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Abstract. Iron accumulation in activated microglia has been 
consistently reported in neurodegenerative diseases. Previous 
results suggest that these cells facilitate neuroinflammation 
leading to neuronal cell death. Therefore, chemical compounds 
that alleviate the activation of iron‑rich microglia may result 
in neuroprotection. In the present study, the effect of valproic 
acid (VPA) on microglial activation under iron‑rich condi-
tions was investigated. BV‑2 microglial cells were exposed to 
lipopolysaccharide (LPS; 1 µg/ml) and iron (300 µg/ml) with 
or without VPA (1.6 mM). The results demonstrated that VPA 
attenuated the activation of iron‑rich BV2 cells induced by 
LPS by down‑regulating the mRNA expression of inducible 
nitric oxide (NO) synthase and interleukin 1β (IL‑1β; P<0.01), 
to ultimately reduce the production of NO and IL‑1β (P<0.01). 
These events were accompanied by an attenuation in the nuclear 
translocation of nuclear factor‑κB p65 subunit (P<0.01). These 
findings suggest that VPA may be therapeutically useful for 
attenuating the activation of iron‑rich microglia.

Introduction

Abnormally high levels of iron have been reported in the brain 
regions of patients with various neurodegenerative diseases 
including Parkinson's disease (PD) and Alzheimer's disease 
(AD) (1,2). In these diseases, progressive iron accumulation 
has also been observed in activated microglia, as the brain 
resident immune cells (3‑5). Increased cellular iron levels in 
activated microglia has been demonstrated to enhance the 
release of cytokines and free radicals, which are considered 
to participate in neuronal cell death (6). Therefore, increased 
understanding of the interaction between microglia and candi-
date neuroprotective agents under pathology‑related, iron‑rich 

conditions may aid the development of more effective treat-
ments for neurodegenerative diseases.

A number of previous studies have demonstrated that 
valproic acid (VPA), an anti‑convulsant and mood‑stabilizing 
drug, was neuroprotective in cell culture and animal models 
of neurodegenerative diseases (7‑11). VPA has been demon-
strated to exert anti‑inflammatory effects by decreasing the 
expression of inflammatory and innate immune response 
genes in human microglia and astrocytes (10,12,13). Further 
research has indicated that VPA enhances microglial phago-
cytosis of amyloid β1‑42, the toxic protein fragment that 
accumulates in the brain during AD (14). However, to the best 
of our knowledge, it has not yet been investigated how VPA 
interacts with microglia under pathology‑related, iron‑rich 
conditions. The present study aimed to elucidate this interac-
tion. In particular, it was determined how VPA affects the 
production of nitric oxide (NO) and interleukin 1β (IL‑1β), 
as well as the transcription levels of inducible NO synthase 
(iNOS) and IL‑1β, using the established mouse microglial cell 
line BV2. The effect of VPA on NO and IL‑1β production was 
the focus, as high concentrations of NO and IL‑1β released by 
activated microglia following a pathologic insult may lead to 
neurotoxicity and has been reported in many neurodegenera-
tive diseases (15‑19). Furthermore, as it has been reported that 
the inducible nuclear factor‑κB (NF‑κB) serves a critical role 
in regulating the expression of inflammatory mediators and 
inflammatory cytokines (20), including iNOS and IL‑1β, the 
effect of VPA on NF‑κB nuclear translocation during microg-
lial activation under iron‑rich conditions was also determined.

Materials and methods

Cell culture and treatment. Murine BV‑2 microglial cells were 
obtained from Professor James R. Connor (Pennsylvania State 
University, PA, USA). The cells were maintained in Dulbecco's 
modified Eagle's medium (DMEM) containing 5% fetal 
bovine serum (FBS), 2 mM L‑glutamine, 100 µg/ml strepto-
mycin and 100 U/ml penicillin (all from Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) at 37˚C under humidified 
95% O2 and 5% CO2. The cells were seeded into 24‑well plates 
at a density of 1x105/well or in 96‑well plates at a density of 
5x104/well and maintained at 37˚C under humidified 95% O2 
and 5% CO2. After ~24 h, the medium was removed and 
replaced with freshly prepared serum‑free medium containing 
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specified concentrations of VPA (0, 0.8,1.6 and 3.2 mM) for a 
cell viability assay. To detect intracellular iron, the medium 
was removed and replaced with freshly prepared serum‑free 
medium containing iron (300 µg/ml) with or without lipopoly-
saccharide (LPS; 1 µg/ml). To detect the gene expression of 
iNOS and IL‑1β, as well as the production of NO and IL‑1β, 
the medium was removed and replaced with freshly prepared 
serum‑free medium with or without LPS (1 µg/ml) and/or iron 
(300 µg/ml) and/or a non‑toxic dose of VPA.

Detection of intracellular iron. The form of iron used to treat 
the cells in the present study was ferric citrate ammonium 
(Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany). Levels 
of intracellular iron were measured using calcein acetoxy-
methyl ester (calcein‑AM) (21,22). This reagent contains AM 
ester derivatives of fluorescent indicators, and its lipophilic 
structure is able to permeate cell membranes. Inside the cell, 
nonspecific cytosolic esterases cleave the lipophilic structure 
rapidly (23). The fluorescence intensity of the calcein may be 
quenched by iron binding. Thus, decreased fluorescence inten-
sity indicates increased intracellular iron levels (23‑26). BV‑2 
cells (1x104 cells per well, 96‑well plates) were treated with LPS 
with or without iron in serum‑free medium for 4 and 24 h. The 
BV‑2 cells were incubated with 1 µM calcein AM at 37˚C for 
30 min, after which, excess calcein was removed by washing 
with phosphate‑buffered saline (PBS). The fluorescence inten-
sity of calcein was measured at 485 nm excitation and 538 nm 
emission on a Synergy 4 HT Multi‑Mode Microplate Reader 
(BioTek Instruments, Winooski, VT, USA). Meanwhile, 
total protein concentration was determined using a Pierce 
Bicinchoninic Acid Protein Assay kit (Pierce, Thermo Fisher 
Scientific, Inc.), according to the manufacturer's protocol; the 
fluorescence data were presented as fluorescent intensity units 
per unit protein.

Cell viability assay. The cytotoxicity of VPA and iron were 
evaluated with an MTT assay. BV2 cells were seeded in 96‑well 
plates and cultured as described above. After 24 h, the cells 
were exposed to VPA at the concentrations between 0‑3.2 mM 
or iron at the concentrations 0, 50, 100 and 300 µg/ml. After 
24 h of treatment, the medium was removed and replaced with 
0.1 ml MTT reagent (0.5 mg/ml; Sigma‑Aldrich; Merck KGaA) 
in serum‑free DMEM. The cells were then incubated for 2 h 
at 37˚C and 5% CO2. Following incubation, the supernatant 
was removed, the formazan dye was dissolved with dimethyl 
sulfoxide, and absorption at 570 nm was measured using the 
Synergy 4 HT Multi‑Mode Microplate Reader.

Reverse transcription polymerase chain reaction (RT‑PCR) 
analysis. BV‑2 microglia (5x105 cells/well) were cultured 
and treated as described above. After 6 h of treatment, total 
RNA was extracted using TRIzol reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's 
protocol. Total RNA (1 µg) from each sample was added 
into a reaction mixture containing 10x reaction buffer (2 µl), 
25 mM MgCl2 (4 µl), dNTPs (2 µl), random primer (2 µl), 
ribonuclease inhibitor (1 µl), AMV reverse transcriptase (1 µl) 
and RNase free water (8 µl; all from Promega Corporation, 
Madison, WI, USA). Each sample was incubated at room 
temperature for 10 min, then at 42˚C for 60 min, followed by 

inactivation at 99˚C for 5 min. To amplify the 311‑bp iNOS, 
200‑bp IL‑1β and 300‑bp GAPDH (reference) cDNA frag-
ments, the following primer sequences were used: For iNOS, 
forward, 5'‑ATCCCGAAACGCTACACTTCC‑3' and reverse, 
5'‑GGCGAAGAACAATCCACAACTC‑3'; for IL‑1β, forward, 
5'‑GCTATGGCAACTGTCCCTGAAC‑3' and reverse, 
5'‑TGAGTGACACTGCCTTCCTCCTGAA‑3'; and for 
GAPDH, forward, 5'‑AAGCTCACTGG CATGGCCTTCC‑3' 
and reverse, 5'‑TTGGAGGCCATGTAGGCCATGAG‑3'. The 
cDNAs were amplified in a final reaction volume of 25 µl 
containing 10x reaction buffer (2.5 µl), 25 mM MgCl2 (1.5 µl), 
dNTPs (0.5 µl), Taq DNA polymerase (0.2 µl), forward and 
reverse primers (0.7 µl each), cDNA (5.0 µl) and RNase free 
water (13.9  µl; all from Promega Corporation) under the 
following conditions: Pre‑denaturation at 95˚C for 4  min 
followed by 32 cycles of 95˚C for 1 min, 60˚C for 1 min, 72˚C 
for 2 min, and a final extension at 72˚C for 4 min. The PCR 
products were visualized by electrophoresis on 1.5% agarose 
gel, followed by staining with ethidium bromide. The ampli-
fication of specific genes was verified by comparing their 
predicted size and their actual size under ultraviolet (UV) 
light. Quantitative analysis of band density was performed 
using Scion Image analysis software, version 4.02 (Scion 
Corporation, Frederick, MD, USA).

Nitrite assay. BV‑2 microglia (5x105 cells/well) were cultured 
and treated as described above. After 24 h of treatment, the 
quantity of NO in the supernatant was estimated by measuring 
accumulation of the stable NO metabolite nitrite (NO2

‑) with a 
Griess Reagent kit (Invitrogen; Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocol. In brief, following 
treatment, 150 µl of cell culture medium was collected and 
added to a 96‑well plate, to which 20 µl Griess reagent was 
added followed by 130 µl DMEM. The sample reactions were 
incubated at room temperature for 30 min. Following incuba-
tion, absorbance values were measured at 548 nm using the 
Synergy 4 HT Multi‑Mode Microplate Reader microplate 
reader. The quantity of NO generated by the cells was calcu-
lated based on concentrations of an NaNO2‑ standard curve.

Enzyme‑linked immunosorbent assay (ELISA). BV‑2 microglia 
(5x105 cells/well) were treated as described above. After 24 h of 
treatment, the cell culture medium was centrifuged for 10 min 
at 3,000 x g and the supernatant was collected for quantifica-
tion. The concentration of IL‑1β in the culture supernatants 
was measured using an ELISA kits from R&D Systems, Inc. 
(Minneapolis, MN, USA; cat. no. MLB00C) according to the 
manufacturer's protocol. The results were expressed in pg/ml.

Measurement of NF‑κB p65 nuclear translocation
Immunofluorescence assay. BV‑2 microglia were seeded on 
6‑chamber slides at a density of 2x104 cells/chamber and allowed 
to grow for 24 h in growth medium at 37˚C under humidified 
95% O2 and 5% CO2. The medium was removed and replaced 
with freshly prepared serum‑free medium with or without LPS 
(1 μg/ml) and/or iron (300 µg/ml) and/or a non‑toxic dose of 
VPA. After 4 h of treatment, the medium was removed and the 
cells were fixed with 4% paraformaldehyde at 4˚C for 5 min, 
washed with PBS and permeabilized with 100% methanol for 
5 min at ‑20˚C. To stain the p65 subunit of NF‑κB, the cells 
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were washed with PBS and incubated in PBS containing 1% 
bovine serum albumin (BSA; Sigma‑Aldrich; Merck KGaA) 
and rabbit anti‑NF‑κB p65 antibody (cat. no. STCSC‑33020; 
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 1:100 
dilution for 1 h at room temperature. Following a PBS wash, 
the cells were incubated at room temperature for an addi-
tional 1 h with Alexa‑Fluor 488‑conjugated goat anti‑rabbit 
secondary antibody (cat. no. A27034; Invitrogen; Thermo 
Fisher Scientific, Inc.) at 1:1,000 dilution in PBS containing 
1% BSA. Following another PBS wash, the cell nuclei were 
stained with DAPI for 10 min at room temperature. Finally, 
the cover slips were mounted with 50% glycerol and examined 
with a Leica confocal microscope (Leica Microsystems, Inc., 
Buffalo Grove, IL, USA).

NF‑κB ELISA assay. BV‑2 microglia were seeded in 6‑well 
plates at a density of 5x105cells/well. The cells were cultured 

and treatment as described above. After 4 h of treatment, 
the medium was removed and the cells were washed twice 
with ice‑cold PBS. The cells were scraped off with a rubber 
policeman cell scraper and centrifuged at 200 x g for 10 min 
at 4˚C. To prepare nuclear extracts, cells were resuspended 
in a buffer containing 10 mM 4‑(2‑hydroxyethyl)‑1‑pipera-
zineethanesulfonic acid (HEPES; pH 7.9), 1.5 mM MgCl2, 
10 mM KCl, 0.5 mM dithiothreitol and 0.2 mM phenylmeth-
ylsulfonyl fluoride (PMSF), which was followed by vortexing 
for 15 sec prior to standing at 4˚C for 12 min. The samples 
were then centrifuged at 200 x g for 3 min at 4˚C. The pelleted 
nuclei were resuspended in 30 µl buffer containing 20 mM 
HEPES (pH 7.9), 25% glycerol, 420 mM NaCl, 1.5 mM MgCl2, 
0.2 mM EDTA, 0.5 mM dithiothreitol and 0.2 mM PMSF and 
incubated for 20 min on ice, prior to centrifugation of the 
nuclear lysates at 10,000 x g for 3 min at 4˚C. Supernatants 
containing the solubilized nuclear proteins were collected, and 

Figure 1. Iron levels in activated microglial cells. (A) The level of intracellular iron level was determined based on a calcein assay. Microglial cells were 
plated in 96‑well plates. After 24 h, the medium was removed and replaced with freshly prepared serum‑free medium containing the indicated reagents. After 
4 and 24 h, the cells were incubated with 1 µM calcein acetoxymethyl at 37˚C for 30 min, after which excess calcein was removed with a phosphate‑buffered 
saline wash. Fluorescence intensity was measured at 485 nm excitation and 538 nm emission using a microplate reader. (B and C) Effect of (B) VPA and 
(C) iron on the viability of BV2 microglial cells. BV2 cells were incubated with VPA or iron at the indicated concentrations. After 24 h of treatment, viability 
was measured by MTT assay. *P<0.05 and **P<0.01 vs. control. VPA, valproic acid; LPS, lipopolysaccharide; FCA, ferric citrate ammonium; RFU, relative 
fluorescence units.

Figure 2. Effect of VPA on (A) NO2
‑ and (B) IL‑1β (B) levels in iron‑rich cultures of activated microglia. Microglial cells were plated in 24‑well plates. After 

24 h of the indicated treatments, the supernatants were collected and assayed for NO and IL‑1β production using Griess reagent and ELISA, respectively. 
**P<0.01 vs. control; ##P<0.01 vs. LPS + iron. VPA, valproic acid; NO2

‑, nitrite; IL‑1β, interleukin 1β; LPS, lipopolysaccharide; FCA, ferric citrate ammonium.
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the quantity of NF‑κB in the nuclear fractions was measured 
with a NF‑κB p65 ELISA kit, (cat. no. ab176647; Abcam, 
Cambridge, UK) according the manufacturer's instructions.

Statistical analysis. All results were expressed as the 
mean ± standard error of the mean from at least three indepen-
dent experiments performed in triplicate. Multiple comparisons 
of data were performed using by one‑way analysis of vari-
ance followed by Bonferroni post‑hoc tests. The analyses 
were conducted using SigmaStat software version 3.5 (Systat 
Software, Inc., San Jose, CA, USA). P<0.05 was considered to 
indicate statistical significance.

Results

Iron‑rich microglial cells. The present study first aimed to 
mimic the intracellular iron loading of activated microglial 
cells observed in neurodegenerative diseases. The levels of 
intracellular iron were measured using calcein AM, taking 
decreased fluorescence intensity as indication of increased 
intracellular iron levels. As depicted in Fig. 1A, intracellular 
iron was detected in untreated cells at 4 and 24 h. These 
intracellular iron levels were increased at 4 h and 24 h on 
treatment with iron (300 µg/ml; both P<0.05). If the cells were 
supplemented with iron during LPS treatment, intracellular 
iron levels increased marginally above the levels observed 
for iron treatment alone. These results demonstrated that the 
addition of iron to the microglial medium is sufficient to cause 
intracellular iron accumulation in microglial cells.

Effects of VPA and iron on the viability of BV2 cells. To 
determine the potential cytotoxic effect of VPA and iron 
on BV2 microglial cells, the cells were treated with various 
concentrations (0‑3.2 mM) of VPA or iron (0‑300 µg/ml). 
After 24 h of treatment, cell viability was evaluated by MTT 

assay. The results indicted that VPA at concentrations up to 
1.6 mM (Fig. 1B) and iron at concentrations up to 300 µg/ml 
(Fig. 1C) were non‑toxic against BV2 cells with respect to the 
untreated controls. Therefore, the highest non‑toxic concen-
tration of VPA (1.6 mM) and 300 µg/ml iron were used in 
subsequent assays.

VPA attenuates NO and IL‑1β production in iron‑rich 
activated microglia. To determine the effect of VPA on NO 
production in iron‑rich activated microglia, BV2 cells were 
challenged with 1 µg/ml LPS in the presence or absence of 
300 µg/ml iron and/or 1.6 mM VPA for 24 h. NO2

‑ levels in 
the cell culture media were subsequently determined. As 
presented in Fig. 2A, the addition of iron or VPA had no effect 
on baseline NO2

‑ level. However, when cells were treated with 
LPS in the presence of iron, NO2

‑ production was significantly 
increased when compared with that of the untreated controls 
(P<0.01). More notably, when the cells were treated with LPS 
and iron in the presence of VPA, NO2

‑  levels were signifi-
cantly reduced when compared with LPS + iron treatment 
alone (P<0.01).

Similar to NO production, when cells were treated with 
LPS in the presence of iron, IL‑1β levels significantly increased 
compared with that in the untreated controls (P<0.01); IL‑1β 
levels also significantly decreased when the cells were treated 
with LPS and iron in the presence of VPA when compared 
with LPS + iron treatment alone (P<0.01; Fig. 2B).

VPA attenuates gene expression of iNOS and IL‑1β in iron‑rich 
activated microglia. To determine if VPA affects microglial 
NO and IL‑1β production at the transcription level, iNOS and 
IL‑1β mRNA expression in BV2 cells was assessed at 6 h 
under the conditions indicated in Fig. 3A and B, respectively. 
Treatment with VPA was identified to significantly decrease 
the mRNA expression of iNOS and IL‑1β in LPS‑treated cells 

Figure 3. Effect of VPA on (A) iNOS and (B) IL‑1β mRNA expression in iron‑rich cultures of activated microglia. Microglial cells were plated in 24‑well 
plates. After 6 h of the indicated treatments, mRNA was isolated and iNOS and IL‑1β gene expression were assayed by semi‑quantitative reverse transcription 
polymerase chain reaction. **P<0.01 vs. control; ##P<0.01 vs. LPS + iron. VPA, valproic acid; iNOS, inducible nitric oxide synthase; IL‑1β, interleukin 1β; LPS, 
lipopolysaccharide; FCA, ferric citrate ammonium; DAU, densitometry arbitrary unit.
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in the presence of iron, with respect to LPS + iron treatment 
alone (both P<0.01). These results suggest that VPA inhibits 
NO2

‑  and IL‑1β production by downregulating iNOS and 
IL‑1β mRNA expression respectively.

Effects of VPA on NF‑κB nuclear translocation in iron‑rich 
activated microglia. To determine the effect of VPA on NF‑κB 
nuclear translocation in iron‑rich activated microglia, levels 
of the NF‑κB p65 subunit in the nuclei of activated BV‑2 
microglia were assessed by immunofluorescence microscopy. 
As depicted in Fig. 4A, NF‑κB p65 was mainly localized to the 
cytoplasm of untreated cells. Exposing BV‑2 microglia to LPS 
with iron increased the nuclear localization of NF‑κB p65; 
while treatment with VPA blocked NF‑κB nuclear transloca-
tion in the iron‑rich activated microglia.

Consistent with the results from the immunofluorescence 
assay, quantification of nuclear NF‑κB p65 by ELISA demon-
strated that the treatment of BV‑2 microglia with LPS and iron 
significantly increased the nuclear localization of NF‑κB p65, 
compared with that in untreated cells (P<0.01); however, VPA 
treatment significantly reduced NF‑κB nuclear localization in 
the iron‑rich activated microglia (P<0.01; Fig. 4B).

Discussion

Dysregulation of iron homeostasis leads to the production of 
neurotoxic substances and reactive oxygen species, resulting 
in iron‑induced oxidative stress (4). Elevated levels of iron 
is a pathological hallmark of AD, a disease in which iron 
accumulates abnormally in microglia (3,5). Although little 
is known about the role of iron in microglial function, a 
previous study by our group demonstrated that the addition 
of iron to cultures of LPS‑activated microglia lead to intra-
cellular iron accumulation and alteration of gene expression 
and function (6). In the present study, an in vitro model of 
iron‑loaded activated microglia was established using the 
mouse microglial cell line BV2. The concentration of iron 
used in this study was approximately the concentration of 
iron observed in amyloid plaques in AD (27). This concen-

tration was not toxic to the cells, as determined from the 
cell viability assay. Furthermore, the addition of iron to the 
medium, in the presence of LPS, was sufficient to generate 
iron‑rich activated microglia resembling the iron‑laden 
phenotype of activated microglia in many neurodegenerative 
diseases  (5,6). With this model, it was demonstrated that 
NO and IL‑1β production, as well as the transcript levels of 
iNOS and IL‑1β, were significantly increased compared with 
untreated control levels. Notably, with this model it was also 
demonstrated that VPA treatment decreased NO and IL‑1β 
production by decreasing the mRNA expression of iNOS 
and IL‑1β in LPS‑activated microglial cells under iron‑rich 
conditions. NF‑κB is among the transcription factors that 
serve a critical role in regulating inflammatory mediators 
and inflammatory cytokines  (20). Under normal physi-
ological conditions, NF‑κB is localized in the cytosol, bound 
by members of the IκB family of inhibitory proteins (28). 
On stimulation with specific inducers, including LPS or 
TNF‑α, the IκB kinase complex is activated, which in turn 
phosphorylates IκB, triggering its degradation by the protea-
some and allowing free NF‑κB to translocate to the nucleus 
and activate gene expression of proinflammatory genes 
including iNOS and IL‑1β (20,29‑31). In the present study, it 
was demonstrated that microglial activation under iron‑rich 
conditions increased the level of NF‑κB nuclear transloca-
tion, which was suppressed following VPA treatment. 
However, the mechanisms by which VPA reduced the level of 
NF‑κB nuclear translocation under iron‑rich conditions were 
not determined, and require investigation in future studies. 
Furthermore, the lack of an LPS group was a limitation, as 
there was no comparison with activated microglia alone as 
untreated controls.

In conclusion, the present results indicate that VPA treat-
ment decreases NO and IL‑1β production and iNOS and IL‑1β 
mRNA expression by suppressing NF‑κB nuclear translocation 
in LPS‑activated microglia under iron‑rich conditions. These 
findings suggest that VPA may be used as a therapy for inhib-
iting the inflammation that occurs under the iron‑rich conditions 
observed in neurodegenerative diseases such as PD and AD.

Figure 4. Effect of VPA on NF‑κB nuclear translocation in LPS‑treated cultures of BV‑2 microglia. BV‑2 cells were activated using LPS, and simultaneously 
treated with iron in the presence or absence of VPA as indicated. After 4 h of treatment, nuclear NF‑κB in the cells was measured by (A) immunofluorescence 
microscopy (magnification, x400; scale bars, 10 µm) and (B) ELISA. **P<0.01 vs. control; ##P<0.01 vs. LPS + iron. VPA, valproic acid; NF‑κB, nuclear 
factor‑κB; LPS, lipopolysaccharide; FCA, ferric citrate ammonium.
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