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Alpha-ketoglutarate (AKG) inhibits proliferation of colon
adenocarcinoma cells in normoxic conditions
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Abstract

Background and objective. Alpha-ketoglutarate (AKG), a key intermediate in Krebs cycle, is an important biological
compound involved in the formation of amino acids, nitrogen transport, and oxidation reactions. AKG is already commercially
available as a dietary supplement and its supplementation with glutamine, arginine, or ornithine alpha-ketoglutarate has been
recently considered to improve anticancer immune functions. It is well documented that AKG treatment of Hep3B hepatoma
cells in hypoxia induced HIF-alpha (hypoxia-inducible factor) degradation and reduced vascular endothelial growth factor
(VEGF) synthesis. Moreover, AKG showed potent antitumor effects in murine tumor xenograft model, inhibiting tumor
growth, angiogenesis, and VEGF gene expression. However, the mechanisms of its anticancer activity in normoxia have not
been examined so far. Results. Here, we report that in normoxia, AKG inhibited proliferation of colon adenocarcinoma cell
lines: Caco-2, HT-29, and LS-180, representing different stages of colon carcinogenesis. Furthermore, AKG influenced the
cell cycle, enhancing the expression of the inhibitors of cyclin-dependent kinases p21 Wafl/Cipl and p27 Kipl. Moreover,
expression of cyclin D1, required in G1/S transmission, was decreased, which accompanied with the significant increase in cell
number in G1 phase. AKG affected also one the key cell cycle regulator, Rb, and reduced its activation status. Conclusion. In
this study for the first time, the antiproliferative activity of AKG on colon adenocarcinoma Caco-2, HT-29, and LS-180 cells in
normoxic conditions was revealed. Taking into consideration an anticancer activity both in hypoxic and normoxic conditions,
AKG may be considered as a new potent chemopreventive agent.
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Introduction

Alpha-ketoglutarate (AKG), a key intermediate in
Krebs cycle, is an important biological compound
involved in the formation of amino acids, nitrogen
transport, and oxidation reactions. Although AKG is
already commercially available as a dietary supplement,
supplementation with glutamine (Glu), arginine (Arg),
or ornithine alpha-ketoglutarate (OKGQG) has attracted
recent attention for the potential to improve anticancer

immune functions. Robinson et al. [1] reported that
rats fed with OKG had increased macrophage cyto-
static activity and NK cell cytotoxicity. Moreover, rats
bearing tumors fed with OKG showed a better positive
nitrogen balance, higher concentration of glutamine,
and branched-chain amino acids in muscle [2]. Oxygen
deprivation leading to hypoxia is a common feature of
solid tumors, which often drives their progression and
aggressiveness [3]. Under these conditions, a signaling
pathway involving a key hypoxia-inducible factor (HIF)
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is switched on. HIF is a transcription factor that, in
hypoxia, drives expression of several genes involving
angiogenesis, metastasis, and apoptosis. It has been
reported that AKG treatment of Hep3B hepatoma cells
induced alpha-HIF degradation i vitro and reduced
VEGTF protein synthesis [4]. Moreover, AKG showed
potent antitumor effects in murine tumor xenograft
model, inhibiting tumor growth, angiogenesis, and
VEGTF gene expression [5]. To date, most experiments
concerned alpha-ketoglutarate activity in hypoxia.
Therefore, the aim of the study was to examine whether
alpha-ketoglutarate directly influences colon cancer
cell proliferation and to figure out the related
mechanism(s) in normoxic conditions.

Materials and methods

Cell Iines

Human colon adenocarcinoma cell lines HT-29 and
LS-180 were obtained from the ECACC (European
Collection of Cell Cultures, Salisbury, UK). Human
colon adenocarcinoma Caco-2 cells were obtained
from ATCC (American Type Culture Collection,
Manassas, VA, USA). HT-29 and LS-180 cells
were grown in 1:1 mixture of DMEM and nutrient
mixture Ham F-12 supplemented with 10% FBS.
Caco-2 cells were grown in Eagle’s Minimum Essen-
tial Medium (ATCC) supplemented with 20% FBS.
The cells were maintained in a humidified atmo-
sphere of 95% air and 5% CO, at 37°C. Culture
media were supplemented with penicillin (100 U/ml)
and streptomycin (100 pg/ml). All reagents were
obtained from Sigma (Sigma Chemicals, St. Louis,
MO, USA).

MTT assay

Tumor cells were plated on 96-well microplates
(Nunc, Roskilde, Denmark) at a density 2 x 10*
(Caco-2), 3 x 10* (HT-29, LS-180). Next day, the
culture medium was removed and the cells were
exposed to a fresh medium (control) or serial
dilutions of AKG (5, 10, 25, 50 mM). Cell proli-
feration was assessed after 96 h by using the MTT
method in which the yellow tetrazolium salt (MTT)
is metabolized by viable cells to purple formazan
crystals. Tumor cells were incubated for 3 h with
MTT solution (5 mg/ml). Formazan crystals were
solubilized overnight in SDS buffer (10% SDS
in 0.0IN HCIl), and the product was quantified
spectrophotometrically by measuring absorbance at
570 nm wavelength using ELx800 Microplate Reader
(BioTek Instruments Inc., Highland Park, Winooski,
Vermont, USA) ([6], modified).

BrdU assay

Cells were plated on 96-well microplates (Nunc) at a
density of 4 x 10* (Caco-2) or 5 x 10* (HT-29,
LS-180). Next day, the culture medium was removed
and the cells were exposed to a fresh medium (con-
trol) or serial dilutions of AKG (5, 10, 25, 50 mM).
Cell proliferation was quantified after 24 h by mea-
surement of BrdU incorporation during DNA syn-
thesis (Cell Proliferation ELISA BrdU, Roche
Diagnostics GmbH, Penzberg, Germany). Tumor
cells were incubated with 10 uM BrdU for 2 h.
The cells were subsequently incubated with the Fix-
Denat solution for 30 min and then exposed to
monoclonal anti-BrdU antibodies conjugated to per-
oxidase. Color reaction was developed by the adding
the TMB substrate solution and terminated by addi-
tion of 1 M H,SO,. The absorbance was measured at
450 nm wavelength using ELx800 Microplate Reader
([6], modified).

Assessment of cell death

Measurement of cell death was performed using Cell
Death Detection ELISAT™YS kit (Roche Diagnostics,
Germany). The assay is based on a quantitative sand-
wich-enzyme-immunoassay principle using mouse
monoclonal antibodies directed against DNA and
histones, respectively. This allows the specific deter-
mination of mono- and oligonucleosomes in the cyto-
plasmic fraction of cell lysates. HT-29 cells growing on
96-well microplates were subjected to AKG (5, 10, 25,
50 mM) for 24 h, whereupon supernatants were
removed and cells lysed with 200 pl of lysis buffer
for 30 min. Subsequently, cell lysates were centrifuged
at 200x g for 10 min. and 20 pl of the samples were
carefully transferred into the streptavidin-coated
96-well microplate. The immunoreagent (80 ul)
containing anti-histone-biotin and anti-DNA-POD
mouse monoclonal antibody was added and incubated
under gentle shaking (300 rpm) for 2 h at 20 C. The
solution was removed by tapping, each plate well rinsed
three times with 250 ul of incubation buffer, and finally
100 pl per well of substrate solution (ATBS) was
applied and incubated at room temperature for
15 min on a plate shaker (250 rpm) until sufficient
color developed. Absorbance was measured at 405 nm
wavelength using E-max Microplate Reader.

Cell cycle analysis

HT-29 cells exposed to AKG (25 or 50 mM) or fresh
medium (control) for 24 h were fixed with cold
ethanol (75%) and cell cycle was analyzed in
cytometer with the use of propidium iodide (PI)
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method. After rehydration in PBS, the cells were
stained by propidium iodide (PI; 10 ug/ml) in the
presence of RNase A (100 pug/ml) for 30 min and
analyzed by FACS Calibur flow cytometer (Becton
Dickinson) [7].

Western blot analysis

After treatment, HT-29 cells were harvested, lysed in
RIPA buffer (1% NP40, 0.5% sodium deoxycholate,
0.1% SDS, 1 mM EDTA, 1 mM EGTA, 1 mM
Na3;VO,4, 20 mM NaF, 0.5 mM DTT, 1 mM PMSF,
and protease inhibitor cocktail in PBS (pH 7.4)) and
then centrifuged 14,000x g for 10 min. For Western
blot analysis, supernatants were solubilized in
6x Laemmli sample buffer (30% glycerol, 10%
SDS, 0.5 M Tris-HCI, pH 6.8, 0.012% bromo-
phenol blue, 5% p-mercaptoethanol) and boiled
for 5 min at 100°C. Equal amounts of total cellular
protein extract were electrophoresed on 10-12%
SDS-PAGE under reducing conditions and trans-
ferred by electrobloting onto a PVDF membrane.
After blocking for 1 h at RT with 5% nonfat milk in
TBS-T (TBS + 0.1% Tween 20), membranes were
probed overnight at 4°C with the primary antibody
as follows: p21 Wafl/Cipl (1:1000), p27 Kipl
(1:1000), cyclin D1 (1:2000), p-Rb (1:1000), B-actin
(1:2000) (Cell Signaling Technology), then incu-
bated with the secondary antibody coupled to horse-
radish peroxidase (1:2000 in 5% BSA in TBS-T) and
visualized wusing enhanced chemiluminescence
(Pierce, Rockford, IL) [8].

Immunofluorescence

HT-29 cells were grown on Lab-Tek Chamber slide
(Nunc) and exposed to AKG 25 mM for 24 h. Then,
cells were fixed with 3.7% paraformaldehyde in PBS
for 10 min, permeabilized with 0.2% Triton X-100 in
PBS for 7 min, and incubated for 30 min in 5% BSA
in PBS. After that fixed cells were exposed to rabbit
anti-phospho-Rb antibodies (1:100 in PBS; Cell Sig-
naling) overnight at 4°C. Staining was visualized with
FITC-conjugated goat anti-rabbit secondary antibo-
dies (1:100, 2 h at room temperature; Sigma) by
fluorescent microscopy (Olympus BX51 System
Microscope, Olympus Optical CO., LTD, Tokyo,
Japan) [8].

Data analysis

Data were presented as the mean value and standard
error of the mean (SEM). Statistical analysis of
proliferation and cell death assessment data
were performed using one-way ANOVA with Tukey
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post-hoc test (p < 0.05 was considered statistically
significant). Cell cycle analysis was statistically
analyzed using paired t-test (p < 0.05 was considered
statistically significant). The ICs, value (the concen-
tration of drug necessary to induce 50% inhibition),
together with confidence limits, was calculated using
computerized linear regression analysis of quantal log
dose-probit functions, according to the method of
Litchfield and Wilcoxon [9].

Results

Antiproliferative activiry of AKG (MTT assay and
BrdU assay)

To determine antiproliferative effect of AKG in nor-
moxia, colon adenocarcinoma cells were exposed to
serial dilutions of AKG (5-50 mM) for 96 h. Prolif-
eration of all tumor cell cultures was decreased in a
concentration-dependent fashion, which was assessed
by means of MTT assay. AKG significantly inhibited
proliferation of Caco-2, HT-29, and LS-180 cells
exposed to the tested compound with ICs, of
26.6 mM, 26.7 mM, and 35.3 mM, respectively
(Figure 1A). The antiproliferative effect of AKG
was confirmed in BrdU Assay. This effect was attrib-
uted to decreased cell division as determined by
measurements of incorporation of BrdU during
DNA synthesis. AKG inhibited DNA synthesis in
all tested colon adenocarcinoma cell lines with ICs,
of 55.3 mM (Caco-2), 64.3 mM (HT-29), and
67.8 mM (LLS-180) (Figure 1B).

Colon adenocarcinoma HT-29 cell line was chosen
as a model for further cell cycle and molecular
analysis.

Cell death assessment

Cell death ELISA was applied to evaluate whether
AKG induces apoptotic cell death. In our experi-
ments, no increase in mono- and oligonucleosomes
in cytoplasm of HT-29 cells treated with AKG was
observed up to 50 mM (data not shown).

Cell cycle analysis

Cell cycle analysis of HT-29 cells exposed to AKG (25,
50 mM) for 24 h revealed a cell cycle arrestin G1 phase.
A statistically significant increase in G1 cell population
(56.45% in control cells vs. 80.88% in cells exposed to
50 mM AKG) associated with a decrease in the S
(28.26% in control cells vs. 10.86% in cells exposed
to 50 mM AKG) and G2/M cell population (15.29% in
control cells vs. 8.27% in cells exposed to 50 mM AKG)
was observed (Figure 2).
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Figure 1. Antiproliferative effect of alpha-ketoglutarate (AKG). AKG exerted a concentration-dependent antiproliferative effect in colon
adenocarcinoma cell lines — Caco-2, HT-29, L.S-180. Cells were exposed to either culture medium alone (control) or AKG (5-50 mM) and
proliferation was measured by means of MTT assay (A) and BrdU assay (B). Data represented the mean (% of control) + SEM of six trials and
were analyzed by means of linear regression (control = 100%). Values significant in comparison with control with *p < at least 0.05 (one-way

ANOVA with Tukey post-hoc test).

The influence of AKG on cell cycle regulation

To determine whether AKG influences expression and
activation of cell cycle regulators, we analyzed their
protein expression and phosphorylation in HT-29 cells
exposed to AKG 25 mM by means of western blot. The
expression of the inhibitors of cyclin-dependent
kinases p21 Wafl/Cip1 and p27 Kip1 was significantly
increased from 4 h and 24 h of AKG exposition,
respectively. Moreover, expression of cyclin DI,
required in G1/S transmission, was decreased. AKG
affected also an activation of one of the key cell
cycle regulator — retinoblastoma protein (Rb). One-
hour incubation with AKG decreased Rb phosphory-
lation, but significant reduction was achieved after 24 h
(Figure 3A). This result was confirmed by immuno-
fluorescence, which revealed significant inhibition
of Rb phosphorylation in HT-29 cells exposed to
AKG for 24 h (Figure 3B,C).

Discussion

Although molecular mechanism of anticancer
properties of AKG in hypoxia has been deeply inves-
tigated, in this study, for the first time we indicated

its anticancer effect in normoxia. Hypoxia often
drives the progression and aggressiveness of tumors
and results in alternations in gene expression, which
are involved in cellular metabolism, migration,
survival, proliferation, and differentiation [10-12].
Matsumoto et al. [4] detected that AKG reduced
alpha-HIF-1, erythropoietin, and VEGF expression
under hypoxic conditions in the hepatoma cell line
Hep3B. Moreover, to address clinical usefulness of
AKG, they detected that intraperitoneal injection of
AKG significantly inhibited tumor growth and angio-
genesis in murine tumor xenograft model [5]. In the
present study, the direct antiproliferative effect of
AKG on colon adenocarcinoma cell lines represent-
ing different stages of colon carcinogenesis was found
in normoxic conditions. Interestingly, AKG inhibited
not only proliferation of Caco-2, HT-29, and
LS-180 cells (IC50 of 26.6 mM, 26.7 mM,
and 35.3 mM, respectively) but also DNA synthesis
(ICs50 0of 55.3 mM, 64.3 mM, and 67.8 mM, respec-
tively), which was measured by means of BrdU assay.
Importantly, the tested concentrations of AKG were
nontoxic for normal colon epithelial CCD 841 CoTr
cells (data not shown). Tested compound did not
induce apoptosis in HT-29 cells, which suggests that
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Figure 2. Representative flow cytometric analysis of HT-29 cells treated with AKG (25 or 50 mM) for 24 h. Data are presented as
representative histograms (A) and percentage of the cell cycle phases (mean + SEM) (B). Analysis revealed higher percentage of cells in
G1 phase and lower in S and G2/M phase of the cell cycle following exposure to AKG compared with control. Values significant in comparison

with control with *p < at least 0.05 (paired t-test).

its antiproliferative activity is not even partially due to
programmed cell death. HT-29 cells were chosen as a
model of colon adenocarcinoma cell line to reveal
molecular mechanism of antiproliferative action.
Our studies demonstrated that AKG significantly
interfered the cell cycle in HT-29 cells inducing a
cell cycle arrest in G1 phase. Further molecular
analysis indicated that AKG influenced several cell
cycle regulators. In our study, the significant increase
in CDK inhibitors p21 Wafl/Cipl and p27 Kipl
protein expression was observed. Overexpression
of p21 Wafl/Cipl has been reported to inhibit all
cyclin—-CDK complexes in mammalian cells [13].
Its expression may be activated via p53-dependent
and -independent pathway. Since mutation in
p53 gene is well documented in HT-29 cell line, it
is suggested that AKG induced overexpression of p21
Wafl/Cipl through p53-independent way. Similarly,
p27 Kipl inhibits cyclin—-CDK complexes involved
in GO/G1 transition [14]. These CDK inhibitors
subsequently inhibit DNA replication and are
also partly responsible for the G1 growth arrest

phenotype, which may explain the cell cycle arrest
induced by AKG [15]. Active complexes of cyclin
D1 with CDK4 and CDK6 promote cell cycle by
phosphorylation and inactivation of the retinoblas-
toma protein Rb [16]. Importantly, AKG not only
decreased protein level of cyclin D1, but also caused
reduction of Rb phosphorylation maintaining it in its
active form and, thus, regulated cell proliferation by
controlling progression through the restriction point
within the G1 phase of the cell cycle.

Taking into account the specificity of molecular
mechanism of antiproliferative activity of millimolar
concentrations of AKG and its physiological role
as an intermediate metabolite of the Krebs cycle,
the hypothesis that enhanced metabolic influx could
influence cancer cell proliferation needs to be
verified. Lemons et al. [17] reported that a high
metabolic activity may be important for preservation
of self-integrity of quiescent fibroblasts. Thus,
overnutrition as an alternative mechanism of anti-
proliferative properties of AKG is worth further
consideration.
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Figure 3. Modulation of protein expression and activation status of cell cycle regulators in AKG-treated HT-29 cells. (A) Western blot analysis
of protein expression or phosphorylation status of cell cycle-related proteins in HT-29 cells after treatment with AKG 25 mM for 5 min —48 h
(C — control; not treated). (B) Immunofluorescent staining of phospho-Rb protein in HT-29 cells incubated with or without AKG 25 mM for
24 h. As a secondary antibody, anti-rabbit FITC-conjugated antibodies were used. Arrows show cells with decreased Rb phosphorylation. (C)
Fluorescence intensity of corresponding images. Fluorescence intensity of 100 individual cells, randomly selected in two different fields of
view. Data represented the mean (% of control) = SEM (control = 100%). Values significant in comparison with control with *p < at least

0.05 (t-test).

It is worth to mention that dietary supplementation
with AKG can ameliorate intestinal injury and increase
the absorptive function of the small intestine in the
endotoxin-challenged piglet [18]. Moreover, AKG
increasing concentration of glutamine activated the
mTOR signaling pathway in intestinal porcine epithe-
lial cells [19]. mTOR signaling pathway plays a crucial
role in the control of cell growth and proliferation as a
major mechanism for the regulation of protein synthe-
sis [20]. Despite proved beneficial effect of AKG
supplementation on intestines, a possible interaction
of AKG with mTOR signaling pathway in colon
adenocarcinoma cells needs to be clarified.

Taking into consideration an anticancer activity of
AKG both in hypoxia, mainly via restoration of prolyl
hydroxylase activity and inhibition of angiogenesis,
and in normoxia, via influence on cell cycle progres-
sion, its potential application in cancer chemopreven-
tion is suggested. Chemoprevention refers to the use

of specific natural or synthetic compounds to prevent,
inhibit, or reverse process of carcinogenesis [21].
Several well-documented chemopreventive com-
pounds such as curcumin, resveratrol, and catechins
have been shown to interfere with cell cycle regulation
[22,23]. Some of them have been introduced to clinic
as a supplementation of anticancer chemotherapy.
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