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Abstract

This study addresses the current trend of essential oils in alternative medicine using the

non-chordate model Drosophila melanogaster. Following the three R’s principles, it pro-

poses non-chordate models to fill knowledge gaps on essential oil toxicity. Copaiba, laven-

der, and ginger essential oils are evaluated for effects on D. melanogaster lifespan, climbing

ability, and brain structure, while their anti-inflammatory properties are also analyzed.

Results show dose-related differences: higher concentrations (0.25% v/v) cause brain dete-

rioration and impaired climbing, while lower concentrations (0.0625% v/v for copaiba and

ginger; 0.125% for lavender) have no effect on climbing or brain structure. Lavender oil sig-

nificantly extends lifespan and maintains anti-inflammatory activity when ingested, under-

scoring its therapeutic potential. These findings highlight the importance of D. melanogaster

as a model for studying essential oil properties, potentially replacing chordate models. In

addition, this research advances alternative remedies for currently incurable diseases, with

lavender oil emerging as a promising candidate for drug discovery.

Introduction

In 2021, the essential oils (EOs) market size was valued at $20.3 billion, with an estimated

growth of 7.4% by 2028, due to their increasing use in industries such as food and beverages,

cosmetics, and aromatherapy. In addition, because they are considered more "natural" than

most commonly used medicines, their medical interest is increasing, and essential oils are

slowly replacing drugs and medicines due to their reduced risk of side effects. Essential oils are

basically substances extracted by distillation from different parts of plants, such as leaves,

fruits, roots or flowers, and are composed of a mixture of hydrocarbons, ethers, esters, alco-

hols, aldehydes, phenols and terpenes [1,2].
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Essential oils have a variety of different properties, including anti-inflammatory, antioxi-

dant, antibiotic, and antiviral activities. The EOs extracted from lavender (Lavandula angu-
stifolia), copaiba (Copaifera reticulata, officinalis, coriacea, and langsdorffii) and ginger

(Zingiber officinale) all exhibited these activities both in vitro and in vivo [3–9], making

them interesting targets for drug discovery that could be used to treat diseases that currently

have no cure or treatment, such as neurodegenerative diseases and cancer. However, despite

their widespread use and potential benefits, there is still a significant lack of information

regarding the safety and efficacy of essential oils. Reports of adverse effects such as neuro-

toxicity, hepatotoxicity and reproductive abnormalities highlight the need for further

research in this area [10–14].

To generate this knowledge, it is necessary to use animals as model organisms. However,

this has been the subject of intense scientific debate due to ethical and legislative differences

between countries. Data collected by the UK government in 2021 showed that more than 3

million procedures were performed on animals, of which 57% were experimental proce-

dures, using animals in studies such as drug safety testing and the development of treat-

ments [15].

Since the use of animals is essential, it is not always possible to avoid animal testing in order

to obtain the same results. Considering the replacement principle of the "Three R’s" guidelines

established in 1959, the use of non-chordate animals (flies, worms) instead of chordates (mice,

dogs, primates) is one of the possibilities to conduct research in a more ethical way, consider-

ing that non-chordates are less sentient animals [16]. The Drosophila melanogaster is a model

organism that has already been used to test the toxicity of different compounds, such as metals

and plant extracts [17,18]. Some of the advantages of using this animal are its fast life cycle, its

cheap maintenance in laboratories and a genome with significant human homology [18–20].

Another advantage of using this model organism is the UAS-Gal4 system. First introduced in

1993, this system uses the yeast transcriptional activator Gal4, randomly inserted into the D.

melanogaster genome, along with genes containing Gal4 binding sites, in this case UAS as an

enhancer of the target gene. These genes are activated in cells expressing Gal4, allowing analy-

sis of the phenotype produced by their expression. Expression of the yeast transcriptional acti-

vator could also be used alongside a driver gene to target the activation of target genes to

specific organs or tissues [21].

In addition, the fruit fly model allows the evaluation of its behavior through assays already

well established in the literature, such as the larval crawling assay, the courtship and mating

assay, and the climbing assay, also known as the RING (Rapid Iterative Negative Geotaxis) test

[22]. Because this test relies on the motor reflex of the flies, it can be used to detect, for exam-

ple, neurodegeneration that might impair their motor abilities [23].

There have been some experiments using essential oils and fruit flies as a model organism,

specifically the species D. melanogaster and Drosophila suzukii [24–26]. However, while these

studies have analyzed the larvicidal and insecticidal effects of essential oils, our purpose on this

study is to evaluate their toxicity and therapeutic potential in this model, aiming to propose

this animal model as a replacement for chordate ones.

Therefore, this study aims to establish D. melanogaster as a viable model organism for

studying the effects of essential oils in vivo. Specifically, we evaluate the toxicity and potential

therapeutic effects of copaiba, lavender, and ginger essential oils on D. melanogaster lifespan,

behavior, and brain morphology, as well as their anti-inflammatory activity, contributing to

the scientific development and respecting the principles of the use of animals in research, espe-

cially the reduction of the number of chordate animals, as well as the replacement in many

cases by a non-chordate in animal experiments.
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Materials and methods

Drosophila stock and culture

D. melanogaster flies from the Canton S and w1118 (Stock #3605) strains were obtained from

the Bloomington Stock Center, Indianapolis, IN. The group also used the

GMR-GAL4 > UAS-Eiger stock kindly provided to our laboratory by Dr. Masayuki Miura of

the University of Tokyo (Tokyo, Japan).

Animals were reared on a standard cornmeal medium, and the tests were performed on a

mashed potato medium containing 75% powdered mashed potato (Yoki1), 15% yeast extract,

9.3% glucose and 0.7% nipagin. The flies were maintained in a BOD incubator at a controlled

temperature of 25˚C with a 12h/12h light/dark cycle. Flies were anesthetized with cold or ethyl

ether for sex determination and mating.

Groups of 30 male adult w1118 flies (0 to 3 days post-emergence) were used for all of the fol-

lowing tests, except for the toxicity evaluation where groups of 15 male and 15 female adult

w1118 flies (0 to 3 days post-emergence) were used. Each test lasted for 15 days, since the group

aimed at a chronic treatment with the essential oils. All experiments were performed on three

independent triplicates.

Essential oils and solutions preparation

Essential oils of copaiba (Copaifera sp.), ginger (Zingiber officinale), and lavender (Lavandula
angustifolia) (döTerra, Utah, USA) were used, diluted with water to different concentrations

for each assay and treatment (0.0625% v/v, 0.125% v/v, 0.25% v/v, and 0.5% v/v), with the solu-

tion being thoroughly mixed by vortexing for 10 seconds to disperse the oil in the water each

time it was pipetted. Both EOs and their dilutions were stored at room temperature and pro-

tected from light to prevent degradation. Chromatography charts of the EOs provided by

döTerra can be found in the Supporting Information (S1–S3 Datasets).

Toxicity evaluation of the essential oils

The first step, prior to treating the flies, was to determine the toxicity of each of the oils at

different concentrations. Each essential oil was tested at concentrations of 0.0625% v/v,

0.125% v/v, 0.25% v/v, and 0.5% v/v. Groups of 30 adult w1118 flies (0 to 3 days post-emer-

gence) were separated into vials for each treatment in triplicate, with a 1:1 ratio of males to

females.

Each vial contained mashed potato medium prepared with 5 mL of water (control group)

or 5 mL of the EOs solutions. Flies were fed on the food prepared with these solutions for 15

days and transferred to vials containing fresh food every 2 to 3 days. The number of dead flies

was counted each time they were transferred to a new vial.

Lifespan analysis

To understand how consumption of the EOs would alter the lifespan of the flies, a lifespan

assay was performed. Male flies of the w1118 stock (0-to-1-day post-emergence) were separated

into groups of 30 and fed on mashed potato medium prepared with the solutions at 0.0625%

v/v for the copaiba and ginger EOs and 0.125% v/v for the lavender EO.

Similar to the toxicity evaluation, the flies were maintained on vials containing mashed

potato medium prepared with 5 mL of water (control group) and 5 mL of the EOs solutions.

Flies were transferred to vials containing fresh food every 2 to 3 days, and the number of dead

flies was counted at each transfer until all flies had died.
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Climbing assay

The Rapid Iterative Negative Geotaxis (RING) test was used to determine whether the essential

oils diet would cause any changes in the locomotor ability and behavior of the flies, performed

as described by Gargano et. al in 2005 [27]. The only modification is that the digital image

used to evaluate the position of the flies on the vials was taken 10 seconds after the apparatus

was tapped on the surface. This is due to the strain of flies used, w1118, which has a natural reti-

nal degeneration that makes their climbing slower than other strains [28].

To understand how the animal model used would respond to an essential oil diet, the group

performed the RING test using two sets of EO concentrations: lower doses that showed no tox-

icity in the toxicity test and higher doses that caused a greater number of deaths in the toxicity

test. For the first, the concentrations used were 0.0625% v/v for the copaiba and ginger EOs

and 0.125% v/v for the lavender EO. For the higher dose test, the concentrations used were

0.25% v/v for each essential oil.

The flies were fed on mashed potato medium prepared with the EO solutions at the above

concentrations for 15 days, with the RING test performed every 5 days.

Histological analysis

Knowing that the essential oils have small molecules that can cross the blood-brain barrier, the

group decided to analyze whether ingesting the EOs could cause any damage to the flies’

brains. Again, we decided to test both higher and lower doses of the essential oils to under-

stand how the D. melanogaster model would respond to different concentrations of EOs.

Males from the w1118 strain were collected from 0 to 1-day post-emergence and divided

into groups of 10 flies in triplicates and fed on mashed potato medium prepared with the solu-

tions of EOs. The animals were kept on this diet for 15 days, euthanized with liquid nitrogen

and decapitated for preparation of brain tissue slides. The tissues were fixed in paraffin and

stained with hematoxylin and eosin for better visualization, following the protocol used by

Malta et. al 2022 [29].

The concentrations used were 0.25% v/v for each essential oil for higher doses and 0.0625%

v/v for the copaiba and ginger essential oils and 0.125% v/v for the lavender essential oil for the

lower doses.

Analysis of the anti-inflammatory properties of the essential oils

Each of the essential oils used in this project has an anti-inflammatory activity already seen in

both in vitro and in vivo tests [3–9]. However, the most commonly used animal models are

mice and rats.

To analyze whether the D. melanogaster model would also respond to treatment with essen-

tial oils by ingestion, we used GMR-GAL4 > UAS Eiger flies as a model of inflammation in

which eye degeneration is caused by overexpression of Eiger, a Drosophila ortholog of tumor

necrosis factor alpha, in the organ. Assays in these animals are performed on larvae rather

than adults because inflammation begins as soon as the animal hatches from the egg.

Flies of the GMR-GAL4 > UAS-Eiger strain were mated for 24 hours in oviposition

medium. After this time, the parental flies were removed from the flask and the eggs were col-

lected. These eggs were then placed in vials containing mashed potato medium prepared with

solutions of the EOs at 0.025% v/v each. The animals were maintained on this medium for 10

days until the adult flies emerged from the pupae. The animals were then anesthetized with

ice, and 60 flies from each group were collected for measurement of eye area using ImageJ soft-

ware. The Canton S strain was used as a wild-type model for comparison of eye morphology.
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Statistical analysis

All statistical tests were performed using GraphPad Prism 8 software. The Mantel-Cox test was

used to evaluate the statistical significance of the data for toxicity evaluation and lifespan analy-

sis. Two-way ANOVA test was used for the climbing assay. One-way ANOVA test was used to

analyze the anti-inflammatory properties of the essential oils. All values of p< 0.05 were con-

sidered significant.

Results

Essential oils demonstrate dose-dependent toxicity in Drosophila flies

Toxicity of essential oils was evaluated by exposing flies to food containing a mixture of water

and oils at concentrations of 0.0625%, 0.125%, 0.25%, and 0.5% v/v for 15 days. At a concen-

tration of 0.0625% v/v, lavender essential oil was the only oil that resulted in a higher mortality

rate compared to the control group (p<0.05) (Fig 1A). At a concentration of 0.125% v/v, flies

exposed to copaiba and ginger essential oils had a mortality rate close to 50% (p<0.001 and

p<0.05, respectively), while flies exposed to lavender EO had a mortality rate similar to the

control (Fig 1B). At. 0.25% v/v, all three essential oils resulted in higher mortality compared to

the control group (copaiba: p<0.05, ginger: p<0.001, and lavender: p<0.0001) (Fig 1C). The

result is similar at the 5% v/v concentration, where consumption of all essential oils resulted in

more deaths compared to the control group (p<0.0001) (Fig 1D).

Safe concentrations of essential oils have varying effects on Drosophila
melanogaster lifespan

To further investigate the effects of safe concentrations of essential oils on Drosophila melano-
gaster, we performed a lifespan analysis after prolonged exposure. We used concentrations of

Fig 1. Toxicity assessment of essential oils. Lavender essential oil at 0.0625% v/v resulted in a higher mortality rate

within 15 days of ingestion compared to the control group (A). At 0.125% v/v, copaiba and ginger essential oils caused

more deaths, while no difference was observed for lavender EO (B). Both 0.25% and 0.5% v/v concentrations of EOs

resulted in higher mortality rates than the control group (C and D). Statistical significance was determined by Mantel-

Cox test (n = 30, * p<0.05, *** p<0.001, **** p<0.0001). Error bars on the graphics represent the standard error. This

test was performed on three independent triplicates.

https://doi.org/10.1371/journal.pone.0291242.g001
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0.0625% v/v for copaiba and ginger essential oils and 0.125% v/v for lavender essential oil. Our

results showed that copaiba EO did not alter the lifespan or mortality rate of the flies compared

to the control group. However, ginger EO caused a higher mortality rate in the flies from the

fifteenth day, suggesting that long-term exposure may be toxic to the animals (p<0.01). In

contrast, flies that ingested lavender EO had an increase in lifespan of 12 days compared to the

control group (p<0.001) (Fig 2).

Essential oils at low concentrations do not affect neuromotor function or

brain morphology in flies

We evaluated the effects of safer concentrations of essential oils on neuromotor function and

brain morphology in Drosophila melanogaster. The results showed that 0.0625% v/v concentra-

tion of ginger and copaiba essential oils and 0.125% v/v concentration of lavender essential oil

did not affect the climbing ability of the flies. While copaiba EO had no effect on climbing abil-

ity, lavender EO increased climbing ability on days 5 (p<0.001) and 10 (p<0.05) of treatment,

and ginger EO increased climbing ability only on day 5 (p<0.01) (Fig 3A–3C).

Furthermore, exposure to these lower doses did not cause any visible brain damage, as

there were no vacuoles present in the brain tissue morphology of the treated flies compared to

the control group (Fig 3D–3G).

Essential oils cause vacuole formation in Drosophila brain and neuromotor

impairment at higher concentrations

During the fifth and tenth days after treatment, the climbing ability of the flies remained rela-

tively unaffected, except for the flies exposed to copaiba essential oil on day five (p<0.05) and

ginger essential oil on day ten (p<0.05) (Fig 4A and 4B). However, by day 15, flies exposed to

all three essential oils showed a 20% decrease in climbing ability compared to the control

group, indicating neuromotor impairment caused by the EOs (copaiba and ginger EOs:

p<0.01, and lavender EO: p<0.001) (Fig 4C).

Fig 2. Lifespan analysis of D. melanogaster ingesting essential oils. Copaiba essential oil did not affect the lifespan of the flies, while

ginger essential oil decreased it. However, lavender essential oil increased the lifespan by about 12 days. Statistical significance was

determined by Mantel-Cox test (n = 30, ** p<0.01, *** p<0.001). Error bars on the graphics represent the standard error. This test was

performed on three independent triplicates.

https://doi.org/10.1371/journal.pone.0291242.g002
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Histological analysis showed that a concentration of 0.25% v/v of the essential oils for 15

days caused neurological damage in the brains of Drosophila melanogaster flies. The presence

of vacuoles in the brain tissue suggests that the essential oils may have caused damage to the

nervous system, consistent with the neuromotor impairment observed in the climbing assay.

The extent of brain damage varied among the three essential oils, with lavender EO producing

more prominent vacuoles than the other two oils (Fig 4D–4G).

Lavender essential oil promotes slight recovery of ocular inflammation

caused by Eiger protein overexpression in D. melanogaster
A wild-type D. melanogaster eye phenotype, characterized by its large area and round shape

(Canton S strain), is shown in Fig 5A. In contrast, Fig 5B shows the eye of an untreated

GMR-GAL4 > UAS-Eiger fly, which shows degeneration due to overexpression of Eiger pro-

tein in the organ, resulting in loss of shape and area. Visual analysis of flies fed copaiba essen-

tial oil (Fig 5C) or ginger essential oil (Fig 5D) showed no significant evidence of reversal of

ocular degeneration. However, when flies were fed lavender essential oil, a slight recovery of

shape and increased eye area was observed (Fig 5E).

Quantitative analysis using ImageJ software revealed no statistical difference in eye area

between the control group (untreated GMR-GAL4 > UAS-Eiger fly) and flies treated with

Fig 3. Climbing assay and histological analysis of the brain at lower doses of essential oils intake. Flies exposed to ginger and lavender essential oils showed

improved climbing ability on day 5 (A), while only those treated with lavender essential oil continued to show improvement on day 10 (B). By day 15, there was

no significant difference in climbing ability between the groups (C). Statistical significance was determined by two-way ANOVA test (n = 30, * p<0.05, **
p<0.01, *** p<0.001), with graphics demonstrating mean ± standard error of the mean. Figures D to G illustrate the histologic section of the brain of flies from

each group (D: control, E: copaiba EO, F: ginger EO and G: lavender EO). Histological analysis of the brain showed no morphological changes in any group.

Images were taken at 100X magnification. This test was performed on three independent triplicates.

https://doi.org/10.1371/journal.pone.0291242.g003
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copaiba essential oil or ginger essential oil. However, flies that ingested lavender essential oil

had a significantly larger eye area compared to the control group (p<0.0001) (Fig 5F).

Discussion

The essential oils extracted from Copaifera spp, Zingiber officinale and Lavender angustifolia
have shown promising results in previous studies regarding their anti-inflammatory, antioxi-

dant and antimicrobial activities, as mentioned above. These results indicate their potential as

alternative treatments for diseases and bacterial, fungal and viral control. However, their toxic-

ity still needs to be evaluated in in vivo models to better understand their limitations as poten-

tial drugs. One way to fill this information gap is to test their use in model organisms, in this

case Drosophila melanogaster.
In the experiments conducted, the D. melanogaster model showed changes in lifespan

depending on the amount of essential oil they ingested. While at higher doses all EOs showed

toxicity to the flies and reduced their lifespan, at lower doses they did not change it or, for lav-

ender essential oil, increased it. These results indicate that this model can be a useful tool to

assess the potential toxicity of essential oils. Furthermore, the observed increase in lifespan in

flies that ingested lavender essential oil at lower doses highlights its potential as a natural prod-

uct for further exploration in drug discovery.

Fig 4. Climbing assay and histological analysis of the brain at higher doses of essential oils. On day 5 of treatment, only flies exposed to copaiba essential oil

had reduced climbing ability, while on day 10, only flies exposed to ginger essential oil had this impairment. However, by day 15 of treatment, flies from all

groups had reduced climbing ability compared to the control group. Statistical significance was determined by two-way ANOVA test (n = 30, * p<0.05, **
p<0.01, *** p<0.001), with graphics demonstrating mean ± standard error of the mean. Figures D to G illustrate the histological section of the brain of flies

from each group (D: control, E: copaiba EO, F: ginger EO, and G: lavender EO). The presence of vacuoles can be seen in each experimental group, particularly

in those treated with lavender essential oil. Pictures were taken at 100X magnification. This test was performed on three independent triplicates.

https://doi.org/10.1371/journal.pone.0291242.g004
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Our investigation revealed that the ingestion of essential oils had a significant effect on the

behavior of fruit flies, with climbing ability being particularly affected in a dose-dependent

manner. Higher doses of essential oils resulted in impaired climbing ability, likely due to neu-

rotoxicity, as evidenced by vacuoles observed in brain histology of affected flies. These results

are consistent with previous studies showing that essential oils can have neurotoxic effects

[30–32]. Our results demonstrate that fruit flies can be used to study the effects of essential oils

on brain morphology and suggest that neurotoxicity is one of the possible adverse effects of

overdosing on copaiba, ginger, and lavender essential oils.

At lower doses of essential oil intake, copaiba and ginger essential oils did not significantly

affect the climbing ability of the flies during the 15-day treatment period. However, flies

treated with lavender essential oil showed a slight improvement in their climbing ability, con-

sistent with the histological analysis of their brains, where no major changes in morphology

were observed. The natural eye degeneration of the w1118 fly strain used in this study leads to

slower climbing [28], making the improvement in climbing ability after lavender essential oil

treatment particularly noteworthy. These results suggest that lavender essential oil may have a

protective effect on retinal degeneration in D. melanogaster. However, further studies are

needed to elucidate the underlying mechanisms and to confirm these findings.

Specifically for copaiba, studies analyzing the toxicity of copaiba oleoresin, which shares

some of its constituents with the essential oil, found no acute or short-term toxicity in Wistar

rats given the oleoresin by gavage at 2000 mg/kg (acute) and 100 mg/kg for 28 days (short-

term) [33,34]. It is important to note that although they have the same constituents, essential

oils are more concentrated and may have a different effect on animals compared to oleoresin.

Unfortunately, studies analyzing the toxicity of essential oils are still scarce, especially in D.

melanogaster, so more research is needed in this area.

While previous studies have demonstrated the anti-inflammatory activity of all three essen-

tial oils in various applications such as topical and inhalation [7,35–38], our investigation

Fig 5. Effect of essential oils on the eye area of flies. Figures A through E show the eyes of flies from different groups. The Canton S group (A) had a normal

eye, while the negative control group (B) with Eiger protein overexpression had a malformed eye, representing the GMR-GAL4>UAS-Eiger strain.

Experimental groups of GMR-GAL4>UAS-Eiger flies treated with the essential oils at 0.25% v/v are shown in Figures C to E (C: copaiba EO, D: ginger EO,

and E: lavender EO). Images were taken with a stereomicroscope at 3X magnification. Measurements taken with ImageJ show that only lavender essential oil

was able to ameliorate the inflammation of the fly eye and slightly restore its area (F). Statistical significance was determined by one-way ANOVA test (n = 60,

**** p<0.0001), with graphics demonstrating mean ± standard error of the mean. This test was performed on three independent triplicates.

https://doi.org/10.1371/journal.pone.0291242.g005
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revealed that only lavender essential oil had the potential to restore the area and shape of the

eye after ingestion. This observation not only demonstrates the ability of flies to respond to

essential oil treatment, but also suggests that lavender EO retains its anti-inflammatory proper-

ties even after ingestion, unlike ginger and copaiba EO. These findings provide opportunities

for further research on lavender EO because several D. melanogaster strains can simulate

human diseases for which there are no effective treatments or cures, including neurodegenera-

tive diseases that involve inflammation as a pathological mechanism (e.g., Alzheimer’s, Parkin-

son’s, and Huntington’s diseases). Notably, these D. melanogaster models are well established

in the literature and serve as reliable sources of information on potential treatments for these

diseases [39–41].

Nevertheless, this study has some limitations. The group analyzed changes in brain mor-

phology which could be useful for future research on essential oils. However, further research

is necessary to analyze the impact of essential oils on other organs, particularly the gastrointes-

tinal tract. Moreover, the essential oils used have antimicrobial activity, which implies that

they might have disturbed the flies’ gut microbiota, as mentioned above. Dysbiosis of the

microbiota is known to not only disrupt intestinal functions but also impact brain function via

the gut-brain axis [42–47]. The group aims to investigate these questions in future research.

It is also important to mention that since the essential oils were administered to the flies

through their food ad libitum, we could not ensure that the flies ingested the same amount of

essential oil. A food intake analysis could be performed in the future to avoid this bias and to

understand if the presence of the EOs on their food affects the amount of food they consume.

In conclusion, our results highlight the potential of D. melanogaster as a valuable model

organism for evaluating the toxicity of essential oils. Our experiments revealed adverse effects of

excessive doses of ginger, copaiba, and lavender essential oils, including neurotoxicity. Further

investigations are warranted to explore their effects on other organs and their intestinal micro-

biota. However, our results also demonstrate the therapeutic potential of lavender essential oil,

which not only prolonged the lifespan of D. melanogaster, but also induced an anti-inflamma-

tory response without causing any damage to their brains. These observations suggest that lav-

ender essential oil may be a promising candidate for the development of novel drugs.

Conclusion

In conclusion, the experiments with D. melanogaster not only showed that it is a reliable

model for studies with essential oils, but also that even though essential oils can have therapeu-

tic potential, they also have adverse effects. While higher doses of essential oils caused toxicity

and reduced the lifespan of the animals, lower doses did not cause any significant negative

effect and even increased their lifespan, for the lavender essential oil. The main adverse effect

observed was neurotoxicity resulting in impaired climbing ability.

Lavender essential oil, on the other hand, proved to be a promising natural product for

drug discovery, with the potential to induce an anti-inflammatory response in the flies without

causing damage to their brain. These findings highlight the usefulness of D. melanogaster as a

model organism for studying the toxicity and therapeutic properties of essential oils, a novelty,

given that most tests using this model and essential oils aim at identifying possible larvicidal

and insecticidal effects, and indicate that further testing is needed to fully explore their effects

on other organs and their potential application in drug development.
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nogaster models of metal-related human diseases and metal toxicity. Int J Mol Sci. 2017; 18(7). https://

doi.org/10.3390/ijms18071456 PMID: 28684721

19. Reiter LT, Potocki L, Chien S, Gribskov M, Bier E. A systematic analysis of human disease-associated

gene sequences in Drosophila melanogaster. Genome Res. 2001; 11(6):1114–25. https://doi.org/10.

1101/gr.169101 PMID: 11381037

20. Adams MD, Celniker SE, Holt RA, Evans CA, Gocayne JD, Amanatides PG, et al. The genome

sequence of Drosophila melanogaster. Science (80-). 2000; 287(5461):2185–95. https://doi.org/10.

1126/science.287.5461.2185 PMID: 10731132

21. Brand AH, Perrimon N. Targeted gene expression as a means of altering cell fates and generating dom-

inant phenotypes. Development. 1993; 118(2):401–15. https://doi.org/10.1242/dev.118.2.401 PMID:

8223268

22. Nichols CD, Becnel J, Pandey UB. Methods to Assay Drosophila Behavior. J Vis Exp. 2012;(61):3–7.

https://doi.org/10.3791/3795 PMID: 22433384

23. Batista LL, Malta SM, Guerra Silva HC, Borges LDF, Rocha LO, da Silva JR, et al. Kefir metabolites in a

fly model for Alzheimer’s disease. Sci Rep [Internet]. 2021; 11(1):1–12. Available from: https://doi.org/

10.1038/s41598-021-90749-8.

24. Souza MT de, Souza MT de, Bernardi D, Oliveira D da C, Morais MC, Melo DJ de, et al. Essential Oil of

Rosmarinus officinalis Ecotypes and Their Major Compounds: Insecticidal and Histological Assessment

Against Drosophila suzukii and Their Impact on a Nontarget Parasitoid. J Econ Entomol. 2022; 115

(4):955–66. https://doi.org/10.1093/jee/toab230 PMID: 34865075

25. De Oliveira MRC, Barros LM, Duarte AE, De Lima Silva MG, Da Silva BAF, Pereira Bezerra AOB, et al.

Gc-ms chemical characterization and in vitro evaluation of antioxidant and toxic effects using drosophila

PLOS ONE Drosophila melanogaster as a model for studies related to the toxicity of essential oils

PLOS ONE | https://doi.org/10.1371/journal.pone.0291242 September 28, 2023 12 / 14

https://doi.org/10.1016/j.ctcp.2018.10.004
https://doi.org/10.1016/j.ctcp.2018.10.004
http://www.ncbi.nlm.nih.gov/pubmed/30396617
https://doi.org/10.1155/2016/3012462
http://www.ncbi.nlm.nih.gov/pubmed/28090211
https://doi.org/10.3390/molecules15129252
http://www.ncbi.nlm.nih.gov/pubmed/21160452
https://doi.org/10.1097/DER.0000000000000175
http://www.ncbi.nlm.nih.gov/pubmed/32607090
https://doi.org/10.1210/jc.2018-01880
http://www.ncbi.nlm.nih.gov/pubmed/31393563
https://doi.org/10.3390/ijms22052380
http://www.ncbi.nlm.nih.gov/pubmed/33673548
https://doi.org/10.1007/s00204-020-02945-6
http://www.ncbi.nlm.nih.gov/pubmed/33159585
https://doi.org/10.3390/cimb44070192
https://doi.org/10.3390/cimb44070192
http://www.ncbi.nlm.nih.gov/pubmed/35877416
https://www.understandinganimalresearch.org.uk/news/animal-research-statistics-for-great-britain-2021
https://www.understandinganimalresearch.org.uk/news/animal-research-statistics-for-great-britain-2021
https://doi.org/10.3390/ijerph192215218
http://www.ncbi.nlm.nih.gov/pubmed/36429955
https://doi.org/10.3390/ijms18071456
https://doi.org/10.3390/ijms18071456
http://www.ncbi.nlm.nih.gov/pubmed/28684721
https://doi.org/10.1101/gr.169101
https://doi.org/10.1101/gr.169101
http://www.ncbi.nlm.nih.gov/pubmed/11381037
https://doi.org/10.1126/science.287.5461.2185
https://doi.org/10.1126/science.287.5461.2185
http://www.ncbi.nlm.nih.gov/pubmed/10731132
https://doi.org/10.1242/dev.118.2.401
http://www.ncbi.nlm.nih.gov/pubmed/8223268
https://doi.org/10.3791/3795
http://www.ncbi.nlm.nih.gov/pubmed/22433384
https://doi.org/10.1038/s41598-021-90749-8
https://doi.org/10.1038/s41598-021-90749-8
https://doi.org/10.1093/jee/toab230
http://www.ncbi.nlm.nih.gov/pubmed/34865075
https://doi.org/10.1371/journal.pone.0291242


melanogaster model of the essential oil of lantana montevidensis (Spreng) briq. Med. 2019; 55(5).

https://doi.org/10.3390/medicina55050194 PMID: 31126036

26. Souza MT de, Souza MT de, Morais MC, Oliveira D da C, Melo DJ de, Figueiredo L, et al. Essential Oils

as a Source of Ecofriendly Insecticides for Drosophila suzukii (Diptera: Drosophilidae) and Their Poten-

tial Non-Target Effects. Molecules. 2022; 27(19).

27. Gargano JW, Martin I, Bhandari P, Grotewiel MS. Rapid iterative negative geotaxis (RING): A new

method for assessing age-related locomotor decline in Drosophila. Exp Gerontol. 2005; 40(5):386–95.

https://doi.org/10.1016/j.exger.2005.02.005 PMID: 15919590
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