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ABSTRACT

Linalool-rich Rosewood oil (Aniba rosaeodora Ducke) is a natural compound widely used in perfumery industry.
Evidence suggests that linalool exerts antidepressant and anxiolytic effects. Conversely, ethanol binge drinking (i.
e., intermittent and episodic consumption) during adolescence elicits neurobehavioral alterations associated with
brain damage. Here, we investigated whether linalool-rich Rosewood oil administration can improve the
emotional and molecular impairments associated with ethanol binge-like exposure during adolescence in female
rats. Rosewood oil was obtained by hydrodistillation and posteriorly analyzed. Adolescent female Wistar rats
received four-cycles of ethanol binge-like pattern (3 g/kg/day, 3 days on/4 days off) and daily Rosewood oil
(35 mg/kg, intranasally) for 28 days. Twenty-four hours after treatments, it was evaluated the impact of ethanol
exposure and Rosewood oil treatment on the putative emotional impairments assessed on the splash and forced
swimming tests, as well as the levels of brain-derived neurotrophic factor (BDNF), S100B, oxidative parameters,
and inflammatory cytokines in prefrontal cortex and hippocampus. Results indicated that Rosewood oil intra-
nasal administration mitigated emotional impairments induced by ethanol exposure accompanied by a marked
increase in BDNF, S100B, glutathione (GSH), and antioxidant activity equivalent to Trolox (TEAC) levels in brain
areas. Rosewood oil treatment also prevented the ethanol-induced increase of interleukin-1f, interleukin-6,
tumor necrosis factor o (TNF-a), and neurofilament light chain (NFL) levels. These findings provide the first
evidence that Rosewood oil intranasal administration exerts protective effects against emotional and molecular
impairments associated with adolescent ethanol binge-like exposure, possibly due to linalool actions triggering
neurotrophic factors, rebalancing antioxidant status, and attenuating proinflammatory process.
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1. Introduction

The global prevalence of diseases that affect mental health has grown
considerably in recent decades [1]. The emergence of the COVID-19
pandemic further aggravated this scenario, as many mental health de-
terminants were highlighted, increasing the prevalence of common
mental disorders, such as depression [1]. Depressive disorder is the most
prevalent mental health condition among individuals with alcohol use
disorder (AUD). This simultaneous occurrence is related to the wors-
ening and adverse prognosis for both disorders when compared to per se
disturbance, including a greater risk of suicidal behavior [2].

The binge drinking exposure (i.e., intermittent and episodic con-
sumption of ethanol) consists of the most common form of alcohol
misuse among adolescents and young adults, characterized by the con-
sumption of high doses of alcohol in a short period (about 2 hours)
followed by a period of abstinence [3-5]. The binge drinking pattern
results in blood alcohol levels of at least 0.08 g/dL, achieved following
consuming four drinks for women or five drinks for men, frequently
three days a week among adolescents, displaying physical and mental
disabilities [6,7]. Although the global prevalence of alcohol per capita
among females aged 15 years and above is markedly lower than among
males, during adolescence (i.e., 15-19 years of age) two intriguing
phenomena occur: i) the smaller difference in the trends of prevalence of
drinking between females and males; ii) the percentage related to the
increment of the drinking prevalence from 2000 to 2019 was higher
among females compared to males, except in Africa [8].

Epidemiological studies have indicated that alcohol consumption
acts as a risk factor for the incidence of depression, and people with AUD
exhibit 2.3 times more depressive conditions during the twelve months
of analysis of this association [9]. Additionally, nearly 33 % of patients
under treatment for AUD experienced depressive symptoms [2].

The relationship between ethanol and depression is complex, with
some studies indicating that depression generally precedes the AUD
onset, while others suggest the opposite relationship. Furthermore,
women seem to be more susceptible to the earlier onset of depression
than men [2]. Although the precise neurobiological mechanisms of the
crosstalk between depression and AUD remain to be established, there is
increasing evidence provided by non-clinical studies. For instance,
previous studies have demonstrated that binge drinking paradigm from
adolescence till adulthood in female rodents induces emotional and
motor alterations as well as cognitive impairments related to oxidative
damage, neuroinflammation, and neurotrophic factors dysfunction in
several brain areas, such as hippocampus and prefrontal cortex [10-14].

On the other hand, beyond the use of classical psychotropic medi-
cations, different therapeutic strategies have been investigated for the
treatment of central nervous system (CNS) disorders, including essential
oils [15-17]. Due to the biological activity of their majority constituents,
essential oils have emerged as therapeutic alternative agents in aroma-
therapy to manage mental disorders, including depression [18,19].

Linalool-rich Rosewood oil (Aniba rosaeodora Ducke) is a natural
compound that emerges as a candidate for the treatment of emotional
disorders. Rosewood belongs to the Lauraceae family, with 50 genera
and 2500-3000 species distributed in tropical and subtropical latitudes
[20]. The genus Aniba presents significant ecological and economic
value due to the large quantity of their essential oils [21,22]. In the
Amazon region, A. rosaeodora Ducke presents the famous names of
“pau-rosa”, “pau-rosa-itaiba”, “pau-rosa-mulatinho”, and “pau-r-
osa-imbatiba”, with significant economic importance for the cosmetics
industry, due to the high content of linalool (80-97 %) in its essential oil,
which is present in all parts of the tree. However, linalool is generally
extracted from the trunk wood and used in the world market as a
valuable component of perfumes and fragrances [23-26].

In traditional medicine, Rosewood oil is used as an analgesic, anti-
microbial, antiseptic, bactericidal, aphrodisiac, tissue regenerator, and
tonic [26,27]. Effects on the CNS have been attributed to linalool, which
acts as an anticonvulsant, antidepressant, hypnotic, and sedation [27].
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Recently, our research group demonstrated antidepressant and anxio-
lytic properties of the intraperitoneal administration of essential oils
rich in linalool extracted from the leaves of Aniba rosaeodora (pau-rosa),
Aniba parviflora (macacaporanga) and Aeollanthus suaveolens (cati-
nga-de-mulata) in rats [28]. As reviewed by Maia and colleagues [29],
linalool acts by different molecular mechanisms relevant to both ethanol
brain damage and depression, such as inflammatory process, oxidative
stress, and neurotrophic factors.

Therefore, in the present study, we investigated whether intranasal
administration of linalool-rich Rosewood oil can mitigate the emotional
impairments associated with ethanol binge-like exposure during
adolescence in female rats. Moreover, putative molecular mechanisms
underlying the neurobehavioral effects of Rosewood oil were investi-
gated, including the measurement of neuroinflammatory and oxidative
stress markers and neurotrophic factors in the prefrontal cortex and
hippocampus.

2. Materials and methods
2.1. Plant material

Samples of Rosewood twigs were collected in an experimental
plantation of Prof. Milton Mota at the Universidade Federal Rural da
Amazonia (Belém city, Pard, Brazil), coordinates 1° 27 31" S/48° 26’
4.5" W, in January 2020.

2.2. Essential oils extraction

The leafless twigs were dried at room temperature for 48 h, ground,
and subjected to hydrodistillation in a Clevenger-type apparatus (100 g,
3 h, triplicate). Rosewood oil was dried in anhydrous sodium sulfate,
and its percentage content was calculated based on the dry weight of the
plant. The moisture content of the samples was calculated on a balance
measuring moisture using infrared light. The oil was stored in a dark
bottle and kept at 5 °C.

2.3. Analysis and identification of oil constituents

The oil constituent’s analysis was carried out in the Laboratério
Adolpho Ducke, Museu Paraense Emilio Goeldi (Belém city, Para,
Brazil), using a Shimadzu QP-2010 double system gas chromatography-
mass spectrometry (GC-MS) and gas chromatography-flame ionization
detector (GC- FID), equipped with a DB-5 ms silica capillary column
(30 m x 0.25 mm; with 0.25 pm film thickness). Briefly, the hydrogen
was the carrier gas, at a linear flow of 36.5 cm/s; injection-type without
split flow, volume of 1 pL (2 pL of oil in 1 mL of n-hexane); injector and
detector temperature at 250 °C, column temperature program from 60
to 250 °C, with a gradient of 3 °C/min. The identification of volatile
components was made based on the comparison of their linear retention
times with authentic standards, also using a homologous series of n-al-
kanes injected under the same analyzed conditions and with the frag-
mentation patterns observed in the mass spectra of authentic samples
stored in the data system and aid of literature libraries [30-32].

2.4. Animals

Female Wistar rats (Rattus novergicus) aged 29 days (n = 45) were
obtained from the Bioterium of Universidade Federal do Para. The ani-
mals were maintained in a laboratory of Faculdade de Farmacia in
collective polypropylene boxes (50 x35 x 15 c¢cm), 3-4 animals/box to
avoid isolation stress. The bioassays used standardized temperature
conditions (25 + 1 °C), exhaustion, and a 12-hour light/dark cycle
(lights on 6:00 a.m.) for animal maintenance with pelleted food and
water ad libitum.

The procedures used in the present study follow the rules of the UFPA
Ethics Committee on the Use of Animals [33] (protocol number
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7090270319) and respect international guidelines on animal care. In
addition, the present study was registered on the platform of Sistema
Nacional de Gestao do Patrimonio Genético e do Conhecimento Tradicional
Associado (SISGEN), Brazil Government, under number AA6B112. The
authors further attest that all efforts were made to minimize the number
of animals used and their suffering.

2.5. Experimental design

The animals were randomly distributed to the experimental groups.
At 29th days old, animals received orally (gavage, through an orogastric
cannula) (Insight, Brazil) distilled water or ethanol (3 g/kg/day; 20 %
w/v; 3 days on/4 days off) (Exodo, Brazil) in four binge-type episodes
[11]. Rosewood oil (RO) (35 mg/kg/day) or saline solution
(0.1 mL/100 g of animal weight) was administered daily intranasally for
28 consecutive days (56th postnatal day). Fluoxetine (10 mg/kg, i.p.)
was used as positive control. The RO dose utilized was based on a pre-
vious study from our research group in which a positive control group
with fluoxetine (10 mg/kg) and a standard linalool group (linalool 97 %,
Sigma-Aldrich) were also included [28]. Animals were weighed weekly
to adjust the final volume. Behavioral tests were performed 24 hours
after the last administration. Fig. 1 illustrates the sequence in which the
behavioral tests were performed, from the least aversive (splash test) to
the most aversive (forced swimming test), to minimize the chance that
behavioral responses were markedly altered by prior test history and the
intervals between them (1 h). In addition, samples from the prefrontal
cortex and hippocampus were collected for tissue analyses.

2.6. Behavioral assays

Behavioral experiments were conducted at the Laboratorio de Farm-
acologia da Inflamagao e Comportamento (LAFICO/UFPA, Belém, Brazil)
one hour before the test for animal acclimatization. Behavioral assays
occurred in a sound-attenuated room with controlled light (14 lux) and
temperature (23 + 1 °C). All behavioral experiments were conducted in
a blinded manner between 2 and 6 p.m. to avoid interference with the
animals’ circadian cycle.
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2.6.1. Splash test

The splash test is a pharmacologically validated model supported by
motivational behavior (self-cleaning behavior) and linked to animal
apathy [34,35]. Thus, anhedonia and depressant-like profile are related
to reduced self-cleaning time [36]. Briefly, animals were placed indi-
vidually in an acrylic box (9 x7 x 11 cm), and sucrose solution (10 %)
was applied to the animal’s back, as described elsewhere [37,38]. The
self-cleaning time was manually recorded for 5 min as an index of
self-care and motivational behavior.

2.6.2. Forced swimming test

A modified version of the forced swimming test was performed as
proposed by Overstreet [39] and previously validated in our laboratory
[11,13] to mitigate the interference of learning and memory across the
preconditioning and test exposures of rats in the forced swim test. The
animal was placed in a glass cylinder (50 cm high by 30 cm in diameter)
filled with a 40 cm water column at 23 + 1 °C for 5 min. The first 2 min
were considered habituation to the aversive environment. Immobility
time, characterized by simple movements sufficient to keep floating, was
recorded in the final 3 min of the test. After the test, the animal was
removed from the water, dried with flannel, and placed again in the
cage.

2.7. Tissue collection and preparation

For this bioassay, the animals were anesthetized with isoflurane for
craniotomy procedures 24 hours after the behavioral tests. Then, the
prefrontal cortex and hippocampus were collected. The fresh tissue
samples were added to microtubes with AllPrep commercial kit solution
(1 mL) and stored at —80 °C for subsequent analysis of brain-derived
neurotrophic factor (BDNF) and S100B mRNA; levels of Glutathione
(GSH), Trolox equivalent antioxidant capacity (TEAC), nitric oxide
(NO), and thiobarbituric acid-reactive substances (TBARS), as well as
the concentrations of interleukins (IL)-1B, IL-6, tumor necrosis factor-
alpha (TNF-a), and neurofilament light chain (NFL). Previously of
biochemical and molecular evaluations, tissue samples were submitted
to homogenization in a specific buffered salt solution, following

Age (days)

Time (days)

EOH (3 g/kg)

29 30 31 32 33 34 35

36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 hours

)
CET) RO (35 MQIKG) OO e e e e e e e e e e

After 24

Behavioral

tests

Evaluation of gene
expression of BDNF
and $100B

Biological evaluation
of GSH, TEAC, NO and
TBARS levels

Evaluation of the pro-
inflammatory
cytokines IL-1B, IL-6
and TNF-a

Evaluation of the NFL
levels

Fig. 1. Illustration of the experimental design. Treatment with Rosewood oil (RO) and ethanol (EtOH; 20 % w/v). Female Wistar rats (29 days old) received orally
distilled water or EtOH (3 g/kg/day) in four binge-like episodes (3 consecutive days followed by 4 days of abstinence per week). RO (35 mg/kg) or saline solution
(SS; 0.1 mL/100 g) was administered intranasally (0.1 mL/100 g) for 28 consecutive days (56th postnatal days). The behavioral tests were performed 24 hours
following the last EtOH/RO administration, from the least aversive (splash test) to the most aversive (forced swim test), with an interval of 1 h between them. Tissue
collection (prefrontal cortex and hippocampus) occurred 24 h after the behavior tests for the performance of neurochemical assays.
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centrifugation for 10 min and the supernatant collection.
2.8. Evaluation of BDNF and S100B gene expression

Total RNA from each sample was extracted with Tri-reagent (Applied
Biosystems, USA), following the manufacturer’s instructions. RNA
concentration and quality were determined using the NanoDrop spec-
trophotometer (Kisker, Germany) and 1 % agarose gel electrophoresis.
Complementary DNA was synthesized using the High-Capacity cDNA
Archive kit (Applied Biosystems, Poland). QRT-PCR assessed BDNF and
S100B mRNA expression with TagMan primers and probes purchased
from Assays-on-demand Products for Gene Expression (Applied Bio-
systems, USA). The glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene was selected as an internal control for RNA input and
reverse transcription efficiency. All real-time qRT-PCR reactions were
performed in triplicate. Finally, the data were previously analyzed using
the 2-ACt method, calculated according to Livak and Schmittgen [40].

2.9. Invitro evaluation of the antioxidant capacity of the rosewood oil

The ABTSe+ and DPPHe assays were used to assess the antioxidant
capacities of the rosewood oil, which was determined according to their
equivalence to the potent antioxidant Trolox (6-hydroxy-2,5,7,8-tetra-
methylchromono-2-carboxylic acid) and a water-soluble synthetic
vitamin E analog.

2.9.1. DPPH method

To evaluate the in vitro Trolox Equivalent Antioxidant Capacity
(TEAC) of rosewood oil, the 1,1-diphenyl-2-picrylhydrazyl (DPPHe)
radical (DPPHe) assay was performed [41]. To measure the antioxidant
capacity, the absorbance of DPPHe solution (2,2-diphenyl-1-picrylhy-
drazyl) 0.1 mM diluted in ethanol was determined. Subsequently,
0.6 mL of DPPHe solution, 0.35 mL of distilled water, and 0.05 mL of the
sample were mixed and placed in a water bath at 37 °C for 30 min. After
that, the absorbance was determined in a spectrophotometer Nm Kasvi
at 517 nm. The synthetic antioxidant Trolox (6-hydroxy-2,5,7,8-tetra-
methylchromono-2-carboxylic acid) was used as a standard solution for
the calibration curve. The results were expressed as mM. The values
found for the samples were compared to the Trolox standard (1 mM).

2.9.2. ABTS method

The ABTSe-+ radical scavenging assay was determined according to
the methodology adapted from Miller et al. [42] and Re et al. [43].
ABTSe+ (2,2’-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) was
prepared using 7 mM ABTSe+, and 140 mM of potassium persulfate
(K208S2) incubated at room temperature without light for 16 h. Then,
the solution was diluted with phosphate-buffered saline until reached an
absorbance of 0.700 (£ 0.02) at 734 nm. The synthetic antioxidant
Trolox (6-hydroxy-2,5,7,8-tetramethylchromono-2-carboxylic acid) was
used as a standard solution for the calibration curve. To measure the
antioxidant capacity, 2.97 mL of the ABTSe+ solution was transferred to
the cuvette, and the absorbance at 734 nm was determined using a
spectrophotometer (Nm Kasvi, Brazil). Then, 0.03 mL of the sample was
added to the cuvette containing the ABTSe+ radical and after 5 min, the
second reading was performed. The results were expressed as mM. The
values found for the samples were compared to the Trolox standard
(1 mM).

2.10. In vivo evaluation of oxidative stress parameters

2.10.1. Determination of total proteins

Total protein concentration was measured according to Bradford’s
method and adapted by Stoscheck to correct the oxidative stress pa-
rameters in tissue [44,45]. This technique binds proteins to the Coo-
massie Brilliant blue dye G-250, resulting in a blue-colored compound
with maximum absorbance at 595 nm [46].
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2.10.2. Glutathione (GSH) determination

GSH concentration was evaluated by Ellman’s method [47]. It is
based on the ability of GSH to reduce 5,5-dithiobis-2-nitrobenzoic acid
(Sigma-Aldrich) to 5-thio-2-nitrobenzoic acid, which was quantified by
UV/Visible spectrophotometry at 412 nm. GSH concentration was
expressed as jg/g protein in homogenized tissue.

2.10.3. ABTS/TEAC method

The ABTS®" radical scavenging assay was determined according to
the methodology adapted from Miller et al. [42] and modified by Re
et al. [42]. ABTSe+ (2,2’-Azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) was prepared using 7 mM ABTSe+, and 140 mM of potassium
persulfate (K2OgS,) incubated at room temperature without light for
16 h. Then, the solution was diluted with phosphate-buffered saline
until it reached an absorbance of 0.700 (& 0.02) at 734 nm.

The synthetic antioxidant Trolox (6-hydroxy-2,5,7,8-tetramethyl-
chromono-2-carboxylic acid) was used as a standard solution for the
calibration curve. To measure the antioxidant capacity, 2.97 mL of the
ABTSe+ solution was transferred to the cuvette, and the absorbance at
734 nm was determined using an Nm Kasvi spectrophotometer. Then,
0.03 mL of the sample was added to the cuvette containing the ABTSe+
radical and after 5 min, the second reading was performed. The results
were expressed as mM. The values found for the samples were compared
to the Trolox standard (1 mM).

2.10.4. Nitrite levels

The method is based on converting the nitrate (NO3™) present in the
biological samples to nitrite compound, an indirect measure of NO
levels, using the nitrate reductase as a catalyst [48]. Shortly, 100 pL
Griess reagent [0.1 % N-(1-naphthyl) ethylenediamine dihydrochloride
and 1 % sulfanilamide in 5 % phosphoric acid 1:1] plus 100 pL of the
biological supernatant samples previously deproteinized was incubated
for 10 min at room temperature. Then, the solution was read at 570 nm
in a spectrophotometer and compared to the standard curve of sodium
nitrate (NaNO2). The values were expressed as pmol/L.

2.10.5. Determination of TBARS levels

Lipid peroxidation was measured using the TBARS method proposed
by Winterbourn et al. [49]. The technique is based on the reaction of
malondialdehyde (MDA) and other compounds with thiobarbituric acid
(TBA; Sigma-Aldrich T5500) at pH 2.5 and 94 °C temperature, forming
the MDA-TBA complex (pink color). The method consists of the initial
preparation of monobasic potassium phosphate (KH2PO4 75 mM,
Synth, 35210) in acidified water (pH 2.5) to prepare TBA compound
(10 nM). Then, 100 pL of the sample was added to 500 pL of the TBA
solution and submitted to a water bath (94 °C for 60 min). After incu-
bation and cooling at room temperature for 10 min, 4 mL of 1-butyl
alcohol was added. The final solution was submitted to vortex homog-
enization, following centrifugation at 2500 rpm for 10 min. The super-
natant was collected (1 mL) for spectrophotometric reading at 535 nm.
The results were expressed as nM/g of protein. A high concentration of
TBARS indicates oxidative stress and lipid peroxidation [50].

2.11. Evaluation of inflammatory cytokines and NFL levels

The protein fraction of each sample was extracted with Tri-reagent
(Applied Biosystems, USA), following the manufacturer’s instructions.
The cytokines IL-1p, IL-6, and TNF-o were detected using the specific
commercial kits (Merck, Germany). For the NFL levels detection, the
commercial kit containing specific antibody (E-EL-R2536, Elabscience,
USA) was used. Initially, 10 L of homogenate from each sample was
added to a 96-well plate filled with 40 pL of the kit diluent. This pro-
cedure was performed in triplicate. Then, the plate was incubated at 37
°C for 30 min, adding 10 pL of chromatin solutions A and B. The process
was finished by adding 50 pL of blocking solution to each well. After
15 min in the absence of light, a reader evaluated the microplate at a
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wavelength of 450 nm (ELX808, BioTek, USA). The assay has a sensi-
tivity of less than 0.1 picograms per milliliter (pg/mL) of minimum
detectable dose of cytokines [51]. It did not show any cross-reactivity in
the different related cytokines.

2.12. Statistical analysis

Firstly, using the Shapiro-Wilk test, the Gaussian distribution test
(normality) was performed for each experimental group. After checking
data homogeneity, one- or two-way analysis of variance (ANOVA) fol-
lowed by Bonferroni post-hoc test was performed for multiple compar-
isons. For data with a non-Gaussian distribution, the Kruskal-Wallis test
followed by uncorrected Dunn’s test was applied. Data were expressed
as the mean + standard error mean (s.e.m.), and the probability used for
the existence of a significant difference was p < 0.05. The GraphPad
Prism 8.0.2 software was used to construct graphs and statistical
analysis.

3. Results
3.1. Linalool-rich rosewood oil

The Rosewood oil (RO) yielded 2.8 %, considering its previous %
moisture content of 10.4 %. It showed a light-yellow color, a floral-
woody scent, and a 0.8665 g/mL density. After GC and GC-MS anal-
ysis, RO presented a linalool content of 93.4 %. The natural RO gener-
ally comprises the isomers (+)-linalool and (-)-linalool at a + 1:1 ratio.
The oil constituents are listed in Table 1.

3.2. Effects of Rosewood oil treatment and ethanol binge-like model on
animals’ body weight

The animals were weighed weekly to record the ethanol and RO
exposure. Two-way ANOVA with repeated measures revealed that four
cycles of binge-type ethanol exposure during adolescence did not change
the animals’ body weight [F= 0.52; p = 0.86] (Fig. 2). Furthermore,
Rosewood oil per se or associated with the administration of the binge-
like paradigm showed similar weight to the control individual in all
checkpoints evaluated.

Table 1
Rosewood oil composition (%).
Constituents Rlcac Rl Oil %
cis-Linalool oxide (furanoid) 1068 1067 2.8
trans-Linalool oxide (furanoid) 1086 1084 0.8
Linalool 1103 1095 93.4
cis-Linalool oxide (pyranoid) 1173 1170 0.4
o-Terpineol 1189 1186 0.1
Nerol 1225 1227 0.1
Geraniol 1248 1249 0.1
o-Copaene 1374 1374 0.1
p-Elemene 1387 1389 0.1
(E)-Caryophyllene 1417 1417 0.1
p-Selinene 1486 1489 0.1
o-Selinene 1494 1498 0.1
y-Cadinene 1515 1513 0.1
(E)-Nerolidol 1559 1561 0.1
Spathulenol 1573 1577 0.1
Caryophyllene oxide 1579 1582 0.1
Humulene epoxide II 1606 1608 0.1
Pogostol 1655 1651 0.1
14-hydroxy-9-epi-(E)-Caryophyllene 1666 1668 0.1
Mayurone 1709 1709 0.1
Nootkatol 1719 1714 0.3
Benzyl benzoate 1763 1759 0.3
Total (%) 99.6

Rlcac.= Calculated retention index; RIj; = Literature retention index [30].
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Fig. 2. Effects of ethanol binge-like model (4 cycles; 3 g/kg/day; 3 days on/4
days off, gavage) and intranasal Rosewood oil (RO) administration on the body
weight of adolescent female rats. Results are expressed as mean + s.e.m. (n =
10 animals/group). Two-way ANOVA with repeated measures.

3.3. Rosewood oil treatment mitigates emotional impairments induced by
ethanol binge-like model

In the splash test, it was observed a significant effect of treatment on
self-cleaning time [F = 13.08; p < 0.05]. Post-hoc comparisons indicated
that ethanol-exposed animals displayed reduced self-cleaning time (p <
0.01) in comparison to the control group. The positive control group
increased the self-cleaning time (p < 0.05). The intranasal RO admin-
istration recovered the self-cleaning parameter in ethanol-exposed ani-
mals (p < 0.0001) (Fig. 3).

Moreover, it was observed a significant effect of treatment on the
immobility time addressed in the modified forced swimming test
[F=10.18; p < 0.05]. Post-hoc comparisons indicated that ethanol-
exposed animals displayed increased immobility time (p < 0.01) in
comparison to the control group (Fig. 4). Fluoxetine-treated animals
reduced immobility time (p < 0.05). Animals exposed to the ethanol
binge-drinking paradigm that received intranasal administration of RO
displayed a reduced immobility time, reaching values similar to the
control group (Fig. 4).

3.4. Effects of Rosewood oil treatment and ethanol binge-like model on
BDNF and S100b mRNA expression in the prefrontal cortex and

hippocampus

The statistical analysis revealed significant effects of treatment on
BDNF mRNA expression in the prefrontal cortex [Kuskal-Wallis = 37.18;
p < 0.0001] (Fig. 5A) and hippocampus [Kuskal-Wallis = 37.05; p <
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Fig. 3. Effects of ethanol binge-like model (4 cycles; 3 g/kg/day; 3 days on/4
days off, gavage) and intranasal Rosewood oil (RO) administration on the self-
cleaning time on the splash test in adolescent female rats. Results are expressed
as mean =+ s.e.m. (n = 5-10 animals/group). Fluoxetine (10 mg/kg, i.p., FXT)
was used as the positive control. *p < 0.05 compared to the control group; **p
< 0.01 compared to the control group; *###p < 0.0001 compared to the
ethanol (EtOH) group; *p < 0.05 compared to the RO group. One-way ANOVA
followed by Bonferroni post-hoc test.
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100 *k Remarkably, intranasal RO administration also increased the BDNF
[ mRNA expression in the prefrontal cortex (p < 0.05) (Fig. 5A) and
g 80+ : hippocampus (p < 0.05) (Fig. 5C) of ethanol-exposed rats.
by o Regarding S100b mRNA expression, the results indicated that RO
E 60- e administration increased this marker equally in the prefrontal cortex (p
;. oo < 0.0001; Fig. 5B) and hippocampus (p < 0.0001; Fig. 5D). The
E 40— : Yy administration of RO in ethanol-exposure animals also increased S100b
g A, v mRNA expression in the prefrontal cortex and hippocampus in com-
£ 20+ T: '—'W' . parison to the control (p < 0.001) and ethanol-exposed (p < 0.05).
AL Vy v °
0 S—.— 3.5. Effects of Rosewood oil treatment and ethanol binge-like model on
Control EtOH RO RO +EtOH FXT

Fig. 4. Effects of ethanol binge-like model (4 cycles; 3 g/kg/day; 3 days on/4
days off, gavage) and intranasal Rosewood oil (RO) administration on the
immobility time on the forced swimming test in adolescent female rats. Results
are expressed as mean =+ s.e.m. (n = 5-10 animals/group). Fluoxetine (10 mg/
kg, i.p., FXT) was used as the positive control. *p < 0.05 compared to the
control group; **p < 0.01 compared to the control group; **#p < 0.001
compared to the ethanol (EtOH) group. One-way ANOVA followed by Bonfer-
roni post-hoc test.

0.0001] (Fig. 5C). Adolescent female rats exposed to ethanol binge-like
model presented reduced BDNF mRNA expression in the prefrontal
cortex (p < 0.05; Fig. 5A) and hippocampus (p < 0.05; Fig. 5C). The
intranasal RO administration per se increased BDNF mRNA expression in
the prefrontal cortex (p < 0.0001) and hippocampus (p < 0.001).

Prefrontal cortex

>

oxidative stress parameters in the prefrontal cortex and hippocampus

The in vitro antioxidant capacity of rosewood oil was evaluated
through DPPH and ABTS assays. The oil presented a DPPH value (mean
+ e.p.m.) of 0.7320 + 0.008 and an ABTS value of 0.1648 + 0.004
related to the antioxidant capacity.

In the in vivo experiments, prefrontal cortex and hippocampus sam-
ples were collected for biological assessment of oxidative stress pa-
rameters, including GSH, TEAC, NO, and TBARS. In the prefrontal
cortex, GSH and TEAC were reduced in the ethanol-exposed animals
(Fig. 6A and B; p < 0.01 and p < 0.05, respectively). However, the NO
and TBARS parameters were not altered (Fig. 6C and D). Similar results
were found in the hippocampus, in which ethanol-exposed subjects
exhibited a reduction in the GHS and TEAC levels (Fig. 6E and F; p <
0.05), while NO and TBARS levels were not modified (Fig. 6G and H).
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Fig. 5. Effects of ethanol binge-like model (4 cycles; 3 g/kg/day; 3 days on/4 days off, gavage) and intranasal Rosewood oil (RO) administration on brain-derived
neurotrophic factor (BDNF) and S-100b gene expression in the prefrontal cortex (panel A and B) and hippocampus (panel C and D) of adolescent female rats. Results
are expressed as mean + s.e.m. (n = 10 animals/group). *p < 0.05 compared to the control group; ***p < 0.001 compared to the control group; ****p < 0.0001
compared to the control group; #p < 0.05 compared to the ethanol group; *##p < 0.001 compared to the ethanol group; *p < 0.05 compared to the RO group.
Kruskal-Wallis followed by uncorrected Dunn’s test.
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Fig. 6. Effects of ethanol binge-like model (4 cycles; 3 g/kg/day; 3 days on/4 days off, gavage) and intranasal Rosewood oil (RO) administration on oxidative stress
parameters of Glutathione (GSH), Trolox equivalent antioxidant capacity (TEAC), nitric oxide (NO), and thiobarbituric acid-reactive substances (TBARS) in the
prefrontal cortex (panels A,B,C,D) and hippocampus (panel E,F,G,H) of adolescent female rats. Results are expressed as mean =+ s.e.m. (n = 8 animals/group). *p <
0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001 compared to the control group; *p < 0.05, **p < 0.01, and **##p < 0.0001 compared to the ethanol group’ p <
0.05 compared to the RO group. Kruskal-Wallis followed by uncorrected Dunn’s test.

Surprisingly, the RO per se increased the NO parameter in the hippo-
campus (Fig. 6G; p < 0.001).

Of high interest, RO restored the levels of antioxidant parameters in
the prefrontal cortex in animals exposed to ethanol (GSH: p < 0.05;
TEAC: 0.01), reaching values similar to the control group. Similar

findings were observed in the hippocampus, where the treatment with
RO rescued antioxidant parameters in ethanol-exposed animals (Fig. 6E,
F, and H), except for the increase of NO levels when compared to control
(Fig. 6G; control: p < 0.001; ethanol-exposed animals: p < 0.0001).
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3.6. Effects of Rosewood oil treatment and ethanol binge-like model on
inflammatory parameters in the prefrontal cortex and hippocampus

Four cycles of ethanol binge-type protocol during adolescence trig-
gered the overproduction of pro-inflammatory cytokines (Fig. 7). In the
prefrontal cortex, ethanol-exposed animals presented increased levels of
IL-1B [F = 152.6; p < 0.0001] (Fig. 7A), IL-6 [F = 101.6; p < 0.0001]
(Fig. 7B), and TNF-a [F = 332.4; p < 0.0001] (Fig. 7C). Similar profile
was also found in the hippocampus: IL-1f [F = 170.2 p < 0.001]
(Fig. 7D); IL-6 [F = 156.7 p < 0.0001] (Fig. 7E); TNF- [F = 146.3 p <
0.0001] (Fig. 7F).

Remarkably, intranasal administration of RO per se reduced the IL-1p
(p < 0.0001), IL-6 (p < 0.0001), and TNF-a (p < 0.0001) in the pre-
frontal cortex (Fig. 7A-C). In the hippocampus, the RO treatment also
reduced the IL-6 (p < 0.0001) and TNF-a (p < 0.0001) levels, but it was
not to IL-1p (p= 0.1274) (Fig. 7D-F).

In the animals submitted to the ethanol binge model, the RO
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administration prevented the increase in pro-inflammatory factors in
both the prefrontal cortex and hippocampus. The group that received
the ethanol administration plus RO treatment presented a reduction in
IL-1B (p < 0.001), IL-6 (p < 0.0001), and TNF-a (p < 0.0001) levels
compared to ethanol-exposed animals in the prefrontal cortex. In the
hippocampus, the group submitted to the binge-like paradigm that
received RO treatment presented a significant reduction in IL-6 (p <
0.0001) and TNF-a (p < 0.0001) compared to the binge-like exposed
animals. Albeit this difference was not seen for the IL-1f parameter (p <
0.05), the association treatment exhibited values similar to the control
group.

3.7. Effects of Rosewood oil treatment and ethanol binge-like model on
neurofilament light chain (NFL) levels in the prefrontal cortex and
hippocampus

Regarding the levels of neurofilament light chain (NFL), a marker of
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Fig. 7. Effects of ethanol binge-like model (4 cycles; 3 g/kg/day; 3 days on/4 days off, gavage) and intranasal Rosewood oil (RO) administration on inflammatory
markers interleukin-1p (IL-1p), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-a) in the prefrontal cortex (panels A,B,C) and hippocampus (panels D,E,F)
of adolescent female rats. Results are expressed as mean + s.e.m. (n = 5 animals/group). *p < 0.05, **p < 0.01, and ****p < 0.0001 compared to the control group;
####p < 0.0001 compared to the ethanol group; p < 0.05 and #*p < 0.0001 compared to the RO group. One-way ANOVA followed by Bonferroni’s multiple

comparisons test.
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neurodegeneration, ANOVA revealed significant effect of treatment on
this parameter in the prefrontal cortex [F = 178.8; p < 0.0001] and
hippocampus [F = 115.9; p < 0.0001] (Fig. 8A, B, respectively). Ethanol
exposure during adolescence increased the NFL levels in the prefrontal
cortex and hippocampus (p < 0.0001; Fig. 8A, B). Notably, the intra-
nasal RO administration reduced the NFL levels in both brain regions
evaluated in comparison to ethanol-exposed subjects (p < 0.0001).

4. Discussion

It is well-documented that ethanol exposure during adolescence is an
important factor in eliciting affective disorders including depression
[52]. In addition, an increased prevalence of adolescent female drinkers
compared to adolescent males was observed in almost all regional levels
in the world across the years [8]. The current results demonstrate that
the intranasal administration of Rosewood essential oil, rich in linalool
bioactive compound, mitigates the emotional impairments observed in
female rats exposed to ethanol binge-like paradigm during adolescence.
Moreover, these behavioral benefits of Rosewood oil were possibly
related to linalool actions triggering neurotrophic factors, rebalancing
the antioxidant status, and attenuating the proinflammatory process.

Several factors interfere with essential oils’ chemical composition,
including different extraction techniques, part of the plant material
used, plant age, and harvest time [53]. Environmental and technical
variations also influence Rosewood 0il’s yield and linalool content. For
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Fig. 8. Effects of ethanol binge-like model (4 cycles; 3 g/kg/day; 3 days on/4
days off, gavage) and intranasal Rosewood oil (RO) administration on neuro-
filament light chain (NFL) in the prefrontal cortex (panel A) and hippocampus
(panel B) of adolescent female rats. Results are expressed as mean + s.e.m. (n =
10 animals/group). ***p < 0.001, and ****p < 0.0001 compared to the control
group; *###p < 0.0001 compared to the ethanol (EtOH) group; ***p < 0.0001
compared to the RO group. One-way ANOVA, Bonferroni’s multiple compari-
sons test.
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example, the more significant water precipitation during the rainy sea-
son increases the oil yield by facilitating its separation by hydro-
distillation technique. However, old leaves and excellent water
circulation in this plant part may reduce the linalool content. In wood
parts, oxidized products of linalool are more observed in old trunkwoods
[24]. Furthermore, the oil extracted from the trunk, sold on the inter-
national market and used in cosmetic products, has approximately half
the actual yield for the species due to the low efficiency of field distill-
eries, ranging from 0.7 % to 1.2 % [24].

In our previous investigation, the leaves of Rosewood oil showed a
yield of 1.8 % and a linalool content of 88.6 % [28]. The twig’s Rose-
wood oil showed the highest yield (2.8 %) and linalool content (93.4 %)
in the current work. The higher oil yield occurred due to the period of
plant collection material in January, which is the season of highest
rainfall in the Amazon region. The significant linalool content may be
related to the young age of the sample plants. Such phytochemical
characteristics of Rosewood oil obtained from thin twigs with high yield
and linalool content were previously obtained [54], also highlighting
the potential of linalool-rich Rosewood oil, as a therapeutic agent in
psychiatry disorders, such as depression [29].

In this regard, the present work addressed the effects of intranasal
administration of Rosewood oil on the emotional responses of female
rats addressed in the splash and forced swimming tests that were sub-
mitted to an ethanol binge model during adolescence, previously vali-
dated by our group [10,11,13]. As expected, ethanol-exposed rats
exhibited decreased self-cleaning behavior in the splash test and
increased immobility time in the forced swimming test, both indicative
of emotional impairments. Interestingly, when chronically administered
by the intranasal route, the Rosewood oil did not alter these behavioral
parameters 24 hours after the last administration. These results contrast
with the findings described previously in which Rosewood oil and iso-
lated linalool increased the self-cleaning time and reduced immobility
time [28]. However, some important methodological differences may
explain, at least in part, these discrepancies, since the earlier study
addressed the effects of acute intraperitoneal administration (30 min
before behavioral tests) of Rosewood oil in adult male rats.

There is increasing evidence of the antidepressant profile of Rose-
wood oil and its major constituent linalool (for review, see [29]). For
instance, in a protocol of stress induced by REM-sleep deprivation,
linalool reduced the immobility time in the forced swimming test as well
as increased serotonin levels in the hippocampus and plasma [55].
Additionally, the inhalation of linalool-rich lavender oil improved anx-
iety- and depressive-like behaviors induced by high corticosterone
administration in Sprague Dawley rats [56,57]. These authors also
provided evidence of the biological effects of linalool on hippocampal
neuroplasticity and neurogenesis [56,57].

Over the years, different points of view have emerged in the inter-
pretation of the forced swimming test findings. Some authors have
pointed out that the test measures coping with acute and inevitable
stress, with stress being an essential factor in the depressive process. In
forced swimming, classic antidepressant medications from clinical
practice promote strategic adaptations to cope with the aversive envi-
ronment. Thus, passive coping has become loosely equated with
depression, given its complex biology, in addition to the fact that other
disorders are also characterized by altered responses to stress [58].
Considering these limitations, behaviors addressed in the forced swim-
ming test must be interpreted with caution and in association with
additional behavioral parameters [59], as carried out in the present
study through the evaluation of the animals-anhedonic profile in the
splash test.

Different hypotheses have been postulated to explain the patho-
physiology of depressive states [29]. Beyond the monoaminergic
dysfunction, the neurotrophic, neuroinflammatory, and oxidative stress
factors underlie depressive symptoms. Thus, 24 hours after the behav-
ioral evaluations of the animals, samples from the prefrontal cortex and
hippocampus were collected for biochemical assays to assess
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neurotrophic, neuroinflammatory, and oxidative stress parameters.

The ethanol binge-like exposure during adolescence reduced the
BDNF RNAm levels in the prefrontal cortex and hippocampus, which
was attenuated by the intranasal administration of Rosewood oil. This is
the first time that Rosewood o0il’s effect has been evaluated in terms of
BDNF expression. However, the impact of other linalool-rich oils and the
isolated linalool on BDNF expression has already been described. In
previous research, lavender oil increased neurogenesis, dendritic
complexity, and the number of BrdU-positive cells [57]. However, high
content of BDNF and oxytocin were only recorded in the lavender oil per
se. We hypothesize that this occurred due to the lower linalool content
found in this species’ oil compared to the high content present in rose-
wood oil. In the work of Ayuob and co-workers [56], basil oil reduced
nerve cell atrophy, restored the reduced number of astrocytes, and
decreased apoptotic nerve and glial cells in the hippocampus. According
to this study, the mechanism of antidepressant action occurs through the
positive modulation of gene and protein expression of BDNF, restoring
the protein levels associated with synaptic plasticity and connectivity,
development, and neuronal plasticity in crucial brain areas [60-62].
These previous data corroborate the current findings and point to the
positive modulation of BDNF gene expression as a potential mechanism
associated with the protective effects induced by linalool-rich Rosewood
oil against ethanol brain damage.

In the present study, intranasal treatment with Rosewood oil
increased the S-100b expression in the prefrontal cortex and hippo-
campus of ethanol-exposed animals. S-100b presents a dual pathway,
which at the intracellular mean exerts a proliferative effect, whereas
outside the cell, secreted or leaked by injury, the effect can be trophic or
toxic, depending on its concentration. S-100b micromolar concentra-
tions induce neuronal death directly through excessive stimulation of
the receptor for advanced glycation end products (RAGE) and indirectly
through RAGE-dependent activation of microglia and astrocytes, which
release NO and pro-inflammatory factors, such as IL-1p, IL-6, and TNF-a,
contributing to apoptosis and tissue neuroinflammation [63-65].
Therefore, the S-100b nanomolar concentrations elicit neurotrophic
activity, stimulating the growth and differentiation of neurons and
astrocytes.

Looking for S-100b signaling, the oxidative balance and cytokine
levels were assessed. The DPPH and ABTS assays were performed to
determine Rosewood o0il’s in vitro antioxidant capacity. The result of the
antioxidant in vitro assays confirmed that Rosewood oil was active
mainly in the presence of DPPH radicals and showed good antioxidant
capacity. In in vivo experiments, the oxidative balance indicated that
exposure to ethanol during adolescence consumed the antioxidant de-
fenses related to the GSH and TEAC criteria to prevent lipid peroxidation
in all regions studied. However, the groups treated intranasally with
Rosewood oil presented an increase in NO index in the hippocampus. It
has been suggested that the mechanisms of linalool’s antioxidant effect
are mainly based on antioxidant enzymatic modulation and free radical
scavenging activity [29].

The inflammatory factors were more sensible to the hazardous ef-
fects of ethanol exposure. The prefrontal cortex and hippocampus of
adolescents submitted to the binge-like paradigm presented increased in
all inflammatory parameters evaluated. Notably, Rosewood oil admin-
istration per se exhibited a reduced cytokine profile in tissue, suggesting
a neuroprotective activity. In addition, in the scenario of ethanol-
induced tissue damage, the Rosewood oil mitigated the over-
production induced by the binge-like model in tissue samples, especially
on hippocampus structure, reaching cytokine levels related to control
animals, which justifies the recovery of behavioral impairments. The
anti-inflammatory effect of Rosewood oil lacks evidence. Conversely,
the anti-inflammatory activity of linalool is well documented. In
experimental models of neuroinflammation, linalool inhibited the in-
flammatory response. It reversed the main chemical signals of inflam-
mation in the CNS through the reduction of cytokines and pro-
inflammatory mediators, including IL-1p, TNF-a, NO, NOS2, iNOS,
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mitogen-activated protein kinase (MAPK), cyclo-oxygenase-2 (COX-2),
and prostaglandin E2 (PGE2) [66-68]. These properties suggest synergic
mechanisms for the anti-inflammatory activity of linalool, especially
blocking N-methyl-D-aspartate (NMDA) receptors, protein kinase B
(AKT), MAPK, and nuclear factor-kappa B (NF-xB) pathways, suppress-
ing the expression of signaling molecules of Toll-Like Receptor 4 (TLR4)
via and microglia activation and, in addition, activating of the nuclear
erythroid 2-related factor 2 (Nrf2) signaling [29,69].

Previous studies have postulated that adolescent rodents treated
with antidepressant drugs presented increased S-100b levels since
adolescence is a highly susceptible period of brain development [70].
Such increased expression of S-100b may be associated with the increase
of serotonin levels induced by antidepressant drugs, which, in turn,
stimulates the expression of S-100b via the serotonergic receptor
5-HT1A [70]. Additionally, the survival and maturation of serotonergic
neurons are also promoted by serotonin and BDNF levels, which stim-
ulates local expression of S-100b in a positive feedback looping. Thus,
the serotonergic pathway can be indirectly influenced by BDNF through
the stimulation of S-100b expression [71]. It is essential to highlight that
linalool interacts with postsynaptic serotonergic 5-HT1A receptors and
positively modulates BDNF [29,72].

The NO index also exhibits paradoxical effects. In glutamatergic-
induced neurotoxicity, NO plays a role in the activation of NMDA re-
ceptors and, consequently, the release of intracellular calcium and so-
dium, which underlies ethanol-induced neurological impairment [73].
Conversely, NMDA receptor activation also induces NO release that in-
hibits excitatory currents provided by the NMDA receptor itself, down-
regulating the NMDA signaling, and conferring neuroprotection against
glutamatergic excitotoxicity mediated by the NMDA receptor [73]. This
study demonstrated that Rosewood oil increased NO levels in the hip-
pocampus, which suggests that excitotoxicity-mediated neuroprotection
consists of an additional mechanism of action of linalool and rosewood
oil, previously hypothesized by our group [29]. Besides, in an investi-
gation of patients undergoing acute alcohol withdrawal syndrome, the
authors proposed that higher serum S-100b levels at the start of treat-
ment consist of the neuroprotective and trophic process and represented
a protective and counter-regulatory mechanism to alcohol-induced
glutamate-mediated neurotoxicity [74].

In recent years, the NFL has emerged as an important biomarker for
neurological disorders. Several studies have demonstrated increased
levels of NFL in diseases that affect the central and peripheral nervous
system and are related to axonal degeneration. NFL is a neuronal cyto-
skeletal protein expressed in large-caliber myelinated axons [75]. In the
current investigation, in an unprecedented perspective, the essential oil
recovered the ethanol-induced NFL concentrations in the prefrontal
cortex.

Although depression is not considered a neurodegenerative disorder,
this disorder is closely related to the increase in pro-inflammatory cy-
tokines [29], which have been correlated with increased levels of NFL
[76]. In the CNS infections study, serum and cerebrospinal fluid NFL
levels were positively correlated with the inflammatory markers IL-2,
IL-4, IL-6, IL-10, IL-17a, TNF-a, and interferon-gamma (IFN-y) [76], as
also observed in NFL versus IL-6, IL-8, and IL-1f levels in mild, moder-
ate, and severe COVID-19 patients [77]. Therefore, our results suggest a
robust interaction between the anti-inflammatory effect presented by
Rosewood oil and the reduced levels of NFL.

Altogether, the current findings reinforce our hypothesis that Rose-
wood oil may confer protective effects against the behavioral and
neurochemical detrimental effects of ethanol binge exposure during
adolescence through pleiotropic effects, including neurotrophic, anti-
oxidant, and anti-inflammatory activities.

5. Conclusion

The present results indicated that the intranasal administration of
Linalool-rich Rosewood oil mitigated the emotional impairments
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induced by ethanol binge-like exposure in adolescent female rats. These
behavioral benefits of Rosewood oil were accompanied by protective
effects against molecular impairments associated with ethanol binge
exposure during adolescence, possibly due to linalool actions triggering
neurotrophic factors, rebalancing the antioxidant status, and attenu-
ating the proinflammatory process.
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