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Abstract

The peri- and post-menopausal periods have been described as the “window of vulnerability” for the development of depres-
sive symptoms that impair women activities and quality of life. The etiopathogenesis of these symptoms is multifactorial and
may confer resistance to traditional antidepressants. Attention is now directed toward phytochemicals for their pleiotropic
functions and safer profiles. This study investigated the possible perturbation of the nuclear factor erythroid 2—related fac-
tor 2 (Nrf2) signaling pathways as an underlying mechanism of post-ovariectomy depression and highlighted the potential
benefits of carnosic acid (CA) on the associated behavioral, biochemical, and histopathological alterations. Female Balb/c
mice were randomly assigned to be sham-operated or ovariectomized (OVX). After 3 weeks, OVX mice received either a
vehicle, CA (20 mg/kg/day), or tin protoporphyrin IX (SnPP-IX; a heme oxygenase-1 (HO-1) inhibitor; 50 pmol/kg/day)
for 3 weeks. Our findings revealed that OVX mice had depressive but not anxiety-like behavior. Suppressed Nrf2 and its
downstream signaling, and augmented proinflammatory markers were observed in both the hippocampus and prefrontal
cortex. CA treatment alleviated depressive behavior, induced the expression of Nrf2, HO-1, thioredoxin-1, and brain-derived
neurotrophic factor, and enhanced serotonin levels. CA also suppressed oxidative stress, reduced TNF-a, IL-1f, and iNOS
mRNA expression, and ameliorated OVX-induced histopathological changes. SnPP-IX aggravated post-OVX behavioral,
neurobiochemical, and histological deteriorations, and reduced CA-protective effects. In conclusion, Nrf2/HO-1 signaling
suppression and the associated proinflammatory state are key mechanisms in post-OVX depression. CA exerts multifaceted
neuroprotection in OVX mice and represents a promising candidate for clinical evaluation as an antidepressant.
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Introduction

The prevalence of depression in women is noticeably
increased during the transition to and after menopause.
Studies revealed that women who enter perimenopause
are twice as likely to have clinically significant depres-
sive manifestations as those who have not yet made the
menopausal transition [1, 2]. In fact, many cross-sectional
and longitudinal studies have documented an increased
risk of mood disorders in the perimenopausal period [3].
Furthermore, the inadequate responses to antidepressant
drugs during menopause were linked to low estrogen level
which was counteracted by estrogen therapy. Moreover,
the traditional bilateral ovariectomy animal model exhibits
a post-menopausal depressive-like state and is used suc-
cessfully, not only as a proof of concept, but also to test
the benefits of different treatment modalities [4]. Although
a change in the serotonergic transmission secondary to
estrogen deficiency has been implicated as an underlying
factor, the precise mechanisms remain unknown [5-7].

It was previously shown that defective pathways of
nuclear factor erythroid 2-related factor (Nrf2), the mas-
ter redox-sensitive transcription factor involved in cel-
lular defense against oxidative stress, could increase the
susceptibility to anxiety and/or depressive-like behavior
[8—10]. This was based on the evidence linking inflamma-
tion, oxidative stress, and depression, where an increase in
proinflammatory cytokines and a reduction in antioxidant
defenses were encountered [11, 12]. Moreover, many stud-
ies focused on uncovering the antioxidant and anti-inflam-
matory activities of some currently used antidepressant
drugs. This may, in turn, raise interest in targeting Nrf2
as a possible approach to offer a better or complementary
treatment to depressed patients. However, the molecular
signaling cascade needs, first, to be more elucidated as
Nrf2 can directly regulate the transcription of many down-
stream genes controlling the glutathione and thioredoxin
antioxidant systems. Nrf2 also induces enzymes involved
in the detoxification of exogenous and endogenous prod-
ucts, such as heme oxygenase (HO-1) and many others
[13]. Intriguingly, Nrf2 has also been observed to affect
brain-derived neurotrophic factor (BDNF) expression [14].
Given the essential roles of neurotrophins in neuronal plas-
ticity and mood stability [15], pharmacological modula-
tion of Nrf2 could have a promising pleiotropic benefit in
depressive disorders.

In this context, carnosic acid (CA) which is a phenolic
diterpene obtained from Rosmarinus officinalis L. (com-
monly known as “rosemary”) may be of particular inter-
est. It is a well-known Nrf2 inducer exhibiting antioxidant
and anti-inflammatory properties through the Nrf2/HO-1
axis [16]. The favorable role of HO-1 in neurodegenerative

disorders, such as Alzheimer’s disease [17], encouraged
us to investigate its link to depression behavior, especially
that the neuroprotective effect of the antidepressant desip-
ramine was related to increased HO-1 expression [18].
Furthermore, the benefits of some herbal medications on
hippocampal cells have been linked to increased HO-1
activity [19]. In light of the previously reported antide-
pressant effect of either rosemary extract in depression
and anxiety [20, 21], or CA itself in post-stroke or stress-
induced depression [22, 23], the potential benefits of CA
in peri/post-menopausal mood alteration merit to be inves-
tigated. This is fostered by the notion that CA can cross the
blood-brain barrier (BBB) in a sufficient concentration to
exert many cytoprotective effects [22].

Therefore, this study aimed to investigate the impact of
the induction of menopause-like changes, by bilateral ova-
riectomy, on the central Nrf2 expression and the consequent
perturbation of the oxidant and inflammatory milieu in corti-
cal and hippocampal tissues in mice. In addition, the effects
of CA supplementation on ovariectomy-induced anxiety
and/or depressive-like behavior and the associated central
biochemical and microstructural alterations were explored.
Finally, we intended to study the impact of inhibiting HO-1
activity by tin protoporphyrin IX (SnPP-IX) and to analyze
the specific role of the HO-1 pathway in the CA-proposed
benefits, least present.

Materials and Methods
Experimental Animals

The study was conducted on 10-week-old female Balb/c
mice with an average body weight of 25 g. Animals were
purchased from and raised in the Animal House of the Physi-
ology Department, Faculty of Medicine, Alexandria Uni-
versity. Animals were maintained under standard laboratory
conditions and allowed free access to regular rodent chow
and water. Mice were housed in groups of 8 in simple rectan-
gular cages provided with sawdust as bedding material. Each
cage was supplied with two bottles of water. Experimental
procedures were carried out according to the NIH Guide for
Care and Use of Laboratory Animals and complied with the
ARRIVE guidelines. The study protocol was approved by
the Research Ethics Committee, Faculty of Medicine, Alex-
andria University (IRB No: 00012098; FWA No: 00018699;
approval No: 0305099).

Chemicals and Reagents
Carnosic acid and tin protoporphyrin IX dichloride were

purchased from AG Scientific, San Diego, and Frontier
Scientific, Logan, UT, respectively. Reduced nicotinamide
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adenine dinucleotide phosphate (NADPH), glucose-
6-phosphate, glucose-6-phosphate dehydrogenase, hemin,
5,5'-dithio-bis-2-nitrobenzoic acid, thiobarbituric acid
(TBA), and pyrogallol have been obtained from Sigma-
Aldrich (St. Louis, MO, USA). GENEzol™ Reagent was
purchased from Geneaid, Taiwan, while the Viva cDNA
synthesis kit and Taq qPCR Green Master Mix were pur-
chased from Vivantis, Malaysia. Primers have been sup-
plied by Invitrogen, Thermo Fisher Scientific, USA, while
primary and secondary antibodies were obtained from
Cell Signaling Technology, USA, and Biospes, China.
Other chemicals were commercially available high-grade
products.

Surgical Procedures

Bilateral ovariectomy was done to all experimental ani-
mals except the sham-operated ones under intraperitoneal
ketamine (100 mg/kg) and xylazine (10 mg/kg) anesthesia
[24] to eliminate endogenous ovarian steroid production.
The skin of the lower abdomen was shaved, local anti-
septic was applied, and then a small transverse incision
was made in the middle part of the abdomen. The ovaries
were exteriorized with the associated fat pad and fallopian
tubes. Hemostatic clamps were applied around the blood
supply of the ovaries, and suture knots were made below
it. The ovaries were then cut away and discarded. The
muscle and skin layers were sutured and the wound was
topically treated with betadine and then finally sprayed
with an antibiotic. Sham-operated animals were exposed
to the same surgical procedure except that the ovaries were
exposed but not excised. After surgery, animals were kept
in a warm place until full recovery. All animals were given

Fig.1 Schematic representa-
tion of the experimental design.
OVX, ovariectomized; CA,
carnosic acid; SnPP-IX, tin
protoporphyrin IX

Ovariectomy
Or
Sham surgery
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0.5 ml saline i.p. for rehydration and meloxicam 1 mg/kg
s.c. for analgesia [25].

Experimental Groups and Tissue Sampling

Three weeks following surgery, a total of 80 mice were
randomly assigned into 5 experimental groups (n=16
mice each) that received treatments or vehicles for a fur-
ther 3 weeks as follows: control (sham-operated) mice were
given both carboxy methyl cellulose (CMC) and phosphate-
buffered saline (PBS) by oral gavage and i.p., respectively,
as vehicles (1 ml/100 g b.w.); ovariectomized (OVX) mice
were given both vehicles as the sham-operated group; CA-
treated OVX mice (OVX+ CA) received 20 mg/kg/day of
CA by oral gavage; tin protoporphyrin IX-treated OVX
mice (OVX + SnPP-IX) received i.p. injection of 50 pmol/
kg/day of SnPP-IX [26], and the combined-treated OVX
mice (OVX + CA + SnPP-IX) received CA (20 mg/kg/day;
p.0.) 15 min. following SnPP-IX injection (50 pmol/kg/day;
i.p.). A schematic presentation of the study design is shown
in Fig. 1.

The selected dose for CA was optimized to the average
doses used in previous in vivo studies that reported cyto-
protective effects via boosting Nrf2 activation without any
toxicity manifestations [27-29]. CA was dissolved in 0.5%
CMC and freshly prepared on the day of administration,
while SnPP-IX was dissolved in 0.1 M NaOH, diluted in
PBS, and titrated with 0.1 M HCI until the pH reached 7.4.
Stock solution was weekly prepared in the dark, and aliquots
were stored at — 80 °C and thawed immediately prior to i.p.
injection.

Behavioral testing was conducted over the sixth-week
post-surgery. At the end of the experiment, all animals were
euthanized by decapitation under anesthesia using thiopental
Na 50 mg/kg i.p. [24], and brain tissues were excised. The
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right hemispheres of a random set of 8 animals/group were
processed for histopathological examination, while the hip-
pocampi and the prefrontal cortices of the left hemispheres
of this set, together with the two hemispheres of the rest of
the animals, were dissected out and stored at— 80 °C for
further biochemical analysis. The harvested tissues were
divided into 4 subsets; the first one was used for western
blot analysis, while the second one was used to assess
HO-1 activity and oxidative stress markers. The third and
fourth subsets were used for RT-qPCR and HPLC studies,
respectively.

Behavioral Testing

At the beginning of the 6th week, animals in each group
were randomly divided into two subgroups (n=8/subgroup)
assigned to different behavioral testing so that each mouse is
only tested once per day. Behavioral tests for each subgroup
were spaced 1 day apart to avoid any exhaustion or carry-
over effects from prior tests.

Animals of the first subgroup were examined for locomo-
tor activity and anxiety-related behavior using the elevated
plus maze test, while depressive-like behavior was assessed
by the forced swim test. For the second subgroup, the open
field test was conducted to assess locomotion and anxi-
ety, whereas depressive-like behavior was evaluated by the
sucrose preference and the tail suspension tests. The sched-
uled test types are represented on the timeline in Fig. 1.

Behavioral tests were performed during the light phase
between 07:00 am and 3:00 pm and were videotaped and
then analyzed by an observer blinded to the experimental
groups. Free access to food and water was allowed all the
time except during actual animal testing. No food or water
deprivation was applied during the sucrose preference test.

Open Field Test

The open field test was performed as previously described
[30]. Briefly, a box (60X 60x40 cm) divided into nine
equal squares was used. The center square (the central zone)
was the starting point for each individual mouse. Animal
behavior was observed for 6 min and scored during the
last 5 min. The observed parameters were the number of
squares crossed (as a measure of locomotion), the number
of rearings (as a measure of exploratory behavior), and the
time spent in the central zone (as a measure of anxiety). The
test apparatus was thoroughly cleaned with 70% ethanol to
remove any olfactory cues between animals.

Elevated Plus Maze Test

The test apparatus is located 50 cm above the floor and con-
sists of two opposite open arms (5 cm X 25 cm) and two

opposite closed arms (5 cm X 25 cm X 25 cm) connected by
a central square (5 cm X5 cm). The central zone facing one
of the open arms was the starting point for each individual
mouse. The percentage of open-arm entries (open/total
entries X 100) and the proportion of time spent in the open
arms (open/total time spent in arms X 100) were calculated
for each animal during the last 5-min of a 6-min experimen-
tal period [31]. The decreased time spent in the open arm
or the number of entries reflects more anxiety. After each
mouse, the maze was thoroughly cleaned with 70% ethanol
to prevent olfactory cues.

Sucrose Preference Test

The sucrose consumption test was used to assess the hedonic
state, denoting non-depressive behavior [32]. Mice were
kept individually in separate cages and were allowed to adapt
to two bottles filled with 1.0% sucrose solution for 24 h. For
the next 24 h, one bottle of sucrose solution was replaced
with water. Then, mice were exposed to two pre-weighed
bottles of sucrose solution and water for another 24 h. The
position of the bottles was randomly switched to prevent side
preference. After the test, the weight of the sucrose solution
and water consumed was recorded. Sucrose preference was
calculated as a percentage of consumed sucrose solution of
the total fluid intake [sucrose preference % = sucrose intake
/ (sucrose intake + water intake) X 100]. Lower sucrose con-
sumption reflects anhedonia and depressive behavior.

Tail Suspension Test

In this test, mice were suspended upside down by their tails
40 cm above the floor by adhesive tape placed 1 cm from the
tail tip. During a 6-min test period, the immobility time was
recorded in the last 5 min. Prolongation of the immobility
time denotes depressive-like behavior [33].

Forced Swim Test

Mice were individually placed in a vertical transparent cyl-
inder (30 cm in height and 12 cm in diameter) containing tap
water at 25+ 1 °C and 20 cm in depth for a 15-min training
session. The volume of water was enough to prevent the
animal from touching the bottom with its tail. After 24 h, a
5-min test session was performed; each mouse was placed
in the cylinder, and the duration of immobility (floating with
no or minimal movements with head just above the water)
was recorded. The greater the time of immobility, the more
the mouse is depressed. Water in the cylinder was changed
after each mouse [33, 34].
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HO-1 Activity

HO-1 activity was assessed according to the method of Basu
et al. [35]. Briefly, a reaction mixture containing 2 mM glu-
cose-6-phosphate (Santa Cruz, USA), 1 U glucose-6-phos-
phate dehydrogenase, 1| mM NADPH, 25 pM hemin, 2 mg
of rat liver cytosolic protein (as biliverdin reductase source),
and 100 mM potassium phosphate buffer (pH 7.4) was incu-
bated with 600 pg of brain microsomal protein. The final
volume was adjusted to 400 pl with potassium phosphate
buffer and incubated for 1 h at 37 °C in the dark. Finally,
the reaction was terminated by putting the tubes on ice for
2 min. HO-1 activity was determined via measuring biliru-
bin concentration as the difference in absorbance between
464 and 530 nm. HO-1 activity was expressed in pmol bili-
rubin/ mg protein/h.

Determination of Brain Oxidative and Antioxidant
Markers

Hippocampi and cerebral cortices were homogenized in
cold PBS (0.1 M, pH 7.4) (1:9, w/v). The homogenate was
centrifuged at 12,000 rpm for 10 min at 4 °C. The obtained
supernatant was used to estimate MDA and GSH levels and
SOD-specific activity, standardized to the brain total protein
content estimated by the Lowry method using bovine serum
albumin (BSA) (1 mg/ml) [36].

Malondialdehyde (MDA ) level was estimated using the
thiobarbituric acid (TBA) test [37]. One molecule of MDA
reacts with two molecules of TBA under acidic conditions
with the production of pink color on heating. The absorb-
ance was measured at 532 nm. Brain MDA level was calcu-
lated using its extinction coefficient and expressed in pmol/
mg protein.

Reduced glutathione (GSH) level was measured accord-
ing to the method of Ellman [38]. GSH reacts with Ellman’s
reagent (5,5'-dithio-bis-2-nitrobenzoic acid) producing a yel-
low-colored 2-nitro-5-thiobenzoic acid product. The absorb-
ance of the developed color was read at 412 nm. The GSH
level was expressed as mM/ mg protein.

Superoxide dismutase (SOD) activity was assessed via
spontaneous autooxidation of pyrogallol at pH 8.2 [39].
SOD enzyme inhibits pyrogallol autooxidation. The change
in absorbance was monitored for 2 min spectrophotometri-
cally at 420 nm. A unit of SOD activity is expressed as the
amount of enzyme that suppresses 50% of the pyrogallol
autooxidation under standard conditions.

Isolation of RNA and RT-qPCR
Hippocampi and cerebral cortices” RNA extraction was per-

formed using GENEzol™ Reagent (Geneaid, Taiwan) fol-
lowing the manufacturer’s suggested protocol. RNA yield
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and integrity were determined by spectroscopy. All the
RNA was reverse-transcribed into cDNA using 10 pg total
RNA and Viva cDNA synthesis kit (Vivantis, Malaysia).
RT-qPCR was performed in triplicate using a reaction mix
of 1 pl cDNA template, 10 pl of Taq qPCR Green Master
Mix (Vivantis, Malaysia), 2 ul of gene-specific forward and
reverse primers (Table 1), and nuclease-free water up to
20 pl. Following denaturation at 95 °C for 2 min, 40 cycles
at 95 °C for 15 s, 52/60 °C for 30 s, and 60°for 30 s were
performed in 96-well plate format using CFX96™ Real-
Time System (BIO-RAD, USA). Fold changes were calcu-
lated using the differences in cycle threshold determined by
27AAC method. GAPDH was used as an internal reference
for the normalization of gene expression.

Western Blot Analysis

Briefly, hippocampi and cerebral cortices of sham, OVX,
or other treated groups were homogenized in RIPA buffer
(50 mM Tris—HCI, pH 8; 150 mM NaCl; 1% Triton X-100;
0.1 SDS; 2 mM EDTA and 1 mM PMSF) supplemented
with a protease inhibitor cocktail. A nuclear extraction kit
(#ab113474; Abcam) was used to separate nuclear pro-
teins. The homogenates were centrifuged at 14,000 rpm for
20 min at 4 °C. The protein concentration in the total cell
and nuclear extract lysates was measured spectrophotometri-
cally using a protein assay kit. Equal amounts of denatured
proteins were resolved by 12% SDS-PAGE, transferred to
nitrocellulose membranes, and blocked at room temperature
for 1 h in a blocking solution containing 5% bovine serum
albumin. Membranes containing nuclear proteins were
incubated with primary antibodies specific to Nrf-2 (#PAS5-
27,882, Invitrogen, USA), and Lamin B1 (#13,435 Cell
Signaling Technology, USA), while membranes contain-
ing total proteins were incubated with primary antibodies
for HO-1 (#YPA1919 Biospes, China), BDNF (#YPA1962
Biospes, China), Trx-1 (#2429 Cell Signaling Technology,

Table 1 The sequence of primers used for real-time PCR analysis and
the annealing temperature

Name Primer sequence Annealing Ref
temp (°C)
GAPDH F  AGATCCACAACGGATACATT 52 [40]
R TCCCTCAAGATTGTCAGCAA
IL-1B F  TGCCACCTTTTGACAGTGAT 52 [41]
R TGTGCTGCTGCGAGATTTGA
TNF-a F CCCCAAAGGGATGAGAAG 52 [42]
TTC
R GGCTTGTCACTCGAATTT
TGAGA
iNOS F  AAGGACTATCTCCACCAGG 60 [43]

R CCTCATGATAACGTTTCTGGC
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USA) and B-actin (#4970, Cell Signaling Technology, USA)
overnight at 4 °C. The membranes were washed and sub-
sequently incubated for 2 h with goat anti-rabbit alkaline
phosphatase-conjugated secondary antibody (#7054, Cell
Signaling Technology, USA). The membranes were devel-
oped with nitro blue tetrazolium and 5-bromo-4-chloro-3-in-
dolyl-phosphate (NBT/BCIP) solution (Thermo Scientific,
USA). Quantification of bands was performed using ImageJ
analysis software. B-actin was used as an internal control to
normalize the protein expression.

Determination of Brain Serotonin Levels by HPLC

For HPLC, hippocampal and cortical tissues were homog-
enized in ice-cold methanol (5 ul/mg tissue weight) and then
centrifuged at 14,000 rpm for 20 min. Then, the supernatant
was evaporated to dryness by vacuum freezing. The dry resi-
due was further reconstituted with 300 ul deionized water
and vortex mixed for 10 s, followed by another 2 min after
adding 300 ul of chloroform to isopropanol (100:30, v/v).
Following centrifugation at 3000 rpm for 5 min, the upper
aqueous layer was separated and injected into the Agilent
1100 chromatography system [42].

Chromatographic separation on a Zorbax SB C18 chro-
matography column (4.6 X250 mm, 5 um) was performed
by a mobile phase of acetate buffer (12 mM acetic acid,
0.26 mM Na,EDTA; pH 3.5):methanol (86:14, v/v). The
fluorescence was detected at excitation and emission wave-
lengths of 279 nm and 320 nm, respectively. Peaks were
identified by comparing their retention time in the tissue
sample extract solution with that of the standard solution
[44].

Histopathology and Morphometry

Brain tissues fixed in 10% buffered formol saline were pro-
cessed for routine paraffin block preparation. Coronal brain
sections of 5 pm were cut by rotatory microtome, stained
with H&E stain, and examined under the light microscope
for changes in the hippocampus and prefrontal cortex, the
brain regions most affected by anxiety and depression. The
thickness of the pyramidal cell layer (PCL) in the hippocam-
pus proper (HP) and the granule cell layer (GCL) in the den-
tate gyrus (DG) was measured using image analysis software
LEICA and the mean value was calculated for each group in
high power photos (x400).

Statistical Analysis

Data were presented as means + standard deviation (S.
D.) The normality of data distribution was assessed using
Shapiro—Wilk’s test. Significant differences between val-
ues were analyzed by one-way ANOVA followed by post

hoc Tukey’s test. The statistical significance was set at
p <0.05. The Statistical Package for Social Sciences 20.0
for Windows (SPSS, Chicago, IL) was used for calculation.

Results

Carnosic Acid Ameliorated Ovariectomy-Induced
Behavioral Deficits

Open Field Test

On the 6th week after OVX, no significant difference was
elucidated among the experimental groups in the number
of squares crossed or the time spent in the central zone,
implying that ovariectomy did not affect the locomotor
activity or induced anxiety-like behavior, respectively.
However, OVX mice showed a significant decrease in the
number of rearings versus the sham-OVX mice, denot-
ing decreased exploratory behavior which was amelio-
rated by CA monotherapy as compared to vehicle-treated
OVX mice. Combined CA and SnPP-IX treatment was
also associated with more rearings, although this increase
was not statistically significant compared to OVX mice.
Of note, the administration of SnPP-IX alone further
decreased the number of rearings compared to the OVX
group (Fig. 2a—c).

Elevated Plus Maze Test

No significant difference was observed between the experi-
mental groups regarding the percentage of entries or the time
spent in the open arms of the elevated plus maze, confirming
normal locomotor activity with the absence of anxiety-like
behavior among OVX mice (Fig. 2d, e).

Sucrose Preference Test

As shown in Fig. 2f, the control mice highly preferred sweet-
ened fluid over tap water, whereas the OVX mice lost inter-
est in sucrose, evidenced by decreased sucrose preference %.
This state of anhedonia was ameliorated by CA treatment,
where mice showed a high tendency for sucrose consump-
tion similar to control animals. When CA was combined
with SnPP-IX, sucrose solution consumption was decreased
as compared to the control and CA-treated mice. However,
this combined therapy still had some ameliorative effect on
anhedonia as compared to the OVX group. On the contrary,
SnPP-IX alone decreased sucrose preference % in the OVX
mice.
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when significant, by Tukey’s multiple comparisons test. *p <0.05 and
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pared with OVX group; *p<0. 05 and ¥p<0.001 compared with
OVX +CA group. OVX, ovariectomized; CA, carnosic acid; SnPP-
IX, tin protoporphyrin IX
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Forced Swim Test and Tail Suspension Test

On the sixth-week post-surgery, OVX mice exhibited
depressive-like behavior in the forced swim and tail suspen-
sion tests reflected as prolonged immobility time compared
to the control group. This was normalized by the adminis-
tration of CA alone with a significant decline in immobility
time in both tests relative to OVX mice values. Coadminis-
tration of SnPP-IX with CA partially attenuated the potential
benefit of CA in alleviating depressive-like behavior as veri-
fied by longer durations of immobility. The SnPP-IX-treated
mice showed a longer immobility time than the OVX mice

(Fig. 2g).

Carnosic Acid Reversed Ovariectomy-Induced
Suppression in Hippocampal and Cortical
Expression of Nrf2, HO-1, Trx-1, and BDNF

As shown in Fig. 3, Nrf2, Trx-1, and BDNF expression lev-
els were significantly decreased in the studied brain tissues
of OVX mice when compared with sham-operated mice. The
expression of these proteins was upregulated by CA supple-
mentation either solely or when combined with SnPP-IX.
Unlike BDNF expression, which was lower in the combined-
treated group than in the CA-treated group, Nrf2 and Trx-1
expressions were comparable in these two groups. However,
the mice treated by SnPP-IX alone did not show any sig-
nificant impact on hippocampal or cortical Nrf2, Trx-1, or
BDNF protein expression versus the OVX mice (Fig. 3a—d).
Regarding HO-1, OVX mice showed depressed expression
and activity, while both were stimulated by CA treatment.
Notably, administration of SnPP-IX with CA significantly
inhibited HO-1 activity in OVX mice compared to mice that
received CA alone (Fig. 3a, e, f).

Carnosic Acid Mitigated Oxidative Stress
and Inflammation in OVX Mice

Our results revealed that ovariectomy was associated with
a significant elevation in MDA and a significant reduction
in GSH level and SOD activity in the hippocampus and the
prefrontal cortex versus the sham-operated mice. CA mono-
therapy significantly ameliorated the redox balance where
the GSH level and SOD activity increased to values higher
than the control, while the MDA decreased to sub-control
levels. This powerful antioxidant effect was attenuated when
SnPP-IX was combined with CA, although a significant
increase in GSH level and SOD activity was observed in
the combined-treated group compared to OVX mice. SnPP-
IX treatment alone was associated with increased oxidative
stress as demonstrated by increased MDA and decreased
GSH levels in the cortex and hippocampus of OVX mice
(Fig. 4a—c).

Likewise, surgical removal of the ovaries markedly upreg-
ulated the expression of proinflammatory genes in cortical
and hippocampal tissues as compared to control mice. Such
an increase was significantly inhibited in CA and combined-
treated groups. However, as shown in Fig. 4d—f, only CA
treatment normalized the ovariectomy-induced inflamma-
tory state, except for hippocampal iNOS which was higher
than control values. On the other hand, treatment with SnPP-
IX was associated with significantly increased proinflamma-
tory mediators versus OVX mice.

Carnosic Acid Increased Hippocampal and Cortical
Serotonin Content in Ovariectomized Mice

Ovariectomy attenuated serotonin levels in hippocampal and
cortical tissues as compared to control mice. Administration
of CA, alone or combined with SnPP-IX, counteracted such
depletion, leading to a significant increment in the serotonin
versus the OVX group, though the serotonin level in both
groups was significantly lower than that of control mice.
Meanwhile, SnPP-IX alone did not alter serotonin levels in
OVX mice (Fig. 5).

Carnosic Acid Alleviated the Histopathological
Changes in OVX Mice

Sections from the hippocampi of the sham-operated
mice showed the normal histological structure of the two
interlocking parts: the hippocampus proper (HP; Cornu
Ammonis) and the dentate gyrus (DG) (Fig. 6a—d). Hip-
pocampal sections of OVX mice demonstrated marked neu-
ronal loss in the HP. Many pyramidal neurons were dark
and shrunken with pyknotic nuclei and pericellular haloes.
Inflammatory cells and congested capillaries were present.
The DG was less affected by OVX, and a few dark granular
cells were seen (Fig. 6e—h). On the other hand, CA increased
cellularity and restored the normal euchromatic appearance
of most hippocampal neurons (Fig. 6i—1). Obviously, the his-
topathological features of the hippocampus deteriorated with
SnPP-IX treatment. Most pyramidal cells were irregularly
arranged with dark pyknotic nuclei and pericellular haloes.
Also, some darkly stained granule cells were found in the
DG (Fig. 6m-p). The coadministration of SnPP-IX with
CA decreased these neuroprotective responses, where dark
shrunken pyramidal cells and granule cells with pyknotic
nuclei were frequently seen in the HP and DG, respectively
(Fig. 6g-t).

Morphometric analysis revealed a significant thinning of
the pyramidal and granule cell layers of the HP and the DG,
respectively, relative to normal mice. Supplementation of
CA to OVX mice restored their normal thickness, while their
thickness was reduced in the group that received SnPP-IX
(Fig. 6u, v).
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Fig.3 Carnosic acid boosts Nrf2, Trx-1, and BDNF expressions as
well as HO-1 expression and activity in the hippocampi and prefron-
tal cortices of ovariectomized mice. Representative immunoblots for
Nrf2, lamin B1, Trx-1, BDNF, HO-1, and B-actin proteins are shown
in a. The level of nuclear protein expression of Nrf2 was normal-
ized to that of lamin B1 (b), while the levels of protein expression of
Trx-1 (c), BDNF (d), and HO-1 (e) were normalized to that of B-actin
and their relative expression was calculated relative to the control.
HO-1 activity (f) was determined by measuring bilirubin concentra-

Sections from the prefrontal cortices of sham-operated
mice showed normal histological structure (Fig. 7a—c),
while cortical sections of OVX mice revealed a disrupted
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tion and expressed as pmol bilirubin/ mg protein /h. The data are pre-
sented as means=+S. D., and analyzed by one-way ANOVA followed,
when significant, by Tukey’s multiple comparisons test. *p <0.05
and **p<0.001 compared with control; *p<0. 05 and #p<0.001
compared with OVX group; ¥p<0. 05 and ¥p<0.001 compared
with OVX+CA group. Nrf2, nuclear factor erythroid 2-related fac-
tor; Trx-1, thioredoxin-1; BDNF, brain-derived neurotrophic factor;
HO-1, hemoxygenase 1; OVX, ovariectomized; CA, carnosic acid;
SnPP-IX, tin protoporphyrin IX

arrangement of cortical laminae, and a decreased number
of cortical cells, with clumping of some neurons. Numer-
ous dark shrunken neurons with deeply stained pyknotic



Molecular Neurobiology (2023) 60:610-628 619
[ Sham
Hl OVX+Vehicle
E= OVX+CA
OVX+SnPP-IX

a b C B OVX+CA+SnPP-IX

Prefrontal Cortex

Hippocampus

Hippocampus
¥¥

#H#

GSH (mM/ mg protein)

MDA (uM/mg protein)

Prefrontal Cortex Prefrontal Cortex

Hippocampus

SOD activity (U/ mg protein)

Hippocampus Prefrontal Cortex Hippocampus
¥y ¥y
8- i i 12+ #t

*%

Fold change inIL -1 mRNA Q.
Fold change in TNF-o mRNA (D

Prefrontal Cortex Hippocampus Prefrontal Cortex

¥Y
12+ #H
*k

¥¥
#H

*k

Fold change in INOS mRNA =h

Fig.4 Carnosic acid mitigates oxidative stress and inflammation in
the hippocampi and prefrontal cortices of ovariectomized mice. Cel-
lular redox biomarkers including malondialdehyde (MDA), reduced
glutathione (GSH), and superoxide dismutase (SOD) activity (a—c)
were measured by colorimetric method, while the expressions of
IL-1B (d), TNF-a (e), and iNOS (f) mRNA were detected by quan-
titative real-time RT-PCR. The mRNA expression levels were nor-

nuclei were seen. The cortical surface appeared irregular
with congested meningeal vessels (Fig. 7d-f). Sections
from the prefrontal cortices of CA-treated mice exhibited
an almost normal histological appearance, where cortical
layers regained normal arrangement. Most neuronal cells
appeared normal with rounded euchromatic nuclei and
prominent nucleoli, and the meninges were well attached
to the regular cortical surface. However, the vascularity
was relatively increased (Fig. 7g—i). Intriguingly, a marked
infiltration of inflammatory cells was observed in cortical
sections from SnPP-IX-treated mice. Furthermore, the cor-
tical surface was very irregular with the separation of the
overlying meninges. Meningeal and cortical blood capil-
laries were markedly congested and dilated. The laminar
pattern of cortical neurons was disturbed, and the neuropil
appeared vacuolated or moth-eaten. Frequent shrunken cells
with pyknotic nuclei were also seen (Fig. 7j—1). Coadmin-
istration of SnPP-IX with CA had a negative impact on the

malized to the housekeeping gene (GAPDH) and expressed as fold
changes. The data are presented as means+S. D., and analyzed by
one-way ANOVA followed, when significant, by Tukey’s multiple
comparisons test. *p <0.05 and **p <0.001 compared with control;
#p<0. 05 and #p <0.001 compared with OVX group; ¥p <0. 05 and
¥, <0.001 compared with OVX +CA group. OVX, ovariectomized;
CA, carnosic acid; SnPP-IX, tin protoporphyrin IX

prefrontal cortex, where the arrangement of the cortical
laminae was distorted, and the cortical neurons were fewer
than in CA-treated brains. In addition, meningeal capillaries
were congested and dark neurons with pyknotic nuclei were
frequently seen (Fig. 7m—o).

A diagrammatic summary of the overall results of the
study is presented in Fig. 8.

Discussion

Depression among peri- and post-menopausal women is
an important health problem whose underpinning mecha-
nisms have not yet been elucidated [45]. The fluctuating
and declining estrogen levels have been claimed, in part,
to affect neurotransmitter synthesis and receptor expres-
sion [5]. However, the perturbation of the central redox
status secondary to estrogen deficiency is emerging as a
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Fig.5 Carnosic acid increases serotonin levels in the hippocampi and
prefrontal cortices of ovariectomized mice. Representative graphs
for serotonin analysis in hippocampal and cortical tissues by high-
performance liquid chromatography (HPLC). The data are presented
as means+S. D., and analyzed by one-way ANOVA followed, when

centerpiece connecting multiple pathogenic pathways in
women’s brains around and after menopause [46]. Never-
theless, the molecular links remained obscure.
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The current study provides insights into the potential
neuroprotective, antioxidant, and anti-inflammatory effects
of CA and its ability to attenuate depressive-like behavior
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in OVX mice. These beneficial effects were mediated In this study, OVX mice exhibited a predominant depres-
mainly through Nrf2/HO-1 activation as supported by  sive-like behavior as shown by the decreased sucrose prefer-
SnPP-IX coadministration. ence and the prolonged immobility time in both the forced

swim and the tail suspension tests. In contrast, no significant
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«Fig. 6 Representative photomicrographs for the effect of carnosic
acid and tin protoporphyrin IX given as single or combined treatment
on the histopathological alterations detected in H&E-stained sections
of hippocampal tissues of ovariectomized mice. The hippocampus of
the sham group (a-d) shows normal appearance; the hippocampus
proper (HP) has three well-defined layers: polymorphic layer (POL),
pyramidal cell layer (PCL), and molecular layer (ML). In the PCL,
well-organized, closely packed pyramidal neurons (N) are seen with
euchromatic nuclei, prominent nucleoli, and scanty cytoplasm. Blood
capillaries (arrowhead) are normal. The dentate gyrus (DG), as well,
is formed of three layers; ML, granule cell layer (GCL), and POL. In
the GCL, aggregation of rounded to oval granule cells is seen. Sec-
tions from the OVX mice (e-h) reveal thin PCL and GCL in the HP
and DG, respectively. Many pyramidal neurons in PCL look shrunken
with dark pyknotic nuclei (arrow) and pericellular haloes. Inflamma-
tory cells (bifid arrow) and congested capillaries (*) are seen. Some
dark granule cells with pyknotic nuclei were also seen in the DG. The
hippocampi of CA-treated group (i-l) show almost normal appear-
ance and thickness of the HP and DG, except for congestion of some
capillaries (*). Sections from the mice treated with SnPP-IX alone
(m-p) reveal disorganized and loosely packed PCL. Most pyramidal
neurons look shrunken with dark pyknotic nuclei (arrow) and peri-
cellular haloes. Congested capillaries are seen (*). PCL and GCL are
thin. Sections of the hippocampus from CA + SnPP-IX group (q-t)
show moderate thickness of PCL and GCL. Shrunken pyramidal cells
and granule cells with dark pyknotic nuclei (arrow) are frequently
seen in the HP and DG, respectively. The thickness of the PCL and
GCL of the HP and DG, respectively, is measured by using image
analysis software LEICA and the mean value is calculated for each
group (u, v). OVX, ovariectomized; CA, carnosic acid; SnPP-IX, tin
protoporphyrin IX

difference in mice performance in either the open field or
the elevated plus maze was observed during the sixth week
following ovariectomy versus the sham-operated mice,
denoting preserved locomotor activity and ruling out any
associated anxiety. These results are in line with the stud-
ies of Khayum et al. [47] and de Chaves et al. [48], though
contradictory to other studies [49, 50]. The differences in the
species, age, time from ovariectomy to behavioral assess-
ment, and the conducted tests may explain the discrepancies
between the results. On the other hand, the OVX mice reared
fewer than the sham-operated mice, reflecting suppressed
exploratory behavior that may accompany depression.
Consistent with the disturbed neurotransmitter hypoth-
esis [5], decreased cortical and hippocampal serotonin levels
were observed in the OVX mice versus the control mice.
In fact, a complex link between estrogen and serotonin has
been critically addressed in the literature [51]. Depletion
of estrogen may decrease serotonin concentration by losing
the inducing effect of estrogen on tryptophan hydroxylase
[52], the rate-limiting step in serotonin synthesis, or by los-
ing the inhibitory effect of estrogen on the serotonin reup-
take transporter gene expression, thus decreasing serotonin
availability in the synapses [53]. Furthermore, with reduced
estrogen, SHT , receptors are disinhibited, augmenting the
negative feedback inhibition of serotonin production [54]. In
this study, CA treatment partially regained the OVX-induced
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serotonin suppression, which may, at least in part, play a
role in the encountered antidepressant effect of CA. In con-
cordance, Kumar et al. [55] demonstrated that CA extracted
from Rosmarinus Officinalis L. increased serotonin levels
in rodents’ brains. However, the impact of ovariectomy on
serotonin level can only be considered as one contributing
mechanism to the encountered depressive behavior. The
detected neuronal oxidative, nitrosative, inflammatory, and
trophic alterations may also provide tentative alternative
explanations for the OVX-induced depressive behavior.

The reactive oxygen species (ROS)—induced oxidative
damage was evidently clear by the significantly high level
of the oxidative end product, MDA, in the hippocampal and
cortical tissues in our study, as well as the high serum MDA
level in previous studies [56, 57]. Whereas the observed
reduction of GSH can be explained by its rapid consump-
tion in scavenging the excess ROS, the detected decrease in
the SOD activity denotes an actual reduction in both enzy-
matic and non-enzymatic antioxidant defense mechanisms
rather than a mere increase in ROS production [58]. Our
results clearly indicate that this imbalanced redox state stems
from the failure of induction of Nrf2 expression which is the
master regulator of the transcription of cellular antioxidant
defenses secondary to OVX. Estrogen was recently reported
to stimulate Nrf2 activity by a rapid non-genomic activation
of the membrane-associated estrogen receptors [59]. To the
best of our knowledge, the impact of surgical menopause
on hippocampal and cortical Nrf2 expression in relevance
to depressive-like behavior was not addressed before. How-
ever, a few recent studies have highlighted the defective
Nrf-2 expression in the setting of cerebral ischemic injury
in OVX rodents [60, 61], which goes in line with our data.
The suppressed expression of Nrf2 in OVX mice reduced the
induction of many of the downstream antioxidant defensive
pathways. Herein, we detected a decreased expression of
both hippocampal and frontal cortex HO-1 and Trx-1, con-
tributing further to the redox imbalance.

Since oxidative stress and inflammation are closely
related pathophysiological processes, any of them can be
easily triggered by the other, perpetuating a vicious circle.
We observed an increase in the proinflammatory TNF-a,
IL-1p, and iNOS gene expression in both the hippocampus
and the frontal cortex, which may explain the inflamma-
tion and neuronal loss in the studied brain tissues in our
study and in previous studies [62]. In fact, high levels of
hippocampal and striatal TNF-a have been associated with
anxious and depressed behavior and even preceded the onset
of clinical symptoms [63, 64]. Several meta-analyses have
shown an increase in serum TNF-a and other proinflamma-
tory cytokines in people suffering from depression [65, 66].
Moreover, IL-1p was reported to suppress in vitro neurogen-
esis of human hippocampal progenitor cells, a common find-
ing in depression [67, 68]. Overall, inflammation disrupts
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the BBB, suppresses neurogenesis in the hippocampus, and  addition to an increased number of apoptotic cells in the
induces glutamate release from microglia, promoting apop-  brains of OVX mice versus normal mice.

tosis [62, 69]. In line, we observed thinning of the pyramidal During the last decades, increasing attention has been
and granule cell layers of the HP and DG, respectively, in  directed to phytochemicals due to their pleiotropic activities
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«Fig. 7 Representative photomicrographs for the effect of carnosic
acid and tin protoporphyrin IX given as single or combined treat-
ment on the histopathological alterations detected in H&E-stained
sections of the prefrontal cortices of ovariectomized mice. The pre-
frontal cortex of the sham group (a—c) shows normal arrangement of
the molecular (M), external granular (EG), and external pyramidal
(EP) layers of the cortex. Cell bodies of the neurons exhibit rounded
open-face nuclei and prominent nucleoli (N) surrounded with lit-
tle cytoplasm. Blood capillaries (arrowheads) of different sizes are
seen within the eosinophilic neuropil. The cortical surface is regular
with well-attached meninges (double arrows). Sections from OVX
mice (d-f) reveal neuronal cells forming dysregulated cortical lami-
nae with clumped groups of clustered neurons (dashed arrow). The
molecular layer (M) is broad. Many neurons are darkly stained and
shrunken with pyknotic nuclei and pericellular haloes (arrows). The
cortical surface is irregular (double arrows) and shows congested
capillaries (*). Sections from CA-treated mice (g-i) show neatly
arranged cortical laminae with increased number of neuronal cells
and increased vascularity (arrowheads). Dark neurons with pyknotic
nuclei are rarely seen (arrow). The cortical surface is regular with
well-attached meninges (double arrows). Cortical tissues of SnPP-
IX-treated animals (j-1) show marked cellular infiltration with large
patches of inflammatory cells (bifid arrow) and congestion (*). The
neuropil appears moth-eaten (circle) or with large vacuoles (v). Corti-
cal laminae are dysregulated and some darkly stained neurons with
pyknotic nuclei (arrow) are seen. The surface of the cortex is very
irregular (double arrows) and shows congested dilated meningeal ves-
sels (*). In the mice that received combined treatment (m—o0), there
is a fair arrangement of cortical laminae with broad molecular layer
(M). Dark shrunken neurons with pyknotic nuclei (arrows) are fre-
quently seen. The cortical surface is irregular (double arrows) and
shows congested capillaries (*). OVX, ovariectomized; CA, carnosic
acid; SnPP-IX, tin protoporphyrin IX

and low adverse effects [60]. With the significant improve-
ment of all consequences of OVX on the neuronal redox
and inflammatory status in addition to serotonin increment
in the CA-treated group, this phytochemical seems to be a
promising multi-biofunctional antidepressant supplement.

Our data showed that CA treatment ameliorated all
depressive-like behaviors, where CA-treated mice showed
improved exploration in the open field test and exhibited
shorter immobility times in both the forced swim and the
tail suspension tests with enhanced sucrose preference ver-
sus the vehicle-treated OVX mice. This could, probably, be
explained by the observed inducing effect of CA on both
hippocampal and cortical Nrf2 expression. The increased
Nrf-2 was associated with the restoration of the redox bal-
ance, evidenced by the significant reduction of MDA levels.
The increased HO-1 and Trx-1 expression and the enhanced
SOD activity as well as the high GSH levels indicate that
all downstream Nrf2 target genes could be participating in
the detected CA-induced cytoprotection, reflected not only
in animal behavior but also in brain histology. Mutually, the
expression of proinflammatory genes was almost normalized
by CA, mitigating the vicious circle between oxidative stress
and inflammation.

Interestingly, both hippocampal and cortical BDNF lev-
els were reduced in OVX mice, and such a reduction was
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reversed by treatment with CA. The observed high level of
BDNF may have contributed to the increased cellularity of
the prefrontal cortex and thickness of the HP and DG as well
as the reduction of darkly stained shrunken neurons in CA-
treated animals. A bidirectional relationship between Nrf2
and BDNF has been recently delineated. While some studies
pointed to the inducing effect of BDNF on Nrf2 expres-
sion [70], others hypothesized the upregulation of BDNF
by Nrf2 as an underlying antidepressant mechanism of Nrf2
in rodents [14].

Remarkably, the BDNF was reported to induce the
expression of Trx-1 gene. This redox-regulating protein is
known to play a major role in controlling cellular ROS by
reducing the disulfides into thiol groups [71]. Herein, we
found that CA treatment was associated with an increased
expression of Trx-1 versus the vehicle-treated OVX mice.
Apart from its antioxidant effect, Trx-1 is required for nerve
growth factor—mediated signal transduction and neurite out-
growth, and is involved in BDNF-induced synaptic protein
expression and in inhibiting neuronal apoptosis [72].

Intriguingly, in this study, a significant reduction of most
of the biochemical and cytoprotective effects of CA was
depicted when it was combined with the HO-1 inhibitor
SnPP-IX, highlighting a fundamental role of Nrf-2/HO-1
axis in CA-induced improvement. This finding further sup-
ports the study of de Oliveira et al. [16], who attributed the
anti-inflammatory effect of CA to the downstream activation
of the Nrf-2/HO-1 axis.

However, the failure of SnPP-IX to completely mitigate
the overall cytoprotective effects of CA highlights the fact
that other Nrf-2 downstream signaling pathways (such as
Trx-1) are also contributing. Furthermore, the proven ability
of CA to enhance serotonin levels, apart from HO-1 boost-
ing, in the detected protection cannot be ignored.

Furthermore, the use of SnPP-IX alone was associated
with a significant worsening of most of the measured oxidant
and inflammatory estimates compared with the OVX mice.
This, in turn, may highlight the importance of the resid-
ual HO-1 activity post-ovariectomy despite its suppressed
expression. Indeed, the function of HO-1 is to catalyze the
oxidative degradation of heme to biliverdin, which is trans-
formed into bilirubin under the catalytic effect of biliverdin
reductase in the brain and other tissues. Both biliverdin and
bilirubin are efficient antioxidants with a high capacity to
mitigate oxidative stress and counteract its adverse effects
[73].

Accordingly, in our study, the inhibition of HO-1 activity
by SnPP-IX, in the absence of the stimulatory effect of CA,
resulted in the loss of the antioxidants and survival mecha-
nisms, with subsequent stimulation of proinflammatory gene
expression. This was further confirmed by the severe inflam-
mation and neuronal loss detected in the hippocampi and
prefrontal cortices of SNPP-IX-treated mice.
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Fig.8 Graphical demonstration
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lar changes in the hippocampi
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riectomized mice. Carnosic acid
(CA) treatment successfully
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Conclusion

The OVX-induced depressive-like behavior involves major
perturbations in the neuronal oxidative and inflammatory
milieu in which suppression of Nrf-2 expression is a key
mechanism. CA treatment exerted an evident antidepres-
sant activity and restored the distorted redox state. Though
activation of the Nrf-2/HO-1 axis by CA was essential, it
was not the only contributing mechanism. Upregulation of
BDNF and Trx-1 and increasing serotonin in the brain tis-
sue are all interplaying. We, therefore, conclude that CA is
an attractive potential phytochemical drug candidate, whose
use as an alternative or supplement to traditional antidepres-
sant drugs in post-menopausal depression is worth further
clinical evaluation.

Abbreviations BDNF: Brain-derived neurotrophic factor; BSA: Bovine
serum albumin; CA: Carnosic acid; GCL: Granule cell layer; DG: Den-
tate gyrus; GSH: Reduced glutathione; HO-1: Heme oxygenase-1;
HP: Hippocampus proper; IL-1f: Interleukin-1f; iNOS: Inducible
nitric oxide synthase; MDA: Malondialdehyde; Nrf2: Nuclear factor
erythroid 2-related factor; PCL: Pyramidal cell layer; ROS: Reactive
oxygen species; SnPP-IX: Tin protoporphyrin IX; SOD: Superoxide
dismutase; TNF-a: Tumor necrosis factor-o; Trx-1: Thioredoxin-1

Author Contribution Study conception and design were performed by
Doaa M. Samy. All authors shared in the execution of the experiment
and data acquisition. Analysis and interpretation of results and prepa-
ration of images were done by Doaa M. Samy and Dalia K. Mostafa.
The first draft of the manuscript was written by Doaa M. Samy, Dalia
K. Mostafa, and Samar R. Saleh. All authors contributed to reviewing
and editing the manuscript, and approved the final version.

1 o TR
© - 'CA+SnPPIX
BRI ~S =
- Vehicle ..

5 Forced swim test

N | Sucrose consumption test

TNF-
IL-18 <)
iNOS

P

Tin Protoporphyrin IX
(SnPPIX)

Carnosic acid (CA)

Funding Open access funding provided by The Science, Technology &
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB).

Data Availability The data of this study are available from the cor-
responding author upon reasonable request.

Declarations

Ethics Approval The study protocol was approved by the Research Eth-
ics Committee, Faculty of Medicine, Alexandria University (IRB No:
00012098; FWA No: 00018699; approval No: 0305099).

Consent to Participate Not applicable.
Consent for Publication Not applicable.
Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Soares CN (2004) Perimenopause-related mood disturbance: an
update on risk factors and novel treatment strategies available. In:

@ Springer


http://creativecommons.org/licenses/by/4.0/

626

Molecular Neurobiology (2023) 60:610-628

10.

11.

12.

13.

14.

15.

16.

Meeting Program and Abstracts. Psychopharmacology and Repro-
ductive Transitions Symposium. American Psychiatric Associa-
tion 157™ Annual Meeting; 2004 May 1-6 American Psychiatric
Publishing, New York, NY.

Cohen LS, Soares CN, Vitonis AF, Otto MW, Harlow BL (2006)
Risk for new onset of depression during the menopausal transi-
tion: the Harvard study of moods and cycles. Arch Gen Psychiatry
63:385-390. https://doi.org/10.1001/archpsyc.63.4.385

Clayton AH, Ninan PT (2010) Depression or menopause? Presen-
tation and management of major depressive disorder in perimeno-
pausal and postmenopausal women. Prim Care Companion J Clin
Psychiatry 12:PCC.08r00747. https://doi.org/10.4088/PCC.08r00
747blu

Ibrahim WW, Safar MM, Khattab MM, Agha AM (2016)
17p-Estradiol augments antidepressant efficacy of escitalopram
in ovariectomized rats: neuroprotective and serotonin reuptake
transporter modulatory effects. Psychoneuroendocrinology
74:240-250. https://doi.org/10.1016/j.psyneuen.2016.09.013
Steiner M, Dunn E, Born L (2003) Hormones and mood: from
menarche to menopause and beyond. J Affect Disord 74:67-83.
https://doi.org/10.1016/s0165-0327(02)00432-9

Spinelli MG (2004) Depression and hormone therapy. Clin Obstet
Gynecol 47:428-436. https://doi.org/10.1097/00003081-20040
6000-00019

Dalal PK, Agarwal M (2015) Postmenopausal syndrome. Indian
J Psychiatry 57:S222-232. https://doi.org/10.4103/0019-5545.
161483

Mendez-David I, Tritschler L, Ali ZE, Damiens MH, Pallardy M,
David DJ, Kerdine-Romer S, Gardier AM (2015) Nrf2-signaling
and BDNF: a new target for the antidepressant-like activity of
chronic fluoxetine treatment in a mouse model of anxiety/depres-
sion. Neurosci Lett 597:121-126. https://doi.org/10.1016/j.neulet.
2015.04.036

Ma Q (2013) Role of nrf2 in oxidative stress and toxicity. Annu
Rev Pharmacol Toxicol 53:401-426. https://doi.org/10.1146/
annurev-pharmtox-011112-140320

Martin-de-Saavedra MD, Budni J, Cunha MP et al (2013) Nrf2
participates in depressive disorders through an anti-inflammatory
mechanism. Psychoneuroendocrinology 38:2010-2022. https://
doi.org/10.1016/j.psyneuen.2013.03.020

Maes M (2008) The cytokine hypothesis of depression: inflamma-
tion, oxidative & nitrosative stress (IO&NS) and leaky gut as new
targets for adjunctive treatments in depression. Neuro Endocrinol
Lett 29:287-291

McNally L, Bhagwagar Z, Hannestad J (2008) Inflammation, glu-
tamate, and glia in depression: a literature review. CNS Spectr
13:501-510. https://doi.org/10.1017/s1092852900016734
Tonelli C, Chio IIC, Tuveson DA (2018) Transcriptional regula-
tion by Nrf2. Antioxid Redox Signal 29:1727-1745. https://doi.
org/10.1089/ars.2017.7342

Yao W, Lin S, SuJ et al (2021) Activation of BDNF by tran-
scription factor Nrf2 contributes to antidepressant-like actions
in rodents. Transl Psychiatry 11:140. https://doi.org/10.1038/
$41398-021-01261-6

Goémez-Palacio-Schjetnan A, Escobar ML (2013) Neurotrophins
and synaptic plasticity. Curr Top Behav Neurosci 15:117-136.
https://doi.org/10.1007/7854_2012_231

de Oliveira MR, de Souza ICC, Fiirstenau CR (2018) Carnosic
acid induces anti-inflammatory effects in paraquat-treated SH-
SYS5Y cells through a mechanism involving a crosstalk between
the Nrf2/HO-1 axis and NF-xB. Mol Neurobiol 55:890-897.
https://doi.org/10.1007/s12035-017-0389-6

. Mancuso C, Santangelo R, Calabrese V (2013) The heme oxyge-

nase/biliverdin reductase system: a potential drug target in Alz-
heimer’s disease. J Biol Regul Homeost Agents 27:75-87

@ Springer

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Lin HY, Yeh WL, Huang BR, Lin C, Lai CH, Lin H, Lu DY
(2012) Desipramine protects neuronal cell death and induces
heme oxygenase-1 expression in Mes2.35 dopaminergic neurons.
PLoS One 7:¢50138. https://doi.org/10.1371/journal.pone.00501
38

. Eom HW, Park SY, Kim YH, Seong SJ, Jin ML, Ryu EY, Kim

MJ, Lee SJ (2012) Bambusae Caulis in Taeniam modulates neu-
roprotective and anti-neuroinflammatory effects in hippocampal
and microglial cells via HO-1- and Nrf-2-mediated pathways. IntJ
Mol Med 30:1512—-1520. https://doi.org/10.3892/ijmm.2012.1128
Guo Y, XieJ, Li X, Yuan Y, Zhang L, Hu W, Luo H, Yu H, Zhang
R (2018) Antidepressant effects of rosemary extracts associate
with anti-inflammatory effect and rebalance of gut microbiota.
Front Pharmacol 9:1126. https://doi.org/10.3389/fphar.2018.
01126

Nematolahi P, Mehrabani M, Karami-Mohajeri S, Dabaghzadeh
F (2018) Effects of Rosmarinus officinalis L. on memory per-
formance, anxiety, depression, and sleep quality in university
students: a randomized clinical trial. Complement Ther Clin
Pract 30:24-28. https://doi.org/10.1016/j.ctcp.2017.11.004
Azhar M, Zeng G, Ahmed A, Dar Farooq A, Choudhary MI, De-
Jiang J, Liu X (2021) Carnosic acid ameliorates depressive-like
symptoms along with the modulation of FGF9 in the hippocam-
pus of middle carotid artery occlusion-induced Sprague Daw-
ley rats. Phytother Res 35:384-391. https://doi.org/10.1002/ptr.
6810

Wang XQ, Tang YH, Zeng GR, Wu LF, Zhou YJ, Cheng ZN,
Jiang DJ (2021) Carnosic acid alleviates depression-like behaviors
on chronic mild stressed mice via PPAR-y-dependent regulation
of ADPN/FGF9 pathway. Psychopharmacology 238:501-516.
https://doi.org/10.1007/s00213-020-05699-2

Gaertner DJ, Hallman TM, Hankenson FC, Batchelder MA (2008)
Anesthesia and Analgesia in Rodents. Anesthesia and Analgesia
in Laboratory Animals. 2" ed. Academic Press, USA.
Abdelkader NF, Abd El-Latif AM, Khattab MM (2020)
Telmisartan/17f-estradiol mitigated cognitive deficit in an ova-
riectomized rat model of Alzheimer’s disease: modulation of
ACE1/ACE2 and AT1/AT?2 ratio. Life Sci 245:117388. https://
doi.org/10.1016/j.1f5.2020.117388

Cen J, Zhao N, Huang WW, Liu L, Xie YY, Gan Y, Wang CJ, Ji
BS (2019) Polyamine analogue QMA attenuated ischemic injury
in MCAO rats via ERK and Akt activated Nrf2/HO-1 signaling
pathway. Eur J Pharmacol 844:165-174. https://doi.org/10.1016/j.
ejphar.2018.12.015

Das S, Joardar S, Manna P et al (2018) Carnosic acid, a natural
diterpene, attenuates arsenic-induced hepatotoxicity via reduc-
ing oxidative stress, MAPK activation, and apoptotic cell death
pathway. Oxid Med Cell Longev 2018:1421438. https://doi.org/
10.1155/2018/1421438

Ning R, Deng X, Wang Q, Ge Y (2021) Carnosic acid protects
against myocardial infarction by controlling oxidative stress and
inflammation in rats. Rev Bras 31:794-804. https://doi.org/10.
1007/543450-021-00216-8

Xie Z, Zhong L, Wu Y, Wan X, Yang H, Xu X, Li P (2018) Car-
nosic acid improves diabetic nephropathy by activating Nrf2/ARE
and inhibition of NF-kB pathway. Phytomedicine 47:161-173.
https://doi.org/10.1016/j.phymed.2018.04.031

Wang Z, Liu S, Pan W, Guo Y, Shen Z (2018) Bafilomycin Al
alleviates depression-like symptoms in chronic unpredictable mild
stress rats. Mol Med Rep 18:4587-4594. https://doi.org/10.3892/
mmr.2018.9431

Kim HR, Lee YJ, Kim TW, Lim RN, Hwang DY, Moftat JJ,
Kim S, Seo JW, Ka M (2020) Asparagus cochinchinensis extract
ameliorates menopausal depression in ovariectomized rats under
chronic unpredictable mild stress. BMC Complement Med Ther
20:325. https://doi.org/10.1186/s12906-020-03121-0


https://doi.org/10.1001/archpsyc.63.4.385
https://doi.org/10.4088/PCC.08r00747blu
https://doi.org/10.4088/PCC.08r00747blu
https://doi.org/10.1016/j.psyneuen.2016.09.013
https://doi.org/10.1016/s0165-0327(02)00432-9
https://doi.org/10.1097/00003081-200406000-00019
https://doi.org/10.1097/00003081-200406000-00019
https://doi.org/10.4103/0019-5545.161483
https://doi.org/10.4103/0019-5545.161483
https://doi.org/10.1016/j.neulet.2015.04.036
https://doi.org/10.1016/j.neulet.2015.04.036
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://doi.org/10.1016/j.psyneuen.2013.03.020
https://doi.org/10.1016/j.psyneuen.2013.03.020
https://doi.org/10.1017/s1092852900016734
https://doi.org/10.1089/ars.2017.7342
https://doi.org/10.1089/ars.2017.7342
https://doi.org/10.1038/s41398-021-01261-6
https://doi.org/10.1038/s41398-021-01261-6
https://doi.org/10.1007/7854_2012_231
https://doi.org/10.1007/s12035-017-0389-6
https://doi.org/10.1371/journal.pone.0050138
https://doi.org/10.1371/journal.pone.0050138
https://doi.org/10.3892/ijmm.2012.1128
https://doi.org/10.3389/fphar.2018.01126
https://doi.org/10.3389/fphar.2018.01126
https://doi.org/10.1016/j.ctcp.2017.11.004
https://doi.org/10.1002/ptr.6810
https://doi.org/10.1002/ptr.6810
https://doi.org/10.1007/s00213-020-05699-2
https://doi.org/10.1016/j.lfs.2020.117388
https://doi.org/10.1016/j.lfs.2020.117388
https://doi.org/10.1016/j.ejphar.2018.12.015
https://doi.org/10.1016/j.ejphar.2018.12.015
https://doi.org/10.1155/2018/1421438
https://doi.org/10.1155/2018/1421438
https://doi.org/10.1007/s43450-021-00216-8
https://doi.org/10.1007/s43450-021-00216-8
https://doi.org/10.1016/j.phymed.2018.04.031
https://doi.org/10.3892/mmr.2018.9431
https://doi.org/10.3892/mmr.2018.9431
https://doi.org/10.1186/s12906-020-03121-0

Molecular Neurobiology (2023) 60:610-628

627

32.

33.

34.

35

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Liu MY, Yin CY, Zhu LJ, Zhu XH, Xu C, Luo CX, Chen H, Zhu
DY, Zhou QG (2018) Sucrose preference test for measurement
of stress-induced anhedonia in mice. Nat Protoc 13:1686-1698.
https://doi.org/10.1038/s41596-018-0011-z

Tantipongpiradet A, Monthakantirat O, Vipatpakpaiboon O, et al
(2019) Effects of puerarin on the ovariectomy-induced depressive-
like behavior in ICR mice and its possible mechanism of action.
Molecules 24.https://doi.org/10.3390/molecules24244569
Yankelevitch-Yahav R, Franko M, Huly A, Doron R (2015) The
forced swim test as a model of depressive-like behavior. J Vis Exp
52587. https://doi.org/10.3791/52587.

Basu M, Saha S, Ukil A (2020) Spectrophotometric assessment of
heme oxygenase-1 activity in Leishmania-infected macrophages.
Bio Protoc 10:e3578. https://doi.org/10.21769/BioProtoc.3578
Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Pro-
tein measurement with the Folin phenol reagent. J Biol Chem
193:265-275

Tappel AL, Zalkin H (1959) Inhibition of lipide peroxidation in
mitochondria by vitamin E. Arch Biochem Biophys 80:333-336.
https://doi.org/10.1016/0003-9861(59)90259-0

Ellman GL (1959) Tissue sulfhydryl groups. Arch Biochem Bio-
phys 82:70-77. https://doi.org/10.1016/0003-9861(59)90090-6
Marklund S, Marklund G (1974) Involvement of the superoxide
anion radical in the autoxidation of pyrogallol and a conveni-
ent assay for superoxide dismutase. Eur J Biochem 47:469-474.
https://doi.org/10.1111/j.1432-1033.1974.tb03714.x

Saleh SR, Abdelhady SA, Khattab AR, El-Hadidy WF (2020)
Dual prophylactic/therapeutic potential of date seed, and nigella
and olive oils-based nutraceutical formulation in rats with exper-
imentally-induced Alzheimer’s disease: a mechanistic insight. J
Chem Neuroanat 110:101878. https://doi.org/10.1016/j.jchemneu.
2020.101878

Pei Z, Deng S, Xie D, Lv M, Guo W, Liu D, Zheng Z, Long X
(2018) Protective role of fenofibrate in sepsis-induced acute kid-
ney injury in BALB/c mice. RSC Adv 8:28510-28517. https://
doi.org/10.1039/c8ra00488a

Su F, Wang F, Zhu R, Li H (2009) Determination of 5-hydroxy-
tryptamine, norepinephrine, dopamine and their metabolites in rat
brain tissue by LC-ESI-MS-MS. Chromatographia 69:207-213.
https://doi.org/10.1365/s10337-008-0879-9

Maher AM, Saleh SR, Elguindy NM, Hashem HM, Yacout GA
(2020) Exogenous melatonin restrains neuroinflammation in high
fat diet induced diabetic rats through attenuating indoleamine
2,3-dioxygenase 1 expression. Life Sci 247:117427. https://doi.
org/10.1016/j.1fs.2020.117427

De Benedetto GE, Fico D, Pennetta A, Malitesta C, Nicolardi
G, Lofrumento DD, De Nuccio F, La Pesa V (2014) A rapid and
simple method for the determination of 3,4-dihydroxypheny-
lacetic acid, norepinephrine, dopamine, and serotonin in mouse
brain homogenate by HPLC with fluorimetric detection. J Pharm
Biomed Anal 98:266-270. https://doi.org/10.1016/j.jpba.2014.05.
039

Ozdemir K, Sahin S, Guler DS, Unsal A, Akdemir N (2020)
Depression, anxiety, and fear of death in postmenopausal women.
Menopause 27:1030-1036. https://doi.org/10.1097/gme.00000
00000001578

Kaur A, Negi P, Sarna V, Prasad R, Chavan BS, Malhotra A, Kaur
G (2017) The appraisement of antioxidant and oxidant status in
women undergoing surgical menopause. Indian J Clin Biochem
32:179-185. https://doi.org/10.1007/s12291-016-0591-8
Khayum MA, Moraga-Amaro R, Buwalda B, Koole M, den Boer
JA, Dierckx R, Doorduin J, de Vries EFJ (2020) Ovariectomy-
induced depressive-like behavior and brain glucose metabolism
changes in female rats are not affected by chronic mild stress.
Psychoneuroendocrinology 115:104610. https://doi.org/10.1016/j.
psyneuen.2020.104610

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

de Chaves G, Moretti M, Castro AA, Dagostin W, da Silva GG,
Boeck CR, Quevedo J, Gavioli EC (2009) Effects of long-term
ovariectomy on anxiety and behavioral despair in rats. Physiol
Behav 97:420-425. https://doi.org/10.1016/j.physbeh.2009.03.
016

Frye CA, Walf AA (2004) Estrogen and/or progesterone admin-
istered systemically or to the amygdala can have anxiety-, fear-,
and pain-reducing effects in ovariectomized rats. Behav Neurosci
118:306-313. https://doi.org/10.1037/0735-7044.118.2.306
Anchan D, Clark S, Pollard K, Vasudevan N (2014) GPR30 activa-
tion decreases anxiety in the open field test but not in the elevated
plus maze test in female mice. Brain Behav 4:51-59. https://doi.
org/10.1002/brb3.197

Rybaczyk LA, Bashaw MJ, Pathak DR, Moody SM, Gilders RM,
Holzschu DL (2005) An overlooked connection: serotonergic
mediation of estrogen-related physiology and pathology. BMC
Womens Health 5:12. https://doi.org/10.1186/1472-6874-5-12
Bethea CL, Mirkes SJ, Shively CA, Adams MR (2000) Steroid
regulation of tryptophan hydroxylase protein in the dorsal raphe
of macaques. Biol Psychiatry 47:562-576. https://doi.org/10.
1016/s0006-3223(99)00156-0

Pecins-Thompson M, Brown NA, Bethea CL (1998) Regula-
tion of serotonin re-uptake transporter mRNA expression by
ovarian steroids in rhesus macaques. Brain Res Mol Brain Res
53:120-129. https://doi.org/10.1016/s0169-328x(97)00286-6
Studd J, Panay N (2004) Hormones and depression in women.
Climacteric 7:338-346. https://doi.org/10.1080/1369713040
0012262

Kumar A, Agarwal P, Shakya P, Thakur A, Kumar V (2013) Key
role of carnosic acid in the anxiolytic-like activity of Rosmarinus
officinalis Linn. in rodents. J Pharmacol Clin Toxicol 1:1013
Bellanti F, Matteo M, Rollo T, De Rosario F, Greco P, Vendemi-
ale G, Serviddio G (2013) Sex hormones modulate circulating
antioxidant enzymes: impact of estrogen therapy. Redox Biol
1:340-346. https://doi.org/10.1016/j.redox.2013.05.003

Kaur G, Mishra S, Kaur A, Sehgal A, Nageswari KS, Prasad R
(2007) Retention of ovaries and oxidative stress of surgery. Int J
Gynaecol Obstet 97:40-43. https://doi.org/10.1016/].ijg0.2006.
11.022

Birben E, Sahiner UM, Sackesen C, Erzurum S, Kalayci O (2012)
Oxidative stress and antioxidant defense. World Allergy Organ J
5:9-19. https://doi.org/10.1097/WOX.0b013e3182439613

Ishii T, Warabi E (2019) Mechanism of rapid nuclear factor-E2-re-
lated factor 2 (Nrf2) activation via membrane-associated estrogen
receptors: roles of NADPH oxidase 1, neutral sphingomyelinase
2 and epidermal growth factor receptor (EGFR). Antioxidants
(Basel) 8:69. https://doi.org/10.3390/antiox8030069

Miao ZY, Xia X, Che L, Song YT (2018) Genistein attenuates
brain damage induced by transient cerebral ischemia through up-
regulation of Nrf2 expression in ovariectomized rats. Neurol Res
40:689-695. https://doi.org/10.1080/01616412.2018.1462879
Li L, Chen J, Sun S, Zhao J, Dong X, Wang J (2017) Effects
of estradiol on autophagy and Nrf-2/ARE signals after cerebral
ischemia. Cell Physiol Biochem 41:2027-2036. https://doi.org/
10.1159/000475433

Lee CH, Giuliani F (2019) The role of inflammation in depres-
sion and fatigue. Front Immunol 10:1696. https://doi.org/10.3389/
fimmu.2019.01696

Peruga I, Hartwig S, Thone J, Hovemann B, Gold R, Juckel G,
Linker RA (2011) Inflammation modulates anxiety in an animal
model of multiple sclerosis. Behav Brain Res 220:20-29. https://
doi.org/10.1016/j.bbr.2011.01.018

Haji N, Mandolesi G, Gentile A et al (2012) TNF-a-mediated
anxiety in a mouse model of multiple sclerosis. Exp Neurol
237:296-303. https://doi.org/10.1016/j.expneurol.2012.07.010

@ Springer


https://doi.org/10.1038/s41596-018-0011-z
https://doi.org/10.3390/molecules24244569
https://doi.org/10.3791/52587
https://doi.org/10.21769/BioProtoc.3578
https://doi.org/10.1016/0003-9861(59)90259-0
https://doi.org/10.1016/0003-9861(59)90090-6
https://doi.org/10.1111/j.1432-1033.1974.tb03714.x
https://doi.org/10.1016/j.jchemneu.2020.101878
https://doi.org/10.1016/j.jchemneu.2020.101878
https://doi.org/10.1039/c8ra00488a
https://doi.org/10.1039/c8ra00488a
https://doi.org/10.1365/s10337-008-0879-9
https://doi.org/10.1016/j.lfs.2020.117427
https://doi.org/10.1016/j.lfs.2020.117427
https://doi.org/10.1016/j.jpba.2014.05.039
https://doi.org/10.1016/j.jpba.2014.05.039
https://doi.org/10.1097/gme.0000000000001578
https://doi.org/10.1097/gme.0000000000001578
https://doi.org/10.1007/s12291-016-0591-8
https://doi.org/10.1016/j.psyneuen.2020.104610
https://doi.org/10.1016/j.psyneuen.2020.104610
https://doi.org/10.1016/j.physbeh.2009.03.016
https://doi.org/10.1016/j.physbeh.2009.03.016
https://doi.org/10.1037/0735-7044.118.2.306
https://doi.org/10.1002/brb3.197
https://doi.org/10.1002/brb3.197
https://doi.org/10.1186/1472-6874-5-12
https://doi.org/10.1016/s0006-3223(99)00156-0
https://doi.org/10.1016/s0006-3223(99)00156-0
https://doi.org/10.1016/s0169-328x(97)00286-6
https://doi.org/10.1080/13697130400012262
https://doi.org/10.1080/13697130400012262
https://doi.org/10.1016/j.redox.2013.05.003
https://doi.org/10.1016/j.ijgo.2006.11.022
https://doi.org/10.1016/j.ijgo.2006.11.022
https://doi.org/10.1097/WOX.0b013e3182439613
https://doi.org/10.3390/antiox8030069
https://doi.org/10.1080/01616412.2018.1462879
https://doi.org/10.1159/000475433
https://doi.org/10.1159/000475433
https://doi.org/10.3389/fimmu.2019.01696
https://doi.org/10.3389/fimmu.2019.01696
https://doi.org/10.1016/j.bbr.2011.01.018
https://doi.org/10.1016/j.bbr.2011.01.018
https://doi.org/10.1016/j.expneurol.2012.07.010

628

Molecular Neurobiology (2023) 60:610-628

65.

66.

67.

68.

69.

Dowlati Y, Herrmann N, Swardfager W, Liu H, Sham L, Reim EK,
Lanctot KL (2010) A meta-analysis of cytokines in major depres-
sion. Biol Psychiatry 67:446—457. https://doi.org/10.1016/j.biops
ych.2009.09.033

Kohler CA, Freitas TH, Maes M et al (2017) Peripheral cytokine
and chemokine alterations in depression: a meta-analysis of 82
studies. Acta Psychiatr Scand 135:373-387. https://doi.org/10.
1111/acps.12698

Zunszain PA, Anacker C, Cattaneo A, Choudhury S, Musaelyan K,
Myint AM, Thuret S, Price J, Pariante CM (2012) Interleukin-1p:
a new regulator of the kynurenine pathway affecting human hip-
pocampal neurogenesis. Neuropsychopharmacology 37:939-949.
https://doi.org/10.1038/npp.2011.277

Borsini A, Alboni S, Horowitz MA, Tojo LM, Cannazza G, Su
KP, Pariante CM, Zunszain PA (2017) Rescue of IL-1p-induced
reduction of human neurogenesis by omega-3 fatty acids and anti-
depressants. Brain Behav Immun 65:230-238. https://doi.org/10.
1016/1.bbi.2017.05.006

Ibrahim WW, Sayed RH, Kandil EA, Wadie W (2022) Niacin mit-
igates blood—brain barrier tight junctional proteins dysregulation
and cerebral inflammation in ketamine rat model of psychosis:
role of GPR109A receptor. Prog Neuropsychopharmacol Biol Psy-
chiatry 119:110583. https://doi.org/10.1016/j.pnpbp.2022.110583

@ Springer

70.

71.

72.

73.

Ishii T, Mann GE (2018) When and how does brain-derived neu-
rotrophic factor activate Nrf2 in astrocytes and neurons? Neu-
ral Regen Res 13:803-804. https://doi.org/10.4103/1673-5374.
232468

Yoshihara E, Masaki S, Matsuo Y, Chen Z, Tian H, Yodoi J (2014)
Thioredoxin/Txnip: redoxisome, as a redox switch for the patho-
genesis of diseases. Front Immunol 4:514. https://doi.org/10.3389/
fimmu.2013.00514

Bai L, Zhang S, Zhou X, Li Y, Bai J (2019) Brain-derived neuro-
trophic factor induces thioredoxin-1 expression through TrkB/Akt/
CREB pathway in SH-SY5Y cells. Biochimie 160:55-60. https://
doi.org/10.1016/j.biochi.2019.02.011

Osman AG, Chittiboyina AG, Khan IA (2016) Cytoprotective
role of dietary phytochemicals against cancer development via
induction of phase II and antioxidant enzymes. In: Fishbein JC,
Heilman JM (eds) Advances in Molecular Toxicology. Elsevier,
Amsterdam, pp 99-137

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.biopsych.2009.09.033
https://doi.org/10.1016/j.biopsych.2009.09.033
https://doi.org/10.1111/acps.12698
https://doi.org/10.1111/acps.12698
https://doi.org/10.1038/npp.2011.277
https://doi.org/10.1016/j.bbi.2017.05.006
https://doi.org/10.1016/j.bbi.2017.05.006
https://doi.org/10.1016/j.pnpbp.2022.110583
https://doi.org/10.4103/1673-5374.232468
https://doi.org/10.4103/1673-5374.232468
https://doi.org/10.3389/fimmu.2013.00514
https://doi.org/10.3389/fimmu.2013.00514
https://doi.org/10.1016/j.biochi.2019.02.011
https://doi.org/10.1016/j.biochi.2019.02.011

	Carnosic Acid Mitigates Depression-Like Behavior in Ovariectomized Mice via Activation of Nrf2HO-1 Pathway
	Abstract
	Introduction
	Materials and Methods
	Experimental Animals
	Chemicals and Reagents
	Surgical Procedures
	Experimental Groups and Tissue Sampling
	Behavioral Testing
	Open Field Test
	Elevated Plus Maze Test
	Sucrose Preference Test
	Tail Suspension Test
	Forced Swim Test

	HO-1 Activity
	Determination of Brain Oxidative and Antioxidant Markers
	Isolation of RNA and RT-qPCR
	Western Blot Analysis
	Determination of Brain Serotonin Levels by HPLC
	Histopathology and Morphometry
	Statistical Analysis

	Results
	Carnosic Acid Ameliorated Ovariectomy-Induced Behavioral Deficits
	Open Field Test
	Elevated Plus Maze Test
	Sucrose Preference Test
	Forced Swim Test and Tail Suspension Test

	Carnosic Acid Reversed Ovariectomy-Induced Suppression in Hippocampal and Cortical Expression of Nrf2, HO-1, Trx-1, and BDNF
	Carnosic Acid Mitigated Oxidative Stress and Inflammation in OVX Mice
	Carnosic Acid Increased Hippocampal and Cortical Serotonin Content in Ovariectomized Mice
	Carnosic Acid Alleviated the Histopathological Changes in OVX Mice

	Discussion
	Conclusion
	References


