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Abstract. The mutation of isocitrate dehydrogenase (IDH)1 
(R132H) and IDH2 (R172K) and the induction of hypoxia 
in various solid tumors results in alterations in metabolic 
profiles, including the production of the d‑ or l‑forms of 
2‑hydroxyglutarate (2HG) from α‑ketoglutarate in aerobic 
metabolism in the tricarboxylic acid (TCA) cycle. However, 
it is unclear whether the oncometabolite d‑2HG increases 
angiogenesis in endothelial cells. Therefore, in this study, we 
analyzed the levels of various metabolites, including d‑2HG, 
under hypoxic conditions and in IDH2R172K mutant breast 
cancer cells by mass spectrometry. We then further evaluated 
the effects of this metabolite on angiogenesis in breast 
cancer cells. The results revealed that treatment with d‑2HG 
increased the levels of secreted vascular endothelial growth 
factor (VEGF) in cancer cells and enhanced endothelial cell 
proliferation in a concentration‑dependent manner. Wound 
healing and cell migration (examined by Transwell assay) 
were significantly increased by d‑2HG to a level similar to 
that induced by VEGF. Tube formation was significantly 
stimulated by d‑2HG, and chick chorioallantoic membrane 
angiogenesis was also enhanced by d‑2HG. d‑2HG activated 
VEGF receptor (VEGFR)2 and VEGFR2 downstream 
signaling, extracellular signal‑regulated kinase 1/2, focal 
adhesion kinase, AKT and matrix metalloproteinase (MMP)2. 
Taken together, the findings of this study suggested that 
d‑2HG induced angiogenic activity via VEGFR2 signaling 
and increased MMP2 activity.

Introduction

Hypoxia is defined as a low oxygen concentration of <2% (1). 
Hypoxia occurs in inflammation, stroke, tissue ischemia and 
tumor growth. In the context of hypoxia, cells adapt to the 
energy production process by minimizing oxygen consumption 
and converting to corresponding anaerobic processes to 
stimulate cell growth, anti‑apoptotic and angiogenic signaling 
pathways (2,3). Angiogenesis is a key step in tumor growth 
and metastasis (4). Several angiogenic molecules, including 
vascular endothelial growth factor (VEGF), are secreted from 
cancer cells in response to hypoxic stress; in particular, secreted 
VEGF increases endothelial cell proliferation, migration and 
differentiation, thereby affecting cancer progression (5).

Over the past decade, interest in tumor metabolism has 
increased. Major hallmarks of cancer cells include abnormal 
metabolism, energy production processes involving the 
mitochondrial tricarboxylic acid (TCA) cycle and anaerobic 
digestion processes in the cytoplasm, rather than oxidative 
phosphorylation, which can use oxygen. This phenomenon 
was first described by Warburg (6,7) and allows cancer cells 
to proliferate under hypoxic conditions (≤2% O2) (8). Notably, 
hypoxia involves a shift from adenosine triphosphate (ATP) 
production through oxidative phosphorylation to that through 
glycolysis under normal oxygen conditions. As a result, cancer 
cells acquire large amounts of energy by converting the 
majority of glucose to lactic acid. This phenomenon is known 
as the ‘Warburg effect’. In addition, specific mutations in 
mitochondrial metabolic enzymes have been shown to initiate 
carcinogenesis (9‑11).

Isocitrate dehydrogenase (IDH)1 and IDH2 are 
homodimeric enzymes that convert isocitrate to α‑ketoglutarate 
(α‑KG), reduce NADP+ to NADPH, and release carbon dioxide 
in glutamine, glucose and fatty acid metabolism (12). IDH1 is 
localized in the cytoplasm, whereas IDH2 is localized in the 
mitochondria (13,14). Somatic mutations in IDH1 were first 
observed in patients with glioblastoma (15). IDH2 mutations 
have also been identified in glioma, albeit much less frequently 
than IDH1 mutations. Moreover, various IDH1/2 point 
mutations have been identified in acute myeloid leukemia (16), 
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chondrosarcoma (17), intrahepatic cholangiocarcinoma (18), 
angioimmunoblastic T‑cell lymphoma (19), gastric cancer (20), 
colorectal cancer (21) and other types of cancer (22,23). Almost 
all IDH1/2 mutations cause a single amino acid substitution, 
Arg132 in IDH1 (to 1 of 6 amino acid residues: His, Cys, Leu, 
Ile, Ser, Gly and Val), or corresponding Arg172 in IDH2 (to 
1 of 4 different residues: Lys, Met, Gly and Trp) (24). Major 
mutations are R132H in IDH1 and R172K in IDH2. A new 
reaction product, 2‑hydroxyglutarate (2HG), has also been 
identified in the presence of IDH1/2 mutations. 2HG has two 
enantiomers, d  (or R)‑2HG and l  (or S)‑2HG. Only d‑2HG 
is generated by mutations in IDH1/2. d‑2HG, a competitive 
inhibitor of α‑KG, inhibits α‑KG‑dependent dioxygenases, such 
as ten‑eleven translocation methylcytosine dioxygenase DNA 
demethylases, JmjC demethylases and proline hydroxylases, 
resulting in epigenetic alterations (25‑27). d‑2HG has been 
known as an oncometabolite owing to its involvement in 
diverse biological processes related to tumorigenesis (25‑27). 
This metabolite also directly induces epithelial‑mesenchymal 
transition and increases metastatic potential in colorectal 
cancer  (28). However, d‑2HG inhibits hypoxia‑inducible 
factor (HIF) expression by promoting the activity of the HIF‑1 
prolyl hydroxylases Egl nine homolog (EGLN)1 and EGLN2, 
suggesting that d‑2HG has dual functions as an oncometabolite 
and tumor suppressor (29). Hypoxia increases the formation of 
l‑2HG independent of the IDH mutation, and elevated l‑2HG 
stabilizes HIF‑1α (30). Therefore, whether d‑2HG increases 
angiogenesis in vitro and in vivo remains unclear, and the 
mechanisms mediating the angiogenic activities of d‑2HG 
have not yet been elucidated.

Accordingly, in this study, we compared metabolites in the 
hypoxic state and in human breast cancer cells overexpressing 
mutant IDH2. Following the identification of d‑2HG in this 
analysis, we further examined the roles of this metabolite in 
angiogenesis in vitro and ex vivo. The findings of this study 
may provide important insight into the effects of hypoxia and 
IDH2 mutations on metabolism and angiogenesis in cancer.

Materials and methods

Cell culture. HepG2 human liver cancer (Korean Cell Line 
Bank, Seoul, Korea), The MDA‑MB‑231 human breast cancer 
cells, A549 human lung cancer cells, 293T cells (all from 
ATCC, Manassas, VA, USA) and bovine aortic endothelial 
cells (BAECs; passages 5‑14; Lonza Biosciences, Basel, 
Switzerland) were grown on culture plates in Dulbecco's 
modified Eagle's medium (DMEM; HyClone, Logan, UT, 
USA) supplemented with 10%  fetal bovine serum (FBS; 
HyClone), 1% antibiotics (100 U/ml penicillin, 100 mg/ml 
streptomycin; Thermo Fisher Scientific, Waltham, MA, USA). 
The cells were maintained at 37˚C in an incubator under a 
humidified atmosphere of 5% CO2 and 95% air.

Lentiviral transduction of IDH2 mutants. The lentiviral 
expression vector for mutant IDH2 [pLenti6.2/V5‑IDH2 
(R172K)] was kindly provided by Professor Hai Yan of Duke 
University. Lentiviral particles were packaged by transfecting the 
293T cells with pLenti6.2/V5 or pLenti6.2/V5‑IDH2 (R172K) 
(kindly provided by Dr Hai Yan, Duke University Durham, 
NC, USA) using Polyfect reagent (Qiagen, Valencia, CA, USA) 

according to the manufacturer's instructions. Following 48 h 
of culture in DMEM supplemented with 10%  FBS, viral 
supernatants were collected and filtered through a 0.45‑µm 
syringe filter. The MDA‑MB‑231 cells were infected with the 
viral supernatants in the presence of polybrene (10 µg/ml) for 
6 h.

Metabolite prof iling of cancer cells. The targeted 
quantitative analysis of metabolites was performed by 
Human Metabolome Technologies America (HMT, Boston, 
MA, USA) based on methods previously described  (31), 
using capillary electrophoresis mass spectrometry (Agilent 
Technologies, Santa Clara, CA, USA). Metabolites were 
extracted from the MDA‑MB‑231 cells treated under 
normoxic or hypoxic conditions for 16 h and MDA‑MB‑231 
cells that were transduced with IDH2‑R172K mutant using 
lentivirus, as described above, under normoxic conditions. 
In our results, 116 of the analyzed metabolites were involved 
in glycolysis; the pentose phosphate pathway (PPP); the TCA 
(citric acid/Krebs) cycle; the urea cycle; and polyamine, 
creatine, purine, glutathione, nicotinamide, choline and 
amino acid metabolism.

Analysis of d‑2HG levels in cells. The MDA‑MB‑231 cells 
were transduced with lentiviral particles by transfection 
with pLenti6.2/V5‑IDH2  (R172K) or exposed to hypoxic 
conditions for 24 h. d‑2HG contents in cell lysates or medium 
were then determined using a d‑2HG assay kit according to 
the manufacturer's instructions (BioVision Inc., San Francisco, 
CA, USA).

Cell counting kit‑8 (CCK‑8) assays. The BAECs were seeded 
at 5x103 cells/well in 96‑well plates and incubated for 24 h. 
After 24 h, the medium was replaced with low‑serum medium 
(0.5% FBS in DMEM/low glucose), and the cells were starved 
for 16 h. Subsequently, the medium was changed to medium 
containing VEGF (40 ng/ml) or various concentrations of 
d‑2HG (Sigma‑Aldrich, St. Louis, MO, USA). The BAECs 
were incubated for 24 h, and CCK‑8 reagent (10 µl; Dojindo 
Laboratories, Seoul, Korea) was added to each well. The cells 
were then incubated for 3 h at 37˚C, and the optical density 
was measured with a microplate reader (Infinite M200 Pro; 
Tecan, Mannedorf, Switzerland) at 450 nm.

Enzyme‑linked immunosorbent assay (ELISA). The amount of 
VEGF protein secreted by the A549 human lung cancer cells 
into the medium was determined using a VEGF ELISA kit 
(R&D Systems, Wiesbaden, Germany). The cells were plated 
in 6‑well plates, cultured until reaching 80‑90% confluence, 
starved with starvation medium (0.5% FBS in DMEM) for 
16 h, and then treated with d‑2HG (250 µM or 5 mM) for 24 h. 
The medium was collected, and the amount of VEGF secreted 
into the medium was quantified using a microplate reader 
(Infinite M200 Pro; Tecan).

BrdU cell proliferation assays. The BAECs were seeded at 
2x103 cells/well in 96‑well culture plates and then incubated 
for 24  h. The cells were then starved with 0.5%  FBS in 
DMEM/low glucose for 16 h. The cells were subsequently 
incubated with VEGF (40 ng/ml) for 24 h in the presence 
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of various concentrations of d‑2HG in DMEM/low glucose 
containing 0.5% FBS. Cell proliferation was measured with 
a Cell Proliferation ELISA BrdU kit (Roche, Mannheim, 
Germany).

Ki67 immunofluorescence staining. The BAECs were seeded 
at 1x104 cells/well on coverslips in 4‑well plates and allowed 
to attach for 24 h. The cells were then starved with 0.5% FBS 
in DMEM/low glucose for 16 h. The cells were incubated with 
VEGF (40 ng/ml) for 24 h in the presence of various concentra-
tions of d‑2HG in DMEM/low glucose containing 0.5% FBS. 
The cells were then fixed with 4% paraformaldehyde solution 
and permeabilized with 0.1% Triton X‑100/phosphate‑buff-
ered saline (PBS). Fixed cells were blocked with 1% bovine 
serum albumin (BSA) in PBS and incubated with anti‑Ki67 
antibodies (1/200; sc‑23900; Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA) for 3  h at room temperature. The 
cells were then incubated for 1 h at room temperature with 
Alexa Fluor 488‑conjugated anti‑rabbit IgG as secondary 
antibodies (1/200; A‑11008; Thermo Fisher Scientific) and 
Hoechst to label the nuclei (green) and observed under a 
Leica TCS SP5 Ⅱ confocal microscope (Leica Microsystems, 
Wetzlar, Germany).

Transwell migration assay. The chemotactic migration 
ability of the BAECs was examined using a 24‑Transwell 
system (6.5 mm diameter, 8 µm pore size; Corning Costar, 
Lowell, MA, USA). The BAECs were starved in 0.5% FBS 
in DMEM/low glucose for 16 h and seeded at 1x105 cells/well 
into the upper chambers of the plates with 0.5%  FBS in 
DMEM/low glucose. The lower chambers were filled with 
600 µl of 0.5% FBS in DMEM/low glucose with or without 
VEGF (40 ng/ml) and d‑2HG (250 µM) as chemo‑attractants. 
Following incubation at 37˚C for 24 h, the migrated cells were 
fixed with 100% methanol (Merck, Kenilworth, NJ, USA) and 
stained with hematoxylin and eosin (Sigma‑Aldrich).

Wound healing assay. The BAECs were plated at 
4x105  cells/well on 12‑well plate and allowed to reach 
90% confluence. The BAECs were then starved in 0.5% FBS 
in DMEM/low glucose for 16 h and treated with mitomycin C 
(1 µg/ml) for 1 h. Thereafter, cell layers were scratched with a 
1‑ml micropipette tip. Plates were rinsed with PBS and incu-
bated at 37˚C for 24 h with starvation medium with or without 
VEGF (40 ng/ml) or d‑2HG (250 µM). Wound closure was 
monitored and photographed at 0 and 24 h using an inverted 
phase‑contrast microscope (CKX41SF, Olympus, Tokyo, 
Japan). The distance of cell migration was measured based 
on the original location of the cells immediately after the cell 
layers were scratched. These experiments were repeated at 
least twice with similar results.

In vitro tube formation assay. Growth factor‑reduced 
Matrigel (BD) was added to 96‑well plates and polymerized 
for 30 min at 37˚C. The BAECs were starved in 0.5% FBS 
in DMEM/low‑glucose for 16 h, seeded at 3x104 cells on the 
surface of the Matrigel, and incubated for 8‑16 h with or without 
VEGF (40 ng/ml) or d‑2HG (250 µM) in DMEM/low‑glucose 
containing 0.5% FBS. Morphological changes were observed 
under a microscope (CKX41SF, Olympus) and photographed 

at x100 magnification. The results are presented as the mean 
number of branching points.

Chick embryo chorioallantoic membrane (CAM) assay. 
Fertilized chicken eggs (CJ Corp., Seoul, Korea) were 
maintained in a humidified incubator (Eunjo Incubator 
Company, Pocheon, Korea) at 37˚C for 3 days. CAM assay 
was performed as previously described (3). Briefly, on day 4.5, 
chemical‑loaded Thermanox coverslips (Nunc, Rochester, 
NY, USA) were applied to the CAM surface. Two days later, 
a 20%  fat emulsion (SMOFlipid, Fresenius Kabi Austria 
GmbH, Hafnerstra, Austria) was injected beneath the CAM 
and observed under a stereomicroscope. Phorbol 12‑myristate 
13‑acetate (PMA) was used as a positive control. Fifteen eggs 
per group were used in each experiment, and experiments 
were performed in triplicate.

Gelatin zymography. Supernatants from cell cultures 
were analyzed for gelatin degradation activity of 
matrix metalloproteinase  (MMP) by sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis (SDS‑PAGE) 
under non‑reducing conditions. Gelatin (1  mg/ml) was 
pre‑polymerized on 10% polyacrylamide gels as a substrate. 
Electrophoresis was carried out at room temperature. The gels 
were washed with 2.5% Triton X‑100 washing buffer twice, 
followed by incubation with a zymography reaction buffer at 
37˚C overnight. The samples were stained with Coomassie 
Blue (Thermo Fisher Scientific) for 10 min and dried at room 
temperature.

Whole‑cell extract preparation and western blot analysis. 
Cell extract preparation and western blot analysis were 
performed as previously described  (32). Briefly, the cells 
were lysed with PRO‑PREP protein extraction solution 
(iNtRON Biotechnology, Seoul, Korea), and the lysates protein 
concentrations were measured using a Pierce BCA protein 
assay kit (Thermo Fisher Scientific). Proteins (50 µg) were 
loaded and separated by 10% SDS‑PAGE and transferred 
onto nitrocellulose membranes (Whatman Inc., Maidstone, 
UK). After blocking for 30 min with 5% skim milk at room 
temperature, the nitrocellulose membranes were incubated 
with primary antibodies for overnigh at 4˚C and secondary 
antibodies for 1 h at room temperature. The immune complexes 
were detected using enhanced chemiluminescence reagents 
(34577; Thermo Fisher Scientific). Primary antibodies used 
for western blot analysis were as follows: HIF‑1α (1/500; 
Cat. no. 610958; BD Biosciences, San Diego, CA, USA), IDH1 
(1/1,000; Cat. no. 3997; Cell Signaling Technology, Danvers, 
MA, USA), IDH2 (1/1,000; Cat.  no.  ab131263; Abcam, 
Cambridge, UK), IDH2‑172K (1/500; Cat. no. D‑328‑3; MBL Co. 
Ltd., Nagoya, Japan), phospho‑VEGFR2 (1/500; Cat. no. 2478; 
Cell Signaling Technology), VEGFR2 (1/1,000; Cat. no. 2479; 
Cell Signaling Technology), phospho‑ERK (1/1,000; 
Cat. no. 9101; Cell Signaling Technology), ERK (1/1,000; 
Cat.  no.  9102; Cell Signaling Technology), phospho‑FAK 
(1/1,000; Cat. no. sc‑81493; Santa Cruz Biotechnology), FAK 
(1/1,000; Cat. no. ab40794; Abcam), phospho‑AKT (1/1,000; 
Cat. no. 9271; Cell Signaling Technology), AKT (1/1,000; 
Cat. no. 4691; Cell Signaling Technology) and β‑actin (1/1,000; 
sc‑47778; Santa Cruz Biotechnology). HRP‑linked secondary 
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antibodies were obtained from Cell Signaling Technology 
(1/5,000; Cat. nos. 7076 and 7074).

RNA isolation and reverse transcription‑polymerase chain 
reaction (RT‑PCR). Total RNA was extracted from 
IDH2‑R172K mutant cells overexpressing HepG2 using 
TRIzol reagent (Invitrogen/Thermo Fisher Scientific) 
according to the manufacturer's instructions, and cDNA 
synthesis was carried out with ReverTra Ace qPCR Master 
Mix (Toyobo, Osaka, Japan). Semi‑quantitative PCR was 
performed as previously described using AccuPower PCR 
premix (Bioneer, Daejeon, Korea). The PCR conditions were 
as follows: 30 cycles of denaturation (94˚C/1 min), annealing 
(60˚C/1 min), and extension (72˚C/1 min), and final extension 
(72˚C/10 min). The primers used for HIF‑1α were as follows: 
forward, 5'‑CAGAAGATACAAGTAGCCTC‑3' and reverse, 
5'‑GGCCCGGTGCAGCACCACCA‑3'; and those for β‑actin 
were as follows: forward, 5'‑GACTACCTCATGAAGATC‑3' 
and reverse, 5'‑GATCCACATCTGCTGGAA‑3'. PCR prod-
ucts were separated on 1.5% agarose gels in 1X TAE buffer, 
stained with ethidium bromide and visualized under UV 
light.

Statistical analysis. All data are expressed as the 
means ± standard deviations (SD) from at least 3 samples. 
Statistical comparisons were determined by a Student's t‑test 
using GraphPad Prism 5.04 (GraphPad Software, Inc., La 
Jolla, CA, USA). Comparisons among multiple groups were 
analyzed using one‑way analysis of variance (ANOVA) with 

the Newman‑Keuls post hoc test. Differences with P<0.05 
were considered statistically significant.

Results

2HG levels are increased by hypoxia and IDH2 mutations 
in breast cancer cells. We infected the MDA‑MB‑231 
human breast cancer cells with lentiviral particles following 
transfection with IDH2‑R172K mutant‑lentiviral vector in 
293T cells, and the overexpression of IDH2‑R172K mutants 
was identified by western blot analysis using anti‑IHD2‑R172K 
antibodies (Fig. 1A). We then analyzed altered metabolites in 
MDA‑MB‑231 cancer cells due to hypoxia and IDH2 mutation 
using metabolite profiling. The analysis identified a total of 
116 up‑ or downregulated compounds, which were involved 
in glycolysis; the PPP; the TCA cycle; the urea cycle; and 
polyamine, creatinine, purine, glutathione, nicotinamide, 
choline and amino acid metabolism, as annotated on the HMT 
metabolite database. Among these compounds, 28 metabolites, 
including 2HG, a well‑known metabolite in IDH2 mutants, 
were upregulated (Table I). Hypoxia increased 2HG levels 
by 4.1‑fold, whereas IDH2 mutation increased 2HG levels 
by 1.7‑fold. HMT metabolite analysis did not distinguish the 
d‑form or l‑form of 2HG. As hypoxia usually increases l‑2HG 
levels, the increase in 2HG levels by hypoxia may primarily 
involve l‑2HG. Of note, many metabolites were overlapped 
under hypoxic conditions and IDH mutants, and the levels 
of many intermediate metabolites in glycolytic pathways, 
such as glucose‑6‑phosphate, fructose 1,6‑diphosphate and 

Figure 1. IDH2‑R172K mutation increases d‑2HG production. (A) 293 cells (2.4x106) were transfected with 8 µg pLenti6.2/V5 mock or pLenti6.2/V5‑IDH2 (R172K) 
vector using Polyfect reagent. MDA‑MB‑231 cells were infected with viral supernatants after 48 h of transfection in the presence of polybrene (10 µg/ml) for 
6 h, and protein lysates were applied for western blot analysis of the indicated proteins. β‑actin was used as a loading control. (B) Chemical structure of d‑2HG. 
(C) Levels of d‑2HG in cell lysates were analyzed by d‑2HG assays. (D) After the HepG2 cells were infected with wild‑type (WT) or R172K IDH2 lentiviral 
supernatant, HIF‑1α protein and mRNA levels were determined by western blot analysis or semi‑quantitative RT‑PCR. β‑actin was used as an internal control. 
*P<0.05 vs. mock under normoxia. d‑2HG, d‑2‑hydroxyglutarate; HIF‑1α, hypoxia‑inducible factor α.
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lactic acids, were increased in the mutants (Table I). Some 
metabolites involved in creatinine synthesis and purine 
metabolism were also upregulated. Notably, hypoxia and 
IDH2 mutation resulted in the downregulation of glutathione, 
β‑hydroxy β‑methylglutaryl‑CoA and putrescine. Among 
these downregulated metabolites, glutathione is the main 
substrate affecting cellular antioxidant potential (33) (Table II), 
suggesting that IDH2 mutation and hypoxia suppress 
antioxidant potential.

To determine whether the d‑form of 2HG was increased, 
we evaluated the amount of d‑2HG in the MDA‑MB‑231 cells 

exposed to hypoxia or harboring the IDH2‑R172K mutation. 
Compared with the normoxic controls, hypoxia significantly 
increased the d‑2HG levels. The IDH2‑R172K mutants also 
exhibited significant increases in intracellular d‑2HG contents 
(Fig. 1C). Koivunen et al (2012) reported that D‑2HG increased 
EGLN activity, leading to diminished HIF levels (29). However, 
in this study, we observed that HIF‑1α protein expression 
was increased, while its mRNA level was not altered in the 
IDH2‑R172K mutant overexpressing HepG2  human liver 
cancer cells (Fig. 1D), suggesting that HIF‑1α is stabilized by 
the D‑2HG same as the L‑2HG in cancer cells.

Table I. Representative increased metabolites in hypoxic or IDH2R172K mutant MDA‑MB‑231 cells.

Rank	 Metabolites	 Nomoxia	 Hypoxia	 Fold	 Rank	 Metabolites	 Nomoxia	 IDH2‑R172K	 Fold

	 2‑Hydroxyglutaric acid	 52	 213	 4.1		  2‑Hydroxyglutaric acid	 52	 86	 1.7
  1	 Fructose 6‑phosphate	 16	 23	 85.0	 1	 Glucose 1‑phosphate	 N.D.	 27	 27.0
  2	 N‑Carbamoylaspartic acid	 24	 439	 18.4	 2	 Succinic acid	 58	 343	 6.0
  3	 Glucose 1‑phosphate	 N.D.	 9.9	 9.9	 3	 Uric acid	 5.7	 33	 5.8
  4	 Inosine monophosphate	 4.5	 31	 6.8	 4	 Citrulline	 327	 1,405	 4.3
  5	 Glycerol 3‑phosphate	 59	 143	 2.4	 5	 2‑Phosphoglyceric acid	 8.7	 36	 4.2
  6	 Guanosine monophosphate	 5.6	 13	 2.3	 6	 Lactic acid	 8,669	 31,288	 3.6
  7	 Fructose 1,6‑diphosphate	 440	 811	 1.8	 7	 3‑Phosphoglyceric acid	 139	 454	 3.3
  8	 Ornithine	 103	 187	 1.8	 8	 Fructose 6‑phosphate	 16	 52	 3.2
  9	 Lysine	 153	 262	 1.7	 9	 Glucose 6‑phosphate	 74	 225	 3.0
10	 Glutamine	 853	 1,343	 1.6	 10	 Ornithine	 103	 289	 2.8
11	 Guanosine 5'‑phosphate	 20	 30	 1.5	 11	 Phosphoenolpyruvic acid	 26	 69	 2.7
12	 Succinic acid	 58	 86	 1.5	 12	 Alanine	 242	 613	 2.5
13	 Folic acid	 1.3	 2.0	 1.5	 13	 Guanosine monophosphate	 5.6	 12	 2.1
14	 Phenylalanine	 87	 127	 1.5	 14	 Lysine	 153	 301	 2.0
15	 3‑Phosphoglyceric acid	 139	 191	 1.4	 15	 Guanosine 5'‑phosphate	 20	 37	 1.9
16	 Creatinine	 16	 22	 1.4	 16	 Phenylalanine	 87	 157	 1.8
17	 Histidine	 111	 148	 1.3	 17	 Glycerol 3‑phosphate	 59	 96	 1.6
18	 Lactic acid	 8,669	 11,418	 1.3	 18	 Inosine monophosphate	 4.5	 7.2	 1.6
19	 Phosphoenolpyruvic acid	 26	 34	 1.3	 19	 Histidine	 111	 165	 1.5
20	 GTP	 530	 691	 1.3	 20	 Folic acid	 1.3	 1.9	 1.5
21	 2‑Phosphoglyceric acid	 8.7	 11	 1.3	 21	 Fructose 1,6‑diphosphate	 440	 638	 1.5
22	 Citrulline	 327	 381	 1.2	 22	 Acetyl CoA	 9.3	 13	 1.4
23	 Acetyl CoA	 9.3	 11	 1.1	 23	 Creatinine	 16	 21	 1.3
24	 Uric acid	 5.7	 6.5	 1.1	 24	 Guanosine 5'‑triphosphate	 530	 673	 1.3
25	 Alanine	 242	 272	 1.1	 25	 N‑Carbamoylaspartic acid	 24	 28	 1.2
26	 Glucose 6‑phosphate	 74	 80	 1.1	 26	 Glutamine	 853	 1,003	 1.2
27	 Ribulose 5‑phosphate	 32	 33	 1.1	 27	 Ribulose 5‑phosphate	 32	 36	 1.1

Table II. Representative decreased metabolites in hypoxic or IDH2R172K mutants MDA‑MB‑231 cells.

Rank	 Metabolites	 Nomoxia	 Hypoxia	 Fold	 Rank	 Metabolites	 Nomoxia 	 IDH2‑R172K	 Fold

	 2‑Hydroxyglutaric acid	 52	 213	 1		  2‑Hydroxyglutaric acid	 52	 86	 1
1	 Glutathione (GSH)	 5,494	 2,731	 2.0	 1	 Glutathione (GSH)	 5,494	 205	 26.9
2	 Putrescine	 83	 44	 1.9	 2	 Putrescine	 83	 19	 4.3
3	 HMG CoA	 2.4	 2.1	 1.1	 3	 HMG CoA	 2.4	 2.0	 1.2
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Figure 2. Cytotoxicity of d‑2HG in BAECs. (A and B) BAECs were treated with various concentrations of d‑2HG (25 µM to 50 mM) for 24 h (A) or 48 h (B). 
Cell viability was measured by CCK‑8 assays. VEGF (40 ng/ml) was used as a positive control. *P<0.05 versus the control. BAECs, bovine aortic endothelial 
cells; d‑2HG, d‑2‑hydroxyglutarate; VEGF, vascular endothelial growth factor.

Figure 3. d‑2HG increases VEGF secretion and the proliferation of BAECs. (A) A549 cells were starved for 16 h in 0.5% FBS‑containing medium, treated with 
d‑2HG (250 µM and 5 mM), collected and analyzed for VEGF protein levels using a VEGF ELISA kit. *P<0.05 versus the control. (B) BAECs were seeded at 
2x103 cells/well in 96‑well culture plates, then incubated for 24 h, and starved in 0.5% FBS in DMEM/low glucose for 16 h. The cells were treated with d‑2HG 
at the indicated concentrations or VEGF (40 ng/ml) in 0.5% FBS in DMEM/low glucose. Cell proliferation was assayed using a BrdU kit, and the percentage 
relative to the control was calculated. *P<0.05 versus the control. (C) BAECs were starved with 0.5% FBS in DMEM/low glucose for 16 h, incubated with various 
concentrations of d‑2HG or VEGF (40 ng/ml) for 24 h in DMEM/low glucose containing 0.5% FBS, fixed with 4% paraformaldehyde solution, and permeabilized 
with 0.1% Triton X‑100/PBS. Fixed cells were blocked with 1% BSA in PBS and incubated with anti‑Ki67 antibodies. Green color indicates Hoechst dye staining the 
nucleus and red color indicates Ki67‑stained cells. BAECs, bovine aortic endothelial cells; d‑2HG, d‑2‑hydroxyglutarate; VEGF, vascular endothelial growth factor.
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d‑2HG induces endothelial cell proliferation. To determine 
the non‑toxic concentrations of d‑2HG in endothelial cells, we 
examined cell viability using CCK‑8 assays in the BAECs. 

From the concentration of 25 µM to 1 mM, d‑2HG was not 
toxic to the endothelial cells; however, at concentrations 
>5 mM, cytotoxicity increased significantly at both 24 and 

Figure 4. d‑2HG increased migration and tube formation ability in BAECs. (A) BAECs (90% confluence) were starved with 0.5% FBS in DMEM/low glucose 
for 16 h and treated with mitomycin C (1 µg/ml) for 1 h. The cells were scratched with a 1‑ml micropipette tip and incubated in starvation medium with VEGF 
(40 ng/ml) or d‑2HG (250 µM). Wound closure from the original location was monitored and graphed. *P<0.05 versus the control. (B) Transwell migration 
assays were performed in 24‑Transwell plates (6.5 mm diameter, 8 µm pore size membrane). BAECs were seeded in the upper chamber, and VEGF (40 ng/ml) 
and d‑2HG (250 µM) were added to the lower chambers for 24 h. Migrated cells were fixed with 100% methanol, stained with hematoxylin and eosin, and 
counted. *P<0.05 versus the control. (C) BAECs were starved in 0.5% FBS in DMEM/low glucose for 16 h, seeded (3x104 cells) on the surface of the Matrigel, 
and incubated for 8‑16 h with or without VEGF (40 ng/ml) or d‑2HG (250 µM) in DMEM/low glucose containing 0.5% FBS. Morphological changes were 
observed under a microscope and photographed at x100 magnification. The results are presented as the mean number of branching points. BAECs, bovine 
aortic endothelial cells; d‑2HG, d‑2‑hydroxyglutarate; VEGF, vascular endothelial growth factor.

Figure 5. d‑2HG increased angiogenic activity ex vivo in chick CAM assays. (A) d‑2HG (250 2H)‑loaded Thermanox coverslips (dotted quarter circle) 
were applied to the CAM surface on fertilized chicken eggs (day 4.5), incubated for 48 h, and observed under a stereomicroscope. Phorbol 12‑myristate 
13‑acetate (PMA) was used as a positive control. (B) The number of eggs showing positive angiogenic responses was counted and graphed (n=15/group, 
triplicate). *P<0.05 versus the control.
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48 h (Fig. 2). Thus, we used concentrations <1 mM to identify 
the angiogenic activity.

As d‑2HG inhibits proline hydroxylases  (25), we 
hypothesized that this metabolite may also increase VEGF 
protein levels via the inhibition of HIF‑1 degradation. To 
confirm this hypothesis, we evaluated the secretion of VEGF in 
serum‑starved medium following treatment of the cancer cells 
with d‑2HG. We found that d‑2HG increased VEGF secretion 
from the cells (Fig. 3A). To determine whether d‑2HG affecs 
endothelial cell proliferation to modulate angiogenesis (5), we 
performed BrdU cell proliferation assays and immunostaining 
for Ki67 in the endothelial cells. d‑2HG increased endothelial 
cell proliferation in a concentration‑dependent manner 
from the concentrations of 25 to 250 µM, but did not exert 
concentration‑dependent effects at the concentrations of 
500 µM and 1 mM, although increased proliferation was still 
observed (Fig. 3B). Therefore, we selected the concentrations 
of 250 µM d‑2HG to reveal the maximum effects on angiogenic 
activity for the subsequent experiments. Immunostaining of 
the proliferating cells with anti‑Ki67 antibodies indicated that 
the increase in cell proliferation induced by d‑2HG (250 µM) 
was similar to that induced by VEGF (40 ng/ml; Fig. 3C).

d‑2HG induces endothelial cell migration and tube formation 
capacity. As endothelial cell migration is a key step in angio-
genesis (5), in this study, we performed both wound healing 
motility and Transwell migration assays. When wound closure 
was monitored for 24 h, d‑2HG increased the cell migratory 
capacity, similar to the effects observed with VEGF (Fig. 4A). 
Wound closure was increased to 1.5 fold by d‑2HG treatment 
compared with the control cells. The cell migratory capacity 
induced by d‑2HG examined by Transwell assay was also 
significantly increased by approximately 2‑fold, similar to that 
induced by VEGF (Fig. 4B).

The reorganization of angiogenesis is involved in tube 
formation (5). In this study, to determine the ability of d‑2HG 
to induce the formation of capillary‑like structures, we 
performed tube formation assays using the endothelial cells. 

d‑2HG increased the formation of capillary‑like structures, 
as did VEGF (Fig. 4C). The number of branching points was 
significantly increased by VEGF and d‑2HG to 1.6‑ and 2‑fold 
that of the control, respectively (Fig. 4C).

d‑2HG induces the formation of functional new blood vessels 
in CAMs ex vivo. To confirm the in vitro angiogenic activity 
of d‑2HG, we performed ex vivo angiogenesis assays. d‑2HG 
induced the formation of neovessels from the large vessels 
in the CAM region, as shown in Fig. 5A. Networks between 
new vessels were very complex, and vessel branching points 
were increased in the d‑2HG‑treated CAMs, similar to 
those in the PMA‑treated CAMs (Fig. 5B). Eggs exhibiting 
>30% neovessel formation were considered positive, and the 
percentage of positive eggs was calculated. The numbers of 
angiogenic CAMs were significantly increased by treatment 
with d‑2HG compared with that in the controls (Fig. 5B).

d ‑2HG act ivates VEGFR2 signaling and matrix 
metalloproteinase (MMP)2 activity. VEGF/VEGFR2, the 
most prominent ligand‑receptor complex in the VEGF system, 
induces endothelial cell proliferation, migration, survival, 
and new vessel formation associated with angiogenesis (34). 
VEGFR2 activation promotes the expression of downstream 
signaling molecules, such as AKT, p42/44 extracellular 
signal‑regulated kinase (ERK) and p38 mitogen‑activated protein 
kinase (MAPK), and focal adhesion kinase (FAK) (34). In this 
study, we found that d‑2HG clearly increased the phosphorylation 
of VEGFR2 (Fig. 6A), suggesting that VEGFR2 expression and 
activation were induced by d‑2HG. The activation of p42/44 
ERK, AKT and FAK was observed following treatment with 
d‑2HG, suggesting that d‑2HG increased angiogenic activity 
through the activation of VEGFR2 signaling.

MMP is activated by growth factor signaling, and 
its activation is essential for matrix degradation and cell 
migration and to release growth factors, such as VEGF, from 
the matrix (35). Of note, d‑2HG significantly enhanced MMP2 
activation, as observed by gelatin zymography and western 

Figure 6. d‑2HG induces VEGFR2 signaling pathway activation and MMP2 activity. (A) BAECs were treated with VEGF (40 ng/ml) or d‑2HG (250 µM) for 
10 min, and protein lysates was obtained for western blot analysis. (B) Western blot analysis and gelatin zymography analyses for MMP2 and pro‑MMP2, 
respectively, were performed with medium obtained from the same samples as described in (A). The relative expression pattern of MMP2 was quantified and 
graphed below the gel images. *P<0.05 versus the control. (C) Schematic summary of the mechanism through which d‑2HG enhances angiogenesis.
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blot analysis (Fig. 6B) to the same level induced by VEGF, 
suggesting that d‑2HG increased angiogenic activity via the 
activation of MMP2. Taken together, these results indicated 
that d‑2HG increased angiogenic capacity via VEGF secretion 
and activated VEGFR2 signaling, including FAK, in vascular 
endothelial cells.

Discussion

In this study, we demonstrated that the d‑form of HG, an 
oncometabolite, increased angiogenesis. d‑2HG is produced 
by mutated IDH enzymes found in a subsets of leukemias and 
brain tumors (27). Additionally, d‑2HG levels are increased 
through glutamine anaplerosis, even in the absence of IDH 
mutation (28). In this study, in IDH2R172K mutant human 
breast cancer cells, 2HG levels and metabolites involved in the 
glycolytic pathway were increased.

Standard methods for measuring metabolites by gas 
chromatography mass spectrometry do not distinguish 
enantiomeric species; thus, total 2HG measured in most 
assays includes both d‑2HG and l‑2HG. In this study, we 
demonstrated the that d‑2HG contents were increased in the 
context of hypoxia and in IDH2 mutant cells. d‑2HG exhibited 
cytotoxicity at concentrations >5 mM in vascular endothelial 
cells; this concentration was lower than that used in other 
reports, i.e., 50 mM, for the analysis of metabolites in cancer 
cells (14), suggesting that vascular endothelial cells are more 
susceptible to higher concentrations of d‑2HG. The serum 
levels of d‑2HG in patients with IDH1/2‑mutated biliary tract 
cancer have been shown to be approximately 11 µM (median 
value)  (36). Therefore, 250  µM d‑2HG was sufficient to 
observe the angiogenic activity in endothelial cells.

The oncometabolite d‑2HG increased endothelial cell 
proliferation, migration and tube formation, and the angiogenic 
activity of this compound was similar to that of VEGF. 
In addition, VEGFR2 activation was observed following 
treatment with d‑2HG. d‑2HG increased the activation 
of VEGFR2 signaling. Phosphatidylinositol 3‑kinase 
(PI3K)/AKT signaling increases the survival of endothelial 
cells, whereas the MAPK kinase/p42/44 ERK pathway is 
involved in endothelial cell proliferation. The activation of 
FAK increases the migration activity of endothelial cells. 
In addition to FAK activation, MMP2 increases matrix 
degradation and facilitates cell migration  (35,37). The 
functional activation of PI3K, ERK and FAK by d‑2HG may 
increase angiogenic activity. MMP2 activation also increases 
the levels of VEGF released from the matrix, promoting the 
binding of VEGF to its receptors  (35). Therefore, d‑2HG 
increases both VEGF availability to bind with VEGFR2 and 
enhances cell migration by modulation of MMP2 activity. 
However, the mechanisms through which d‑2HG regulates 
MMP2 activity are still unclear.

VEGF expression can be enhanced by d‑2HG through 
the activation of the ERK/MAPK pathway to increase the 
expression of activating protein  (AP)‑1, and AP‑1 then 
increases VEGF gene transcription. This event must occur very 
early as treatment with d‑2HG increased MAPK expression, 
including p42/44 ERK expression, within 10 min. Since it 
has been reported that hypoxia increases the formation of 
l‑2HG independent of the IDH mutation, and elevated l‑2HG 

stabilizes HIF‑1α (30), in the presence of both metabolites 
the angiogenic activity will be further increased. Therefore, 
further studies are required to investigate whether l‑2HG 
induces angiogenic activity and to determine the differences 
between l‑2HG and d‑2HG.

Metabolites altered by IDH2R172K and IDH1R132H 
mutations and by high‑dose 2HG (30  mM) treatment in 
glioma cells result in the elevation of numerous free amino 
acids, lipid precursors, such as glycerol‑phosphate, and 
the depletion of TCA cycle intermediates, such as citrate; 
however, intermediates related to the glycolytic pathway 
were not altered (14). In this study, increased metabolites in 
IDH2R172K mutant cells overlapped with those induced by 
hypoxic stress conditions in breast cancer cells, including 
2HG. We found that lipid precursors, such as glycerol‑3 
phosphate, and many metabolites related to the glycolytic 
pathway, such as glucose‑6‑phosphate, fructose‑6‑phosphate 
and lactic acid, were elevated under hypoxic conditions 
and in IDH2R172K mutant cells. Moreover, hypoxia and 
IDH2R172K mutation also increased lipid precursors and 
numerous free amino acids, consistent with previous find-
ings (14), suggesting that IDH2R172K mutation preferentially 
altered the metabolic machinery, such as glycolysis and the 
PPP, to yield high levels of energy, similar to hypoxia (2,14). 
The most markedly decreased metabolite was the reduced 
form of glutathione both in hypoxic conditions and in 
IDH2R172K mutant cells. As the reduced form of glutathione 
is essential for scavenging oxidative stress by providing elec-
trons (33), the IDH2R172K mutation may increase oxidative 
stress, as previously reported (38).

The d‑2HG‑induced angiogenic activity can be caused by 
alterations in various metabolites as 2HG increases the levels of 
numerous metabolites in glioma cells (14). In this study, lactate 
levels were increased by hypoxia, and we found that as mutations 
may play a role in increasing d‑2HG‑dependent angiogenesis 
because lactate enhances hypoxia‑induced responses, including 
angiogenesis, independent of HIF via the N‑Myc downstream 
regulated gene‑mediated ERK pathway  (39). Inhibition of 
glycolysis suppresses pathological angiogenesis (40), suggesting 
that increased d‑2HG and glycolytic metabolites cooperatively 
activate angiogenesis in tumors. d‑2HG treatment induced 
VEGFR2 activation and downstream signaling. However, it is 
unclear as to whether VEGFR2 and MMP2 levels are induced 
by d‑2HG in endothelial cells. It is possible that tge induction 
of VEGFR2 and MMP2 by d‑2HG increases the secretion 
or expression of VEGF transcription in endothelial cells and 
VEGF also increased the transcription of these targets. It is 
also possible that an epigenetic mechanism, such as increased 
histone methylation of VEGFR2 or MMP2 gene promoters, may 
be involved as d‑2HG inhibits histone demethylases as a gene 
inhibition mark (41). Collectively, these findings demonstrated 
that d‑2HG increased VEGF secretion in cancer cells, but 
increased VEGFR2 activity and downstream signaling in 
endothelial cells. Therefore, further studies are warranted to 
determine whether VEGF is secreted in endothelial cells to 
induce autocrine regulation and to determine the mechanisms 
through which d‑2HG activates VEGFR2 and downstream 
kinases.

The discovery of the IDH1/2 mutation has led to novel 
therapies for the restoration of normal IDH1/2 function 
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or blockage of the production or downstream effects of 
d‑2HG (24). AGI‑5198 and AGI‑6780 are selective inhibitors 
of the mutant IDH1 and IDH2 enzymes, respectively. They 
normalize 2HG, reverse histone and DNA methylation and 
induce the differentiation of TF‑1 erythroleukemia cells, as 
well as primary human acute myelogenous leukemia (AML) 
cells with IDH1/2 mutations (13). As IDH1/2 mutations are 
frequently reported in hematologic cancers and glioma, clinical 
trials have been conducted to treat the patients with these 
IDH1/2 mutations (24). Therefore, targeting IDH1/2 mutations 
has the advantage of developing specific therapies to treat 
specific types of cancer only harboring IDH1/2 mutations (24).

By contrast, the targeting of VEGFR2 signaling pathway 
is focused on the anti‑angiogenic activity. Clinically, the 
development of antibodies against VEGF and kinase inhibi-
tors targeting VEGFR2 is effective in modulating pathological 
angiogenesis in diseases characterized by abnormal angiogen-
esis, such as diabetic retinopathy and cancer (42). However, the 
anti‑VEGF signaling strategy can enhance active angiogenesis 
recurrence by the increased HIF‑1α owing to hypoxia (43). 
In addition, tge targeting of VEGFR2 downstream signaling 
pathway can be competing with pro‑angiogenic therapeutic 
strategies, such as wound healing (44).

VEGF can stimulate vasculogenesis in tumors, as well 
as normal physiology by recruiting bone marrow‑derived 
hematopoietic progenitor cells (HPCs) and endothelial 
progenitor cells (EPCs)  (45,46). VEGF can increase the 
expression of nitric oxide (NO), prostacyclins and other soluble 
mediators that lead to vasodilation (47). Therefore, VEGF 
targeted therapy will cause vascular constriction, as well as 
the inhibition of physiological angiogenesis.

In conclusion, in this study, we provided insight into 
the effects of d‑2HG on angiogenesis in cancer cells and 
demonstrated, for the first time, at least to the best of our 
knowledge, that this molecule induced angiogenesis and may 
be a good candidate for anti‑angiogenic therapy. The findings 
of this study suggest that enhancing our understanding of 
cancer metabolic profiles and the functions of metabolites in 
cancer progression, such as angiogenesis, may provide a good 
foundation for the development of novel therapeutic agents 
in cancer research. Therefore, the appropriate utilization of 
metabolic inhibitors could be an effective clinical strategy.
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