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The oncometabolite 2-hydroxyglutarate inhibits microglial
activation via the AMPK/mTOR/NF-xB pathway

Chao-jun Han', Ji-yue Zheng', Lin Sun’, Hui-cui Yang', Zhong-giang Cao', Xiao-hu Zhang', Long-tai Zheng' and Xue-chu Zhen'

Microglia, the brain-resident macrophage, is known as the innate immune cell type in the central nervous system. Microglia is also
the major cellular component of tumor mass of gliomas that plays a key role in glioma development. Mutations of isocitrate
dehydrogenases 1 and 2 (IDH1/2) frequently occur in gliomas, which leads to accumulation of oncometabolic product 2-
hydroxyglutarate (2HG). Moreover, IDH1/2 mutations were found to correlate with better prognosis in glioma patients. In the
present study, we investigated the effects of the 2HG on microglial inflammatory activation. We showed that the conditioned
media (CM) from GL261 glioma cells stimulated the activation of BV-2 microglia cells, evidenced by markedly increased expression
of interleukin-6 (IL-6), IL-1B, tumor necrosis factor-a (TNF-a), CCL2 (C-C motif chemokine ligand 2) and CXCL10 (C-X-C motif
chemokine 10). CM-induced expression of proinflammatory genes was significantly suppressed by pretreatment with a synthetic
cell-permeable 2HG (1 mM) or a nuclear factor-kB (NF-kB) inhibitor BAY11-7082 (10 uM). In lipopolysaccharide (LPS)- or TNF-a-
stimulated BV-2 microglia cells and primary microglia, pretreatment with 2HG (0.25-1 mM) dose-dependently suppressed the
expression of proinflammatory genes. We further demonstrated that 2HG significantly suppressed LPS-induced phosphorylation of
IkB kinase a/P (IKKa/B), IkBa and p65, IkB degradation, and nuclear translocation of p65 subunit of NF-kB, as well as NF-kB
transcriptional activity. Similarly, ectopic expression of mutant isocitrate dehydrogenase 1 (IDH1) (R132H) significantly decreased
TNF-a-induced activation of NF-kB signaling pathway. Finally, we revealed that activation of adenosine 5-monophosphate-
activated protein kinase (AMPK) and subsequent inhibition of mammalian target of rapamycin (mTOR) signaling contributed to the
inhibitory effect of 2HG on NF-kB signaling pathway in BV-2 cells. Taken together, these results, for the first time, show that
oncometabolite 2HG inhibits microglial activation through affecting AMPK/mTOR/NF-kB signaling pathway and provide evidence
that oncometabolite 2HG may regulate glioma development via modulating microglial activation in tumor microenvironment.
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INTRODUCTION

Malignant glioma is the most common and aggressive primary
tumor of the central nervous system [1, 2]. Glioma is often
infiltrated or surrounded by various non-tumor cells, including
stromal cells, vascular cells, and infiltrating and resident immune
cells, which constitute the glioma microenvironment. Based on
substantial evidence, the tumor microenvironment dramatically
influences glioma development, including initiation, growth,
invasion, and metastasis [3]. Among the tumor-infiltrating non-
neoplastic components in the tumor microenvironment of gliomas,
the major cell types are microglia/macrophages, which are defined
as tumor-associated microglia/macrophages (TAMs) [4]. Macro-
phages derived from blood monocytes promote cell growth in the
late stage of glioma, whereas microglia is indispensable for tumor
initiation in the early stage of glioma [5]. The extent of microglia/
macrophage infiltration positively correlates with malignancy and
a poor prognosis for patients [6]. The depletion of microglia/
macrophages or inhibition of their accumulation/activation
markedly inhibits the progression of gliomas in vivo [7].

Microglia, the resident macrophage of the brain, is the innate
immune cell in the central nervous system and a major cellular
component of the glioma tumor mass [3]. Microglial activation is
often observed in response to neuronal injuries or glioma [8], and
activated microglia produce a variety of proinflammatory media-
tors, such as tumor necrosis factor-a (TNF-a), chemokines,
prostaglandin E2 (PGE2), interleukin-1f (IL-1B), IL-6, reactive
oxygen species and matrix metalloproteinases (MMPs). These
proinflammatory mediators are also expressed in glioma-
associated microglia [4, 5, 9-13]. Although classically activated
microglia is believed to exert cytotoxic effects on neuronal cells or
glioma cells, they also produce growth factors that promote cell
survival, growth, and metastasis [14]. TAMs in glioma exhibit
alternative macrophage activation and express M2 (anti-inflam-
matory) markers [4]. Notably, the polarization of microglia/
macrophages is based on in vitro observations. Researchers have
long discussed whether polarization indeed occurs in vivo [15].
Recently, TAMs in glioma were reported to only partially overlap
with the M1 and M2 phenotypes in terms of the gene expression
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patterns [16]. Therefore, the state of activated microglia in glioma
and their roles in glioma progression remain controversial.

IDH is an enzyme that catalyzes the oxidative decarboxylation
of isocitrate to produce a-ketoglutarate (a-KG) and CO,. Somatic
mutations in IDH1 (R132) and IDH2 (R172) have been identified in
multiple human cancers, including glioma and acute myeloid
leukemia [17-19]. The IDH1 (R132) mutation occurs in >80% of
World Health Organization grade II-lll and secondary glioblasto-
mas [17]. In addition to abolishing the production of a-KG, IDH1/
IDH2 mutations increase the enzymatic activity and convert a-KG
to the structurally similar molecule 2-hydroxyglutarate (2HG) [20].
As a close analog of a-KG, 2HG plays an important role in
tumorigenesis by competitively inhibiting activity of a-KG-
dependent dioxygenases, prolyl hydroxylase, histone demethy-
lases, and the Ten-Eleven Translocation family of 5-methylcytosine
hydroxylases [21, 22]. Elevated levels of 2HG in the serum or urine
of patients with various malignancies have also been reported
[23-25]. In IDHT mutant glioma cells, 2HG accumulates in the cell
culture medium [20, 26]. Interestingly, patients with glioma
harboring IDH1/IDH2 mutations have a longer survival time than
patients without IDH mutants [20, 22]. Although several mechan-
isms have been proposed to determine the differences in survival
time between these two types of patients, the IDH mutant-
induced alterations in the tumor microenvironment might be
particularly important. An IDH1 mutant mouse glioma model and
clinical specimens of glioma tissues show a reduction in
inflammatory cell infiltration, neutrophil chemotaxis [27], and
CD8" T cell accumulation, as well as suppressed expression of
cytotoxic T lymphocytes-attracting chemokines [28]. Based on
these results, the oncometabolite 2HG might be involved in
modulating the tumor microenvironment by regulating the
inflammatory process in gliomas.

Here, we report the effect of the oncometabolite 2HG on the
inflammatory activation of microglia. Notably, 2HG inhibits LPS-
and TNF-o-stimulated production of inflammatory mediators in
microglia. In particular, 2HG regulates the inflammatory activation
of microglia through the adenosine 5-monophosphate-activated
protein kinase/mammalian target of rapamycin/nucelar factor-kB
(AMPK/mTOR/NF-kB) signaling pathway.

MATERIALS AND METHODS

Reagents and antibodies

Bacterial lipopolysaccharide (LPS) (Escherichia coli serotype 055:
B5) and 3-(4,5-dimethylthiazol-2-yl)—2,5-diphenyltetrazolium
bromide (MTT) were obtained from Sigma-Aldrich (St. Louis,
MO, USA) and dissolved in phosphate-buffered saline (PBS; 150
mM NaCl, 5 mM phosphate, pH 7.4). Recombinant human TNF-a
(C036) was purchased from Novoprotein (Shanghai, China). Cell-
permeable 1-octyl-R-2HG (octyl-R-2HG) was synthesized as
previously described [29]. The stock solution of octyl-R-2HG
(1 mol/L) was dissolved in dimethyl sulfoxide. Lipofectamine
2000 (11668019) was purchased from Invitrogen (Carlsbad, CA,
USA). Metformin (51950), Compound C (57306), and rapamycin
(S1039) were purchased from Selleck (Houston, TX, USA). The
antibodies against inducible nitric oxide synthase (ab15323) and
cyclooxygenase-2 (COX-2) (ab62331) were obtained from Abcam
(Cambridge, MA, USA). The antibodies against IKKa/p (2078S),
IKKB (8943S), IkBa (4814S), phosphorylated (p)-IkBa (2859S), p65
(8242S), p-p65 (Ser536, 3033S), AMPK (2532S), p-AMPK (Thr172,
25355S), mTOR (2972S), p-mTOR (Ser2448, 2971S), p70 S6K
(Thr389, 9202S), p-p70 S6K (9206S), S6 (2217S), p-S6 (Ser235/
236, 4856 S), and Lamin B (13435 S) were purchased from Cell
Signaling Technology (Danvers, MA, USA). The anti-a-Tubulin
antibody (T6199) was obtained from Sigma-Aldrich, and the
anti-IL-1B (GTX74034) and anti-TNF-a (BAF410) antibodies were
supplied by GeneTex (Irvine, CA, USA) and R&D Systems
(Minneapolis, MN, USA), respectively.
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Cell culture

BV-2 (murine microglia, RRID: CVCL_0182) and GL261 (murine
glioma, RRID: CVCL_Y003) cell lines and HEK293T (human
embryonic kidney, RRID: CVCL_0063) were purchased from The
Cell Bank of Type Culture Collection of Chinese Academy of
Sciences (Shanghai, China). These cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Grand
Island, NY, USA) supplemented with 10% fetal bovine serum in a
37 °C incubator with a 5% CO, atmosphere.

Isolation of mouse primary microglia

Mouse primary microglial cultures were prepared from neonatal
mouse brain tissues using previously described methods, with
minor modifications [30]. First, the chopped cerebral cortices of
newborn C57BL/6 mice were digested with papain (Sigma-Aldrich)
and DNase | (Sigma-Aldrich) and filtered through a 40 um cell
strainer. Then, the dissociated cells were collected by centrifuga-
tion, seeded in poly-D-lysine-coated F12 (Gibco/F12 (Gibco, New
York City, NY, USA) at 37 °C for 14 days. The mixed glial cells were
shaken at 180r/min for 6h at 37°C to isolate and collect
microglial cells. These microglial cells were cultured in the
medium for the MTT assay or enzyme-linked immunosorbent
assay. C57BL/6J mice were obtained from the Shanghai Laboratory
Animal Center, Chinese Academy of Sciences (Shanghai, China). All
animal experiments were conducted in accordance with the
guidelines for care and use of laboratory animals from the NIH
using a protocol approved by the Institutional Review Board of
Soochow University.

MTT assay

Cytotoxicity was determined using the MTT assay. Cells were
seeded in 96-well plates in triplicate at a density of 2 x 10* cells/
well. After a 24h drug incubation, the culture medium was
discarded, 30 pL of 0.5% MTT reagent was added to each well, and
the plate was incubated for 4 h at 37 °C. One hundred microliters
of dimethyl sulfoxide (DMSO) were added to dissolve the
formazan crystals, and the absorbance was measured at 570 nm
using a Multiscan MK3 plate reader (Thermo Fisher Scientific,
Waltham, MA, USA).

Enzyme-linked immunosorbent assay

Culture supernatants of BV-2 cells were collected after stimulation.
Levels of secreted TNF-q, IL-6, and PGE2 were detected according
to the manufacturer’s instructions (ELISA development reagents,
R&D Systems, Minneapolis, MN, USA) and our previous reports [31,
32]. The standard and samples were added to the antibody-coated
96-well plates (100 uL/well) and incubated at room temperature
for 2 h. Then, the plates were washed with PBST five times and
patted on a filter paper. After the addition of 100 uL of the
biotinylated complex to each well and an incubation for 1 h, the
plate was washed with PBST five times. One hundred microliters of
the horseradish peroxidase-labeled avidin complex was added
and incubated at room temperature for 1 h before five washes
with PBST. One hundred microliters of enzyme reaction substrate
were added and incubated for 30min. The reaction was
terminated by the addition of 100 uL of 1 mol/L sulfuric acid,
and then the OD value was measured at 450nm using a
microplate reader.

Quantitative real-time PCR

BV-2 cells were cultured in 12-well plates at a density of 1x 10°
cells/well, exposed to different treatments for 6 h, and total RNA
was isolated using an RNAiso Plus kit (TaKaRa, Shiga, Japan). The
complementary DNA (cDNA) templates were generated from 1 ug
of total RNA according to the manufacturer’s instructions and then
used for quantitative reverse transcription as previously reported
[33]. The volume of the real-time PCR system was 20 pL,
containing 6 pL of sterile distilled water, 500 nM primers (0.5 pL
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of each primer stock), 3 uL of the cDNA templates, and 10 pL of
SYBR Green PCR Master Mix (TaKaRa). The reaction conditions
were 30s at 95°C (pre-denaturation), followed by 5s at 95°C
(denaturation) and 30s at 60°C (40 cycles). Then, the reaction
system was heated slowly from 60°C to 95°C to establish the
melting curve after the amplification reaction. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used to normalize the
data as a control, and normalized values were subjected to the
27 AL formula to calculate the change in expression between
the experimental groups and the control. PCR was performed on a
StepOnePlus™ Real-Time PCR System (Applied Biosystems,
Carlsbad, CA, USA). The nucleotide sequences of specific primers
are shown in Table 1.

NF-kB reporter assay

BV-2 microglia cells stably expressing an NF-kB reporter
lentiviral construct were established as previously described
[34]. The NF-kB-expressing BV-2 cells were cultured in 12-well
plates in triplicate and stimulated with LPS for 6 h after a
pretreatment with or without the compounds for 30 min. Then, a
luciferase assay kit (Promega, Madison, WI, USA) was used to
detect luciferase activity according to the manufacturer’s
instructions, and promoter activity values are reported in
arbitrary units.

Preparation of nuclear and cytosolic fractions

Nuclear and cytosolic fractions were prepared using NE-PER
Nuclear and Cytoplasmic Extraction Reagents according to the
manufacturer’s instructions (Thermo Fisher Scientific). Cells were
homogenized and lysed with ice-cold CER | and CER Il buffers;
then, the supernatants were centrifuged for 5min at 1.6 x 10*g.
The cytosolic extracts were collected and stored at —80 °C. The
nuclear pellet was resuspended and incubated with NER buffer for
40 min. The nuclear lysate was centrifuged for 10 min at 1.6 x 10*
g and the fraction containing the soluble nuclear proteins was
stored at —80 °C until further assay.

Western blotting

Cells were harvested in RIPA lysis buffer [150 mM NaCl, 50 mM
Tris-HCl, pH 8.0, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate, and protease inhibitor cocktail tablets
(Roche, Basel, Switzerland)]. After determining the protein
concentration, 40 ug of each sample was loaded onto sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gels, electro-
phoresed, and transferred to 0.2 um polyvinylidene difluoride
membranes (Millipore, Billerica, MA, USA). Membranes were
blocked with 5% non-fat milk in Tris-buffered saline (TBS) for
2h, and then exposed to specific primary antibodies and the
a-tubulin antibody (Sigma-Aldrich) overnight at 4°C. The
membranes were then incubated with secondary antibodies
(Sigma-Aldrich) after three washes with TBS containing 0.1%
Tween-20 (Sigma-Aldrich) (TBST). A ChemiScope 3300 Mini (CLINX,
Shanghai, China) instrument was used to visualize the protein
bands according to the manufacturer’s instructions.

Metabolic assays

BV-2 cells were cultured in 12-well plates at a density of 1x 10°
cells/well. The ATP/ADP Assay Kit (Sigma-Aldrich) was used to
calculate the ATP/ADP ratio according to the standard protocol.
For the analysis of the oxygen consumption rate (OCR), cells were
plated in the XF-24 cell culture microplates at a density of 2 x 10*
cells/well and incubated at 37 °C in a 5% CO, atmosphere for 24 h.
After 12 h of hydration in a 37 °C non-CO, incubator, the XF-24
analyzer sensor cartridge and microplates were carefully snapped
together. The initial OCR of BV-2 cells was assayed using the XF-24
Extracellular Flux Analyzer (Seahorse Bioscience, City of Santa
Clara, CA, USA). The OCR was recorded every 10 min using the
analyzer [35].

SPRINGERNATURE

Table 1. DNA sequences of the primers used for RT-PCR

cDNA Primer sequences

GAPDH Forward primer: 5-TGTGTCCGTCGTGGATCTGA-3’
Reverse primer: 5-TTGCTGTTGAAGTCGCAGGAG-3’

IL-6 Forward primer: 5-TTCCATCCAGTTGCCTTCTT-3’
Reverse primer: 5-CAGAATTGCCATTGCACAAC-3’

IL-18 Forward primer: 5-TCCAGGATG AGGACATGAGCAC-3'
Reverse primer: 5-GAACGTCACACACCAGCAGGTTA-3’

TNF-o Forward primer: 5-CATCTTCTCAAAATTCGAGTGACA-3’
Reverse primer: 5-TGGGAGTAGACAAGGTACAACCC-3/

COX-2 Forward primer: 5'-CAGGCTGAACTTCGAAACA-3’

Reverse primer: 5-GCTCACGAGGCCACTGATACCTA-3/

CcCL2 Forward primer: 5- TTAAAAACCTGGATCGGAACCAA-3/
Reverse primer: 5'- GCATTAGCTTCAGATTTACGGGT-3’

CXCL10 Forward primer: 5-CCAAGTGCTGCCGTCATTTTC-3’
Reverse primer: 5-GGCTCGCAGGGATGATTTCAA-3’

MMP2 Forward primer: 5-CAAGTTCCCCGGCGATGTC-3/
Reverse primer: 5-TTCTGGTCAAGGTCACCTGTC-3/

MMP14 Forward primer: 5-CAGTATGGCTACCTACCTCCAG-3/

Reverse primer: 5-GCCTTGCCTGTCACTTGTAAA-3’

RT-PCR reverse transcription polymerase chain reaction, GAPDH glycer-
aldehyde 3-phosphate dehydrogenase, IL interleukin, TNF-a tumor necrosis
factor-a, COX-2 cyclooxygenase-2, CCL2 C-C motif chemokine ligand 2, MMP
matrix metalloproteinase

Statistical analysis

All results are presented as the means + standard deviations. The
statistical significance of differences was assessed using GraphPad
software version 6.0 (GraphPad Software, Inc., La Jolla, CA, USA).
Student’s t test was used to compare data between two groups.
For comparisons between multiple groups, one-way analysis of
variance (ANOVA) or two-way ANOVA followed by Bonferroni's
post hoc test were utilized. A P value <0.05 was considered
statistically significant.

RESULTS

2HG inhibits LPS- or TNF-a-triggered microglial activation

R-2HG was shown to accumulate to levels up to ~5-35 pmol/g in
IDH-mutated glioma tumors [20, 36], and an liquid chromatography-
mass spectrometry analysis indicated that the microenvironment
of an IDH1 mutant glioma was likely exposed to high concentra-
tions of 2HG in the low millimolar range [37]. The synthetic cell-
permeable octyl-R-2HG compound is usually used to mimic high
intracellular concentrations of R-2HG in vivo. It is not suitable for
the study of microglia because glioma-associated microglia cells
are mainly affected by the glioma microenvironment, but the IDH1
(R132H) mutation was detected in glioma-associated microglia/
macrophages [38]. In addition, the intracellular R-2HG concentra-
tion in stromal cells was determined using mass spectrometry, and
a treatment with R-2HG or octyl-R-2HG induced a 71-fold and 250-
fold increase, respectively, compared with control cells [39, 40].
We initially investigated the effect of conditioned media (CM)
from GL261 murine glioma cells on microglial activation to
determine the effect of factors secreted from glioma cells on
microglial activation, which actively modulate glioma progression.
CM from GL261 glioma cells significantly increased the expression
of TNF-q, IL-1B, IL-6, CCL2 (C-C motif chemokine ligand 2) and
CXCL10 (C-X-C motif chemokine 10) on BV-2 microglia cells, and
M2 (anti-inflammatory) markers were also up-regulated (Supple-
mentary Fig. 1). Interestingly, the 2HG treatment significantly
suppressed the CM-mediated proinflammatory response in
activated BV-2 microglia cells (Fig. 1a). Meanwhile, CM from
cultured GL261 glioma cells induced microglial activation through
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Fig. 1 2-Hydroxyglutarate (2HG) inhibits microglial activation induced by the conditioned media (CM) from GL261 glioma cells. BV-2 cells

were pretreated with T mM 2HG (a) or 10 pM BAY-7082 (b) for 30 min. Afterwards, the cells were incubated with CM from GL261 cells for 6 h.
The expression of the tumor necrosis factor-a (TNF-a), interleukin-1f (IL-1p), IL-6, C-C motif chemokine ligand 2 (CCL2), and C-X-C motif
chemokine 10 (CXCL10) messenger RNAs (mRNAs) was determined using quantitative real-time PCR (qPCR), and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as the internal control. All results are presented as the means + SD (n = 3) and are representative of three
or more independent experiments. **P <0.01 and ***P < 0.001 compared to CM

a mechanism dependent on NF-kB activation because the
inhibition of NF-kB by BAY11-7082 attenuated proinflammatory
gene expression (Fig. 1b). Since toll-like receptor 4 (TLR 4) and
tumor necrosis factor receptor (TNFR) are major activators of the
NF-kB pathway and key mediators of the glioma-microglia
interaction [4], we thus assessed the effect of 2HG on LPS- or
TNF-a-induced microglial activation. As shown in Fig. 2a, b, 2HG
strongly suppressed LPS- or TNF-a-induced expression of the TNF-
q, IL-1B, IL-6, MMP2, CCL2, CXCL10, COX-2, and MMP14 (MT1-
MMP) messenger RNAs (mRNAs) in BV-2 microglia cells in a dose-
dependent manner, while 2HG did not alter the viability of BV-2
microglia cells at the tested concentrations (Supplementary Fig. 2).
The inhibitory effect of 2HG on the levels of the TNF-q, IL-6, IL-1(,
and COX-2 proteins in LPS-stimulated BV-2 microglia cells or
primary microglia cells was also confirmed using ELISAs or
Western blot analyses. 2HG significantly inhibited the production
of the IL-1f3, COX-2, TNF-q, and IL-6 proteins in LPS-stimulated BV-
2 microglia or primary microglia cells (Fig. 3a—c). Based on these
results, 2HG inhibited the inflammatory activation of microglia.

2HG attenuates the LPS-induced activation of the NF-kB signaling
pathway in microglial cells

We next assessed whether 2HG-induced inhibition of microglial
activation is mediated via the inhibition of the NF-kB pathway. As
shown in Fig. 4a, the 2HG treatment indeed suppressed LPS-
induced activation of NF-kB luciferase activity. In support of this
finding, the 2HG treatment markedly inhibited the LPS-induced
phosphorylation of IKKa/B, IkBa and p65, IkB degradation, and
nuclear translocation of the p65 subunit of NF-kB (Fig. 4c, d). We
transfected the IDH1R132H plasmid into HEK293T cells stably
expressing an NF-kB luciferase reporter construct and measured
the activation of the NF-kB signaling pathway in response to a
TNF-a treatment to determine the effect of the accumulation of
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endogenous 2HG on the transcriptional activity of NF-«kB (Fig. 4b).
Overexpression of IDHTR132H significantly reduced TNF-a-
induced NF-kB luciferase activity. Thus, the anti-inflammatory
mechanism of 2HG in microglia cells involved the inhibition of the
NF-kB signaling pathway.

2HG activates AMPK by altering the ATP/ADP ratio in microglial
cells

Previously, 2HG was reported to decrease the ATP/ADP ratio by
inhibiting ATP synthase [41]. In addition, the decreased ATP/ADP
ratio results in AMPK activation and subsequently negatively
regulates NF-kB activation [42]. We next assessed whether 2HG
decreased the ATP/ADP ratio in microglial cells to elucidate the
upstream signaling pathway responsible for 2HG-mediated
inhibition of NF-kB. As shown in Fig. 5a, the 2HG treatment
significantly decreased the ATP/ADP ratio in both control and
activated BV-2 microglial cells in a dose-dependent manner. We
next investigated the effect of 2HG on mitochondrial oxidative
phosphorylation (OXPHOS) in BV-2 microglial cells and found that
2HG significantly decreased the OCRs in both basal and LPS-
activated microglia cells in a dose-dependent manner (Fig. 5b).
Furthermore, in coordination with the decrease in the ATP/ADP
ratio, 2HG dose-dependently activated AMPK in BV-2 cells, and the
2HG treatment also blocked the LPS-mediated inhibition of AMPK
activation (Fig. 5¢, d). Moreover, pretreatment of BV-2 cells with
the AMPK-selective inhibitor Compound C (Fig. 5e) or with small
interfering RNA (siRNA)-mediated knockdown of AMPK (Supple-
mentary Fig. 3) abolished the anti-inflammatory effect of 2HG in
response to LPS. When ATP synthase (ATP5B) was silenced, LPS-
induced expression of the IL-1B, TNF-q, IL-6, and COX-2 mRNAs
was also decreased, as shown in Supplementary Fig. 4. Based on
these results, altered ATP/ADP ratio-mediated AMPK activation
was involved in the anti-inflammatory mechanism of 2HG.
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Fig. 2 2-Hydroxyglutarate (2HG) inhibits lipopolysaccharide (LPS)- and tumor necrosis factor-a (TNF-a)-triggered expression of inflammatory
cytokine messenger RNAs (mRNAs) in microglial cells. BV-2 cells were incubated with LPS (100 ng/mL) or TNF-a (10 ng/mL) for the indicated
times after a 30 min 2HG (1 mM) pretreatment. a, b BV-2 cells were stimulated with LPS and TNF-a for 6 h, and the expression of the TNF-q,
interleukin-1p (IL-1f), IL-6, matrix metalloproteinase 2 (MMP2), C-C motif chemokine ligand 2 (CCL2), C-X-C motif chemokine 10 (CXCL10),
cyclooxygenase-2 (COX-2), and MMP14 mRNAs was measured using quantitative real-time PCR (gPCR). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as the internal control. All results are presented as the means + SD (n = 3) and are representative of three
independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to LPS or TNF-a

2HG inhibits mTOR/IKK-mediated microglial activation via the
activation of AMPK

Inhibition of OXPHOS or activation of AMPK decreases mTOR
activity, which has been reported to regulate IKK/NF-kB activation
[43, 44]. The 2HG treatment inhibited both basal and LPS-induced
phosphorylation of mTOR and its downstream molecules, includ-
ing p70 S6K and S6 (Fig. 6a-c), indicating that 2HG regulated the
mTOR signaling pathway. Since 2HG-regulated NF-kB activity was
responsible for its anti-inflammatory effect on BV-2 cells (Fig. 4),
we further determined how 2HG-mediated regulation of mTOR
activity contributes to the inhibition of LPS-induced IKK activation.
As shown in Fig. 6d, e, inhibition of mMTOR by rapamycin or
activation of AMPK by metformin significantly inhibited LPS-
stimulated IL-1f, IL-6, TNF-a, and COX-2 expression in BV-2
microglial cells. Meanwhile, rapamycin also markedly suppressed
LPS-induced IKK and IkBa phosphorylation, as well as IkBa
degradation, suggesting that the inhibition of mTOR suppressed
IKK activation and the subsequent production of proinflammatory
mediators. We further confirmed that AMPK was the upstream
molecule in the mTOR pathway since metformin affected both
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AMPK and mTOR phosphorylation, while rapamycin only inhibited
mTOR phosphorylation in LPS-activated BV-2 microglial cells
(Fig. 6f). Thus, 2HG inhibited the NF-kB signaling pathway by
activating AMPK and inhibiting mTOR signaling.

DISCUSSION

In the present study, the oncometabolite 2HG inhibited LPS- and
TNF-a-induced microglial activation. CM from GL261 murine
glioma cells also significantly induced the activation of microglial
cells by increasing the expression of TNF-q, IL-1pB, IL-6, CCL2, and
CXCL10, whereas the 2HG pretreatment inhibited the production
of proinflammatory cytokines. Furthermore, 2HG inhibited LPS-
mediated activation of the NF-kB signaling pathway by activating
AMPK and subsequently inhibiting mTOR (Fig. 7).

IDH1/IDH2 catalyzes the oxidative decarboxylation of isocitrate
to a-KG. Mutations in the IDH1/IDH2 genes are frequently
observed in patients with low-grade glioma and secondary
glioblastoma [45]. Tumor-derived IDH1/IDH2 mutations lead to a
loss of their normal enzymatic activity, production of a-KG, and
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Fig. 3 2-Hydroxyglutarate (2HG) inhibits lipopolysaccharide (LPS)-induced inflammatory cytokine expression in microglial cells. BV-2 cells
were incubated with LPS (100 ng/mL) for the indicated times after a 30 min 2HG (1 mM) pretreatment. a After a 12 h stimulation with LPS,
levels of the pro-interleukin-1f (IL-1p) and cyclooxygenase-2 (COX-2) proteins were measured using Western blotting. The levels of pro-IL-1
and COX-2 were quantified using densitometry and normalized to a-tubulin. b, ¢ The levels of secreted tumor necrosis factor-o (TNF-a), IL-6
and prostaglandin E2 (PGE2) in the supernatants of cell lines or primary microglia were measured using enzyme-linked immunosorbent assays
(ELISAs). All results are presented as the means + SD (n = 3) and are representative of three independent experiments. *P < 0.05, **P < 0.01, and

***¥P < 0.001 compared to LPS

the gain of a new function that catalyzes the conversion of a-KG to
the oncometabolite 2HG [20]. Elevated levels of 2HG have been
detected in patients’ serum, urine, and the extracellular medium of
IDH-mutated glioma cells [23-25]. The RNA-sequencing data from
clinical samples revealed decreased expression of proinflamma-
tory genes, such as interferon-y-inducible genes, CD8"-related
genes, and chemokines, in IDH1 mutant samples compared to
IDH1 wild-type samples [28]. Based on the data from patients
carrying mulDH1 and a mouse glioma model, the longer survival
time of patients carrying mulDH1 may be associated with the
reduced infiltration of tumor-associated immune cells [21].
However, with the exception of the density of glioma-infiltrated
microglial cells, researchers have not clearly determined whether
the activation status of these cells is affected by 2HG. In the
present study, 2HG directly inhibited microglial expression of TNF-
q, IL-6, IL-13, COX-2, CCL2, and CXCL10 induced by CM from
glioma cells or proinflammatory stimuli. The chemokines CCL2 and
CXCL10 recruit inflammatory cells to tumor sites [28], whereas
proinflammatory cytokines, including IL-6, IL-1(3, and TNF-q, create
a proinflammatory microenvironment, thereby promoting the

Acta Pharmacologica Sinica (2019) 40:1292 - 1302

malignant transformation and progression of low-grade glioma
[4]. Additionally, 2HG alone did not affect the expression of the
classic M2 macrophage/microglia markers Arg1, CD206, and IL-10
(data not shown). Thus, elevated 2HG levels in glioma might
contribute to the anti-inflammatory microenvironment of IDH1/2-
mutated gliomas and subsequent better prognosis of patients
with IDH1/2-mutated glioma.

Although the roles of 2HG in the tumorigenesis, progression,
and therapeutic susceptibility of glioma are rather complex and
different, elevated 2HG levels in IDH1/2-mutated glioma may
contribute to tumor formation by affecting cellular metabolism,
DNA repair systems, and epigenetic regulation [40]. In addition,
based on accumulating clinical evidence, these mechanisms listed
below are involved in determining the better prognosis of
patients carrying IDH1/2 mutations. (i) First, 2HG increases the
susceptibility of IDH1/2 mutant glioma cells to chemotherapy and
irradiation by inhibiting DNA repair enzymes [45, 46], reducing
NADPH production [47] and impairing redox systems [48]. (ii) 2HG
reduces the infiltration and inflammatory activation of microglia/
macrophages in glioma tissues, and (iii) 2HG directly inhibits
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Fig. 4 2-Hydroxyglutarate (2HG) attenuates the lipopolysaccharide (LPS)-induced activation of the nuclear factor-xB (NF-kB) signaling
pathway. a BV-2 cells stably expressing the NF-kB reporter construct were pretreated with 2HG for 30 min and then incubated with LPS
(100 ng/mL) for 6 h. NF-kB activity was determined using a luciferase reporter assay. b The stable NF-kB reporter-expressing HEK293T cells
were transfected with the vector or R132H plasmids for 24 h, and then NF-xB luciferase activity was measured after a 6 h treatment with TNF-«
(10 ng/mL). NF-kB activity is reported as relative values, and the values of the control are set to a relative value of 1. BV-2 cells were stimulated
with LPS (100 ng/mL) for the indicated times after a 30 min 2HG (1 mM) pretreatment. ¢ The whole-cell lysate and d nuclear and cytosolic
fractions were harvested, and the levels of phosphorylated (p-) and total proteins were analyzed using Western blotting. a-Tubulin was used
as an internal control for the whole-cell lysate or cytosolic fractions. Levels of nuclear proteins were quantified using densitometry and
normalized to Lamin B. *P < 0.05 and **P < 0.01 compared to Con + LPS or Vector + TNF-a. All results are presented as the means + SD (n = 3)

and are representative of three independent experiments

tumor cell growth. Therefore, 2HG accumulation contributes to
the oncogenesis of IDH1/2 mutant gliomas, but it may also inhibit
the progression of glioma by increasing susceptibility of IDH1/2-
mutated glioma cells to cytotoxic agents [40]. On the other hand,
2HG in the tumor environment is taken up by non-cancer cells,
including T cells, stromal cells, and NK cells, where it suppresses
T cell- or NK cell-mediated anti-tumor immune responses,
indicating that 2HG production in gliomas carrying the IDH1/2
mutation exerts a deleterious effect on the efficacy of immu-
notherapy [40, 49]. Collectively, results from previous reports and
the present study suggest that the oncometabolite 2HG plays
diverse roles in the formation, progression, and therapeutic
treatment of IDH1/2-mutated gliomas, and its role in overall
glioma prognosis might depend on the disease stage and mode of
treatment. The detailed roles of 2HG in tumorigenesis and therapy
require further investigations in future studies.

The NF-kB signaling pathway plays a key role in regulating the
expression of proinflammatory genes. Upon binding to LPS or
TNF-a, TLR4, or TNFR forms a complex with various molecules,
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including MyD88, IRAK, and TRAF6, leading to the phosphorylation
of IKKB [50]. Activated IKKB phosphorylates IkBa and the
p65 subunit of NF-kB, resulting in the transcription of proin-
flammatory genes [50]. In the present study, 2HG inhibited LPS-
triggered phosphorylation of IKK, IkBa and p65, and the
degradation of IkBa, leading to the suppression of the transcrip-
tional activity of NF-kB in microglial cells. Previously, 2HG was
reported to activate the NF-kB signaling pathway in an IKK-
independent manner in bone marrow stromal cells [39]. In the
present study, a low dose of 2HG alone did not affect the activity
of NF-kB, suggesting that the effects of 2HG on NF-kB activation
depend on the cell type and concentration of the compound.
AMPK is a central regulator of cellular energy metabolism in
eukaryotes [51]. Based on accumulating evidence, AMPK
negatively regulates the inflammatory activation of macro-
phages by inhibiting NF-kB activity [51]. Several proteins are
responsible for the inhibitory effects of AMPK on NF-kB
activation, including Sirtuin 1 (SIRT1), p53, and PGC-1a [51].
AMPK activates the deacetylase SIRT1, which deacetylates the
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Fig. 5 2-Hydroxyglutarate (2HG) activates adenosine 5'-monophosphate (AMP)-activated protein kinase (AMPK) in microglial cells. a BV-2 cells
were incubated with lipopolysaccharide (LPS) (100 ng/mL) for the indicated times after a 30 min 2HG (1 mM) pretreatment. The ATP/ADP ratio
was measured as described in the metabolic assays section. *P < 0.05 and **P < 0.01 compared to Con. *P < 0.05 compared to LPS. b Cells were
stimulated with LPS or 2HG, and the LPS-induced initial oxygen consumption rate (OCR) was recorded every 10 min in the XF-24 analyzer. *P <
0.05 and **P < 0.01 compared to Con. *P < 0.05 and **P < 0.01 compared to LPS. ¢, d. Cells were treated with LPS or 2HG, and the levels of the
indicated phosphorylated (p-) and total proteins were analyzed using Western blotting. The levels of all proteins were quantified using
densitometry and normalized to a-tubulin. *P < 0.05 compared to Con. *P <0.05 compared to LPS. e Cells were pretreated with the AMPK
antagonist Compound C (Com C), and the anti-inflammatory effect of 2HG was partially reversed. **P < 0.01 compared to LPS. *P < 0.05 and
#p <0.01 compared to 2HG + LPS. All results are presented as the means+SD (n=3) and are representative of three independent

experiments

p65 subunit of NF-kB at Lys310, subsequently inhibiting the
transcriptional activity of NF-kB [52]. IKKB phosphorylates
the p65 subunit of NF-kB in the cytosol, while SIRT deacetylates
the p65 subunit of NF-kB in the nucleus [53]. AMPK also
phosphorylates the transcription factor peroxisome proliferator-
activated receptor y co-activator 1a, which directly interacts
with the p65 subunit of NF-kB in the nucleus [54]. In the present
study, 2HG activated AMPK by altering the ATP/ADP ratio and
suppressing the phosphorylation of IKKa/ and IkBa, suggesting
that the AMPK/SIRT and AMPK/PGC-1a pathways, which func-
tion in the nucleus, are not involved in the inhibitory effect of
2HG on IKK activation. Previously, AMPK activators were shown
to inhibit TNF-a-induced IKK activation [55] and reduce the LPS-
induced expression of proinflammatory genes by inhibiting IKK
activity [56]; AMPK activation inhibits the glycolysis-mediated O-
linked N-acetylglucosamine modification of IKKB at serine 733,
resulting in reduced IKKf activity through the phosphorylation
of p53 [57, 58]. We further found that 2HG inhibited LPS-induced
aerobic glycolysis without altering O-linked N-acetyl-glucosa-
mine modification of IKKP in LPS-activated BV-2 microglial cells
(data not shown). Moreover, since LPS-induced aerobic glyco-
lysis occurs after the transcriptional activation of NF-kB or
HIF1 signaling [59], the AMPK/p53/glycolysis pathway seems
unlikely to be involved in the suppressive effect of 2HG on IKK

Acta Pharmacologica Sinica (2019) 40:1292 - 1302

activation. Based on these results, other cytosolic mechanisms
mediate the inhibitory effects of 2HG on NF-kB signaling.
mTOR, a downstream signaling effector in the AMPK pathway,
plays important roles in cell metabolism and inflammation [60].
AMPK inhibits mTOR signaling by directly phosphorylating TSC2
and the mTORC1 component Raptor [60]. Notably, mTOR
positively regulates NF-kB-dependent gene expression by inter-
acting with the IKK complex in prostate cancer cells [61], and the
mTOR inhibitor rapamycin suppresses the production of proin-
flammatory factors in LPS-activated microglial cells by inhibiting
the NF-kB signaling pathway [62, 63]. Consistent with these
results, we confirmed that rapamycin significantly inhibited LPS-
induced microglial proinflammatory gene expression by abolish-
ing IKK activation. Moreover, 2HG inhibited the LPS-induced
activation of mTOR signaling, accompanied by the inhibition of
microglial activation and IKK phosphorylation. Previously, the
accumulation of 2HG was shown to decrease mTOR signaling by
inhibiting ATP synthase in glioma cells [41]. In the present study,
we also confirmed that 2HG decreased the OCR and the ATP/ADP
ratio in microglial cells. However, another study reported the
opposite results and revealed that the production of 2HG induced
by the IDH1/2 mutation activated mTOR signaling by inhibiting
the a-KG-dependent enzyme KDMA4A in glioma cells [64]. Never-
theless, the current study indicated that mTOR inhibition
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Fig. 6 2-Hydroxyglutarate (2HG) decreases mammalian target of rapamycin (mTOR) signaling in BV-2 microglial cells. a-c BV-2 cells were
incubated with lipopolysaccharide (LPS) (100 ng/mL) for the indicated times after a 30 min 2HG (1 mM) pretreatment. The Ievels of the
indicated phosphorylated (p-) and total proteins were analyzed using Western blotting. "P < 0.05 and P < 0.01 compared to Con; *P < 0.05
compared to LPS. (d) After pretreatments with 2 mM metformin (Met) and 100 nM rapamycin (Rapa), cells were incubated with LPS for 6 h. The
expression of the IL-1B, IL-6, TNF-o and COX-2 mRNAs was measured using quantitative real-time PCR (qPCR), and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as the internal control. *P < 0.05 and **P < 0.01 compared to Con + LPS. e Cells were pretreated
with rapamycin (Rapa) for 4 h, and the Ievels of the phosphorylated (p-) and total IkB kinase (IKK) and IxBa proteins were analyzed using
Western blotting. *P < 0.05 compared to Con. *P < 0.05 compared to LPS. f Metformin (Met) and rapamycin (Rapa) were added to the culture
for 12 or 4 h, and then the levels of the phosphorylated (p-) and total adenosine 5-monophosphate-activated protein kinase (AMPK) and
mTOR proteins were analyzed using Western blotting. The levels of all indicated proteins were quantified using densitometry and normalized
to a-tubulin. *P < 0.05 compared to Con. *P < 0.05 compared to LPS. All results are presented as the means + SD (n = 3) and are representative
of three independent experiments
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Fig. 7 Schematic showing the potential mechanisms underlying the anti-inflammatory effects of 2-hydroxyglutarate (2HG). Lipopolysacchar-
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target genes. 2HG increases adenosine 5'-monophosphate-activated protein kinase (AMPK) phosphorylation and decreases mammalian target
of rapamycin (mTOR) phosphorylation by suppressing mitochondrial oxidative phosphorylation, ultimately blocking LPS-induced IKKa/f

phosphorylation and NF-kB transcriptional activity

mediated by AMPK activation appeared to be involved in the
inhibitory effect of 2HG on inflammatory responses and IKK
activation.

In summary, (i) the oncometabolite 2HG inhibits CM-, LPS-, and
TNF-a-induced inflammatory activation of microglia by inhibiting IKK
activation. (i) Activation of AMPK and subsequent mTOR inhibition
are involved in the anti-inflammatory mechanisms of 2HG. Although
the translational benefit of 2HG in patients with glioma must be
further elucidated, our study provides a molecular and cellular basis
for the function of 2HG in microglial cells in the brain.
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