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Abstract Carnosic acid (CA) and carnosol are the major di-
terpenes found in Rosmarinus officinalis (rosemary), a culi-
nary spice. CA and carnosol account for over 90 % of its anti-
oxidant activity in rosemary leaves. The diterpenes exert anti-
oxidant, anti-inflammatory, and anti-carcinogenic activities,
and present neuroprotective effects in both in vitro and
in vivo experimental models. In some cases, CA exerted pro-
tective effects upon neuronal cells more intensely than resver-
atrol or sulforaphane. Therefore, CA and carnosol demon-
strate a potential pharmacological role for rosemary diterpenes
in ameliorating mammalian brain redox status, among other
parameters, as for instance the modulation of neuroinflamma-
tion. The aim of this review is to discuss the biological effects
of CA and carnosol on neuronal and glial cells with focus on
the mechanism of action of such diterpenes.
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Introduction

Carnosic acid (CA; CyoHp504, MW 332.43392 g/mol), an
ortho-diphenolic diterpene containing an abietane carbon
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skeleton, is found in Rosmarinus officinalis (rosemary) and
exerts several protective effects on mammalian cells, as dem-
onstrated in both in vitro and in vivo experimental models [1].
CA is an anti-oxidant molecule and possesses anti-
inflammatory and anti-carcinogenic properties [2—8].

CA is an ortho-dihydroquinone-type of compound that be-
comes electrophilic (an ortho-quinone form) when reacts with
free radicals produced in biological systems. Therefore, CA is
a pro-electrophilic molecule that becomes electrophilic after
oxidative conversion to a quinone form, which is able to acti-
vate the nuclear factor erythroid 2-related factor 2 (Nrf2) tran-
scription factor, the major regulator of the cellular redox ho-
meostasis in mammalian animals [9]. Moreover, the direct CA
anti-oxidant effects associated to its chemical structure (due to
two O-phenolic hydroxyl moieties present at C11 and C12—
the so-called catechol moiety) were seen in different in vitro
experimental models [4, 10]. In this context, CA has been
viewed as a potent neuroprotective agent due to its ability to
modulate glutathione (GSH) synthesis and to downregulate
the levels of neurotrophins (as for instance brain-derived neu-
rotrophic factor (BDNF)) in neuronal cells in experimental
model of chemically induced oxidative stress, for example
[5, 11-13].

Carnosol (C,0H»604, MW 330.4 g/mol), an ortho-
diphenolic diterpene with an abietane carbon skeleton, is
found in R. officinalis as a derivative of CA degradation and
also presents several protective effects in studies utilizing
mammalian cells and experimental animals [1, 14]. Carnosol
has been known as a promising anti-inflammatory and anti-
carcinogenic agent [14—17]. Additionally, carnosol blocked
the redox-dependent inactivation of the human brain musca-
rinic acetylcholine receptor elicited by an endogenous inhibi-
tor able to induce oxidative damage to biomolecules [18],
among other cytoprotective effects that will be discussed in
the present work.
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CA and carnosol are found in rosemary leaves (approxi-
mately 5 % CA more carnosol dry weight) and account for
over 90 % of its anti-oxidant activity [2] (Figs. 1, 2, and 3).
Furthermore, Tamaki et al. reported that CA and carnosol
(5 uM for 24 h) were the most effective rosemary polyphenols
(when compared with genkwanin, rosmarinic acid, luteolin,
verbenone, or caffeic acid) in causing an increase in total GSH
contents, in the activation of transcription, and protecting
HT22 neuronal cells against glutamate [19]. CA is present
mainly in rosemary aerial tissues related to photosynthesis in
the following order: leaves>sepals>petals [1, 20, 21].

CA has access to the mammalian brain by penetrating the
blood-brain barrier, as previously demonstrated [22]. CA ex-
erts its beneficial effects to both neuronal and glial cells
through a myriad of mechanisms, as will be discussed in the
present work. Carnosol may also pass through the blood-brain
barrier and accumulates in mammalian brain, where it acts as a
neuroprotective agent [23]. Doolaege et al. reported that CA
bioavailability was 40.1 % after 360 min (CA at 64.3+
5.8 mg/kg orally administrated) [24]. The authors found CA
in rat plasma, intestine, liver, and muscle. The major route for
CA excretion was described as the fecal route. Romo Vaquero
et al. found that female Zucker rats that received a rosemary
extract enriched in CA (40 %, w/w) presented CA, CA metab-
olites, CA derivatives, and carnosol in samples obtained from
rat plasma, small intestine, caecum, colon, liver, and brain
[23]. Authors reported that CA metabolites were detected in
the animal samples initially after 25 min administration. In this

Carnosol

Carnosic acid (CA)

Fig. 1 Rosmarinus officinalis L. and the chemical structure of its main
anti-oxidant components carnosic acid (CA) and carnosol. CA and
carnosol accounts for more than 90 % of the anti-oxidant activity of
R. officinalis leaves, as discussed in the text
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Fig. 2 A summary of the mechanisms by which CA elicits protective
effects upon mammalian brain cells. CA exerts anti-oxidant effects by
activation of the PI3K/Akt/Nrf2 signaling pathway, leading to increased
expression of anti-oxidant enzymes and neuronal differentiation (as
assessed through increased neurotrophin production and
morphologically through neurite outgrowth visualization). Furthermore,
CA upregulates the PI3K/Akt/NF-kB axis culminating in increased
expression of phase II enzyme GSTP, as discussed in the text. CA also
exhibits anti-inflammatory activity by downregulating the secretion of the
pro-inflammatory cytokines IL-1[3 and IL-6, for example. Moreover, CA
reduces NO production in some experimental models dealing with
activated microglia. An anti-apoptotic role is mediated through
suppressing JNK1/2 and/or p38 phosphorylation and abrogating
caspase-3 activation. Please see text for a more detailed information

way, CA and carnosol may be widely distributed in the mam-
malian organism, eliciting its effects according to its dosage
and other conditions, as we will see here.

Therefore, the aim of this work is to discuss about the
protective effects exerted by CA and carnosol, two dietary
compounds, on neuronal and glial cells regarding its redox
environment and inflammation-related factors. Furthermore,
the mechanism of action of these polyphenols will be ad-
dressed here.

The In Vitro Effects of CA and Carnosol
on Neuronal and Glial Cells

The neuroprotective effects of CA and carnosol have been
investigated in in vitro experimental models using different
cell types in order to examine the mechanism by which such
diterpenes elicit such benefits on mammalian brain cells. The
complete mechanism still remains to be completely under-
stood but involves the intrinsic anti-oxidant capacity of CA
and carnosol and the activation of signaling pathways that
modulate anti-oxidant defenses in brain cells. Furthermore,
the mechanisms by which CA and carnosol exert its anti-
inflammatory actions were partially elucidated. In spite of this,
further research is necessary to better understand exactly how
these diterpenes protects brain cells from different insults. It is
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Fig. 3 A graphical abstract summarizing the anti-oxidant and anti-
inflammatory effects exhibited by carnosol in different experimental
models. Carnosol upregulates the PI3K/Akt/Nrf2 axis by a similar way
when compared with CA. Nrf2/ARE activation causes increased
expression of the anti-oxidant enzyme HO-1 and augmented levels of
the non-enzymatic anti-oxidant GSH in different experimental models.
The anti-inflammatory actions elicited by carnosol involve reduced
secretion of pro-inflammatory cytokines and decreased NO generation,
as well as suppression of PGE, production. Please, see text for more a
detailed information

important to note that more studies regarding bioavailability
of CA and carnosol are needed in order to verify whether the
concentrations of such diterpenes utilized in in vitro experi-
mental models may be reached in vivo.

CA and Neuronal Cells

Satoh et al. observed that CA and a CA-related compound
(CADI; diacetyl form) rescued HT22 neuronal cells from
glutamate-induced toxicity in a dose-dependent fashion
(0.01-10 uM for 20 h) [25]. In the same work, authors found
that CA is much less toxic than carnosol and also presents
increased neuroprotective action when compared with its de-
rivatives. The CA derivatives were not effective in protecting
primary cortical neurons at the same concentration of CA
(3 uM), demonstrating the need for the existence of free car-
boxylic acid and catechol hydroxyl moieties as found in CA
molecule to it exerts neuroprotection. In another study, Satoh
et al. demonstrated that CA binds to Keapl domains (BTB
and IVR) and activates the translocation of Nrf2 to the nucleus
of COS7 cells [22]. Moreover, CA also did bind to Kelch-like
ECH-associated protein 1 (Keap1) in PC12h cells, a dopami-
nergic cell line, leading to anti-oxidant response element
(ARE) activation. The authors also found that CA treatment
(10 uM) leaded to increased y-glutamyl cysteine ligase (y-
GCL) light chain, y-GCL heavy chain, heme oxygenase-1
(HO-1), and NAD(P)H:quinone oxidoreductase 1 (NQO1)

expression (after 6-24 h exposure). Then, CA activated the
Nrf2/ARE pathway resulting in increased expression of genes
related to phase II. Such enzymes afford protection against
oxidative damage and also participate in detoxification reac-
tions [26-28]. To test whether CA would exert a protective
role in neuronal cells against oxidative damage, authors treat-
ed PC12h cells with CA (0.1-1 uM for 1 h) prior exposure of
glutamate (for additional 20 h). CA prevented cell death in a
dose-dependent manner by activation of the Nrf2/ARE, since
the beneficial effects elicited by CA were suppressed in
PC12hDSD cells (with low ARE activity). Interestingly, CA
was found to exert a protective effect on PC12h cells to a
much greater extent when compared with sulforaphane, a
known electrophilic compound that activates Nrf2 potently
[29, 30]. In the same work, CA (3 pM) pretreatment
(60 min) protected primary immature cortical neurons (that
do not express functional glutamate/NMDA receptors yet,
but are targets of the glutamate-induced oxidative stress due
to inhibition of cysteine influx, an event that lead to decreased
synthesis of GSH) against glutamate (2 mM) and rotenone
(300 nM) [23]. In a subsequent set of analyses, CA (3 uM)
pretreatment (60 min) protected also primary mature
cerebrocortical neurons (which express NMDA receptors)
against NMDA-induced excitotoxicity by activation of Nrf2.
CA accumulated in both neuronal and glial cells, demonstrat-
ing its potential to prevent both redox impairments and neu-
roinflammation. Therefore, CA was effective in protecting
both cell lines and primary neurons against different neuro-
toxic agents that are known to cause deleterious effects, at
least in part, by a mechanism involving redox impairment.
Tamaki et al. published similar data demonstrating that CA
(10 uM for 24 h) increased the expression of phase II en-
zymes, including NQO1 and glutathione S-transferase
(GST) through a mechanism dependent on the Nrf2/ARE
pathway in HT22 neuronal cells (a cell line originated from
the hippocampus of mouse) [19]. Authors also found that CA
(5 uM) treatment (24 h) increased GSH content and prevented
the toxic effects of 5 mM glutamate on such cells in a dose-
dependent fashion (from 0.1 to 10 uM, 24 h). Accordingly,
Chen et al. reported that CA (0.1-5 uM) pretreatment (12 h)
prevented the decrease induced by 6-hydroxydopamine (6-
OHDA) in SH-SY5Y neuroblastoma cells viability [31]. CA
at 1 uM induced a stronger protective effect when compared
with other CA concentrations (0.5 and 3 uM) regarding the
ability to inhibit 6-OHDA-induced apoptosis. CA pretreat-
ment decreased the immunocontent of cleaved caspase-3, con-
sequently reducing the levels of cleaved poly-(ADP ribose)
polymerase (PARP), a target of active caspase-3 during the
apoptotic process. Authors demonstrated that CA prevented
the increase in reactive oxygen species (ROS) production and
alleviated the effect of 6-OHDA on the phosphorylation of
both JNK1/2 and p38, which are protein kinases involved in
the induction of apoptosis, among other events. CA increased
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the content of both y-glutamylcysteine ligase catalytic subunit
(GCLC) and vy-glutamylcysteine ligase modifier subunit
(GCLM), leading to augmented GSH levels in a time-
dependent manner (from 6 to 24 h). GCLC and GCLM are
subunits of y-glutamylcysteine ligase (y-GCL), the rate-
limiting enzyme in the synthesis of GSH [32, 33].
Importantly, CA induced an early activation of Nrf2 (reaching
a peak at 1 h after CA administration), which strongly corre-
lated with increased ARE binding activity. Treatment of SH-
SYSY cells with L-buthionine sulfoximine (BSO) abolished
the beneficial effects of CA counteracting 6-OHDA -triggered
oxidative damage. BSO is an inhibitor of GSH synthesis and
such results demonstrate a major role for GSH metabolism in
mediating the protective effects of CA on SH-SYSY cells.
Then, CA probably upregulated GSH metabolism by activat-
ing the Nrf2/ARE pathway, causing protection of SH-SYSY
dopaminergic cells against 6-OHDA-induced toxicity. In the
work by Lin et al., CA (1 uM) pretreatment (18 h) prevented
the toxic effects elicited by 6-OHDA on SH-SY5Y neuroblas-
toma cells by activating phosphatidylinositol 3-kinase (PI13K),
protein kinase B (PKB, also known as Akt), and the transcrip-
tion factor called nuclear factor k B (NF-kB) resulting in in-
creased expression and activity of the Pi form of GST (GSTP)
[34]. The effects of CA were suppressed by the administration
of LY294002, an inhibitor of the PI3K/Akt pathway. CA did
not activate c-Jun N-terminal kinase (JNK1/2), extracellular
signal-regulated kinases (ERK1/2), or p38 kinases, which are
regulatory proteins that play a role in activating NF-kB, as
published elsewhere [35]. Therefore, CA protected SH-
SYSY by activating the PI3K/Akt/NF-kB signaling pathway
leading to increased GSTP expression and activity and ame-
liorating cell survival due to detoxifying role of GST against
6-OHDA. Interestingly, authors also reported that CA treat-
ment (20 mg/kg body weight orally three times a week during
3 weeks) restored GSTP levels also in vivo in an experimental
model of hemi-parkinsonism induced by 6-OHDA injection
in the striatum of Wistar rats [34]. GSTP (which is a GSH
consuming enzyme) plays a role counteracting the toxic ef-
fects elicited by other neurotoxins, as for instance 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), as previously re-
ported [36, 37]. Then, CA regulates GSH metabolism in neu-
ronal cells either directly or indirectly by modulating different
signaling pathways resulting in neuronal protection against
chemical stressors.

Hou et al. found that a treatment with CA (0.1-1 uM)
prevented the deleterious effects induced by hypoxia (for
1 h) in PCI12 cells by inhibiting the phosphorylation of
MAPK, as for example, INK1/2, ERK1/2, and p38 [38]. CA
exerted a concentration-dependent effect downregulating the
expression of cyclooxygenase-2 (COX-2), a pro-
inflammatory enzyme, in PC12 cell line. Consequently, CA
led to decreased prostaglandin E, (PGE,) production in hyp-
oxic cells. CA (1 uM) also exerted anti-oxidant effects in
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hypoxic PC12 cells by decreasing ROS production and the
levels of lipid peroxidation. Additionally, CA upregulated
SOD activity, which was decreased by hypoxia induction.
CA modulated the intracellular levels of calcium ions (Ca*")
in PC12 cells, decreasing it and protecting cells from Ca**-
induced injury. CA prevented apoptosis in PC12 cells by mod-
ulating the pro-apoptotic signaling and by suppressing delete-
rious alterations in the redox environment elicited by hypoxia.
COX-2 inhibition is an important step towards redox mainte-
nance, since COX-2 is able to produce reactive molecules that
may impair redox homeostasis in neuronal and glial cells [39].
Furthermore, PGE, upregulates the pro-inflammatory signal
and favor redox disturbances perpetuation due to microglial
activation [40—42]. Indeed, authors found that CA at 5 uM
(but not 1 or 2 uM) prevented nitric oxide (NO) production
and interleukin (IL)-1[3 and IL-6 secretion in stimulated BV-2
microglial cells [38]. Then, CA protected neuronal and glial
cells by regulation of both redox and immune aspects.

Wu et al. found that CA pretreatment (1 uM for 8§ h)
counteracted the effects of 6-OHDA on SH-SYS5Y neuroblas-
toma cells by upregulating the expression of the anti-oxidant
enzymes GCLC and GCLM subunits, glutathione reductase
(GR), and superoxide dismutase (SOD) [43]. As mentioned
above, Y-GCL is the rate-limiting enzyme in GSH synthesis,
and GR is important to reduce GSSH converting it to two
molecules of GSH by utilizing NADPH [32, 33]. Therefore,
CA improved the cellular ability to produce and to recycle
GSH, the major non-enzymatic anti-oxidant in mammalian
cells. Additionally, SOD is the enzyme that converts superox-
ide anion radical (O, ') to H,O,, decreasing the chance of that
free radical to react with biomolecules [44]. Furthermore, CA
exerted an anti-apoptotic effect on SH-SYSY cells by decreas-
ing caspase-3 activation and, consequently, reducing PARP
cleavage. The exact link between the redox protection elicited
by CA and its ability to inhibit neuroblastoma cells apoptosis
was not investigated in that work. However, it is possible that
CA inhibited apoptosis by modulating the redox environment
through Nrf2 activation, which has been associated to anti-
apoptotic effects [22, 31, 45].

A different mechanism by which CA was demonstrated to
elicit protective effects on neuronal cells was investigated in
the work by El Omri et al. [46]. The authors showed that CA
(20 uM for 6-12 h) downregulated the expression of proteins
associated to stress response, namely heat shock protein 90
(Hsp90), transitional endoplasmic reticulum ATPase (VCP/
p97), nucleoside diphosphate kinase (NDK), and hypoxia up-
regulated protein 1 (HYOUTI) in PCI12 cells. Such proteins
participate in several process associated to protein metabolism
in different mammalian cells. In neurons, the expression of
Hsp90, for example, is associated to neuronal protection
against the accumulation of toxic protein aggregates [47].
Additionally, HYOU1 mediates neuronal protection in cases
of ischemia or excitotoxicity [48]. Interestingly, the
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modulation of NDK may affect cell fate, since that protein
plays a role as a molecular switch between cellular prolifera-
tion and differentiation due to extracellular stimuli [49]. Taken
together, such data may indicate a role for CA in inducing
thermotolerance in neuronal cells, causing beneficial effects
against neurodegenerative processes.

In addition to playing a role in the neuronal redox
control, CA also modulates neuronal activity and plasticity,
as investigated elsewhere. El1 Omri et al. found that CA
(6.8 nug/mL for 48 h) induced differentiation of PCI12
cells, leading to a morphology similar to sympathetic neu-
rons [50]. Furthermore, CA induced a concentration-
dependent (2.4-6.8 pg/mL) increase in acetylcholinesterase
(AChE) activity. CA (6.8 pg/mL for 24 h) augmented the
amounts of both total choline and acetylcholine in PCI12
cells. The effects of CA on PCI2 cells activity were
blocked by U0126 (an ERK1/2 inhibitor). Nevertheless,
U0126 only partially inhibited the effects of CA at the
higher concentration tested in that work (6.8 pg/mL) re-
garding AChE activity, showing that, depending on the
dosage, CA would exert its effects by different signaling
pathways. Then, CA modulated neuronal morphology and
activity, at least in part, by activation of ERK1/2 pathway,
causing neuronal differentiation and increased metabolism
of acetylcholine (both synthesis and degradation were reg-
ulated by CA).

In another work, CA promoted neurite outgrowth through
activation of Nrf2 in rat pheochromocytoma PC12h cell line,
as reported by Kosaka et al. [51]. CA induced a concentration-
dependent (5-20 uM for 24 h) increase in the number of
neurite-bearing cells and in the activity of ARE. The effect
of CA on ARE was stronger than that observed to nerve
growth factor (NGF; 1, 3, and 10 ng/mL) on PC12h cells.
Moreover, CA upregulated Nrf2 and the markers of neural
differentiation neurofilament M (NF-M) and neurofilament
H (NF-H). Nrf2 knockdown (by utilization of small interfer-
ing RNA (siRNA) against Nrf2) did lead to decreased NF-H,
NF-M, and MAP2 immunocontents in PC12h cells.
Additionally, Nrf2 knockdown resulted in decreased neurite
numbers in CA-treated cells. Authors also investigated by
which signaling pathway CA exerted its effects on neuronal
morphology. CA increased Akt and ERK1/2 phosphorylation.
ERK1/2 activation was independent from tropomyosin-
related kinase (TrkA) and Nrf2/ARE axis, since K252a (a
TrkA inhibitor) and siRNA against Nrf2 did not affect
ERK1/2 phosphorylation levels, respectively. On the other
hand, PI3K activation was dependent on TrkA and Nrf2, since
K252a treatment and Nrf2 knockdown caused decreased
PI3K phosphorylation, respectively. The effects of CA on
Nrf2 in PC12h were modulated by different kinases, mainly
PI3K and ERK1/2 (extracellular signal-regulated kinasel/2),
since specific inhibitors (namely LY294002 and U0126, in-
hibitors of PI3K and MEK1/2, respectively) decreased the

effects of CA on Nrf2. Authors then analyzed by which pro-
gram CA-induced neuronal differentiation in PC12h cells. CA
increased the expression of nf-M, early growth response
protein-1 (EGR-1), p62/zip (PKC-(-interacting protein), and
musculoaponeurotic fibrosarcoma oncogene homolog K
(mafK) genes. However, CA (15 pM) elicited distinct effects
when compared with NGF (10 ng/mL) treatment, since the
effect of CA on the expression of p62/zip and mafK genes
was superior when compared with NGF. On the other hand,
NGF increased egr-1 expression more intensely than CA.
Thus, CA and NGF triggered neuronal differentiation by
slightly different mechanisms in PC12h cells. The effects of
CA on p62/ZIP protein were dependent on Nrf2, since siRNA
against Nrf2 did lead to p62/ZIP immunocontent in PC12h
cells exposed to CA. Alternatively, knockdown of p62/ZIP
impaired the neurite outgrowth induced by CA on PC12h
cells. Thus, CA-triggered neurite outgrowth in PC12h cells
by a mechanism that, at least in part, was associated to the
Nrf2/ARE axis activation, as well as to the induction of pro-
tein kinases related to neuronal differentiation. Additionally,
p62/ZIP exerted a fundamental role downstream Nrf2 in in-
duction of neuronal differentiation. On the contrary, CA treat-
ment elicited neuronal differentiation by a Nrf-2 independent
mechanism when activated PI3K/Akt and ERK1/2 protein
kinases. Therefore, CA-induced neuronal differentiation in
PC12h cells occurred by an intricate mechanism associated
to the master regulator of the redox environment and/or to
protein kinases activation. The complete mechanism behind
neuronal differentiation elicited by CA remains to be fully
established. Vaka et al. found that intranasal administration
of CA (2-4 mg/kg for 4 days) induced an increase in both
NGF and BDNF levels in rat hippocampus [52]. Even though
the mechanism underlying such effects were not investigated,
it clearly shows that CA may be effective also in vivo regard-
ing the upregulation of neurotrophins involved in control of
neuronal and glial function. Additionally, CA would be an
interesting strategy to treat neuronal disorders associated to
alterations in the levels of neurotrophins.

CA also protected neuronal cells by decreasing the produc-
tion of amyloid-3 (A{3) peptides, which may lead to redox
impairment by interacting with biological membranes and
other cellular compartments (including mitochondria) in bio-
logical systems [53—56]. Meng et al. found that CA (at 20 and
30 uM for 8 h and at 10, 20, and 30 uM for 24 h) decreased
A P42 production in SH-SY5Y neuroblastoma cells [57]. CA
(10-30 uM for 24 h) also downregulated A 340 production in
such cells. CA increased (5-30 uM for 24 h) «-cleaved solu-
ble fragment of amyloid precursor protein (SAPPwx) but de-
creased (10-30 uM for 24 h) sAPPf3 levels in SH-SYSY cells.
CA upregulated the x-secretase called tumor necrosis factor-
converting enzyme/a disintegrin and metalloproteinase 17
(TACE/ADAM17), ADAMI10, and presenilin-1 (PS1) mes-
senger RNA (mRNA) levels in a concentration-dependent
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manner. The effect of CA on TACE, ADAMI10, and PS1 was
not mediated by mitogen-activated protein kinases (MAPK)
proteins or by the PI3K/Akt/NF-«B signaling pathway, since
specific inhibitors did not alter the effects of CA on TACE,
ADAMI10, and PS1. On the other hand, TACE was involved
in the decrease in A3 levels induced by CA, since siRNA
against TACE resulted in increased A342 levels in SH-
SYSY cells exposed to CA. Alternatively, CA did not increase
SAPPx in SH-SYSY cells treated with TACE siRNA.
Additionally, ADAMI10 silencing in CA-treated cells also
did lead to decreased sAPP«x levels but did not alter A342
amounts in such experimental model. Knockdown of Nrf2 did
not mediate the effect of CA on Af342, showing that Nrf2-
dependent signaling was not necessary to CA exerts its pro-
tective effect on SH-SYSY cells regarding A3 peptide pro-
duction. CA also augmented insulin-degrading enzyme (IDE)
expression levels, but IDE did not participate in the regulation
of A production in CA-exposed cells, since Af342 content
did not differ between IDE knockdown cells and control in the
CA-treated group. Therefore, authors demonstrated that CA
modulated the levels of secretases involved in A3 peptides
metabolism, leading to decreased production of A342 through
upregulation of o- and y-secretases (TACE/ADAMI17 and
ADAMI10, and PSI1, respectively) and downregulation of 3-
secretase (BACEI, (-site APP-cleaving enzyme-1) expres-
sion, leading to increased sAPPx and decreased Af342
amounts. Then, CA did exert an indirect anti-oxidant effect
by regulating A3 peptide synthesis, which may disrupt the
physiologic redox status by interacting with several biomole-
cules and organelles. A summary of the effects elicited by CA
on neuronal cells may be found in Table 1.

Carnosol and Neuronal Cells

Martin et al. reported that carnosol upregulated the expression
of HO-1 through a mechanism associated to PI3K/Akt signal-
ing pathway and activation of Nrf2 in PC12 cells [58].
Carnosol was tested at different concentrations (1-100 uM),
and authors found that carnosol at 10 uM (for 16 h) induced a
several fold (>200-fold) increase in HO-1 mRNA expression.
Carnosol activated several protein kinases, as for instance
ERK, JNK, p38, and PI3K/Akt, which participate in Nrf2
regulation. However, only inhibition of the PI3K/Akt and, to
a lower extent, p38 pathways resulted in decreased levels of
HO-1. The blockade of other signaling pathways did not alter
HO-1 expression or ARE binding activity. Carnosol induced a
concentration-dependent increase in the amounts of Nrf2 in
the nucleus of PC12 cells. The stronger effect was seen in cells
exposed to carnosol at 10 uM. The authors also examined
whether carnosol would exert any protective effect against
pro-oxidants in PC12 cells. Carnosol (1-30 uM) pretreatment
(30 min) prevented the increase in ROS production elicited by
H,0O, in a concentration-dependent manner. Interestingly,
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carnosol (10 uM for 30 min) blocked the increase in ROS
production triggered by increasing H,O, concentrations (50—
500 uM) in PC12 cells. The protective effects elicited by
carnosol on PC12 cells were time dependent, since short-
term anti-oxidant effects (30-min incubation with carnosol)
on PCI12 cells were not blocked by HO-1 or PI3K inhibitors
(ZnPPIX and LY294002, respectively). However, the long-
term anti-oxidant effects of carnosol (6-h incubation) on
PC12 cells were partially, but significantly, reduced by the
inhibition of HO-1 or PI3K. Thus, the induction of HO-1
through activation of PI3K by carnosol is important for the
long-term protective effects elicited by carnosol on neuronal
cells. Therefore, carnosol activated the Nrf2/ARE signaling
pathway leading to augmented HO-1 protein expression by a
mechanism dependent on the PI3K/Akt pathway (Table 2).
Accordingly, Tamaki et al. (2009) shown that carnosol
(5 uM) increased ARE binding activity leading to increased
GSH levels in HT22 neuronal cells [ 19]. Nevertheless, authors
did not demonstrate the mechanism modulating GSH synthe-
sis improvement in that work.

CA and Glial Cells

CA also modulates the production of neurotrophic factors in
glial cells, as demonstrated by Kosaka and Yokoi, which first
reported a role for CA (1-100 uM for 4 days) in inducing an
increase in the production of NGF in T98G human glioblas-
toma cells [59]. Mimura et al. reported that CA modulated
NGF through a Nrf2-dependent mechanism in T98G glioblas-
toma cells and normal human astrocytes [60]. CA (10 and
50 uM for 24 h) upregulated NGF expression without altering
the levels of neurotrophin-3 (NT-3) or BDNF (CA at 50 uM).
Additionally, 50 uM CA augmented Nrf2 immunocontent (2—
24 h), causing an upregulation in both HO-1 and thioredoxin
reductase 1 (TXNRD1) expression. The authors demonstrated
that the effect of CA on NGF, HO-1, and TXNRD1 was sup-
pressed by Nrf2 silencing with siRNA. Interestingly, the effect
of CA on NGF was not affected by the addition of tumor
necrosis factor-o (TNF-«) or IL-13, which are pro-
inflammatory molecules. Actually, NGF expression is regulat-
ed by some pro-inflammatory agents, as TNF-«, IL-1{3, and
lipopolysaccharide (LPS) [61-64]. Thus, CA activated NGF
expression by a Nrf2-associated mechanism in activated glial
cells. Such data may indicate an anti-oxidant and protective
role for CA in cases of neuroinflammation and also during
physiological events, as for instance neuronal plasticity.
Really, some authors have attributed an anti-inflammatory
role for Nrf2 during impairment of neuronal function, as ob-
served in cases of depression, a pathology in which neuronal
plasticity may be altered [65—67]. Future investigations would
be necessary to better understand the link between Nrf2 and
inflammation in human brain disorders.
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Table 1  Summary of the in vitro effects of CA on neuronal cells

Experimental model Effects Reference

5-10 uM CA (HT22 cell line) Nrf2 activation, TNQO1 and GST expression, TGSH content; [20]
effective against glutame-induced toxicity

10 uM CA (PC12h cell line) Nrf2 activation, TARE activity, 1y-GCL, HO-1, and NQOL1 [24]
expression; effective against glutamate-induced toxicity

3 uM CA (primary cortical neurons) Nrf2 activation [24]

0.1-5 uM CA (SH-SY5Y cell line) lcleaved caspase-3 level, |cleaved PARP content, |[JNK1/2 [32]
and p38 activation, prevented 6-OHDA-induced toxicity

0.1-5 uM CA (SH-SYS5Y cell line) Nrf2 activation,T ARE activity, JGCLC and GCLM expression [32]
levels, TGSH synthesis

1 uM CA (SH-SYS5Y cell line) PI3K/Akt/NF-kB axis activation, 1GST expression, effective [35]
against 6-OHDA-induced toxicity

0.1-1 uM CA (PC12 cell line) JNK1/2, ERK1/2, and p38 activation, | COX-2 expression, |PGE, [39]
production, 1SOD activity, prevented hypoxia-induced apoptosis

1 uM CA (SH-SYS5Y cell line) 1GCLC, GCLM, GR, and SOD expression, anti-apoptotic effect [44]
against 6-OHDA-induced cell death

20 uM CA (PC12 cell line) |Hsp90, VCP/p97, NDK, and HYOU1 expression [47]

6.8 pg/mL CA (PC12) TAChE activity, ERK1/2-dependent neuronal differentiation induction [51]

5-20 uM CA (PC12h cell line) Nrf-2 dependent neurite outgrowth induction (1p62/zip and mafK expression) [52]

10-30 uM CA (SH-SY5Y cell line) 1AB40 and AB42 production (1TACE, ADAMI10, and PS1 expression; |BACE1 [58]

expression; TsAPP«x, and |SAPPf3 levels)

Yoshida et al. investigated whether CA was capable to up-
regulate NGF expression during a condition of hypoxia/
reoxygenation induced in a human astrocyte cell line
(U373MG) [68]. CA (20 uM) increased NGF levels during
normoxia (48 h). However, the effect elicited by CA was aug-
mented by the addition of edaravone (3-methyl-1-phenyl-2-
pyrazolin-5-one, 1 mM), which did act synergistically with
CA in upregulating NGF expression during normoxia.
Edaravone is able to penetrate the blood-brain barrier and
functions as an anti-oxidant/free radical scavenger in cases
of postischemic neuronal dysfunction [69, 70]. The synergism
of CA and edaravone regarding the expression of NGF was
also observed when cells were reoxygenated (48 h) after either
3-h or 4.5-h period under hypoxia. The authors also identified
a role for INK signaling pathway in the induction of NGF
expression. On the other hand, when CA was combined with
edaravone, both JNK and MEK1/2 signaling pathways were
activated, leading to an upregulation in NGF expression. CA
and more edaravone also modulated NGF through a p38
kinase-dependent manner, since SB203580 (an inhibitor of
p38 kinase) partially abolished the effects of such compounds

on NGF expression. CA and edaravone induced a higher level
of activation of Nrf2 when compared with edaravone or CA
alone, and Nrf2 activation caused an increase in NGF levels.
Then, authors indicate a more potent effect of CA in human
astrocytes when administrated in the presence of edaravone
during situations of hypoxia. Importantly, CA and edaravone
together maintained astrocytes viability during reoxygenation
after a 4.5-h period under hypoxia. Thus, CA could be applied
as an interesting strategy as a protective agent by activating
Nrf2 in cases of ischemia/reperfusion that causes drastic oxy-
genation and ROS production in the reperfusion stage.
Furthermore, CA would be effective in modulating neuronal
plasticity by increasing NGF through a hormetic way [71]. In
spite of this, further research is necessary in order to examine
whether the effects seen in that experimental model will repeat
in others.

Indeed, CA exhibited an ability to increase HO-1 expres-
sion at 6 h (5, 10, and 20 uM) and at 24 h (5 uM) in BV2
mouse microglial cells, as demonstrated by Foresti et al., with
an EC5p=13.1 uM [72]. Additionally, CA (20 uM) increased
bilirubin production in the presence (6 and 24 h) or absence

Table 2 Summary of the in vitro
effects of carnosol on neuronal

cells

Experimental model Effects Reference
5 uM carnosol (HT22 cell line) TARE binding activity, 1{GSH content [20]
10 uM carmosol (PC12 cell line) Activation of ERK, JNK, p38, and PI3K/Akt; PI3K/ [59]

Akt-dependent activation of Nrf2;tHO-1; efficient
against H,O,-induced toxicity
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(6 h) of hemin (10 M), a substrate of HO-1. The effect of CA
on HO-1 expression was dependent on thiol redox status,
since N-acetylcysteine (NAC) co-treatment did suppress the
upregulation of HO-1 expression elicited by CA. CA at
20 uM (but not at 5 and 10 uM) was able to decrease
interferon-y (INF-y)-induced NO production in BV2 cells,
as assessed through quantification of nitrite levels. On the
other hand, CA at 5, 10, and 20 uM was effective in reducing
NO levels in LPS-exposed BV2 cells. Thus, CA exhibited a
partial effect on the production of NO, being more effective at
high concentrations. Accordingly, Yanagitai et al. found that
CA (1, 3, and 10 uM) co-treatment (24 h) decreased NO
generation in a dose-dependent fashion in microglial MG6
cells exposed to LPS [8]. CA (10 uM) also was effective in
reducing IL-6 immunocontent and the expression of IL-1f3
and nitric oxide synthase (NOS) in LPS-treated cells.
Moreover, CA (10 uM) regulated HO-1, GCLM, GCLC,
NQO-1, and xCT (Na*-independent cystine-glutamate ex-
changer) in MG6 cells that were exposed to LPS: CA induced
a decrease in the expression of GCLC, NQO-1, and xCT when
compared with MG6 cells that received LPS alone, demon-
strating that CA inhibited microglial activation through both
redox and immune mechanisms. LPS elicits oxidative and
nitrosative stress in several experimental models and
upregulates the expression of anti-oxidant enzymes [73, 74].
Therefore, CA prevented LPS-induced oxidative impairment
in MG6 cells, as well as inhibited its activation. However, the
link between redox protection and microglial activation was
not addressed in that work.

Recently, Yoshida et al. found that CA suppressed the pro-
duction of amyloid-f3 1-42 and 1-43 (A342 and A[343, re-
spectively) peptides by upregulating the x-secretase
TACE/ADAMI17 in U373MG human astrocytoma cells [75].
CA (1050 uM) decreased AP40 and AP42 production in
normoxia condition (24 h). On the other hand, CA (30—
50 uM, but not at 10 uM; 24-h treatment) was effective in
reducing A 343 production by U373MG cells under the same

situation. The protective effect of CA regarding the production
of AP42 was maintained even during hypoxia (8 h) and reox-
ygenation (24 h) after an 8-h period under hypoxia. CA did
not alter x-secretase a disintegrin and metalloproteinase 1
(ADAM1), 3-secretase BACE, or y-secretase PS1 expression
levels. However, CA (50 uM for 8 h) increased the mRNA
levels of the «-secretase TACE. CA increased sAPP« (which
is a product of the non-amyloidogenic pathway; CA at 30 and
50 uM) and decreased (-cleaved soluble fragment of APP
(sAPPf3; CA at 10, 30, and 50 uM) levels in U373MG cells,
thus promoting «-cleavage in the place of [3-cleavage.
Interestingly, CA (2.3-fold increase) was more effective than
resveratrol (1.5-fold increase) in inducing TACE expression.
The authors demonstrated that the effect of CA on A342 and
on A343 was partially associated to TACE expression, since
TACE siRNA abolished the effect of such diterpene on the
production of such AP peptides. Indeed, the effect of CA on
increasing SAPP«x levels was abolished by TACE expression
inhibition. CA (50 uM for 3-24 h) also augmented SIRT1
mRNA levels in U373MG cells. SIRT1 silencing (through
utilization of siRNA against SIRT1) did not affect the effect
of CA on AP342 levels, i.e., CA inhibited A (342 production by
a SIRT1-independent manner. Surprisingly, the mechanism by
which CA downregulated the production and release of A342
peptide did not involve enzymes that degrades A3, as for
instance neprilysin (NEP), IDE, and endothelin-converting
enzyme-1 (ECE1), because CA did not alter mRNA of such
enzymes in this experimental model. CA did promote o-
secretase TACE upregulation leading to increased sAPPo pro-
duction, which would cause a competition between «- and 3-
secretases for APP cleavage, resulting in decreased Af3 pro-
duction in astrocytes. Such evidences may play an important
role during AD pathology, in which there is an overproduction
of A3 peptides that culminates in increased redox impairment,
neuroinflammation mediates by glial cells, and cell death. A
summary of the CA-triggered effects on glial cells may be
found in Table 3.

Table 3 Summary of the in vitro
effects of CA on glial cells

Experimental model Effects Reference
S uM CA (activated BV-2 cell line) INO production, |IL-13 and IL-6 secretion [39]
1-100 uM CA (T98G cell line) TNGF production [60]
10-50 uM CA (T98G cell line) TNGF expression (Nrf2-dependent), TNrf2 [61]
content, THO-1 and TXNRD1 expression
20 uM CA (U373MG cell line) TNGEF levels (MAPK-dependent); activation [69]
of INK, p38, and MEK1/2
5-20 uM CA (BV-2 cell line) THO-1 expression, Tbilirubin production, [73]
INO production
1-10 pM CA (MG6 cell line) Production, |IL-1 and IL-6 secretion, [74]

10-50 uM CA (U373MG cell line)

INOS expression, |HO-1, GCLM, GCLC,

NQO-1, and xCT expression in activated MG6
1TACE/ADAM17 levels, |SAPP{ content, |A(340, [76]

AP42, and AP43 production
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Carnosol and Glial Cells

Kim et al. found that carnosol protected rat C6 glial cells
against sodium nitroprusside (SNP)-induced toxicity [77].
C6 cell line presents astrocytic markers, e.g., glial fibrillary
acidic protein (GFAP) and S-100 protein, and may be utilized
as a model to investigate astrocytic diseases [76]. Carnosol
pretreatment (1-10 uM for 1 h) prevented the increase in
NO production triggered by SNP in a dose-dependent manner.
Carnosol also alleviated the effect of SNP on cell viability.
Additionally, carnosol pretreatment (10 pM for 1 h) inhibited
SNP-induced apoptosis in C6 cells. Such effects were medi-
ated by carnosol-induced inhibition of JNK1/2 phosphoryla-
tion and of caspase-3 activation. Carnosol at 10 uM also re-
stored GSH levels in SNP-treated C6 cells. Carnosol also up-
regulated the expression of HO-1 through activation of the
PI3K/Akt/N1f2 signaling pathway in C6 cells. The effect of
carnosol on Nrf2 activation and translocation were not
blocked by ZnPP (inhibitor of HO-1). Thus, authors conclud-
ed that the activation of Nrf2 preceded the increase of HO-1
expression. On the other hand, ZnPP blocked the protective
effects of carnosol on cell viability in the presence of SNP,
demonstrating that HO-1 plays an important role in mediating
the beneficial effects of carnosol on an experimental model of
nitrosative stress. NO overproduction has been observed in
cases of neurodegenerative diseases and may be a result of
neuroinflammation, as occurs in the case of Parkinson’s dis-
ease (PD) and Alzheimer’s disease (AD) [78, 79]. Therefore,
carnosol may be viewed as an agent able to alleviate the redox
impairment induced in microglial cells, consequently leading
to decreased levels of neuroinflammation. Indeed, Foresti
et al. reported that carnosol elicited anti-oxidant and anti-
inflammatory effects on BV2 mouse microglial cells [72].
The authors investigated the ability of 56 compounds that
are known activators of Nrf2 signaling pathway to induce
HO-1 expression. Among the molecules analyzed, authors
found that carnosol (5, 10, and 20 uM) upregulated HO-1
expression with an ECs5¢=9.4 uM (6 h). Additionally,
carnosol (20 uM for 24 h) increased the generation of a HO-
1 product, bilirubin. The increase in HO-1 activity elicited by
carnosol was alleviated by a co-treatment with N-
acetylcysteine (NAC), an anti-oxidant, showing that thiol re-
dox status may be involved in the mechanism of HO-1

induction by carnosol. Interestingly, carnosol, did not change
the levels of A-aminolevulinate synthase 1 (ALAS1) and bil-
iverdin reductase (BVR), enzymes that participate in heme
metabolism (ALASI is the rate-limiting enzyme in heme syn-
thesis and BVR converts biliverdin to bilirubin by a reduction
reaction) [80, 81]. Thus, carnosol increased bilirubin levels
due to a direct action of HO-1 expression, and not by acting
on other enzymes responsible for the synthesis of bilirubin.
Carnosol (10 and 20 uM) also elicited a decrease in INF-y-
induced NO synthesis, as assessed through the quantification
of nitrite. Carnosol was more effective against LPS-induced
NO production, since the lower carnosol concentration tested
(5 uM) was able to reduce NO production by 50 %. Carnosol
also exhibited an anti-inflammatory effect by decreasing both
prostaglandin E2 (PGE,) and TNF-« levels in INF-y and
LPS-treated BV2 cells. The effects of carnosol in decreasing
the levels of pro-inflammatory molecules were not dependent,
at least in part, on HO-1 and Nrf2. However, carnosol de-
creased INF-y and LPS-induced NO production by a mecha-
nism that depended on the Nrf2/HO-1 axis, since silencing
HO-1 or Nrf2 expression led to an increase in NO levels in
cells that were exposed to INF-y and LPS in the presence of
carnosol. The authors also observed that the Nrf2/HO-1 axis
may play a role in the production of PGE, and TNF-a.
However, the link between Nrf2 and/or HO-1 and the produc-
tion of pro-inflammatory molecules was not investigated in
that work. Some authors have demonstrated that a refined
cross-talk between Nrf2 and NF-«kB may lead to decreased
inflammation [82-84]. However, the full mechanism was
not still clarified (Table 4).

Therefore, CA and carnosol mediate signaling pathways
involved in both control of the redox environment and im-
mune functions in both neuronal and glial cells. There is a
lack for the complete way by which CA and carnosol elicited
such effects, but evidences point to a cross-talk between the
anti-oxidant and the immune-related signaling pathways as an
important part of the mechanism stimulated by such diter-
penes in mediating its protective effects on neuronal and glial
cells. Importantly, it is necessary to examine whether the con-
centrations of CA and carnosol utilized in in vitro experimen-
tal models would be reached in brain cells in in vivo experi-
mental designs, since the metabolism of CA and carnosol
(including possible modifications that may be performed by

Table 4 Summary of the effects of carnosol on glial cells
Experimental model Effects Reference
5-20 uM carnosol (BV2 cell line) Nrf2 activation, THO-1 expression, fbilirubin production, [73]
INO production, |PGE, and TNF-« levels
1-10 puM carnosol (C6 cell li}neN)O Production, 1GSH levels, |JNK1/2 and caspase-3 activation, [78]

lapoptosis, activation of PI3K/Akt/Nrf2 signaling pathway, THO-
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gut bacteria in CA and carnosol) may affect its availability to
brain tissues.

The In Vivo Effects of CA and Carnosol on Neuronal
and Glial Cells

Carnosic Acid

Satoh et al. reported that CA (3 mg/25 g body weight orally
administrated; catechol-type form) accumulated in C57BL/6
mouse brain within 1 h [22]. CA induced an increase in both
GSH and GSSG (the oxidized form of GSH), as well as on the
GSH/GSSG ratio. Additionally, CA upregulated HO-1 and y-
GCL expression in mouse brain. Interestingly, CA treatment
(1 mg/kg i.p.) 1 h prior induction of middle cerebral artery
occlusion (MCAO)/reperfusion (a model of focal cerebral is-
chemia) prevented the increase in infarct volume caused by
MCAO in C57BL/6 mice. Taken together, such data demon-
strate that CA penetrates the blood-brain barrier and exerts a
protective effect on mammalian brain in vivo in an experimen-
tal model that induces redox disturbances and neuroinflamma-
tion. CA elicited such effects probably by activating the
Keapl/Nrf2 pathway in a quinone-type form, since the
catechol-type form does not activate Keapl/Nrf2 pathway,
as demonstrated by the authors.

In the work by Azad et al., CA (10 mg/kg, i.p. 1 h before
surgery, followed by CA at 3 mg/kg, i.p. 3—4 h after surgery
with repetitions once a day during 12 days) protected rat hip-
pocampus from amyloid-3-induced lesions in an experimen-
tal model of Alzheimer’s disease [85]. CA treatment was able
to preserve the number of neurons in the cornu ammonis 1
(CA1) region by inhibiting apoptosis in such rat brain area.
Even thought the mechanism by which CA exerted such pro-
tective effect was not investigated in that work, data presented
by the authors showed that CA would protect neuronal cells
from a peptide that may act through different ways in inducing
cell dysfunction. More analyses would be useful to examine
the exact mechanism by which CA elicits neuronal protection
in vivo.

Wu et al. demonstrated that a pretreatment with CA
(20 mg/kg body weight orally administrated for 3 weeks)
was able to protect the striatum of Wistar rats against oxidative
damage induced by 6-OHDA exposure [43]. CA decreased
lipid peroxidation and oxidation of GSH elicited by 6-
OHDA. Moreover, CA improved rat behavior regarding loco-
motory activity and distance travelled when compared with
the 6-OHDA treated group. CA also decreased both the num-
ber and time of rotation of 6-OHDA treated rats in a behav-
ioral task. CA exerted such protective effects probably by
increasing the immunocontent of anti-oxidant enzymes, as
for instance GCLC, GCLM, GR, and SOD. The exact mech-
anism by which CA modulated the expression of the anti-
oxidant enzymes was not addressed in such work, but a role
for Nrf2/ARE pathway is very plausible. CA also decreased
the rates of apoptosis in rat striatum by increasing the levels of
B cell CLL/lymphoma 2 (Bcl-2) and decreasing the amounts
of cleaved caspase-3 (active form), BCL2-associated X pro-
tein (Bax), and cleaved PARP (a target of activated caspase-3),
through downregulation of JNK1/2 and p38 mitogen-
activated protein kinase (p38 MAPK), leading to an increased
number of tyrosine hydroxylase (TH)-positive cells in such
brain region. Thus, CA was able to inhibit apoptosis triggered
by 6-OHDA, clearly demonstrating its role as a neuroprotec-
tive agent against chemically induced stress and cell death by
a pro-oxidant drug. Please see Table 5 for a summary regard-
ing the effects of CA on mammalian brain cells.

Carnosol

Carnosol (0.01-10 mg/kg, oral route 1 h before the execution
of behavioral tasks) elicited anti-depressant effects in mice, as
reported by Machado et al. [87]. Animals that received
carnosol (0.01 and 0.1 mg/kg through oral route) spent less
time immobilized in the tail suspension test (TST) when com-
pared with the control group (which ingested vehicle before
each task) (Table 6). Interestingly, the authors did not find any
psychostimulant effect associated to carnosol treatment in the
open field test, leading to the conclusion that the anti-
depressant effects induced by carnosol and observed in the

Table 5 Summary of the in vivo

effects of CA on mammalian Experimental model

Effects Reference

brain cells

CA at 3 mg per 25 g body weight (mouse brain)
CA at 20 mg/kg body (rat striatum)

CA at 20 mg/kg (rat |striatum)

CA at 2-4 mg/kg (rat hippocampus)
CA at 3-10 mg/kg (rat hippocampus)

THO-1 and y-GCL expression, GSH content  [23]

1GSTP expression T1GSH content; effective [35]
conunteracting 6-OHDA-induced lesion

Lipid peroxidation, 1GCLC, GCLM, GR, [44]
and SOD expression, |JNK1/2 and p38
activation, improved rat locomotion in 6-

TNGF and BDNF levels [53]
Prevented hippocampal lesion induced by AR [86]
by apoptosis inhibition
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Table 6 Summary of the in vivo effects of carnosol on mammalian
brain cells

Experimental model Effects Reference

Carnosol at 0.01-10 mg/kg (mice) Anti-depressant effects [88]

TST were specific. The same research group previously dem-
onstrated that an extract of R. officinalis (rosemary; 10—
100 mg/kg, oral route for 14 days) exerted anti-depressant
effects in an experimental model utilizing mice [86, 88]. The
authors attributed such effects to the ability of this extract to
modulate the monoaminergic system in mice brain, since spe-
cific antagonists of dopaminergic receptors blocked the bene-
ficial effects elicited by the extract. However, authors did not
analyze the specific component of the extract that would be
the responsible for the anti-depressant effects seen in that
work. Sasaki et al. observed that mice that received rosemary
extract (50-100 mg/kg in drinking water for 7 days) presented
decreased immobility time in TST [89]. Rosemary extract
(100 mg/kg) increased the levels of norepinephrine (NE), do-
pamine (DA), serotonin (5-HT), choline (Ch), and acetylcho-
line (ACh) in the mice brain cortex. Additionally, rosemary
extract (50 and 100 mg/kg) upregulated the expression of
tyrosine hydroxylase (TH) and pyruvate carboxylase (PC) in
mice brain. On the other hand, rosemary extract (100 mg/kg)
decreased mitogen-activated protein kinase (MKP-1) expres-
sion in mice brain. Inhibition of MKP-1 may play a role in the
anti-depressant effects elicited by plant components, as previ-
ously published [89]. In another experimental model, Zanella
et al. reported that rosemary extract (150-300 mg/kg oral
route, 30 min—4 h before each behavioral task) improved mice
memory in social recognition and in step-down inhibitory
avoidance tasks [90]. Therefore, rosemary extract or its com-
ponents are able to positively modulate brain functions and
behavior of mammals. More analyses are necessary to inves-
tigate the mechanism underlying such effects of R. officinalis
extract or carnosol on animal behavior.

Future Directions

CA and carnosol are the major diterpenes found in rosemary
and exert 90 % of the anti-oxidant capacity of that plant.
However, there is a lack of studies demonstrating the protec-
tive effects and the underlying mechanisms elicited by these
compounds regarding mammalian brain cells. Therefore, it
would be very interesting:

— To examine alternative signaling pathways that may be
modulated by CA and carnosol and that are involved in its
protective effects in brain cells in vitro and in vivo;

—  To verify the role of CA and carnosol in modulating sig-
naling pathways associated to apoptosis and/or autopha-
gy in neuronal and glial cells, as well as to investigate
whether there is a interplay between modulation of such
pathways and other involved with the maintenance of
redox and immune-related functions in brain cells
in vitro and in vivo;

— To analyze the role of CA and carnosol in other experi-
mental models of neurodegeneration;

— To investigate whether there is a role for CA and carnosol
in preventing, as well treating, brain tumors;

—  To evaluate whether CA and carnosol elicit neurotoxicity
in vitro and in vivo;

—  To perform clinical trials considering the anti-oxidant and
anti-inflammatory potentials of CA and carnosol in dif-
ferent human populations including those subjects suffer-
ing from neurological disturbances. A search in the
Website clinicaltrials.gov (20 August 2015) resulted in
zero (0) studies investigating the effects of CA or carnosol
on human health. Some results were obtained when
“rosemary” was utilized in the searching machine of the
system. However, the therapeutical potential of CA and
carnosol would deserve more attention
pharmacologically.

Conclusion

CA and carnosol are neuroprotective agents exerting anti-
oxidant and anti-inflammatory effects through specific modu-
lation of signaling pathways involved in cytoprotection. More
studies are necessary to analyze additional mechanisms by
which CA and carnosol would protect neuronal and glial cells.
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