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Abstract

Background: Fibroblast growth factor 21, a novel regulator of glucose and lipid metabolism, has robust protective properties 
in neurons. However, its expression and function in glia are unknown. Valproic acid, a mood stabilizer and anticonvulsant, 
is a histone deacetylase inhibitor and a dynamic gene regulator. We investigated whether histone deacetylase inhibition by 
valproic acid and other inhibitors upregulates fibroblast growth factor 21 expression and, if so, sought to identify the histone 
deacetylase isoform(s) involved and their role in altering glial cell morphology.
Methods: C6 glioma or primary cortical glial cultures were treated with histone deacetylase inhibitors, and fibroblast growth 
factor 21 levels and length of cell processes were subsequently measured. Histone deacetylase 1, 2, or 3 was also knocked down to 
detect which isoform was involved in regulating fibroblast growth factor 21 mRNA levels. Finally, knockdown and overexpression 
of fibroblast growth factor 21 were performed to determine whether it played a role in regulating cell process length.
Results: Treatment of C6 cells or primary glial cultures with valproic acid elevated fibroblast growth factor 21 mRNA levels, 
extended cell process length, and markedly increased acetylated histone-H3 levels. Other histone deacetylase inhibitors 
including pan- and class I-specific inhibitors, or selective knockdown of histone deacetylase 2 or 3 isoform produced similar 
effects. Knockdown or overexpression of fibroblast growth factor 21 significantly decreased or increased C6 cell process 
length, respectively.
Conclusions: In glial cell line and primary glia, using pharmacological inhibition and selective gene silencing of histone 
deacetylases to boost fibroblast growth factor 21 mRNA levels results in elongation of cell processes. Our study provides a 
new mechanism via which histone deacetylase 2 and 3 participate in upregulating fibroblast growth factor 21 transcription 
and extending process outgrowth in glia.
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Introduction
Fibroblast growth factor 21 (FGF21) is a recently discovered met-
abolic regulator for glucose and lipids (Canto and Auwerx, 2012; 
Zhao et al., 2012; Li and Tang, 2015). Systemic injection of FGF21 

into diabetic or overweight rodents was found to both improve 
insulin sensitivity and reduce weight via an interaction between 
FGF21 receptors and coreceptor β-Klotho (Ogawa et al., 2007; Ding 
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et al., 2012; Yie et al., 2012; Itoh, 2014). FGF21 expression can be 
induced by fasting (Mai et al., 2009; Archer et al., 2012), exercise 
(Berglund et al., 2010), cold (Muise et al., 2008; Hondares et al., 
2011; Fisher et al., 2012), activators of PPAR-α or γ (Inagaki et al., 
2007; Muise et al., 2008), the antidiabetic drug metformin, or the 
antihigh cholesterol drug fenofibrate (Oishi et al., 2008; Nygaard 
et al., 2012; Ong et al., 2012). In addition, FGF21 has been shown 
to promote endothelial cell-mediated angiogenesis (Inagaki 
et al., 2007; Yaqoob et al., 2013, 2014; Cao, 2014) and extend life 
span in mice (Zhang et al., 2012b). Recent studies also found that 
FGF21 plays a role in the brain or between the brain and sys-
temic organs. For instance, intracerebral ventricular injection of 
recombinant FGF21 in rats increases hepatic insulin sensitivity 
and metabolic rate in diet-induced obesity (Sarruf et al., 2010). 
Prolonged fasting maintains glucose homeostasis through the 
brain-liver axis (Liang et  al., 2014), while starvation induces 
FGF21 to act directly on the brain to lower insulin (Bookout et al., 
2013) and suppress ovulation via a liver-neuroendocrine signal-
ing pathway (Owen et al., 2013). FGF21 also has protective effects 
against various insults, including diabetes-induced cardiac cell 
death (Zhang et al., 2012a), glutamate-induced death of rat pri-
mary brain neurons (Leng et al., 2015), cardiac hypertrophy in 
mice (Planavila et  al., 2013), sepsis toxicity in leptin-deficient 
ob/ob mice (Feingold et al., 2012), d-galactose-induced aging in 
mouse brain (Yu et al., 2015), and high glucose-induced damage 
and dysfunction in endothelial cells (Wang et al., 2014).

The pan-inhibitor valproic acid (VPA), which inhibits 
class  I  and IIa histone deacetylases (HDACs) (for review, see 
Chuang et al., 2009), is a first-line treatment drug for epilepsy (for 
review, see Chiu et al., 2013) and bipolar disorder (Cipriani et al., 
2013). By re-modeling chromatin structure, VPA increases chap-
erone proteins such as heat-shock protein-70 (Ren et al., 2004; 
Marinova et al., 2009, 2011), glial cell line-derived neurotrophic 
factor (Wu et  al., 2008), α-synuclein (Leng and Chuang, 2006; 
Monti et  al., 2007), brain-derived neurotrophic factor (Yasuda 
et al., 2009), and vascular endothelial growth factor (Wang et al., 
2012). VPA treatment also leads to functional improvement in 
acute and chronic neurological disease models, such as stroke 
(Wang et al., 2011a, 2011b), Parkinson’s disease (Chen et al., 2007; 
Carriere et al., 2014), amyotrophic lateral sclerosis (Rouaux et al., 
2007; Boll et al., 2014), Alzheimer’s disease (Xuan et al., 2015), spi-
nal cord injury (Lee et al., 2012; Lv et al., 2012; Su et al., 2014), and 
Huntington’s disease (Zadori et al., 2009; Chiu et al., 2011). Other 
HDAC inhibitors that are structurally similar to VPA, including 
sodium butyrate (SB) and phenylbutyrate (PB), are also shown 
to have neuroprotective properties in primary brain neurons 
(Leng et al., 2008), to mitigate ischemia-induced brain damage 
by inducing neurogenesis and oligodendrogenesis (Kim et  al., 
2009; Kim and Chuang, 2014), to improve learning and memory 
via brain-derived neurotrophic factor-dependent mechanisms 
(Intlekofer et al., 2013), and to upregulate DJ-1 protein, thereby 
protecting neurons in animal models of Parkinson’s disease 
(Zhou et al., 2011). Vorinostat (SAHA) and trichostatin A  (TSA), 
which are also pan-HDAC inhibitors though structurally dissim-
ilar to VPA, exhibit similar benefits in spinal muscular atrophy 
disease (Hauke et al., 2009) and improve learning and memory in 
mice (Sharma et al., 2015) via hyper-acetylation of histone pro-
tein to remodel chromatin.

Our laboratory recently reported that cotreatment of pri-
mary brain neurons with the mood stabilizers VPA and lithium 
synergistically upregulates FGF21 expression; this induction is 
mediated by the inhibition of HDACs and glycogen synthase 
kinase-3 for VPA and lithium, respectively (Leng et  al., 2015). 
We also demonstrated that activation of the cell survival factor 

Akt-1 occurs upstream and downstream of FGF-21 and that 
both protein molecules are involved in the synergistic neuro-
protective effects of VPA/lithium cotreatment in aging primary 
neurons (Leng et al., 2015). Interestingly, treatment of primary 
neurons with lithium produces small but significant effects on 
FGF21 expression, while VPA and other related HDAC inhibitors 
alone are ineffective in inducing FGF21. Despite these findings, 
the mechanism underlying regulation of FGF21 expression and 
function in brain glial cells remains unknown.

In the central nervous system (CNS), glial cells (also known 
as glia or neuroglia) are classified as microglia and macroglia; 
the latter include astrocytes, oligodendrocytes, and ependy-
mal cells (Dong and Benveniste, 2001; Newman, 2003a). Glia are 
critically involved in a wide variety of neurophysiological pro-
cesses. For example, astrocytes participate in repairing brain 
traumatic injuries (Newman, 2003b; Abbott et  al., 2006; Burda 
et al., 2015), maintaining cellular ion balance (Obara et al., 2008), 
delivering nutrition to other cells (Harder et al., 2002), preserv-
ing the integrity of the blood-brain barrier (Gabryel et al., 2015), 
mediating neural circuitry (Khakh and Sofroniew, 2015), and 
protecting against CNS neuroinflammation (Sofroniew, 2015). 
Dysfunctional astrocytes are believed to be involved in the 
pathophysiology of bipolar disorder (Hercher et al., 2014), major 
depression (Altshuler et al., 2010; Nagy et al., 2015), autism spec-
trum disorder (Aida et  al., 2015), and schizophrenia (Williams 
et al., 2013).

C6 glioma cells (C6 cells), a line originated from glial tumor 
in rat brain (Benda et  al., 1968), exhibit astrocyte-like proper-
ties (Parker et al., 1980; Takanaga et al., 2004; Quincozes-Santos 
et al., 2013) and are widely used as an astrocytic cell line to study 
the function and regulation of brain astrocytes. This study used 
C6 cells and primary astrocyte-enriched glial cultures to inves-
tigate the effects of VPA and other HDAC inhibitors on FGF21 
expression and to identify the HDAC isoform(s) involved in these 
effects. We also investigated morphological changes in glial cells 
associated with FGF21 overexpression.

Methods

C6 Glioma Cell Cultures

C6 cells (American Type Culture Collection, Manassas, VA), with 
a passage number of 45, were cultured in Dulbecco’s Modified 
Eagle’s Medium supplemented with 10% fetal bovine serum and 
incubated at 37°C in a humidified atmosphere containing 5% CO2 
and 95% air. Cells grown in 60-mm plates to 60% to 70% conflu-
ence were treated with mood stabilizers VPA, lithium, lamotrig-
ine, carbamazepine, and HDAC inhibitors SB, PB, MC1568 (MC), 
SAHA, TSA, entinostat (MS275), apicidin, mocetinostat (Moce), or 
romidepsin (FK228) for 24 hours and then harvested for FGF21 
mRNA analysis (VPA, lithium, lamotrigine, carbamazepine, SB, 
PB, SAHA, and TSA obtained from Sigma-Aldrich; MS275, apici-
din, Moce, and FK228 obtained from Selleckchem). Cells grown 
on 25-mm circular glass cover slips were treated with the above 
drugs for 24 hours and stained with 0.5 μM calcein AM (Thermo 
Fisher Scientific), which emits a green color for live cell staining, 
and 5 μg/ml Hoechst 33258 (Sigma-Aldrich), which yields a blue 
color for cell nuclear staining (Zhu et al., 2002).

Primary Cortical Glial Cultures

All animal research was conducted according to the National 
Institutes of Health (NIH) Guidelines for the Care and Use of 
Laboratory Animals and according to procedures approved by 
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the NIH Animal Care and Use Committee. Cerebral cortices were 
dissected from 18-day-old Sprague Dawley rat embryos as previ-
ously described (Marinova et al., 2011; Leng et al., 2015). Briefly, 
cortices were mechanically dissociated and seeded in neuroba-
sal growth medium (Thermo Fisher Scientific) supplemented 
with 15% fetal bovine serum on poly-D-lysine precoated 100-
mm culture dishes or 25-mm circular glass cover slips. After 
10 days in vitro, the culture consisted of a nearly neuron-free 
glial population, as verified by NeuN and MAP-2 antibody stain-
ing for neurons (data not shown). At approximately 60% to 70% 
confluence, cells were treated with VPA or other HDAC inhibitors 
for different experimental purposes.

Measurement and Analysis of Cell Process Length

C6 cells cultured on 25-mm cover slips were treated with the 
indicated drugs and then stained with the fluorescent dyes cal-
cein AM and Hoechst 33258 to assess the length of cell processes 
as previously described (Howard et al., 2013). After photography 
with a 20× objective on a Zeiss LSM780 confocal microscope, the 
length of the processes was measured using ImageJ Software. 
Ten images of the processes in each condition were analyzed to 
obtain the total average length.

Total RNA Extraction and Real-Time Quantitative 
Polymerase Chain Reaction (qPCR)

Total RNA from cells was collected using the RNeasy Mini kit 
(QIAGEN). Each purified RNA sample (2 μg) was reverse-tran-
scribed into cDNA following the instructions provided by a 
High Capacity cDNA Archive kit (Thermo Fisher Scientific). The 
reaction proceeded for 10 minutes at 25°C, 120 minutes at 37°C, 
and 5 minutes at 85°C.  qPCR was performed using Fast Start 
Universal Probe master mix (Roche Applied Science) and FGF21, 
HDAC1, HDAC2, and HDAC3 gene expression assays (Integrated 
DNA Technologies). Negative controls without reverse tran-
scriptase were included in each assay. qPCR reactions were run 
for 2 minutes at 50°C, 10 minutes at 95°C, 40 cycles of 15 seconds 
at 95°C, and 1 minute at 60°C. The 2–ΔΔCt method was used to cal-
culate mRNA expression levels, where Ct = cycle threshold num-
ber, ΔCt = β-actin Ct–target gene Ct, ΔΔCt = ΔCt control – ΔCt treated 
cells, and the mRNA level of each sample was quantified relative 
to matched vehicle-treated controls with β-actin as the internal 
reference.

Western Blotting

C6 cells or cortical glial cultures grown on 60- or 100-mm dishes 
were detached by scraping in protein lysis buffer and then son-
icated for 30 seconds (Leng et  al., 2008). Protein concentration 
was determined with a BCA protein assay kit (Thermo Fisher 
Scientific). Aliquots containing equal amounts of protein (20 μg) 
from each sample were mixed with NuPAGE LDS sample buffer 
(Thermo Fisher Scientific), loaded into a 4% to 12% NuPAG Bis-Tris 
gel, and then subjected to electrophoresis. After separation, pro-
teins were transferred to a nitrocellulose membrane, which was 
then incubated overnight at 4°C with a primary antibody against 
acetylated histone-H3 (AC-H3) Lys 9 and 14 (1:2000, Millipore), 
β-actin, acetylated tubulin (Ac-Tubulin), and total tubulin 
(1:10 000; Sigma-Aldrich), as well as FGF21 (1:1000, Aviscera 
Bioscience) in 0.1% Tween-20/phosphate-buffered saline (PBS), 
and then with an IRDye secondary antibody (1:10 000; LI-COR 
Biosciences). Reactive bands were scanned and analyzed by the 
Odyssey Infrared Imaging System (LI-COR Biosciences).

Specific mRNA Knockdown by Small Hairpin RNA 
(shRNA) and Selection of Consistent Transduced 
Cell Lines

C6 cells were transduced with lentivirus-mediated particles 
of pLKO.1-puro shRNA-control (sh-cont), shRNA-HDAC1 (sh-
HDAC1), shRNA-HDAC2 (sh-HDAC2), shRNA-HDAC3 (sh-HDAC3), 
or shRNA-FGF21 (sh-FGF21) according to the manufacturer’s 
protocol (Sigma-Aldrich). After 2  days, puromycin was added 
(6  μg/mL) to select virally transduced cells, and 7  days later 
cells were subcultured for different experimental purposes. The 
shRNA sequences for each of the targeted genes are shown in 
supplementary Table 1.

Lentivirus-Mediated FGF21 Overexpression

C6 cells were transduced with scramble control (Scramble) or len-
tivirus-mediated overexpressed FGF21 (FGF21 Overexpression) 
particle into which mCherry was inserted into the vector 
(GeneCopoeia) to yield a red color. Two days later, puromycin 
(1  μg/mL) was added to select transduced cells. After growing 
to 80% to 90% confluence, selected C6 cells were further sub-
cultured on 60-mm dishes for western blotting to confirm pro-
tein levels of overexpressed FGF21 or onto 25-mm circular glass 
cover slips for studying cell process length.

Immunofluorescence Staining

Astrocyte-enriched primary cortical glia cultured on cover slips 
were washed with 1× PBS, then fixed with 4% paraformaldehyde 
(FD Neurotechnologies) for 20 minutes at room temperature, 
blocked with 5% goat serum for 60 minutes, and then incubated 
overnight at 4°C with anti-glial fibrillary acidic protein (GFAP) 
polyclonal antibody (1:5000, abcam) (Leng et al., 2015). After fur-
ther washing with PBS, cells were incubated for 2 hours with 
Alexa Fluor 594-conjugated secondary antibody (1:200; Thermo 
Fisher Scientific), then washed with PBS and incubated in 
Vectashield mounting medium with 4′,6-diamidino-2-phenylin-
dole (DAPI) (Vector Laboratories) to yield respective red and blue 
fluorescent images that were examined with a Zeiss LSM780 
confocal microscope.

Statistical Analyses

All analyses were performed using GraphPad Prism (GraphPad). 
Data are expressed as means ± SEM from at least 3 independent 
experiments unless otherwise specified. Statistical significance 
was analyzed by 2-tailed unpaired t tests as well as 1-way ANOVA 
and Bonferroni’s posthoc tests. P < .05 was considered significant.

Results

VPA Treatment Robustly Increased Levels of FGF21 
mRNA and Promoted Elongation of Cell Processes in 
C6 Glioma Cells

C6 cells in cultures were treated with 0, 1, 2, 3, or 5 mM of VPA 
for 1, 2, 3, or 5 days and then harvested for qPCR assay to detect 
FGF21 mRNA levels. After 1 day (24 hours) treatment with VPA, 
FGF21 mRNA levels were increased by approximately 4-fold 
at 1 mM, 8-fold at 3 mM, and 16-fold at 5 mM. After 5  days of 
treatment, 1 mM VPA induced a near 20-fold increase of FGF21 
mRNA and reached a 35-fold increase at 5 mM (Figure 1A). The 
effects of other mood stabilizers, namely, lithium, lamotrigine, 
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and carbamazepine, on FGF21 expression in C6 cells were also 
assessed. Lithium induced a weak (<2- to 3-fold) increase in FGF21 
mRNA levels at relatively high concentrations (5 and 10 mM) after 
24 hours incubation, while treatment with lamotrigine or carba-
mazepine in the range of 25 to 200 uM was ineffective (Figure 1B).

We also examined the effects of VPA on C6 cell morphol-
ogy. VPA at different concentrations was added to C6 cells, and 
after 24 hours the length of cell processes was evaluated (sup-
plementary Figure  1). Treatment with 3 mM VPA for 24 hours 
increased FGF21 mRNA level by approximately 9-fold (sup-
plementary Figure 1A). At this VPA concentration, the cell pro-
cess length was maximally increased by 6-fold. A higher fold 
of FGF21 mRNA upregulation induced by 5 or 7 mM VPA did 
not further increase the cell process length (supplementary 
Figure 1A-C), perhaps due to an “elongation saturation effect.” 
Therefore, C6 cells were treated with 3 mM of VPA for 1 day and 
then exposed to calcein AM and Hoechst 33258 dyes for live 
cell morphological studies. The average length of cell processes 
measured with ImageJ Software was increased by about 6-fold 
after VPA treatment compared with vehicle-treated control 
(Figure 1C-D).

Butyrate Derivatives Also Increased FGF21 mRNA 
Level in C6 Cells and Promoted Elongation of Cell 
Processes

SB and PB are pan-HDAC inhibitors structurally and biologi-
cally similar to VPA. We found that 24-hour treatment of C6 cells 
with SB dose-dependently upregulated FGF21 mRNA levels by 
approximately 5-fold at 1 mM and 15-fold at 5 mM. FGF21 mRNA 
upregulation reached approximately 12- and 30-fold after 3 days 
of treatment with 1 and 5 mM of SB, respectively (Figure  2A). 
A  longer duration of 5-day treatment produced even higher 
FGF21 mRNA increase. Treatment with PB for 1, 2, 3, or 5 days 
also had similar patterns on FGF21 mRNA increase compared 
with SB treatment (Figure  2A). We have also tested effects of 

MC, a purported HDAC class IIA inhibitor (Nebbioso et al., 2009; 
Lenoir et al., 2011). One-day treatment with MC dose-depend-
ently increased FGF21 mRNA level, and the effect was saturated 
at 10 to 20 µM (Figure 2B). C6 cells were then treated with 3 mM 
SB, 3 mM PB, or 10 µM MC for 1 day and subsequently exposed 
to calcein AM and Hoechst 33258. Cell processes were markedly 
elongated by approximately 6-fold after these treatments com-
pared with vehicle-treated control (Figure 2C-F).

Effects of Pan- and Class I-Specific HDAC Inhibitors 
on FGF21 mRNA Expression and Process Elongation 
in C6 Cells

SAHA and TSA inhibit HDAC class I and II and are structurally 
dissimilar to VPA (Chuang et al., 2009). Treatment of cells with 
SAHA (0.5–5 μM) for 24 hours dose-dependently elevated FGF21 
mRNA levels by 20-fold at 5 μM; treatment of cells with TSA (25–
200 nM) for 24 hours dose-dependently elevated FGF21 mRNA 
levels about 40-fold at 200 nM (Figure  3A). Parallel with these 
increases in FGF21 mRNA levels, the length of C6 processes was 
increased 6- to 7-fold by treatment with SAHA or TSA (Figure 3B-
C). Other HDAC inhibitors that preferentially inhibit the activ-
ity of HDAC1, 2, or 3 isoforms (e.g., MS275, apicidin, FK228, and 
Moce) (Chuang et al., 2009; Nural-Guvener et al., 2015) were also 
tested. After 24 hours of treatment at concentrations of 0.5 μM, 
all these inhibitors significantly increased FGF21 mRNA levels; 
at 5 μM the increases were about 30-, 120-, 250-, and 190-fold 
for MS275, apicidin, FK228, and Moce, respectively (Figure 3D). 
Process lengths were also markedly increased by these 4 inhibi-
tors (Figure 3E-F).

Effects of Pan- and Class I-Specific HDAC Inhibitors 
on Acetylation of Histone H3 and Tubulin

To assess the biological effects of pan-HDAC inhibitors (VPA, 
SB, SAHA, and TSA) and class  I-specific HDAC inhibitors 

Figure 1.  Treatment with valproic acid (VPA) sharply increased fibroblast growth factor 21 (FGF21) mRNA levels in a time- and concentration-dependent manner and 

markedly elongated process length in C6 glioma cells (C6 cells). (A) C6 cells were treated with 0, 1, 2, 3, or 5 mM VPA for the indicated number of days and harvested for 

FGF21 mRNA assay. (B) C6 cells were treated with indicated concentrations of lithium, lamotrigine, or carbamazepine for 24 hours and then harvested for FGF21 mRNA 

assay. (C) C6 cells were treated with vehicle or 3 mM VPA for 24 hours, then calcein AM (green staining) and Hoechst 33258 (blue staining) were added to live cells for 

30 minutes. Bar, 50 µm. (D) Quantified results of (C) from 10 random views of each condition. Arrow, elongated cell process. Data are means ± SEM, n = 3. *P < .05, **P < .01, 

***P < .001 compared with vehicle-treated control.
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(MS275, apicidin, FK228, and Moce) on HDAC activity, C6 cells 
were treated with various doses of these drugs for 24 hours, 
then harvested for western blotting of Ac-H3 and Ac-tubulin, 
a target of HDAC6. VPA, SB, SAHA, and TSA treatment all 
robustly increased Ac-H3 levels. Ac-tubulin levels were only 
increased by treatment with SAHA and TSA but were unaf-
fected by VPA and SB (Figure 4A-F). These results are consist-
ent with the notion that SAHA and TSA inhibit class  I  and 
class  II HDACs, while VPA and butyrates inhibit class  I  and 
class IIa HDACs but do not affect class IIb HDACs (e.g., HDAC6 
and 10) (reviewed in Chuang et al., 2009). Treatment of C6 cells 
with the class  I-specific HDAC inhibitors MS275, apicidin, 
FK228, and Moce all markedly elevated Ac-H3 levels without 
affecting Ac-tubulin levels in the concentration range tested 
(0.5–5 μM) (Figure 4G-L).

We also examined the effects of treatment with mood 
stabilizers on histone H3 and tubulin acetylation. Lithium 
(1–10 mM) did not significantly affect acetylation levels of these 
2 proteins after 1 day of treatment (supplementary Figure 2A). 
Carbamazepine (25–200  μM) treatment modestly increased 
Ac-H3 levels in a dose-dependent manner, with no effects on 
Ac-tubulin (supplementary Figure 2B). Lamotrigine significantly 
increased Ac-H3 levels at 50, 100, and 200  µM (supplementary 
Figure 2C-D) with no significant effect at 25 µM, consistent with 
our previous report that this mood stabilizer is a weak and indi-
rect HDAC inhibitor (Leng et al., 2013)

Knockdown of HDAC2 and 3, but not HDAC1, 
Significantly Increased FGF21 mRNA Levels and 
Promoted Elongation of Processes

Because the class I-specific HDAC inhibitors used in our study 
preferentially affect HDAC1, 2, and 3 isoforms, we used the lenti-
virus-mediated knockdown (gene silencing) method to identify 
HDAC isoform(s) involved in regulating FGF21 expression. C6 
cells were transduced with lentivirus-mediated particles of sh-
cont or various clones for sh-HDAC1, sh-HDAC2, or sh-HDAC3 
to determine which clone had the best knockdown efficiency 
(supplementary Figure  3). At 48 hours, puromycin was added 
to select virus-transduced cells. Among various clones exam-
ined, sh-HDAC1 #439, sh-HDAC2 #397, and sh-HDAC3 #389 were 
found to be most effective in knocking down HDAC1, HDAC2, 
and HDAC3 mRNA expression, respectively, compared with 
other clones tested (supplementary Figure  3). Moreover, the 
protein levels of these HDAC isoforms were knocked down by 
65%, 85%, and 70% with sh-HDAC1  #439, sh-HDAC2  #397, and 
sh-HDAC3  #389, respectively (supplementary Figure S4A-C). 
Therefore, these 3 clones were chosen for subsequent studies.

Cells transduced with HDAC2 #397 or HDAC3 #389 showed no 
effect on HDAC1 mRNA expression levels, in contrast to a robust 
knockdown with sh-HDAC1  #439 (Figure  5A). Cells transduced 
with sh-HDAC2  #397 showed selective knockdown on HDAC2 
mRNA levels, while HDAC1  #439 had no effect and HDAC3  #389 

Figure 2.  Treatment with sodium butyrate (SB), phenylbutyrate (PB), or MC1568 (MC) upregulated fibroblast growth factor 21 (FGF21) mRNA levels in C6 cells and signifi-

cantly increased cell process length. (A) C6 cells were treated with 0, 1, 2, 3, or 5 mM SB or PB for the indicated number of days and harvested for FGF21 mRNA assay. (B) 

C6 cells were treated with indicated concentrations of MC for 24 hours and harvested for FGF21 mRNA assay. C6 cells were treated with vehicle, 3 mM SB, or 3 mM PB 

in (C), or 10 µM MC in (E). After 24 hours, calcein AM and Hoechst 33258 were added to live cells for imaging studies. Bar, 50 µm. (D) and (F) are quantified results of the 

length of cell processes from 10 random views of each respective treatment condition. Arrows, elongated cell processes. Data are means ± SEM, n = 3. **P < .01, ***P < .001 

compared with vehicle-treated control.
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transduction unexpectedly increased HDAC2 mRNA levels 2-fold 
(Figure  5B). Cells transduced with HDAC1  #439 or HDAC2  #397 
had no effect on the HDAC3 mRNA expression levels as opposed 
to marked downregulation with sh-HDAC3  #389 (Figure  5C). 
Knockdown of HDAC1 had no effect on FGF21 mRNA levels, while 
knockdown of HDAC2 or 3 produced a nearly 8-fold and 3-fold 
increase, respectively (Figure 5D). Transduced C6 cells with sh-cont, 
sh-HDAC1, 2, and 3 were harvested for western blotting to detect 
Ac-H3 protein levels. Knockdown of each of these 3 isoforms sig-
nificantly increased Ac-H3 levels (Figure 5E-F). Notably, knockdown 
of HDAC2 or 3 significantly increased the length of processes, and 
this was not observed with HDAC1 knockdown (Figure 5G-H). Of 
interest, double knockdown of HDAC2 and 3 produced additive 
effects on both FGF21 mRNA and C6 cell process levels (supple-
mentary Figure 5A-C). In addition, VPA had a synergistic effect on 
FGF21 mRNA upregulation when used in conjunction with HDAC2 
or HDAC3 knockdown (supplementary Figure 5A).

Knockdown of FGF21 Significantly Decreased the 
Elongated Length of Processes

C6 cells were transduced with sh-cont or sh-FGF21 #373 particle 
for 2 days (Leng et al., 2015). Puromycin was then added to select 
lentivirus-transduced cells, which were then plated for treat-
ment with or without VPA for 24 hours. Compared to sh-cont, 
sh-FGF21 knocked down FGF21 mRNA levels by approximately 
80% (Figure 6A). The presence of 1 or 5 mM VPA did not increase 
FGF21 mRNA in these knockdown conditions. Importantly, 
FGF21 knockdown significantly reduced VPA-induced elonga-
tion of C6 cell processes (Figure 6B-C), indicating that FGF21 is a 
critical mediator.

Next, we performed studies of FGF21 overexpression in C6 gli-
oma cells. Lentivirus-mediated scramble control or FGF21 over-
expression particle with mCherry inserted into the plasmid was 
transduced into C6 cells; 2 days later puromycin was added to kill 
nontransduced cells. After subculturing, cells were harvested for 
western blotting to confirm that FGF21 was overexpressed in C6 
cells (Figure 6D). FGF21 overexpression showed an approximately 
2.5-fold increase in process length in these cells (Figure 6E-F).

HDAC Inhibitors Upregulated FGF21 mRNA Levels 
and Promoted Elongation of Processes in Rat 
Primary Glial Cultures

Because C6 cells are generally considered to be an astro-
cytic cell line, we next studied the effects of HDAC inhibi-
tors in astrocyte-enriched primary cortical glial cultures. Rat 
primary cortical glia were cultured to 50% confluency and 
then stained for anti-GFAP antibody to detect the percentage 
of astrocytes in the glia. Approximately 60% to 70% of the 
total glial cells were shown to be GFAP-positive astrocytes 
(Figure 7A). Rat primary glial cultures were treated with vari-
ous concentrations of VPA for 24 hours and then harvested to 
assess FGF21 mRNA levels. Similar to the effects in C6 cells, 
VPA dose-dependently increased FGF21 mRNA levels with a 
significant effect at 1mM and a 7-fold elevation at 5 mM in 
primary glia (Figure  7B). VPA treatment did not alter FGF21 
mRNA levels in rat primary cerebellar granule cells nor in 
cortical neurons (supplementary Figure  6). Treatment with 
SB (5 mM), SAHA (5 μM), or TSA (100 nM) induced a respective 
3-, 7-, or 10-fold increase in FGF21 mRNA levels (Figure 7C). 
Western blotting revealed that protein levels of FGF21 and 

Figure 3.  Treatment with vorinostat (SAHA), trichostatin A (TSA), entinostat (MS275), apicidin, romidepsin (FK228), or mocetinostat (Moce) upregulated fibroblast growth 

factor 21 (FGF21) mRNA levels in C6 cells and significantly increased process length. C6 cells were treated with the indicated concentrations of SAHA or TSA in (A); MS275, 

apicidin, MK228, or Moce in (D) for 24 hours and harvested for FGF21 mRNA assay. C6 cells were treated with 5 μM SAHA or 100 nM TSA in (B); 5 μM MS275, 1 μM apicidin, 

1 μM FK228, or 1 μM Moce in (E) for 24 hours, and images were taken for calculation of process length. Bars, 50 µm. (C) and (F) are quantified results from 10 random 

views of each condition in B and E, respectively. Arrows, elongated cell processes. Data are means ± SEM, n = 3. *P < .05, ***P < .001 compared with vehicle-treated control.

http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyw035/-/DC1
http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyw035/-/DC1
http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyw035/-/DC1
http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyw035/-/DC1
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Ac-H3 were elevated by treatment with VPA, SB, SAHA, or TSA 
for 48 hours, while Ac-tubulin levels were increased only by 
SAHA and TSA (Figure 7D). Staining of primary cortical glial 
cultures with anti-GFAP showed that the astrocytic processes 
were markedly elongated after treatment with VPA or SAHA 
(Figure 8A-B).

Discussion

This study is the first to demonstrate that mRNA levels of the 
novel metabolic regulator FGF21 can be robustly increased in 
C6 glioma cells and astrocyte-enriched primary cortical glial 
cells by treatment with VPA, a well-known mood stabilizer 
and anticonvulsant that is also a pan-HDAC inhibitor affecting 
class  I  (HDAC1, 2, 3, 8) and class  IIa (HDAC4, 5, 7, 9)  (Figure 1). 
Comparable FGF21 mRNA upregulation was observed by treat-
ing these cells with the structurally similar pan-HDAC inhibi-
tors SB and PB, or with the structurally dissimilar pan-HDAC 
inhibitors SAHA and TSA (Figures 2 and 3). FGF21 mRNA upregu-
lation was associated with a marked increase in the length of 
neurite-like processes. Lentivirus-mediated shRNA knockdown 
of FGF21 largely reduced VPA-induced process elongation, while 
FGF21 overexpression increased process length (Figure 6). These 
results suggest that FGF21 is a critical molecule mediating VPA-
induced elongation of astrocytic processes. Our study provides 
additional evidence that FGF21 is not merely a factor affecting 

glucose and lipid metabolism in the peripheral systems; rather, 
its expression can be induced in brain cells including both neu-
rons and glia with important neurobiological consequences. 
The robust increase in FGF21 mRNA levels in glia observed here 
is most likely due to hyper-acetylation of histone at the FGF21 
promoter following treatment with VPA or other HDAC inhibi-
tors. Notably, HDAC inhibition alone did not upregulate FGF21 in 
primary neurons (Leng et al., 2015), suggesting that there may be 
fundamental differences in the epigenetic regulation of FGF21 
promoter activity between neurons and glial cells.

A number of HDAC inhibitors specific for HDAC1, 2 and 3 
isoforms (MS275, apicidin, FK228, and Moce) were also found to 
strongly affect FGF21 mRNA upregulation, process extension, 
and Ac-H3 increase (Figures 3 and 4). shRNA-mediated knock-
down experiments identified HDAC2 as the primary isoform 
involved in regulation of these biological effects with a lesser role 
of HDAC3 and no effect of HDAC1 (Figure 5). Future experiments 
using ChIP assay to determine the binding of HDAC2 and 3 on the 
FGF21 promoter will shed light on the mechanisms underlying 
HDAC2 and 3-mediated inhibition of FGF21 mRNA expression. 
Interestingly, an HDAC class  IIA inhibitor MC also upregulated 
FGF21 mRNA and cell process length in the micro-molar dose 
range (Figure 2B,F). HDAC class IIA consists of HDAC4, 5, 7, and 
9. Future experiments will be necessary to determine whether 
these biological effects of MC are indeed mediated by inhibition 
of HDAC IIA and, if so, the isoform involved. It is interesting that 
the maximal increase in the length of cell process was about 

Figure 4.  Treatment with valproic acid (VPA), sodium butyrate (SB), MS275, apicidin, FK228, or mocetinostat (Moce) increased acetylated histone-H3 (Ac-H3), but not 

acetylated tubulin (Ac-tubulin) protein levels, while treatment with vorinostat (SAHA) or trichostatin A (TSA) increased both Ac-H3 and Ac-tubulin protein levels. C6 

cells were treated with indicated concentrations of VPA (A), SB (B), SAHA (D), TSA (E), MS275 (G), apicidin (H), FK228 (J), or Moce (K) for 24 hours. Cells were then lysed and 

processed for detection of Ac-H3, β-actin, Ac-tubulin, and total tubulin protein levels. Respective quantified data of Ac-H3 and Ac-Tubulin in each treatment condition 

are shown in (C), (F), (I), and (L). Quantified data are means ± SEM, n = 3.
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6- to 8-fold, regardless of the diverse degree of the increase in 
FGF21 mRNA induced by various HDAC inhibitors including VPA, 
SB, PB, SAHA, TSA, MS275, apicidin, FK288, Moce, and MC. Based 
on the data in this report, we suggest that an elevation of FGF21 
mRNA of approximately 10-fold by various inhibitors is suffi-
cient to induce a maximal increase in the length of cell process, 
and an additional increase in FGF21 mRNA fails to further elon-
gate cell processes, as the effect has been saturated.

It should be noted that the extent of FGF21 upregulation 
and process elongation induced by HDAC2 or HDAC3 knock-
down was considerably smaller than those induced by phar-
macological treatment (Figures 1–5). These observations may be 
attributed to incomplete knockdown of HDAC isoforms or, alter-
nately, may suggest that concurrent inhibition of other HDAC 
isoforms may potentiate the biological effects resulting from 
HDAC2 or HDAC3 inhibition. Other studies noted that HDAC2 
knockout mice showed improved memory in a mouse model of 
Alzheimer’s disease (Guan et al., 2009). Conversely, mice over-
expressing HDAC2, but not HDAC1, exhibit impaired memory in 
conjunction with decreased dendrite spine density and synap-
tic formation in the hippocampus. HDAC2 also appears to nega-
tively regulate synaptic plasticity by binding to the promoters 

of a spectrum of genes involved in neuronal activity to sup-
press their expression (Guan et  al., 2009). Selective knockout 
of HDAC2 in forebrain neurons was also reported to improve 
working memory and accelerate extinction learning (Morris 
et  al., 2013). HDAC2 inhibition also appears to be involved in 
the antidepressant-like effects of SB (Han et al., 2014). Higher 
HDAC2-mediated histone modifications in the amygdala are 
thought to predispose individuals to anxiety and alcohol-
ism (Moonat et  al., 2013). In addition, HDAC2 regulates atypi-
cal antipsychotic responses via mGlu2 promoter modulation 
(Kurita et al., 2012), suggesting that HDAC2 is a promising new 
target for schizophrenia treatment.

The importance of the interactions between glia and neu-
rons is increasingly recognized (Araque et  al., 1999; Perea 
et al., 2009). The term tripartite synapse refers to the structure 
formed by pre- and postsynapses and the process branches 
of astrocytes. Under electron microscopy, astrocyte processes 
were found to wrap the spine synapses of neurons (Khakh and 
Sofroniew, 2015; Verkhratsky et  al., 2015). The robust FGF21-
dependent elongation of astrocytic processes observed in our 
study suggests that these may enhance interactions with neu-
rons and promote tripartite synapse formation as well as other 

Figure 5.  Knockdown of histone deacetylase 2 (HDAC2) or HDAC3, but not HDAC1, increased fibroblast growth factor 21 (FGF21) mRNA levels and promoted elongation of 

cell processes in C6 cells. C6 cells transduced with sh-cont, sh-HDAC1, sh-HDAC2, or sh-HDAC3 were plated on dishes, and harvested at 80% to 90% confluency for RNA 

or protein detection. HDAC1, 2, or 3 mRNA levels were detected as shown in (A), (B), or (C), respectively. FGF21 mRNA levels after each knockdown condition are shown 

in (D). Western blots of Ac-H3 and β-actin in each knockdown condition are shown in (E), and their quantified data are in (F). At 50% confluence, calcein AM and Hoechst 

33258 were added to shRNA (sh)-control (sh-cont), sh-HDAC1-, sh-HDAC2-, or sh-HDAC3-transduced live C6 cells. Images were taken by confocal microscopy as shown 

in (G) and quantified as shown in (H). Bar, 50 µm. Arrows, elongated cell processes. Data are means ± SEM, n = 3. *P < .05, **P < .01, ***P < .001 compared with sh-cont groups.
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Figure 6.  Valproic acid (VPA)-induced upregulation of fibroblast growth factor 21 (FGF21) mRNA levels and increased length of cell processes were significantly abol-

ished by knock-down of FGF21, while overexpression of recombinant FGF21 boosted the length of cell processes in C6 cells. C6 cells with transduced shRNA (sh)-control 

(sh-cont), or sh-FGF21 #373 were treated with 1 or 5 mM VPA for 24 hours and harvested for detection of FGF21 mRNA levels as shown in (A). Transduced C6 cells were 

treated with 3 mM VPA for 24 hours, cell processes were imaged by adding calcein AM and Hoechst 33258 as shown in (B) and quantified as shown in (C). C6 transduced 

with scramble control or lentivirus-mediated overexpressed FGF21 particles were harvested for western blotting (D) or photographed by confocal microscopy (E) with 

quantified results as shown in (F). Bar, 50 µm. Arrows for elongated, and arrow-head for shortened cell processes. Data are means ± SEM, n = 3. P < .05, ***P < .001 compared 

with control group.

Figure 7.  Fibroblast growth factor 21 (FGF21) mRNA levels were increased by valproic acid (VPA) and other histone deacetylase (HDAC) inhibitors in primary cortical glia 

cultures. Primary cortical glial cultures were incubated with anti-GFAP antibody and mounted with medium containing DAPI and then photographed with a confocal 

microscope (A). Bar, 50 µm. Cortical glial cultures were treated with indicated concentrations of VPA (B), 5 mM sodium butyrate (SB), 5 µM vorinostat (SAHA), or 100 nM 

trichostatin A (TSA) (C) for 24 hours and harvested for FGF21 mRNA detection. Cortical glial cultures were treated with 5 mM VPA, 5 mM SB, 5 µM SAHA, or 100 nM TSA 

for 48 hours and harvested for Western blotting detection (D). Data in B and C are means ± SEM, n = 3. **P < .01, ***P < .001 compared with vehicle-treated control.
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neuronal activities in the brain. Morphological alteration of 
prefrontal glia has been found in bipolar disorder and schiz-
ophrenia (Hercher et  al., 2014), and astrocytic abnormalities 
have also been reported in the brain of depression and suicide 
victims (Nagy et al., 2015). Given that the FGF family has been 
strongly implicated as a neuromodulator in affective disor-
ders (Turner et al., 2012), it seems possibile that VPA-induced 
FGF21 expression and process elongation in astrocytes may 
contribute to the clinical efficay of this drug in treating bipolar 
disorder.

In addition to mood disorders, VPA also has beneficial 
effects in a variety of neurodegeneative, neurological, and neu-
ropsychiatric diseases (for review, see Chiu et al., 2013). Other 
HDAC inhibitors used in this study have also been reported to 
have benefits in various preclinical models of brain disorders. 
For example, SB and TSA reduce brain infarction and neuro-
logical deficits in experimental stroke animals (Kim et al., 2009; 
Kim and Chuang, 2014), and TSA also improves symptoms in 
mouse models of spinal muscular atrophy (Rouaux et  al., 
2004; Liu et al., 2014). SAHA improves synaptic plasticity and 
memory formation in a mouse model of Alzheimer’s disease 
(Guan et al., 2009). MS275 has been shown to improve cogni-
tive performance and reduce cell death following traumatic 
brain injury in rats (Cao et al., 2013), to rescue brain structural 
and functional deficits in a mouse model of Kabuki syndrome 
(Bjornsson et  al., 2014), and to protect against injury of gan-
glionic cells in mouse retina (Chindasub et  al., 2013). Finally, 
FK228 normalizes axonal transport defects in an Alzheimer’s 
disease model (Johnson et  al., 2013). Further investigation is 
needed to explore whether the advantageous effects of these 
HDAC inhibitors involve FGF21 induction and process exten-
sion in brain astrocytes.

In conclusion, this study showed that VPA and other HDAC 
inhibitors robustly increase FGF21 mRNA levels and process 
lengths in an astrocytic cell line as well as in astrocyte-enriched 
cortical glial cultures. We also provided evidence that HDAC2 
and HDAC3 isoforms are involved in mediating both biological 
effects and that FGF21 is a critical mediator for process elonga-
tion. These novel results support a previously undescribed role 
for FGF21 in the nervous system and suggest a potential new 
mechanism underlying the protective role of HDAC inhibition in 
CNS pathological conditions.
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