cancers) as a potential target for terpinolene,
suggesting that this compound could have beneficial roles in cancer. This is corroborated by previous research
demonstrating that the monoterpene, at concentrations above 50 mg/L, has antiproliferative activity against
neuroblastoma cells (N2a) (Aydin et al., 2013), which is possibly related to the inhibition of n-nitrosamine (in silico)
(Sawamura et al., 1999). Blood cells treated with terpinolene at concentrations ranging from 150 mg/L to 200 mg/L
released increased levels of LDH, indicating that the compound is toxic at this concentration range (Turkez et al.,
2015). On the other hand, terpinolene presented a cytoprotective profile in PC12 (Rat pheochromocytoma) cells
(Morshedi et al., 2014) and failed to induce significant cytotoxic effects against L929 fibroblasts and RAW
macrophages cells (de Christo Scherer et al., 2019).

Interestingly, terpinolene caused a marked increase in intracellular production of ROS in cancer cells,
resulting in increased expression of apoptotic markers such as the BCL2-associated X protein (BAX), Poly ADP
(Adenosine Diphosphate)-Ribose Polymerase (cleaved-PARP), and pro-caspase-8 without promoting genotoxic effects
(Kig et al., 2021). Another study, using the unicellular organism Schizosaccharomyces pombe showed that terpinolene
toxicity was correlated with oxidative stress and reduction of the mitochondrial transmembrane potential (Agus et al.,
2018).

3.2. Antioxidant activity

In this review, a total of 11 scientific studies reported the in vitro antioxidant activity of terpinolene (Aydin et
al., 2013; Choi et al., 2000; de Christo Scherer et al., 2019; Dorman et al., 2000; Emami et al., 2011; Grassmann et al.,
2003; GraSmann et al.; 2005; Kim et al., 2004; Lu et al., 2019; Ruberto and Baratta, 2000; Turkez et al., 2015), most of
which through the elimination of the DPPH free radical, inhibition of thiobarbituric acid reactive species (TBARS)
(Dorman et al., 2000; Lu et al., 2019; Ruberto and Baratta, 2000), and inhibition of LDL oxidation (Grassmann et al.,
2003; Grafimann et al., 2005). Studies have shown high terpinolene concentrations have a protective role against
oxidative stimuli by increasing the total antioxidant capacity via induction of Aktl expression. However, the study of
Boulebd (2021) demonstrated that the hydroperoxyl radical scavenging activity exhibited by terpinolene is strongly
influenced by the environment, which at least in part, explains the balance between ROS generation and the
antioxidant capacity of terpinolene (Boulebd, 2021).

A study by _demonstrated that terpinolene concentration-dependently promoted a reduction
of total oxidant levels and an increase in the antioxidant substances, which was comparable to the effectiveness of
butylated hydroxytoluene (positive control used) based on the results obtained using the DPPH and TBARS methods.
The same study also demonstrated that monoterpene y-terpinene inhibited lipid peroxidation to the same extent as
terpinolene (over 80% inhibition, comparable to the standard antioxidant control). On the other hand, the
monoterpene (+)-limonene exhibited no significant activity when evaluated through different methods, i.e., exhibited
low DPPH radical-scavenging ability, low protective capacity against lipid from oxidation
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Free radicals such as reactive oxygen species (ROS) are naturally produced in various organisms, both at
normal physiological conditions and stressful situations (Dallaqua and Damasceno, 2011; Halliwell and Gutteridge,
2015). However, it has been consistently demonstrated that pathological ROS generation is associated with the
development of chronic diseases, as observed in Alzheimer's (Mecocci et al., 1994), which has stimulated the discovery
of antioxidant substances capable of inhibiting the generation or neutralizing the effects of free radicals (Halliwell and
Gutteridge, 2015). Given the significance of its antioxidant activity, it is assumed that terpinolene can be a potential
drug candidate for the treatment of pathological processes caused by oxidative stress.

3.3. Antimicrobial activities

According to the consulted literature, terpinolene has antimicrobial activities such as a parasite, antifungal,
antibacterial, virucide, and trypanocide. In this context, terpinolene showed activity against Trypanosoma brucei with
an ECso= 0.035 ug/mL (0.26 uM), similar to effect observed for the non-oxygenated monoterpene limonene (Ngahang
Kamte et al., 2018). Its fungicide effects were demonstrated in studies with Leptographium abietinum (Davis et al.,
2018), Candida tropicalis (32 mg/mL), C. utilis (8 mg/mL), C. albicans (at concentrations above 32 mg/mL), Botrytis
cinereac, and Sclerotium cepivorum. Importantly, evidence has indicated that the mechanism of action underlying
terpinolene effects involves direct damage to the fungal membrane and organelles (Pontin et al., 2015; Shin, 2004; Yu
et al., 2015). Additionally, Pinto and collaborators' (2020) showed the interference of terpinolene in the plasma
membrane of the fungus Microsporum canis LM216 (dermatophytes fungi strains) promoting cytotoxicity
mechanisms associated to increased K*influx.

Regarding the antibacterial effects of terpinolene, studies have demonstrated that this monoterpene inhibited
the growth of Microcystis aeruginosa (at concentrations above 1,079 mM), a harmful freshwater cyanobacteria of
economic and ecological importance (Zhao et al., 2020). Lee et al. (2013). Furthermore, the compound demonstrated its
effectiveness against Propionibacterium acnes and S. aureus, which are important causative agents of skin infections. The
compared the effectiveness of other terpenes, were observed that alfa-terpinene and limonene showed a moderate
antibacterial action, while p-cymene exhibited low antibacterial activity.

Interestingly, while Kim et al. (2006) stated that terpinolene showed little or no significant effect against B.
bifidum, B. longum, L. acidophilus, E. coli, and C. perfringens, Ngan et al. (2012) found intense antibacterial activity
against the same strains, except for E. coli. However, since no MIC value for terpinolene was reported in the work of
Kim et al. (2006), a complete interpretation of their results is not possible. Finally, in addition to being active against
nine enteric pathogenic bacteria (B. fragilis, B. thetaiotaomicron, C. perfringens, C. paraputrificum, K. pneumoniae, E. coli, S.
Typhimurium, C. difficile, C. butyricum, and S. aureus),terpinolene inhibited the growth acidophilic bacteria playing
important roles on the intestinal flora balance such as B. adolescentes, B. bifidum, B. breve, B. infantis, B. longum, L.
acidophilus, L. casei (Ngan et al., 2012).

Terpinolene was found to cause inhibition of photosynthesis and nitrogen metabolism through the enzymatic
inhibition of nitrate reductase and glutamine synthetase, in addition to inducing the oxidative stress of the algae
Microcystis aeruginosa (Zhao et al., 2020).

Finally, consistent evidence has demonstrated the antiviral properties of this monoterpene against influenza
A virus, PR8 subtype H1N1, Herpes simplex virus type 1 (HSV-1) and 2 (HSV-2), Echovirus 9 (Hill strain), Poliovirus
1 (Sabin strain), Coxsackievirus Bl and Adenovirus 2. For the influenza A/PR/8 virus subtype HIN1, this compound
showed antiproliferative effects, without however inhibiting neuraminidase expression or virus fixation in the cells
(Garozzo et al., 2011, 2009).

3.4. Other pharmacological effects

Among the less reported activities, terpinolene was found to induce a fibrinolytic effect by apparent
disruption of fibrillation formation in hen egg white lysozyme (HEWL), corroborating with the finding that p-cymene
presented similar effect , decreasing the ThT fluorescence intensity. On the other hand, limonene was found to induce
fibrillation and increased ThT fluorescence intensity by more than 50% (Morshedi et al., 2014). Terpinolene can inhibit
P-glycoprotein (P-gp)-mediated transport and interact with P-gp substrates during intestinal absorption processes,
which is also observed for alpha-terpinene (Yoshida et al., 2006).

Terpinolene was also found to inhibit acetylcholinesterase (AChE) in silico (Politi et al., 2017), in vitro (Bonesi
et al., 2010) e in vivo (ICso values < 10 pL/mL) (Liu et al., 2020), in adition to inhibiting butyrylcholinesterase (BChE) in
vitro (Bonesi et al., 2010). Comparable results were demonstrated by limonene with regard to the inhibition of AchE
(IC50=225.9) and BchE (IC50=456.2) (Menichini et al., 2009). Other monoterpenes, including p-cymene, y-terpinene, (+)-
limonene, and (-)-limonene inhibited AChE activity by 30% to 40% (Miyazawa et al., 1997). Importantly, it has been
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suggested that compounds with anti- AChE activity have the potential to be used in the development of a drug
against Alzheimer's Disease (Seifi Nahavandi et al., 2020).

Previous research demonstrated that terpinolene has anti-inflammatory and antinociceptive effects that are
related to interference with serotonergic pathways in the central nervous system (CNS). It was proposed that the
mechanisms underlying these effects involve inhibition of serotonin receptors (5HT-2A) (Macedo et al., 2016), as
demonstrated by an increase in the mechanical threshold (as measured by Randall Selitto paw pressure test) (Macedo
et al.,, 2016). Other proposed mechanisms are the interaction with 5HT-3 receptor channels (expressed in an adrenergic
cell line N1E-115) and the inhibition of calcium influx inhibition via GABA-mediated signaling (Riyazi et al., 2007).

A study by Ito and Ito (2011) demonstrated that the monoterpene showed an effect similar to that
chlorpromazine, prolonging the pentobarbital-induced sleep time through an antagonistic action in dopaminergic,
noradrenergic, and serotonin neurons. A study by Koyama and Heinbockel (2020) suggested that the mechanisms of
action of essential oils and terpenes are intrinsically related to their multiple roles in the olfactory/respiratory system
(Kobayakawa et al., 2007, Mori and Sakano, 2011; Soria-Gomez et al., 2014). Accordingly, a clinical study of
terpinolene found significantly reduced tension, enhanced relaxation, and stable states of brain function following the
treatment, especially in prefrontal regions, which is possibly due to the modulation of olfactory receptors, one of the
largest families of G-protein-coupled receptors (Sowndhararajan et al., 2015).

This systematic review is a pioneering study listing the different properties of terpinolene in a biological
context. The in vivo trials that compose this study had their risk of bias analyzed to determine the reliability of their
methods. It is worth mentioning that in vivo methods are crucial for the evaluation of pharmacokinetic (e.g.,
absorption, metabolism, bioavailability) and pharmacodynamic (e.g., potency, affinity, selectivity) parameters, as well
as to elucidate the cellular and biochemical events underlying the mechanism of action of a given compound such as
gene transcription, protein expression, mediator product and other metabolic changes associated to disease status.
Finally, with regard to the biological properties of terpinolene, this review highlights its insecticidal and antioxidant
effects as the most promising activities demonstrated through preclinical studies. Other terpinolene properties, such
as cytotoxicity, genotoxicity, and oxidative potential are discussed in conformity with the corresponding literature.

In general, terpenes are capable of inducing ROS generation, contributing to lipid peroxidation, oxidative
damage, and increased cytotoxic markers. Here, we suggest that the prooxidant and cytotoxic effects of terpenes
could be explored in drug development in the context of anticancer and antiparasitic research. On the other hand, the
antioxidant activity of terpinolene are directly linked to its cytoprotective effects, which could be useful in preventing
cell damage caused by oxidative stress (mediated by both ROS and RNS), as well as having potential beneficial effects
on neurodegenerative diseases such as Alzheimer’s. Accordingly, evidence raised by the present study indicates that
terpinolene may have a wide range of pharmacological effects.

Finally, before the small number of preclinical trials reporting the pharmacokinetic profile of terpinolene, we
encourage the development of research addressing this issue. Although some studies have mentioned the possibility
of using terpinolene in the production of food, insecticides, and medicines, given the lack of scientific data proving its
effectiveness, this theme deserves further investigation through in vivo and clinical studies.

4. Materials and Methods

A systematic review was carried out according to the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) and and the Cochrane Handbook for Systematic Reviews guidelines. The systematic review
protocol used in this aim was registered at the International Prospective Register of Systematic Reviews (PROSPERO).

4.1. Strategy of research

Bibliographic research was conducted in four electronic databases: Embase, Medline/PubMed, Scopus, and
Web of Science. In each database, different combinations of the following descriptors were used: terpinolene “AND"
activity "OR" properties “OR" therapeutic "OR" treatment. All manuscripts published in English from 1960 to 12
September 2020 were considered and analyzed according to the other steps of the review.

4.2. Inclusion and exclusion criteria

The following inclusion criteria were adopted: (1) articles using in silico, in vitro, or in vivo methods, (2) the
intervention was performed using only terpinolene as a treatment, (3) the control group was placebo or non-exposed
control group, (4) the articles should discuss the biological activity of terpinolene, and (5) only primary (original)
papers were considered.

The following criteria were used to exclude articles: (1) papers showing only clinical studies, (2) articles
presenting mixtures of compounds whose activity was not attributed to terpinolene alone, (3) manuscripts published
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in other language except English, portuguese and espanhol, (4) articles with unavailable full texts, , (5) articles without
the selected descriptors, (6) duplicated studies, and (7) review articles.

4.3. Selection of studies

The first step of our work was to conduct a search in the electronic databases using the selected descriptors.
The list of articles containing full information (title, abstract, and keywords) was downloaded (specific programs were
not used for the screening of articles), duplicates were removed, and inclusion and exclusion criteria were applied by
independent researchers (IOM and JRS) using the PRISMA guidelines to assess the eligibility criteria for each article.
Any divergence in the selection of eligible studies was resolved by consensus. The articles selected in the initial
screening, as well as those whose preliminary analysis left doubts, had the full texts analyzed and documented in a
PRISMA flowchart.

4.4 Data extraction and analysis

Data extraction was carried out by two researchers (IOM and JRS) independently using a predetermined
extraction table, and disagreements were resolved by consensus. The reported activities are subdivided into in silico,
in vitro, and in vivo. For each subgroup, a table was elaborated with information on (1) authors, (2) year, (3) country,
(4) method, (5) administration route, (6) dose and/or concentration tested, (7) main results, and (8) biological activity.
For each table, the compatible extraction data for each type of study was addressed.

4.5 Prediction of biological activity profiles

The SwissTargetPrediction online tool (http://swisstargetprediction.ch/) was used to predict small molecules
working as potential targets for terpinolene according to their 2D or 3D similarity with the ligand.

4.6. Evaluation of the methodological quality of the study/risk of bias

The risk of bias and methodological quality of the selected in vivo studies (non-human animals) were
manually analyzed by two researchers (IOM and. JRS) independently using the SYRCLE’s Risk of Bias (RoB)
methodology (Hooijmans et al., 2014) and the final validation of the risk assessment was performed by two
independent researchers using the kappa index. This tool was not used to analyze in vitro or in silico studies since
there is no validated tool for this type of research. After the analysis, the studies were classified into the following

"o

categories: "low risk of bias", "high risk of bias" and "clear risk of bias".

4.7. Data synthesis

The results were presented through a narrative synthesis since it was not possible to conduct a meta-analysis
due to the great heterogeneity of the studies addressed in this review.

5. Conclusions

Our analysis of the literature revealed that most studies addressing the biological activities of terpinolene
were conducted using in vitro tests. However, it is observed that the in vivo assays describe in more detail its biological
properties at the molecular level, which is useful for elucidating the mechanisms of action of this monoterpene.
According to the studies presented in this review, terpinolene is an isolated compound with the potential to be used
in the development of commercial formulations with repellent effects as well in the composition of insecticides, both
as the active principle or as an adjuvant. It is worth mentioning, however, that terpinolene has a series of
pharmacological effects that need to be better investigated to establish its potential therapeutic applications, as well as
the mechanisms underlying its biological actions. Thus, future research should consider exploring the possibility of
new studies in vitro, in vivo, and clinical studies for therapeutic applications of this compound with a better
perspective in understanding its potential benefits to human health.
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POLITIetal | 2017 Brazil Molecular Polar and hydrophobic Acetylcholinesterase | (Politi et
docking interactions with the catalytic inhibitor al. 2017)
site of CIAChE1 (competitive
inhibitor).
MORSHEDI | 2014 Iran Molecular Amino acids, E35, W62, W63 Binding to HEWLs | (Morshedi
etal docking (near RII), and V109, A 110 (chicken egg white et al.
(RIV) were the residues with the lysozyme) 2014)
highest proximity to
terpinolene.
Table 2. In vitro terpinolene studies
Author Yea | Countr Method Concentrat Results Biological Reference
r y ion Activity
ZHAO et al 202 | China Analysis of: 0.551, 0.881, | Inhibited algae Herbicide (Zhao et al.
0 Antibacterial 1.079, 1.233, growth and 2020)
activity against C. | and 1.470 the
vulgaris mM photosynthetic
activity of C.
Oxidative vulgaris.
damage
Induced
Cellular concentration-
morphology dependent
changes in the
Photosynthetic microstructure
activity
Antioxidant
capacity
Nitrogen
metabolism
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Abundance of
transcribed genes
LIU et al 202 | Taiwan | Analysis of AchE | The work ICs0=1.10+ AchE (Liu et al.
0 inhibition cites the 0.17 (uL/mL) - | inhibition (in 2020)
through effective Terpinolene vitro)
calorimetry concentrati | exhibited the
ons but best inhibitory
doesnot | activity among
explain the tested
which compounds
concentrati
ons were
tested.
PINTO et al 202 | Brazil Antifungal 1024 ug/mL MIC: 128 Antifungal (Pinto et al.
0 activity against | to1l pg/mL | pg/mL against 2020)
Microsporum canis T.
LM 216, interdigitale A
Trichophyton mdr2
interdigitale H6 Terpinolene
(ATCC MYA- MIC > 1,024
3108) and T. ug/mL).
interdigitale A
mdr2 Increased K+:
efflux (p
Effect on <0.05),
membrane affecting
functionality membrane
functions
Analysis of K*
etflux by
turbidimetry
LUetal 201 | India .| DPPH free radical | 100 puL/mL Strong Antioxidant (Luet al.
9 elimination test | (concentrati | antioxidant 2019)
on used to activity:
Thiobarbituric obtain ECso | ECso (DPPH):
acid reactive values) 65.77 + 4.98.
species (TBARS)
generation test ECso (TBARS)
<5
Caused 70%
inhibition of
lipid
peroxidation,
increasing
antioxidant
activity
De CHRISTO et | 201 | Brazil Ferric reducing / Wound Weak FRAP Wound (de Christo
al 9 antioxidant healing 10, activity healing, anti- | Scherer et al.
power (FRAP) 100 e 200 inflammatory 2019)
uM ICs0 for NO ,
NO quantification production: cytoprotectiv
NF-kB 4094+1,6 e, and
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ABTS cationic activity 1- antioxidant
radical 100 uM ICso for ABTS:
elimination assay 497.4+14.5
Other tests: uM
Cytotoxicity 1.0- 200 uM
evaluation: MTT Non-cytotoxic
test to fibroblasts
L929 and
Wound healing RAW 267.7
activity: macrophages
Fibroblast (200 puM).
proliferation and Proliferative
migration effects were
observed in
iNOs expression L929 cells:
121.5 £ 3.2% at
Determination of 200 puM.
intracellular
superoxide anion: Wound
Nitro blue healing
atrazolium activity:
reduction assay Increased
(NBT) proliferation
and migration
Cytokine of fibroblasts.
quantification 36.3+4.8%
(ELISA) (maximum
stimulating
NF-kB activity effect) at 200
uM
Suppressed
NO
production in
RAW 264.7
macrophages:
41.3+1.4% at
200 uM; No
effects on LPS-
stimulated
cells
Inhibition of
intracellular
superoxide
production:
82.1+3.5%
(100 uM) and
82.6 £3.5%
(200 uM)
Reduced
production of
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IL-6 and TNF-
ol
Inhibition
(14.3 + 2.5%) of
TNF- a
induced NF-
kB activity at
100 uM
PAVELA et al. 201 Czech Evaluation of 5.0 t0200.0 | LCs0:25.7 ul /L Inseticide (Pavela et al.
8 | Republi insecticide uL/L LCoo: 50.1 pl / 2018)
C activity against L
Culex X2:0.043
quinquefasciatus
NGAHANG 201 | [Italia Antiparasitic Tested Active against | Tripanocide (Ngahang
KAMTE et al. 8 activity against concentrati Trypanosoma Kamte et al.
Trypanosoma ons not brucei 2018)
brucei mentioned ECs0=0.035
ug/mL (0.26
uM)
DAVIS et al. 201 USA Antifungal 1,5, and Complete Antifungal (Davis et al.
8 activity against L. 10% inibition of 2018)
abietinum fungal growth
at 5% and
10%.
ANDRESetal. | 201 | Spain Nematicide Nematicide Inactive Nematicide (Andrés et
7 activity against activity: 1.0 against al. 2017)
Meloidogyne and 0.5 Meloidogyne
javanica mg/mL javanica
Phytotoxic Phytotoxic Weak
activity activity: 0.4 | phytotoxicity
and 0.2 mg against S.
/mL lycopersicum
(25%)
KWEKA et al. 201 Brazil | Larvicidal activity | 200, 100, 50, LCso at Larvicide (Kweka et al.
6 against Anopheles | 25and 12.5 12h: 493.38 2016)
gambiae s.s. mg/L mg/L
24h: 404.71
mg/L
48h: 343.79
mg/L
72h: 259.40
mg/L
DASILVA etal. | 201 | Brazil | Larvicidal activity | 0.01 mg/mL Larvicidal Larvicide (da Silva et
6 against A. aegypti | (10 mg+0,1 | activity: LCso = al. 2016)
g Tween 80 31,16 ppm
Effects on + distilled
oviposition water) No effect on

Effects on

oviposition
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intestinal Inhibited
enzymes (L4) proteolytic
polypeptides
Zymography of of intestinal
intestinal enzymes L4
proteases
Inhibited the
Effect on gut activity of
trypsin activity trypsin-like
enzymes
YU et al. 201 China Effect of 0.25, 0.5, Strong and Antifungal (Yu et al.
5 terpinoleone on 1.0, and 1.5 | concentration- 2015)
the my-celial ul/mL dependent
growth of Botrytis antifungal
cinerea activity
TURKEZ etal. | 201 Peru Cytotoxicity to 10, 25, 50, Increased Cytotoxic (Turkez et al.
5 human blood 75, 100, 150 LDH release Antioxidant 2015)
cells and 200
mg/L Reduction of
Lactate cell viability at
dehydrogenase 150 and 200
(LDH) release mg/L.
assay
Increased
Cell Viability lymphocyte
Assay (MTT) counts in
peripheral
Cytogenetic blood
assays
No changes in
Oxidation of 8-OH-dG
nucleic acid levels (nucleic
acid
Analysis of total oxidation)
antioxidant
capacity and total Total oxidant
oxidizing status capacity
(TOC) was
Cell Viability decreased at
Assay (MTT) 200 mg/L,
stable at 100
Cytogenetic and 150 mg/L)
assays and increased
at 10, 25, 50,
Oxidation of and 75 mg/L).
nucleic acid Total oxidant
status (TOS)
Analysis of total was increased
antioxidant at 150 and 200
capacity and total
oxidizing status
PONTIN etal. | 201 | Argenti Antifungal Antifungal Antifungal Antifungal | (Pontin et al.
5 na activity against | activity and | activity: 2.0 2015)
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Sclerotium sclerotia and 5.0
cepivorum count: 2, 3, pg/disc.
(disk diffusion) 4 and 5 Strong
ug/disc inhibition of
Number of my-celial
sclerotia growth (about
produced by S. 93%)
cepivorum
Reduction of
Ethidium sclerotia
bromide production by
absorption assay about 18%
(EtBr)
Possible
Scanning electron disturbance of
microscopy fungal
(SEM) membrane
integrity by
interference in
Etbr
absorption
SEM: Hyphae
with shorter
branching,
morphological
changes, and
partial
distortion
PAVELA 201 | Czech Acute toxicity 5 to 250 Mortality at Larvicide (Pavela
5 | Republi against Culex ug/L 250 mg/L= 2015)
c quinquefasciatus 93.2+2.8
larvae LCos=11 mg/L
(9-15)
LCso=21 mg/L
(18-27)
LCoo= 245
mg/L (206-
278)
Larval
mortality (%) =
6.5
ALl et al. 201 USA Mosquito bite Mosquito A. aegypti Larvicide (Ali et al.
5 bioassays bite: 25 CEso ppm= 2015)
nmol/cm? 14.0
Larvicidal activity LV ppm=
against A. aegypti | Larvicidal 21.4
and A. assay: 1,5 a
quadrimaculatus 0,0375 A.Quadrimacul
mg/cm? atus
CEso ppm=

20.9
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LVo ppm=
36.8

MORSHEDI et
al.

201

Ira

Fluorescence
assay

LDH release

Flow cytometry

2%

Protection of
PC12 cells
from HEWL-
induced
cytotoxicity
(chicken egg
white
lysozyme)

Reduced
fluorescence
intensity,
(prevented
fibrillation
over time)

Prevention of
cell death
induced by
HEWLs:
flow
cytometry
analysis
showed a
decrease in
cell death by
terpinolene
treatment

Cytoprotectiv
e

(Morshedi et
al. 2014)

MADEMTZOG
LOU et al.

201

Greece

Activity against
Drosophila
melanogaster

Somatic mutation
and
recombination
test

2.5,5.0,7.5
and 10
pl/ml

Genotoxic
potential
could not be
assessed, as
terpinolene
caused
mortality of
Drosophila
(data not
shown)

(Mademtzog
lou et al.
2013)

LEE et al.

201

Taiwan

Antibacterial
activity against
Propionibacterium
acnes and
Staphylococcus
aureus

0-80%

Inactive
against P.
acnes,

Antibacterial
activity
against S.
aureus.
Reduction of
1.03+0.03 in
disk diameter
and e 6.25% in
the MIC

Antibacterial

(Lee et al.
2013)
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AYDIN;
TURKEZ;
TASDEMIR

201

Turkey

Antiproliferative
and/or cytotoxic
properties: (MTT)

Comet Assay

Genotoxic
damage potential
(single cell gel
electrophoresis
(SCGE))

TAC and TOS
analysis

10, 25, 50,
100, 200
and 400

mg/L

Potent
antiproliferati
ve agent for
brain tumor
cells (anti-
cancer
potential)
Cytotoxic
doses for
neuronal cells:
100, 200, and
400 mg/L;
Cytotoxic
doses for
neuroblastoma
cells N2a 50,
100, 200, and
400 mg/L

Comet assay:
Non-genotoxic

Primary
neuron:
Increase of
TAC by 10, 25,
and 50 mg/L
and reduction
by 400 mg/L;
Increased TOS
at 100, 200,
and 400 mg/L
N2a cells:
Decreased
TAC and
increase TOS
at 50, 100, 200,
and 400 mg/L

Antiprolifera
tive and
antioxidant

(Aydin et al.
2013)

NGAN et al.

201

Republi
cof
Korea

Bacterial growth
inhibition test

MIC values (mg /
mL): <0.1
(extremely high),
0.1-0.62 (high),
0.62-1.25
(moderate), 1.25-
2.5 (low) and> 2.5
(no growth
inhibition)

25a0,1
mg/mL

Antibacterial
activity
against all
tested bacteria.
MIC of 0.16
mg/mL
against
Bacteroides
fragilis,
Bacteroides
thetaiotaomicro
n, Clostridium
perfringens,
Clostridium
paraputrificum,

Antibacterial

(Ngan et al.
2012)
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Klebsiella
pneumoniae);
MIC of 0.31

mg/mL
against
Escherichia coli,
Salmonella
typhimurium);
Bifidobacterium
adolescentes,
Bifidobacterium
bifidum,
Bifidobacterium
breve,
Bifidobacterium
infantis,
Bifidobacterium
longum,
Lactobacillus
acidophilus)
MIC of 0.62
mg/mL
against
Clostridium
difficile,
Staphylococcus
aureus,
Clostridium
butyricum)
MIC of 1.25
mg/mL
against
Lactobacillus
casei

CONTI et al.

201

Italy

Larvicidal activity
against Aedes
albopictus: WHO
(1991)

48 ppm

Mortality (%):
43.33+0.76

Larvicide

(Conti et al.
2012)

GAROZZO et
al.

201

Italy

Activity against
Influenza A/PR/8
virus subtype
HIN1 in MDCK
cells.

Virucidal activity

Virus fixation
inhibition assay

Haemagglutinatio
n inhibition assay

Neuraminidase

0.005%

Inhibition of
virus
replication

ECso=
0.00125% (v/v)

Inhibition of
viral
replication at a
specific stage
(initial stage of
the viral cycle

No interfere in

Antiviral

(Garozzo et
al. 2011)
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inhibition

the cellular
fixation of the
virus or viral

adsorption

No significant

inhibitory
effect on
neuraminidase
inhibition
EMAMI et al. 201 Iran Evaluation of in 0.05;0.1; Antioxidant Antioxidant (Emami et
1 vitro antioxidant | 0.2;0.5;1; 2, activity o al. 2011)
activity: and 4
puL/mL DPPH
Rapid TLC scavenging
screening for activity at 0.1
antioxidants (3.83%), 0.5
(6.89%), 1
DPPH free radical (9.64%), 2
scavenging (16.18%), and
activity 4 uL /mL
(30.16%)
Deoxyribose
degradation test Inhibition of
deoxyribose
Non-enzymatic degradation at
lipid peroxidation 0.1(20.90), 0,2
test (24.85), 0.5
(21.65), 1
puL/mL (21.65)
Non-
enzymatic
lipid
peroxidation
test: 0.05
(52.77),0.5
(38.64), 1
(32.16), 2
uL/mL (10.52)
BONESI et al. 201 Italy Cholinesterase 10, 25, 50, AchE Clso= Cholinesteras | (Bonesi et al.
0 inhibition assay | 100 and 200 | 156.4 ug/mL e inhibition 2010)
pg/mL BchE Clso= (AchE and
147.1 ug/mL BchE)
Concentration
-dependent
anti-
cholinesterase
activity
PERUMALSAM | 200 | Republi | Larvicidal activity 1 to 200 Toxic against Larvicide (Perumalsa
Y; KIM; AHN 9 cof (Toxicity) ppm Cx. p. fallens my et al.
Korea (LCs0=11.85 2009)
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GAROZZO et

200

ppm)

Presented the
highest
toxicity
against

Ochlerotatus

Togoi (LCso=

11.85 ppm)

al.

CHENG;

200

Taiwan

Italy

Antiviral activity
against polio type
1, ECHO9,
Coxsackie B1,
adeno type 2,
herpes simplex
(HSV) type 1 and
2 viruses

0.1%a
0,0001 %.

viruses 1,
adeno 2,
ECHO9,

HSV-1, and
HSV-2

Inhibition of
the influenza
A-PRS8 virus
replication.
The ICso value
(0. 0012) was
lower than the
CDso (0. 012) of
terpinolene

Not effective
against polio

Coxsackie B1,

Antiviral

(Garozzo et
al. 2009)

CHUA; et al.

CHENG;

200

albopictus.

Larvicidal activity
against Aedes
aegypti and Aedes

100, 50, 25,
12.5, and
6.25 pg/ml

Strong

larvicidal
effect against
A. albopictus

A. aegypti:
LCs0=32.1

pg/ml
LCo0=283.6
pg/ml

A. albopictus
LCs0=22.0
pg/ml
LCo=55.5
pg/ml

Larvicide

(Cheng,
Chua, et al.
2009)

CHANG;,; et al.

Taiwan

Larvicidal activity

against Aedes

aegypti and Aedes

albopictus.

50, 25, 12.5,

and 6.25
ug/mL

Larvicidal
activity
Aedes aegypti
LGCso=
32.1ug/ml
LCo0>50.0
ug/ml (not
effective)
A. Albopictus
LCs0=21.3

Larvicide

pg/ml

(Cheng,
Chang, et al.
2009)
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LCo0=48.0
pg/ml
RIYAZI et al. 200 | German Evaluation of 1mM Antispasmodi | Antispasmod | (Riyazi et al.
7 y antispasmodic c effect on rat ic 2007)
activity using ileum by
isolated rat ileum inhibiting
in organ bath maximum and
biphasic
contraction
after 2.5 min at
1 mM through
Interference
with 5-HTs
receptors
YOSHIDA etal. | 200 | Japan Effects of 1 mM Terpinolene P- (Yoshida et
6 terpenoids in the inhibited by glycoprotein al. 2006)
accumulation of 50% the efflux inhibition
[3H] digoxin in of [3H]
LLC-GA5- digoxin
COL150 cells mediated by
glycoprotein P
LCso =481uM
KIM et al. 200 | Korea Classification of 2 mg/disk No Bacteriostatic (KIM et al.
6 antimicrobial antibacterial 2006)
activity activity
observed
GRASSMANN | 200 | German | Copper-induced 0.01a Terpinolene Antioxidant | (Graffmann
etal. 5 y LDL oxidation 0.25% inhibits LDL et al. 2005)
oxidation at
concentrations
above 0. 01%
SHIN 200 | Korea Antifungal 4 to 64 C. albicans Antifungal (Shin 2004)
4 analysis through mg/mL MIC: 64
the disk diffusion mg/mL
test (ineffective)
C. tropicalis
MIC: 32
mg/mL
C. utilis MIC: 8
mg/mL
KIM et al. 200 USA Antioxidant 0.19 mM Weak Antioxidant | (H.-J. Kim et
4 capacity. and 180 inhibition of al. 2004)
1 - DPPH free mM DPPH
radical scavenging at
elimination test: 0.19 mM
2-
Hexanal/hexanoic 65% inhibition
acid assay of hexanal

oxidation to
hexanoic acid
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at 180 mM
GRASSMANN | 200 | German | Copper-induced 0.01a Concentration | Antioxidant | (Grassmann
etal. 3 y LDL oxidation 0.25% -dependent et al. 2003)
inhibition of
LDL
oxidation.
Increase in
latency time
up to 774 min.
RUBERTO; 200 Italy Thiobarbituric 1000, 500, Concentration | Antioxidant (Ruberto
BARATTA 0 acid reactive and 100 -dependent and Baratta
species (TBARS) ppm antioxidant 2000)
activity
Determination of 102, 103,
a diene and 10+M TBARS:
conjugated 1000 ppm =
formation from 64.6
linoleic acid by 500 ppm =56.3
spectrophotometr 100 ppm =40.3
y.
Diene
formation rate
102M =783
108M =220
10+M =122
CHOI et al. 200 | Japan Free radical 235.2 DPPH Antioxidant (Choi et al.
0 (DPPH) mg/mL scavenging 2000)
scavenging activity
activity (87.4%, 235.2
mg Trolox
E/mL) 3.5-fold
stronger than
Standard
Trolox.
DORMAN etal. | 200 | Scotlan Thiobarbituric 0.05 - Almost 100% | Antioxidant (Dorman et
0 d acid reactive 25,000 ppm antioxidant al. 2000)
species (TBARS) activity at the
concentration
of 10000 ppm.
SAWAMURA et | 199 | Japan N- 10 uL 50% inhibition NDMA (Sawamura
al. 9 nitrosodimethyla of NDMA inhibition et al. 1999)
mine (NDMA) generation
generation
OH et al. 196 USA Antimicrobial 0.025 mL Inhibition of | Antimicrobia (Oh et al.
7 activity sheep rumen 1 1967)
microbe
growth (-58%)
Table 3. In vivo terpinolene studies
Author Yea | Countr Method Route of Concentration Results Biological | Referenc
r y Administrat Activity e
ion
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RIBEIRO et | 202 | Brazil | Fumigation | Fumigation Fumigation: | Terpinolene | Inseticide | (RIBEIRO
al. 0 against 2.0to 6.0 uL/L | was the 3rd et al.
Bemisia air most toxic 2020)
tabaci compound
Fecundity test and
Fecundity 2.0 uL/L air promoted a
test greater
reduction in
the number
of eggs laid
by B. tabaci
LIU et al. 202 | Taiwa Toxicity Fumigation 20 uL LCs0 =172+ | Insecticide | (Liu et al.
0 n against 6 (uL/mL). 2020)
Bacopa Insecticide
caroliniana impact (IT):
IT=39.76
Synergistic
insecticide
effects with
all tested
compounds
RIBEIROet | 201 | Brazil Toxicity Fumigation | Fumigation: Ensaio de Acaricide (N.C.
al.a 9 against T. | and residual | 0.2t04.0 pl/L | Fumigation: Ribeiro et
urticae contact air Terpinolene al. 2019)
was the
Fumigation Residual most toxic
test contact: 43 to | compound.
688 mg/mL
Residual Residual
contact test Fertility: 0,4 pl | contact test:
/L de ar Terpinolene
Fertility had the
Bioassay lowest effect
Fecundity
bioassay:
reduced the
number of
eggs laid by
T. urticae by
24.53%
RIBEIRO, et | 201 | Brazil Toxicity Fumigation | Fumigation: | Terpinolene | Insecticide | (N.de C.
al.b 9 against T. | and residual | 0.2 to 4.0 uL/L was the and Ribeiro et
urticae contact air most toxic Repellent | al.2019)
compound.
Fumigation Residual LCs0(95%CI)
test contact: 44 to | =2.07 (1.61-
689 uL/mL 2.62); x2=
Residual 5.29
contact test Fecundity: 0.2
pL/L Low effect
Fertility on residual
Bioassay contact
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LCso (95%CI)
263.06(221.3
1-); x>=5.21
Low
reduction of
fecundity
DO 201 | Brazil | Fumigation | Fumigation | 5 to 90 pL/L. High Insecyicide (do
NASCIMEN | 8 assay toxicity: Nascime
TO; DA 100% nto et al.
CAMARA; mortality by 2018)
DE the last hour
MORAES of testing
LIANGetal. | 201 | China | Insecticide Fumigation 78, 63,15, 73, Toxic by Insecticide | (Liang et
8 activity 3,15,0.63, and | fumigation al. 2018)
against 0.13 nL/cm? against T.
Tribolium castaneum
castaneum and L.
and bostrychophil
Lipocelis a
bostrychophi
la Weak
repellent
activity
against both
insects
BORNetal. | 201 | Brazil | Acaricide | Fumigation | Fumigation: Fumigation | Acaricide | (Bornet
8 activity Residual 0.0002 a 16.0 assay LCso al. 2018)
against contact uL/L (95% CI) =
Tetranychus 1.08 (0.62—
urticae Residual 1.63)
contact: 0.1 to
Fumigation 800.0 puL/mL Residual
and contact LCso
residual (95% CI)=
contact 341.91
assays (206.91-
520.84)
ZHANG et 201 | China Toxicity Fumigation 1.25, 2.5, 3.75, LCs0=1,84 Insecticide (Z.
al. 7 against and e 5 pL/L ul/L Zhang et
Musca al. 2017)
domestica
ZHANGet | 201 | China Toxicity Fumigation Not stated LCs0=0.09 | Insecticide (z.
al. 6 against ul/L (04- Zhang et
Drosophila 0.14) al. 2016)
melanogaste LCo0=0.62
r ul/L (0.44-
1.15)
MACEDO et | 201 | Brazil CFA- Oral 3.125, 6.25, Analgesic Anti- (Macedo
al. 6 induced 12.5, and 25 effect in the | inflammat et al.
inflammati mg/Kg acute phase ory and 2016)
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on in the analgesic
rat Inhibition of
CFA-
Hyperalges induced
ia paw edema
Analysis of Inhibition of
gastric leukocyte
lesions infiltration
in the paw
Involvement
of
serotoninerg
ic pathways
in the
analgesic
effect
Absence of
gastric
lesions after
11 days of
treatment
ALl et al. 201 | USA Repellent | Fumigation | 25nmol/cm? Strong Larvicide | (Alietal.
5 activity repellent and 2015)
against activity insecticide
against A.
aegypti and
A.
quadrimacula
tus
ITG; ITO 201 | Japan Sedative Inhalation Inhalation: The motor Sedative (Ito and
3 effect in Intraperiton | Cotton soaked | activity of Ito 2013)
ddY mice eal with 0.1lmg | the mice was
(olfactory terpinoleone/c | reduced to
deficiency) age 67.8% after
inhalation of
Mice with Intraperitonea | terpinolene
olfactory 1:0.010r 0.1 | 0.1 mg/cage)
deficiency mg/kg
caused by Motor
zinc sulfate activity was
reduced
after i.p.
administrati
on: 31.3%
(0.01 mg/kg)
and 47.1%
(0.1 mg/kg)
CHANGet | 201 | Republ | Insecticide | Fumigation Not stated LDso against | Insecticide | (Chang et
al. 2 ic of activity B. germanica: al. 2012)
Korea | against KSS Females:
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strain and KSS =0.44
two field- mg/cm? ;
collected SEL =0.75
SEL and mg/cm?; and
DJN DJN =0.84
colonies of mg/cm?
Blattella KSS Males =
germanica 0.28 mg/cm?
(L)
Residual
contact
Fumigation
LDso
Determinat
ion
ITO; ITO 201 | Japan Sedative Inalation 0.004, 0.04,0.4 SNC Sedative (Ito and
1 activities in and 4 mg suppression Ito 2011)
ddY mice
Spontaneous
Open field locomotor
test using activity
caffeine reduced at
and the doses of
phenobarbi 0.04 and 0.4
tal mg
Terpinolene
(0.4 mg)
antagonized
caffeine-
induced
excitation,
prolonging
the sleep
time of
guinea pigs
with
outcomes
comparable
to those of
chlorpromaz
ine
WANG; LI, | 200 | China Repellent Topical 2,4,6,8 and Weak Insecticide | (Wang et
LEI 9 activity 10 uL repellent al. 2009)
against T. Fumigation activity
castaneum against
Tribolium
Contact castaneum
toxicity and
test: Sitophilus
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Adult
fumigant
toxicity test
of Sitophilus
zeamaise

zeamaise

Moderate
contact
toxicity

(LCso
between

51.41 and

66.38 ug /

mg)

Strong
fumigant
toxicity
against S.
zeamaise:
LCs0=1.30
(24h), 0.86
(48h), 0.67
(72h), 0.37
(96h)

GU et al.

200

Taiwa

Repellent
activity
against

Aedes
aegypti and
Aedes
albopictus

Inalation

1.92 pg/cm?

The article
reports that
terpinolene
has repellent
activity but
does not
report
correspondi
ng values.

Repellent

(Gu et al.
2009)

PARK et al.

200

South
Korea

Insecticide
activity

Fumigation

0.Img/cm?

Callosobruch
us chinensis
The dose of
0.05 mg/cm?
caused 55%
mortality,
while the
dose of 0.1
mg/cm?
caused 87%
mortality

Sitophilus
oryzae

0.18 mg/cm?:
52 to 72%
mortality
0.26 mg/cm?:
93% to 95%
mortality.
Fumigation

in closed

Insecticide

(Park et
al. 2003)
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containers
resulted in
100%
mortality
compared to
the open
container

(2%).

A)

Figure 1: The chemical structure of terpinolene | CioHis emphasizing the bidimensional (A) and tridimensional (B) atomics
positions (“Terpinolene | C10H16 - PubChem” 2021).
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Identification of studies via databases and registers
'S
Records removed before
5 screening:
"E Records identified from*: (I?jugl;cgég)records removed
£ ggtﬁgt?rzs(rsn:o?) Records marked as ineligible
S g by automation tools (n = 0)
=) Records removed for other
reasons (n = 481)
Records screened > Records excluded**
(n=76) (n=0)
Reports sought for retrieval Reports not retrieved
@ | (n=76) Fl =0
=
Q
: '
o
n
Reports assessed for eligibility
n=76 —»| Reports excluded:
( )
Reason 1 (n = 3)
Reason 2 (n = 15)
Reason 3 (n=1)
etc.
g Studies included in review
= (n=57)
o Reports of included studies
£l [ n=0)

*Consider, if feasible to do so, reporting the number of records identified from each database or
register searched (rather than the total number across all databases/registers).

**If automation tools were used, indicate how many records were excluded by a human and how
many were excluded by automation tools.

Figure 2. Flowchart detailing literature search according to the PRISMA statement. Reason 1:Articles with unavailable full texts,
reason 2: Articles presenting mixtures of compounds whose activity is not attributed to terpinolene alone, reason 3: Does not deal
with the action of terpinolene.
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Figure 3. (a) Number of publications per year; (b) Geographical distribution of publications are represented as the number and
percentage of total publications.
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Figure 4. Type of study versus biological activity. Resulst are expressed as the number and percentage of publications reporting the
corresponding biological activity.

Reference
RIBEIRO et al. (2020)
LUI el al. (2020)
RIBEIRO et al. (2019)a
RIBEIRO et al. (2019}b
DO NASCIMENTO (2018)
LIANG et al., (2018)
BORN et al., (2018)
ZHANG et al. (2017)
ZHANG et al. (2016)
MACEDO et al. (2016)
ALIetal. (2015)
1TO & ITO (2013)
CHANG et al. (2012)
ITO; ITO (2011)
WANG: LI & LEI (2009)
GU et al. (2009)
PARK etal., (2003)

Figure 5. Risk of bias summary. Each included study was analyzed by the authors following judging questions (Q1-Q10) and
classified acording to their risk of bias. Yellow (?): unclear/uncertain risk of bias; red (-): high risk of bias; blue (+): low risk of bias.
Q1: Was the allocation sequence adequately generated and applied?; Q2: Were the groups similar at baseline or were they adjusted

for confounders in the analysis?; Q3: Was the allocation to the different groups adequately concealed?; Q4: Were the animals

randomly housed during the experiment?; Q5: Were the caregivers and/or investigators blinded from the knowledge of which
intervention each animal received during the experiment?; Q6: Were the animals randomly selected for outcome assessment?; Q7:
Was the outcome assessor-blinded?; Q8: Were incomplete outcome data adequately addressed?; Q9: Are the study reports free of
selective outcome reporting?; Q10: Was the study apparently free of other problems that could result in a high risk of bias?)
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Figure 6. The risk of bias scale indicates the proportion of articles that met each criterion.
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Figure 7. Predicted molecular targets for terpinolene. This data was obtained using the Swiss TargetPrediction computational tool.



