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Abstract
Introduction: Epigenetics has shown promising results for understanding the different behaviors of
microglia under the context of neuroinflammation. However, to our knowledge, the results of this complex
mechanism with novel pharmacological agents such as histone deacetylase inhibitors (HDACis) are still
missing. In this study, we aimed to investigate the effects of suberoylanilide hydroxamic acid (SAHA), a pan-
HDACi, on the lipopolysaccharide (LPS)-induced neuroinflammation model in the N9 microglial cells.

Methods: Microglial cells were treated with SAHA (0.25, 0.5, 1.0, 1.25, 1.5 µM) and LPS (100 ng/mL) for 24
hours. Then, levels of the pro/anti-inflammatory cytokines interleukin-1 beta (IL-1β), IL-6, tumor necrosis
factor alpha (TNF-α), and IL-10 were determined by the enzyme-linked immunosorbent assay. The total
cellular HDAC activity was determined by colorimetric analysis. Additionally, the expression levels of nuclear
factor kappa-B (NF-κB) were quantified via western blotting.

Results: SAHA (1.0 and 1.25 µM) attenuated the LPS-induced inflammatory response of microglial cells via
decreasing NF-κB expression and pro-inflammatory cytokines (IL-1β, IL-6, TNF-α) in the N9 microglial
cells. Moreover, SAHA treatment improved IL-10 levels and prevented the LPS-induced increase in the
HDAC activity in the microglial cells.

Conclusion: Our results suggest SAHA attenuates the LPS-induced inflammatory response in the N9
microglial cells, and regulation of histone acetylation with HDACis might be a rational approach for the
treatment of neuroinflammation.

Categories: Genetics, Neurology, Therapeutics
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Introduction
The role of neuroinflammation and its interplay with central nervous system (central nervous system)
disorders, especially neurodegenerative diseases, has gained significant attention in recent years. After the
mechanisms that might affect the start and progression of neuroinflammation, different factors entered the
research spectrum for further investigations. Microglia are the immune system anchors of the CNS and are
currently accepted as the primary regulator for inflammatory responses and neuroinflammatory
pathogenesis [1]. Therefore, the comprehension of the role of the microglia under inflammatory
circumstances is crucial for finding therapeutic options and exploring possible targets in neurodegeneration.
It has been demonstrated that microglia cells activate upon acute CNS injury [2]. However, the regulation of
microglia in chronic conditions such as neuroinflammation has been thought of as a neuroprotective
behavior [3]. Mechanisms behind these responses are not completely described; cytokines such as
interleukin-1 beta (IL-1β) and tumor necrosis factor alpha (TNF-α) and proteins such as nuclear factor
kappa B (NF-κB) have been referred to in several reports [4]. However, these claimed long-term effects of
microglia and its activation have been further linked with chronic cytokine production and harmful effects
on the CNS [5]. Although the chronic activation of microglia and its epigenetic modification are mostly
studied in brain tumors, reports about microglia and its relationship with epigenetics shift attention to
neurodegenerative disorders.

Histone modification, particularly histone acetylation, is a widely studied topic and has been demonstrated
as responsible for the neuroregulatory response [6]. Histone modifiers such as histone deacetylase inhibitors
(HDACis) showed up as neuroprotective agents in several experimental models [7]. HDAC inhibition has
already been shown to reduce β-amyloid toxicity and protect dopaminergic neurons by inhibiting the NF-κB
pathway [8]. Therefore, investigating and clarifying the actions of HDAC inhibitors in microglial cells are
vital in the context of coping with chronic neuroinflammation.

Current evidence suggests that SAHA, which is a pan-HDACi, has potent anti-inflammatory and
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immunomodulatory actions [9]. SAHA also enhances acetylation levels and regulates the non-histone
proteins epigenetically, which include transcription factors related to inflammation such as signal
transducer and activator of transcription-3 (STAT3) and NF-κB [10]. Growing evidence demonstrates that
SAHA has remarkable immunoregulatory effects in vivo and in vitro. Later studies validate these
immunoregulatory and anti-inflammatory effects in animal models of rheumatoid arthritis, inflammatory
bowel disease, lupus nephritis, hepatitis, and graft versus host disease [11].

Lipopolysaccharide (LPS) is known as a potent stimulant that mimics neuroinflammation via toll-like
receptor 4 in microglia, which can lead to neuronal death. Inhibiting the LPS-induced microglial activation
relies on the repression of the NF-κB activation. Moreover, the dysregulation of acetylation has been
associated with neuroinflammation and neurodegeneration-related death of neurons [12]. Although an LPS-
induced increase in the histone deacetylation activity was demonstrated in several reports, effects on
histone deacetylase inhibitors in the LPS-induced neuroinflammation still have shortcomings [13]. The
research information mentioned about the effects of SAHA persuaded us to investigate the possible actions
of histone acetylation in the N9-microglial cells and clarify the effects of SAHA on NF-κB signaling and
related cytokines and histone deacetylase activity. Therefore, in this study, we aimed to investigate the
effects of SAHA and histone acetylation on the LPS-induced neuroinflammation in the N9 microglial cells by
determining the levels of the pro/anti-inflammatory cytokines (IL-1β, IL-6, TNF-α, and IL-10), NF-κB, and
the total HDAC activity.

Materials And Methods
Chemicals and reagents
The following reagents were used in the study: SAHA (Sigma-Aldrich, USA), LPS (B5:O55; Sigma-Aldrich),
dimethylsulfoxide (DMSO; Sigma-Aldrich), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT; Sigma-Aldrich), fetal bovine serum (FBS; Gibco BRL, USA), Leibovitz’s L-15 medium (Gibco BRL),
bovine serum albumin (BSA; Gibco BRL), trypsin-ethylenediaminetetraacetic acid, or trypsin-EDTA (0.25%
and 0.0025%; Gibco BRL), Dulbecco’s Modified Eagle Medium (DMEM; Gibco BRL), L-glutamine (Gibco BRL),
and Dulbecco’s Phosphate-Buffered Saline (dPBS; Gibco BRL). Rabbit polyclonal anti-NF-κB (ab16502;
Abcam, UK), rabbit polyclonal β-actin (ab8227; Abcam), and goat anti-rabbit IgG (H+L)-horseradish
peroxidase (HRP) conjugate (#1706515; Bio-Rad, USA) were used for primary and secondary antibody
incubation. LPS was dissolved in sterile water, and SAHA was dissolved in DMSO with the caution of toxicity
(less than 0.001%).

Cell culture
The N9 microglial cell line (passage number 10, accession number CVCL_0452; Shanghai Si-Xin
Biotechnology Ltd., Shanghai, China) was kindly donated by Cellular Pharmacology Center, Italy. N9
microglial cells were cultured in the RPMI 1640 medium (supplemented with 10% FBS, 2 mM L-glutamine,
and 1% penicillin/streptomycin) at 37°C in a humidified atmosphere containing 5% CO2.

Analysis of cell viability
Cell viability was assessed with the MTT test. The cells were seeded to plates at 10 4 cells per well [14]. Cells
were maintained in plates for overnight incubation. After the incubation period, cells were treated with
SAHA (0.25, 0.5, 1.0, 1.25, and 1.5 µM), LPS (100 ng/ mL), and SAHA+LPS simultaneously for 24 hours; then,
culture mediums were discarded and the MTT (5 mg/mL) solution was added for the incubation period. At the
end of the four-hour incubation period in the dark at 37°C, the MTT solution was aspirated and cells were
rinsed with DMSO (100 µL) to dissolve the formed formazan crystals. The optic density of cells was
determined with the microplate reader at 550 nm wavelength (Tecan, Switzerland).

Determination of TNF-α, IL-6, IL-1β, and IL-10 levels
Following the drug treatment period, mediums were aspirated for the measurement of IL-6 (ab100712;
Abcam), IL-1β (MLB00C; R&D Systems, USA), TNF-α (ADI-900-047; Enzo Life Sciences, USA), and IL-10
(E04594m; Cusabio Biotech, UK) levels with the enzyme-linked immunosorbent assay (ELISA) method.
Expression levels were determined from 100 µL mediums of all treatments by strictly following the
manufacturer’s protocols.

Protein extractions
Cell lysates were prepared from six-well plates. After drug treatments, all wells were washed with the
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, pH 8.0, 150 mM sodium chloride, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, or SDS, 1.0% NP-40) supplemented with SIGMAFAST® protease
inhibitor and cells were scraped. The total protein quantity of samples was measured with the bicinchoninic
acid (BCA) protein assay kit according to the manufacturer’s instructions (#SK3021; Bio Basic, Canada).
Samples employed in the western blot analysis were treated with the sample buffer (5% 2-mercaptoethanol,
4% SDS, 20% glycerol, 0.125 M Tris HCl, 0.004% bromophenol blue) and reduced at 95°C for five minutes.
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Western blot analysis
After the determination of the protein contents of the samples, equal amounts of samples were loaded into
4%-20% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) [15]. Following separation, the proteins were
transferred to polyvinylidene fluoride (PVDF) membranes with a semi-dry blotting device (Bio-Rad, USA).
The membranes were blocked with a 5% BSA solution to prevent non-specific binding. The membranes were
washed with 0.01% Tris-buffered saline-Tween 20 (TBS-T) three times, and then incubated with primary
antibodies (β-actin and NF-κB) overnight at +4°C. Next, the washing process was repeated, and membranes
were incubated with HRP-conjugated secondary antibody for one hour; then the electrochemiluminescence
(ECL) substrate was added for visualization. Membranes were visualized in ChemiDoc® (Bio-Rad), and band
intensities were measured with ImageJ software (free software; from National Institutes of Health). The
intensity was normalized to the β-actin ratio.

Total HDAC activity
After determining the protein concentration of each cell lysate, the total HDAC activity was determined by
the histone deacetylase-activity assay kit (#GTX85529; Genetex, USA) colorimetrically; 50-100 µg protein
per sample was sonicated, incubated, and treated with Boc-Lys(Ac)-pNA (HDAC substrate) for at least 30
minutes at 37°C. Then, the lysine developer, supplemented with the kit, was added and the reaction was
stopped. The HDAC activity was measured by optic densities at 405 nm (Tecan, Switzerland).

Statistical analysis
Statistical analysis was performed with IBM SPSS Statistics for Windows, Version 28.0 (IBM Corp., Armonk,
NY). Following the determination of data distribution, the one-way analysis of variance (ANOVA) test was
performed. For multiple comparisons, Tukey’s post hoc test was used. P values less than 0.05 were assessed
as significant.

Results
Inhibition of the LPS-induced decrease in cell viability by SAHA in N9
microglial cells
MTT test results showed that single SAHA treatment at the concentrations of 0.25, 0.5, 1.0, and 1.25 µM did
not affect cellular viability (P>0.05; Figure 1). However, SAHA at the concentration of 1.5 µM significantly
reduced cell survival in the N9 microglial cells (P<0.001; Figure 1). Nevertheless, SAHA, at 1.0 µM and 1.25
µM concentrations, significantly increased cell viability in LPS-treated microglial cells (P<0.001 and
P<0.001, respectively; Figure 2). Moreover, SAHA at a concentration of 1.25 µM significantly increased cell
viability in the N9 cells compared to 1.0 µM concentration (P=0.021; Figure 2).

FIGURE 1: Cellular viability assays of single SAHA treatment at 0.25,
0.50, 1.0, 1.25, and 1.5 µM concentrations
SAHA: suberoylanilide hydroxamic acid

Only the 1.5 µM concentration of SAHA significantly decreased cellular viability. Data are expressed as means ±
SDs of at least six replicates.

!!!P<0.001 versus control

2022 Çelik et al. Cureus 14(12): e32428. DOI 10.7759/cureus.32428 3 of 10

https://assets.cureus.com/uploads/figure/file/503833/lightbox_140f18206b2c11ed8ceb1b36ed4dbde2-Figure-1.png


FIGURE 2: Cell viability results of the MTT test
MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; SAHA: suberoylanilide hydroxamic acid; LPS:
lipopolysaccharide

Effects of SAHA (0.25, 0.5, 1.0, 1.25, and 1.5 µM) on LPS (100 ng/mL)-induced decrease in cellular viability are
shown. SAHA (1.0and 1.25 µM) significantly prevented the LPS-induced decrease in the cellular viability in the
microglial cells. Data are expressed as means ± SDs of at least six replicates.

***P<0.001 and *P<0.05 versus LPS (100 ng/mL)

+P<0.05 versus LPS (100 ng/mL) + SAHA (1 µM)

Prevention of LPS-induced TNF-α, IL-6, IL-1β increases, and IL-10
decrease by SAHA treatment
A biochemical analysis was performed for the measurement of cytokine levels. Our results demonstrated
that single LPS treatment significantly increased IL-1β, IL-6, and TNF-α levels in the N9 microglial cells, as
expected (P<0.001 for all; Figure 3A, Figure 3C). Additionally, it also significantly decreased IL-10 levels in
the microglial cells (P<0.001; Figure 3D). However, SAHA at concentrations of 1.0 and 1.25 µM significantly
ameliorated the LPS-induced increase in IL-1β, IL-6, and TNF-α levels (P<0.001 and P=0.002, respectively;
Figure 3A, Figure 3C). Furthermore, SAHA at concentrations of 1.0 and 1.25 µM significantly prevented the
LPS-induced decrease in the IL-10 levels in the microglial cells (P<0.001 and P=0.01; Figure 3D). Moreover,
SAHA treatment in LPS-induced microglial cells showed significant differences between 1.0 and 1.25 µM
concentrations in these parameters (P<0.001 for IL-1β, P=0.006 for IL-6, P=0.008 for TNF-α and P=0.032 for
IL-10; Figure 3D).
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FIGURE 3: Cytokine levels determined by ELISA
SAHA: suberoylanilide hydroxamic acid; LPS: lipopolysaccharide; IL-1β: interleukin-1 beta; IL-6: interleukin-6; IL-
10: interleukin-10; TNF-α: tumor necrosis factor alpha; ELISA: enzyme-linked immunosorbent assay

Effects of SAHA (0.25, 0.5, 1.0, 1.25 µM) on IL-1β (A), IL-6 (B), TNF-α (C), and IL-10 (D) levels in LPS-induced
cells are demonstrated here. SAHA (1.0 and 1.25 µM) significantly attenuated LPS-induced increase in the IL-1β,
IL-6, TNF-α levels. Additionally, SAHA (1.0 and 1.25 µM) prevented the decrease in the IL-10 levels. There was a
significant difference between 1.0 and 1.25 µM concentrations of SAHA treatment in the N9 microglial cells. Data
are expressed as means ± SDs of at least six replicates.

!!!P<0.001 and %%%P<0.001 versus control

***P<0.001, **P<0.01 and ###P<0.001

##P<0.01 versus LPS (100 ng/mL)

+++P<0.001, ++P<0.01, +P<0.05 versus LPS (100 ng/mL) + SAHA (1 µM)

2022 Çelik et al. Cureus 14(12): e32428. DOI 10.7759/cureus.32428 5 of 10

https://assets.cureus.com/uploads/figure/file/503838/lightbox_a5fc93c06b2c11eda3c213432f283406-Figure-3.png


Amelioration of the LPS-induced cytoplasmic NF-κB expression
increase by SAHA
Western blot analysis results exhibited that NF-κB expression was increased in the N9 microglial cells after
LPS treatment, as expected (P<0.001; Figure 4). Furthermore, SAHA (at 1.25 µM) mitigated LPS-induced NF-
κB expression in the microglial cells (P<0.001; Figure 4), and this was coherent with the TNF-α, IL-6, IL-1β,
and IL-10 level change (P>0.05; Figure 4). The western blot image is provided in the appendix.

FIGURE 4: Western blot analysis results and the effects of SAHA (0.25,
0.5, 1.0, 1.25 µM) on NF-κB expression levels in LPS-induced microglial
cells
SAHA: suberoylanilide hydroxamic acid; LPS: lipopolysaccharide; NF-κB: nuclear factor kappa-B

SAHA, at the 1.25 µM concentration, significantly ameliorated NF-κB expression levels in the N9 microglial cells.
Data are expressed as means ± SDs, and blot images are representative of three independent samples (n=3).

!!!P<0.001 and %%%P<0.001 versus control

***P<0.001 and ###P<0.001 versus LPS (100 ng/mL)

+++P<0.001 versus LPS (100 ng/mL) + SAHA (1 µM)

Inhibition of the LPS-induced increase in the total HDAC activity by
SAHA
According to the HDAC activity assay results, LPS caused a notable augmentation in the HDAC activity in the
N9 microglial cells (P<0.001; Figure 5). Although SAHA at 0.25 and 0.5 μM concentrations failed to decrease
the increased LPS-induced total HDAC activity, SAHA inhibited the LPS-induced increase in the total HDAC
activity at 1.0 and 1.25 μM concentrations in the N9 microglia (P<0.001; Figures 5, 6).
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FIGURE 5: Results of the total HDAC activity assay
SAHA: suberoylanilide hydroxamic acid; LPS: lipopolysaccharide; HDAC: histone deacetylase; n.s: not significant

LPS increased the total HDAC activity. SAHA treatment at concentrations of 1.0 and 1.25 µM decreased the total
HDAC activity. Additionally, SAHA prevented the increase in the LPS-induced total HDAC activity in all doses.
Data are expressed as means ± SDs of at least six replicates.

###P<0.001 versus SAHA vehicle

&&&P<0.001 versus LPS (100 ng/mL)

FIGURE 6: Effects of SAHA and histone acetylation on the LPS-induced
inflammatory response in microglial cells
SAHA: suberoylanilide hydroxamic acid; LPS: lipopolysaccharide; HDAC: histone deacetylase; TLR: toll-like
receptor; NF-κB: nuclear factor kappa-B; TNF-α: tumor necrosis factor alpha; IL-6: interleukin-6; IL-2: interleukin-
2; iNOS: inducible nitric oxide synthase

Discussion
Our current study revealed that SAHA attenuates the LPS-induced inflammatory response in the microglial
cells. SAHA attenuated the increase in TNF-α, IL-6, and IL-1β levels, and improved the decrease in IL-10
levels in the microglial cells. Additionally, SAHA inhibited the increased NF-κB expression against the LPS
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insult, which was suggested as a response mechanism for TNF-α, IL-6, and IL-1β secretion from microglia.

As the primary innate immune cells of the CNS, microglia are in charge of the continuous surveillance of
neuronal homeostasis on external and internal signals [16]. Although the activation of microglia might be a
neuroprotective action, the effects of this activation in neurodegenerative disorders are generally related to
increased cytokine production [17]. The molecular effects and behavior of microglia are regulated by gene
transcription, and therefore, the role of epigenetics in microglia has recently been started to be identified.
Contrary to the acute CNS damage, the effects of HDAC inhibition on LPS-treated microglial cells are
inconsistent. However, contradictory findings have tried to explain the apoptosis-inducing abilities of
HDACs in microglia, which are thought to be in agreement with the results of HDAC inhibition in animal
models of acute brain injury [17]. Nevertheless, various histone deacetylase inhibitors have been reported as
neuroprotective agents reducing the inflammatory response. Additionally, in vivo and in vitro studies have
revealed that HDAC inhibitors modulate the neuroinflammatory response by halting the transcriptional
activity of pro-inflammatory genes or proteins [18].

HDAC inhibitors were first tested in the models of neuronal injury and showed potent anti-inflammatory
effects and promising results. After understanding these actions on molecular levels, several studies
suggested anti-inflammatory mechanisms and pathways that increase neuronal survival. Neuroprotective
actions of HDAC inhibitors in Huntington’s disease have already been shown to lead to changes in the
microglial gene expression as a response mechanism [19]. Especially evolutionarily conserved mechanisms
such as extracellular signal-regulated kinase (ERK), mitogen-activated kinase (MAPK), and c-Jun N-terminal
kinase (JNK) and its cellular elements such as NF-κB activation were showed as primary mediators behind
these microglial behaviors. The NF-κB promoter activity is a well-known mechanism in LPS-activated
microglial cells [20]. This promoter activation gives rise to an increase in several pro-inflammatory cytokines
such as TNF-α, IL-6, and IL-1β, and enzymes, also a decrease in IL-10 levels. NF-κB is strongly implicated
in the regulation of these enzymes in microglial cells, so neuroprotective actions of several compounds in
microglial cells imply this enzymatic action [21].

Jeong et al. demonstrated that the knockdown and selective inhibition of class I HDACs result in the reduced
production of cytokines [22]. The HDAC family was first distinguished by their ability to deacetylate
histones, but subsequent studies showed that increased gene expression for neuroprotective actions of
HDACs is a too simplistic explanation because of the arising repressed genes after SAHA-induced HDAC
inhibition. Therefore, more studies on HDAC inhibition on specific proteins and cellular elements are
mandatory. If we talk about the anti-inflammatory mechanisms of histone deacetylase inhibitors in
microglial cells, NF-κB is the most studied and the first protein that comes to mind. HDAC inhibitors might
enhance acetylated NF-κB and cause a decrease in its activity. Furumai et al. showed that the inhibition of
HDACs with trichostatin A (TSA), another non-specific inhibitor, results in a decrease in the NF-κB
recruitment and RNA polymerase II to the IL-8 promoter, and so a reduction in the NF-κB expression [23]. In
line with these studies, SAHA administration decreased NF-κB expression in the N9 microglial cells in our
study.

As seen in macrophage cells, microglial cells release harmful cytokines such as TNF-α, IL-6, and IL-1β, and
inflammation-resolving cytokines like IL-10, which have attributed beneficial effects on neuron survival
[24]. IL-10 has been known to counteract the inflammatory microglial phenotype, which is considered a
possible target for anti-inflammatory actions. This phenotype seen in microglial cells was recently shown in
the ischemia/reperfusion brain injury model, which increased with histone deacetylase inhibition [25].
Additionally, it was demonstrated that histone deacetylase inhibition suppressed the microglial
inflammatory phenotype and cytokines in the LPS-treated microglial cells [26]. In line with these studies,
our results demonstrated that there is a decrease in inflammatory cytokine levels, an increase in IL-10
levels, as well as a suppression in NF-κB activation after SAHA administration and HDAC inhibition.

It has already been demonstrated that LPS regulates the expression of pro-inflammatory genes and several
members of the histone deacetylase enzyme family [27]. Wu et al. demonstrated histone deacetylase 2 is a
crucial element for the LPS-induced inflammatory response in microglia [28]. Additionally, Choi et
al. suggested that LPS-induced histone acetylation regulates expression levels of another inflammatory
protein, inducible nitric oxide synthase (iNOS) [29]. Our results are coherent with these reports that LPS
administration increased the total HDAC activity, and SAHA prevented that increase, which is not surprising.

Our study has some limitations. Firstly, the results of this study are from in vitro experiments. Recent
studies have suggested that microglia cell lines differ genetically, transcriptionally, and functionally from
primary microglia and ex vivo microglia. Additionally, microglial cell lines obtained from the neonatal or
embryonic central nervous system are unlikely to reflect the phenotype of adult or elderly microglia. Despite
these limitations, microglia cell lines are suitable for biochemical and molecular approaches. Therefore,
primary cultures, in vivo experiments, and clinical studies are necessary to test and verify these results. To
our knowledge, this is the first study that shows SAHA-dependent neuroprotection against the commonly
used LPS in these cell types, but further studies are needed to understand the effects and detailed
mechanism of histone acetylation against oxidative and inflammatory responses.
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Conclusions
With everything taken into account, it can be said that SAHA attenuates the LPS-induced inflammatory
response in the N9 microglial cells. The results demonstrated that SAHA treatment decreased harmful
cytokine secretion and increased beneficial IL-10 levels. Furthermore, SAHA decreased NF-κB expression in
the microglial cells. Additionally, our study suggests that histone acetylation plays a significant role in LPS-
induced inflammation; therefore, the regulation of histone acetylation with specific histone deacetylase
inhibitors might be a rational perspective for the treatment of neuroinflammation.

Appendices

FIGURE 7: Western blot image and the molecular weight of proteins
SAHA: suberoylanilide hydroxamic acid; LPS: lipopolysaccharide; NF-κB: nuclear factor kappa-B

Additional Information
Disclosures
Human subjects: All authors have confirmed that this study did not involve human participants or tissue.
Animal subjects: All authors have confirmed that this study did not involve animal subjects or tissue.
Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all authors declare the
following: Payment/services info: All authors have declared that no financial support was received from
any organization for the submitted work. Financial relationships: All authors have declared that they have
no financial relationships at present or within the previous three years with any organizations that might
have an interest in the submitted work. Other relationships: All authors have declared that there are no
other relationships or activities that could appear to have influenced the submitted work.

References
1. Glass CK, Saijo K, Winner B, Marchetto MC, Gage FH: Mechanisms underlying inflammation in

neurodegeneration. Cell. 2010, 140:918-34. 10.1016/j.cell.2010.02.016
2. Koistinaho M, Koistinaho J: Role of p38 and p44/42 mitogen-activated protein kinases in microglia . Glia.

2002, 40:175-83. 10.1002/glia.10151
3. Vinet J, Weering HR, Heinrich A, et al.: Neuroprotective function for ramified microglia in hippocampal

excitotoxicity. J Neuroinflammation. 2012, 9:27. 10.1186/1742-2094-9-27
4. Krasnow SM, Knoll JG, Verghese SC, Levasseur PR, Marks DL: Amplification and propagation of interleukin-

1β signaling by murine brain endothelial and glial cells. J Neuroinflammation. 2017, 14:133.
10.1186/s12974-017-0908-4

5. Perry VH, Nicoll JA, Holmes C: Microglia in neurodegenerative disease . Nat Rev Neurol. 2010, 6:193-201.
10.1038/nrneurol.2010.17

6. Cheray M, Joseph B: Epigenetics control microglia plasticity. Front Cell Neurosci. 2018, 12:243.
10.3389/fncel.2018.00243

7. Thomas EA, D'Mello SR: Complex neuroprotective and neurotoxic effects of histone deacetylases . J
Neurochem. 2018, 145:96-110. 10.1111/jnc.14309

8. Yang SS, Zhang R, Wang G, Zhang YF: The development prospection of HDAC inhibitors as a potential
therapeutic direction in Alzheimer's disease. Transl Neurodegener. 2017, 6:19. 10.1186/s40035-017-0089-1

9. Hashioka S, Klegeris A, McGeer PL: The histone deacetylase inhibitor suberoylanilide hydroxamic acid
attenuates human astrocyte neurotoxicity induced by interferon-γ. J Neuroinflammation. 2012, 9:113.
10.1186/1742-2094-9-113

10. Lemoine M, Younes A: Histone deacetylase inhibitors in the treatment of lymphoma . Discov Med. 2010,

2022 Çelik et al. Cureus 14(12): e32428. DOI 10.7759/cureus.32428 9 of 10

https://assets.cureus.com/uploads/figure/file/512936/lightbox_e369ad3076e711edbf5b21f7a0b163dd-Figure-7.png
https://dx.doi.org/10.1016/j.cell.2010.02.016
https://dx.doi.org/10.1016/j.cell.2010.02.016
https://dx.doi.org/10.1002/glia.10151
https://dx.doi.org/10.1002/glia.10151
https://dx.doi.org/10.1186/1742-2094-9-27
https://dx.doi.org/10.1186/1742-2094-9-27
https://dx.doi.org/10.1186/s12974-017-0908-4
https://dx.doi.org/10.1186/s12974-017-0908-4
https://dx.doi.org/10.1038/nrneurol.2010.17
https://dx.doi.org/10.1038/nrneurol.2010.17
https://dx.doi.org/10.3389/fncel.2018.00243
https://dx.doi.org/10.3389/fncel.2018.00243
https://dx.doi.org/10.1111/jnc.14309
https://dx.doi.org/10.1111/jnc.14309
https://dx.doi.org/10.1186/s40035-017-0089-1
https://dx.doi.org/10.1186/s40035-017-0089-1
https://dx.doi.org/10.1186/1742-2094-9-113
https://dx.doi.org/10.1186/1742-2094-9-113
https://www.discoverymedicine.com/Manuela-Lemoine/2010/11/26/histone-deacetylase-inhibitors-in-the-treatment-of-lymphoma/


10:462-70.
11. Lin HS, Hu CY, Chan HY, et al.: Anti-rheumatic activities of histone deacetylase (HDAC) inhibitors in vivo in

collagen-induced arthritis in rodents. Br J Pharmacol. 2007, 150:862-72. 10.1038/sj.bjp.0707165
12. Ye X, Zhu M, Che X, et al.: Lipopolysaccharide induces neuroinflammation in microglia by activating the

MTOR pathway and downregulating Vps34 to inhibit autophagosome formation. J Neuroinflammation.
2020, 17:18. 10.1186/s12974-019-1644-8

13. Li DHW, Chen WQ, Li SY, Lou SW: Estimation of hourly global solar radiation using Multivariate Adaptive
Regression Spline (MARS) - a case study of Hong Kong. Energy. 2019, 186:115857.
10.1016/j.energy.2019.115857

14. Yu YX, Li YP, Gao F, Hu QS, Zhang Y, Chen D, Wang GH: Vitamin K2 suppresses rotenone-induced
microglial activation in vitro. Acta Pharmacol Sin. 2016, 37:1178-89. 10.1038/aps.2016.68

15. Towbin H, Staehelin T, Gordon J: Electrophoretic transfer of proteins from polyacrylamide gels to
nitrocellulose sheets: procedure and some applications. Proc Natl Acad Sci USA. 1979, 76:4350-4.
10.1073/pnas.76.9.4350

16. Staszewski O, Prinz M: Glial epigenetics in neuroinflammation and neurodegeneration . Cell Tissue Res.
2014, 356:609-16. 10.1007/s00441-014-1815-y

17. Gibson CL, Murphy SP: Benefits of histone deacetylase inhibitors for acute brain injury: a systematic review
of animal studies. J Neurochem. 2010, 115:806-13. 10.1111/j.1471-4159.2010.06993.x

18. Kaminska B, Mota M, Pizzi M: Signal transduction and epigenetic mechanisms in the control of microglia
activation during neuroinflammation. Biochim Biophys Acta. 2016, 1862:339-51.
10.1016/j.bbadis.2015.10.026

19. Quinti L, Chopra V, Rotili D, et al.: Evaluation of histone deacetylases as drug targets in Huntington's
disease models. Study of HDACs in brain tissues from R6/2 and CAG140 knock-in HD mouse models and
human patients and in a neuronal HD cell model. PLoS Curr. 2010, 2:RRN1172. 10.1371/currents.RRN1172

20. Subedi L, Lee JH, Yumnam S, Ji E, Kim SY: Anti-Inflammatory effect of sulforaphane on LPS-activated
microglia potentially through JNK/AP-1/NF-κB inhibition and Nrf2/HO-1 activation. Cells. 2019, 8:194.
10.3390/cells8020194

21. Li C, Zhao B, Lin C, Gong Z, An X: TREM2 inhibits inflammatory responses in mouse microglia by
suppressing the PI3K/NF-κB signaling. Cell Biol Int. 2019, 43:360-72. 10.1002/cbin.10975

22. Jeong Y, Du R, Zhu X, et al.: Histone deacetylase isoforms regulate innate immune responses by
deacetylating mitogen-activated protein kinase phosphatase-1. J Leukoc Biol. 2014, 95:651-9.
10.1189/jlb.1013565

23. Furumai R, Komatsu Y, Nishino N, Khochbin S, Yoshida M, Horinouchi S: Potent histone deacetylase
inhibitors built from trichostatin A and cyclic tetrapeptide antibiotics including trapoxin. Proc Natl Acad Sci
U S A. 2001, 98:87-92. 10.1073/pnas.98.1.87

24. Laffer B, Bauer D, Wasmuth S, et al.: Loss of IL-10 promotes differentiation of microglia to a M1 phenotype .
Front Cell Neurosci. 2019, 13:430. 10.3389/fncel.2019.00430

25. Li S, Lu X, Shao Q, et al.: Early histone deacetylase inhibition mitigates ischemia/reperfusion brain injury by
reducing microglia activation and modulating their phenotype. Front Neurol. 2019, 10:893.
10.3389/fneur.2019.00893

26. Kannan V, Brouwer N, Hanisch UK, Regen T, Eggen BJ, Boddeke HW: Histone deacetylase inhibitors
suppress immune activation in primary mouse microglia. J Neurosci Res. 2013, 91:1133-42.
10.1002/jnr.23221

27. Aung HT, Schroder K, Himes SR, et al.: LPS regulates proinflammatory gene expression in macrophages by
altering histone deacetylase expression. FASEB J. 2006, 20:1315-27. 10.1096/fj.05-5360com

28. Wu C, Li A, Hu J, Kang J: Histone deacetylase 2 is essential for LPS-induced inflammatory responses in
macrophages. Immunol Cell Biol. 2019, 97:72-84. 10.1111/imcb.12203

29. Choi WS, Seo YB, Shin PG, Kim WY, Lee SY, Choi YJ, Kim GD: Veratric acid inhibits iNOS expression
through the regulation of PI3K activation and histone acetylation in LPS-stimulated RAW264.7 cells. Int J
Mol Med. 2015, 35:202-10. 10.3892/ijmm.2014.1982

2022 Çelik et al. Cureus 14(12): e32428. DOI 10.7759/cureus.32428 10 of 10

https://dx.doi.org/10.1038/sj.bjp.0707165
https://dx.doi.org/10.1038/sj.bjp.0707165
https://dx.doi.org/10.1186/s12974-019-1644-8
https://dx.doi.org/10.1186/s12974-019-1644-8
https://dx.doi.org/10.1016/j.energy.2019.115857
https://dx.doi.org/10.1016/j.energy.2019.115857
https://dx.doi.org/10.1038/aps.2016.68
https://dx.doi.org/10.1038/aps.2016.68
https://dx.doi.org/10.1073/pnas.76.9.4350
https://dx.doi.org/10.1073/pnas.76.9.4350
https://dx.doi.org/10.1007/s00441-014-1815-y
https://dx.doi.org/10.1007/s00441-014-1815-y
https://dx.doi.org/10.1111/j.1471-4159.2010.06993.x
https://dx.doi.org/10.1111/j.1471-4159.2010.06993.x
https://dx.doi.org/10.1016/j.bbadis.2015.10.026
https://dx.doi.org/10.1016/j.bbadis.2015.10.026
https://dx.doi.org/10.1371/currents.RRN1172
https://dx.doi.org/10.1371/currents.RRN1172
https://dx.doi.org/10.3390/cells8020194
https://dx.doi.org/10.3390/cells8020194
https://dx.doi.org/10.1002/cbin.10975
https://dx.doi.org/10.1002/cbin.10975
https://dx.doi.org/10.1189/jlb.1013565
https://dx.doi.org/10.1189/jlb.1013565
https://dx.doi.org/10.1073/pnas.98.1.87
https://dx.doi.org/10.1073/pnas.98.1.87
https://dx.doi.org/10.3389/fncel.2019.00430
https://dx.doi.org/10.3389/fncel.2019.00430
https://dx.doi.org/10.3389/fneur.2019.00893
https://dx.doi.org/10.3389/fneur.2019.00893
https://dx.doi.org/10.1002/jnr.23221
https://dx.doi.org/10.1002/jnr.23221
https://dx.doi.org/10.1096/fj.05-5360com
https://dx.doi.org/10.1096/fj.05-5360com
https://dx.doi.org/10.1111/imcb.12203
https://dx.doi.org/10.1111/imcb.12203
https://dx.doi.org/10.3892/ijmm.2014.1982
https://dx.doi.org/10.3892/ijmm.2014.1982

	Effects of Suberoylanilide Hydroxamic Acid (SAHA) on the Inflammatory Response in Lipopolysaccharide-Induced N9 Microglial Cells
	Abstract
	Introduction
	Materials And Methods
	Chemicals and reagents
	Cell culture
	Analysis of cell viability
	Determination of TNF-α, IL-6, IL-1β, and IL-10 levels
	Protein extractions
	Western blot analysis
	Total HDAC activity
	Statistical analysis

	Results
	Inhibition of the LPS-induced decrease in cell viability by SAHA in N9 microglial cells
	FIGURE 1: Cellular viability assays of single SAHA treatment at 0.25, 0.50, 1.0, 1.25, and 1.5 µM concentrations
	FIGURE 2: Cell viability results of the MTT test

	Prevention of LPS-induced TNF-α, IL-6, IL-1β increases, and IL-10 decrease by SAHA treatment
	FIGURE 3: Cytokine levels determined by ELISA

	Amelioration of the LPS-induced cytoplasmic NF-κB expression increase by SAHA
	FIGURE 4: Western blot analysis results and the effects of SAHA (0.25, 0.5, 1.0, 1.25 µM) on NF-κB expression levels in LPS-induced microglial cells

	Inhibition of the LPS-induced increase in the total HDAC activity by SAHA
	FIGURE 5: Results of the total HDAC activity assay
	FIGURE 6: Effects of SAHA and histone acetylation on the LPS-induced inflammatory response in microglial cells


	Discussion
	Conclusions
	Appendices
	FIGURE 7: Western blot image and the molecular weight of proteins

	Additional Information
	Disclosures

	References


