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Introduction

Major depressive disorder (MDD), a high-risk neuropsychiatric

Prophylactic treatment of curcumin in a rat model
of depression by attenuating hippocampal
synaptic losst
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Curcumin is a polyphenol substance considered to be effective in the treatment of a number of neurode-
generative diseases. However, details regarding the exact mechanisms for the protective effects of curcumin
in neuropsychiatric disorders, like depression, remain unknown. In the pathogenesis of major depressive dis-
order (MDD) it appears that dysregulation of oxidative stress and immune systems, particularly within the hip-
pocampal region, may play a critical role. Here, we show that pre-treatment with curcumin (40 mg kg™) alle-
viates depression-like behaviors in a LPS-induced rat model of depression, effects which were accompanied
with suppression of oxidative stress and inflammation and an inhibition of neuronal apoptosis in the hippo-
campal CAl region, and results from ultramicrostructure electrophysiological experiments revealed that the
curcumin pre-treatment significantly prevented excessive synaptic loss and enhanced synaptic functioning
in this LPS-induced rat model. In addition, curcumin attenuated the increases in levels of miR-146a-5p and
decreases in the expression of p-ERK signaling that would normally occur within CAl regions of these
depressed rats. Taken together, these results demonstrated that curcumin exerts neuroprotective and anti-
depressant activities by suppressing oxidative stress, neural inflammation and their related effects upon
synaptic dysregulation. One of the mechanisms for these beneficial effects of curcumin appears to involve
the miR-146a-5p/ERK signaling pathway within the hippocampal CA1 region. These findings not only eluci-
dated some of the mechanisms underlying the neuroprotective/antidepressant effects of curcumin, but also
suggested a role of curcumin as a potential therapeutic strategy for depression.

ing of the underlying pathogenesis of depression is urgently
needed for the development of more effective treatments."
Recent evidence has accrued which suggests that

condition well known for its slow progression, variety of symp-
toms and unpredictable course/prognosis, greatly restricts psy-
chosocial functioning and severely lowers personal quality of
life." Although there has been some progress in the understand-
ing of the pathophysiology of MDD and its treatment, a substan-
tial proportion of patients (up to 27%) do not respond ade-
quately, or at all, to the antidepressants currently available.>*
Moreover, significant, often intolerable, side-effects can be
associated with these drugs.” Accordingly, a better understand-
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depression is related to changes in neuronal plasticity and
reductions in size and functioning of the frontal cortex and
hippocampal area.® A major cause of damaging alterations in
brain structure and function involves oxidative stress (OS).
With increases in brain OS, there is a subsequent activation of
pro-inflammatory signaling pathways that then promote the
pathological processes of depression.® In this way, an excess
of OS along with aberrations in inflammatory pathways rep-
resent two important components of the pathophysiology of
depression.’® In patients with MDD, there is a significant
decrease in superoxide dismutase (SOD) levels,"" while treat-
ment with antidepressants tends to restore these decreased
levels of SODs, in particular within the prefrontal cortex of
these patients.’” The antioxidative enzymes, SOD are respon-
sible for the spontaneous dismutation of superoxide radicals
and generation of H,0,, which is detoxified by CAT and GSH
peroxidase (GPX)." Similarly, our findings that reactive oxygen
species (ROS) are significantly elevated in a rat model of
depression and are involved in neuronal injury, provided
further evidence for the involvement of OS in depression.'*"?
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With regards to the role of inflammation in the etiology and
deterioration of depression, there is evidence of microglial acti-
vation and neuroinflammation within post-mortem brains of
depressed patients.'® These findings suggest that drugs which
specifically target the oxidative and immune systems may prove
an effective strategy for the treatment of depression. However,
the exact mechanisms relating to oxidative stress and inflam-
mation with depression have yet to be examined in detail.

Curcumin is the main natural polyphenol found in the
rhizome of curcuma longa (turmeric) and in other curcuma
spp."” Beneficial effects of curcumin treatment have been widely
reported for a variety of neurological diseases and cancer due to
its formidable antioxidant and anti-inflammatory activities.'®
As a result, a considerable number of studies have been directed
toward understanding the mechanisms of action of curcumin
and its activities against a variety of pathologies.'” And, in fact,
there is a growing interest on the use of curcumin to prevent or
delay the occurrence of neurodegenerative diseases, such as
Alzheimer’s disease (AD)."*?° Previous work in our laboratory
has shown that one potential mechanisms underpinning the
putative antidepressant effects of curcumin is the inhibition of
expression of pro-inflammatory IL-1-beta in the mPFC of a
CUMS (chronic unpredictable mild stress)-rat model for aspects
of depression.*"** However, alternative mechanisms such as the
effects of curcumin on oxidative stress and the inflammatory
response are as yet unexplored. Accordingly, in this study, we
carried out a series of experiments to determine the extent to
which these mechanisms contribute to the antidepressant-like
effects of curcumin. In light of the findings indicating anti-
oxidant and anti-inflammatory activities of curcumin as related
to the pathogenesis of neurological diseases, we hypothesized
that these antioxidant and anti-inflammatory effects may also
enable curcumin to function as an agent capable of diminishing
the display of depression-like behaviors. We found that in the
LPS-induced rat model of depression pre-treatment with curcu-
min attenuated depression-like behaviors, effects which were
associated with a suppression of oxidative stress and inflam-
mation. Such processes can then alter synaptic structure and
function via the miR-146a-5p/ERK signaling pathway.

Materials and methods
Animals

Male Wister rats (160-180 g body weight) were purchased from
the Shandong University Experimental Animal Centre. All
experiments were performed according to the National
Institutes of Health Guide for the Care and Use of Laboratory
animals (NIH Publications No. 8023, revised 1978) and were
approved by the Shandong University Animal Care and Use
Committee. The rats were maintained three/cage under a 12 h
light-dark cycle with free access to food and water.

Drugs

Curcumin (Sigma, USA) was dissolved in 0.1% dimethyl sulfox-
ide (DMSO, Sigma, USA) at a concentration of 10 mg ml™.
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Rats received daily intraperitoneal injections of curcumin
(40 mg kg™ for 1 week at 60 min prior to LPS injection.?® The
AAV9-U6-miR-146a-5p-inhibitor-CAG-eGFP virus (AAV-
miR-146a-5p-inhibitor), AAV9-CMV-eGFP-miR-146a-5p virus
(AAV-miR-146a-5p) and scrambled control were purchased
from GENE (Shanghai, China) and were injected within the
hippocampal CA1 region while rats were position in a stereo-
taxic apparatus.

Rat model of depression and drug administration

Wistar male rats received daily intraperitoneal injections of
LPS (0.5 mg kg™, sigma, L-2880) dissolved in sterile 0.9%
saline for one week to induce depression-like behaviors as
described previously.>**® This dosage was used to stimulate a
subclinical infection without inducing obvious inflaimmation
and other apparent impairments in animals. Curcumin (40 mg
kg™, Sigma, C-1386) was prepared at a concentration of 10 mg
ml™'.?® Curcumin or LPS was injected between 10:00 and
11:00 a.m. daily for 7 days. In all experiments, Curcumin was
administered intraperitoneally (i. p.) 60 min prior to LPS injec-
tion. The control group was untreated. Behavioral tests were
performed on the day following their final LPS injection. The
hippocampal tissue was dissected 24 h after the behavioural
test for molecular experiment or electrophysiology
experiments.

Behavioral tests

All behavioral tests were conducted during the dark circadian
period (19:00-24:00 for rats).

Sucrose preference test (SPT)

The SPT was conducted as described previously with slightly
modifications.>**”*® In brief, rats were exposed to two bottles
containing water for 2 days, followed by two bottles containing
1% sucrose for 2 days. After 24 h of food and water depri-
vation, rats were permitted free access to the two bottles with
one containing water and the other 1% sucrose. The test dur-
ation was 2 h and was conducted in the dark, with bottle posi-
tions exchanged after 1 h. A sucrose preference was defined as
the ratio of the consumption of sucrose solution to the total
consumption of both the water and sucrose solution during
the 2 h test period.

Forced swim test (FST)

The FST was also conducted as described previously.***° Rats
were individually placed in a cylinder of water (height: 80 cm,
diameter: 30 cm, 25 °C) for an initial 15 min training session. At
24 h later the rat was again placed in the cylinder for a video-
taped 5 min test session. An immobility score was recorded
from each rat for this test period with immobility defined as
floating or remaining motionless with only minimal motion
expended to maintain their head above the water.

Open field test (OPT)

The OPT was performed after all other behavioral tests were
completed. Rats were placed in the center of an arena (100 x
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100 x 40 cm) and permitted to move freely throughout the
arena for 5 min. During this 5 min period, the movement of
rat was tracked by a video camera and subsequently analyzed.

Oxidative stress measurements

The activity of anti-oxidative enzymes in hippocampal CA1
tissue homogenates was estimated with use of the superoxide
dismutase (SOD) activity (No. A001-3), catalase (CAT) activity
(A007-1), total antioxidant capacity (T-AOC) activity (A015-2)
and the lactic dehydrogenase (LDH) (A020-2) assay kits. The
content of malondialdehyde (MDA) and nitric oxide (NO) were
detected using the MDA (No. A003-1) and NO (No. A013-2)
assay kits. All assay kits were obtained from Jiancheng Inc.
(Nanjing, China) and all experimental protocols were accord-
ing to the manufacturers’ guidelines.

Exosome isolation and identification

Supernatants of microglial cultures and serum of rats were col-
lected and exosomes were isolated with use of differential cen-
trifugation.®® Briefly, cells and debris were cleared from
sample with centrifugation at 300g for 10 min, then pelleted
from the supernatant by centrifugation at 10 000g for 30 min.
Exosomes were subsequently isolated from the supernatant
following centrifugation at 100 000g for 1 h and resuspended
within 1 ml of filtered PBS with sizes being determined using
a ZETASIZER Nano series-Nano-ZS (Malvern, England). The
procedure for electron microscopy analysis of exosomes was
according to that described previously with slight modifi-
cations.?® In brief, freshly purified exosomes were deposited
onto a paraffin membrane and covered with a 150-mesh
copper mesh for 45 min. They were then washed with PBS,
before the copper mesh was fixed in 3% glutaraldehyde for
10 minutes and negatively stained with 2% uranyl acetate.
Images of exosomes were obtained using a JEM-1011 electron
microscope (JEOL, Japan) at an accelerating voltage of 80 kv.

Transmission electron microscopy (TEM)

Samples of CA1 tissues (1 x 1 x 1 mm) were placed in 2.5% glu-
taraldehyde overnight at 4 °C before being fixed with 1%
osmium tetroxide for 1 h. Tissues were then subjected to a
graded ethanol dehydration series, followed by immersion in
propylene oxide overnight and embedded with resin. After
being cut into ultrathin sections (70 nm), tissues were stained
with 4% uranyl acetate for 20 min and 0.5% lead citrate for
5 min. Micrographs were captured using transmission electron
microscopy (Philips Tecnai 20 U-Twin, Holland) at an acceler-
ating voltage of 120 kV. The number of synapses per unit
volume and total number of presynaptic vesicles were calcu-
lated as described previously.****

Electrophysiology

Hippocampal slice preparations and electrophysiological
recordings were performed according to procedures described
previously.*® For detailed experiential procedures, see ESL{

1204 | Food Funct.,, 2021, 12, 1202-11213

View Article Online

Food & Function

Virus injections

Rats were deeply anesthetized with 4% pentobarbital and posi-
tioned in a stereotactic frame (Stoelting, USA). The AAV virus
(2.5 pl, ~10"* infection units per ml) was bilaterally injected
into the hippocampus CA1 region (coordinates from the
bregma, —3.48 mm; medial/lateral, +1.8 mm; dorsal/ventral,
—2.55 mm) using an electric microinjection pump (Stoelting,
USA) at a rate of 100 nl min~". After the injection was com-
pleted, the micro syringe remained at the site for an additional
10 min and was then slowly withdrawn.

Primary culture of microglia

Primary cultures of microglia were prepared from newborn P1
rat pups as described previously.*® In brief, brains from the
animals (PO-P1 rat) were extracted and placed in an ice-cold
DMEM medium with 4.5 g L™ glucose. Meninges were care-
fully removed using forceps. The brain tissue was then trypsi-
nized with 0.25% trypsin and DNase for 5-10 min at room
temperature to obtain the cell suspension through a 70 pm
cell strainer. The cells were seeded into poly-i-lysine-coated
flasks with DMEM/F12 medium supplemented with 10% FBS.
After culture for 10-14 days, microglial cells were isolated from
mixed glial cultures by gently shaking the flasks for 30 min on
an orbital shaker at 37 °C. Microglia were reseeded onto
24-well plates and used for experiments.

Additional assays/procedures

Golgi Staining, Immunofluorescence, western blotting, and
Quantitative real-time polymerase chain reaction (PCR) were
performed as described in the ESL{

Statistical analysis

The required sample sizes were estimated on the basis of our
past experience performing similar experiments. Animals were
randomly assigned to treatment groups. Behavioural analysis
was performed blinded to experimental conditions. All data
were presented as the means + SEMs. A two-tailed Student’s
t-test was used for pairwise comparisons between two groups
and a one-way ANOVA followed by Bonferroni’s post-hoc test
was used for comparisons involving multiple groups. All stat-
istical analyses were performed using the GraphPad Prism
software 8 program with a 95% confidence interval. A P < 0.05
was required for results to be considered statistically
significant.

Results

Curcumin attenuates depression-like behaviors and oxidative
stress in LPS rats

A one-week treatment with lipopolysaccharide (LPS) was
sufficient to produce depression-like behaviors in male Wistar
rats as indicated by their performance in the SPT, FST and
OPT (Fig. 1A). As shown in Fig. 1B and C, a significantly
reduced intake of sucrose in SPT and markedly increased
immobility times in the FST were observed in LPS compared to

This journal is © The Royal Society of Chemistry 2021
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control rats. Responses which reflect anhedonia and behavior-
al despair. Moreover, no statistically significant differences
were obtained between LPS and control rats with regard to

View Article Online
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locomotor activity in the OPT (Fig. 1D). Interestingly, pre-treat-

ment with curcumin significantly increased sucrose consump-
tion and decreased immobility times within LPS rats,

B oOControl OLPS O LPS+Cur
} 20

A
| oo | os
@ LPS(0.5mg/kg) Behavioral tests Sacrifice __ Golgi Staining
or Sucrose preference test Forced
@ Pretreat with Curcumin (40mg/kg) | Swimming test
60 min prior to LPS(0.5mgrkg) Open field test

O Control O LPS

C D
FST OPT
* Kk * ok ns ns
200 g 100 —
@ 8P £ >
T 150 o 2 . %
£ g o =
il 5}
g 100 0% QP s °
8 B g “
£ 50 % e ]
£ € 2
- 3
o o z

O Control O LPS

—~ " —~ A

ke
3 g
— -
€., E
o D 1.
Q >
<2 2
2% s
g £
< [e]

O o.

K L

Control

Mito-SOX

il E 4860

N
&© ) N
= N Qexo

Mito-SOX/DAPI

Control

1.5

A

o ]
7
o ]
8-OHdG

Relative protein level
° - o
& s
i i
[}
o0
o o
T )
8-OHdG/DAPI

Nrf2 HO-1

Transmission electron microscopy
Real-time quantitative PCR
Electrophysiology
Immunofluorescentce staining
Western blot

Sucrose preference(%)

O LPS+Cur
E F
CAT SOD
*
15 ’L‘ 15 e *
35 o ke
3 o
° o
Z 1o 9 ) 2
[} [ o
ol
2 % [o] 3
>0 o 205
= =
S ©
<C o, < o
O LPS+Cur

Activity level (fold)
Content level( flod)

O Control
O LPS
O LPS+Cur

Mean intensity of Mito-SOX
(fold of control)

O Control
O LPS
O LPS+Cur

LPS LPS+Cur

(fold of control)
5 B & B

Mean intensity of 8-OHdG
g

-4
S

Fig. 1 Curcumin alleviates the core symptoms of depression and oxidative stress in hippocampal CA1 regions of LPS rats. (A) Experimental design:
schematic figure of the treatment protocol. (B) Pretreatment with curcumin (40 mg kg™) prevented the decreases in sucrose consumption in LPS
rats in the SPT. (C) Pretreatment with curcumin reversed the increases in immobility times in LPS rats in the FST. (D) No statistically significant differ-
ences in locomotion were obtained among the groups in the OPT. (E-G) Activities of the antioxidant enzymes, CAT (E), SOD (F) and T-AOC (G) were
analyzed within the hippocampal CA1 region. (H-J) Quantification of MDA (H), LDH (I) and NO (J) within the hippocampal CA1 region. (K) Western
blot analysis showing levels of Nrf2 and HO-1 in the hippocampal CA1 region. (L and M) Representative images of 8-OHdG (L) and Mito-SOX (M)
staining within the hippocampal CA1 region as indices for Mitochondria and DNA Oxidative Damage analysis. Scale bar: 20 pm (K) scale bar: 50 pm
(L). N = 18 per group (B-D). N = 6 per group (E-M). The experiments were repeated at least three independently. *P < 0.05, **P < 0.01, ***P < 0.001,

ns. No significance. One-way ANOVA with Bonferroni post-hoc analysis.
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suggesting that this treatment relieved the core symptom of
depression in these depressed rats.

The imbalance between OS and antioxidant defenses rep-
resent a major pathogenic basis for depression. To assess
whether the antidepressant activity of curcumin may be due to
alterations in oxidative stress levels, we first examined the
levels of oxidative stress in these LPS rats. We found that activi-
ties of the antioxidant enzymes, CAT, SOD and T-AOC were all
significantly decreased within the CA1 region of LPS rats
(Fig. 1E-G), while contents of MDA, LDH and NO were all sig-
nificantly increased (Fig. 1H-J). In contrast, the decreased
expressions in the essential antioxidative nuclear transcription
factor, Nrf2 and its product HO-1 (Fig. 1K), were observed in
the hippocampal CA1 area of LPS rats, suggesting that oxi-
dative stress does contribute to the pathological processes of
depression. It has been reported that ROS attack nuclear and
mitochondrial DNA, resulting in oxidization of nucleosides
and mutagenic DNA lesions.’” Here, we show that mitochon-
drial superoxide levels, as measured using MitoSox (Fig. 1L),
and 8-OHdG (Fig. 1M) were increased in the hippocampal CA1
region of LPS rats, results which indicate that oxidative
damage to DNA by ROS was increased as a result of this LPS
treatment. In contrast, pretreatment of curcumin suppressed
all of the above oxidative stress changes induced by LPS
exposure in rats, was associated with a significant downregula-
tion of mitochondria and DNA oxidative damage in the hippo-
campal CA1 region of LPS rats.

Curcumin suppresses neuro-inflammatory responses in LPS
rats

OS is intimately associated with inflammation, and dysfunc-
tion of mitochondria.*® Considering the key roles played by
microglia in neuroinflammatory processes, we considered it
important to examine microglial morphology and character-
istics in these LPS rats. The microglia (CD11b and CD45) were
significantly increased within hippocampal CA1 regions of LPS
rats (Fig. 2A) and activated microglia within this site showed
expanded cell bodies and shortened projections (Fig. 2B)
Moreover, mRNA expression levels of some critical pro-inflam-
matory cytokines, such as interleukin-1p (IL-1p), interferon
gamma (IFN-y) and tumor necrosis factor-a (TNF-a), were all
markedly upregulated in hippocampal CA1 regions of LPS rats
as compared with controls (Fig. 2C). We also found that cyclo-
oxygenase (COX)-2, whose expression is induced by ROS, was
substantially increased in LPS rats (Fig. 2D). Notably, all of
these responses resulting from LPS exposure were effectively
reversed in LPS rats receiving a pre-treatment of curcumin.
Together these results suggest that one of the mechanisms for
the antidepressant effects of curcumin appears to involve a
reduction in the increase of inflammatory responses associ-
ated with depression.

Curcumin decreases neuronal apoptosis within the
hippocampal CA1 region of LPS rats

As excessive production of proinflammatory cytokines may
cause neuronal death and cognitive changes, we next investi-
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gated whether the antidepressant activity of curcumin affects
neuronal apoptosis within hippocampal CA1 regions. LPS-
exposed rats displayed a notable increase in neuronal apopto-
sis, as indicated by increased densities of cleaved caspase 3
positive (cleaved caspase 3'/NeuN') cells (Fig. 3A), and a
greater number of apoptotic cells with nuclear chromatin mar-
gination, aggregation, and condensation as revealed from
Hoechst-33258 staining (Fig. 3B). In addition, transcriptional
levels of the apoptosis-related proteins, Bax and caspase 3,
were significantly increased, within the CA1 region of LPS rats
(Fig. 3C). Western blotting showed that hippocampal CA1
PARP, a protein senses in DNA strand breaks which contrib-
utes to their repair, was increased in LPS rats, and the apopto-
sis-related proteins BAK were increased, but Bcl-2 decreased,
in LPS rats (Fig. 3D). With curcumin pre-treatment, the
number of apoptotic cells and expressions of pro-apoptotic
factors were significantly decreased in LPS rats. These findings
demonstrate that curcumin suppresses neuronal apoptosis in
LPS rats, which may then reveal another contributing process
for its capacity to alleviate depression-like behaviors in LPS
rats.

Curcumin rescues synaptic loss and enhances synaptic
function in the hippocampal CA1 region of LPS rats

OS in the brain modulates neuronal and extra neuronal signal-
ing, producing neuronal inflammation, cell death and even-
tually synaptic loss. In this study, we found LPS rats had sig-
nificantly fewer total synapses than controls (Fig. 4A) and
exhibited a decrease in the number of synapses. Moreover,
CA1 dendritic spine densities were strikingly reduced in LPS
rats compared with control rats (Fig. 4B). Additional analyses
revealed that expressions of synaptic proteins, including synap-
tophysin (Syn), postsynaptic density protein 95 (PSD-95),
synaptotagminl (Sytl) and postsynaptic neuroliginl (Nlg1)
were all reduced in these LPS rats (Fig. 4C). These deficiencies
in dendritic spines and synapses within CA1 neurons resulting
from LPS exposure were rescued by curcumin pre-treatment.
Next, whole-cell patch-clamp recordings were performed in
acutely dissected hippocampal slices to investigated synaptic
transmission efficiency within hippocampal CA1 neurons of
LPS rats (Fig. S1}). In these LPS rats, we found that mEPSCs
frequencies and amplitudes were largely decreased as com-
pared with that of control rats (Fig. 4D), indicating a decrease
in synaptic strength. Similarly, LPS rats also showed signifi-
cantly reduced frequencies and amplitudes of spontaneous
excitatory post-synaptic currents (SEPSCs) (Fig. 4E), as well as
reduction in spontaneous tonic firing (Fig. 4F) in CA1 neurons
and the number of docked vesicles located near presynaptic
terminals was reduced in CA1 regions of LPS rats (Fig. 4G).
Curcumin pre-treatment essentially reversed all of these defi-
cits with increases in the frequencies and amplitudes of
mEPSCs, sEPSCs, spontaneous tonic firing and number of
docked vesicles being observed in the curcumin treated LPS
rats. Altogether, these findings imply that curcumin may
decrease the excessive synaptic loss and effectively normalize

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Curcumin decreases neuro-inflammatory responses in LPS rats. (A) Western blot analysis of CD45 and CD11b protein expressions in the hip-
pocampal CA1 region. (B) Representative images of morphological characteristics of Ibal* microglia within the hippocampal CA1 region. Scale bar:
70 pm (white) and 40 pm (yellow). (C) RT-PCR results for the expressions of IL1f, TNF-«, and IFN-y in the hippocampal CA1 region. (D) Western blot
analysis showing change of COX-2 in the hippocampal CAl region. N = 6 per group. The experiments were repeated at least three independently. *P
< 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA with Bonferroni post-hoc analysis.

synaptic function in hippocampal CA1 regions to prevent the
display of depression-like symptoms in LPS rats.

Curcumin attenuates miR-146a-5p overexpression and ERK
activation in LPS rats

Finally, we wanted to evaluate some of the molecular mecha-
nisms of curcumin in suppressing depression-like phenotypes.
It had been reported that exosomes carrying miRNA were
capable of exerting an acute impact upon neuroplasticity in
the central nervous system.?’ Accordingly, exosomes from rat
serum, were assessed with electron microscopy (Fig. S27),
nanoparticle tracking analysis (Fig. 5A) and western blot ana-
lysis (Fig. 5B). We observed that miR-146a-5p was markedly
increased in exosomes from the serum (Fig. 5C) and hippo-
campal CA1 regions (Fig. 5D) of LPS rats. These LPS-induced
increases in miR-146a-5p at both sites were reversed by curcu-
min pre-treatment. Interestingly, miR-146a-5p, a microglia-
specific miRNA, is not present in hippocampal neurons,*!

This journal is © The Royal Society of Chemistry 2021

Q-PCR analysis confirmed that an upregulation of miR-146a-
5p was present in exosomes released from cultured inflamma-
tory microglia (Fig. 5E and Fig. S31). Further, decreases in the
phosphorylation of ERK within CA1 regions of LPS rats were
also significantly increased by curcumin pre-treatment, as
determined with western blot (Fig. 5F).

To follow up on these findings regarding miR-146a-5p, we
examined the effects of injecting, AAV-miR-146a-5p-sponge or
AAV-miR-146a-5p into the hippocampal CA1 region of LPS
and control rats (Fig. 5G and Fig. S4f). These miR-146a-5p
levels within CA1 regions were then analyzed with use of
Q-PCR (Fig. 5H). The knock-down of miR-146a-5p within
CA1 regions of LPS rats significantly increased phosphoryl-
ation levels of ERK, while phosphorylation levels of ERK
were markedly reduced in control rats infected by AAV-
miR-146a-5p (Fig. 5I). These data suggest that curcumin can
exert its antidepressant effects, in part, through its capacity
to initially suppress miR-146a-5p overexpression and ERK
activation.
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Discussion

Depression is regarded as a heterogeneous disease with
unclear pathological mechanisms and inconsistent responses
to treatment.*® To a large extent, the lack of a comprehensive
understanding of this diseases’ mechanisms hinders the devel-
opment of efficacious therapeutic approaches.’® Here, we
showed that suppression of oxidative stress and neuroinflam-
mation within hippocampal CA1 regions, mediates the anti-
depressant actions of curcumin in a rat model of depression.
In these LPS injected rats, depression-like behaviors, including
behavioral despair and anhedonia, are present. Pre-treatment
with curcumin reversed these depression-like behaviors in LPS
rats as well as decreased the accumulation of oxidative stress
products and inflammatory factors in the CA1 region, which
we believe to be key mechanisms responsible for inducing
these robust antidepressant effects. In addition, CA1 neurons
showed significant increases in synaptic activity and function
in LPS rats receiving curcumin. Accordingly, our results
suggest that curcumin quickly elevates mood by blocking oxi-
dative stress and neuroinflammation activity of CA1 neurons
thereby inhibiting excessive synaptic loss. These findings not
only provided new insights into some of the pathological
mechanisms involved with depression, but also indicated the
potential for the development of curcumin as a new rapid-
acting antidepressant.

1208 | Food Funct,, 2021, 12, 1202-11213

As a systemic administration of the cytokine inducer lipopo-
lysaccharide (LPS) can produce symptoms of
depression in humans and rodents,”® this agent was selected

clinical

as a means to generate a model of depression and thus
provide an opportunity for assessing some of the pathological
mechanisms involved with this condition. In specific, LPS
treatment in rats has been shown to significantly reduce the
percent of sucrose consumption in the SPT and increase
immobility times in the FST, two notable indices of behavioral
despair and anhedonia, which are core symptoms of
depression. When these LPS rats received a pre-treatment of
curcumin these depression-like behaviors were significantly
alleviated. These findings are in accord with previous reports
showing that curcumin possess considerable antidepressant
activity as demonstrated in animal models of depression,*® but
little is known about the possible mechanisms of these ben-
eficial effects in the treatment of depression. The identifi-
cation of new/possible processes and molecular targets of cur-
cumin responsible for this antidepressant activity has the
potential of generating novel insights that could guide future
research in the treatment of depression. Therefore, the goal of
this report was to examine some of the underlying mecha-
nisms through which curcumin may exert these therapeutic
effects in depression.

Reactive oxygen species (ROS) represent an important com-
ponent of neurogenesis and neuronal activity and are essential

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Curcumin increases synapse density and synaptic activity in the hippocampal CA1 region of LPS rats. (A) Representative electron micro-
graphic images of CAl neurons with yellow arrowheads indicating spine synapses. Scale bar: 1 um. (B) Representative Golgi staining images of CAl
neurons with red arrowheads indicating dendritic spines. Scale bar: 10 pm. (C) Western blot analysis showing deregulation of neuroplasticity-related
mediators Syn, PSD-95, Sytl and Nlgl protein in the hippocampal CA1 region of LPS rats. (D) Representative traces of mEPSCs from CAl neurons
and summary histogram showing mean frequencies and amplitudes of mEPSCs. (E) Example sEPSCs traces from CA1 neurons and summary histo-
gram showing mean frequencies and amplitudes of sEPSCs. (F) Sample traces and frequencies of spontaneous tonic firing of CAl neurons. (G)
Representative TEM images of docked vesicles (in red circles). Red arrows show postsynaptic density (PSD). Scale bar: 100 nm. N = 6 per group (A—
C). N = 13 neurons from 6 rats per group (D). N = 14 neurons from 6 rats per group (E). N = 12 neurons from 6 rats per group (F). N = 15 axon term-
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released from rat serum. (D) Quantitative PCR showing expression of miR-146a-5p in the hippocampal CA1l region. (E) Relative quantification of
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phorylation levels in LPS rats. (G) Representative fluorescence image of the virus-infected slice. Scale bar: 1 mm. Scale bar: 20 pm. (H) Q-PCR ana-
lyzes the expression of miR-146a-5p after injection of AAV-miR-146a-5p-inhibitor or AAV-miR-146a-5p to the hippocampus CA1 of rats. (I) Western
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for the growth and development of neurons. However, an alterations in antioxidant capacity of aged mice seem to be
imbalance between the production of ROS and antioxidant highly localized to the hippocampus.*' In our study, we found
capacity, can contribute to a risk for depression.’” Notably, that antioxidative enzyme activities were decreased in the hip-
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pocampal CA1 region of LPS rats but increased in LPS rats
receiving curcumin treatment. In addition, increases in oxi-
dative stress products and the antioxidative factor, Nrf2, were
also reversed by curcumin in LPS rats. Augmented levels of OS
damage neuronal DNA and induce inflammation and dysfunc-
tion of mitochondria,** with increased levels of Mito-SOX and
8-OHdG, indicating amplified ROS activity as accompanying
mitochondrial oxidative stress and DNA damage. Curcumin
was effective in mitigating this oxidative DNA damage,
suggesting that this curcumin-dependent reduction of oxi-
dative stress plays a key role in protecting LPS-induced
depression-like behaviors. Increased oxidative stress triggers
multiple proinflammatory mediators, such as IL-1p, IFN-y and
TNF-a, leading to increases in the activity of proinflammatory
pathways and other apoptotic mediators, such as Caspase-3,
ultimately resulting in neuronal death and synaptic loss.’”
Here, we found that LPS exposure induces neuronal inflam-
mation and apoptosis in the hippocampal CA1 region of rats
and exerts a profound impact on the loss of dendritic spines
in CA1 neurons. However, treatment with curcumin inhibits
glial cell activation, reduces inflammatory cytokines and
attenuates neuronal apoptosis and synaptic loss in this LPS rat
model of depression. Dendritic spine loss is accompanied with
decreases in the density and strength of excitatory synapses, as
indicated by reductions in mEPSC frequencies and ampli-
tudes.*' Again, curcumin markedly enhanced these frequen-
cies and amplitudes of mEPSCs within CA1 neurons in LPS
rats, implicating that this treatment produced increases in pre-
synaptic release and sensitivity or number of postsynaptic
membrane transmitters. Our current results, together with pre-
vious findings from our laboratory,>"** suggest that these
mechanisms, which are affected by curcumin, reveal some of
the basis for the neuroprotective and antidepressant-like
effects of curcumin, as observed in these LPS rats.

An additional factor that can play a significant role in
depression is that of microglia. Microglia are specialized
immune cells in the brain, that perform central roles in
immune surveillance and maintenance of brain homeosta-
sis.”® Under stress or pathological conditions, microglia
secrete inflammatory mediators that disrupt neuronal function
and, in this way, promote the occurrence and development of
depression. In fact, active microglia were present within the
CA1 region of the LPS rats of our study. However, the possible
mechanisms through which reactive microglia may produce
synaptic defects are not fully understood. It has been reported
that microglia can secrete exosomes carrying miRNA which are
capable of exerting an acute impact wupon adult
neuroplasticity.*>** In this study, we found that a specific
microglial miRNA, miR-146a-5p, was upregulated in exosomes
and CAL1 regions of LPS rats. An overexpression or knock-down
of miR-146a-5p in hippocampal CA1 regions markedly downre-
gulated and upregulated the phosphorylation of ERK, which
could then regulate the expression of key synaptic proteins.’
Interestingly, we found that the increased levels of miR-146a-
5p and decreased phosphorylation of ERK as observed in LPS
rats were reversed by curcumin treatment. When collating the

This journal is © The Royal Society of Chemistry 2021
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findings of this report, our results reveal a neuroprotective
mechanism underlying the anti-depressive effects of curcu-
min. Specifically, we report that curcumin mitigates synaptic
losses resulting from brain oxidative stress and inflammation
and these antidepressant effects of curcumin correlate with
the release of microglia-enriched miRNAs and exosomes.

Results from previous studies have revealed that curcumin
can interact and modulate a variety of molecular targets such
as transcription factors, inflammatory cytokines and
kinases.'”'®* This array of effects suggests that the pharma-
cological basis for the antidepressant effects of curcumin may
be diverse and complicated. It should be pointed out that the
present study mainly investigated the preventive activity of pre-
treatment of curcumin on the LPS-induced behavioral and
neurobiological changes in male rats. However, depression is a
complex psychiatric disease involving potential interactions
among gene-environment and gene-gender factors. Whether
this mechanism was equally applicable to female rats have not
been fully identified on account of the female rats usually
experience the effects of estrous cycle. This study failed to con-
sider gender factors, which could also influence the study
results.

In conclusion, the findings presented here demonstrated
the specific neuroprotective mechanism underlying the anti-
depressant effect of curcumin. Specifically, through its
capacity to reduce inflammation and oxidative stress, curcu-
min prevents synaptic loss along with modulating microglial
responses, effects which culminate in diminishing depression-
like behaviors in a rat model of depression. These results not
only provide new insights into some of the mechanisms of cur-
cumin, but also suggest the potential for its use as a thera-
peutic agent against depression.
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