
Full-length Article

Balasubramide derivative 3C modulates microglia activation via

CaMKKb-dependent AMPK/PGC-1a pathway in neuroinflammatory

conditions

Yunjie Wang a,1, Wenchen Ruan a,1, Junru Mi b, Jingzi Xu b, Haojie Wang a,c, Zhengyu Cao a,
Juan M. Saavedra d, Luyong Zhang a,b, Hansen Lin b,⇑, Tao Pang a,c,d,⇑

a State Key Laboratory of Natural Medicines, Jiangsu Key Laboratory of Drug Screening, Jiangsu Key Laboratory of Druggability of Biopharmaceuticals,

China Pharmaceutical University, Nanjing 210009, PR China
bCollege of Pharmacy, Guangdong Pharmaceutical University, Guangzhou 510006, PR China
c Jiangsu Key Laboratory of Drug Discovery for Metabolic Diseases, China Pharmaceutical University, Nanjing 210009, PR China
dDepartment of Pharmacology and Physiology, Georgetown University Medical Center, WA, DC 20057, USA

a r t i c l e i n f o

Article history:

Received 9 June 2017

Received in revised form 20 July 2017

Accepted 8 August 2017

Available online xxxx

Keywords:

Balasubramide

Stroke

Microglia

Neuroinflammation

AMPK

PGC-1a

a b s t r a c t

Neuroinflammation plays a vital role in the pathological process of cerebral ischemic stroke, but currently

there is no effective treatment. After ischemia, microglia-produced proinflammatory mediator expression

contributes to the aggravation of neuroinflammation, while anti-inflammatory activation of microglia

develops an anti-neuroinflammatory effect via secretion of anti-inflammatory factor. Promoting the

anti-inflammatory activation of microglia might be an effective treatment of stroke. Previously, we dis-

covered one derivative of the natural product (+)-balasubramide, compound 3C, that exhibits a remark-

ably anti-neuroinflammatory effect in vitro with unknown mechanisms. Thus in this study, we aimed to

clarify its molecular mechanisms and determine whether compound 3C has a neuroprotective effect after

ischemia via regulation on microglial inflammation. We found that compound 3C promoted the anti-

inflammatory mediator expression and reduced the proinflammatory mediator expression in LPS-

stimulated BV2 cells and mouse primary microglia cells, which were reversed by AMP-activated protein

kinase (AMPK) inhibition or AMPK upstream calmodulin-dependent protein kinase kinase beta (CaMKKb)

inhibition. Compound 3C also prevented LPS-stimulated JNK activation and enhanced PGC-1a activation

in microglia, which was attenuated by AMPK inhibition. Additionally, compound 3C ameliorated depres-

sive behaviors in LPS-induced neuroinflammatory mice by promoting the anti-inflammatory activation of

microglia. Furthermore, we found that compound 3C markedly reduced brain infarct volume, improved

the neurological deficit in rats with ischemia and reduced the activated microglia/macrophage cells in the

ischemic area, which concomitantly enhanced the anti-inflammatory mediator expression. A mechanistic

study showed that the compound 3C-mediated activation of CaMKKb, AMPK and PGC-1a is involved in

the anti-neuroinflammatory and neuroprotective effects of 3C in the brain of LPS-treated mice and

ischemic rats. Taken together, our results show that compound 3C could suppress neuroinflammation

in vitro and in vivo by modulating microglial activation state through the CaMKKb-dependent AMPK/

PGC-1a signaling pathway, and maybe further be developed as a promising new drug candidate for

the treatment of brain disorders such as stroke associated with brain inflammation.
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1. Introduction

Microglia are a type of glial cells that play an important role in

the development of brain ischemic stroke and neurodegenerative

diseases, and have attracted increasing attention as a novel neuro-

protective strategy for the treatment of brain diseases. Recently,

evidence has shown that shifting the microglia/macrophage activa-

tion state from proinflammatory activation to anti-inflammatory

activation is important for regulating the microenvironment in

the ischemic brain (Hu et al., 2012; Miron et al., 2013). Proinflam-

matory activation of microglia increases the release of destructive

proinflammatory mediators, promotes oxidative stress-induced

products, exacerbates neuronal injury and thus exacerbates brain

damage (Butovsky et al., 2006; Mantovani et al., 2013). Alterna-

tively, anti-inflammatory activation of microglia increases the pro-

duction of anti-inflammatory factor, resolves local inflammation,

cleans cell debris and thus promotes brain repair (Kotter et al.,

2005; Olah et al., 2012). Therefore, promoting the anti-

inflammatory microglia activation might be a potential tactic to

enhance neuroprotective recovery after brain ischemia and other

neuroinflammation-associated brain diseases.

The AMP-activated protein kinase (AMPK), a conserved serine/

threonine kinase, serves as a critical sensor of the regulation of cel-

lular energy homeostasis and metabolic pathways (Zhang et al.,

2009) and has been shown to be associated with the microglia/-

macrophages shift from proinflammatory activation to anti-

inflammatory activation (Jin et al., 2014; Sag et al., 2008; Xu

et al., 2015). It has been reported that AMPK activators can mark-

edly reduce inflammation and inhibit tissue inflammatory damage

in various models (Bai et al., 2010; Nath et al., 2009). Two

upstream kinases, liver kinase B1 (LKB1) and calcium/

calmodulin-dependent protein kinase kinase beta (CaMKKb), regu-

late AMPK activation, and activation of CaMKKb has been reported

to be beneficial for microglia/macrophage anti-inflammatory acti-

vation (Xu et al., 2015; Zhou et al., 2014).

Peroxisome proliferative activated receptor-c (PPARc) co-

activator-1a (PGC-1a) is a transcriptional coactivator of peroxi-

some proliferator-activated receptors (PPARs), which has obvious

tissue specificity, and is mainly distributed in regions rich in mito-

chondria or having high energy requirements (Tritos et al., 2003).

In the central nervous system, PGC-1a promotes mitochondrial

biosynthesis by regulating nuclear respiratory factor-1 (NRF-1),

nuclear respiratory factor-2 (NRF-2) and uncoupling protein-2

(UCP2) to provide energy for ischemic neurons (Chen et al.,

2011), and reduces the superoxide dismutase 2 (SOD2) to inhibit

the production of ROS (Raha et al., 2000). Furthermore, PGC-1a
knockout mice were reported to have significant damage to brain

neurons after ischemia (Arany et al., 2008). More importantly,

PGC-1a has been demonstrated to be capable of promoting micro-

glial anti-inflammatory activation by inhibition of NF-jB activity

and coactivation of STAT6 and STAT3 (Yang et al., 2017).

(+)-Balasubramide is an eight-membered lactam compound

extracted from the leaves of the Sri Lankan plant Clausena indica.

Studies have shown that clausenamide, a biosynthetic precursor

of balasubramide, has anti-apoptosis (Yao et al., 2001) and neuro-

protective effects (Chu and Zhang, 2014), and acts as an oxygen free

radical scavenger. However, eight-membered lactam compounds

have rarely been reported to exhibit pharmacological activity, and

there is only one method that can be used to obtain (+)-

balasubramide. Compound 3C, which we previously discovered, is

a derivative compound of (+)-balasubramide that has a markedly

anti-inflammatory effect in microglia cells, but the underlying

mechanisms of this action are unknown (Li et al., 2016b).

In this study, we explored the effects of compound 3C on

microglial activation and neuroprotection in vitro and in vivo and

analyzed the underlying mechanisms of these effects. We found

that compound 3C reduced brain infarct volume and improved

the neurological deficit in rats with ischemia, and it ameliorated

depressive behaviors in LPS-induced neuroinflammatory mice,

possibly via promoting microglial anti-inflammatory activation,

enhancing the expression of various anti-inflammatory mediator

and inhibiting microglial proinflammatory activation. The mecha-

nistic studies indicate that the AMPK/PGC-1a pathway is involved

in the anti-neuroinflammatory effects of compound 3C.

2. Methods

2.1. Materials

Compound 3C was synthesized and provided by Dr. Hansen Lin,

Guangdong Pharmaceutical University, and the purity of com-

pound 3C was about 96%. Compound C, STO-609, TTC and LPS

(Escherichia coli serotype 055:B5) were purchased from Sigma-

Aldrich (St. Louis, USA). The Open Field instrument was purchased

from Techman (ChengDu, China). The ELISA kit was purchased

from Dakewe (ShenZheng, China). Trizol reagent and the cDNA

synthesis kit were purchased from Vazyme (Jiangsu, China). SYBR

Green was purchased from Invitrogen (Camarillo, CA). Rabbit

anti-p-ERK1/2 (1:1000), p-JNK (1:1000), p-p38 MAPK (1:1000), p-

c-Jun (1:1000), IjB-a (1:1000), AMPK (1:1000), p-AMPK (Thr172)

(1:1000), p-LKB1 (Ser428) (1:1000), p-CaMKKb (1:1000) antibod-

ies were purchased from Cell Signaling Technology (Beverly, MA).

Mouse anti-b-actin antibody (1:2000) and rabbit anti-CaMKKb

antibody (1:1000) were purchased from Santa Cruz Biotechnology.

Rabbit anti-COX-2 antibody (1:1000) was purchased from BD Bio-

sciences (San Diego, CA). The anti-rat CD45-APC antibody was pur-

chased from eBiosciences (San Diego, CA), and the anti-rat CD11b/

c-FITC antibody was purchased from Biolegend (San Diego, CA). For

Western blotting and flow cytometric analysis, antibodies used

were listed in Supplemental Table 1 for details.

2.2. Cell culture

BV2 cells, an immortalized murine microglial cell line (Henn

et al., 2009), were kindly provided by Dr. Hong Liao, China Pharma-

ceutical University. BV2 cells were cultured in DMEM (Invitrogen,

Camarillo, CA), supplemented with 10% fetal bovine serum (FBS,

Gibco, Carlsbad, CA), 100 U/ml penicillin and 100 lg/ml strepto-

mycin at 37 �C in an atmosphere of 95% air and 5% CO2. When

reached 80% confluence, cells were seeded onto 6-well, 24-well

or 96-well plate for further experiments.

Mouse primary cortical microglia were obtained from newborn

to 24 h hold C57BL/6 mice pups. The whole brains were placed into

ice-cold D-Hanks solution, meninges and other non-cortical tissues

were removed. The cerebral cortices were digested in 0.25% trypsin

(Invitrogen) for 7 min at 37 �C, followed by addition of DMEM/F12

(Invitrogen) supplemented with 10% FBS, to stop the digestion. The

cortices were fully dissociated by pipetting and the cell suspension

was filtered through a 70 lmmesh. The cells were then transferred

to 75 cm2 poly-L-lysine (PLL, Sigma-Aldrich)-coated flask, and

incubated at 37 �C and 5% CO2. Half of the culture media were

changed twice per week. After ten days of culture, primary micro-

glia were harvested by shaking the flask for 2 h at 200� rpm and

then seeded onto new plates precoated with PLL.

2.3. Measurement of TNF-a by ELISA

ELISA kit was used to detect TNF-a level in the media cultured

BV2 cells or mouse primary microglia. When cells reached 80%
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confluence, the cells were treated with compound 3C for 3 h fol-

lowed by treatment with LPS (100 ng/ml) for another 5 h, and

the obtained media was obtained for ELISA detection. All the steps

of ELISA were operated according to the manufacturer’s protocols.

2.4. Western blot analysis

Protein isolation from whole cerebral cortex or cultured mouse

primary microglia was performed as descried as previously (Pang

et al., 2016). Western blots were performed using the standard

SDS-polyacrylamide gel electrophoresis method and enhanced

chemiluminescence detection reagents (Millipore). Immunoreac-

tivity was measured by gel densitometric scanning and analysed

with the Image-pro plus image analysis system (Bio-Rad). The

resulting bands were quantified using densitometric analysis and

were normalized to the levels of b-actin protein.

2.5. RNA isolation and quantitative PCR

To determine the levels of gene expressions, total RNA was

extracted from primary microglia, BV2 cells, or brain cortex using

Trizol reagent. Isolated RNA was reverse-transcribed into cDNA

using cDNA synthesis kit following standard protocols. Quantita-

tive PCR (qPCR) was performed using synthetic primers and SYBR

Green with a IQ5 Detection System. After incubation at 50 �C for

2 min and 95 �C for 10 min, samples were subjected to 40 cycles

of 95 �C for 15 s and 60 �C for 1 min. qPCR primers were listed in

Table 1. The final results were all normalized as fold change of

the target gene/GAPDH.

2.6. Knockdown of AMPKa and CaMKKb in BV2 cells

BV2 cells cultured in 24-well plates were transfected with

scrambled control siRNA, AMPKa siRNA or CaMKKb siRNA (Gene-

pharma, Shanghai, China), when cells reached 50% confluence.

Lipofectamine 3000 (Invitrogen, Camarillo, CA) and siRNA were

premixed in OPTI-medium (Invitrogen, Camarillo, CA) according

to the manufacturer’s instructions and then applied to the cells.

After 24 h transfection, OPTI-MEM was replaced by DMEM med-

ium without FBS. Then BV2 cells were pretreated with compound

3C, followed by treatment with LPS (100 ng/ml) for another 12 h.

All siRNA sense strands were listed in Table 2.

2.7. MTT assay

Cell viability was detected by MTT assay. BV2 cells or mouse

primary microglia cultured in 96-well plate were pretreated with

different concentrations of compound 3C for 24 h when cells

reached 80% confluence, and then treatment with DMEM medium

with 10% FBS containing MTT at a final concentration of 0.5 mg/ml

in a humidified atmosphere of 5% CO2 and 95% air at 37 �C. After

4 h, the medium was replaced by DMSO and absorbance was mea-

sured at 570 nm in a BD plate-reader. The cell viability was judged

according to the absorbance.

2.8. Animals

Male Sprague-Dawley (SD) rats weighing 250–280 g were pur-

chased from Zhejiang Laboratory Animals Center (Hangzhou,

China). Male C57BL/6 mice (25–30 g) were obtained from Compar-

ative Medicine Centre (Yangzhou University, China). All animals

maintained under standard housing conditions at temperatures

between 20 �C and 23 �C with a 12-h light/dark cycle and a relative

humidity of 50%. All procedures were performed according to the

US National Institutes of Health (NIH) Guide for the Care and Use

of Laboratory. Animals published by the US National Academy of

Sciences (http://oacu.od.nih.gov/regs/index.htm) and were

approved by the Administration Committee of Experimental Ani-

mals in Jiangsu Province and the Ethics Committee of China Phar-

maceutical University.

2.9. Lipopolysaccharide (LPS)-induced neuroinflammatory model in

mice

The LPS-induced neuroinflammatory model in mice has been

previously validated (Leite et al., 2016; Xu et al., 2015). The vehicle

(1% DMSO in saline) or compound 3C (1 mg/kg or 10 mg/kg, dis-

solved in 1% DMSO in saline) was administered intraperitoneally

to groups of 17 C57BL/6 male mice (25–30 g), daily for 3 consecu-

tive days. On the third day, mice were intraperitoneally injected

with lipopolysaccharide (LPS) (0.33 mg/kg) dissolved in saline,

2 h after injection of compound 3C or saline. At 3 h after LPS injec-

tion, 5 mice of each group were euthanized and the whole brains

were removed. The whole cerebral cortex was collected for mea-

surement of proinflammatory and anti-inflammatory factor. At

24 h after LPS injection, 12 mice from each group were submitted

to the Open field test, followed by weight determination. Reduced

locomotion and decreased appetite leading to losses in body

weight are two of the characteristics of sickness behavior.

2.10. Open field test

The Open field test was used to determine locomotor activity. A

square open field box (60 � 60 cm), divided into inner and outer

zones and with walls 35 cm high (Any-mazeTM, Stoelting Co). Mice

were gently placed into a corner of the open field box and the total

distance traveled, total time spent and time spent in the inner

zones were quantified for 5 min, according to the manufacturer’s

instructions. These were recorded with an overhead camera and

analyzed using TopScan software (Any-mazeTM, Stoelting Co). Each

animal was then given a score for total locomotor activity, includ-

ing total distance moved, total time spent and central time spent.

2.11. Focal cerebral ischemia procedure (tMCAO) and Drug treatment

Transient middle cerebral artery occlusion (tMCAO) was per-

formed as previously described (Longa et al., 1989). Animals were

randomly divided into a series of groups (n = 12–15 of successfully

treated rats per group). The right common carotid artery (CCA),

internal carotid artery (ICA) and external carotid artery (ECA) of

individual rats were visualized. A monofilament nylon suture

(diameter of approximately 0.26 mm) with a round tip was

inserted into the ICA through the ECA stump and gently advanced

to the MCA. The laser Doppler flowmetry (Moor Instruments,

Essex, UK) was used to monitor the blood perfusion and when

dropped >75% of the base line, it was considered as successful

ischemia during the ischemia phase. After 2 h of MCAO, the fila-

ment was withdrawn to restore blood flow (reperfusion). Body

temperature was remained at 37 �C with a temperature control

system. In addition, all rats had free access to food and water. Sepa-

rated groups of rats were injected with a 0.1 ml volume via a single

intravenous dose of compound 3C (10 mg/kg, dissolved in DMSO)

or DMSO at 4 h post-ischemia and then injected another time at

24 h after MCAO.

In the tMCAO experiment, a total of 80 rats underwent the

MCAO surgery. Among them, 7 rats were excluded, either for

unsuccessful occlusion (n = 5) or for hemorrhagic transformation

(n = 2), and 28 rats died either during (n = 10) or after surgery

(n = 18). The animals that died post-surgery were evenly dis-

tributed between groups (the vehicle group: n = 10, the 3C group:

n = 9).
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2.12. Measurement of neurological performance and infarct size

Rat neurological performance was measured with Longa’s

method with minor modifications, in a blinded manner 48 h after

tMCAO. Neurological performance was scored on a five-point scale:

0, normal function; 1, flexion of the torso and contralateral forelimb

after lifting the animal by the tail; 2, circling to the contralateral side

but normal posture at rest; 3, recline to the contralateral side at rest;

4, absence of spontaneous motor activity (Gao et al., 2015).

After assessment of neurological performance, the rats were

euthanized 48 h after tMCAO. The brains were collected and dis-

sected on ice, and sectioned into 2 mm coronal sections. Sections

were soaked in 2% TTC (2,3,5-triphenyltetrazolium chloride)

(Sigma-Aldrich) phosphate buffer for 20 min at 37 �C in the dark.

Whereas infarct tissues stained white, the normal brain tissues

stained red. The ratio percentages of the infarct areas to the total

brain areas were calculated by morphometric analysis Image-pro

plus (Media cybernetics, MD, USA).

2.13. Isolation of microglia/macrophages from rat brain

Isolation of brain microglia/macrophages was performed as pre-

viously described (Li et al., 2016 a). Two days after tMCAO, rats

from a separated group were anesthetized with 3% chloral hydrate

followed by transcardiac perfusion with 0.9% saline to remove

blood cells from the brain vasculature. The ipsilateral hemisphere

from sham-operated rats or ischemic hemisphere from vehicle-

or compound 3C-treated group, was chopped into fine particles

in ice cold phosphate-buffered saline (PBS) containing 0.2% (w/v)

BSA followed by incubation with 10 ml of digestion buffer (1 mg/

ml collagenase II, 0.5 mg/ml of DNase I in PBS) for 1 h at 37 �C,

and the suspension was passed through a 70 lm cell strainer. After

centrifugation at 400�g for 10 min, the pellet was re-suspended in

isotonic Percoll (GE Healthcare BioSciences) to a density of 1.030 g/

ml. This solution containing cells was gently overlaid on the top of

2.5 ml of Percoll (1.095 g/ml), and then 2.5 ml of PBS was slowly

pipetted on top of the cells-containing layer and centrifuged at

1000�g for 20 min at room temperature. Cells were collected from

the interface and washed once with PBS containing 0.2% (w/v) BSA.

2.14. Flow cytometric analysis

Cells were isolated as described above and stained with the fol-

lowing antibodies: anti-rat CD45-APC, anti-rat CD11b/c-FITC as

Table 1

Primers for RT-PCR.

Gene Sense (50-30) Anti-sense (50-30)

Primers for mouse genes

GAPDH

(NM_001115114.1)

AACTTTGGCATTGTG GAAGG GGATGCAGGGATGATGTTCT

TNF-a
(NM_001278601.1)

GCTGAGCTCAAACCCTGGTA CGGACTCCGCAAAGTCTAAG

IL-1b

(NM_008361.4)

TGTGAAATGCCATTTGA GGTCAAAGGTTTGGAAGCAG

IL-6

(NM_001314054.1)

CCAGTT GCCTTCTTGGGACTG CAGGTCTGTTGGGAGTGGTATCC

iNOS

(NM_001313922.1)

CCCAGAGTTCCAGCTTCTGG CCAAGCCCCTCACCATTATCT

COX-2

(NM_011198.4)

TGGGGTGATGAGCAACTATT AAGGAGCTCTGGGTCAAACT

CD206

(NM_008625.2)

CTTCGGGCCTTTGGAATAAT TAGAAGAGCCCTTGGGTTGA

YM1/2

(NM_009892.3)

CAGGGTAATGAGTGGGTTGG CACGGCACCTCCTAAATTGT

Arginase 1

(NM_007482)

CTGGTCGGTTTGATGCTA TGCTTAG CTCTGTCTGCTTTGC

PGC-1a
(NM_008904.2)

ACAGAGACACTGGACAGTCT CATTGTAGCTGAGCTGAGTG

UCP2

(NM_011671.5)

CTTCACTTCTGCCTTCGGG CCAGGATCCCAAGCGGAGA

cytochrome C

(NM_007808.4)

GTTCAGAAGTGTGCCCAGTG TACTCCATCAGGGTATCCTC

Primers for rat genes

GAPDH

(NM_001106123.2)

GGTTCC GGTTTGTGGAGCAG TCCGTTTGCATTGCCCAGTA

TNF-a
(NM_012675.3)

TTCCCAAATGGGCTCCCTCT GTGGGCTACGGGCTTGTCAC

IL-1b

(NM_031512.2)

TCCAGGATGAGGACCCAAGC TCGTCATCATCCCACGAGTCA

iNOS

(NM_012611.3)

AGGCCACCTCGGATATCTCT GCTTGTCTCTGGGTCCTCTG

CD206

(NM_001106123.2)

GGTTCCGGTTTGTGGAGCAG TCCGTTTGCATTGCCCAGTA

YM1/2

(NM_001191712.2)

CGGCAGACATTCATCAAATC GCACCAGGACACTGAAGAGA

Arginase 1

(NM_017134.3)

TGGACTGGACCCAGTATTCA CCCAAGAGTTGGGTTCACTT

PGC-1a
(NM_031347.1)

AATCAAGCCACTACAGACACCGC CTTTCGTGCTCATTGGCTTCAT

Table 2

Sequence of target gene siRNA.

Gene Sense (50-30)

AMPKa siRNA GAGAAGCAGAAGCACGACGTT

CaMKKb siRNA CAGGAGAUUGCUAUCCUCAAAT

Control siRNA UUCUCCGAACGUGUCACGUTT
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previously described (Li et al., 2016a), in order to evaluate the pop-

ulations of activated microglia/macrophages (CD11 b+CD45high

cells) or the resting microglia/macrophages (CD11b+CD45int cells).

Flow cytometric analysis was performed using a FACS flow

cytometer C6 (BD Biosciences, San Diego, CA).

2.15. Statistical analysis

Statistical significance was determined using GraphPad Prism

Software 6 (La Jolla, CA). Data are represented as mean ± SEM. Sta-

tistical analysis among the frequencies (Longa test and corner test)

were carried out using non-parametric Mann-Whitney test, and

multiple groups comparisons were carried out using the One-

way ANOVA followed by Bonferroni’s test or using the Two-way

ANOVA followed by Bonferroni’s test for Figs. 1G, 2A–C, 3B, 55A–

D, F–H, 6A–D, F–H. The differences were considered significant if

the p < 0.05.

3. Results

3.1. Compound 3C inhibits the expression of proinflammatory

mediator and promotes anti-inflammatory mediator expression in

LPS-treated mouse primary microglia and BV2 cells

We used LPS-stimulated mouse primary microglia cells and BV2

cells to test the anti-inflammatory effects of compound 3C

(Fig. 1A). As shown in Fig. 1B, compound 3C showed no toxicity

when used up to 10 mM in microglia cells. In order to test the effec-

tive treatment concentrations, compound 3C (0.1–5 mM) were

used, and the results showed that compound 3C dose-

dependently inhibited LPS-induced TNF-a cytokine release in cul-

ture media of mouse primary microglia cells (P < 0.001) (Fig. 1C),

and the 5 mM concentration of compound 3C exhibited the maxi-

mum effect. Thus, we selected the 5 mM compound 3C to be used

in the following study carried out in mouse primary microglia cells.

Compound 3C also significantly reduced LPS-induced elevation of

proinflammatory factor expression (TNF-a, IL-1b, IL-6, iNOS,

COX-2,) (TNF-a: P < 0.001; IL-1b: P < 0.01; IL-6: P < 0.01; iNOS:

P < 0.001; COX-2: P < 0.001) (Fig. 1D), while markedly increasing

the anti-inflammatory mediator expression (CD206, YM1/2,

Arginase-1) (CD206: P < 0.01; YM1/2: P < 0.05; Arginase-1:

P < 0.01) (Fig. 1E). Furthermore, compound 3C dose-dependently

reduced the LPS-induced expression of the COX-2 protein

(P < 0.001) (Fig. 1F).

Compound 3C also had remarkable anti-inflammatory effects in

LPS-treated BV2 cells. As indicated in Fig. 1G, compound 3C did not

show obvious cytotoxicity in BV2 cells with or without LPS treat-

ment. Compound 3C (0.1–10 mM) dose-dependently inhibited

LPS-induced TNF-a release in culture media of BV2 cells

(P < 0.001) (Fig. 1H). Therefore, the 10 mM compound 3C was

selected for use in the following study in BV2 cells, because it

exhibited a more potent effect than the lower doses and BV2 cells

had a higher basal TNF-a release compared to primary microglia

cells. Additionally, compound 3C prevented LPS-induced increased

gene expressions of proinflammatory factor (TNF-a, IL-1b, IL-6,
iNOS, COX-2) (TNF-a: P < 0.01; IL-1b: P < 0.05; IL-6: P < 0.01; iNOS:

P < 0.001; COX-2: P < 0.05) (Fig. 1J), and stimulated the gene

expression of anti-inflammatory mediator (CD206, YM1/2,

Arginase-1) (CD206: P < 0.05; YM1/2: P < 0.05; Arginase-1:

P < 0.01) (Fig. 1I).

The above results indicate that compound 3C promotes micro-

glia anti-inflammatory activation in LPS-stimulated mouse pri-

mary microglia cells and BV2 cells.

3.2. Compound 3C significantly decreases LPS-induced JNK activation,

but has no effect on the NF-jB pathway

LPS time-dependently activated c-Jun N-terminal kinase (JNK),

extracellular signal-regulated kinase 1/2 (ERK1/2) and p38

mitogen-activated protein kinase (p38 MAPK) in mouse primary

microglia cells and BV2 cells, reaching maximum stimulation after

30 to 60 min of exposure. In BV2 cells, incubation of compound 3C

markedly inhibited LPS-induced activation of JNK (Time � Drug

interaction, F(5,24) = 251.7, P < 0.001), but performed slight effects

on LPS-induced ERK phosphorylation (Time � Drug interaction, F

(5,24) = 20.25, P < 0.001) and p38 MAPK phosphorylation (Time -

� Drug interaction, F(5,24) = 19.45, P < 0.01) (Fig. 2A). Additionally,

downstream of JNK, exposure to LPS time-dependently and simul-

taneously enhanced c-Jun phosphorylation, which was markedly

reduced by compound 3C (Time � Drug interaction, F(5,24)

= 61.56, P < 0.001) (Fig. 2B). In the mouse primary microglia cells,

compound 3C also inhibited the LPS-stimulated phosphorylation

levels of JNK, ERK1/2 and p38 MAPK (p-JNK: P < 0.01; p-ERK:

P < 0.05; p-p38: P < 0.05) (Fig. 2D). However, compound 3C had

no effect on LPS-induced NF-jB pathway activation, as indicated

by IjB-a degradation (Fig. 2C). Thus, these results show that com-

pound 3C can markedly inhibit the activation of JNK and its down-

stream substrate c-Jun to exhibit anti-inflammatory effects in

microglia cells.

3.3. Compound 3C promotes AMPK and CaMKKb phosphorylations in

mouse primary microglia and BV2 cells

AMPK activation is correlated with the phosphorylation state at

threonine (Thr)-172 on the AMPKa subunit. In the absence of LPS,

compound 3C dose-dependently activated AMPK, with 10 mM 3C

resulting in the maximum effect in BV2 cells (P < 0.001) (Fig. 3A).

Compound 3C (10 mM) time-dependently increased AMPK phos-

phorylation in BV2 cells, and reached maximum activation at

30 min (P < 0.001) (Fig. 3A). In the presence of LPS, compound 3C

(10 mM) inhibited the LPS-induced decrease in AMPK activation

in BV2 cells (Time � Drug interaction, F(5,24) = 19.5, P < 0.001)

(Fig. 3B). Similarly, in mouse primary microglia, compound 3C also

dose-dependently (P < 0.001) and time-dependently (P < 0.001)

increased AMPK phosphorylation (Fig. 3E). These results show that

AMPK activation may be involved in the anti-inflammatory effects

of compound 3C in microglia.

Using a cell-free AMPK activation assay, we found that com-

pound 3C did not directly activate AMPK at the molecular level

(Supplemental Fig. 1). There are two reported upstream kinases,

calmodulin-dependent protein kinase kinase b (CaMKKb) and liver

kinase B1 (LKB1) that can activate AMPK. Thus, we measured the

expression levels of phosphorylated CaMKKb and phosphorylated

LKB1 in mouse primary microglia and BV2 cells with compound

3C incubation. Interestingly, compound 3C dose-dependently

(P < 0.001) and time-dependently (P < 0.001) increased CaMKKb

phosphorylation in both cell types (Fig. 3C and F). In contrast, com-

pound 3C did not affect LKB1 activation in either cell types (Fig. 3D

and G).

3.4. Compound 3C promotes PGC-1a expression in mouse primary

microglia and BV2 cells

Compound 3C increased the mRNA expression of PGC-1a in a

dose-dependent manner in mouse primary microglia cells and

reached maximum effectiveness at 5 mM (P < 0.001) (Fig. 4A). Fur-

thermore, compound 3C time-dependently increased the mRNA

expression of PGC-1a in mouse primary microglia cells (P < 0.01)

and BV2 cells (P < 0.05) (Fig. 4B and C), reaching maximum stimu-

lation at 3 h of compound 3C exposure. Additionally, the mRNA
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Fig. 1. Effects of compound 3C on the expression of inflammatory mediator in LPS-treated mouse primary microglia cells and BV2 cells. (A) Structure of compound 3C. (B)

Mouse primary microglia cells were incubated with various concentrations of compound 3C for 24 h to investigate the cytotoxicity. (C) Compound 3C dose-dependently

inhibited LPS-induced TNF-a release as determined by ELISA measurement. Cells were incubated with different concentrations of compound 3C for 3 h, followed by

stimulation with 100 ng/ml LPS for another 5 h. (D and E) Compound 3C significantly inhibited the LPS-induced elevation of mRNA expression of proinflammatory factor, and

increased the mRNA expression of anti-inflammatory mediator. Mouse primary microglia cells were pretreated with 5 lM compound 3C for 3 h, followed by stimulation with

100 ng/ml LPS for 2 h or 12 h to examine the mRNA level of proinflammatory factor (TNF-a, IL-1b, IL-6, iNOS and COX-2) or anti-inflammatory mediator (CD206, YM1/2 and

Arginase-1), respectively. (F) Compound 3C dose-dependently reduced the expression level of the COX-2 protein. Cells were pretreated with different concentrations of

compound 3C for 3 h and then incubated with 100 ng/ml LPS for 24 h. (G) BV2 cells were incubated with various concentrations of compound 3C or 3C plus LPS (100 ng/ml)

for 48 h to investigate the cytotoxicity of compound 3C. (H) Compound 3C dose-dependently inhibited LPS-induced TNF-a release in BV2 cells. Cells were incubated with

different concentrations of compound 3C for 3 h and were stimulated with 100 ng/ml LPS for another 5 h. (I and J) Compound 3C significantly increased the mRNA expression

of anti-inflammatory genes (CD206, YM1/2 and Arginase-1) and reduced the mRNA expression of proinflammatory genes (TNF-a, IL-1b, IL-6, iNOS and COX-2) in BV2 cells.

Cells pretreated with 10 lM compound 3C for 3 h, were stimulated with 100 ng/ml LPS for 2 h or 12 h to test the mRNA level of proinflammatory factor or anti-inflammatory

mediator, respectively. The experiments were performed in triplicate and repeated at least three times in different days. Results are expressed as means ± SEM (n = 3).
*P < 0.05, **P < 0.01, ***P < 0.001 versus the control group (CN); #P < 0.05, ##P < 0.01, ###P < 0.001 versus the LPS group.
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Fig. 3. Compound 3C activates AMPK in a CaMKKb-dependent manner in BV2 cells and mouse primary microglia cells. (A) Compound 3C dose-dependently and time-

dependently increased the phosphorylation of AMPK in BV2 cells. Cells treated with different concentration of compound 3C for 0.5 h or with 10 lM compound 3C for

different times. The experiments were performed in triplicate and repeated at least three times in different days. Results are expressed as means ± SEM (n = 3). *P < 0.05,
**P < 0.01, ***P < 0.001 versus the control group (0 group). (B) Compound 3C inhibited the LPS-induced decrease in AMPK phosphorylation in BV2 cells. The experiments were

performed in triplicate and repeated at least three times in different days. Statistic analysis of data was performed by Two-way ANOVA followed by Bonferroni’s post hoc test.

Results are means ± SEM (n = 3). ***P < 0.001. There was a significant interaction between treatment and time on phosphorylated AMPK protein expression. (C) Compound 3C

dose-dependently and time-dependently increased the phosphorylation level of CaMKKb in BV2 cells. Cells were treated with 10 lM compound 3C for different times or

treated with different concentrations of compound 3C for 0.5 h. (D) The phosphorylation level of LKB1 was not affected by compound 3C incubation in BV2 cells. The

experiments were performed in triplicate and repeated at least three times in different days. Results are expressed as means ± SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001

versus the control group (0 group). (E and F) In mouse primary microglia cells, compound 3C dose-dependently and time-dependently increased AMPK phosphorylation and

CaMKKb phosphorylation. Cells were treated with 5 lM compound 3C for different times or treated with different concentration of compound 3C for 0.5 h. (G) The

phosphorylation level of LKB1 was not affected by compound 3C incubation in mouse primary microglia cells. The experiments were performed in triplicate and repeated at

least three times in different days. Results are expressed as means ± SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 versus the control group (0 group).

3

Fig. 2. The anti-inflammatory effect of compound 3C is partially mediated through inhibition of the c-Jun N-terminal kinase (JNK) pathway in BV2 cells and mouse primary

microglia cells. (A) BV2 cells were pretreated with 10 lM compound 3C for 3 h before exposure to 100 ng/ml LPS for the indicated time intervals. The phosphorylation of JNK,

ERK1/2 and p38 MAPK was determined by Western blotting. (B) Compound 3C (10 lM) inhibited LPS-induced c-Jun phosphorylation. (C) Compound 3C did not prevent LPS-

induced IjB-a protein degradation in BV2 cells. The experiments were performed in triplicate and repeated at least three times in different days. Statistic analysis of data was

performed by Two-way ANOVA followed by Bonferroni’s post hoc test. Results are means ± SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. There was a significant interaction

between treatment and time on MAPKs protein expression. (D) Compound 3C remarkably inhibited LPS-induced JNK, ERK1/2 and p38 MAPK activation in mouse primary

microglia cells. Cells were pretreated with compound 3C (5 lM) for 3 h and then stimulated with 100 ng/ml LPS for 30 min. The experiments were performed in triplicate and

repeated at least three times in different days. Results are expressed asmeans ± SEM (n = 3). **P < 0.01, ***P < 0.001 versus the control group (CN); #P < 0.05, ##P < 0.01, versus the

LPS group.
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expression levels of UCP2 (P < 0.01 and P < 0.05) and Cytochrome C

(P < 0.001 and P < 0.01), the downstream genes of PGC-1a, were

significantly increased by compound 3C treatment in mouse pri-

mary microglia cells and BV2 cells (Fig. 4B and C). In summary,

compound 3C could significantly increase the gene expression

levels of PGC-1a and its downstream substrates in microglia cells.

3.5. Compound 3C-mediated microglial anti-inflammatory activation

is attenuated by the AMPK inhibitor or gene knockdown in microglia

cells

To confirm whether compound 3C promotes microglia anti-

inflammatory activation via the AMPK pathway, we used AMPK

inhibitor compound C (CC) to block AMPK activity in mouse pri-

mary microglia (Inhibitor � Drug interaction, F(1,8) = 13.01,

P < 0.01) (Fig. 5A). As shown in Fig. 5B and C and Supplemental

Fig. 2, the compound 3C promoting effects on anti-inflammatory

mediator expression of mouse primary microglia were partly

inhibited by CC, as evidenced by the result that CC markedly atten-

uated compound 3C reduction of proinflammatory factor (TNF-a,
IL-1b) gene expression (TNF-a: Inhibitor � Drug interaction, F

(1,8) = 11.39, P < 0.05; IL-1b: Inhibitor � Drug interaction, F(1,8)

= 1.639, P < 0.05), and elevation of anti-inflammatory mediator

(CD206, YM1/2) gene expression (CD206: Inhibitor � Drug interac-

tion, F(1,8) = 3.151, P < 0.05; YM1/2: Inhibitor � Drug interaction, F

(1,8) = 18.43, P < 0.001) in LPS-treated mouse primary microglia

cells.

We also used AMPK siRNA to knockdown AMPK gene expres-

sion. When BV2 cells were transfected with AMPKa siRNA for 48

h, the level of AMPKa protein was markedly decreased

(P < 0.001) (Fig. 5E). In accordance with the results using AMPK

inhibitor, AMPKa knockdown also reversed the compound 3C inhi-

bitory effects on proinflammatory factor gene expression (TNF-a,
IL-1b and iNOS) (TNF-a: siRNA � Drug interaction, F(1,8) = 4.332,

P < 0.01; IL-1b: siRNA � Drug interaction, F(1,8) = 2.606, P < 0.05;

iNOS: siRNA � Drug interaction, F(1,8) = 2.7632, P < 0.01) (Fig. 5F)

and enhanced the effects on anti-inflammatory mediator gene

expression (CD206 and YM1/2) (CD206: siRNA � Drug interaction,

F(1,8) = 8.588, P < 0.01; YM1/2: siRNA � Drug interaction, F(1,8)

= 6.436, P < 0.01) (Fig. 5G).

Interestingly, the effect of compound 3C on the gene expression

of PGC-1a was completely reversed by AMPK inhibitor CC (Inhibi-

tor � Drug interaction, F(1,8) = 10.54, P < 0.01) (Fig. 5D), and AMPK

knockdown (siRNA � Drug interaction, F(1,8) = 1.919, P < 0.05)

(Fig. 5H), which indicates that AMPK-mediated PGC-1a activation

by compound 3C may participate in the anti-inflammatory effects

of compound 3C in microglia. In addition, AMPKa knockdown

reversed the inhibitory effect of compound 3C on the phosphoryla-

tion of JNK (P < 0.05) (Fig. 5I), indicating that the AMPK/JNK signal-

ing pathway may also participate in the anti-inflammatory effects

of compound 3C.

3.6. CaMKKb-dependent AMPK activation participates in the

compound 3C-mediated microglia anti-inflammatory activation

CaMKKb inhibitor STO-609 was used to block CaMKKb activity

(Inhibitor � Drug interaction, F(1,8) = 20.21, P < 0.01) (Fig. 6A),

and as expected, the compound 3C-mediated up-regulation of

anti-inflammatory mediator (CD206 and YM1/2) (CD206: Inhibi-

tor � Drug interaction, F(1,8) = 5.571, P < 0.05; YM1/2: Inhibitor

� Drug interaction, F(1,8) = 4.263, P < 0.01) and down-regulation

of proinflammatory factor (TNF-a and IL-1b) (TNF-a: Inhibitor �

Drug interaction, F(1,8) = 57.39, P < 0.01; IL-1b: Inhibitor � Drug

interaction, F(1,8) = 7.592, P < 0.05) were completely blocked by

the CaMKKb inhibitor STO-609 in mouse primary microglia cells

(Fig. 6B and C). CaMKKb expression was significantly decreased

in BV2 cells when transfected with CaMKKb siRNA for 24 h

(P < 0.001) (Fig. 6E). As expected, CaMKKb was involved in com-

Fig. 4. Compound 3C increases PGC-1a gene expression in mouse primary microglia cells and BV2 cells. (A) Compound 3C dose-dependently increased the mRNA level of

PGC-1a in mouse primary microglia cells. Cells were treated with different concentrations of compound 3C for 3 h. (B) Compound 3C time-dependently increased the mRNA

level of PGC-1a, UCP2 and Cytochrome C in mouse primary microglia cells treated with compound 3C (5 lM) for different times. (C) Compound 3C time-dependently

increased the mRNA level of PGC-1a, UCP2 and Cytochrome C in BV2 cells treated with compound 3C (10 lM) for different times. The experiments were performed in

triplicate and repeated at least three times in different days. Results are expressed as means ± SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 versus the control group (0 group).
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Fig. 5. Compound 3C-mediated inhibition of microglia activation was attenuated by the AMPK inhibitor or gene knockdown in microglia cells. (A) AMPK inhibitor Compound

C (CC) reversed compound 3C-enhanced AMPK phosphorylation in mouse primary microglia cells. Cells were pretreated with 2.5 lM CC for 2 h, followed by the addition of

5 lM compound 3C for 0.5 h. (B and C) AMPK inhibitor CC reversed the compound 3C-mediated inhibition of microglia inflammation. CC reversed the compound 3C-mediated

inhibition of proinflammatory factor (TNF-a, IL-1b) mRNA expression and promotion of anti-inflammatory mediator (CD206, YM1/2) mRNA expression. Cells pretreated with

5 lM compound 3C for 3 h, were stimulated with 100 ng/ml LPS for 2 h or 12 h to examine the mRNA level of proinflammatory factor or anti-inflammatory mediator,

respectively. (D) AMPK inhibitor CC reversed compound 3C-induced elevation of the mRNA level of PGC-1a in mouse primary microglia cells. Cells pretreated with 5 lM
compound 3C for 3 h, were stimulated with 100 ng/ml LPS for 12 h. The experiments were performed in triplicate and repeated at least three times in different days. Results

are means ± SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. There was a significant interaction between the effects of inhibitor CC and compound 3C on proinflammatory factor,

anti-inflammatory mediator and PGC-1a gene expression. (E) The expression of AMPKa protein was markedly decreased in BV2 cells transfected with 40 nM AMPKa siRNA

for 48 h. The experiments were performed in triplicate and repeated at least three times in different days. Results are expressed as means ± SEM (n = 3). ***P < 0.001 versus the

normal control (NC) siRNA group. (F and G) AMPKa knockdown reversed the compound 3C-mediated inhibition of proinflammatory factor (TNF-a, IL-1b, iNOS) mRNA

expression and promotion of anti-inflammatory mediator (CD206, YM1/2) mRNA expression. Cells transfected with 40 nM AMPKa siRNA or NC siRNA for 48 h, were treated

with 10 lM compound 3C for 3 h, followed by exposure to LPS for 2 h to examine proinflammatory factor mRNA expression or for 12 h to examine anti-inflammatory

mediator mRNA expression. (H) AMPKa knockdown reversed compound 3C-induced elevation of the mRNA level of PGC-1a in BV2 cells. Cells transfected with 40 nM AMPKa
siRNA or NC siRNA for 48 h were treated with 10 lM compound 3C for 3 h, followed by exposure to LPS for 12 h. The experiments were performed in triplicate and repeated at

least three times in different days. Results are expressed as means ± SEM (n = 3). Statistical analysis was performed using Two-way ANOVA followed by Bonferroni’s test.
*P < 0.05, **P < 0.01. There was a significant interaction between AMPKa siRNA and compound 3C on proinflammatory factor and anti-inflammatory mediator gene expression.

(I) AMPKa knockdown markedly attenuated the suppressive effect of compound 3C on LPS-induced expression of JNK phosphorylation. Cells pretreated with 40 nM AMPKa
siRNA or NC siRNA for 48 h were incubated with compound 3C (10 lM) for 3 h and then exposed to LPS for 30 min. The experiments were performed in triplicate and

repeated at least three times in different days. Results are expressed as means ± SEM (n = 3). *P < 0.05, ***P < 0.001.
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pound 3C inhibitory effects on proinflammatory factor gene

expression (TNF-a: siRNA � Drug interaction, F(1,8) = 9.357,

P < 0.01; IL-1b: siRNA � Drug interaction, F(1,8) = 3.341, P < 0.05)

(Fig. 6F). Consistent with the results obtained from CaMKKb inhibi-

tor analysis, CaMKKb knockdown significantly attenuated com-

pound 3C-induced anti-inflammatory mediator gene expression

(CD206: siRNA � Drug interaction, F(1,8) = 23.6, P < 0.01; YM1/2:

siRNA � Drug interaction, F(1,8) = 14.96, P < 0.01) (Fig. 6G), sug-

gesting that CaMKKb-dependent AMPK activation may be respon-

sible for the anti-inflammatory effects of compound 3C in

microglia. Furthermore, the effect of compound 3C on the

gene expression of PGC-1a was completely reversed by CaMKKb

Fig. 6. The CaMKKb-dependent AMPK pathway participates in compound 3C-mediated inhibition of microglia activation in microglia cells. (A) CaMKKb inhibitor STO-609

(STO) reversed compound 3C-enhanced AMPK phosphorylation in mouse primary microglia cells. Cells pretreated with 20 lM STO for 2 h, were treated with 5 lM compound

3C for 30 min. (B and C) CaMKKb inhibitor STO reversed the compound 3C-mediated inhibition of proinflammatory factor (TNF-a, IL-1b) mRNA expression and promotion of

anti-inflammatory mediator (CD206, YM1/2) mRNA expression. Cells pretreated with 20 lM STO for 2 h, were treated with 5 lM compound 3C for 3 h, followed by exposure

to LPS for 2 h to examine proinflammatory factor gene expression or for 12 h to examine anti-inflammatory mediator gene expression. (D) CaMKKb inhibitor STO reversed

compound 3C-induced elevation of the mRNA level of PGC-1a in mouse primary microglia cells. Cells pretreated with 20 lM STO for 2 h, were treated with 5 lM compound

3C for 3 h, followed by exposure to LPS for 12 h. The experiments were performed in triplicate and repeated at least three times in different days. Statistic analysis of data was

performed by Two-way ANOVA followed by Bonferroni’s post hoc test. Results are means ± SEM (n = 3). *P < 0.05, **P < 0.01. There was a significant interaction between the

effects of inhibitor STO and compound 3C on proinflammatory factor and anti-inflammatory mediator gene expression. (E) CaMKKb expression was significantly decreased in

BV2 cells transfected with 40 nM CaMKKb siRNA for 24 h. The experiments were performed in triplicate and repeated at least three times in different days. Results are

expressed as means ± SEM (n = 3). ***P < 0.001 versus the NC siRNA group. (F and G) CaMKKb knockdown reversed the compound 3C regulation on microglia activation. Cells

transfected with 40 nM CaMKKb siRNA or NC siRNA for 24 h, were treated with 10 lM compound 3C for 3 h, followed by exposure to LPS for 2 h to examine proinflammatory

factor gene expression or for 12 h to examine anti-inflammatory mediator gene expression. (H) CaMKKb knockdown reversed compound 3C-induced elevation of mRNA level

of PGC-1a in BV2 cells. Cells transfected with 40 nM CaMKKb siRNA or NC siRNA for 24 h, were treated with 10 lM compound 3C for 3 h, followed by exposure to LPS for 12 h.

The experiments were performed in triplicate and repeated at least three times in different days. Statistical analysis was performed using Two-way ANOVA followed by

Bonferroni’s test. *P < 0.05, **P < 0.01. There was a significant interaction between CaMKKb siRNA and 3C on proinflammatory factor and anti-inflammatory mediator gene

expression.
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inhibitor STO-609 (Inhibitor � Drug interaction, F(1,8) = 2.629,

P < 0.05) (Fig. 6D), or CaMKKb knockdown (siRNA � Drug interac-

tion, F(1,8) = 12.410, P < 0.01) (Fig. 6H).

3.7. Compound 3C ameliorates depressive behaviors and alters the

expression profiles of inflammation mediator in LPS-induced

neuroinflammatory mice

Microglia-mediated inflammation plays an important role in

the process of a number of brain disorders (Heijnen and

Kavelaars, 2010; Ma et al., 2016; Nimmerjahn et al., 2005). Hence,

we examined the anti-inflammatory effect of compound 3C in LPS-

induced neuroinflammation model (Fig. 7A). In this experiment, all

mice survived and did not show abnormal behavior. In the open

field test (Fig. 7B), compound 3C (1 mg/kg or 10 mg/kg) signifi-

cantly reversed the LPS-induced down-regulation of total distance

(1 mg/kg: P < 0.05; 10 mg/kg: P < 0.05), total time (1 mg/kg:

P < 0.01; 10 mg/kg: P < 0.01), central time (1 mg/kg: P < 0.05;

10 mg/kg: P < 0.05) (Fig. 7C) and body weight change (1 mg/kg:

P < 0.05; 10 mg/kg: P < 0.05) (Fig. 7D).

Furthermore, in the cerebral cortex of mice, LPS administration

increased the expression of proinflammatory factor genes (TNF-a,
IL-1b, iNOS) (P < 0.001, respectively, versus control group), which

were significantly decreased by compound 3C (1 mg/kg, TNF-a:
P < 0.05, IL-1b: P < 0.05, iNOS: P < 0.01; 10 mg/kg, TNF-a: P < 0.01,

IL-1b: P < 0.01, iNOS: P < 0.001) (Fig. 7E). Alternatively, anti-

inflammatory mediator gene expression was markedly elevated

by compound 3C (0.1 mg/kg, CD206: P < 0.01, YM1/2: P < 0.001;

10 mg/kg, CD206: P < 0.001, YM1/2: P < 0.001, Arginase 1:

P < 0.05) (Fig. 7F). These observations indicate that compound 3C

could promote microglial anti-inflammatory activation in an LPS-

induced neuroinflammation model. However, compound 3C

(10 mg/kg) administration at 0, 1, or 2 h after LPS injection, did

not significantly affect the LPS-induced expression levels of inflam-

mation mediator in the cerebral cortex of neuroinflammatory mice

(Supplemental Fig. 3).

Similar to the effects in mouse microglia cells and BV2 cells,

compound 3C (1 mg/kg or 10 mg/kg) significantly increased AMPK

and CaMKKb phosphorylation (P < 0.01) (Fig. 7G and H), inhibited

JNK phosphorylation (P < 0.001) (Fig. 7I) and enhanced mRNA

expression of PGC-1a in the cerebral cortex of mice (P < 0.01)

(Fig. 7J).

3.8. Compound 3C reduces brain infarct volume, improves the

neurological deficit and alters the expression profiles of inflammation

mediator in rats after tMCAO

To investigate whether administration of compound 3C exhibits

neuroprotective effects in rats with tMCAO, the percentage of the

infarct size was assessed by TTC staining. At 48 h after tMCAO,

the vehicle group showed an enormous infarct volume (P < 0.001,

versus sham group). Compared with the vehicle group, compound

3C (10 mg/kg, i.v.) significantly reduced the infarct volume

(P < 0.01) (Fig. 8B). Using the Longa test and Corner test to explore

the effects of compound 3C on sensorimotor recovery in rats with

tMCAO, it was observed that vehicle-treated rats exhibited marked

neurological deficits (Longa test: P < 0.001; Corner test: P < 0.001),

and these deficits were improved by compound 3C administration

(Longa test: P < 0.01; Corner test: P < 0.05) (Fig. 8C).

Secretion of inflammatory cytokines is a key feature after

stroke. Therefore, in this study, we assessed the mRNA expression

of proinflammatory cytokines (TNF-a, IL-1b, iNOS) and anti-

inflammatory factor (CD206, YM1/2, Arginase 1) in the ipsilateral

and contralateral brain cortex at 48 h after ischemia. The gene

expression levels of proinflammatory factor were significantly

increased in ipsilateral brain cortex of rat with ischemia, while

post-stroke administration of compound 3C reduced elevation of

the proinflammatory factor gene expression (TNF-a P < 0.05; IL-

1b P < 0.05; iNOS: P < 0.05) (Fig. 8D). We further assessed the

effects of compound 3C on the expression of anti-inflammatory

mediator. In the ischemic cortex, mRNA expression levels of the

anti-inflammatory mediator (CD206, YM1/2, Arginase 1) were sig-

nificantly elevated in the 3C-treated rats compared to the vehicle

group (CD206: P < 0.01; YM1/2: P < 0.05; Arginase 1: P < 0.05)

(Fig. 8E).

As an important element of the inflammation following stroke,

the infiltration of circulating inflammatory cells has received con-

siderable attention. Hence, we investigated the effect of compound

3C on infiltrated macrophage cells in the brain. Using flow cyto-

metric analysis, we found that, in the ischemic hemisphere, the

percentage of activated microglia/macrophages was significantly

increased after ischemia onset (P < 0.001), and the accumulation

of activated microglia/macrophages was markedly inhibited by

compound 3C (P < 0.05) (Fig. 8F and G). In contrast, the resting

microglia/macrophage level was not affected by tMCAO, and it

was not affected by compound 3C administration (Fig. 8H).

In the ipsilateral brain cortex, compound 3C markedly increased

AMPK and CaMKKb phosphorylation (P < 0.05 and P < 0.01) (Fig. 8I

and J), inhibited JNK phosphorylation (P < 0.01) (Fig. 8K), and

enhanced mRNA expression of PGC-1a (P < 0.01) (Fig. 8L).

Collectively, the above results show that post-ischemia com-

pound 3C treatment provides a neuroprotective effect, and this

effect is due to the ability of compound 3C to promote and sustain

the anti-inflammatory activation state of microglia/macrophages

and inhibit the infiltration of circulating inflammatory cells via

the AMPK signaling pathway.

4. Discussion

Increasing evidences indicate that down-regulation of micro-

glial proinflammatory factor expression and promotion of the

anti-inflammatory mediator expression plays a prominent role in

neuroprotective recovery after brain ischemia (Jin et al., 2014;

Liu et al., 2016; Pan et al., 2015). Therefore, our study was designed

to determine whether compound 3C, a derivative of the natural

product (+)-balasubramide that we previously discovered, has

anti-neuroinflammatory effects in vitro and in vivo and neuropro-

tective effects in an ischemic animal model. The main findings of

our study are as follows: 1) Compound 3C inhibits LPS-induced

pro-inflammatory cytokine production in mouse primary microglia

cells and BV2 cells. 2) Compound 3C reduces infarct size, improves

sensorimotor recovery and inhibits the infiltration of circulating

inflammatory cells in a rat model with tMCAO, and ameliorates

depressive behaviors in a mouse LPS-induced neuroinflammation

model. 3) We have demonstrated that the beneficial effects of com-

pound 3C in vivo are associated with the anti-inflammatory effect.

4) We further provide evidence that inhibition of JNK activation,

promotion of AMPK and PGC-1a activation may contribute to the

anti-inflammatory effects of compound 3C, as illustrated in Fig. 9.

Microglia, an important element of the inflammatory response

in experimental stroke, may inhibit or promote inflammation in

different conditions and therefore have opposite roles in functional

recovery (Jin et al., 2014). Microglia producing anti-inflammatory

mediator are considered to protect neurons against stroke, while

microglia producing proinflammatory factor exacerbate neuronal

death (Hu et al., 2012). A previous study show that microglia

respond dynamically to ischemic injury, experiencing an early

anti-inflammatory activation state, followed by a transition to a

pro-inflammatory activation state in peri-infarct regions (Hu

et al., 2012). Furthermore, microglia producing anti-inflammatory

mediator not only reduce acute neuronal death induced by
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ischemic insults (Hu et al., 2012), but also promote neural repair in

central nervous system (CNS) disease (Hu et al., 2015). Thus,

mouse primary microglia cells and BV2 cells were used to confirm

the anti-inflammatory effect of compound 3C in in vitro experi-

ments. Compound 3C was found to suppress LPS-induced proin-

flammatory factors. In line with the in vitro results, compound 3C

enhanced the expression of anti-inflammatory mediator in the

brain cortex of tMCAO rats and LPS-induced neuroinflammatory

mice (Benicky et al., 2011; Leite et al., 2016). It has been reported

that there are dynamic expression profiles of proinflammatory and

anti-inflammatory mediator in a stroke model (Hu et al., 2012). The

gene expression of anti-inflammatory mediator was induced

Fig. 7. Compound 3C significantly ameliorates LPS-induced sickness behavior and alters the expression profiles of inflammation mediator in neuroinflammatory mice. (A)

Experimental design of LPS-induced neuroinflammation model. Different groups of mice were intraperitoneally treated with vehicle or compound 3C (1 mg/kg or 10 mg/kg)

daily for 3 consecutive days. On the third day, mice were intraperitoneally injected with LPS (0.33 mg/kg) or normal saline 2 h after injection of compound 3C or saline. At 3 h

after the LPS injection, 5 mice from each group were euthanized, and the whole brain was removed. The cerebral cortex was dissected and collected to measure

proinflammatory and anti-inflammatory factor. The residual mice participated in the open field test 24 h after LPS administration. Body weight was measured daily. (B) The

typical path of the mice administered with vehicle (1% DMSO in saline), LPS (0.1 mg/kg), LPS (0.1 mg/kg) plus compound 3C (1 mg/kg, dissolved in 1% DMSO) and compound

3C (10 mg/kg, dissolved in 1% DMSO) in the open field test. (C and D) Compound 3C (1 mg/kg and 10 mg/kg) administration improved LPS-induced reduction in total distance,

total time, and central time in the open filed test and body weight. N = 12–15. (E) Compound 3C (1 mg/kg and 10 mg/kg) inhibited the elevation of LPS-induced

proinflammatory factor (TNF-a, IL-1b, iNOS) gene expression. N = 5. (F) Compound 3C (1 mg/kg and 10 mg/kg) significantly increased mRNA expression level of anti-

inflammatory mediator (CD206, YM1/2, Arginase-1). N = 5. Results are expressed as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus the control group (CN); #P < 0.05,
##P < 0.01, ###P < 0.001 versus the LPS group. (G–J) Compound 3C (1 mg/kg and 10 mg/kg) significantly promoted the expression of AMPK and CaMKKb phosphorylation,

inhibited the LPS-induced expression of JNK phosphorylation, and promoted the mRNA expression of PGC-1a in the cerebral cortex of neuroinflammatory mice. Results are

expressed as means ± SEM (n = 5). *P < 0.05, ***P < 0.001 versus the control group (CN); ##P < 0.01, ###P < 0.001 versus the LPS group.
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beginning 1–3 days after ischemia and peaked 3–5 days post-

ischemia, and the majority of anti-inflammatory genes began to

decrease 7 days after MCAO. In this study, we also found that

mRNA expression of anti-inflammatory mediator was significantly

increased 2 days after ischemia, which is consistent with previ-

ously reported findings (Hu et al., 2012). Our results indicate that

the neuroprotective effects of compound 3C in ischemic rats are,

at least in part, associated with the microglial anti-inflammatory

activation.

After stroke, both the activation of proinflammatory microglia

and invasion of circulating macrophages to the ischemic area

enhance production of inflammatory cascades (Jin et al., 2010).

Using flow cytometric analysis, we found that, in the pre-

ischemic hemisphere, compound 3C markedly reduced microglia

Fig. 8. Compound 3C has neuroprotective and anti-inflammatory effects in rats with tMCAO. (A) Experimental design of tMCAO model. Rats were intravenously injected with

compound 3C (10 mg/kg) at 4 h post-ischemia and treated again at 24 h after ischemia. Brains were removed to perform histological and immunocytochemical analysis at

48 h after ischemia. Compound 3C reduced cerebral infarction volume as assessed by TTC staining (B) and improved sensorimotor recovery as evaluated by the Longa test and

Corner test (C). N = 8–15, results are expressed as means ± SEM. ***P < 0.001, versus the sham group; #P < 0.05, ##P < 0.01, versus the vehicle group. Post-stroke 3C treatment

suppressed proinflammatory factor (TNF-a, IL-1b and iNOS) expression (D), and promoted anti-inflammatory mediator (CD206, YM1/2 and Arginase-1) expression (E) in the

ischemic cortex. Ipsil: ipsilateral sides, Contra: contralateral sides. N = 5. Results are expressed as means ± SEM. *P < 0.05, **P < 0.01, versus the vehicle group. (F–H) Using flow

cytometric analysis of the CD11b+CD45high cells (activated microglia/macrophage) and CD11b+CD45int cells (resting microglia/macrophage) in the ischemic hemisphere (F),

compound 3C reduced the percentage of activated microglia/macrophage (G), but had no effect on the numbers of resting microglia/macrophage (H). (I–L) Compound 3C

(10 mg/kg) significantly enhanced AMPK and CaMKKb activation, inhibited JNK activation, and enhanced PGC-1a gene expression in the ischemic cerebral cortex of rat with

tMCAO. Results are expressed as means ± SEM (n = 6). **P < 0.01, ***P < 0.001, versus the sham group; #P < 0.05, ##P < 0.01 versus the vehicle group.
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numbers and macrophage infiltration. Taken together, these

results show that compound 3C can not only reduce microglia

proinflammatory activation, but also decrease macrophage infiltra-

tion into the ischemic brain, resulting in a reduction of inflamma-

tion in the brain ischemic condition.

MAPKs, the family of serine/threonine protein kinases including

ERK1/2, JNK and p38 MAPK, play an important role in controlling

the expression and activity of neuroinflammatory mediator in

the CNS (Pang et al., 2012; Velagapudi et al., 2014). Consistent with

previous observations, our study found that compound 3C treat-

ment significantly reduced LPS-induced JNK/c-Jun activation and

played a role in inhibiting JNK activation in the tMCAO rat model

and LPS-induced neuroinflammatory mouse model. After activa-

tion of the NF-jB signaling pathway, microglia produce a number

of proinflammatory factor, which cause severe brain damage and

inhibit recovery after brain injury (Crack et al., 2006; Harari and

Liao, 2010). Our results showed that compound 3C did not affect

the LPS-induced IjB-a degradation, indicating NF-jB signaling

pathway may not be involved in the anti-inflammatory effect of

compound 3C. In summary, compound 3C reverses LPS-induced

JNK/c-Jun activation, but does not affect the NF-jB signaling path-

way, which may account for the compound 3C inhibition of micro-

glia inflammation.

PGC-1a, as a metabolic master regulator in brown adipose tis-

sue and muscle, plays an important role in neurodegenerative dis-

ease by controlling mitochondrial biogenesis and oxidative stress

(Arany et al., 2008; Chen et al., 2011). In the brain tissue of PGC-

1a knockout mice, inhibition of reactive oxygen species caused

inhibited gene expression, resulting in damaged neuronal cells.

What is more, recent study showed that the anti-inflammatory

effect of resveratrol in microglia was mainly attributed to PGC-

1a activation (Yang et al., 2017). In this study, we found that com-

pound 3C dose-dependently and time-dependently promoted PGC-

1a expression in vitro and in vivo, which suggests that activation of

PGC-1a may be involved in compound 3C-mediated inhibition of

microglial inflammation.

AMPK is expressed in a series of brain cell types, including neu-

rons, microglia and astrocytes (Manwani and McCullough, 2013).

Specifically, AMPK activation is a master molecular switch that

promotes the alternative activation of anti-inflammatory macro-

phages (O’Neill and Hardie, 2013; Sag et al., 2008). Several natural

products and synthetic compounds have roles in promoting anti-

inflammatory mediator expression in microglia, thus reducing

inflammation-caused brain damage through activation of the

AMPK pathway (Lu et al., 2010; Zhou et al., 2014). Our data show

that compound 3C remarkably prevented the LPS-induced increase

in proinflammatory factor expression and decease in anti-

inflammatory mediator expression in microglia, but compound

3C alone could not promote anti-inflammatory mediator expres-

sion. It might be possible that compound 3C only influences the

AMPK signaling pathway, which participates in the LPS-induced

decrease in anti-inflammatory mediator expression, but does not

Fig. 9. Schematic diagram of the proposed mechanisms for the anti-neuroinflammatory effects of compound 3C. The mechanisms involve compound 3C inhibition of

proinflammatory mediator expression and promotion of anti-inflammatory mediator expression, and the roles of the CaMKKb-AMPK signaling pathway, JNK inhibition and

PGC-1a activation.
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influence other signaling pathway to enhance anti-inflammatory

mediator expression in microglia. However, there was a slight

increase in AMPK phosphorylation in the cerebral cortex of com-

pound 3C-treated rats with ischemia compared to the ischemic

model only. It might be possible that compound 3C has more

potent effects on the inhibition of proinflammatory factor expres-

sion through JNK inhibition, but the effects of 3C on modulating

anti-inflammatory mediator expression in the stroke model are

possibly through the AMPK and other signaling pathways. The

compound 3C action on other cell types in the brain, in addition

to microglia, may also contribute to the decreased AMPK activation

in the brain cortex of stroke model. Many reports have shown that

the AMPK/PGC-1a signaling pathway participates in attenuating

oxidative stress and mitochondrial biogenesis in ischemia/reperfu-

sion injury and other diseases. However, there is little information

regarding the physiological roles of the AMPK/PGC-1a signaling

pathway in microglia inflammation. Our hypothesis of the partici-

pation of AMPK activation in the anti-inflammatory effect of com-

pound 3C was confirmed by the observation that compound 3C

promoted AMPK activation in vitro and in vivo. Moreover, using

both AMPK inhibitor Compound C and AMPKa siRNA completely

reversed PGC-1a activation and increased gene expression of

anti-inflammatory factor, suggesting that compound 3C-

enhanced anti-inflammatory factor expression may be mediated

through AMPK/PGC-1a signaling pathway.

Upstream AMPK kinases include LKB1 (Lizcano et al., 2004) and

CaMKKb (Green et al., 2011) and our previous study (Xu et al.,

2015) showed that the CaMKKb/AMPK pathway functionally medi-

ated LPS-induced pro-inflammatory effects in microglia. In our

study, pretreatment with both the specific CaMKKb inhibitor

STO-609 and CaMKKb siRNA significantly attenuated compound

3C-enhanced anti-inflammatory factor expression in mouse pri-

mary microglia cells and BV2 cells. These observations confirm that

compound 3C-enhanced anti-inflammatory factor expression may

be mediated through the CaMKKb-AMPK signaling pathway.

In conclusion, our study demonstrates that compound 3C

reduced the infarct volume and improved the neurological deficit

in rats with ischemia, and it ameliorated depressive behaviors in

LPS-treated neuroinflammatory mice, due to its effects on inhibi-

tion of microglia inflammation via the AMPK/PGC-1a signaling

pathway. Therefore, the derivative of the natural product (+)-

balasubramide, compound 3Cmight be a promising drug candidate

for the treatment of brain disorders associated with neuroinflam-

mation, such as ischemic stroke.
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