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Abstract 

Pseudorabies virus (PRV) causes viral encephalitis, a devastating disease with high mortality worldwide. Curcumin 
(CUR) can reduce inflammatory damage by altering the phenotype of microglia; however, whether and how these 
changes mediate resistance to PRV-induced encephalitis is still unclear. In this study, BV2 cells were infected with/
without PRV for 24 h and further treated with/without CUR for 24 h. The results indicated that CUR promoted the 
polarization of PRV-infected BV2 cells from the M1 phenotype to the M2 phenotype and reversed PRV-induced mito-
chondrial dysfunction. Furthermore, M1 BV2 cell secretions induced signalling pathways leading to apoptosis in PC-12 
neuronal cells, and this effect was abrogated by the secretions of M2 BV2 cells. RNA sequencing and bioinformatics 
analysis predicted that this phenotypic shift may be due to changes in energy metabolism. Furthermore, Western blot 
analysis showed that CUR inhibited the increase in AMP-activated protein kinase (AMPK) phosphorylation, glycolysis, 
and triacylglycerol synthesis and the reduction in oxidative phosphorylation induced by PRV infection. Moreover, the 
ATP levels in M2 BV2 cells were higher than those in M1 cells. Furthermore, CUR prevented the increase in mortal-
ity, elevated body temperature, slowed growth, nervous system excitation, brain tissue congestion, vascular cuffing, 
and other symptoms of PRV-induced encephalitis in vivo. Thus, this study demonstrated that CUR protected against 
PRV-induced viral encephalitis by switching the phenotype of BV2 cells, thereby protecting neurons from inflam-
matory injury, and this effect was mediated by improving mitochondrial function and the AMPK/NF-κB p65-energy 
metabolism-related pathway.
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Introduction
Pseudorabies virus (PRV) is a neurotropic virus similar 
to herpes simplex virus type I [1] that typically infects 
domestic and wild animals. However, it has recently been 
reported that PRV infection in humans manifests as res-
piratory dysfunction and acute encephalitis [2–4], posing 
a huge challenge to public health.

PRV infection of the respiratory tract is followed by 
viral replication in peripheral tissues, such as the muscle 
mucosa, which causes infection, invasion of peripheral 
nerves, and transmission to the central nervous system 
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(CNS) through synapses, leading to viral encephalitis and 
death [4–6].

Microglia are resident mononuclear macrophages in 
the CNS and have long pseudopodia [7, 8]. These cells 
typically play immunological roles in response to infec-
tious pathogens in the CNS and continuously scan 
the CNS and sense changes in the microenvironment 
through the sensome. Furthermore, these cells respond 
rapidly to pathological triggers, such as the invasion of 
pathogenic microorganisms, neuronal death, and protein 
aggregation, and eliminate factors through phagocyto-
sis and degradation [9–11]. After detecting pathogenic 
microorganisms in the CNS, microglia first polarize to 
the classically activated proinflammatory M1 phenotype, 
and these cells express CD16, CD32, CD40, and major 
histocompatibility complex (MHC) class II markers and 
secrete tumour necrosis factor-α (TNF-α), interleukin 
(IL)-6, nitric oxide (NO), and reactive oxygen species 
(ROS) to kill the pathogenic microorganisms [11–13]. 
After clearing the pathogenic microorganisms, micro-
glia polarize from the classically activated M1 phenotype 
to the alternately activated M2 phenotype, and these 
cells express arginase-1 (ARG-1) and mannose receptor 
(CD206) markers and secrete IL-4, IL-10, and transform-
ing growth factor-β (TGF-β) to promote inflammation 
resolution [14]. This enables the phenotypic inactivation 
of proinflammatory cells and plays a role in the repair 
and maintenance of the CNS to re-establish homeostasis 
[13, 15, 16]. Acute microglial activation is widely believed 
to be beneficial under neuroinflammatory conditions by 
promoting the clearance of neurotoxic agents and restor-
ing tissue homeostasis [17]. However, if inflammation 
cannot be dissipated in time, the surrounding tissues or 
cells such as neurons will be lost, and the damaged tissue 
will develop into an internal stimulus, further exacerbat-
ing inflammatory injury [18]. Therefore, it is particularly 
important to switch from the M1 to M2 phenotype in a 
timely manner.

Curcumin (CUR), which is a natural compound iso-
lated from turmeric, is excellent for treating neuroin-
flammation and neurological diseases because of its 
anti-inflammatory properties and ability to cross the 
blood‒brain barrier [19, 20]. CUR can interact with mul-
tiple molecular targets in microglia, thereby promoting 
phenotypic shifts and exerting anti-inflammatory effects. 
These molecular targets include nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-κB) [20, 21], 
Toll-like receptor-4 (TLR-4) [20, 22], haem oxygenase-1 
(HO-1) [23], myeloid differentiation primary response 88 
(MyD88) [20], phosphoinositide 3-kinase/protein kinase 
B (PI3K/Akt) [24], and p38 mitogen-activated protein 
kinase (p38 MAPK) [25].

The phenotypic and functional changes in mac-
rophages are accompanied by dramatic changes in 
energy metabolism pathways in mitochondria [26, 27]. 
AMP-activated protein kinase (AMPK) is a key regu-
lator of energy metabolism during inflammation [28]. 
Proinflammatory M1 microglia mainly rely on aerobic 
glycolysis and fatty acid synthesis (FAS) to produce aden-
osine triphosphate (ATP), while anti-inflammatory M2 
microglia rely on oxidative phosphorylation (OXPHOS) 
and fatty acid oxidation (FAO) [26, 29]. In this study, we 
aimed to assess the role of CUR in mediating resistance 
to PRV-induced encephalitis. Furthermore, we investi-
gated the contribution of different components, such as 
mitochondrial function- and AMPK/NF-κB p65-energy 
metabolism-related pathways, in driving microglial phe-
notypic transitions.

Materials and methods
Cell culture, experimental design, and drug administration
BV2 cells (Rio de Janeiro Cell Bank, Portugal), PC-12 
cells, and PK-15 cells (Chinese Academy of Sciences 
Cell Bank, China) were cultured in Dulbecco’s modified 
Eagle medium (DMEM; 11,995,065, Gibco, USA) supple-
mented with 10% foetal bovine serum (FBS; 10099141C, 
Gibco, USA) and 1% penicillin/streptomycin (15,140,122, 
Gibco, USA). The cells were grown in a humidified incu-
bator at 37 °C with 5%  CO2. BV2 cells were infected with 
PRV for 24 h, followed by CUR (20 μM) (A600346, San-
gon Biotech, China), Compound C (AMPK inhibitor, 
2.5 μM; HY-13418A, MCE Med Chem Express, USA), or 
small interfering RNA (siRNA) treatment separately or in 
combination in serum-free medium for 24 h. The super-
natant of the BV2 cells treated with/without PRV and/or 
CUR was collected and further used to treat PC-12 cells 
for 24  h. The morphology of BV2 and PC-12 cells was 
observed using a light microscope (Olympus, Japan).

Model organisms
Ten healthy BALB/c mice (20–35  g) and 100 Sprague–
Dawley rats (6–8  week-old; half male and half female; 
specific pathogen-free animals; 200 ± 20  g) with no his-
tory of PRV infection or immunization were purchased 
from Chongqing Medical University. All mice and rats 
were maintained under standard conditions (23 ± 2  °C, 
60–70% relative humidity, 12  h light/12  h dark cycle) 
with ad libitum access to food and water.

Primary microglial culture
Primary microglia were isolated from postnatal Day 1 
BALB/C mice. Briefly, the whole brains of BALB/C mice 
were minced with ophthalmic scissors and filtered using 
a 200-mesh pore screen under sterile conditions. The 
mixed cells were seeded in T25 cell flasks in DMEM/F12 
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(C11330500BT, Gibco, USA) supplemented with 10% 
FBS (10099141C, Gibco, USA) and 1% penicillin/strepto-
mycin (15,140,122, Gibco, USA). On Day 14, the mixed 
cells were detached with 0.25% trypsin (25,200,072, 
Gibco, USA). The cell suspension was collected in centri-
fuge tubes and centrifuged at 1500 × g (25 ℃) for 8 min. 
The concentration of the cell suspension was adjusted to 
1.0 ×  106/mL with cell culture medium for subsequent 
analysis.

Viral infection and titration
The PRV strain was purchased from the China Veteri-
nary Microorganism Collection and Management Center 
(preservation number: CVCCAV25) and propagated 
as previously described [30]. Briefly, PK-15 cells were 
grown to 90% confluence and infected with PRV at vari-
ous multiplicities of infections. After 2  h, the inoculum 
was removed by aspiration, and the cells were washed 
twice with PBS. After 3  days, the cytopathic effects on 
PK-15 cells were observed using an inverted microscope 
(Olympus, Japan). The median tissue culture infectious 
dose  (TCID50) was calculated using the Reed–Muench 
method [31].

Transient transfection with siRNA
Several siRNA fragments for AMPKα1 were designed, 
and those that efficiently inhibited its translation were 
selected (sense: 5’-GCC GAC CCA AUG AUA UCA UTT-3’ 
and antisense: 5’-AUG AUA UCA UUG GGU CGG CTT-
3’; Gene Pharma, China). The designed siRNAs were all 
modified with 2’-O-methyl and 5’-carboxyfluorescein 
fluorescent labels to avoid degradation and assess trans-
fection efficiency, respectively. The inhibitory efficiency 
of the siRNA probes was assessed by Western blot analy-
sis of AMPKα1 protein levels. BV2 cells were cultured for 
24 h and grown to approximately 70% confluence. Subse-
quently, the cells were transfected with scrambled siRNA 
or AMPKα1 siRNA using GP-transfect-Mate (G04008, 
Gene Pharma, China) according to the manufacturer’s 
protocol. All assays were performed 24 h after the trans-
fection of siRNA.

Cell viability, lactic dehydrogenase (LDH) activity 
and malondialdehyde (MDA) level assessment
BV2 and PC-12 cell viability was assessed using CCK-8 
reagent (BS350B, Biosharp,  China). BV2 cells were 
seeded at a density of 5 ×  104 cells/well in 96-well plates, 
incubated overnight and treated with varying concen-
trations of CUR or Compound C for 24 h. Alternatively, 
PC-12 cells were seeded at a density of 5 ×  104 cells/
well in 96-well plates, incubated overnight and exposed 
to the conditioned media (CM) of different BV2 cell 
phenotypes. CM was obtained from the supernatant of 

BV2 cells treated with/without PRV and/or CUR. After 
the PC-12 cells were disrupted and homogenized by a 
high-speed disperser, LDH activity and MDA levels were 
determined by a colorimetric method using LDH and 
MDA detection kits, respectively (A003-4–1, A020-2–2, 
Nanjing Jiancheng Biological Company, China) according 
to the manufacturer’s protocol.

NO analysis
BV2 cells were seeded in 6-well plates at a density of 
5 ×  105 cells/mL and incubated overnight. BV2 cells 
were infected with different PRV titres for 24  h, or the 
cells were infected with 1.66 ×  106  TCID50 PRV for 6, 12, 
and 24 h or 1.66 ×  106  TCID50 PRV for 24 h, followed by 
CUR treatment for 6, 12, and 24 h. The supernatant was 
collected, and NO levels were estimated using an NO 
detection kit (A003-4–1, A020-2–2, Nanjing Jiancheng 
Biological Company, China) according to the manufac-
turer’s protocol.

Intracellular reactive oxygen species analysis
BV2 cells were seeded in 6-well plates at a density of 
5 ×  105 cells/mL, incubated overnight and infected 
with different PRV titres for 24  h, or the cells were 
infected with 1.66 ×  106  TCID50 PRV for 6, 12, and 24 h 
or 1.66 ×  106  TCID50 PRV for 24  h and then treated 
with CUR for 6, 12, and 24  h. The fluorescent probe 
2,7-dichlorofluorescein diacetate (DCFH-DA) (10  μM) 
(E004-1–1, Nanjing Jiancheng Biological Company, 
China) was added to the cells and incubated for approxi-
mately 1 h in the dark. The cells were then washed once 
with PBS, and the fluorescence was measured using a 
microplate reader (Tecan, Switzerland) at an excita-
tion wavelength of 500 nm and an emission wavelength 
of 525  nm. After the fluorescence was measured, the 
cells were observed under a fluorescence microscope 
(Olympus, Japan). Unstained cells were used as blanks 
to normalize the fluorescence intensity in the different 
treatment groups.

Analysis of cytokines
The levels of cytokines released from BV2 cells and pri-
mary microglia in culture were quantified using the fol-
lowing commercial enzyme-linked immunosorbent assay 
(ELISA) kits according to the manufacturer’s instruc-
tions: mouse TNF-α uncoated ELISA kit (88–7324-22, 
Thermo Fisher, USA), mouse IL-6 uncoated ELISA kit 
(88–7064-22, Thermo Fisher, USA), mouse IL-4 uncoated 
ELISA kit (88–7044-22, Thermo Fisher, USA), and mouse 
IL-10 uncoated ELISA kit (88–7105-22, Thermo Fisher, 
USA).
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Flow cytometry
BV2 cells and primary microglia were collected after the 
indicated treatments and stained with fluorescence-con-
jugated monoclonal antibodies according to the manu-
facturer’s instructions. Cultured and treated cells were 
resuspended in PBS solution. Then, a 95-μL cell suspen-
sion was obtained, and 5 μL of FITC-anti-mouse CD40 
(11–0402-81, Thermo Fisher, USA), APC-anti-mouse 
CD206 (17–2061-82, Thermo Fisher, USA), or CoraLite® 
488 anti-mouse CD11b (CL488-65,055, Proteintech, 
China) was added. The suspension was incubated for 2 h 
at 4  °C in the dark, fixed with 2% paraformaldehyde for 
30  min and permeabilized with 0.1% Triton X-100 for 
15  min. Finally, the cells were blocked with 1% bovine 
serum albumin (BSA, BS114-100g, Biosharp,  China) 
for 1 h and washed three times with PBS buffer. Subse-
quently, 5 μL of PE-anti-mouse CD16/32 (12–0161-82, 
Thermo Fisher, USA) or PE-anti-mouse Arg-1 (12–3697-
82, Thermo Fisher, USA) and CoraLite® 647 anti-mouse 
MHC Class II (CL647-65,122, Proteintech, China) were 
added, and the suspensions were incubated at 4  °C for 
2 h in the dark. Then, the cells were washed three times 
with prechilled 1% BSA solution. Finally, flow cytometry 
was performed using an Accuri C6 flow cytometer (BD 
Biosciences, San Jose, CA, USA). The data were analysed 
using FlowJo™ v10 software (for Windows) Version 10 
(Ashland, BD Life Sciences).

Transmission electron microscopy (TEM)
Mitochondrial morphology was examined using TEM. 
BV2 cells were added to a 2.5% glutaraldehyde fixative 
solution and stored overnight at 4  °C. Images were cap-
tured using TEM (Hitachi-7500, Japan).

Mitochondrial membrane potential (MMP) measurement
BV2 cells were cultured overnight in 12-well plates at 
a density of 2.5 ×  105 cells/well. MMP was measured 
using a JC-1 assay kit (BL726A, Biosharp, China). BV2 
cells were incubated with 10 μM JC-1 dye for 20 min at 
37 °C (shielded from light) and washed with PBS prior to 
being evaluated using a microplate reader (Tecan, Swit-
zerland) and fluorescence microscope (Olympus, Japan). 
In normal mitochondria, JC-1 forms aggregates that emit 
red fluorescence (561  nm). Following a decrease or loss 
of MMP, aggregated JC-1 is released into the cytoplasm 
in its monomeric form, which emits green fluorescence 
(488 nm).

Transcriptome sequencing analysis and real‑time PCR
RNA-seq analysis was performed by Allwegene (All-
wegene, China). RNA (three biological replicates per 
group) was extracted from BV2 cells using TRIzol 

reagent (B511311, Sangon Biotech, China) according 
to the manufacturer’s instructions, and a cDNA library 
was prepared using a PerfectStart® Uni RT&qPCR Kit 
(TransGene Biotech, China) with 1000 ng of total RNA. 
cDNA, primers, PerfectStart Green qPCR SuperMix, and 
nuclease-free water were combined into a 20 µL reac-
tion system to perform quantitative real-time PCR on a 
real-time PCR system (QuantStudio 5, Thermo Scientific, 
USA). RNA-seq was performed using the Illumina HiSeq 
2500 platform. A corrected p value of 0.05 and a log2 
(fold change) of 1 were set as thresholds for significantly 
differentially expressed genes (DEGs). Gene Ontology 
(GO) and Kyoto Encyclopaedia of Genes and Genomes 
(KEGG) pathway enrichment functional analyses were 
performed on the DEGs in each group by using GOSeq 
software and KOBAS software [32, 33].

The following primer pairs were designed to measure 
transcript abundance relative to β-actin (B661302, San-
gon Biotech, China) as an internal reference: malonyl-
CoA-acyl carrier protein transacylase (Mcat): TCT GGT 
TTC TGT CTA CTC CAAC (F) and CCT TTC GTA TAT 
GGC ATG CATC (R); lactate dehydrogenase A (Ldha): 
AAG ACT ACT GTG TAA CTG CGAA (F) and ACT TGA 
AGA TGT TCA CGT TTCG (R); hexokinase 1 (Hk1): ATT 
AAG AAG CGA GGG GAC TATG (F) and CTC CCC ATT 
CCG TGT TAA TACA (R); phosphofructokinase (Pfkl): 
ACG GTA TAC ATC GTG CAT GAT (F) and GAT GTT 
GTA GGT GCG GAG ATTC (R); and histocompatibility 2, 
class II, locus Mb1 (H2dmb1): CAT GGG CCG AAA ATT 
TTT CAAG (F) and CTC CCT TGT GTT AAA AGG TGTG 
(R).

Detection of the oxygen consumption rate (OCR) in BV2 
cells
The cellular OCR was measured using an OCR assay 
kit (600,800; Cayman Chemical, USA). BV2 cells were 
seeded into 96-well plates and incubated overnight. After 
treatment, the medium was discarded, and 10 μL of the 
phosphorescent oxygen probe and 100 μL of LHS min-
eral oil assay reagent (prewarmed at 37  °C) were added 
to each well. A microplate reader (Tecan, Switzerland) 
was used, and the ratiometric time-resolved fluorescence 
(lifetime) measurement mode at an excitation wave-
length of 380 nm and emission wavelength of 650 nm was 
selected for dynamic measurement for 2 h.

Detection of the extracellular acidification rate (ECAR) 
in BV2 cells
The ECAR was measured using a glycolytic cell-based 
assay kit (600,450; Cayman Chemical, USA). BV2 cells 
were seeded into 96-well plates and incubated overnight. 
After the different groups were treated, the medium was 
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collected and centrifuged at 400 × g for 5 min at 4 °C. An 
aliquot of the supernatant from each sample was added 
to the reaction solution and gently shaken for 30 min at 
25 °C on an orbital shaker. The absorbance was measured 
at 490 nm using a microplate reader (Tecan, Switzerland).

Determination of ATP levels in BV2 cells
ATP levels were measured using a firefly luciferase-based 
ATP detection kit (S0026, Beyotime, China). After being 
washed with PBS, BV2 cells were lysed using ATP detec-
tion lysis buffer, followed by centrifugation at 12 000 × g 
for 5  min at 4  °C, and the supernatant was collected. 
Then, 100 µL of the supernatant was mixed with 100 µL 
of ATP detection solution in a 1.5  mL tube. Lumines-
cence (corresponding to total ATP levels) was immedi-
ately measured in relative light units (RLU) (nmol/mg) 
using a Turner Biosystems luminometer (Tecan, Swit-
zerland). Finally, the ATP level of each sample was deter-
mined according to the RLU value of the standard sample 
and normalized to the protein concentration.

Western blotting
BV2 and PC-12 cells were lysed in ice-cold radioimmu-
noprecipitation assay buffer (RIPA; BL504A, Biosharp, 
China), 1 × complete protease inhibitor (BL612A, 
Biosharp, China), and a phosphatase inhibitor cocktail 
(BL615A, Biosharp, China). Cell homogenates (20  μg/
well) were loaded onto 8%, 10%, or 12% SDS poly-
acrylamide gels under denaturing conditions. Proteins 
were resolved electrophoretically at 100  mA for 90  min 
and transferred onto a 0.45  μm polyvinylidene fluoride 
(PVDF) membrane (Millipore, USA) at 200 V for 60 min 
(Power Pack; Bio-Rad Laboratories, USA). Furthermore, 
the membrane was blocked with 5% nonfat dry milk or 
5% BSA in tris-buffered saline containing Tween-20 
(TBST) at 25 ℃ and then incubated overnight at 4 °C with 
the following antibodies: rabbit anti-AMPK (1:2000, bs-
1115R, Bioss, China), phosphor(p)-AMPKThr172 (1:1000, 
2531, Cell Signaling, USA), lactate dehydrogenase A 
(LDHa, 1:1000, WL03271, Wanleibio, China), nuclear 
factor kappa-B p65 (NF-κB p65, 1:1000, WL01273b, 
Wanleibio, China), p-NF-κB  p65Ser536 (1:10  000, 
WL02169, Wanleibio, China), glycerol-3-phosphate 
acyltransferase 4 (GPAT4, 1:1000, bs-15587R, Bioss, 
China), Bax (1:10 000, 50,599–2-Ig, Proteintech, China), 
Caspase-3/p17/p19 (1:1000, 19,677–1-AP, Proteintech, 
China), Bcl-2 (1:4000, 26,593–1-AP, Proteintech, China), 
and β-actin (1:5000, 20,536–1-AP, Proteintech, China). 
Then, the membranes were washed with TBST, clipped 
according to the prestained protein ladder (BL712A, 
Biosharp, China), and incubated with horseradish perox-
idase-conjugated goat anti-rabbit IgG (H + L) (1:10  000, 

SA00001-2, Proteintech, China). An enhanced chemilu-
minescence kit (P0018AS, Beyotime, China) was used to 
visualize the immunoblots. Immunoreactive bands were 
analysed using ImageJ software [34]. β-actin was used as 
the loading control.

Apoptosis assay
PC-12 cells were exposed to the CM of BV2 cells with dif-
ferent phenotypes for 24  h. The cells were then washed 
with PBS, centrifuged, and resuspended in 200 μL of 
binding buffer. Then, 5 μL of Annexin V-FITC (BL107A, 
Biosharp, China) was added, mixed gently and incubated 
at 25 ℃. After 15 min, 10 μL of propidium iodide stain-
ing solution was added to the cells, mixed, covered with 
aluminium foil and incubated for 10–20 min at 25 ℃ (in 
the dark). Cells were then observed under a fluorescence 
microscope (Olympus, Japan) for 1 h.

Groupings and drug administration in rats
Forty Sprague–Dawley rats were randomly divided into 
four groups, with 10 rats in each group (half male and 
half female). Rats in the PRV-infected groups were intra-
peritoneally injected with three different titres of  TCID50 
PRV solution (2.85 ×  102, 2.85 ×  103, and 2.85 ×  104), and 
each rat was injected with a volume of 0.1 mL. The con-
trol group was intraperitoneally injected with the same 
volume of DMEM. When rats in the PRV group had been 
infected for 7 days, the infection dose with a survival rate 
higher than 60% was selected as the follow-up test dose 
[5].

Sixty Sprague–Dawley rats were randomly divided into 
six groups with 10 rats in each group (half male and half 
female), which included the control, PRV, RES, CUR L, 
CUR M, and CUR H groups. The RES group was injected 
with 50  mg/kg bw resveratrol, the CUR L group was 
injected with 25 mg/kg bw curcumin solution, the CUR 
M group was injected with 50 mg/kg bw curcumin solu-
tion, the CUR H group was injected with 100 mg/kg bw 
curcumin solution, and the control and PRV groups were 
intraperitoneally injected with the same amount of 0.5% 
sodium carboxymethyl cellulose solution once per day 
for a total of 14 days. On the  8th day, each rat in the PRV, 
RES, CUR L, CUR M, and CUR H groups was intraperi-
toneally injected with 0.1 mL of 2.85 ×  103  TCID50 PRV 
solution.

Open‑field test
Open-field test experiments were performed on the. A 
transparent glass box (60 × 60 × 40  cm3) was divided into 
36 equal squares with a 0.5  cm-wide medical bandage. 
Then, the rats were placed in the transparent glass box, 
and a video imager (Xiaomi, China) was used to record 
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the number of grids that the rats in each group moved 
horizontally within for 5  min (effective movement was 
considered when more than three legs were in a square) 
and the number of times the rats stood (taking the fore-
limb off the ground represented effective standing).

Measurement of body temperature, body weight, 
and the viscera index
From 1 to 7 days post-infection (dpi), rat body weight and 
temperature were measured. The organ index was evalu-
ated by measuring the ratio of the weight of the brain tis-
sue to the body weight of the rat at 7 dpi.

Preparation of pathological sections
At 7 dpi, the cerebral cortices of the rats were collected, 
sectioned into 5 × 5 × 3  mm sections and processed in 
tissue cassettes according to a standard protocol. Glass 
slides were prepared for microscopic examinations using 
5-μm sections of formalin-fixed paraffin-embedded 
(FFPE) tissues with routine haematoxylin and eosin (HE) 

staining. The sections of each brain region were observed 
under an inverted microscope (Olympus, Japan).

Statistical analysis
Statistical analyses were performed using SPSS 23.0 sta-
tistical software (IBM, Armonk, NY, USA). Quantitative 
data were examined using one-way analysis of variance 
(ANOVA) followed by a least significant difference 
(LSD) post hoc test for multiple comparisons among the 
groups, and a two-tailed independent t test was used to 
compare the differences between two groups. Differences 
were considered statistically significant at P < 0.05.

Results
PRV‑infected BV2 cells exhibit increased levels of inflam‑
matory markers
After BV2 cells were infected with different titres of 
PRV for different times, the PRV-induced inflamma-
tory response was assessed by measuring the levels 
of NO, TNF-α, IL-6, and ROS. We observed that NO, 

Figure 1 Pseudorabies virus (PRV)‑infected BV2 cells show increased production of inflammatory markers. BV2 cells were infected with 
1.66 ×  106  TCID50, 1.66 ×  105  TCID50, 1.66 ×  104  TCID50, and 1.66 ×  103  TCID50 PRV for 24 h. The levels of NO (A) in the supernatant were detected 
using the Griess method, the levels of TNF-α (B) and IL-6 (C) were detected using ELISA, and the levels of intracellular ROS (D, E) were detected by 
adding a fluorescent probe DCFH-DA. Furthermore, the levels of NO (F), TNF-α (G), IL-6 (H), and ROS (I, J) were measured at 6, 12, and 24 h after 
infection with 1.66 ×  106  TCID50  PRV. Green fluorescence indicates the presence of ROS in BV2 cells; scale bar = 200 μm. All experiments were 
performed in parallel. The results are presented as the mean ± standard deviation (SD) of four biological replicates (n = 4). Statistical significance 
was determined using one-way analysis of variance (ANOVA) followed by a least significant difference (LSD) post hoc test for multiple comparisons 
among the groups. *P < 0.05, **P < 0.01, ***P < 0.001, and NS, not significant.
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TNF-α, IL-6, and ROS levels were significantly increased 
in 1.66 ×  106  TCID50 PRV-infected BV2 cells at 24  h 
compared to those in the control group (Figures 1A–E). 
Furthermore, these levels were significantly higher in 
1.66 ×  106  TCID50 PRV-infected BV2 cells at 6, 12, and 
24  h than in the control group (Figures  1F–J). These 
results indicate that BV2 cells infected with 1.66 ×  106 
 TCID50 PRV produced inflammatory markers after 24 h 
of infection. Additionally, to exclude the effect of differ-
ent cell numbers on the levels of inflammatory factors, 
the CCK-8 assay was used, and no changes in cell viabil-
ity were observed in BV2 cells infected with 1.66 ×  106 
 TCID50 PRV after 24 h (Additional file 1).

CUR suppresses and promotes the release of proinflam‑
matory and anti‑inflammatory cytokines, respectively, 
in PRV‑infected BV2 cells
To determine whether CUR affected the viability of BV2 
cells, the CCK-8 assay was performed after the cells were 
treated with 0–40 μM CUR for 24 h. The results revealed 

that CUR concentrations less than 20 μM did not induce 
any detectable cytotoxicity (Figure  2A). To ensure that 
CUR had the greatest effect, 20 μM CUR was used in the 
subsequent experiments.

Then, the optimal time point for the beneficial effects 
of CUR was determined. PRV treatment significantly 
increased NO, TNF-α, and IL-6 levels, whereas incuba-
tion with 20 μM CUR for 24 h significantly inhibited the 
release of NO (Figure 2B), TNF-α (Figure 2C), and IL-6 
(Figure  2D) and significantly increased IL-4 (Figure  2E) 
and IL-10 (Figure  2F) levels. The addition of dime-
thyl sulfoxide (DMSO) and CUR alone within the dose 
range used in this study  had no effect on the release of 
cytokines by BV2 cells compared to those in the control 
group. Therefore, control experiments with DMSO and 
CUR alone were not performed further. Subsequently, we 
measured the levels of ROS in BV2 cells and found that 
20 μM CUR for 24 h inhibited the PRV-induced increase 
in ROS (Figures 2G, H).

The transformation of microglia from a ramified 
morphology to an amoeboid shape is associated with 
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Figure 2 Curcumin (CUR) suppresses proinflammatory cytokine release and promotes anti‑inflammatory cytokine release in 
PRV‑infected BV2 cells. A BV2 cells were treated with different concentrations of CUR for 24 h, and cell viability was determined by the CCK-8 
assay. BV2 cells were infected with/without 1.66 ×  106  TCID50 PRV for 24 h, followed by dimethyl sulfoxide (DMSO) or 20 μM CUR treatment for 6, 12, 
and 24 h. The levels of NO (B) in the supernatant were detected using the Griess method; the levels of TNF-α (C) and IL-6 (D), IL-4 (E), and IL-10 (F) 
were detected using ELISA; and the levels of intracellular ROS (G, H) were detected by adding the fluorescent probe DCFH-DA. Green fluorescence 
indicates the presence of ROS in BV2 cells; scale bar = 200 μm. All experiments were performed in parallel. The results are presented as the 
mean ± SD of four biological replicates (n = 4). Statistical significance was determined using one-way ANOVA followed by an LSD post hoc test for 
multiple comparisons among the groups. *P < 0.05, **P < 0.01, ***P < 0.001, and NS, not significant.
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inflammation and neurotoxicity [35]. In this study, 
PRV-infected BV2 cells had an amoeboid shape with an 
enlarged cell body and had lost their extended processes. 
Pretreatment with CUR ameliorated the PRV-induced 
morphological changes in BV2 cells. Control and CUR 
only BV2 cells also showed a ramified morphology (Addi-
tional file 2). These results suggest that 20 μM CUR for 
24  h inhibited PRV-induced proinflammatory cytokine 
production in BV2 cells.

CUR promotes the polarization of PRV‑infected BV2 cells 
from the M1 phenotype to the M2 phenotype and reverses 
PRV‑induced mitochondrial dysfunction
The expression levels of CD16/32, CD40, ARG-1, and 
CD206 were measured using flow cytometry to deter-
mine the effect of CUR on phenotypic switching in BV2 
cells. The expression levels of M1 phenotypic mark-
ers such as CD16/32 and double-positivity for CD16/32 
and CD40 were markedly upregulated by PRV infection 
compared with those in the control group (Figure  3A). 
Furthermore, CUR treatment greatly decreased the 

expression levels of CD16/32 and CD40 and double-posi-
tivity for CD16/32 and CD40 and markedly increased the 
expression of ARG-1 and CD206, which are markers of 
the M2 phenotype, and double-positivity for ARG-1 and 
CD206 in BV2 cells (Figure  3B). These results indicate 
that CUR induced the transformation of BV2 cells from 
the M1 to M2 phenotype.

An intact mitochondrial structure is a prerequisite for 
proper mitochondrial function. Mitochondrial dysfunc-
tion prevents the repolarization of inflammatory mac-
rophages [36]. Therefore, to investigate whether CUR 
contributes to the restoration of mitochondrial func-
tion and improves the reprogramming of inflammatory 
macrophages to anti-inflammatory cells, TEM was used 
to observe mitochondrial structures. As shown in Fig-
ure 3C, most BV2 cells in the control group had clear and 
complete mitochondria and several long and uniform 
cristae that were neatly arranged and densely packed in 
the mitochondrial membrane. In contrast, the mitochon-
dria of BV2 cells in the PRV-infected group were swol-
len and vacuolated, and cristae in the mitochondrial 
membrane were dissolved and broken. However, in the 
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Figure 3 CUR promotes polarization and reverses PRV‑induced mitochondrial dysfunction in PRV‑infected BV2 cells. BV2 cells were 
infected with/without PRV for 24 h and then treated with/without 20 μM CUR for 24 h. A The expression of the M1 phenotype surface markers 
CD40 and CD16/32 and B the M2 phenotype surface markers CD206 and ARG-1 in BV2 cells was determined using flow cytometry (n = 3). 
C Mitochondrial structures in BV2 cells were observed using transmission electron microscopy (n = 3); scale bar = 500 nm. D Mitochondrial 
membrane potential (MMP) in BV2 cells. E MMP in BV2 cells was observed using fluorescence microscopy (n = 4); scale bar = 200 μm. All 
experiments were performed in parallel. The results are presented as the mean ± SD. Statistical significance was determined using one-way ANOVA 
followed by an LSD post hoc test for multiple comparisons among the groups. *P < 0.05, **P < 0.01, ***P < 0.001, and NS, not significant.
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PRV + CUR treatment group, some mitochondria in BV2 
cells displayed a clear and complete shape, and the dis-
solution and fragmentation of mitochondrial membrane 
cristae were weakened.

MMP is an important indicator of mitochondrial func-
tion. The JC-1 assay kit showed that the Δψm of the PRV 
group was significantly reduced compared with that of 
the control group. However, in the PRV + CUR group, 
the decrease in the Δψm was significantly reversed (Fig-
ures  3D, E). These results suggest that CUR reverses 
PRV-induced mitochondrial dysfunction.

The secretions of CUR‑treated BV2 cells protect neurons 
from PRV‑induced apoptosis
Activated microglia release neurotoxic agents, which 
correlate with the onset and progression of neurological 
diseases [37]. CUR inhibited the release of proinflam-
matory cytokines by PRV-infected BV2 cells. Therefore, 
we further determined whether the CM of CUR-treated 
cells could protect against PRV-induced neuronal tox-
icity in BV2 cells using CCK-8, LDH, and MDA assays. 
PC-12 cells were incubated with CM from BV2 cells for 
24  h. Cell viability in the CM_Control and CM_CUR 
groups was similar to that in the control group. How-
ever, cell viability in the CM_PRV group was significantly 
decreased compared to that in the control group (Fig-
ures  4A–C). Notably, the viability of PC-12 cells in the 
CM_PRV + CUR group was significantly elevated com-
pared to that in the CM_PRV group. Likewise, PC-12 
cells in the control, CM_CUR, and CM_Control groups 
had fine morphology and smooth cell edges, while 
PC-12 cells exhibited axonal rupture and cell death in 
the CM_PRV group under a light microscope. However, 
axonal rupture in PC-12 cells was attenuated in the CM_
PRV + CUR group (Additional file 3A). Annexin V-FITC/
PI double staining showed that the numbers of apoptotic 
and dead PC-12 cells in the CM_Control and CM_CUR 
groups were similar to those in the control group. The 
CM-PRV group showed a significant increase in both of 
these cell types compared to the CM_Control and con-
trol groups. Furthermore, apoptosis and cell death in 
the CM_PRV + CUR group were lower than those in 
the CM_PRV group (Additional file  3B). Activated cas-
pase-3 and Bax are key mediators of neurotoxin-induced 
neuronal apoptosis, whereas Bcl-2 is an antiapoptotic 
protein.

Then, we investigated whether the CM of CUR-treated 
cells could protect neurons from apoptosis induced 
by the secretions of PRV-infected BV2 cells by inhib-
iting caspase-3 activation and measured cleaved cas-
pase-3 expression and activity using Western blotting. 

Consistent with the results obtained from the Annexin 
V-FITC/PI double staining assay, exposure of PC-12 cells 
to the CM of PRV-infected BV2 cells resulted in a sub-
stantial increase in cleaved caspase-3 and Bax protein 
levels and a substantial decrease in Bcl-2 protein levels. 
However, treatment with CM from PRV-infected BV2 
cells treated with CUR significantly attenuated cleaved 
caspase-3 and Bax protein production and significantly 
increased Bcl-2 protein levels in PC-12 cells (Figures 4D–
G). These results suggest that CUR attenuates neuronal 
apoptosis, which may be partially dependent on the 
regulation of microglial polarization and a reduction in 
inflammatory responses.

Distinct mRNA signatures of BV2 cells with different phe‑
notypes were identified using RNA‑Seq analysis
Based on the abovementioned robust regulatory effects 
of CUR on cytokines in PRV-infected BV2 cells, we used 
RNA-seq to profile the transcriptomes of BV2 cells with 
different phenotypes (accession  number: GSE201985). 
To obtain an unsupervised overview of the whole data-
set, principal component analysis (PCA) was applied, 
and biological replicates were found to cluster together 
according to the PCA score plot (Additional file 4). This 
general pattern confirmed the reproducibility of the 
manipulations and the robustness of the data acquisition. 
Venn diagrams were used to show the numbers of DEGs 
in the PRV and control groups and in the PRV + CUR 
and PRV groups (Figure  5A). The analysis revealed 306 
DEGs (P < 0.05, and fold change ≥ 1) in the PRV group 
compared with the control group, of which 242 genes 
were upregulated and 64 genes were downregulated (Fig-
ure 5B). Notably, a comparison of the PRV + CUR group 
with the PRV group identified 5,073 DEGs, of which 2661 
genes were upregulated, and 2412 genes were downregu-
lated (Figure 5C).

We performed GO and KEGG enrichment analyses on 
306 DEGs in the PRV group relative to the control group 
and 5073 DEGs in the PRV + CUR group relative to the 
PRV group. As shown in Figures  5D and E, the results 
of GO analysis showed that both PRV vs. Control DEGs 
and PRV + CUR vs. PRV were significantly enriched in 
skeletal muscle-related biological processes, which may 
be related to the morphological plasticity of BV2 cells. 
According to the KEGG pathway enrichment analysis 
(Figure  5F, G), both PRV vs. Control and PRV + CUR 
vs. PRV DEGs were significantly enriched in metabolic 
pathways, oxidative phosphorylation, Alzheimer’s dis-
ease, and glycolysis/gluconeogenesis, suggesting that the 
phenotypic transformation of BV2 cells may be related to 
energy metabolism. To verify the reliability of the results, 
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we performed qPCR analysis of some differentially 
expressed genes from the RNA-seq analysis (Pfkl, Ldha, 
Hk1, Mcat, and H2dmb1) that are glycolysis, FAS and 
phenotype-related genes. Our findings suggest that gly-
colysis and FAS in energy metabolism drive phenotypic 
shifts in PRV-infected BV2 cells (Figure 5H).

CUR modulates phenotype‑related cytokines 
in PRV‑infected BV2 cells via AMPK‑mediated energy 
metabolism‑related pathways
During energy stress, activated AMPK directly phos-
phorylates key factors involved in multiple pathways to 
restore energy balance [38]. Accumulating evidence sug-
gests that anti-inflammatory drugs can activate AMPK to 
alter energy metabolism in macrophages and exert anti-
inflammatory effects [39, 40]. Therefore, AMPK phos-
phorylation was first analysed to determine whether the 
AMPK pathway was involved in the anti-inflammatory 
effect of CUR on PRV-infected BV2 cells. PRV infec-
tion significantly decreased the levels of phosphorylated 
AMPK. Conversely, CUR treatment abrogated the reduc-
tion in phosphorylated  AMPKT172 levels (Figures 6A and 
B). To further assess whether AMPK regulates energy 
metabolism in PRV-infected microglia treated with CUR, 

BV2 cells were pretreated with/without the AMPK inhib-
itor Compound C or AMPK siRNA before the addition 
of CUR. As shown in Figure 6C, Compound C (≤ 2 μM) 
had no effect on the viability of BV2 cells. To ensure 
maximum suppression, 2  μM Compound C was used 
for further analyses. Fluorescence microscopy showed 
that the transfection efficiency of siRNA was good using 
(Additional file  5A), and the band with the best inhibi-
tory effect was screened using Western blot analysis 
(Additional files 5B, C). Western blot analysis showed 
that CUR treatment abrogated the decrease in phospho-
rylated AMPK protein levels caused by PRV infection 
and inhibited the increase in LDHa (key enzyme in the 
glycolysis process) and Gpat4 (key enzyme in triacylglyc-
erol synthesis) protein levels induced by PRV infection. 
Notably, Compound C or siRNA pretreatment reversed 
the effect of CUR on PRV-infected BV2 cells (Figure 6D–
G). CUR enhanced the reductions in the OCR and ATP 
caused by PRV infection and attenuated the increase in 
the ECAR. Likewise, pretreatment with Compound C 
or siRNA reversed these effects of CUR (Figures 6H–J). 
Taken together, these results suggest that CUR regulates 
the activities of enzymes related to the energy metabo-
lism pathways by activating AMPK, thereby increasing 

Figure 4 CUR ameliorated neuronal apoptosis in PRV‑infected BV2 cells. PC-12 cells containing neuronal properties were treated with the 
supernatants of different phenotypes of BV2 cells for 24 h. A The viability of PC-12 cells (n = 4). B LDH activity in PC-12 cells (n = 3). C MDA levels 
in PC-12 cells (n = 3). D Representative Western blot analysis of apoptotic/antiapoptotic proteins; β-actin was used as the loading control (n = 3). 
E Relative protein levels of cleaved caspase-3. F Relative protein levels of Bax. G Relative protein levels of Bcl-2. All experiments were performed in 
parallel. The results are presented as the mean ± SD. Statistical significance was determined using one-way ANOVA followed by an LSD post hoc test 
for multiple comparisons among the groups. *P < 0.05, **P < 0.01, ***P < 0.001, and NS, not significant.
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Figure 5 Distinct mRNA signatures were identified during phenotypic transformation according to RNA‑Seq analysis. BV2 cells were 
infected with/without PRV for 24 h and then treated with/without 20 μM CUR for 24 h for RNA sequencing and analysis. Differentially expressed 
genes (DEGs) were detected by RNA-Seq analysis using DESeq2 (n = 3, P < 0.05, and fold change > 1). A Venn diagram showing DEGs. B DEG 
volcano plot of the PRV group vs. the control group. C DEG volcano plot of the PRV + CUR group vs. the PRV group. D GO enrichment analysis was 
performed on the DEGs in the PRV group vs. control group. E GO enrichment analysis was performed on the DEGs in the PRV + CUR group vs. PRV 
group. F KEGG enrichment analysis was performed on the DEGs in the PRV group vs. control group. G KEGG enrichment analysis was performed 
on the DEGs in the PRV + CUR group vs. PRV group. D KEGG enrichment analysis of DEGs. H) qRT‒PCR verification of differentially expressed genes 
identified in RNA-seq (n = 3). All experiments were performed in parallel. The results are presented as the mean ± SD. Statistical significance was 
determined using one-way ANOVA followed by an LSD post hoc test for multiple comparisons among the groups. *P < 0.05, **P < 0.01, ***P < 0.001, 
and NS, not significant.
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Figure 6 CUR regulates energy metabolism through AMPK‑dependent pathways in PRV‑infected BV2 cells. A BV2 cells were infected with/
without PRV for 24 h and then treated with/without 20 μM CUR for 24 h. Western blot analysis of p-AMPKThr172 protein levels (normalized to the 
t-AMPK protein). β-Actin was used as the loading control (n = 3). B Relative protein levels of p-AMPKThr172. C BV2 cells were treated with different 
concentrations of Compound C for 24 h, and cell viability was determined by the CCK-8 assay to determine the toxicity range (n = 4). D BV2 cells 
were infected with/without PRV or were treated with PRV and an AMPK inhibitor (Compound C or siRNA) alone or in combination for 24 h, followed 
by treatment with/without 20 μM CUR for 24 h. Western blot analysis of p-AMPK (normalized to the t-AMPK protein), t-AMPK, Gpat4, and LDHa 
levels (Gpat4 and LDHa values were normalized to the β-actin protein); β-actin was used as the loading control (n = 3). E Relative p-AMPKThr172 
protein levels. F Relative LDHa protein levels. G Relative Gpat4 protein levels. H The extracellular acidification rate of BV2 cells after the different 
treatments (values normalized to the control) (n = 4). I The OCR of BV2 cells after the different treatments (values normalized to the control) (n = 4). 
J BV2 cell ATP levels in the different treatment groups (n = 4). K The M1 phenotype-related inflammatory factor TNF-α in BV2 cells was detected 
using ELISA (n = 4). L The levels of the M1 phenotype-related inflammatory factor IL-6 in BV2 cells (n = 4). M The levels of the M2 phenotype-related 
anti-inflammatory factor IL-4 in BV2 cells (n = 4). N The levels of the M2 phenotype-related anti-inflammatory factor IL-10 in BV2 cells (n = 4). All 
experiments were performed in parallel. The results are presented as the mean ± SD. Statistical significance was determined using one-way ANOVA 
followed by an LSD post hoc test for multiple comparisons among the groups. *P < 0.05, **P < 0.01, ***P < 0.001, and NS, not significant.
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energy production and reducing the energy-consuming 
responses of PRV-infected BV2 cells.

To investigate the role of AMPK-related pathways 
in CUR-treated PRV-infected BV2 cells, the levels of 
microglial phenotype-related cytokines were measured 
using ELISA. As predicted, CUR inhibited the increases 
in TNF-α and IL-6 levels in the PRV-infected BV2 cells 
and promoted the production of IL-4 and IL-10. After 
pretreatment with Compound C or AMPK-α siRNA, 
the anti-inflammatory effects of CUR disappeared (Fig-
ures 6K–N). To further verify the role of CUR in trans-
forming the phenotype of PRV-infected microglia by 
activating AMPK-energy metabolism-related pathways, 
we investigated the effect of Compound C and siRNA on 
CUR-treated primary cultured microglia. The purity of 
the microglia was identified by flow cytometry as 95.2% 
(Additional file  6A). Similar to previous findings, the 
effect of CUR disappeared after pretreatment with Com-
pound C or siRNA (Additional file 6B).

These results show that CUR-treated PRV-infected 
microglia changed from the M1 phenotype to the M2 
phenotype through activation of the AMPK-energy 
metabolism-related pathway.

AMPK mediates the regulatory effect of CUR on NF‑κB p65
The proinflammatory NF-κB signalling pathway is a key 
regulator of immune processes, which affects changes 
in energy metabolism, such as OXPHOS, glycolysis, tri-
glyceride levels, and lipogenesis [41]. Western blot anal-
ysis revealed that CUR treatment inhibited the increase 
in phosphorylated p65 levels in the cytoplasm in PRV-
infected BV2 cells. However, pretreatment with Com-
pound C or siRNA suppressed the phosphorylation of 
p65 (Figures  7A, B), indicating that CUR inhibits the 
NF-κB signalling pathway through AMPK.

CUR ameliorates poor survival, CNS excitation, hyperther‑
mia, and slow growth in PRV‑infected rats
To determine the optimal titre of PRV infection, we 
injected rats with different titres of PRV and recorded 
the daily mortality. Rats infected with 2.85 ×  102  TCID50 
PRV died at 6 dpi and had a survival rate of 90%. No 
deaths were observed after 7 dpi. Th Rats infected with 
2.85 ×  103  TCID50 PRV began to die at 5 dpi, had a sur-
vival rate of 90%, and the survival rate was reduced to 
70% at  6 dpi with no deaths recorded after 7 dpi. Rats 
infected with 2.85 ×  104  TCID50 PRV began to die at 4 dpi 
and had a survival rate of 90%, which decreased to 60% 
at 5 dpi. Mortality continued at 6 dpi with a reduced sur-
vival rate of 40%, and there were no further deaths at 7 
dpi (Figure 8A). As the rats in the 2.85 ×  103  TCID50 PRV-
infected group had a survival rate higher than 60% at 7 

dpi and showed clinical symptoms, such as hyperactivity, 
increased body temperature, and weight loss, this titre 
was used as the infection dose for follow-up experiments.

To investigate the protective effect of CUR on PRV-
infected rats, we intraperitoneally injected the rats with 
low, medium, and high concentrations of CUR. Since res-
veratrol has anti-inflammatory and anti-PRV properties 
[42], it was selected as a positive control in this study. The 
results indicated that there was no mortality in any group 
at 1 and 2 dpi. At 3 dpi, the survival rate in the CUR L 
group was 80%, while that in the other groups was 100%. 
At 4 dpi, the survival rates in the PRV and CUR L groups 
were 80%, that in the CUR H group was 90%, and those 
in the CUR M, RES, and control groups were 100%. At 
5-7 dpi, the survival rates in the control, PRV, RES, CUR 
L, CUR M, and CUR H groups were 100%, 70%, 90%, 
70%, 100%, and 90%, respectively (Figure 8B). An open-
field test was used to explore the effect of CUR on PRV-
induced central nervous system excitation in rats. At 1 
dpi, there was no significant difference in the line cross-
ing and rearing abilities of rats in each group. At 4 dpi, 
significant differences were observed in the line crossing 
and rearing abilities of the rats in the PRV-infected group 
and the low-dose CUR group (CUR L) compared with 
those in the control group; the line crossing and rearing 
abilities of the rats in the RES group, CUR medium-dose 
group (CUR M), and CUR high-dose group (CUR H) 
were significantly reduced compared to those in the PRV 
group (Figure 8C, D).

Then, we examined the effect of CUR treatment on 
body temperature and weight in PRV-infected rats. A 
prolonged body temperature increase occurred 3–5 days 
after PRV infection in rats, and low doses of CUR had 
no significant inhibitory effect on the PRV-induced 
increase in body temperature. However, treatment with 
resveratrol, medium-dose CUR, and high-dose CUR sig-
nificantly inhibited the PRV-induced increase in body 
temperature (Table  1). PRV-infected rats displayed slow 
growth, and low-dose CUR did not significantly improve 
the growth inhibition caused by PRV, while treatment 
with resveratrol, medium-dose CUR, and high-dose 
CUR significantly improved PRV-induced slow growth 
(Table 2).

CUR improves brain congestion, organ index changes, 
and vascular cuffing in PRV‑infected rats
Rat brain tissues were used to observe the pathologi-
cal changes caused by PRV infection. At 7 dpi, the brain 
tissues in the PRV and CUR L groups showed obvious 
swelling and congestion compared to those in the control 
group. However, brain tissue swelling and congestion in 
the CUR M and CUR H groups were obviously improved 
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compared with those in the PRV group (Figure 9A). The 
CUR M and CUR H groups showed an increase in the 
brain tissue organ index compared to the PRV group (Fig-
ure 9B). Acute encephalitis is usually caused by pseudor-
abies virus [4]. Therefore, the vascular cuff phenomenon 
in PRV-infected rats was examined using HE staining. As 
expected, the PRV infection-induced vascular cuffing was 
ameliorated in the CUR L, CUR M, and CUR H groups 
(Figure  9C), indicating that CUR treatment ameliorated 
the cortical pathological changes and microglial activa-
tion induced by PRV infection.

Discussion
PRV infection can cause viral encephalitis in animals 
and humans [4, 5], which is a devastating disease, and 
survivors often experience severe neurological compli-
cations. During viral encephalitis, dysregulated micro-
glia produce cytokines that cause inflammatory damage 
to neurons, leading to neurocognitive impairment [43]. 
Therefore, the timely control of microglial activation may 
be an effective treatment strategy for viral encephalitis. 
First, we constructed an inflammatory model of PRV 
infection. Among the many proinflammatory cytokines, 
TNF-α, IL-6, and NO play major roles in the inflam-
matory response [44, 45]. Our study showed that PRV 
infection at 1.66 ×  106  TCID50 led to increased levels 
of TNF-α, IL-6, and NO in BV2 cells, indicating that 
an inflammatory response was induced. It has been 
reported that mitochondrial ROS are involved in meta-
bolic changes associated with macrophage activation 
during inflammation, and M1 microglia generally show 
higher intracellular ROS levels than M0 and M2 cells [46, 
47]. We found that PRV infection increased intracellular 
ROS levels in BV2 cells, suggesting that BV2 cells may 

switch from a resting M0 phenotype to an M1 pheno-
type. Correspondingly, we found that rat body tempera-
ture increased and body growth was reduced after PRV 
infection and microglial activation in  vivo, which may 
be similar to the lipopolysaccharide-mediated induc-
tion of microglial inflammation [48]. Next, we investi-
gated the optimal anti-inflammatory time point for CUR 
and whether it could transform the PRV-infected BV2 
cell phenotype. We found that CUR treatment for 24  h 
reduced the secretion of the inflammatory factors TNF-
α, IL-6, and NO, which was consistent with previous 
reports [20]. Eradicating the overproduction of ROS can 
mitigate proinflammatory M1 polarization and advance 
anti-inflammatory M2 polarization [47]. IL-4 and IL-10 
can inhibit the production of proinflammatory cytokines, 
such as IL-8, IL-6, and TNF-α, and reduce the release 
of NO, thereby preventing neuronal damage induced by 
pathogenic microorganisms in vitro and in vivo [49]. In 
our study, CUR treatment attenuated the PRV-induced 
increase in intracellular ROS in BV2 cells and enhanced 
the secretion of IL-4 and IL-10, suggesting that CUR 
could convert PRV-infected BV2 cells from the M1 phe-
notype to the M2 phenotype. During viral encephalitis, 
the major group of MHC class II proteins, as well as the 
costimulatory molecules CD40, CD16, CD32, and CD86, 
are expressed on the surface of activated M1 micro-
glia following viral infection [43], while M2 microglia 
typically express CD206 and ARG-1 [13]. Therefore, we 
hypothesized that CUR could convert the phenotype of 
PRV-infected BV2 cells, and our findings confirmed this 
hypothesis. Correspondingly, we found that CUR treat-
ment significantly reversed the PRV infection-induced 
increase in body temperature, slow growth, and micro-
glial activation in rats in  vivo. The proinflammatory 

Figure 7 NF‑κB p65 may mediate the effects of CUR on the AMPK‑energy response pathway. BV2 cells were infected with/without PRV or 
treated with PRV and AMPK inhibitors (Compound C or siRNA) alone or in combination for 24 h, followed by treatment with/without 20 μM CUR for 
24 h. A Western blot analysis of NF-κB p65 and NF-κB p-p65Ser536 levels; β-actin was used as the loading control (n = 3). B Relative p-p65Ser536 levels. 
All experiments were performed in parallel. The results are presented as the mean ± SD. Statistical significance was determined using one-way 
ANOVA followed by an LSD post hoc test for multiple comparisons among the groups. *P < 0.05, **P < 0.01, ***P < 0.001, and NS, not significant.
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molecules TNF-α, IL-1β, CCL2, CCL5, and IL-6 have 
been reported to induce neuronal death by causing 
direct and indirect neurotoxicity [43, 50]. Therefore, to 

confirm that the changes in cytokines associated with 
the transformation of the microglial phenotype could 
alter the state of neuronal inflammatory damage, we first 

Figure 8 CUR ameliorates central nervous system excitation, hyperthermia, slow growth, and poor survival in PRV‑infected rats. A After 
the rats were intraperitoneally injected with 2.85 ×  102  TCID50, 2.85 ×  103  TCID50 and 2.85 ×  104  TCID50 PRV or DMEM solution, the number of deaths 
in each group was recorded every day (n = 10). B The rats were intraperitoneally injected with low, medium, and high concentrations of CUR (25, 
50, and 100 mg/kg BW) and resveratrol (RES 50 mg/kg BW) once per day for 14 days. On Day 8 (1 dpi), in addition to the control group, 0.1 mL of 
2.85 ×  103  TCID50 PRV was injected, and the mortality was recorded daily. C The horizontal and vertical motor abilities of the rats were observed on 
the  8th day (1 dpi). D The horizontal and vertical motor abilities of the rats were observed on Day 11 (4 dpi) (n = 3). All experiments were performed 
in parallel. The results are presented as the mean ± SD. Statistical significance was determined using one-way ANOVA followed by an LSD post hoc 
test for multiple comparisons among the groups. *P < 0.05, **P < 0.01, ***P < 0.001, and NS, not significant.
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examined the effect of microglial supernatant on PC-12 
cell activity. As a metabolite of lipid peroxidation, MDA 
often reflects the severity of ROS-induced cell dam-
age. LDH is involved in glycolysis and is automatically 
released from the cell after cell damage. The degree of cell 
damage was assessed by measuring the amount of LDH 
released. Treatment of PC-12 cells with the supernatants 
of BV2 cells with different phenotypes for 24  h showed 
that the supernatant of M2 BV2 cell cells reversed the 
decrease in cell viability observed in response to M1 BV2 
cell supernatant. We hypothesized that the decrease in 
cell viability may be caused by changes in the levels of 
apoptotic proteins. As expected, the supernatant of M2 
BV2 cell cells reduced the number of apoptotic PC-12 
cells, reduced the levels of the apoptotic proteins Bax 
and cleaved caspase-3, and increased the levels of Bcl-2 
induced by the supernatant of M1 BV2 cells. Corre-
spondingly, CUR treatment attenuated the PRV-induced 
excitation of the CNS, increased the tissue organ index 
and brain congestion, and improved the survival rates 

of the PRV-infected rats. The effects of CUR treatment 
on PRV-induced neuroinflammatory responses further 
validate the immunomodulatory role of CUR in the brain 
and provide new insights into the heterogeneous phe-
notype-specific microglial responses to this active small 
molecule.

Mitochondria are the main sites of energy metabo-
lism and help cells carry out normal energy metabolism. 
Mitochondrial dysfunction prevents the repolarization 
of inflammatory macrophages [36, 51]. Therefore, the 
restoration of mitochondrial function can improve the 
reprogramming of inflammatory macrophages to anti-
inflammatory cells. Our study showed that CUR treat-
ment reversed PRV-induced mitochondrial swelling 
and vacuole formation, the dissolution of cristae in the 
mitochondrial membrane, and the increase in the num-
ber of fragmented mitochondria, indicating its effect on 
alleviating mitochondrial damage after infection. MMP 
is a key indicator of mitochondrial function. Lipopolysac-
charide reduces MMP and mitochondrial damage in BV2 

Table 1 Daily variations in body temperature 

Values represent the mean ± SD of 6 animals per group. #: the difference was significant compared with the control (p < 0.05), *: the difference was significant 
compared with the PRV group (p < 0.05).

Day Group

Control (℃) PRV (℃) RES (℃) CUR L (℃) CUR M (℃) CUR H (℃)

Day 0 37.92 ± 0.06 37.88 ± 0.07 38.02 ± 0.06 37.98 ± 0.06 37.92 ± 0.07 37.98 ± 0.04

Day 1 38.00 ± 0.05 38.78 ± 0.22# 37.97 ± 0.05* 37.97 ± 0.11* 38.10 ± 0.13* 37.97 ± 0.09*

Day 2 38.07 ± 0.06 38.22 ± 0.13 38.00 ± 0.10 38.28 ± 0.18 37.90 ± 0.10* 37.85 ± 0.10

Day 3 37.87 ± 0.06 38.60 ± 0.09# 38.08 ± 0.12* 38.40 ± 0.10# 37.92 ± 0.14* 37.93 ± 0.09*

Day 4 38.05 ± 0.08 38.72 ± 0.14# 38.55 ± 0.11# 38.50 ± 0.06# 38.57 ± 0.11# 37.90 ± 0.08*

Day 5 37.85 ± 0.06 38.47 ± 0.08# 38.43 ± 0.06# 38.52 ± 0.11# 38.50 ± 0.06# 38.02 ± 0.15*

Day 6 38.00 ± 0.07 37.70 ± 0.14 38.57 ± 0.06#* 38.08 ± 0.17* 38.57 ± 0.08#* 38.62 ± 0.14#*

Day 7 37.85 ± 0.11 37.13 ± 0.13# 37.98 ± 0.08* 36.67 ± 0.47 38.03 ± 0.15* 38.00 ± 0.15*

Table 2 The change in body weight gain in each group 

Values represent the mean ± SD of 6 animals per group. #: the difference was significant compared with the control (p < 0.05), *: the difference was significant 
compared with the PRV group (p < 0.05).

Time Group

Control (g) PRV(g) RES(g) CUR L(g) CUR M(g) CUR H(g)

Day 1 3.50 ± 0.55 3.12 ± 0.65 3.13 ± 0.25 3.67 ± 0.53 3.63 ± 0.70 3.50 ± 0.79

Day 2 7.60 ± 0.60 6.75 ± 0.63 7.30 ± 0.60 5.70 ± 0.45# 8.43 ± 0.73 8.05 ± 0.62

Day 3 12.83 ± 0.87 6.08 ± 0.32# 9.75 ± 0.85#* 5.43 ± 0.34# 11.50 ± 0.70* 11.48 ± 0.72*

Day 4 17.22 ± 1.05 3.27 ± 1.03# 12.13 ± 1.33#* 7.81 ± 0.70#* 14.87 ± 1.24* 14.12 ± 0.98*

Day 5 21.32 ± 1.17 3.55 ± 0.90# 14.65 ± 0.90#* 8.31 ± 0.95#* 16.83 ± 1.07#* 15.00 ± 1.34#*

Day 6 24.76 ± 1.03 3.88 ± 1.02# 16.3 ± 1.11#* 7.57 ± 1.08#* 19.13 ± 0.88#* 17.20 ± 1.15#*

Day 7 26.67 ± 1.12 4.77 ± 0.69# 17.95 ± 0.77#* 6.77 ± 0.82# 21.72 ± 0.67#* 18.50 ± 1.58#*
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cells [51, 52]. Similarly, the present study showed that 
CUR treatment effectively ameliorated the PRV infec-
tion-induced reduction in MMP in BV2 cells. Thus, CUR 
ameliorated mitochondrial dysfunction in PRV-infected 
BV2 cells, which is a prerequisite for reprogramming 
inflammatory microglia into the anti-inflammatory M2 
phenotype.

To further explore the mechanism by which CUR 
transforms PRV-infected BV2 cells at the transcriptomic 
level, we performed RNA-seq analysis of BV2 cells with 
M0, M1, and M2 phenotypes. Substantial gene expres-
sion changes occurred after PRV infection and CUR 
treatment. Compared with those in BV2 cells in the con-
trol group (M0 phenotype), glycolysis and proinflam-
matory-related genes (e.g., Pfkl, Ldha, and H2dmb1) 
were significantly upregulated in PRV-infected BV2 cells 
(M1 phenotype). However, CUR treatment significantly 
reduced the elevated levels of glycolysis and FAS-related 
genes (e.g., Ldha, Hk-1, Gpat4, and Mcat) induced by 
PRV infection (M2 phenotype). Furthermore, KEGG 
enrichment analysis of the gene subsets provided insight 
into the possible signalling pathways involved in the 
molecular mechanisms of phenotypic transformation. We 

found that the differentially expressed genes were mainly 
enriched in pathways related to energy metabolism (e.g., 
glycolysis, OXPHOS, and FAS). Therefore, we hypothe-
sized that the change in the energy metabolism pathway 
in BV2 cells was closely related to phenotypic transitions. 
RT‒qPCR further verified the expression levels of genes 
associated with the AMPK pathway. AMPK is a highly 
conserved sensor of cellular energy status that can be 
activated by phosphorylation of its subunit at Thr172, 
which in turn affects energy metabolism [53] by regulat-
ing the expression of glycolysis pathway-related genes 
such as Ldha, Hk1, and Pfkl [54, 55] and fatty acid synthe-
sis pathway-related genes such as Gpat4 and Mcat [56–
58]. It has been reported that p-AMPK levels are reduced 
during microglial inflammation [17]. Similarly, we found 
that the levels of p-AMPK were decreased after PRV 
infection, and CUR treatment reversed this decrease. 
When immune cells are activated, there is a shift in 
metabolism from OXPHOS to aerobic glycolysis, which 
is known as the Warburg effect [59]. The metabolism of 
M1 microglia mainly depends on aerobic glycolysis and 
the FAS pathway. Among these, two disruptions in the 
tricarboxylic acid (TCA) cycle lead to the accumulation 

A

Control PRV CUR L CUR M CUR H

**

**

*

*
B

Figure 9 CUR improves brain congestion, changes in organ indices, and vascular cuffing in PRV‑infected rats. Rats were intraperitoneally 
injected with low, medium, and high doses of CUR or 0.5% sodium carboxymethylcellulose solution (the solvent of CUR) for 7 consecutive days, 
and on the  8th day, the rats were intraperitoneally injected with/without PRV. On the  14th day (7 dpi), the rats in each group were sacrificed by 
decapitation, and the brain tissue was harvested for imaging to evaluate the organ index and prepare pathological sections. A The degree of blood 
congestion in the brain tissue in each group (n = 3). B Changes in the viscera index in rat brain tissue (n = 3). C Pathological sections of the cortex 
in each group, a: Control group, b: PRV group, c: CUR L group, d: CUR M group, e: CUR H group (n = 3), scale bar = 20 μm. All experiments were 
performed in parallel. The results are presented as the mean ± SD. Statistical significance was determined using one-way ANOVA followed by an 
LSD post hoc test for multiple comparisons among the groups. *P < 0.05, **P < 0.01, ***P < 0.001, and NS, not significant.
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of itaconic acid and succinic acid, which activate the tran-
scription of glycolytic genes, thereby maintaining glyco-
lytic metabolism in M1 microglia [12, 26]. Although ATP 
production efficiency is relatively low, ATP provides met-
abolic intermediates for FAS [26]. M2 microglia are more 
dependent on OXPHOS, and the TCA cycle is intact and 
provides substrates for complexes in the electron trans-
port chain. This metabolic ATP production efficiency is 
relatively high, providing energy for the tissue repair and 
remodelling functions of M2 microglia [29]. LDH is a key 
enzyme in glycolysis, and its activity indirectly reflects 
glycolytic output during the metabolic reprogramming of 
BV2 cells [12]. The OCR reflects cellular OXPHOS lev-
els; GPAT4 is involved in the synthesis of triacylglycerol 
[60]. Our study showed that CUR treatment reversed the 
PRV infection-induced increases in the protein levels of 
LDHa, GPAT4, and ECAR and increased the OCR and 
ATP levels. However, after AMPK activity was knocked 
down by an AMPK inhibitor and siRNA, the beneficial 
effect of CUR was not observed, indicating that the effect 
of CUR was mediated by AMPK. The NF-κB pathway is 
a key regulator of immune processes and has long been 
regarded as a typical proinflammatory signalling path-
way. In recent years, this pathway has been reported to 
affect changes in energy metabolism related to inflam-
mation and immune responses (e.g., OXPHOS and gly-
colysis) [41]. NF-κB binds to the inhibitor molecule IκB 
to form a p50-p65-IκB trimer under steady state condi-
tions. In response to inflammatory mediators, the NF-κB 
subunit p65 is phosphorylated at Ser536 and migrates 
into the nucleus, upregulating the expression of various 
inflammation-related genes [61]. We therefore examined 
whether AMPK regulates energy metabolism through 
NF-κB p-65. The results showed that CUR reversed the 
increase in p-p65 levels caused by PRV infection. After 
AMPK activity was knocked down, the effects of CUR 
disappeared, suggesting that NF-κB may regulate energy 
metabolism via AMPK. Finally, we examined inflamma-
tory factors associated with different phenotypes in BV2 
cells, validated them in primary microglia, and concluded 
that CUR was required for phenotypic transition by 
repairing mitochondrial dysfunction, microglial pheno-
typic transition was driven by the AMPK energy metabo-
lism pathway, and NF-κB may mediate this process.

In conclusion, to our knowledge, this is the first report 
on CUR-mediated resistance to PRV-induced encepha-
litis through the modulation of phenotypic transitions 
mediated by the AMPK/NF-κB-energy metabolism sig-
nalling pathway in microglia. Our study provides insight 
into the beneficial effects of CUR treatment on PRV-
induced neuroinflammation.
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 TCID50 PRV for 24 h, and the changes in the survival rates were measured. 
All experiments were performed in parallel. The results are expressed as 
the mean ± standard deviation (SD) of four biological replicates (n = 4). 
Statistical significance was determined using a two-tailed independent t 
test to compare the two groups. *P < 0.05, **P < 0.01, ***P < 0.001, and NS, 
not significant.

Additional file 2. Effect of CUR on the morphology of PRV‑infected 
BV2 cells. (A) Untreated BV2 cells. (B) BV2 cells were infected with 
1.66 ×  106  TCID50 PRV for 24 h, and the cell maintenance medium was 
replaced. (C) BV2 cells were infected with 1.66 ×  106  TCID50 PRV for 24 h 
and then treated with 20 μM curcumin (CUR) for 24 h. Morphological 
changes in BV2 cells were observed under a light microscope (scale 
bar = 200 μm). All experiments were performed in parallel.

Additional file 3. Effects of the supernatants of BV2 cells with dif‑
ferent phenotypes on PC‑12 cell morphology and apoptosis. The 
supernatants of BV2 cells with different phenotypes were added to PC-12 
cells and incubated for 24 h. (A) Morphological changes in PC-12 cells 
were observed using a light microscope (scale bar = 200 μm). (B) Apopto-
sis in PC-12 cells detected using the Annexin V-FITC/PI kit. Red fluores-
cence represents late apoptotic and dying cells, while green fluorescence 
represents early apoptotic cells; scale bar = 200 μm. All experiments were 
performed in parallel.

Additional file 4. Principal component analysis (PCA). (A) Correlation 
check of the RNA-seq data using Pearson’s Correlation Coefficient.  R2 ≥ 0.8 
represents the repeatability of the experiment and the reliability of the 
evaluation results.
Additional file 5. Screening the optimal interference effect of differ‑
ent siRNAs. (A) The effects of siRNA transfection were observed under 
a fluorescence microscope. PC-siRNA group, positive control group; 
NC-FAM-siRNA group, fluorescence-labelled negative control group; 
FAM-siRNA 1 group, fluorescently labelled small interfering RNA first band 
group; FAM-siRNA 2 group, fluorescently labelled small interfering RNA 
second band group; FAM-siRNA 3 group, fluorescently labelled small inter-
fering RNA third band group. (B) Western blot analysis of t-AMPK protein 
levels; β-actin was used as a loading control (n = 3). (C) Relative protein 
levels of t-AMPK. All experiments were performed in parallel. The results 
are presented as the mean ± SD. Statistical significance was determined 
using one-way analysis of variance (ANOVA) followed by a least significant 
difference (LSD) post hoc test for multiple comparisons among the 
groups. *P < 0.05, **P < 0.01, ***P < 0.001, and NS, not significant.
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curcumin on the secretion of pro‑ and anti‑inflammatory cytokines 
by PRV‑infected microglia. (A) Microglial purity was identified by flow 
cytometry; CD11b indicated resting microglia, and MHC Class II indicated 
activated cells (n = 3). (B) M1 phenotype-related inflammatory factors 
(TNF-α) in primary microglial cells were examined using ELISA (n = 4). (C) 
Levels of M1 phenotype-related inflammatory factors (IL-6) in primary 
microglial cells (n = 4). (D) Levels of M2 phenotype-related anti-inflam-
matory factors (IL-4) in primary microglial cells (n = 4). (E) Levels of M2 
phenotype-related anti-inflammatory factors (IL-10) in primary microglial 
cells (n = 4). (n = 4). All experiments were performed in parallel. The results 
are presented as the mean ± SD. Statistical significance was determined 
using one-way ANOVA followed by an LSD post hoc test for multiple 
comparisons among the groups. *P < 0.05, **P < 0.01, ***P < 0.001, and NS, 
not significant.

Acknowledgements
We thank the Allwegene Technology Company Limited (Beijing, China) for 
helping analyse the RNA-seq data and create the images.

https://doi.org/10.1186/s13567-023-01149-x
https://doi.org/10.1186/s13567-023-01149-x


Page 19 of 20Feng et al. Veterinary Research           (2023) 54:25  

Authors’ contributions
LG, LQF and GDL designed the research and analysed the data. LQF, GDL, YHL, 
CZ, YXL, YQL, HYC, DLH and YZ conducted the experiments and collected the 
data. LG and LQF wrote the paper. All authors read and approved the final 
manuscript.

Funding
This work was supported by the Fundamental Research Funds for the Central 
Universities (Grant No. XDJK2020B014), the Innovation Team of Pig Industry 
Technology System in Chongqing and the Venture and Innovation Support 
Program for Chongqing Overseas Returnees (Grant No. cx2018096).

Availability of data and materials
The data analysed during the current study are available from the correspond-
ing author upon reasonable request.

Declarations

Ethics approval and consent to participate
The authors confirm that the ethical policies of the journal, as noted on the 
journal’s author guidelines page, have been adhered to, and Southwest 
University Laboratory Animal Ethics Review Committee approval has been 
received (IACUC-20220105–03;IACUC-20220607-02).

Competing interests
The authors declare that they have no competing interests.

Received: 19 October 2022   Accepted: 10 January 2023

References
 1. Pegg CE, Zaichick SV, Bomba-Warczak E, Jovasevic V, Kim D, Kharkwal H, 

Wilson DW, Walsh D, Sollars PJ, Pickard GE, Savas JN, Smith GA (2021) Her-
pesviruses assimilate kinesin to produce motorized viral particles. Nature 
599:662–666

 2. Ai JW, Weng SS, Cheng Q, Cui P, Li YJ, Wu HL, Zhu YM, Xu B, Zhang WH 
(2018) Human endophthalmitis caused by pseudorabies virus infection, 
China, 2017. Emerg Infect Dis 24:1087–1090

 3. Zheng L, Liu X, Yuan D, Li R, Lu J, Li X, Tian K, Dai E (2019) Dynamic cere-
brospinal fluid analyses of severe pseudorabies encephalitis. Transbound 
Emerg Dis 66:2562–2565

 4. Liu Q, Wang X, Xie C, Ding S, Yang H, Guo S, Li J, Qin L, Ban F, Wang D, 
Wang C, Feng L, Ma H, Wu B, Zhang L, Dong C, Xing L, Zhang J, Chen H, 
Yan R, Wang X, Li W (2021) A novel human acute encephalitis caused by 
pseudorabies virus variant strain. Clin Infect Dis 73:e3690–e3700

 5. Hu S, Liu Q, Zang S, Zhang Z, Wang J, Cai X, He X (2018) Microglia are 
derived from peripheral blood mononuclear cells after pseudorabies 
infection in mice. Viral Immunol 31:596–604

 6. Pomeranz LE, Reynolds AE, Hengartner CJ (2005) Molecular biology of 
pseudorabies virus: impact on neurovirology and veterinary medicine. 
Microbiol Mol Biol Rev 69:462–500

 7. Prinz M, Jung S, Priller J (2019) Microglia biology: one century of evolving 
concepts. Cell 179:292–311

 8. Chen Z, Zhong D, Li G (2019) The role of microglia in viral encephalitis: a 
review. J Neuroinflammation 16:76

 9. Davalos D, Grutzendler J, Yang G, Kim JV, Zuo Y, Jung S, Littman DR, Dustin 
ML, Gan W-B (2005) ATP mediates rapid microglial response to local brain 
injury in vivo. Nat Neurosci 8:752–758

 10. Nimmerjahn A, Kirchhoff F, Helmchen F (2005) Resting microglial cells 
are highly dynamic surveillants of brain parenchyma in vivo. Science 
308:1314–1318

 11. Hickman SE, Kingery ND, Ohsumi TK, Borowsky ML, Wang L-c, Means 
TK, El Khoury J (2013) The microglial sensome revealed by direct RNA 
sequencing. Nat Neurosci 16:1896–1905

 12. Orihuela R, McPherson CA, Harry GJ (2016) Microglial M1/M2 polarization 
and metabolic states. Br J Pharmacol 173:649–665

 13. Shrivastava R, Shukla N (2019) Attributes of alternatively activated (M2) 
macrophages. Life Sci 224:222–231

 14. Ortega-Gómez A, Perretti M, Soehnlein O (2013) Resolution of inflamma-
tion: an integrated view. EMBO Mol Med 5:661–674

 15. Franco R, Lillo A, Rivas-Santisteban R, Reyes-Resina I, Navarro G (2021) 
Microglial adenosine receptors: from preconditioning to modulating the 
M1/M2 balance in activated cells. Cells 10:1124

 16. Dubbelaar ML, Kracht L, Eggen BJL, Boddeke E (2018) The kaleidoscope 
of microglial phenotypes. Front Immunol 9:1753

 17. Jian M, Kwan JS-C, Bunting M, Ng RC-L, Chan KH (2019) Adiponectin 
suppresses amyloid-β oligomer (AβO)-induced inflammatory response of 
microglia via AdipoR1-AMPK-NF-κB signaling pathway. J Neuroinflamma-
tion 16:110

 18. Xu X, Gao W, Li L, Hao J, Yang B, Wang T, Li L, Bai X, Li F, Ren H, Zhang M, 
Zhang L, Wang J, Wang D, Zhang J, Jiao L (2021) Annexin A1 protects 
against cerebral ischemia-reperfusion injury by modulating microglia/
macrophage polarization via FPR2/ALX-dependent AMPK-mTOR path-
way. J Neuroinflammation 18:119

 19. Patel SS, Acharya A, Ray RS, Agrawal R, Raghuwanshi R, Jain P (2020) 
Cellular and molecular mechanisms of curcumin in prevention and treat-
ment of disease. Crit Rev Food Sci Nutr 60:887–939

 20. Zhu HT, Bian C, Yuan JC, Chu WH, Xiang X, Chen F, Wang CS, Feng H, Lin 
JK (2014) Curcumin attenuates acute inflammatory injury by inhibiting 
the TLR4/MyD88/NF-κB signaling pathway in experimental traumatic 
brain injury. J Neuroinflammation 11:59

 21. Zhang J, Zheng Y, Luo Y, Du Y, Zhang X, Fu J (2019) Curcumin inhibits LPS-
induced neuroinflammation by promoting microglial M2 polarization via 
TREM2/ TLR4/ NF-κB pathways in BV2 cells. Mol Immunol 116:29–37

 22. Panaro MA, Corrado A, Benameur T, Paolo CF, Cici D, Porro C (2020) The 
emerging role of curcumin in the modulation of TLR-4 signaling pathway: 
focus on neuroprotective and anti-rheumatic properties. Int J Mol Sci 
21:2299

 23. Parada E, Buendia I, Navarro E, Avendaño C, Egea J, López MG (2015) 
Microglial HO-1 induction by curcumin provides antioxidant, antineuroin-
flammatory, and glioprotective effects. Mol Nutr Food Res 59:1690–1700

 24. Cianciulli A, Calvello R, Porro C, Trotta T, Salvatore R, Panaro MA (2016) 
PI3k/Akt signalling pathway plays a crucial role in the anti-inflammatory 
effects of curcumin in LPS-activated microglia. Int Immunopharmacol 
36:282–290

 25. Tegenge MA, Rajbhandari L, Shrestha S, Mithal A, Hosmane S, Venkatesan 
A (2014) Curcumin protects axons from degeneration in the setting of 
local neuroinflammation. Exp Neurol 253:102–110

 26. Viola A, Munari F, Sánchez-Rodríguez R, Scolaro T, Castegna A (2019) The 
metabolic signature of macrophage responses. Front Immunol 10:1462

 27. Wang F, Zhang S, Jeon R, Vuckovic I, Jiang X, Lerman A, Folmes CD, Dzeja 
PD, Herrmann J (2018) Interferon gamma induces reversible metabolic 
reprogramming of M1 macrophages to sustain cell viability and pro-
inflammatory activity. eBioMedicine 30:303–316

 28. Banskota S, Wang H, Kwon YH, Gautam J, Gurung P, Haq S, Hassan FMN, 
Bowdish DM, Kim JA, Carling D, Fullerton MD, Steinberg GR, Khan WI 
(2021) Salicylates ameliorate intestinal inflammation by activating mac-
rophage AMPK. Inflamm Bowel Dis 27:914–926

 29. Saha S, Shalova IN, Biswas SK (2017) Metabolic regulation of macrophage 
phenotype and function. Immunol Rev 280:102–111

 30. Yang B, Luo G, Zhang C, Feng L, Luo X, Gan L (2020) Curcumin protects 
rat hippocampal neurons against pseudorabies virus by regulating the 
BDNF/TrkB pathway. Sci Rep 10:22204

 31. Pizzi M (1950) Sampling variation of the fifty percent end-point, deter-
mined by the Reed-Muench (Behrens) method. Hum Biol 22:151–190

 32. Young MD, Wakefield MJ, Smyth GK, Oshlack A (2010) Gene ontology 
analysis for RNA-seq: accounting for selection bias. Genome Biol 11:R14

 33. Mao X, Cai T, Olyarchuk JG, Wei L (2005) Automated genome annota-
tion and pathway identification using the KEGG Orthology (KO) as a 
controlled vocabulary. Bioinformatics 21:3787–3793

 34. Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 
years of image analysis. Nat Methods 9:671–675

 35. Schwabenland M, Brück W, Priller J, Stadelmann C, Lassmann H, Prinz 
M (2021) Analyzing microglial phenotypes across neuropathologies: a 
practical guide. Acta Neuropathol 142:923–936

 36. Van den Bossche J, Baardman J, Otto NA, van der Velden S, Neele AE, 
van den Berg SM, Luque-Martin R, Chen HJ, Boshuizen MC, Ahmed M, 



Page 20 of 20Feng et al. Veterinary Research           (2023) 54:25 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Hoeksema MA, de Vos AF, de Winther MP (2016) Mitochondrial dysfunc-
tion prevents repolarization of inflammatory macrophages. Cell Rep 
17:684–696

 37. Yin Z, Han Z, Hu T, Zhang S, Ge X, Huang S, Wang L, Yu J, Li W, Wang Y, Li 
D, Zhao J, Wang Y, Zuo Y, Li Y, Kong X, Chen F, Lei P (2020) Neuron-derived 
exosomes with high miR-21-5p expression promoted polarization of M1 
microglia in culture. Brain Behav Immun 83:270–282

 38. Herzig S, Shaw RJ (2018) AMPK: guardian of metabolism and mitochon-
drial homeostasis. Nat Rev Mol Cell Biol 19:121–135

 39. Yu Y, Cai W, Zhou J, Lu H, Wang Y, Song Y, He R, Pei F, Wang X, Zhang R, Liu 
H, Wei F (2020) Anti-arthritis effect of berberine associated with regulat-
ing energy metabolism of macrophages through AMPK/ HIF-1α pathway. 
Int Immunopharmacol 87:106830

 40. Lan R, Wan Z, Xu Y, Wang Z, Fu S, Zhou Y, Lin X, Han X, Luo Z, Miao J, Yin 
Y (2021) Taurine reprograms mammary-gland metabolism and alleviates 
inflammation induced by Streptococcus uberis in Mice. Front Immunol 
12:696101

 41. Kracht M, Müller-Ladner U, Schmitz ML (2020) Mutual regulation of 
metabolic processes and proinflammatory NF-κB signaling. J Allergy Clin 
Immunol 146:694–705

 42. Zhao X, Cui Q, Fu Q, Song X, Jia R, Yang Y, Zou Y, Li L, He C, Liang X, Yin L, 
Lin J, Ye G, Shu G, Zhao L, Shi F, Lv C, Yin Z (2017) Antiviral properties of 
resveratrol against pseudorabies virus are associated with the inhibition 
of IκB kinase activation. Sci Rep 7:8782

 43. Chhatbar C, Prinz M (2021) The roles of microglia in viral encephalitis: 
from sensome to therapeutic targeting. Cell Mol Immunol 18:250–258

 44. Hirano T (2021) IL-6 in inflammation, autoimmunity and cancer. Int 
Immunol 33:127–148

 45. Cinelli MA, Do HT, Miley GP, Silverman RB (2020) Inducible nitric oxide 
synthase: Regulation, structure, and inhibition. Med Res Rev 40:158–189

 46. Forrester SJ, Kikuchi DS, Hernandes MS, Xu Q, Griendling KK (2018) Reac-
tive oxygen species in metabolic and inflammatory signaling. Circ Res 
122:877–902

 47. Zeng F, Wu Y, Li X, Ge X, Guo Q, Lou X, Cao Z, Hu B, Long NJ, Mao Y, Li C 
(2018) Custom-made ceria nanoparticles show a neuroprotective effect 
by modulating phenotypic polarization of the microglia. Angew Chem 
Int Ed Engl 57:5808–5812

 48. Nam HY, Nam JH, Yoon G, Lee JY, Nam Y, Kang HJ, Cho HJ, Kim J, Hoe HS 
(2018) Ibrutinib suppresses LPS-induced neuroinflammatory responses in 
BV2 microglial cells and wild-type mice. J Neuroinflammation 15:271

 49. Zhao W, Xie W, Xiao Q, Beers DR, Appel SH (2006) Protective effects of 
an anti-inflammatory cytokine, interleukin-4, on motoneuron toxicity 
induced by activated microglia. J Neurochem 99:1176–1187

 50. Kaewmool C, Kongtawelert P, Phitak T, Pothacharoen P, Udomruk S (2020) 
Protocatechuic acid inhibits inflammatory responses in LPS-activated BV2 
microglia via regulating SIRT1/NF-κB pathway contributed to the sup-
pression of microglial activation-induced PC12 cell apoptosis. J Neuroim-
munol 341:577164

 51. Nair S, Sobotka KS, Joshi P, Gressens P, Fleiss B, Thornton C, Mallard C, 
Hagberg H (2019) Lipopolysaccharide-induced alteration of mitochon-
drial morphology induces a metabolic shift in microglia modulating the 
inflammatory response in vitro and in vivo. Glia 67:1047–1061

 52. Kou RW, Gao YQ, Xia B, Wang JY, Liu XN, Tang JJ, Yin X, Gao JM (2021) 
Ganoderterpene A, a new triterpenoid from Ganoderma lucidum, attenu-
ates LPS-induced inflammation and apoptosis via suppressing MAPK and 
TLR-4/NF-κB pathways in BV-2 cells. J Agric Food Chem 69:12730–12740

 53. Garcia D, Shaw RJ (2017) AMPK: mechanisms of cellular energy sensing 
and restoration of metabolic balance. Mol Cell 66:789–800

 54. Cai P, Feng Z, Feng N, Zou H, Gu J, Liu X, Liu Z, Yuan Y, Bian J (2021) Acti-
vated AMPK promoted the decrease of lactate production in rat Sertoli 
cells exposed to Zearalenone. Ecotoxicol Environ Saf 220:112367

 55. Chen J, Zou L, Lu G, Grinchuk O, Fang L, Ong DST, Taneja R, Ong CN, Shen 
HM (2022) PFKP alleviates glucose starvation-induced metabolic stress 
in lung cancer cells via AMPK-ACC2 dependent fatty acid oxidation. Cell 
Discov 8:52

 56. Cheng J, Xu D, Chen L, Guo W, Hu G, Liu J, Fu S (2022) CIDEA regulates de 
novo fatty acid synthesis in bovine mammary epithelial cells by target-
ing the AMPK/PPARγ axis and regulating SREBP1. J Agric Food Chem 
70:11324–11335

 57. Yan H, Ajuwon KM (2015) Mechanism of butyrate stimulation of triglycer-
ide storage and adipokine expression during adipogenic differentiation 
of porcine stromovascular cells. PLoS One 10:e0145940

 58. Arthur CJ, Williams C, Pottage K, Płoskoń E, Findlow SC, Burston SG, 
Simpson TJ, Crump MP, Crosby J (2009) Structure and malonyl CoA-ACP 
transacylase binding of streptomyces coelicolor fatty acid synthase acyl 
carrier protein. ACS Chem Biol 4:625–636

 59. Liao ST, Han C, Xu DQ, Fu XW, Wang JS, Kong LY (2019) 4-Octyl itaconate 
inhibits aerobic glycolysis by targeting GAPDH to exert anti-inflammatory 
effects. Nat Commun 10:5091

 60. Huang YQ, Wang Y, Hu K, Lin S, Lin XH (2021) Hippocampal glycerol-
3-phosphate acyltransferases 4 and BDNF in the Progress of obesity-
induced depression. Front Endocrinol (Lausanne) 12:667773

 61. Cai Y, Zhang Y, Chen H, Sun XH, Zhang P, Zhang L, Liao MY, Zhang F, Xia 
ZY, Man RY, Feinberg MW, Leung SW (2021) MicroRNA-17-3p suppresses 
NF-κB-mediated endothelial inflammation by targeting NIK and IKKβ 
binding protein. Acta Pharmacol Sin 42:2046–2057

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Curcumin-dependent phenotypic transformation of microglia mediates resistance to pseudorabies-induced encephalitis
	Abstract 
	Introduction
	Materials and methods
	Cell culture, experimental design, and drug administration
	Model organisms
	Primary microglial culture
	Viral infection and titration
	Transient transfection with siRNA
	Cell viability, lactic dehydrogenase (LDH) activity and malondialdehyde (MDA) level assessment
	NO analysis
	Intracellular reactive oxygen species analysis
	Analysis of cytokines
	Flow cytometry
	Transmission electron microscopy (TEM)
	Mitochondrial membrane potential (MMP) measurement
	Transcriptome sequencing analysis and real-time PCR
	Detection of the oxygen consumption rate (OCR) in BV2 cells
	Detection of the extracellular acidification rate (ECAR) in BV2 cells
	Determination of ATP levels in BV2 cells
	Western blotting
	Apoptosis assay
	Groupings and drug administration in rats
	Open-field test
	Measurement of body temperature, body weight, and the viscera index
	Preparation of pathological sections
	Statistical analysis

	Results
	PRV-infected BV2 cells exhibit increased levels of inflammatory markers
	CUR suppresses and promotes the release of proinflammatory and anti-inflammatory cytokines, respectively, in PRV-infected BV2 cells
	CUR promotes the polarization of PRV-infected BV2 cells from the M1 phenotype to the M2 phenotype and reverses PRV-induced mitochondrial dysfunction
	The secretions of CUR-treated BV2 cells protect neurons from PRV-induced apoptosis
	Distinct mRNA signatures of BV2 cells with different phenotypes were identified using RNA-Seq analysis
	CUR modulates phenotype-related cytokines in PRV-infected BV2 cells via AMPK-mediated energy metabolism-related pathways
	AMPK mediates the regulatory effect of CUR on NF-κB p65
	CUR ameliorates poor survival, CNS excitation, hyperthermia, and slow growth in PRV-infected rats
	CUR improves brain congestion, organ index changes, and vascular cuffing in PRV-infected rats

	Discussion
	Anchor 39
	Acknowledgements
	References


