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A B S T R A C T

Carvacrol (CARV) presents valuable biological properties such as anti-inflammatory and antioxidant activities.
However, pharmacological uses of CARV are largely limited due to disadvantages related to solubility, bioa-
vailability, preparation and storage processes. The complexation of monoterpenes with β-cyclodextrin (β-CD)
increases their stability, solubility and oral bioavailability. Here, the protective effect of oral treatment with
CARV/β-CD complex (25 μg/kg/day) against dopaminergic (DA) denervation induced by unilateral intranigral
injection of 6-hydroxydopamine (6-OHDA - 10 μg per rat) was analyzed, in order to evaluate a putative appli-
cation in the development of neuroprotective therapies for Parkinson's disease (PD). Pretreatment with CARV/β-
CD for 15 days prevented the loss of DA neurons induced by 6-OHDA in adult Wistar rats. This effect may occur
through CARV anti-inflammatory and antioxidant properties, as the pretreatment with CARV/β-CD inhibited the
release of IL-1β and TNF-α; besides, CARV prevented the increase of mitochondrial superoxide production in-
duced by 6-OHDA in cultured SH-SY5Y cells. Importantly, hepatotoxicity or alterations in blood cell profile were
not observed with oral administration of CARV/β-CD. Therefore, this study showed a potential pharmacological
application of CARV/β-CD in PD using a non-invasive route of drug delivery, i.e., oral administration.

1. Introduction

Carvacrol (CARV) is a phenolic monoterpene found in many aro-
matic plants, including oregano and thyme (Suntres et al., 2015). CARV
presents biological properties of potential pharmacological interest,
such as anti-inflammatory, antioxidant, analgesic and antimicrobial
activities (Guimaraes et al., 2015; Silva et al., 2016; Suntres et al.,
2015). CARV easily crosses the blood-brain barrier (BBB) and mod-
ulates central neurotransmitters and neuromodulators, such as dopa-
mine (Baluchnejadmojarad et al., 2014; Lins et al., 2018; Mechan et al.,
2011; Trabace et al., 2011; Zotti et al., 2013). Previous studies have
demonstrated neuroprotective effects of CARV in different animal
models, and these effects seem to be particularly related to antioxidant
and anti-inflammatory actions (Baluchnejadmojarad et al., 2014; Deng

et al., 2013; Lins et al., 2018; Yu et al., 2012). However, such appli-
cations in pharmaceutical industry are limited due to CARV instability,
volatility and low water solubility (Guimaraes et al., 2015; Marques,
2010; Silva et al., 2016).

Cyclodextrins (CDs) are cyclic oligosaccharides commonly used as
complexing agents in pharmaceutical industry. CDs are non-toxic,
water-soluble compounds widely available in human diet, and they
improve solubility, stability, oral bioavailability and pharmacological
action of bioactive molecules (Kurkov and Loftsson, 2013; Marques,
2010). Previous works have demonstrated that complexation of CARV
with β-CD improved CARV therapeutic effects in experimental models
(Guimaraes et al., 2015; Silva et al., 2016). Therefore, the encapsula-
tion of CARV in β-CD (CARV/β-CD) represents an alternative with
biotechnological value for the development of new drugs.

https://doi.org/10.1016/j.neuint.2019.02.021
Received 26 December 2018; Received in revised form 1 February 2019; Accepted 28 February 2019

∗ Corresponding author. Rua Ramiro Barcelos, 2600 – anexo, CEP 90035-003Porto Alegre, RS, Brazil.
E-mail address: camilatiefensee@gmail.com (C. Tiefensee Ribeiro).

Neurochemistry International 126 (2019) 27–35

Available online 05 March 2019
0197-0186/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01970186
https://www.elsevier.com/locate/neuint
https://doi.org/10.1016/j.neuint.2019.02.021
https://doi.org/10.1016/j.neuint.2019.02.021
mailto:camilatiefensee@gmail.com
https://doi.org/10.1016/j.neuint.2019.02.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuint.2019.02.021&domain=pdf


Inflammation plays an important role in age-related neurodegen-
erative disorders, such as Parkinson's disease (PD) (Costantini et al.,
2018; JordanMcKenzie, 2018; Qin et al., 2016). PD is a progressive
neurodegenerative disease characterized by motor and locomotor def-
icits, resulting from progressive damage of the nigrostriatal dopami-
nergic (DA) pathway (Lima et al., 2012). In previous studies, it was
shown that CARV modulates neurotransmitter/neuromodulatory path-
ways, including DA and GABAergic systems (Guimaraes et al., 2012;
Melo et al., 2010, 2011). Neuroprotective actions of CARV were de-
monstrated in a focal cerebral ischemia/reperfusion injury model,
where a PI3K/Akt-mediated antiapoptotic effect was observed (Yu
et al., 2012). It was also observed that CARV protected against ethanol-
mediated hippocampal neuronal impairment through ERK1/2, Bcl-2,
Bax and caspase-3 modulation (Wang et al., 2017). In two different
experimental models, CARV was protective against PD-related deficits:
it protected against reserpine-induced DA cell death and motor im-
pairment (Lins et al., 2018) and it also protected against 6-OHDA-in-
duced DA denervation in the nigrostriatal axis (Dati et al., 2017). Most
neuroprotective effects of CARV have been attributed to its antioxidant
and anti-inflammatory actions, as well as its ability to modulate TRPM7
and other ion channels (Oz et al., 2015).

In the present work, we demonstrated neuroprotective effects of
CARV/β-CD oral administration against DA denervation and release of
proinflammatory cytokines induced by 6-OHDA injected in the sub-
stantia nigra (SN) of Wistar rats. We also demonstrated that CARV re-
duced mitochondrial superoxide production induced by 6-OHDA in
vitro. The oral administration of CARV/β-CD did not induce toxicity in
Wistar rats, since no alterations in blood cells profile and serum ami-
notransferases activities were found. Therefore, CARV/β-CD oral ad-
ministration shows a neuroprotective activity in the nigrostriatal axis,
indicating a potential pharmacological application in PD and related
disorders.

2. Methods

2.1. Ethics statement

All experimental procedures were performed in accordance with the
guidelines of the National Institutes of Health (National Research
Council Committee for the Update of the Guide for the Care and Use of
Laboratory, 2011) for animal care. Our research protocol was approved
by the Ethical Committee for Animal Experimentation of the Uni-
versidade Federal do Rio Grande do Sul - Brazil (CEUA-UFRGS) under

the project number #32235.

2.2. Animals

Male Wistar rats (60-days-old) were obtained from our breeding
colony. They were caged in groups of four animals with free access to
water and standard commercial food (Chow Nuvilab CR-1 type;
Curitiba, PR, Brazil), maintained in a 12-h light-dark cycle in a tem-
perature-controlled colony room (21 °C). Animals were handled for 7
days before the procedures to reduce stress caused by subsequent
weighting, manipulation and oral gavage administration.

2.3. CARV/β-CD and 6-OHDA preparation

The CARV/β-CD complex was prepared as previously described
(Guimaraes et al., 2015). Each rat received 25 μg/kg of CARV/β-CD by
gavage (Guimaraes et al., 2015). 6-OHDA containing ascorbic acid as
stabilizer (H116 - Sigma-Aldrich®; St. Louis, USA) was prepared at
10mM 6-OHDA and 0,01% (w/v) ascorbic acid in sterile saline, pre-
venting from heat and light exposure. Each rat received 10 μg of 6-
OHDA via intranigral injection (Gasparotto et al., 2017).

2.4. Experimental design

The rats were randomly distributed into four groups (n= 8 per
group) as follows:

Group 1: Control; animals received vehicle (saline) by gavage for 15
days. On the 15th day, an intranigral injection of saline was adminis-
tered.

Group 2: CARV/β-CD; animals received CARV/β-CD by gavage for
15 days. On the 15th day, an intranigral injection of saline was ad-
ministered.

Group 3: 6-OHDA; animals received vehicle by gavage for 15 days.
On the 15th day, an intranigral injection of 6-OHDA was administered.

Group 4: CARV/β-CD + 6-OHDA; animals received CARV/β-CD by
gavage for 15 days. On the 15th day, an intranigral injection of 6-OHDA
was administered.

Fifteen days after 6-OHDA injection, all the animals were anesthe-
tized with ketamine (100mg/kg) and xylazine (10mg/kg) via an in-
traperitoneal injection (i.p.). Blood was collected from cardiac puncture
and cerebrospinal fluid (CSF) was collected from cisterna magna with a
syringe for cytokines analysis. The animals were perfused via the vas-
cular system for immunofluorescence microscopy assessment of SN.

Abbreviations

6-OHDA 6-hydroxydopamine;
ALT alanine aminotransferase
AP antero-posterior
AST aspartate aminotransferase
ALY atypical lymphocytes
BAS basophils
CARV carvacrol
CARV/β-CD carvacrol/β-cyclodextrin complex
CSF cerebrospinal fluid
CBC complete blood count
CDs cyclodextrins
DA dopaminergic
DV dorso-ventral
EOS eosinophils
HCT hematocrit
HBG hemoglobin
LIC large immature cells
LYM lymphocytes

MCH mean corpuscular hemoglobin
MCHC mean corpuscular hemoglobin concentration
MCV mean corpuscular volume
MPV mean platelet volume
ML medio-lateral
MON monocytes
NeuN neuronal nuclear antigen
PFA paraformaldehyde
PD Parkinson's disease
PCT plateletcrit
PLT platelet count
PCT platelet distribution width
ROS reactive oxygen species
RBC red blood cell
RDWcv red cell distribution width - coefficient of variation
RDWsd red cell distribution width - standard deviation
NEU segmented neutrophils
SN substantia nigra
TH tyrosine hydroxylase
WBC white blood cells
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2.5. Surgical procedure

The animals were anesthetized with ketamine (100mg/kg; i.p.) and
xylazine (10mg/kg; i.p.) for surgical procedure. On a stereotaxic ap-
paratus (Insight-EFF 338, SP, BRA) the anesthetized rats were im-
mobilized by locking with ear and nose bars. The fur was shaved with a
pet clipper (SKU #: 09160-210 – Wahl; IL, USA) and 10% povidone-
iodine solution was applied to sterilize the incision site. The skulls were
perforated at the appropriate location with a dental drill (3 mm). A
single dose (2 μL) of 6-OHDA or saline was injected into SN at the
following stereotaxic coordinates: antero-posterior (AP): -5.0 mm from
bregma; medio-lateral (ML): - 2.1 mm from the midline; dorso-ventral
(DV): - 6.0 mm from skull, according to the Rat Brain Atlas in
Stereotaxic Coordinates Paxinos (Paxinos and Watson, 2005), using a
10-μL Hamilton® syringe 701SN, needle size 23s ga (Sigma-Aldrich®;
MO, USA). Syringe was inserted into the brain at a rate of 2mm/min
and the injection occurred at a rate of 0.5 μL/min. After the injection,
the syringe was left in the place for 2min and then removed at a rate of
2mm/min. The incision was thoroughly cleaned with povidone-iodine
solution and closed using three sutures. Lactated Ringer's solution
(1mL) was injected subcutaneously to replenish electrolytes. Neba-
cetin® (5 mg/g neomycin sulfate and 250 UI/g of bacitracin zinc,
Medley; RS, BRA) was applied topically on the incision to prevent in-
fections. The animals were placed in a controlled temperature recovery
cage (37 °C) until recovery of consciousness.

2.6. Immunofluorescence

On the 15th day after 6-OHDA injection, animals were perfused via
the vascular system with descending aorta clamped. In this procedure,
sterile saline was administered for 10min followed by more 10min of
4% paraformaldehyde (PFA) solution in PBS pH 7.4. The brains were
carefully extracted and maintained into 4% PFA for 24 h at 4 °C, then
were transferred to 15% sucrose solution for 24 h at 4 °C followed by
immersion in 30% sucrose for additional 24 h at 4 °C. After lightly
dried, brains were frozen at −20 °C. Using a cryostat (Jung Histoslide
2000R; Leica; Heidelberg, Germany) at −20 °C, the SN region was
sectioned in slices of 15 μm thickness on the coronal plane, which were
collected in PBS containing 0.2% Triton X-100 (PBST). To block non-
specific binding, the sections were incubated with 3% albumin for 1 h at
room temperature (21 ± 3 °C). Then, the tissue slices were incubated
with primary antibodies for 48 h at 4 °C. The details of the antibody
source and dilutions are as follows: anti-NeuN (1:400; MAB377) was
from Merck Millipore (MA, USA); anti-TH (1:400; 2792S) was from Cell
Signaling Technology® (MA, USA); all of them diluted in PBST con-
taining 3% bovine serum albumin. The tissue sections were washed four
times in PBST and then incubated with secondary antibodies for 2 h at
room temperature. The details of the antibody source and dilutions are
as follows: anti-rabbit Alexa 488 and anti-mouse Alexa 555 from Cell
Signaling Technology® (MA, USA); all of them diluted 1:500 in PBST.
The sections were washed four times in PBST. Then, the tissue slices
were incubated for 5min with DAPI for nucleic acid staining (1:500;
D9542 - Sigma-Aldrich®; MO, USA). The sections were washed several
times in PBST transferred to gelatinized slides, mounted with
FluorSave™ (345789 - Merck Millipore; MA, USA) and covered with
coverslips. The images were obtained using a Microscopy EVOS® FL
Auto Imaging System (AMAFD1000 - Termo Fisher Scientifc; MA, USA).
The quantification of TH and NeuN content was obtained using the
software ImageJ measuring the pixels of images with 40X of magnifi-
cation from slices with 15 μm thickness of each animal.

2.7. Enzyme-linked immunosorbent assay (ELISA)

IL-1β (RAB0272-1 KT) and TNF-α (RAB0479-1 KT) were quantified
with commercial kits from Sigma-Aldrich® (MO, USA) following the
manufacturer's protocol. For each assay, 100 μL of either CSF or serum

were used. IL-1β and TNF-α were measured in the serum. In the CSF,
only IL-1β was quantified due to limited sample volume.

2.8. Complete blood count (CBC)

Complete blood count was performed in the blood of each animal
using an automated analyzer (ABX Pentra XL 80, Horiba). The fol-
lowing variables were assessed: red blood cell (RBC), hemoglobin
(HBG), hematocrit (HCT), mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH), mean corpuscular hemoglobin con-
centration (MCHC), red cell distribution width - coefficient of variation
(RDWcv), red cell distribution width - standard deviation (RDWsd),
platelet count (PLT), mean platelet volume (MPV), plateletcrit (PCT;
%), platelet distribution width (PDW), white blood cells (WBC),
monocytes (MON), lymphocytes (LYM), segmented neutrophils (NEU),
eosinophils (EOS), basophils (BAS), atypical lymphocytes (ALY), large
immature cells (LIC).

2.9. AST and ALT

Aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) activities in serum were measured to determinate hepatotoxicity

Fig. 1. Effect of CARV/β-CD on the ipsilateral loss of dopaminergic neu-
rons induced by 6-OHDA. Representative immunofluorescence images of SN
co-immunostained for TH (green), NeuN (red) and DAPI (blue). Both ipsilateral
and contralateral sides are shown. Guide bars represent 1000 μm. (A) Control
group, (B) CARV/β-CD group, (C) 6-OHDA group and (D) CARV/β-CD + 6-
OHDA group. Images are representative of three independent experiments.
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(Huang et al., 2006), using Labtest kits (Minas Gerais, Brazil) according
to manufacturer instructions.

2.10. Mitochondrial superoxide production in cultured cells

SH-SY5Y human neuroblastoma-derived cells were cultured in a 1:1
mixture of Dulbecco's Modified Eagle Medium and Ham's F12 Nutrient
Mixture, supplemented with 1% of Antibiotic-Antimycotic solution
(Gibco, Thermo Fisher, USA) and 10% of Fetal Bovine Serum at 37 °C

and 5% CO2-humidified atmosphere. For assays, cells were plated in 24-
well culture dishes and grown for 24 h at 60% confluence. To assess
mitochondrial superoxide production in intact, living cells, MitoSOX®

Red (Invitrogen, UK), a fluorogenic dye that permeates the membrane
and rapidly targets the mitochondria, where it is oxidized by superoxide
molecules, was used. MitoSOX Red vial content was dissolved in DMSO
for a final concentration of 5mM. Cells were pretreated with free CARV
at 50 μM for 1 h and then incubated with 6-OHDA 30 μM for 24 h.
Determination of in vitro concentrations of CARV and 6-OHDA was

Fig. 2. Effect of CARV/β-CD pretreatment on 6-
OHDA-induced dopaminergic loss in SN.
Representative immunofluorescence images of SN
co-immunostained for TH (green), NeuN (red) and
DAPI (blue). The ipsilateral sides are shown. Guide
bars represent 400 μm and 100 μm in detail inserts.
(A) Control group, (B) CARV/β-CD group, (C) 6-
OHDA group and (D) CARV/β-CD + 6-OHDA group.
Images are representative of three independent ex-
periments. The quantification of (E) TH and (F)
NeuN content was obtained using the software
ImageJ measuring the pixels of immunofluorescence
images with 40X of magnification. Values represent
mean ± SD. The results were expressed as percen-
tage of control. One-way analysis of variance and
Tukey's Multiple Comparison post-hoc test was ap-
plied to all data. The p values are represented as
followed: ****p < 0.0001, *p < 0.05.
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performed according a viability assay-based concentration curve
(Supplemental Fig. 1). Following treatment, cells were incubated with a
solution of MitoSOX Red 2 μM diluted in cell culture medium for
30min at 37 °C and 5% CO2. Fluorescence was monitored under an
EVOS FL Auto Imaging System (AMAFD1000 – Thermo Fisher Scien-
tific, USA).

2.11. Statistical analysis

Statistical analysis was performed with GraphPad Prism version
7.00 (GraphPad Software Inc., San Diego, USA). Data were evaluated by
one-way ANOVA followed by Tukey's Multiple Comparison post-hoc
test. Differences were considered significant when p < 0.05.

3. Results

3.1. CARV/β-CD prevented the loss of TH + neurons induced by 6-OHDA

Co-immunostaining of tyrosine hydroxylase (TH - DA neuron
marker) with neuronal nuclear antigen (NeuN - neuronal marker) was
performed to analyze the effect of CARV/β-CD pretreatment in DA
denervation induced by 6-OHDA. In animals treated with CARV/β-CD,
the content of TH-positive (TH+) cells in the SN of both sides of the
brain was not different from control group (Fig. 1A and B). In animals
subjected to 6-OHDA unilateral injection, TH content decreased in ip-
silateral SN, whereas contralateral SN was not affected, as expected
(Fig. 1C). Animals pretreated with CARV/β-CD and subjected to 6-
OHDA injection did not present differences in TH immunostaining be-
tween ipsilateral and contralateral sides (Fig. 1D).

As shown in detail in Fig. 2, the number of TH+ neurons of ipsi-
lateral side have decreased only in the group that received 6-OHDA.
Therefore, the prior treatment with CARV/β-CD prevented the loss of
TH+ neurons induced by 6-OHDA (Fig. 2D and E). The content of NeuN
was not different between all groups (Fig. 2F).

3.2. CARV/β-CD prevented the increase of proinflammatory cytokines in
CSF and serum of wistar rats treated with 6-OHDA

To analyze the effect of CARV/β-CD pretreatment on 6-OHDA-in-
duced production of proinflammatory cytokines, we evaluated CSF le-
vels of IL-1β (Fig. 3A) and serum levels of IL-1β (Fig. 3B) and TNF-α
(Fig. 3C). In animals that received only CARV/β-CD, no significant
changes were observed in CSF and serum. On the other hand, 6-OHDA
injection led to a significant increase in the levels of all cytokines, but
this effect was prevented by CARV/β-CD treatment (Fig. 3A–C).

3.3. CARV prevents the increase in mitochondrial superoxide production
induced by 6-OHDA in cultured SH-SY5Y cells

Previous works demonstrated that CARV exerts antioxidant activ-
ities in different biological models (Suntres et al., 2015). Since the
classical mechanism of 6-OHDA toxicity is linked to disruption of mi-
tochondrial homeostasis associated to increased superoxide production
(Drechsel and Patel, 2008), the effect of CARV on 6-OHDA-induced
mitochondrial superoxide production was evaluated in vitro. MitoSOX
Red fluorescence assay was performed to assess mitochondrial

Fig. 3. Effect of CARV/β-CD pretreatment on 6-OHDA-induced release of
IL-1β and TNF-α. CSF and serum were analyzed for cytokines by ELISA 15 days
after 6-OHDA administration. (A) Cerebrospinal fluid was analyzed for IL-1β.
(B) Serum samples were analyzed for IL-1β. (C) Serum samples were analyzed
for TNF-α. IL-1β and TNF-α levels are expressed in pg/mL. Values represent
mean ± SD. One-way analysis of variance and Tukey's Multiple Comparison
post-hoc test was applied to all data. The p values are represented as follows:
****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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superoxide production in SH-SY5Y catecholaminergic-derived cell line
treated with free (uncomplexed) CARV. Superoxide production was
poorly detected in control and CARV treated cells (Fig. 4A and B), but
incubation with 6-OHDA 30 μM for 24 h significantly enhanced Mi-
toSOX Red fluorescence (Fig. 4C). Pre-incubation with 50 μM CARV for
1 h had a preventive effect against superoxide production induced by 6-
OHDA (Fig. 4D). Altogether, these results indicate that CARV prevents
mitochondrial superoxide production induced by 6-OHDA.

3.4. CARV/β-CD oral administration did not induce systemic toxicity

We performed a complete blood count (CBC) in order to detect
possible alterations on blood cells profile due to CARVβ-CD oral ad-
ministration. Neither CARV/β-CD nor 6-OHDA administration induced
alterations on blood cells numbers compared to control. However, an-
imals that received both CARV/β-CD and 6-OHDA administration pre-
sented fewer circulating monocyte cells than animals that received only
6-OHDA (Table 1). We also investigated the CARV/β-CD effect on
serum aminotransferases activities to assess a possible hepatotoxic ef-
fect. ALT and AST activities were not different between all groups
(Table 1).

4. Discussion

A major hallmark of PD is DA neuronal death in the SN, which

results in severe depletion of dopamine levels in the striatum (Dauer
and Przedborski, 2003). Intracranial injection of 6-OHDA is used as a
model of DA denervation, inducing loss of TH+ neurons projecting from
SN to the striatum (Tieu, 2011). Here, the administration of 6-OHDA
reduced the number of TH+ cells in SN and did not affect NeuN
staining, confirming that 6-OHDA toxicity was selective to DA neurons.
Our main finding is that oral administration of CARV/β-CD prevented
the loss of DA neurons induced by an intranigral injection of 6-OHDA.

One of the major contributors to the progressive loss of DA neurons
in PD is neuroinflammation (Wang et al., 2015). Previous works re-
ported that sustained expression of inflammatory mediators in SN in-
duces DA neuronal loss (Block and Hong, 2007; Poewe et al., 2017).
The 6-OHDA lesion to DA neurons leads to an inflammatory response,
in which microglial activation results in production and release of
proinflammatory mediators, such as IL-1β and TNF-α (Gasparotto et al.,
2017). Previous studies demonstrate that 6-OHDA alters blood–brain
barrier (BBB) permeability (Carvey et al., 2005; Olmedo-Diaz et al.,
2017), which might explain the increase of proinflammatory cytokines
in both CSF and serum. Toxicity of 6-OHDA intranigral injection is
acute and the consequent neuronal damage is severe. It is postulated
that 6-OHDA uptake and consequent oxidation by DA cells gives rise to
toxic reactive species production, causing cell death (Tieu, 2011). The
rapid and extensive cell death triggers the recruitment and activation of
glial cells, due to the presence of proinflammatory mediators released
by apoptotic and necrotic neurons. In fact, neuroinflammation can be

Fig. 4. In vitro effect of CARV on 6-OHDA-induced
mitochondrial superoxide production. Cultured
SH-SY5Y catecholaminergic-derived cells were pre-
treated with CARV at 50 μM for 1 h and then in-
cubated with 6-OHDA 30 μM for 24 h. After treat-
ments, cells were incubated with a solution of
MitoSOX Red 2 μM diluted in cell culture medium for
30min at 37 °C and 5% CO2. Fluorescence was
monitored under an EVOS FL Auto Imaging System
(AMAFD1000 – Thermo Fisher Scientific, USA). (A)
Control (untreated) cells; (B) cells treated with CARV
50 μM; (C) cells treated with 6-OHDA 30 μM; (D)
cells treated with CARV 50 μM and 6-OHDA 30 μM.
Guide bars represent 400 μm in main figures and
100 μm in detail inserts. Representative images of
three independent experiments.
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detected before the progression of DA cell death, as it is a rapid re-
sponse to minimize or prevent cell death (Walsh et al., 2011). However,
other studies indicate that activation of glial cells and the release of
both pro- and anti-inflammatory cytokines may actually enhance 6-
OHDA toxicity at the site of injection (Stott and Barker, 2014).

Works focusing on the BBB integrity in the 6-OHDA model have
demonstrated that impairment in BBB selective permeability may ac-
count for intensification of 6-OHDA toxicity due to increased iron up-
take by the SN, which in turn enhances oxidative stress and sustains
neuroinflammation (Olmedo-Diaz et al., 2017). On the other hand, the
increase in serum pro-inflammatory cytokines observed here and in
previous works may result from the efflux of these compounds from the
brain site of lesion, or it may be originated by other systemic response
to DA denervation. In a previous study, hepatic mitochondria dys-
function was observed in animals receiving intrastriatal 6-OHDA, and
this was postulated to occur in response to increased thyroid hormone
levels in the circulation, which subsequently caused liver inflammation
and enhanced the circulating levels of proinflammatory mediators
(Vairetti et al., 2012). In both in vitro and in vivo studies, CARV has been
demonstrated to be a compound with strong antioxidant properties, as
well as anti-inflammatory actions (Cui et al., 2015; Guimaraes et al.,
2010; Lima Mda et al., 2013; Xiao et al., 2019). In this context, the
capacity of CARV to inhibit proinflammatory cytokines in both CSF and
serum may be ascribed mainly to its antioxidant and anti-inflammatory
properties, which would prevent both DA cell death and BBB disrup-
tion.

CARV anti-inflammatory properties had been associated to inhibi-
tion of IL-1β and TNF-α release (Gholijani et al., 2016; Li et al., 2016;
Lima Mda et al., 2013). Here, we showed that oral administration of
CARV/β-CD prevented the increase of proinflammatory cytokines in
both CSF and serum of Wistar rats. Previous studies demonstrated the
inhibition of NF-kB signaling pathway by CARV (Cui et al., 2015; Li
et al., 2016; Xiao et al., 2019). NF-κB plays a central role in the in-
flammatory process, regulating the expression of proinflammatory
mediators, including IL-1β and TNF-α (Tobon-Velasco et al., 2014);

besides, as a redox-sensitive transcription factor, NF-kB is modulated by
oxidative stress and antioxidants (Bowie and O'Neill, 2000). CARV/β-
CD oral administration may inhibit IL-1β and TNF-α release through
modulation of the NF-kB signaling pathway, among other mechanisms.
The reduction of brain proinflammatory state, consequently, decreases
neurotoxicity (Belarbi et al., 2017; Bordt and Polster, 2014).

It has been reported that the main cause of 6-OHDA toxicity is the
oxidative damage due to reactive species production derived from 6-
OHDA autoxidation (Soto-Otero et al., 2000), microglial activation
(Rodriguez-Pallares et al., 2007) and disruption of mitochondrial
homeostasis (Glinka et al., 1996). Previous studies have reported pro-
tective effects of CARV i.p. administration in hemiparkinsonian model
of striatal damage with 6-OHDA (Baluchnejadmojarad et al., 2014; Dati
et al., 2017). Dati et al. (2017) demonstrated that CARV attenuates the
upregulation of caspase-3 expression induced by 6-OHDA, which in-
dicates a protective effect through inhibition of pro-apoptotic path-
ways. Other study has shown CARV antioxidant properties as re-
sponsible for its protective effect in a 6-OHDA intrastriatal model
(Baluchnejadmojarad et al., 2014). Here we demonstrated in vitro that
CARV prevented the increase of mitochondrial superoxide production
induced by 6-OHDA, indicating a positive action of CARV in mi-
tochondrial homeostasis modulation. Overall, our results demonstrated
that both antioxidant and anti-inflammatory properties of CARV may
be responsible for the protection against 6-OHDA toxicity.

Despite of CARV potential actions, its exploration by pharmaceu-
tical industry is limited by disadvantages in preparation and storage
(Guimaraes et al., 2015). Previous studies have reported that com-
plexation of CARV with β-CD improves solubility, stability and oral
bioavailability, providing a delivery shuttle to cross biological mem-
branes (Suntres et al., 2015) and improving drug activity (Guimaraes
et al., 2015; Santos et al., 2015). Here, an important finding is that DA
toxicity in the nigrostriatal axis was significantly inhibited by oral ad-
ministration of CARV/β-CD, which constitutes a noninvasive and
practical route of drug delivery (Jitendra et al., 2011). Oral adminis-
tration of CARV/β-CD did not induce alterations on blood cell count

Table 1
Effect of oral administration of CARV/β-CD in blood cell count and serum aminotransferases activities. Red Blood Cell (RBC; 106/mm3), Hemoglobin (HBG;
g/dL), Hematocrit (HCT; %), Mean Corpuscular Volume (MCV; μm3), Mean Corpuscular Hemoglobin (MCH; pg), Mean Corpuscular Hemoglobin Concentration
(MCHC; g/dL), Red cell Distribution Width - coefficient of variation (RDWcv; %), Red cell Distribution Width - standard deviation (RDWsd; μm3), Platelet Count (PLT;
103/mm3), Mean Platelet Volume (MPV; μm3), Plateletcrit (PCT; %), Platelet Distribution Width (PDW; %), White Blood Cells (WBC; 103/mm3), Monocytes (MON;
%), Lymphocytes (LYM; %), Segmented neutrophils (NEU; %), Eosinophils (EOS; %), Basophils (BAS; %), Atypical Lymphocytes (ALY; %), Large immature cells (LIC;
%), Alanine aminotransferase (ALT; U/L) and Aspartate aminotransferase (AST; U/L). Values represent mean ± SD. One-way analysis of variance and Tukey's
Multiple Comparison post-hoc test were applied to all data (#p < 0.05 compared 6-OHDA group).

Control CARV/β-CD 6-OHDA CARV/β-CD+6-OHDA

Complete Blood Count
RBC 8.51 ± 0.28 8.50 ± 0.20 8.23 ± 0.50 8.43 ± 0.34
HGB 15.03 ± 0.49 14.56 ± 0.64 14.53 ± 0.88 14.53 ± 0.37
HCT 45.75 ± 2.12 44.36 ± 1.54 44.3 ± 2.45 44.35 ± 1.10
MCV 0.00 ± 0.00 0.00 ± 0.00 27.00 ± 31.19 0.00 ± 0.00
MCH 0.00 ± 0.00 0.00 ± 0.00 8.825 ± 10.19 0.00 ± 0.00
MCHC 0.00 ± 0.00 0.00 ± 0.00 16.38 ± 18.91 0.00 ± 0.00
RDWcv 0.00 ± 0.00 0.00 ± 0.00 6.35 ± 7.33 0.00 ± 0.00
RDWsd 0.00 ± 0.00 0.00 ± 0.00 12.25 ± 14.15 0.00 ± 0.00
PLT 732.25 ± 59.64 763.80 ± 50.13 745.75 ± 24.9 709.25 ± 115.2
MPV 6.63 ± 0.30 6.26 ± 0.32 6.55 ± 0.10 6.53 ± 0.26
PCT 0.48 ± 0.03 0.48 ± 0.03 0.49 ± 0.01 0.46 ± 0.07
PDW 4.83 ± 5.60 0.00 ± 0.00 4.45 ± 5.14 0.00 ± 0.00
WBC 6.13 ± 3.30 6.82 ± 2.88 5.4 ± 0.93 5.55 ± 1.90
MON 1.8 ± 0.35 1.94 ± 0.50 2.65 ± 0.95 1.23 ± 0.52 #

LYM 87.58 ± 3.23 85.00 + 3.09 85.98 ± 3.94 82.43 ± 2.68
NEU 10.58 ± 3.06 12.58 ± 3.72 11.23 ± 3.02 16.25 ± 3.04
EOS 0.05 ± 0.06 0.04 ± 0.05 0.075 ± 0.05 0.075 ± 0.05
BAS 0.00 ± 0.00 0.04 ± 0.5 0.08 ± 0.05 0.03 ± 0.05
ALY 0.25 ± 0.17 0.22 + 0.11 0.33 ± 0.10 0.175 ± 0.05
LIC 0.15 ± 0.24 0.1 ± 0.07 0.13 ± 0.05 0.03 ± 0.05
Aminotransferases Activities
ALT 79.2 ± 11.34 71.00 ± 10.68 79.60 ± 6.73 75.80 ± 11.28
AST 177.00 ± 65.10 132.33 ± 31.74 161.80 ± 45.18 165.21 ± 61.21
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when compared with control group. However, CARV/β-CD pretreated
animals presented reduced levels of circulating monocytes when re-
ceived further treatment with 6-OHDA. The response induced by CARV
against the damage in the SN may involve the recruitment of monocytes
by the brain, thus reducing the circulating levels of this cell type. Our
results also indicate that oral administration of CARV/β-CD is not toxic
to liver, since no alterations were found in serum AST and ALT activ-
ities. Therefore, the complexation of CARV with β-CD improves oral
bioavailability without inducing systemic toxicity, according the para-
meters analyzed here.

5. Conclusion

The oral administration of CARV/β-CD complex shows neuropro-
tective actions in the rat model of 6-OHDA-induced DA denervation.
Oral treatment with CARV/β-CD for 15 days (25 μg/kg/day) prevented
the loss of DA neurons induced by 6-OHDA intranigral injection. This
effect might be related with CARV anti-inflammatory properties, since
CARV/β-CD decreased the release of inflammatory mediators in both
CSF and serum. Antioxidant actions of CARV are probably important as
well, since CARV reduced mitochondrial superoxide production in-
duced by 6-OHDA in cultured cells. Our results indicate that CARV/β-
CD oral administration did not induce systemic toxicity, since no al-
terations on blood cell count and serum aminotransferases activities
were found. Therefore, the present results indicate a potential phar-
macological application of CARV/β-CD complex in neuroprotective
therapies for PD and associated disorders.
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