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Abstract

Growing evidence supports the involvement of neuroinflammation in the pathophysiology of depression.
Administrating curcumin could revert the depressive-like symptoms and weakened microglial activation
and increased the level of pro-inflammatory cytokine. This study aimed to identify potential anti-
depression targets and mechanisms of curcumin (CUR) by an approach of network pharmacology. GSEA
and KEGG pathways showed the most significantly enriched pathway of CUR against depression was the
PI3K-Akt pathway. Moreover, 52 targets were significantly correlated with PI3K-Akt signaling pathway and
CUR-related targets. In addition, among these top 50 targets which were ranked by degree in the PPI
network, there were 23 targets involved in the 52 intersection targets. Thus, our findings suggest that CUR
exerts its anti-depression effects through PI3K-Akt signaling pathway. Furthermore, we investigated the
anti-depression effects of CUR using a mouse model of depression induced by lipopolysaccharide (LPS).
Administration of LPS alone (2 mg/kg/day, i.p.) extended the immobility time in the open filed test (OFT)
and tail suspension test (TST), decreased sucrose consumption in the sucrose preference test (SPT).
Pretreatment with CUR (50 mg/kg/day, i.p.) for 7 consecutive days relieved LPS-induced changes in the
behavior tests, the activity of PI3K-Akt signaling pathway, neuronal damage in the PFC and inflammatory
response. Moreover, inhibition of the PI3K-Akt signaling pathway by LY294002 (7.5 mg/kg/day, i.p.)
blocks the therapeutic effects of CUR. In conclusion, our study indicate that CUR may be an effective
antidepressant agent for LPS-induced mouse model, in part because of its anti-inflammatory actin
through PI3K-Akt signaling pathway.

Introduction

Depression (also known as major depressive disorder, MDD) is the main cause of mental disorder that
endangers the health of people worldwide, affect approximately 300 million persons globally as
estimated by the World Health Organization (Charlson et al., 2019, Herrman et al., 2019). In China,
depression is the second leading cause of long-term disability (Lu et al., 2021). Depression lacks effective
treatments, with current antidepressants ineffective in 40% of patients (2018). The clinical treatment of
depression is mainly based on chemical synthetic drugs, which have therapeutic effects but
accompanied with adverse reactions, disadvantages of narrow antidepressant spectrum and a high
recurrence rate (Du et al., 2019, Jiang et al.,, 2019). For example, the selective serotonin reuptake inhibitor
fluoxetine has serious side effects, causing acute nausea, headache, sexual dysfunction and weight gain
(Gerhard et al., 2016). In recent years, a series of active ingredients with antidepressant effect have been
identified from traditional Chinese medicine or traditional Chinese medicine compound (Wang et al.,
2019). Therefore, the development of high-efficiency, low-toxicity, and well-defined antidepressant
traditional Chinese medicine products has become a major idea and direction for the treatment of
depression.

Curcumin (CUR), as a yellow-orange bioactive ingredient extracted from the rhizome of turmeric. 6-10
months old turmeric rhizome contained > 5% w/w of CUR (Pantharos et al., 2022). As a highly lipophilic
compound, CUR can cross the blood-brain barrier (BBB). Mice chronically fed CUR (2.5-10 mg/day for 4
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months) had intracerebral CUR concentrations of 0.5 pg/g following oral administration(Begum et al.,
2008). CUR exhibits a wide range of positive pharmacological activities, including anti-oxidant, anti-
inflammation and anti-cancer (Wei et al., 2019, Ji et al., 2020). A growing number of studies suggest CUR
has therapeutic effects on multiple brain disorders, especially in the treatment of MDD (Fusar-Poli et al.,
2020), Alzheimer's disease (Zhang et al., 2010), Parkinson’s disease (Siddique et al., 2013) and
Huntington's disease (Sandhir et al., 2014). CUR ameliorates pain and depression through altering the
serotonin and monoamine level, inhibiting monoamine oxidase, inhibiting glutamate release from the
prefrontal cortex (PFC) (Kulkarni et al., 2008, Wang et al., 2008, Lin et al., 2011) and increasing brain-
derived neurotrophic factor (BDNF) levels in the amygdala region (Zhang et al., 2012). Multiple clinical
trials in adults with depression also found CUR (500 to 1500 mg/day) to have positive antidepressant
effects (Lopresti, 2022). A meta-analysis also indicates that adding CUR to standard of care improved
symptoms of depression and anxiety in people with depression (Fusar-Poli et al., 2020). Toxicity
assessment is an important issue in drug development. CUR is generally thought to be a very safe drug
with practically no toxicity. In preclinical systematic safety evaluation, no toxic effects were found in rats,
dogs and monkeys administered at a dose of 3.5 g/kg CUR for 3 months (Sharma et al., 2007). In human
trials, CUR was well tolerated and safe, and the frequency of adverse reactions was similar to placebo
administration (Hewlings and Kalman, 2017).

Inflammation and depression are closely related, and interleukin-1 (IL-1), IL-6 and tumour necrosis factor-
alpha (TNF-a) have been used as biomarkers in depression. As an effective activator of the inflammatory
response (O'Connor et al., 2009), LPS-induced depression mouse model has been repeatedly shown to be
an effective and predictive animal depression model (Henry et al., 2008, Adzic et al., 2015). The PI3K-Akt
signaling pathway regulates and controls multiple cellular functions including proliferation, growth, and
survival. Regarding inflammatory mediators, the PI3K-Akt pathway is directly associated with several
inflammatory diseases (Chen et al,, 2016). In depression, the PI3K-Akt signaling pathway plays a key role
in glutamate uptake, glutamate receptor transport, and synaptic neurotransmission (Guillet et al., 2005,
Budni et al.,, 2012, Shi et al., 2012). Animal studies have also indicated that the PI3K-Akt pathway is
associated with depression (Ma et al., 2018, Zeng et al., 2021). Although CUR has multiple potential
antidepressant mechanisms, it is still unclear whether the PI3K-Akt signaling pathway is the mechanism
of its antidepressant effect. Therefore, the purpose of this study aimed to study the role of PI3K-Akt
signaling pathway in the therapeutic effect of CUR against depression.

The PFC has become one of the most damaged region in depression (Pizzagalli and Roberts, 2022). In
this study, we used the LPS-induced classical depression model to investigate antidepressant mechanism
of CUR. The depression-like behaviors of mice were assessed by OFT, SPT and TST. Then, the molecular
mechanism of CUR against depression was revealed through the systems pharmacology approach. We
found that CUR exerts antidepressant effects through the PI3K-Akt signaling pathway and improves PFC
neuronal damage and serum inflammatory response. These results revealed an important mechanism for
the antidepressant effect of CUR, which may facilitate its clinical translation.

Page 3/28



Materials And Methods

Collection of CUR-related target and pharmacological
parameters evaluation

CUR-related targets were collected from the HERB database (http://herb.ac.cn/) (Fang et al., 2021) and
PharmMapper server (http://lilab-ecust.cn/pharmmapper/index.html) (Liu et al., 2010). It should be noted
that the related targets of CUR from HERB database were gathering from curated references, while targets
from the PharmMapper server were drug target identification based on pharmacophore mapping method.
AD. In addition, protein classification was performed using the Panther classification system
(http://pantherdb.org/)(Mi et al., 2007).

Physicochemical and ADMET studies showed that the compounds that were most compliant with
Lipinski's Rule of Five (RO5) could penetrate the BBB to high degrees and exhibited good oral
bioavailability (Mohd Faudzi et al., 2020). Here, the SwissADME web service (http://www.swissadme.ch)
(Huang et al.,, 2020) was used to evaluate the RO5 of the CUR. The toxicological parameters were
calculated for CUR using the Protox Il webserver (https://tox-new.charite.de/protox_ll/) (Banerjee et al.,
2018).

Gene Set Enrichment Analysis (Gsea)

GSE98793 dataset (Leday et al., 2018), the whole blood samples included 64 control healthy and 128
MDD samples, was collected from the Gene Expression Omnibus (GEO) database and annotated in the R
software (R Foundation for Statistical Computing, Vienna, Austria) through annotation files. GSEA was
used for enrichment analysis of MDD-related genes via the ClusterProfiler R package (version 3.12.0) (Yu
et al., 2012), and a p value < 0.05 were considered significantly enriched. For GSEA data, the normalized
enrichment score (NES) and p value were specified.

Kyoto Encyclopedia Of Genes And Genomes (Kegg) Pathway
Enrichment Analysis

We performed gene ontology (GO) and KEGG pathway analyses using the ClusterProfiler R package (Yu
et al., 2012) at Benjamini—Hochberg (BH) adjust the p value < 0.05. The ratio of the gene numbers to all
gene numbers annotated in this term is the rich factor. The top 10 enriched terms of CUR targets were
visualized using a web-based tool (www.bioinformatics.com.cn) (Zeng et al., 2022). We also downloaded
the genes of PI3K-Akt signaling pathway from the PathCards database (http://pathcards.genecards.org/)
(Belinky et al., 2015). The targets present in both the PI3K-Akt signaling pathway and CUR targets were
screened out using Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/index.html).
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Protein-protein Interaction (Ppi) Network Construction

STRING database, version 11.5 (https://string-db.org/) (Szklarczyk et al., 2019), was used to construct the
PPI network. Only PPI interaction for Homo sapiens were considered and the combined score >0.4 was
requested. The edges’ thickness represents the combined score. The Cytoscape plugin Network Analysis
plugin was used to calculate degree values (the number of a node directly connected to other nodes), and
constructed PPI network was visualized by Cytoscape software (version 3.7.1) (Shannon et al., 2003).

Molecular Docking And Molecular Dynamics Simulations

We used AutoDock Vina (The Scripps Research Institute, CA, USA) to perform molecular docking in this
study. The protein-CUR interactions in the structures were analyzed by LigPlot. Molecular dynamics
simulation was also performed employing GROMACS package (version 2019.6) combined with the
Amber ff14SB force field. The conjugate gradient method is used to minimize the energy of the entire
system and the steepest descent algorithm then processed 50,000 steps. When the temperature reaches
300 K, a density balance of 500 ps is performed with periodic boundary conditions, and in final, a 100 ns
simulation of MD was carried out, which is on the basis of the initial structure of the docked complexes
of substrate with protein.

Drugs And Antibodies

CUR (HPLC = 97%, CAS# MB2147) was from Dalian Meilun Biological Technology Co., Ltd (Dalian,
China). Carboxymethylcellulose sodium (CMC-Na, Cat# 30036365) was from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China). LPS (CAS# MB5198) was from Dalian Meilun Biological Technology
Co., Ltd (Dalian, China). LY294002 (PI3K inhibitor, CAS# 154447-36-6) was purchased from MCE
(MedChemExpress). Total Akt (t-Akt, Cat# 9272) and phosphorylated Akt (p-Akt, Ser473; Cat# 4058), total
PI3K (t-PI3K, Cat# 4695) and phosphorylated PI3K (p-PI3K, Tyr458; Cat# 4370), antibodies were
purchased from Cell Signaling (Danvers, MA, USA). Anti-mouse IgG (Cat# 926-32211) and anti-rabbit
(Cat# 926-32210) conjugated to IRDye® 800 CW were obtained from Li-Cor Bioscience (Lincoln, NE,
USA). Sandwich enzyme-linked immunosorbent assay (ELISA) kits for IL-6 (Cat# RK00008), IL-1B (Cat#
RK00006) and TNF-a (Cat# RK00027) were from Abclonal Technology (Wuhan, China).

Animal And Drug Treatment

Male adult C57BL/6J mice (12-14 weeks old) were purchased from Guangdong Medical Laboratory
Animal Center (License No. SCXK-YUE 2022-0002, Guangdong, China). All mice were housed and
maintained in the Medicine Animal Center of Jianghan University, and the experimental procedures were
approved by the Medical Ethics Committee of Jianghan University with the approval YXLL2021-003.
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CUR was dissolved in 0.5% CMC-Na. The experiment mice were divided into four groups (n = 8/group):
saline-treated (control mice), LPS (2 mg/kg/day, intraperitoneally), LPS + CUR (50 mg/kg/day,
intragastrically) and LPS + CUR +LY294002 (7.5 mg/kg/day, intraperitoneally). Animals received an
intraperitoneal (i.p.) injection of saline or curcumin for 7 consecutive days. Mice received an i.p. injection
of LPS or LY294002 once a day from the 5th day to the 7th day, LY294002 was administered 1 h prior to
LPS treatment. Figure 4A showed the drug treatment schedule. The dose of LPS and CUR were based on
the previous animal studies (da Silva Marques et al., 2021, Li et al., 2021). After 24 h of the last LPS
injection, the behavior tests were performed and then body weight of mice was recorded. Finally, we
sacrificed the animals and collected the brain tissues and serum.

Behavior Tests (Spt, Oft And Tst)

The OFT, SPT and TST were performed to detect exploratory activity and anxiety-like behavior as
described previously in this study (Ning et al., 2018, Zeng et al., 2019, Qu et al., 2020). The number of
crossing the center in OFT was recorded. Sucrose preference rate was calculated according to the
formula: sucrose consumption/sucrose consumption plus water consumption (%). The amount time of
immobility in TST was recorded.

Hematoxylin—eosin (He) Staining

Mice were sacrificed by isoflurane anesthesia and HE staining was performed according to our previous
study (Guo et al., 2019). Images were obtained using an Olympus microscope (Tokyo, Japan).

Western Blotting And Elisa

Western blotting and ELISA

Western blotting was performed according to our previous methods (Guo et al., 2019, Zeng et al., 2019).
The quantification of the western blotting was analyzed by Image J software (https://imagej.nih.gov/).
The levels of IL-6, IL-1B and TNF-a in serum were quantified using ELISA kits (ABclonal, Wuhan, China)
through the manufacturer's protocols. Finally, stop the reaction and measure the optical density was
accordingly.

Statistical analysis

Data were presented as means + SEM and plotted using GraphPad Prism. Statistical analysis was
performed using SPSS 19.0 (SPSS, Chicago, IL). Multiple comparisons were performed using 1-way
ANOVA and Tukey’s multiple comparisons test. p< 0.05 was considered statistically significant.

Result
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Pharmacological and toxicological properties of CUR

The 2D chemical structure of CUR is showed in Fig. 1A, it has three reactive functional groups containing
one diketone moiety and two phenolic groups (Priyadarsini, 2013). The suitability of CUR for the use as a
drug was based on RO5 (Lipinski et al., 2001) and drug likeness (Tao et al.,, 2013). CUR is fully compliant
with the ROS5 for orally bioavailable drugs. Furthermore, toxicological parameters including organ toxicity
(hepatotoxicity) and toxicity end points (carcinogenicity, immunotoxicity, mutagenicity, cytotoxicity) were
predicted by Protox Il webserver (Banerjee et al., 2018). The acute oral LD50 of CUR was 2000 mg/kg and
only considered to be related to immunotoxicity (Fig. 1B). Combined with preclinical systematic safety
evaluation (Sharma et al., 2007) and human trials (Hewlings and Kalman, 2017), CUR is considered to be
a very safe drug. The above results indicated that CUR had satisfactory pharmacokinetic properties,
meanwhile, it possessed no toxicity. Furthermore, these 358 target proteins of CUR were categorized into
9 different classes based on their cellular functions, of which metabolite interconversion enzyme
(PC00262) and protein modifying enzyme (PC00260) were the most enriched class (Fig. 1C). To provide
insight into the biological functions of CUR, we performed GO based biological process enrichment
analysis using all 358 CUR targets as input list. Analysis of BP terms showed that most of the CUR
targets were related to response to oxidative stress (G0O:0006979), cellular response to chemical stress
(G0:0062197), positive regulation of cytokine production (G0O:0001819), response to nutrient levels
(G0:0031667), neuron death (GO:0070997), response to lipopolysaccharide (G0:0032496) and regulation
of inflammatory response (G0:0050727) (Fig. 1D). 47 CUR targets are involved in the neuron death
(G0O:0070997) and form a PPI network that includes 46 nodes and 462 edges. Notably, AKT1, HIF1A,
TP53, CASP3, TNF, STAT3, MTOR, CTNNB1 (B-catenin), CASP8 and SIRT1 play a key role in this PPI
network.

Pi3k-akt Signaling Pathway Is A Key Signaling Pathway For Cur
Antidepressant Activity

By applying GSEA, we identified signaling pathways closely related to depression. The MDD dataset,
GSE98793, contains the gene expression from the whole blood of 128 persons (64 MDD patients and 64
healthy controls). GSEA revealed that genes identified by GSE98793 were significantly enriched in the
PI3K-Akt signaling pathway in MDD patients (NES = 1.44, p=0.002) (Fig. 2A). We therefore identified the
PI3K-Akt pathway as a candidate key signaling pathway for depression. We further identified the KEGG
pathways regulated by CUR, and a total of 358 targets were collected from the HERB database (Fang et
al., 2021) and PharmMapper server (Liu et al., 2010). Specifically, 176 and 193 CUR targets were obtained
from HERB database and PharmMapper server, respectively. KEGG pathway enrichment analysis of 358
CUR targets was conducted using the ClusterProfiler R package (version 3.12.0) (Yu et al., 2012). A total
of 159 KEGG pathways were significantly enriched (adjusted p values < 0.05) in our study. As shown, the
m n n n most significantly enriched pathways were PI3K-Akt signaling pathway (hsa04151, adjust p
value = 8.06E-14, 40 targets), MAPK signaling pathway (hsa04010), FoxO signaling pathway (hsa04068),
apoptosis (hsa04210) and JAK-STAT signaling pathway (hsa04630) (Fig. 2B).
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We obtained 525 genes involved in this signaling pathway from the PathCards database (Belinky et al.,
2015). Ultimately, taking the intersection of the genes in PI3K-Akt signaling pathway and CUR, 52 targets
were screened out (Fig. 2C). We further constructed a PPI network by the STRING database (version 11.5)
(Szklarczyk et al., 2019), and obtained a PPI network containing 52 nodes and 712 edges (Fig. 2D). In the
PPI network, AKT1, TP53, MYC, MTOR, CTNNB1, EGFR, VEGFA, MAPK3, CASP3 and CCND1 have the
highest degree value. We also constructed a PPl network of 525 genes of the PI3K-Akt signaling pathway.
Among the top 50 targets ranked by degree in the PPI network, there were 23 CUR targets that targeting
PI3K Akt signaling pathway (Fig. 2E). The above results show that the PI3K-Akt signaling pathway, which
is closely associated with depression, is a key signaling pathway targeted by CUR.

Molecular docking and molecular dynamics simulations of the interaction between CUR and it's targets
involved in the PI3K-Akt signaling pathway

As shown in Fig. 2, PI3K-Akt signaling pathway is the main signaling pathway for CUR antidepressant
activity. The molecular docking studies showed that the CUR targets involved in the PI3K-Akt signaling
pathway were well combined with CUR (Fig. 3A). Among the targets, CUR showed the highest binding
energy with RXRA (-9.8 kcal/mol), followed by ERBB4 (-8.6 kcal/mol), RAC1 (-8.6 kcal/mol), PTGS2 (-8.5
kcal/mol), JAK2 (-8.3 kcal/mol), and MTOR (-8.2 kcal/mol). AKT1 is the most important subtype of Akt
isoforms and the activation of Akt1 was assessed by Ser473 phosphorylation of Akt relative to total Akt.
Figure 3B, C demonstrates that CUR binds tightly in the AKT1 binding pockets and stabilized by hydrogen
bonding. Specifically, CUR formed potential interactions with residues Glu228, Lys276 and Ser7 of AKT1
via hydrogen bonds. The distances between CUR and Glu228, Lys276, Ser7 were 2.91, 3.08 and 2.65,
3.02,3.31 A respectively (Fig. 3C). Moreover, with the aim of investigating the dynamic interactions
between CUR and AKT1, molecular dynamics simulation was also performed employing GROMACS
package (version 2019.6) combined with the Amber ff14SB force field. The RMSD from the average
structure of backbone atoms for each MD trajectory was calculated as well for exploring the "position
stability" of the original conformation for each complex. Figure 3D is plotted the RMSD of backbone
atoms of the complex system and the result shows that after 25 ns, the conformation of all systems has
reached a steady-state because the RMSD for the original structure of complex reached at about 5 A
which indicates the stability of the structures.

Cur Ameliorates Lps-induced Depression-like Behaviors Through The
Pi3k-akt Signaling Pathway

In this study, we employed the LPS-induced depression mice model (Sekio and Seki, 2014, Jeon et al.,
2017, Li et al.,, 2021) to assess the antidepressant effect of CUR. The experimental paradigm was shown
in Fig. 4A. In the OFT, zone crossing numbers in LPS group (16.75 + 1.24) was decreased compared with
that in CON mice (30.38 + 1.63), whereas treatment with CUR led to a significant increase (24.13 + 1.60).
PI3K inhibitor, LY294002, can block PI3K-Akt signaling and block the antidepressant effect of CUR

(Fig. 4B, F). The sucrose preference percentage of LPS mice (69.51 + 4.38) was significantly reduced
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compared with that of CON mice (86.99 + 2.22). However, the sucrose preference percentage of LPS +
CUR mice (86.13 + 2.32) treated CUR significantly increased compared with LPS mice (Fig. 4C). The
results of TST revealed that LPS exposure (165.8 + 6.75 s) significantly increased immobility times
compared with CON mice (75.63 + 3.95 s), while CUR at dose of 50 mg/kg/day treatments (105.4+ 6 s)
significantly reduced immobility times versus LPS group (Fig. 4D). Inhibition of the PI3K-Akt signaling
pathway by LY294002 blocks the antidepressant effects of CUR. The body weight between the 4 groups
showed no difference (about 22 g) (Fig. 4E). These results suggest that CUR relieves LPS-induced
depression-like behaviors, and inhibition of PI3K-Akt signaling pathway can block the antidepressant
effect of CUR.

Cur Treatment Eliminated Lps-induced Neuronal Damage In The Pfc

As shown in Fig. 5, the neurons in the prefrontal cortex of CON mice have regular morphology, neat
arrangement, uniform chromatin, and normal interneuron gap; the neurons in the prefrontal cortex of each
group have different degrees of cell body swelling and nuclear pyknosis. The pathological phenomena
such as cytoplasmic condensed and deep staining, disordered arrangement and widening of the gap
were the most serious in the LPS group. This neuron morphology was reverse by CUR.

Cur Reduced Lps-induced Inflammatory Response Through Pi3k-akt
Signaling Pathway

We investigated the anti-inflammatory effects of CUR. LPS administration could induce the expression of
proinflammatory cytokines such as IL-6, IL-1B and TNF-a (Bhatia et al., 2022, Zhu et al., 2022). To further
verify CUR has anti-inflammatory effects, we measured the level of IL-6, IL-18 and TNF-a in serum by
ELISA. The levels of TNF-q, IL-1B and IL-6 in the LPS group were higher than the CON mice (Fig. 6A-C),
while the levels of TNF-q, IL-1B and IL-6 in the LPS + CUR- group were decreased, respectively. (Fig. 6A-C).
Whereas treatment with LY294002 resulted in a significant increase of TNF-q, IL-18 and IL-6 (Fig. 6A-C).
The above results suggested that indicated that LPS-treatment significantly enhanced neuroinflammation
which could be rescued by CUR treatment, however, blocking the PI3K pathway could reversed the anti-
inflammatory effects of CUR.

Effects Of Cur On Pi3k-akt Signaling Pathway-related Proteins In Pfc

It is well known that prefrontal cortex is involved in the depression-like phenotype. Akt1 is widely
expressed in the brain and highly expressed in the PFC (Fig. S1). Herein, these proteins expressed in PFC
of mice were measured by Western blotting. In LPS mice, the levels of p-PI3K (Tyr458) (0.66 + 0.07) and p-
Akt (Ser473) (0.30 + 0.01) were significantly decreased than the CON mice. After CUR treatment, the levels
of p-PI3K and p-Akt in LPS + CUR mice were significantly increased (p< 0.05). However, the levels of p-
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PI3K and p-Akt were significantly decreased in LPS + CUR +LY294002 mice. There was no difference in t-
PI3K and t-Akt among the four groups (Fig. 7A-C).

Discussion

Neuroinflammation in the brain has been implicated in the pathogenesis of depression (Brites and
Fernandes, 2015, Yirmiya et al., 2015) and excessive neuroinflammation has been demonstrated to
induce neuronal damage in the PFC of depression rats model induced by chronic unpredictable mild
stress (CUMS) (Fan et al., 20183, Fan et al., 2018b). The PFC plays an important role in translating
emotional information (Pan et al., 2014). This study took PFC as the research object to explore the
antidepressant mechanism of CUR. CUR belongs to the new generation antidepressants and the most
commonly prescribed drug for the treatment of depression. In addition, previous findings on the
molecular and cellular mechanisms of CUR suggest that CUR exerts anti-inflammatory effect by inhibiting
cyclooxygenase 2 (COX-2), nuclear factor kappa beta (NF-kB) pathway and activating NOD-like receptor
protein 3 (NLRP3) inflammasome. Here, we demonstrated that CUR could reverse the alterations of
inflammatory mediators (i.e., TNF-q, IL-1B and IL-6) induced by LPS. Another finding was that CUR
treatment was able to restore PI3K-Akt activity (phosphorylation), which ultimately alleviated depression-
like phenotypes. These results not only provide a new antidepressant mechanism of CUR but also provide
new options for further exploration of therapeutic targets for depression.

In this study, we examined LPS-treated animals to study the antidepressant role of CUR. Previous
experimental data support a strong association between depression and neuroinflammation (Singhal et
al., 2014, Tohidpour et al., 2017, Ali et al., 2020). Elevated cytokines are first identified in MDD patients
(Nanni et al.,, 2012, Kreisel et al., 2014). A postmortem study showed the pro-inflammatory cytokines
genes are elevated in the frontal cortex of depressed people compared with the healthy controls (Shelton
et al., 2011). LPS, the bacterial endotoxin, is widely used to establish a depression animal model related
to inflammation (Dantzer, 2001, Ohgi et al., 2013, Ma et al,, 2014, Zhang et al., 2014, Yao et al., 2015).
Administration of LPS induces the expression of pro-inflammatory cytokines such as TNF-a and IL-1B in
brain. Depression-like behaviors induced by peripheral administration of LPS peaked 2 to 6 hours after
dosing (Zhang et al., 2016). In this study, 3 days of LPS injection created depressive tendency mice
measured by OFT, SPT and TST. Furthermore, pro-inflammatory cytokines including IL-1B, IL-6 and TNF-a
were activated in the serum in response to peripheral administration of LPS. Multiple lines of evidence for
the therapeutic effect of anti-inflammatory therapy on infection-induced depression-like symptoms
continue to support a causal relationship between depression and neuroinflammation.

IL-1B, IL-6 and TNF-a are thought to be important factors in the neuroinflammation, and have been
implicated in the treatment of depression and stress-related mood disorders (Tuglu et al., 2003, Raison et
al., 2006). For example, preclinical studies have shown that administration of IL-18 produces multiple
stress-like effects, downregulation of BDNF, and impairment of memory function (Koo and Duman, 2009).
Furthermore, knockout the IL-1B receptor could attenuated the social defeat of mice (Wohleb et al., 2011).
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Chronic alterations in peripheral and cerebral IL-6 levels may contribute to depressive symptoms in a
number of ways (Hodes et al., 2016). IL-6 and IL-1 could also work together and synergistically induce
psycho-neuro-immunological changes in depressive patients (Maes et al., 1993). IL-6 also increase the
level of indoleamine 2, 3-dioxygenase (ID0), leading a decrease the production of tryptophan and
tryptophan catabolites (TRYCATSs), which is associated with the symptoms of depression (Maes et al.,
2014). In addition, previous experimental data support that TNF-a can disrupt the BBB integrity (Cheng et
al., 2018) and induce the depression-like behavior of mice (Zhe et al., 2017). With regards to studies of
human patients, a previous report showed that CUR reduced the pro-inflammatory cytokines in in patients
with depression compared with the placebo group (Yu et al., 2015). Moreover, studies in other clinical
trials indicate that CUR can reduce the plasma levels of TNF-q, IL-6, and CRP in patients (Zhou et al.,
2011, Aggarwal et al., 2013, Sahebkar, 2014). The results of our present study showed CUR could
reversed LPS-induced behavioral and cytokines (TNF-q, IL-18 and IL-6) changes. Thus, one of the
antidepressant mechanisms of CUR could be through its anti-inflammatory effect.

Depression is strongly associated with neuroinflammation and involves multiple targets and pathways.
The regulation and release of pro-inflammatory cytokines are related with the PI3K-Akt signaling pathway.
Previous studies have demonstrated a role for PI3K-Akt pathway in cancer (Fakhri et al., 2020, Fakhri et
al., 2022).Furthermore, a recent review suggested this pathway plays the critical role in depression (Fakhri
et al., 2021). PI3K/Akt/mTOR plays an important role in cell apoptosis, proliferation, migration and other
processes. Also, this pathway can organize a major intracellular network for neoplastic synaptic function
through the surviving cell transmission(Matsuda et al., 2019). In depression, there is evidence that PI3K-
Akt pathway is associated with ERK1/2, GSK-33 and BDNF towards potential neuroprotective role (Lv et
al., 2014). Natural products are major modulators of PI3K-Akt signaling pathway that inhibits the
neuroinflammation (IL-6, IL-1B) (Jiang et al., 2018), nauroapoptosis (Bax/Bcl-2) (Cao and Qiao, 2019) and
neuronal oxidative stress (Krogh et al., 2014) in depression. PI3K-Akt signaling pathway appears to play
important roles in several functions as mentioned before. From the PPI network, 23 core targets were
screened out ranked by degree (AKT1, EGFR, CTNINB1, MAPK3, MYC, TP53, VEGFA, TNF, IL6, MAPK1,
MTOR, CCND1, CASP3, CDC42, JAK2, STAT1, PTK2, KIT, IGF1R, PIK3CB, HGF, INSR and MET). Evidence
implicated that AKT is a good candidate molecule for MDD susceptibility. AKT1, a subtype of AKT, play
an important role in depression. It is associated with anxiety symptoms and suicidal tendency of patients
with depressive disorder(Yang et al., 2012). In this study, CUR treatment augmented the ratios of p-Akt
(Serd73)/t-Akt and p-PI3K (Tyr458)/t-PI3K in the PFC of LPS + CUR mice. These results suggested that the
effect of CUR on depression is directly related to the PI3K-Akt signaling pathway.

In addition to targeting proteins, CUR can interact with microRNAs and alter their function. MiR-155 was
negatively correlated with the level of BDNF in the hippocampus, and the increase of miR-55 inhibits the
expression of BDNF (Huan et al., 2021). Previous report has indicated that CUR inhibits LPS-induced
inflammatory responses by inhibiting miR-155 (Ma et al., 2017). Therefore, the epigenetic mechanism by
which CUR exerts antidepressant effect needs to be further clarified. further studies are needed to
elucidate the epigenetic mechanisms by which CUR exerts antidepressant effects. In addition to
depression, dysregulation of the PI3K-Akt signaling pathway is found in a variety of human diseases,
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including cancers, diabetes, cardiovascular diseases. Further research is needed to treat the above
diseases with CUR through PI3K-Akt signaling pathway.

Conclusion

Our results demonstrated that LPS-induced neuroinflammation plays a role in depression by inhibiting
PI3K-Akt activity and associated neuronal damage. CUR could reverse these effects through increasing
PI3K-Akt activity, which ultimately eliminating depressive-like symptoms and the neuroinflammation.

Abbrevistions

Page 12/28



Declarations

BBB

BDNF
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Gene Expression Omnibus
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Hematoxylin-eosin staining
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Interleukin-1
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Major depressive disorder
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NOD-like receptor protein 3
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Tumour necrosis factor-alpha
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Figure 1

Pharmacological and toxicological parameters of Curcumin (CUR). A Chemical structure of CUR and its
pharmacological properties. BToxicological parameters of CUR. C Panther classification was used
categorize common targets of CUR targets. D: Top 10 significantly enriched biological process terms for
358 CUR targets. The x-axis, rich factor (the ratio of targets in the background terms). Bubble size, the
number of genes enriched. Bubble color, p value.
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Figure 2

PI3K-Akt signaling pathway is a key pathway for CUR antidepressant activity. AGSEA demonstrated
significant enrichment for members of the PI3K-Akt signaling pathway in major depressive disorder
(MDD) patients. Data was obtained from GSE98793. B Top 10 significantly enriched KEGG pathways for
358 CUR targets. C Venn diagram showing overlapping of PI3K-Akt signaling pathway involved targets
and CUR targets. DEstablishment of PPI network of the CUR antidepressant targets using STRING
database (version 11.5). The degree of each node was reflected by the color: the higher degree was
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represented with deeper color. E Among the 525 targets involved in the PI3K-Akt signaling pathway, 23 of
the top 50 targets in the PPI network ranked by degree were CUR targets.
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Amino Acid Residues and Molecular Dynamics Simulation of CUR Binding to AKT1. A Docking score
(kcal/mol) of CUR with its targets involved in the PI3K-Akt signaling pathway. B Pattern diagram of
molecular docking of CUR with Akt1 (PDB ID: 3MV5). C LigPlus schematic 2D representation the
interactions between CUR and Akt1. D The molecular dynamics simulation between CUR and AKT1.
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Figure 4

CUR ameliorates LPS-induced depression-like behaviors via the PI3K-Akt signaling pathway. A A flowchart
demonstrates the experimental timeline. Thirty-two C57BL/6J male mice were divided into four groups,
control group (saline-treated mice), LPS group (2 mg/kg/day, i.p.), LPS+CUR (50 mg/kg/day, i.p.) and
LPS+CUR+LY294002 (7.5 mg/kg/day, i.p.). B The zone crossing numbers in the OFT (n = 8 per group). C
Percentage of sucrose water consumption in the SPT on day 10. D The immobility times in the FST. E
Body weight was measured on day 11. F Representative activity tracking in the OFT in CON, LPS,
LPS+CUR and LPS+CUR+LY294002 mice. ** p< 0.01, *** p< 0.001 LPS vs CON. ## p< 0.01, ### p<
0.001 LPS+CUR vs LPS. A p<0.05, AA p<0.01 LPS+CUR+LY294002 vs LPS+CUR.
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HE staining

Figure 5

LPS

LPS+CUR

Representative HE staining images in the PFC of each group. Scale bar = 50 pm.
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CUR treatment significantly reduced LPS-induced inflammatory response through PI3K-Akt signaling
pathway. Serum protein levels of proinflammatory cytokine IL-6 (A), IL-18 (B), and TNF-a (C) were
measured by ELISA (n = 5). Data were expressed as the means + SEM. *** p< 0.001 LPS vs CON. ## p <
0.07, ### p<0.001 LPS+CUR vs LPS. A p<0.05, AA p<0.01, AAA p<0.001 LPS+CUR+LY294002 vs

LPS+CUR.
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Figure 7

Effects of CUR on proteins of the PFC involved in PI3K-Akt signaling pathway associated. A
Representative Western blotting bands of PI3K-Akt signaling pathway associated proteins. (B, C) The
Levels of total PI3K and phosphorylated PI3K (p-PI3K, Tyr458), total Akt and phosphorylated Akt (p-Akt,
Ser473) in PFC were detected by Western blotting and quantitatively analyzed (n = 3 per group). * p <
0.05, *** p<0.001 LPS vs CON. # p< 0.05, ### p< 0.001 LPS+CUR vs LPS. A A p<0.01
LPS+CUR+LY294002 vs LPS+CUR.
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