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Abstract 

Depression is highly prevalent in patients suffering from chronic inflammatory 

diseases. Dysregulated neuroinflammation and concomitant activated micorglia play a 

pivotal role in the pathogenesis of depression. Paricalcitol (Pari), a vitamin D2 

analogue, has been demonstrated to exert anti-inflammative effects on renal and 

cardiovascular diseases. In this study, mice were pretreated with Pari before being 

induced to acute depression-like behaviors by systemic lipopolysaccharide (LPS) 

injection. To determine the therapeutic effects of Pari, alterations in acute body 

weight, sucrose preference, forced swimming and tail suspension tests were assessed. 

Then, alterations of pro-inflammation cytokine IL1-β level and microglia activity in 

the hypothalamus, which are involved in the pathophysiology of depression, were 

examined. The results showed that Pari significantly alleviated systemic LPS injection 

induced depressive-like behaviors as shown by increased sucrose preference and 

decreased TST and FST immobility. Pari could specifically regulate 

microglia-mediated neuroinflammation process and local activity of renin-angiotensin 

system to exert its anti-depressant effects. This study demonstrated a potential for 

paricalcitol in treating depressive symptoms induced by systemic inflammation, 

particularly in patients with chronic hypertension. 
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1. Introduction 

Evidences from clinical studies revealed that depression is highly prevalent in 

patients suffering from chronic inflammatory diseases [1]. Although the precise 

mechanism remains unclear, mounting evidence have demonstrated that dysregulated 

neuroinflammation and concomitant activated micorglia play a pivotal role in the 

pathogenesis of depression [2-5]. The severity of depression is associated with the 

levels of circulating proinflammatory cytokines, such as IL-1β, IL-6, TNF-α and 

IFN-γ [6]. Once the barrier functions of the blood-brain barrier (BBB) and choroid 

plexus compromised, the innate immune system in the central nerve system will be 

activated [7]. Microglia，which comprise 10-15% of all brain cells, are the resident 

immune cells of the central nerve system. They are crucial in regulating 

neurodevelopment and neurological functions [8]. Microglia could be activated when 

pathologically insulted and exacerbate central inflammatory response with the 

releasing of pro-inflammatory cytokines [9]. These peripheral and central 

inflammatory signals are integrated by microglia and ultimately leads to neuronal 

dysfunction, aberrant plasticity, oxidative stress and the suppression of adult 

neurogenesis, all of which are potential mechanisms of depression [10, 11]. Once the 

central inflammatory response exceeds the organism’s coping capacity, mental 

disorders will occur [12, 13]. 

Experimental bacterial endotoxin lipopolysaccharide (LPS) challenge evokes the 

activation of microglia and acute phase response of inflammation, which induces 
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depressive symptoms in humans and depressive-like behavior in rodents [11, 14, 15]. 

Moreover, LPS-induced depressive-like symptoms can be ameliorated by microglial 

inhibitor minocycline, which suggests that inhibiting microglia activation and 

neuroinflammation should be regarded as promising therapies for 

inflammation-induced depression [16]. 

Recently, several clinical and experimental findings suggested that vitamin D (VD) 

deficiency are significantly associated with depression [17-19]. VD is a pleiotropic 

secosteroid concerning many aspects of physiological functions, including regulating 

calcium and phosphorous balance, influencing cell differentiation and proliferation, as 

well as modulating the immune and inflammation processes [20]. The inflammatory 

modulation properties of VD indicate that it has the potential to ameliorate 

inflammation-induced depressive-like behavior. Paricalcitol (Pari), a vitamin D2 

analogue, has been demonstrated to exert anti-inflammative effects on renal and 

cardiovascular disease via modulating nuclear factor (NF)-κB signaling [21, 22]. 

However, no attampt has been made to determine the beneficial effect of Pari on 

mental disease. Thus, we hypothesized that Pari might have the potential to alleviate 

systemic-inflammation induced depressive-like behavior.  

In the present study, we first determined whether Pari could alleviate 

depressive-like behavior in mice after systemic LPS challenge. Then, alterations of 

pro-inflammation cytokine IL1-β and microglia activity in the hypothalamus, which 

involved in the pathophysiology of depression,were examined. Finally, we attempted 
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to demonstrate the possible mechanism that could account for the antidepressant 

effect of Pari. 

2. Materials and methods 

2.1. Animals 

Totally thirty eight-week-old male C57BL/6J mice were purchased from the Slac 

Laboratory Animal (Shanghai, China). Mice were group housed until behavioral tests 

beginning and provided ad libitum access to maintenance diet and water in a 

temperature (25 ℃) and humidity (45–55%)-controlled environment with a 12-hour 

light/dark cycle (lights off at 8:00 pm). Mice were handled daily for 1 week before 

experimentation. All animal procedures were performed strictly according to NIH 

Guide for Care and Use of Laboratory Animals. The animal study protocol was 

approved by the Animal Care and Use Committee of Shanghai University of 

Traditional Chinese Medicine. 

2.2. Drugs and Administration 

Animals in the Pari (Paricalcitol) group were treated with paricalcitol at 0.4 μg/kg 

(dissolved in propylene glycol:ethanol_90:10, i.p. injection three times per week) 

(provided by Prof. Yan-Chun Li, University of Chicago) for fourteen days prior LPS 

injection. Meanwhile, animals in the control and LPS group were daily i.p. 

administrated with equal dose volume of vehicle. To avoid additional 

handling-induced unexpected behavioural alteration, mice in the Pari group received 
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daily i.p. injection of equal dose volume of vehicle as well during the days without 

Pari pre-treatment. 

To induce an inflammatory reaction, a dose of 1mg/kg of LPS (Escherichia coli, 

0127:B8, Sigma-Aldrich, Lyon, France) was intraperitoneally injected (ten mice in 

each group were employed) between 9 and 11 am. One milligram LPS were diluted in 

5 mL sterile endotoxin-free saline (NaCl 0.9%) before injection. LPS is a component 

of the cell wall of Gram-negative bacteria and represents a useful model for 

investigating changes that accompany brain inflammation. Control mice received an 

injection of endotoxin-free injectable saline solution (0.9%). Body weight was 

measured 24 hours after LPS injection.  

 

2.3. Sucrose preference test 

The sucrose preference test was employed to evaluate anhedonia. Before testing, all 

mice were acclimated to drinking water and 2% sucrose solution for 3 days. On the 

day of testing, drinking water and 2% sucrose solution were placed in the home cage 

for 23 hours. At the end of the testing, fluid content was measured and sucrose 

preference was calculated using the following equation: Sucrose preference (%) = 

sucrose intake/(sucrose intake + water intake) × 100. 

 

2.4. Tail suspension test (TST) 
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The TST was conducted at 23h post treatment. Mice were suspended by adhesive tape 

that was positioned about 2.5 cm from the tail-tip with the head 40 cm above the floor. 

The trial was carried out for 6 min and the mice were video-recorded for analysis. The 

duration of immobility was manually recorded by two trained blinded observers 

during the final 5 min interval of the test. Mice were considered immobile when they 

hung passively and motionlessly. 

 

2.5. Forced swimming test (FST) 

At 24h after treatment, mice were placed individually into glass cylinders (height: 30 

cm, diameter: 16 cm) containing 25 cm water maintained at 23–25 ℃. Water was 

renewed before test. FST lasted for 6 min and mice were immediately returned to 

their home cage. The total time spent immobile was scored by two well trained 

observers who were blinded to the treatments. A mouse was judged to be immobile 

when it floated in an upright position, and made only small movements to keep its 

head above water. The duration of immobility was recorded during the last 5 min of 

the testing period. 

 

2.6. Sample collection 

Immediately after behavioral testing, animals were sacrificed by terminal anesthesia 

(pentobarbital; IP, 70mg kg
–1

). Blood was collected by cardiac puncture and brains 

were removed after perfusion with sterile NS. The hypothalamus were collected. 
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Tissues from one hemisphere were used for ELISA assay while tissues from the 

contralateral hemisphere were employed for qPCR test. 

 

2.7. ELISA for IL1-β 

Plasma cytokine IL-1βwere assessed using commercially available enzyme-linked 

immunosorbent assays (ELISAs) kits (Excell, Shanghai, China) according to 

manufacturer’s instructions. Samples were diluted 1:10 (v:v). Assays were sensitive 

with lower limits of quantification at 10 pg/ml; inter and intra-assay coefficients of 

variation were less than 10%.  

 

2.8. Quantitative Real-time-PCR 

The transcription levels of IL-1β in the hypothalamus was determined with 

quantitative real-time-PCR. Total RNA was isolated using RNA-Solv Reagent 

(OMEGA, Georgia, USA). Reverse transcription was performed with 2 

μg RNA using Rever Tra Ace (TOYOBO, Osaka, Japan) and Oligo(dT)18 (TaKaRa, 

Shiga, Japan ). qRT-PCR was carried on SYBR Premix Ex Taq (TaKaRa, Shiga, 

Japan) using ViiA 7 Real-Time PCR System. Reaction procedures 

 were as follow: an initial step at 95°C for 5min, 40 cycles of 94°C for 15s, 60°C for 3

4s. The primers used were as the following : IL-1β, fwd 5’-AAT GCC TCG TGC 

TGT CTG ACC-3’, rev 5’-TTG TCG TTG CTT GTC TCT CCT TG-3’; β-actin, fwd 

5’-TCT GGC ACC ACA CCT TCT A-3’, rev 5’-AGG CAT ACA GGG ACA GCA 

C-3’. 
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2.9. Western Blotting Analysis 

Tissues were lysed with a lysis buffer containing protease inhibitor cocktails (Roche, 

Mannheim, Germany). The protein concentration was determined using a BCA 

protein assay kit (Thermo scientific, Masschusetts, USA). Then, protein extracts were 

separated by electrophoresis on SDS-PAGE gels and transferred onto polyvinylidene 

fluoride (PVDF) membranes. The membranes were sequentially incubated with 

primary antibodies and secondary antibodies, and enhanced chemiluminescence (ECL) 

solution and followed by autoradiography. The intensity of the blots was analyzed 

using Image Pro plus 6.0.  

 

Primary antibody of goat anti-Iba-1 was purchased from Abcam (Abcam, Cambrige, 

UK), rabbit anti-NF-κB p65 was purchased from Sigma-Aldrich (Sigma-Aldrich, St 

Louis, USA), rabbit anti-NLRP-3 (Abcam, Cambrige, UK), rabbit anti-caspase-1  

(Cell Signaling Technology, Boston, USA), rabbit anti-renin (Abcam, Cambrige, UK) 

and rabbit anti-Ang-II (Abcam, Cambrige, UK). Horseradish peroxidase secondary 

antibody was from Cell signaling technology (Cell Signaling Technology, Boston, 

USA). 

 

2.10. Immunohistochemistry and proportional area analyses  

Immediately after finishing behavioral tesets, mice were perfused with 4 % 

paraformaldehyde (PFA) and post-fixed overnight before being dehydrated. Ten 
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micrometer coronal brain sections were prepared with a Leica CM1950 cryostat 

(Leica Biosystems). Sections were rinsed and blocked with 0.3 % triton and 5 % 

bovine serum for 1.5 h at room temperature. The sections were incubated with rabbit 

polyclonal antibody (pAb) Iba-1 (1:200, Abcam, Cambrige, UK), NeuN (1:200, 

Millipore, Darmstadt, Germany), NLRP-3 (1:200, Abcam, Cambrige, UK), Ang- II 

(1:200, Santa Cruz, Dallas, USA) and Renin (1:200, Santa Cruz, Dallas, USA) for 24 

h at 4 °C in dark, and then incubated with secondary antibodies at room temperature 

for 1 h. Images were captured using a Leica TCS SP5MP confocal fluorescence 

microscope. 

 

To quantify the phenotypic changes of microglia, proportional area analyses of Iba-1 

labeling was conducted as previously described in detail [23]. Six bilateral 

representative images were taken from the LHA at 20X magnification. Apositive 

staining threshold was determined for each image and the threshold targets was 

processed by densitometric scanning with NIH ImageJ software. Proportional area 

was displayd as the average positive labelling area for all representative pictures. 

 

2.11. Statistical analysis 

All analyses were performed using SPSS version 23.0 (IBM, USA). Data are 

represented as the means ± SEM. All measures were analyzed using one-way analysis 

of variance (ANOVA) followed with LSD post hoc multiple comparisons. The 

analysis results were only reported when a significant difference was observed. 
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Statistical significance was defined as P < 0.05. 

 

3. Results 

3.1. Pari alleviated LPS induced depression-like behaviors 

As illustrated in the experimental schem (Fig.1 A), we first determined whether 

Pari treatment could alleviate LPS induced depression-like behavior in mice. LPS 

administration resulted in a significant decrease in 24 hours body weight, in compared 

to the control group (see Fig. 1B). However, mice with 2 weeks of prior Pari 

administration (LPS+Pari) significantly reduced body weight decrease. In 

depressive-like behavior tests,  mice in the LPS group exerted decreased sucrose 

preference, increased immobility in FST and TST when compared to the control 

group. These behavioral changes were all reversed in Pari pre-treated group (Fig. 

1C-E).  

 

3.2. Pari suppressed LPS induced production of pro-inflammatory cytokine 

IL1-β and activation of microglia in the hypothalamus 

As predicted, LPS administration elevated IL-1β contentin serum and 

hypothalamus, which indicated that LPS induced systemic and central inflammtion 

(Fig.2 A and B). Pari pre-treatment blocked the cytokine increase in serum and 

hypothalamus.We therefore investigated mRNA levels of IL-1β with RT-PCR in 

hypothalamus (Fig. 2 C). We found that the transcription level of IL-1β were 

up-regulated in hypothalamus. However, Pari pre-treatment significantly supressed 
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IL-1β expression in transcription level. These suggested that Pari pre-treatment could 

directly lower down the local cytokine production in the brain and circulation. 

Microglia are dynamic cells continuously survey the extracellular environments. 

They response to the envioronment with morphology changes. Activated microglia 

present an ‘amoeboid’ appearance with repressed processes and enlarged soma, which 

can be reflected by elevated ionized calcium-binding adapter molecule-1 (Iba-1) 

immunoreactivity. As shown in Fig. 2 D - F, we observed ramified microglia in the 

LHA of mice in the control group. However, microglia in the LHA of mice in the LPS 

group exerted de-ramified appearance with enlarged soma. Pari pretreatment 

obviously reversed the aberrant morphological changes of microglia. Moreover, as 

shown in Fig. 2 G, LPS challenge induced significant microgliosis in the 

hypothalamus of mice. Pari preteatment could significantly inhibit the microgliasis in 

the hypothalmus. 

 

3.3. Pari exerted anti-inflammatory effects by regulating NF-κB and NLRP-3 

We examined if Nuclear factor kappa-light-chain-enhancer of activated B cells 

(NF- κB) signaling is involved in Pari effects of suppressing neuroinflammation. We 

found increased nuclear NF-κB expression level in the hypothalamus, which was 

prevented by Pari pretreatment (Fig. 3 A). Moreover, Pari treatment could obviously 

reduce the expression of NLRP-3 and Caspase-1 (Fig. 3 B and C). These findings 

indicated that Pari’s anti-inflammatory effects might contribute to the inhibition of 

NF-κB and NLRP-3 signaling. 
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3.4. Pari suppressed RAS activation to alleviate inflammatory responses  

We further asked if LPS-induced depressive behavior is partly associated with 

RAS activity. Therefore we examined the expression levels of renin and Ang- II in the 

hypothalamus. Interestingly, we found that LPS treatment led to obvious elevation of 

renin and Ang- II expression in the hypothalamus, which was reversed by Pari 

pretreatment (see Fig. 4 A-C).  

 

4. Discussion 

The inflammatory hypothesis of depression proposed that depression is a byproduct 

of the immune systems resisting infection [11, 24]. LPS is a pro-inflammation 

mediator which can trigger the production of pro-inflammatory cytokine and activate 

NF-κB, the central regulator of inflammation, in the central nerve system [25]. The 

activated central inflammatory response results in depressive-like behavior that 

develops over a background of “sickness” similar to those observed in depressed 

patients [26, 27]. Nonetheless, depressive-like behavior was present without the 

confounding effects of sickness twenty-four hours after LPS challenge [11, 16]. As 

shown in Fig.1, in line with findings from literature, systemic LPS injection 

significantly evoked characteristic sickness and depressive-like behavior [28]. Our 

findings demonstrated that pretreatment with Pari was able to remit pro-inflammatory 

cytokine-induced depressive-like behaviors. Generally, to avoid hypocalcemia, Pari is 

pretreated three times per week for two weeks to exert therapeutic effects [29, 30]. 
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Since there still lacks evidence to elucidate the pharmacokinetic processes of Pari in 

rodent, we could empirically infer that the effective concentration of Pari has been 

sustained during LPS insults using this dosage regimen.  

We noticed that the severity of depressive symptoms of mice was closely 

associated with the levels of inflammation-related mediator interleukin-1β (IL1-β) in 

circulation and hypothalamus. The stress-reactive brain regions, especially the HPA 

axis, are vulnerable to inflammatory insult [31]. The hypothalamus is a critical 

componant of the hypothalamic-pituitary-adrenal (HPA) axis, the major 

endocrinological stress axis responding to stress stimulation and implicated in the 

pathogenesis of depression [32, 33]. It rapidly responds to the release of 

proinflammatory cytokines and the neuroendocrine responses peaks off in hours [34, 

35]. Consistently, our previous findings demonstrated that LPS challenge resulted in 

depressive-like behavior in mice without affecting stress hormone secretion in the 

hypothalamus after 24 hours, which indicated that neuroinflammation mainly 

contributed to the behavioral changes under such circumstances [36]. Numerous 

genetically distinct neuron populations in the lateral hypothalamic area (LHA) involve 

in orchestrating feeding, rewardand other motivated behaviors [37-39]. Thus, 

activated neuroinflammatory response in this brain area is critical in the induction of 

depressive-like behavior. Nonetheless, the possibility that Pari could ameliorate the 

neurovegetative symptoms, such as reduced locomotor activity, decreased food intake 

and loss of bodyweight, during the “sickness” phase via normalizing the hyperactivity 

of HPA axis, which requires further determination in our future research, could not be 
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ruled out. 

Microglia are targets and sources of pro-inflammatory cytokines, which are either 

local synthesized in the brain or derived from peripheral circulation. We observed that 

microglia in the LHA exerted deramified appearance with enlarged soma in the LPS 

group. Resting microglia are highly ramified cells which are acutely sensitive to brain 

homeostasis. They continuously survey the local environment with their fine and 

motile processes and respond to stimulus to maintain homeostasis [40, 41]. Activated 

microglia present an ‘amoeboid’ appearance with repressed processes and enlarged 

soma [42]. The morphological changes of microglia are correlate with pathological 

transformation. Pari pretreatment significantly restored microglia to ramified with 

normal soma size. Besides monitoring the local environment, microglia continuously 

contact neurons, axons, and dendritic spines with their fine and motile processes. 

They reciprocally communicate with neurons and influence neuronal functions by 

releasing neuromodulators including cytokines [43, 44]. Over-activated and 

dysregulated microglia together with increased IL-1β expression amplifies 

neuroinflammation and leads to pathological and neurobehavioral changes [45, 46]. 

We observed a significant microgliosis and increased secretion of IL1-β in the 

hypothalamus of mice receiving LPS challenge. As expected, Pari pretreatment 

significantly supressed microglia proliferation and IL1-β secretion in the 

hypothalamus. The results suggested that surpressing the activation of microglia and 

the production of pro-inflammatory cytokine could contribute to the remission of 

depressive symptoms.  
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NF-κB regulates the transcription of genes such as chemokines, cytokines, 

proinflammatory enzymes, adhesion molecules and proinflammatory transcription 

factors [47]. The translocation of activated NF-κB from cytoplasm to nucleus is 

essential for both acute and chronic inflammatory responses [48]. Regulation of 

NF-κB plays a key role in neuroinflammation-associated diseases control [49]. 

Moreover, activated NF-κB induces the transcription of cytosolic innate immune 

signalling receptor NOD-, LRR- and pyrin domain-containing 3 (NLRP3), a critical 

mediator of IL-1β-related CNS inflammation [50-52]. It connects cytokines, 

psychological stress and depression together [12, 53, 54]. Once activated, NLRP3 

nucleates the assembly of an inflammasome, which results in caspase 1-mediated 

proteolysis of the IL-1β family [50]. The NLRP3 inflammasome coupled with NF-κB 

activation increased IL-1-β transcription and amplified inflammatory responses [55]. 

As we mentioned above, Pari exerted anti-inflammative effects in renal and 

cardiovascular disease via modulating NF-κB signaling [21, 22]. Our findings 

indicated that Pari might suppress local synthesis of IL1-β in the hypothalamus at 

transcription level, potentially through inhibiting LPS-induced NF-κB activation and 

NLRP3 and caspase-1 overexpression. Our results offer the first evidence that Pari 

treatment prevented LPS-induced depressive behavior via directly regulating NF-κB 

activity and inflammasome assembly in the hypothalamus. 

Intriguingly, we noticed that Pari could significantly reduce LPS-induced 

expression of renin and angiotensin II (Ang-II) in the hyopothalamus. Renin and Ang- 

II are essential components of the renin-angiotensin system (RAS) that plays an 
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important role in both inflammatory process and blood pressure regulation [56]. RAS 

activation disrupts BBB permeability, which exacerbates the infiltration of peripheral 

pro-inflammatory cytokines into the CNS, and increases pro-inflammatory cytokine 

production in the hypothalamus via NF-κB signaling [57, 58]. Peripheral 

inflammation and RAS activity seem to share a common mechanism to modulate 

central inflammatory process [59]. Therefore, it is plausible that blocking 

renin-angiotensin activity could not only contribute to enhance the anti-inflammatory 

effect of Pari, but also prevent the leakage of circulating cytokines to the CNS.  

In conclusion, Pari significantly alleviated the depressive-like behavior induced 

by systemic LPS injection. Pari could specifically regulate microglia-mediated 

neuroinflammation process and RAS activity to exert its anti-depressant effects. Our 

findings suggested that Pari has a good potential in treating systemic inflammation 

induced depressive symptoms, particularly in patients with comorbidity of chronic 

hypertension. 

 

Abbreviations  

BBB: Blood-brain barrier; FST: Forced swimming test; LPS: Lipopolysaccharide; 

NF-κB: Nuclear factor kappa light chain enhancer of activated B cells; Pari: 

Paricalcitol; RAS: Renin-angiotensin system; SPT: Sucrose preference test; TST: Tail 

suspension test; VD: Vitamin D. 

 

Competing interests  



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

19 
 

The authors declare that they have no competing interests.  

 

Authors’ contributions 

Z. Shi, T. Yuan, Y. Wang and Y. Zhang designed the study and wrote the draft 

together; M. He, N. Sha, N. Chen, S. Peng, D. Liao, X. Dong and M. Wong 

performed the study and analyzed the results, and all authors approved the final 

version.  

 

Acknowledgement 

Paricalcitol was kindly provided by Prof. Yan-Chun Li, Department of Medicine, 

University of Chicago. This work was supported by the National Natural Science 

Foundation of China (81730107, 81774329), Hundred Talents Program from 

Shanghai Municipal Commission of Health and Family Planning (2018BR03), 

Natural Science Foundation of Shanghai (17ZR1430800), Program for Innovative 

Research Team (2015RA4002) and National Key R & D Development Project 

(2018YFC1704302) from Ministry of Science and Technology of China, China 

Postdoctoral Science Foundation (2018T110405), and Longhua Medical Innovation 

Team Program (LYCX-01). T. Yuan is also sponsored by the Science and Technology 

Commission of Shanghai Municipality (18QA1403700/Shanghai Rising star program, 

18JC1420304, 18140901700). 

 

 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

20 
 

REFERENCES 

 

[1] C. Menard, M.L. Pfau, G.E. Hodes, S.J. Russo, Immune and Neuroendocrine 

Mechanisms of Stress Vulnerability and Resilience, Neuropsychopharmacology 42(1) 

(2017) 62-80. 

[2] G.E. Hodes, V. Kana, C. Menard, M. Merad, S.J. Russo, Neuroimmune 

mechanisms of depression, Nat Neurosci 18(10) (2015) 1386-93. 

[3] E. Setiawan, A.A. Wilson, R. Mizrahi, P.M. Rusjan, L. Miler, G. Rajkowska, I. 

Suridjan, J.L. Kennedy, P.V. Rekkas, S. Houle, J.H. Meyer, Role of translocator 

protein density, a marker of neuroinflammation, in the brain during major depressive 

episodes, JAMA Psychiatry 72(3) (2015) 268-75. 

[4] R. Yirmiya, N. Rimmerman, R. Reshef, Depression as a microglial disease, Trends 

Neurosci 38(10) (2015) 637-58. 

[5] V. Krishnan, E.J. Nestler, The molecular neurobiology of depression, Nature 

455(7215) (2008) 894-902. 

[6] A.H. Miller, V. Maletic, C.L. Raison, Inflammation and its discontents: the role of 

cytokines in the pathophysiology of major depression, Biol Psychiatry 65(9) (2009) 

732-41. 

[7] M. Schwartz, R. Shechter, Protective autoimmunity functions by intracranial 

immunosurveillance to support the mind: The missing link between health and disease, 

Mol Psychiatry 15(4) (2010) 342-54. 

[8] F.R. Walker, S.B. Beynon, K.A. Jones, Z. Zhao, R. Kongsui, M. Cairns, M. 

Nilsson, Dynamic structural remodelling of microglia in health and disease: a review 

of the models, the signals and the mechanisms, Brain Behav Immun 37 (2014) 1-14. 

[9] E.S. Wohleb, T. Franklin, M. Iwata, R.S. Duman, Integrating neuroimmune 

systems in the neurobiology of depression, Nat Rev Neurosci 17(8) (2016) 497-511. 

[10] A.B. Niculescu, D. Levey, H. Le-Niculescu, E. Niculescu, S.M. Kurian, D. 

Salomon, Psychiatric blood biomarkers: avoiding jumping to premature negative or 

positive conclusions, Mol Psychiatry 20(3) (2015) 286-8. 

[11] R. Dantzer, J.C. O'Connor, G.G. Freund, R.W. Johnson, K.W. Kelley, From 

inflammation to sickness and depression: when the immune system subjugates the 

brain, Nat Rev Neurosci 9(1) (2008) 46-56. 

[12] M. Iwata, K.T. Ota, R.S. Duman, The inflammasome: pathways linking 

psychological stress, depression, and systemic illnesses, Brain Behav Immun 31 

(2013) 105-14. 

[13] T. Kreisel, M.G. Frank, T. Licht, R. Reshef, O. Ben-Menachem-Zidon, M.V. 

Baratta, S.F. Maier, R. Yirmiya, Dynamic microglial alterations underlie 

stress-induced depressive-like behavior and suppressed neurogenesis, Mol Psychiatry 

19(6) (2014) 699-709. 

[14] C.R. Raetz, C. Whitfield, Lipopolysaccharide endotoxins, Annu Rev Biochem 71 

(2002) 635-700. 

[15] M. Moieni, M.R. Irwin, I. Jevtic, R. Olmstead, E.C. Breen, N.I. Eisenberger, Sex 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

21 
 

differences in depressive and socioemotional responses to an inflammatory challenge: 

implications for sex differences in depression, Neuropsychopharmacology 40(7) 

(2015) 1709-16. 

[16] C.J. Henry, Y. Huang, A. Wynne, M. Hanke, J. Himler, M.T. Bailey, J.F. Sheridan, 

J.P. Godbout, Minocycline attenuates lipopolysaccharide (LPS)-induced 

neuroinflammation, sickness behavior, and anhedonia, J Neuroinflammation 5 (2008) 

15. 

[17] R.E. Anglin, Z. Samaan, S.D. Walter, S.D. McDonald, Vitamin D deficiency and 

depression in adults: systematic review and meta-analysis, Br J Psychiatry 202 (2013) 

100-7. 

[18] J.A. Shaffer, D. Edmondson, L.T. Wasson, L. Falzon, K. Homma, N. Ezeokoli, P. 

Li, K.W. Davidson, Vitamin D supplementation for depressive symptoms: a 

systematic review and meta-analysis of randomized controlled trials, Psychosom Med 

76(3) (2014) 190-6. 

[19] P. Jiang, W.Y. Zhang, H.D. Li, H.L. Cai, Y.P. Liu, L.Y. Chen, Stress and vitamin 

D: altered vitamin D metabolism in both the hippocampus and myocardium of chronic 

unpredictable mild stress exposed rats, Psychoneuroendocrinology 38(10) (2013) 

2091-8. 

[20] W.K. Jo, Y. Zhang, H.M. Emrich, D.E. Dietrich, Glia in the cytokine-mediated 

onset of depression: fine tuning the immune response, Front Cell Neurosci 9 (2015) 

268. 

[21] X. Tan, X. Wen, Y. Liu, Paricalcitol inhibits renal inflammation by promoting 

vitamin D receptor-mediated sequestration of NF-kappaB signaling, J Am Soc 

Nephrol 19(9) (2008) 1741-52. 

[22] A.S. Lee, Y.J. Jung, T.N. Thanh, S. Lee, W. Kim, K.P. Kang, S.K. Park, 

Paricalcitol attenuates lipopolysaccharide-induced myocardial inflammation by 

regulating the NF-kappaB signaling pathway, Int J Mol Med 37(4) (2016) 1023-9. 

[23] E.S. Wohleb, J.M. Patterson, V. Sharma, N. Quan, J.P. Godbout, J.F. Sheridan, 

Knockdown of interleukin-1 receptor type-1 on endothelial cells attenuated 

stress-induced neuroinflammation and prevented anxiety-like behavior, J Neurosci 

34(7) (2014) 2583-91. 

[24] C.L. Raison, L. Capuron, A.H. Miller, Cytokines sing the blues: inflammation 

and the pathogenesis of depression, Trends Immunol 27(1) (2006) 24-31. 

[25] R.H. Shih, C.M. Yang, Induction of heme oxygenase-1 attenuates 

lipopolysaccharide-induced cyclooxygenase-2 expression in mouse brain endothelial 

cells, J Neuroinflammation 7 (2010) 86. 

[26] R. Dantzer, Cytokine-induced sickness behavior: where do we stand?, Brain 

Behav Immun 15(1) (2001) 7-24. 

[27] S. Biesmans, T.F. Meert, J.A. Bouwknecht, P.D. Acton, N. Davoodi, P. De Haes, 

J. Kuijlaars, X. Langlois, L.J. Matthews, L. Ver Donck, N. Hellings, R. Nuydens, 

Systemic immune activation leads to neuroinflammation and sickness behavior in 

mice, Mediators Inflamm 2013 (2013) 271359. 

[28] A. Aguilar-Valles, J. Kim, S. Jung, B. Woodside, G.N. Luheshi, Role of brain 

transmigrating neutrophils in depression-like behavior during systemic infection, Mol 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

22 
 

Psychiatry 19(5) (2014) 599-606. 

[29] Z. Zhang, Y. Zhang, G. Ning, D.K. Deb, J. Kong, Y.C. Li, Combination therapy 

with AT1 blocker and vitamin D analog markedly ameliorates diabetic nephropathy: 

blockade of compensatory renin increase, Proc Natl Acad Sci U S A 105(41) (2008) 

15896-901. 

[30] J. Kong, X. Zhu, Y. Shi, T. Liu, Y. Chen, I. Bhan, Q. Zhao, R. Thadhani, Y.C. Li, 

VDR attenuates acute lung injury by blocking Ang-2-Tie-2 pathway and 

renin-angiotensin system, Mol Endocrinol 27(12) (2013) 2116-25. 

[31] A.V. Turnbull, C.L. Rivier, Regulation of the hypothalamic-pituitary-adrenal axis 

by cytokines: actions and mechanisms of action, Physiol Rev 79(1) (1999) 1-71. 

[32] M.G. Arnett, L.M. Muglia, G. Laryea, L.J. Muglia, Genetic Approaches to 

Hypothalamic-Pituitary-Adrenal Axis Regulation, Neuropsychopharmacology  

(2015). 

[33] P.W. Gold, The organization of the stress system and its dysregulation in 

depressive illness, Mol Psychiatry 20(1) (2015) 32-47. 

[34] F. Qadri, F. Rimmele, L. Mallis, W. Hauser, A. Dendorfer, O. Johren, P. 

Dominiak, L.M. Leeb-Lundberg, M. Bader, Acute hypothalamo-pituitary-adrenal axis 

response to LPS-induced endotoxemia: expression pattern of kinin type B1 and B2 

receptors, Biol Chem 397(2) (2016) 97-109. 

[35] J.C. Delpech, A. Thomazeau, C. Madore, C. Bosch-Bouju, T. Larrieu, C. 

Lacabanne, J. Remus-Borel, A. Aubert, C. Joffre, A. Nadjar, S. Laye, Dietary n-3 

PUFAs Deficiency Increases Vulnerability to Inflammation-Induced Spatial Memory 

Impairment, Neuropsychopharmacology  (2015). 

[36] Z. Shi, H. Ren, Z. Huang, Y. Peng, B. He, X. Yao, T.F. Yuan, H. Su, Fish Oil 

Prevents Lipopolysaccharide-Induced Depressive-Like Behavior by Inhibiting 

Neuroinflammation, Mol Neurobiol  (2016). 

[37] G.D. Stuber, R.A. Wise, Lateral hypothalamic circuits for feeding and reward, 

Nat Neurosci 19(2) (2016) 198-205. 

[38] M. Carus-Cadavieco, M. Gorbati, L. Ye, F. Bender, S. van der Veldt, C. Kosse, C. 

Borgers, S.Y. Lee, C. Ramakrishnan, Y. Hu, N. Denisova, F. Ramm, E. Volitaki, D. 

Burdakov, K. Deisseroth, A. Ponomarenko, T. Korotkova, Gamma oscillations 

organize top-down signalling to hypothalamus and enable food seeking, Nature 

542(7640) (2017) 232-236. 

[39] E.H. Nieh, C.M. Vander Weele, G.A. Matthews, K.N. Presbrey, R. Wichmann, 

C.A. Leppla, E.M. Izadmehr, K.M. Tye, Inhibitory Input from the Lateral 

Hypothalamus to the Ventral Tegmental Area Disinhibits Dopamine Neurons and 

Promotes Behavioral Activation, Neuron 90(6) (2016) 1286-1298. 

[40] D. Davalos, J. Grutzendler, G. Yang, J.V. Kim, Y. Zuo, S. Jung, D.R. Littman, 

M.L. Dustin, W.B. Gan, ATP mediates rapid microglial response to local brain injury 

in vivo, Nat Neurosci 8(6) (2005) 752-8. 

[41] A. Nimmerjahn, F. Kirchhoff, F. Helmchen, Resting microglial cells are highly 

dynamic surveillants of brain parenchyma in vivo, Science 308(5726) (2005) 1314-8. 

[42] H. Kettenmann, U.K. Hanisch, M. Noda, A. Verkhratsky, Physiology of 

microglia, Physiol Rev 91(2) (2011) 461-553. 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

23 
 

[43] Y. Wu, L. Dissing-Olesen, B.A. MacVicar, B. Stevens, Microglia: Dynamic 

Mediators of Synapse Development and Plasticity, Trends Immunol 36(10) (2015) 

605-13. 

[44] M.W. Salter, B. Stevens, Microglia emerge as central players in brain disease, 

Nat Med 23(9) (2017) 1018-1027. 

[45] Y.W. Yu, T.J. Chen, C.J. Hong, H.M. Chen, S.J. Tsai, Association study of the 

interleukin-1 beta (C-511T) genetic polymorphism with major depressive disorder, 

associated symptomatology, and antidepressant response, Neuropsychopharmacology 

28(6) (2003) 1182-5. 

[46] A.J. Thomas, S. Davis, C. Morris, E. Jackson, R. Harrison, J.T. O'Brien, Increase 

in interleukin-1beta in late-life depression, Am J Psychiatry 162(1) (2005) 175-7. 

[47] R.H. Shih, C.Y. Wang, C.M. Yang, NF-kappaB Signaling Pathways in 

Neurological Inflammation: A Mini Review, Front Mol Neurosci 8 (2015) 77. 

[48] Y. Ben-Neriah, M. Karin, Inflammation meets cancer, with NF-kappaB as the 

matchmaker, Nat Immunol 12(8) (2011) 715-23. 

[49] R. Niranjan, Molecular basis of etiological implications in Alzheimer's disease: 

focus on neuroinflammation, Mol Neurobiol 48(3) (2013) 412-28. 

[50] M.S.J. Mangan, E.J. Olhava, W.R. Roush, H.M. Seidel, G.D. Glick, E. Latz, 

Targeting the NLRP3 inflammasome in inflammatory diseases, Nat Rev Drug Discov 

17(8) (2018) 588-606. 

[51] M. Haneklaus, L.A. O'Neill, R.C. Coll, Modulatory mechanisms controlling the 

NLRP3 inflammasome in inflammation: recent developments, Curr Opin Immunol 

25(1) (2013) 40-5. 

[52] Y. Pan, X.Y. Chen, Q.Y. Zhang, L.D. Kong, Microglial NLRP3 inflammasome 

activation mediates IL-1beta-related inflammation in prefrontal cortex of depressive 

rats, Brain Behav Immun 41 (2014) 90-100. 

[53] T. Maslanik, L. Mahaffey, K. Tannura, L. Beninson, B.N. Greenwood, M. 

Fleshner, The inflammasome and danger associated molecular patterns (DAMPs) are 

implicated in cytokine and chemokine responses following stressor exposure, Brain 

Behav Immun 28 (2013) 54-62. 

[54] E. Alcocer-Gomez, M. de Miguel, N. Casas-Barquero, J. Nunez-Vasco, J.A. 

Sanchez-Alcazar, A. Fernandez-Rodriguez, M.D. Cordero, NLRP3 inflammasome is 

activated in mononuclear blood cells from patients with major depressive disorder, 

Brain Behav Immun 36 (2014) 111-7. 

[55] F.G. Bauernfeind, G. Horvath, A. Stutz, E.S. Alnemri, K. MacDonald, D. Speert, 

T. Fernandes-Alnemri, J. Wu, B.G. Monks, K.A. Fitzgerald, V. Hornung, E. Latz, 

Cutting edge: NF-kappaB activating pattern recognition and cytokine receptors 

license NLRP3 inflammasome activation by regulating NLRP3 expression, J 

Immunol 183(2) (2009) 787-91. 

[56] A. Dominguez-Meijide, A.I. Rodriguez-Perez, C. Diaz-Ruiz, M.J. Guerra, J.L. 

Labandeira-Garcia, Dopamine modulates astroglial and microglial activity via glial 

renin-angiotensin system in cultures, Brain Behav Immun 62 (2017) 277-290. 

[57] J.P. Cardinale, S. Sriramula, N. Mariappan, D. Agarwal, J. Francis, Angiotensin 

II-induced hypertension is modulated by nuclear factor-kappaBin the paraventricular 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

24 
 

nucleus, Hypertension 59(1) (2012) 113-21. 

[58] M.A. Fleegal-DeMotta, S. Doghu, W.A. Banks, Angiotensin II modulates BBB 

permeability via activation of the AT(1) receptor in brain endothelial cells, J Cereb 

Blood Flow Metab 29(3) (2009) 640-7. 

[59] T.M. Coffman, Under pressure: the search for the essential mechanisms of 

hypertension, Nat Med 17(11) (2011) 1402-9. 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

25 
 

 

Figure legend 

 

Figure 1. (a) Experimental manipulation of drug treatment and behavioral tests. (b) 

LPS administration induced acutely decrease in 24 hours body weight , in compared 

to the control group. The pre-treatment of Pari for 2 weeks prevented LPS-induced 

body weight decrease. (c, d, e) In behavioral tests, LPS challenge significantly 

decreased sucrose preference, increased immobility in FST and TST in the LPS group 

when compared to the control group. These behaviors were all reversed by Pari 

pre-treatement. * suggests for P<0.05, ** for P<0.01 and *** for P<0.001 in 

compared to LPS group. 

 

Figure 2. (a) In serum, LPS induced increased levels of IL-1βin LPS group. (b) LPS 

administration induced neuroinflammation in the hypothalamus, with increased levels 

of IL-1β. Pari pre-treatment blocked IL-1β increase in circulation and hypothalamus. 

(c) LPS induced transcription increase of IL-1β in the hypothalamus. Pari 

pre-treatment inhibited IL-1β release in transcriptional level. β-actin is employed as 

the internal control. (d) Representative images of Iba-1 and NeuN labeling in LHA of 

mice are shown (scale bar = 100μm). (e) showed enlarged confocal image of Iba-1 

labeling microglia (scale bar = 5μm). (f) showed the average Iba-1 proportional area 

in LHA. (g) LPS increased Iba-1 proliferation in hypothalamus, which were 
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suppressed by Pari pretreatment. * suggests for P<0.05, ** for P<0.01 and *** for 

P<0.001 in compared to LPS group.  

 

Figure 3. (a) LPS increased nuclear NF-kappa B p65 in hypothalamus, which were 

prevented by Pari pretreatment. (b) Pari treatment decreased LPS-induced NLRP-3 

and Caspase-1 expression. (c) Representative images of Iba-1 and NLRP-3 labeling in 

LHA of mice were shown (scale bar = 50 μm). * suggests for P<0.05, ** for P<0.01 

and *** for P<0.001 in compared to LPS group. 

 

Figure 4. (a) Representative immunohistochemistry images for renin in LHA  (scale 

bar = 20 μm). (b) showed the mean density of renin positive areas in the LHA. (c) 

relative renin and Ang-II expression levels in hypothalamus . * suggests for P<0.05, 

** for P<0.01 and *** for P<0.001 in compared to LPS group.  
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