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Abstract
Background/Aims: Cesium (Cs) is an alkali metal element that is of no essential use for
humans; it has no known beneficial function that is verified by clinical research. When used as
an alternative cancer therapy, it even causes toxicity in high doses. Thus, before using Cs as
treatment in clinical settings, it is important to clearly determine its biological effects on cells.
However, Cs was found to suppress the proliferation of human cervical cancer cells in a dose-
dependent manner, and it was assumed that Cs inhibits the glycolysis pathway. In this study,
we clearly determined the step of the glycolysis pathway that is affected by Cs. Methods: The
glycolytic enzyme expressions, activities, and metabolite concentrations in Hela cells were
measured by PCR, western blotting, and enzymatic methods, after treating the cells with Cs for
3 days. Results: Cs treatment decreased transcriptional and expression levels of hexokinase,
glyceraldehyde-3-phosphate dehydrogenase, pyruvate kinase (PK), and lactate dehydrogenase
and the activity of PK. Analysis of glycolysis pathway metabolites revealed that Cs treatment
reduces lactate level and increases the level of nicotinamide adenine dinucleotide (oxidized
form, NAD"); however, it did not affect the levels of pyruvate and nicotinamide adenine
dinucleotide (reduced form, NADH). Increase of the [NAD*]/[NADH] ratio and decrease of the
[lactate]/[pyruvate] ratio indicate that Cs treatment inhibits the aerobic glycolysis pathway.
Conclusion: Cs treatment inhibits PK activity and increases the [NAD*]/[NADH] ratio. Hence,
Cs has been determined to inhibit glycolysis, especially the aerobic glycolysis pathway. These
results suggest that suppression of Hela cell proliferation following Cs treatment was caused
by inhibition of aerobic glycolysis by Cs.
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Introduction
Like potassium (K) and sodium (Na), cesium (Cs) is an alkali metal element. The bare

ion radius of alkali metal elements increases in a molecular weight-dependent manner
(e.g, 0.169 nm for Cs* and 0.133 nm for K*); however, the hydrated radius of Cs* has been
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determined to be the same as that of K* (0.33 nm) [1]. Therefore, it was assumed that Cs* was
transported via K* transporters. Human intake of Cs is usually via food crops grown on arable
land. Cs levels in rice, wheat, and soybeans were reported to be 0.0003-0.065 mg/kg-dry
weight [2, 3], approximately 0.1 mg/kg-dry weight [4], and 0.016-0.325 mg/kg-dry weight
[5], respectively. It has been hypothesized that ingested Cs is distributed around the whole
body. Upon administration to humans, Cs is distributed to the brain, liver, kidney, and blood
[6-14]. The half-life of Cs in a human adult male is 50-150 days [15-18].

Cs has no known beneficial function in human that is verified by clinical research;
furthermore, it causes toxicity in high doses [6-11]. Cesium chloride (CsCl) and cesium
carbonate (Cs,CO,) have been used in clinical settings as alternative cancer therapy [10, 12—
14], but their safety is yet to be assessed, and the efficacy of Cs in cancer therapy has never
been demonstrated in controlled trials; however, relief of cancer-associated pain and rapid
shrinkage of tumor masses have been reported [12, 13]. The Food and Drug Administration
has added warnings to the labeling of CsCl [19]. The side effects of Cs include QT prolongation,
hypokalemia, seizures, cardiac arrhythmia (Torsades de pointes), fainting, and cardiac
arrest [20]. However, it has been reported that some patients on Cs supplementation of
different doses stay alive for 10-150 days [11, 14], and some others for up to 1 year [18].
High-dose Cs oral intake or injection seems to be associated with adverse effects [11].
Therefore, to use Cs as treatment in clinical settings, it is important that we clearly determine
the biological effects of Cs on cells.

In general, mammalian cells take up sugar to produce energy via the glycolysis
pathway. The expression pattern of several glycolytic enzymes has been determined to be
vary between the normal and tumor cells. In mammals, hexokinase (HK) has been shown
to exist in the following four isozymes: type I, type 1], type 1], and type IV [21, 22]. It has
been shown that the brain and kidney mainly express type I HK, while the skeletal muscles
express type [l HK. Type Il HK is often expressed in poorly differentiated and rapidly growing
tumors, thus playing a pivotal role in facilitating the cell proliferation and survival of highly
malignant tumor cells [23, 24]. In mammals, pyruvate kinase (PK) is expressed in four
isoforms, namely, PKL, PKR, PKM1, and PKM2. PKL and PKR are expressed in the liver and
red blood cells. PKM1 is expressed in most adult tissues, and PKM2 is a splice variant of the
PKM gene and is expressed in tumor tissues and carcinoma cell lines. The PKM2 isoform is
important for cancer metabolism and tumor growth [25, 26]. Lactate dehydrogenase (LDH)
is a heterotetrameric enzyme consisting of two subunits, namely, subunit A and subunit B.
It is expressed in five different isoforms in mammals. Isoform LDH1 (rich in subunit B) is
predominantly expressed in tissues that undergo aerobic metabolism, whereas isoform
LDHS5 (rich in subunit A) is predominantly expressed in tissues that undergo anaerobic
metabolism. In aerobic environments (Air:CO, = 95:5), isoform LDH3 and LDH4 are
predominantly expressed even though all LDH isoforms are expressed in human cervical
cancer HeLa cells [27]. When cell environments change from aerobic to anaerobic, isoform
LDH1 expression and total LDH activity have been observed to decrease. Thus, glycolytic
enzymes are highly involved in tumor cell proliferation and survival.

With regard to the effect of Cs on cultured cells, we previously reported that CsCl
suppresses the proliferation of HeLa cells, murine embryonic fibroblast NIH/3T3 cells [28,
29]. When CsCl added to the extracellular space enters the intracellular space, intracellular
Cs* concentration will then increase and K* concentration decrease. PK, which is one of the
glycolytic enzymes, catalyzes the transfer of a phosphate group from phosphoenolpyruvate
(PEP) to adenosine diphosphate (ADP), which in turn yields pyruvate and adenosine
triphosphate (ATP) with K* as a co-factor. Cs* size is considered to comparable that of K*;
therefore, increase in intracellular Cs* level inhibits PK activity. We assume that by decreasing
PK activity using Cs* treatment, it will lead to the suppression of cell proliferation; however,
whether Cs* inhibits glycolysis pathway is yet to be established.

In this study, we examined the effect of Cs on glycolysis pathway through glycolytic
enzyme expression and activity and glycolytic metabolite concentration. We then determined
the step of the glycolysis affected by Cs.
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Materials and Methods

Chemicals and enzymes

General chemical reagents were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka,
Japan) and Sigma-Aldrich Japan K.K. (Tokyo, Japan). To measure the glycolytic enzyme activity, ATP, ADP,
nicotinamide adenine dinucleotide reduced form (NADH), nicotinamide adenine dinucleotide phosphate
(oxidized form, NADP*), hexokinase (HK), glucose-6-phosphate dehydrogenase (G6PDH), PK, and alcohol
dehydrogenase (ADH) were obtained from Oriental Yeast. Co. Ltd. (Tokyo, Japan); lactose dehydrogenase
(LDH) was purchased from Sigma; and PEP, D-3-phosphoglycerate (3-PGA), and 3-phosphoglycerate
phosphokinase (PGK) were also obtained from Sigma. We then purchased 2-(4-lodophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, ~monosodium salt (WST-1), 1-methoxy-5-
methylphenazinium methyl sulfate (1-Met-PMS), and N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3-methylaniline
sodium salt from Dojindo Laboratories (Kumamoto, Japan). Pyruvate oxidase (PYO) and peroxidase (POD)
were obtained from Toyobo Co. Ltd. (Osaka, Japan).

Cell culture

HeLa cellswereroutinely cultured in Dulbecco’s modified Eagle medium (DMEM #044-29765; FUJIFILM
Wako) supplemented with 10% fetal bovine serum (FBS) at 37 °C in a 5% CO, humidified incubator. For all
experiments, HeLa cells were plated in DMEM, incubated overnight, and incubated in DMEM supplemented
with a specific concentration of CsCl. Cs treatment was performed 3 days incubation in all experiments.

Quantitative PCR

To compare the relative amounts of mRNA for glycolysis-related genes in HeLa cells treated with 10 mM
CsCl, we performed semi-quantitative real-time polymerase chain reaction (qPCR). Total RNA was extracted
from enzymatically detached HeLa cells using an RNeasy Plus Mini Kit (QIAGEN K. K., Tokyo, Japan),
according to the manufacturer’s instructions. Reverse transcription (RT) was performed on 2 pg of total
RNA, calculated from absorbance measured at 260 nm, using a ReverTra Ace qPCR RT Master Mix with gDNA
Remover kit (Toyobo), according to the manufacturer’s instructions. Primer sequence was obtained from
OriGene Technologies, Inc. (Rockville, USA), which was then synthesized at FASMAC Co. Ltd. (Kanagawa,
Japan). qPCR using the ABI7300 real-time PCR system was performed according to the manufacturer’s
instructions. RT samples (2-10 ng of total RNA) were amplified using a THUNDERBIRD SYBR qPCR Mix
(Toyobo) to a final volume of 20 pL. The 28S ribosomal RNA (28S-RNA) was used as an internal control. The
reaction conditions were as follows: 95 °C for 1 minute, followed by 40 cycles of 95 °C for 15 seconds and
60 °C for 1 minute. Relative amounts of each of mRNA levels were determined by normalization with the
28S-RNA expression level. The following primers were unique for the indicated gene: 28S-RNA ([U13369])
[30, 31] forward 5’-GTT CAC CCA CTA ATA GGG AAC GTG A-3, reverse 5’-GAT TCT GAC TTA GAG GGT TCA
GT-3’; hHK2 (referred to OriGene Technologies, Inc., Rockville, USA, HP200174) forward 5’-GAG TTT GAC
CTG GAT GTG GTT GC-3’, reverse 5’-CCT CCA TGT AGC AGG CAT TGC T-3’; hGAPDH [32, 33] forward 5’-TCT
CTG CTC CTC CTG TTC GAC-3’, reverse 5’-CAA ATG AGC CCC AGC CTT CTC-3’; hLDHA (OriGene, HP208683)
forward 5’-GGA TCT CCA ACA TGG CAG CCT T-3’, reverse 5’-AGA CGG CTT TCT CCC TCT TGC T-3’; hLDHB
(OriGene, HP206024) forward 5’-GGA CAA GTT GGT ATG GCG TGT G-3’, reverse 5’-AAG CTC CCA TGC TGC
AGA TCC A-3’; hPKM2 (OriGene, HP206306) forward 5’-ATG GCT GAC ACA TTC CTG GAG C-3, reverse 5’-CCT
TCA ACG TCT CCA CTG ATC G-3..

Preparation of crude extract and determination of protein concentration

Cultured HeLa cells were washed twice using phosphate-buffered saline without Ca?* (PBS), detached
from the cultivation dish using a scraper, and suspended in PBS. The cells were centrifuged at 160 x g for
5 minutes. The collected cells were suspended in PBS with protease inhibitor cocktail (Sigma; P8340);
thereafter, the cells were disrupted using an ultrasonic processor (Vibra-Cell™ VCX130; Sonics & Materials,
Inc.,, Newtown, USA). The disruption step was performed at 4 °C, 10-second sonication and 50-second
cooling intervals, and 60-second sonication in total. The disrupted cells suspension was then centrifuged
at 15,000 x g for 20 minutes at 4 °C and the supernatant obtained was used as a crude extract in an enzyme
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assay. Protein concentration measurement in the crude extract was performed using Quick Start™ Bradford
Dye Reagent (Bio-Rad Laboratories Inc., CA, USA), according to the manufacturer’s instruction. Bovine
serum albumin (BSA) was then used as standard protein (Sigma).

Western blotting

Cultured HeLa cells were washed twice with PBS, detached from the cultivation dish using a scraper,
and suspended in cell lysis buffer (9 M urea, 2 % Triton X-100, 1 % dithiothreitol, and 2 % sodium dodecyl
sulfate [SDS]). The disruption step was performed at 4 °C, 10-second sonication and 50-second cooling
intervals, finally 60-second sonication in total. The disrupted cells suspension was centrifuged at 15,000 x g
for 10 minutes at 4 °C and the supernatant obtained was utilized as a total protein extract. Equal amounts
(10 pg) of total protein per lane were separated using 10 % SDS-polyacrylamide gel electrophoresis and
were later transferred to a polyvinylidene difluoride membrane. After blocking in PBS containing 3 % BSA,
blots were incubated overnight with primary antibodies at a dilution of 1:1000 in the blocking solution. The
primary antibodies were obtained from R&D Systems (Minneapolis, USA), whereas HK (MAB8179), PKM2
(MAB72441), LDHA (MAB9158), LDHB (MAB9205), and GAPDH (ab9485) were obtained from Abcam
(Tokyo, Japan). After incubation with primary antibody solution, the membrane was washed in PBS, and
incubation with anti-rabbit (#7074) and anti-mouse (#7076) horseradish peroxidase-linked secondary
antibody (Cell Signaling Technology Japan, K.K., Tokyo, Japan) at a dilution of 1:2000 in blocking solution
was performed for 1 hour. After washing the membrane in PBS, detection was performed using Pierce ECL
Western Blotting Substrate (Thermo Fisher Scientific K.K., Kanagawa, Japan). Densitometric quantification
was performed using Image Lab™ (Bio-Rad Laboratories, Hercules, California, USA).

Glycolytic enzyme assay

The activity of each glycolytic enzyme in a crude extract of HelLa cells was measured using
spectrophotometric assay. Hexokinase (HK) activity was measured based on NADPH production from
glucose coupling with G6PDH at 25 °C. The standard assay cuvette contained 100 mM potassium phosphate
(pH 7.4), 10 mM MgCl,, 20 mM D-glucose, 1 mM ATP, 0.2 mM NADP*, G6PDH (6 units), and HK from a crude
extract of HeLa cells in a final volume of 1 mL. The reaction was initiated by adding D-glucose, and NADPH
production was monitored at 340 nm. Meanwhile, glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
activity was measured based on a decrease in NADH production from 3-PGA coupling with PGK at 25 °C.
The standard assay cuvette contained 100 mM potassium phosphate (pH 7.4), 10 mM MgCl,, 5 mM ATP, 0.2
mM NADH, 1 mM dithiothreitol, 3 mM 3-PGA, PGK (5 units), and GAPDH from a crude extract of HeLa cells
in a final volume of 1 mL. The reaction was initiated by adding 3-PGA, and decrease in NADH was monitored
at 340 nm. LDH activity was measured based on decrease in NADH at 25 °C. The standard assay cuvette
has been determined to contain 100 mM potassium phosphate (pH 7.4), 20 mM pyruvate, 0.2 mM NADH,
and LDH from a crude extract of HeLa cells in a final volume of 1 mL. The reaction was initiated by adding
pyruvate, and NADH decrease was monitored at 340 nm. PK activity was measured based on decrease in
NADH coupling with LDH at 25 °C [28]. The standard assay cuvette contained 100 mM potassium phosphate
(pH 7.4), 10 mM MgClz, 2 mM ADP, 2 mM PEP, 0.2 mM NADH, LDH (5 units), and PK from a crude extract
of HeLa cells in a final volume of 1 mL. The reaction was initiated by adding ADP, and NADH decrease
was monitored at 340 nm. For all enzymes, 1 unit of activity was represented as an absorbance change of
6.22 mM™ cm™! per minute at 340 nm.

Determination of intracellular metabolites

Pyruvate determination was performed by POD/PYO coupling assay using 96-well plates. The standard
assay well contained 80 mM potassium phosphate buffer (pH 5.8), 0.5 mM 4-aminoantipyrine, 0.01 mM
flavin adenine dinucleotide, 0.2 mM thiamine pyrophosphate, 0.6 mM N-ethyl-N-(2-hydroxy-3-sulfopropyl)-
3-methylaniline, 2 mM ethylenediamine tetraacetic acid disodium salt, 10 mM Mgso,, 5-unit POD, 2.4-unit
PYO, and pyruvate from a crude extract of HeLa cells in a final volume of 0.3 mL. The reaction mixture was
then incubated at 25 °C for 30-60 minutes and pyruvate-dependent coloring was monitored at 550 nm.
Lactate determination was performed using LDH coupling method with 96-well plate. The standard assay
well contained 10 mM N-2-hydroxyethylpiperazine-N-2 ethane sulfonic acid (HEPES) buffer (pH 8.0), 0.4
mM NAD*, 22-unit LDH, chromogenic substrate (WST-1/1-Met-PMS), and lactate from a crude extract of
HeLa cells in a final volume of 0.15 mL. The reaction mixture was incubated at 25 °C for 30-60 minutes, and
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lactate-dependent coloring was monitored at 450 nm. NAD* and NADH determination was performed using
ADH coupling method with 96-well plates. To determine NAD* and NADH, cultured cells were suspended
into PBS, equal amounts of extraction solution (100 mM Na carbonate, 20 mM Na bicarbonate, 0.05% Triton
X-100) were added, and the obtained crude extract was centrifugated at 5,000 x g using Centricut W-10
(Kurabo Industries Ltd., Osaka, Japan). The flow-through fraction was used as the total NAD*/NADH fraction.
An adequate amount of the fraction was heated at 60 °C for 30 minutes in order to decompose NAD*, and
the NADH fraction was then obtained. The standard assay well contained each fraction (total NAD*/NADH
and NADH fractions) and equal amounts of the assay solution (0.2 M Tris [pH 8.0], 2 M ethanol, 3-unit ADH,

and chromogenic substrate) in a final volume of 0.1 mL.
The reaction mixture was incubated at 25 °C for 30-60
minutes, and NADH-dependent coloring was monitored
at 450 nm. The amount of NAD* was calculated from
the amounts of total NAD*/NADH fraction and NADH
fraction using the following equation: NAD* = total
NAD*/NADH - NADH.

Results

Transcriptional levels of glycolysis-related

genes

In our previous study [28], Cs has been
found to suppress HeLa cell proliferation in
a dose-dependent manner and Cs inhibited
PK activity in crude extracts. Based on these
findings, we hypothesized that Cs treatment
may affect glycolysis pathway in HeLa cells. To
test this assumption, we performed an analysis
of the transcriptional levels of glycolysis-related
genes, such as HKZ, GAPDH, PKM2, LDHA, and
LDHB. The transcriptional levels of these genes
were then compared between Cs-treated cells
and control cells, wherein transcriptional
levels were found to be significantly lower in
Cs-treated cells than that in the control cells
(Fig. 1). The relative transcriptional levels of
HK2, GAPDH, PKM2, LDHA, and LDHB in the Cs-
treated cells were 70.6 + 9.0 %, 22.7 + 1.3 %,
45.0 £ 5.7 %, 38.3 + 0.2 %, and 32.4 + 2.3 %,
respectively (n = 4). LDH as a heterotetramer
is composed of four subunits. It was previously
reported that LDH3 (A2B2) and LDH4 (A3B1)
are the major LDH isoforms in HeLa cells and
that culturing condition can affect the LDH
composition [27]. As has been shown in Fig. 1,
the transcriptional level of LDHA was higher
than that of LDHB, and this is consistent with the
results of the previous study [27]. However, the
transcription levels of LDHA and LDHB in the
Cs-treated cells were found to decrease; hence,
Cs treatment did not affect LDH composition
but decreased LDH transcription.
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Fig. 1. Transcriptional levels of glycolysis-re-
lated genes decrease following Cs treatment. A,
mRNA levels of each glycolysis-related gene is
determined by normalization with 28S rRNA.
Data shows the means of four measurements,
and the error bars indicate standard deviations
in the absence (black bar) and in the presence
(white bar) of 10 mM CsCl. B, Relative mRNA
levels of glycolysis-related genes compared to
mRNA levels of control cells. The data shows
the means of the four measurements, and the
error bars indicate standard deviations. Signifi-
cant differences between values obtained in the
absence and in the presence of 10 mM CsCl are
indicated by asterisks (p<0.05 using Student’s
t-test).

481



Ce”ular Phys|ology Cell Physiol Biochem 2021;55:477-488

. . DOI: 10.33594/000000399 © 2021 The Author(s). Published by
and BIOChemIStry Published online: 11 August 2021 | Cell Physiol Biochem Press GmbH&Co. KG

Kobayashi et al.: Cesium Depresses Glycolysis Pathway

Expression levels and activities of glycolytic enzymes

The expression levels of glycolysis-related proteins including HK, GAPDH, PKM2, LDHA,
and LDHB were evaluated using Western blot analysis (Fig. 2). The relative expression levels
of HK, GADH, PKM2, LDHA, and LDHB in Cs-treated cells were 0.82 + 0.11, 0.83 £ 0.10, 0.68 *
0.19, 0.80 = 0.08, and 0.88 * 0.04, respectively (n = 3). Compared to the control cells, all the
protein expression levels in the Cs-treated cells have been observed to decrease significantly
(t-test, p < 0.05). Although the transcriptional level of LDHA was higher than that of LDHB as
shown in Fig. 1, the detected signal intensities of LDHB appeared to be stronger than that of
LDHA as shown in Fig. 2A. This disparity may be attributed to the antibody reactivity against
each target protein. Enzyme activities in crude extracts of cells with and without Cs treatment
were then measured (Fig. 3). HK activity in the Cs-treated cells and control cells was 0.03
+ 0.01 umol NADPH/min/mg-protein and 0.03 + 0.003 pmol NADPH/min/mg-protein,
respectively (n = 4). Similarly, GAPDH activity in the Cs-treated cells and the control cells
was 0.88 * 0.30 pmol NADH/min/mg-protein and 0.32 + 0.05 pmol NADH/min/mg-protein,
respectively (n = 4); PK activity in the Cs-treated cells and control cells was 0.12 + 0.01 pumol
NADH/min/mg-protein and 0.10 + 0.02 pmol NADH/min/mg-protein, respectively (n = 4);
and LDH activity in the Cs-treated cells and control cells was 0.15 + 0.02 pmol NADH/min/
mg-protein and 0.16 * 0.02 pmol NADH/min/mg-protein, respectively (n = 4). The relative
activities of HK, GAPDH, PK, and LDH in the Cs-treated cells were 1.02 times, 0.36 times, 0.83
times, and 1.03 times the corresponding values in the control cells, respectively. GAPDH and
PK activities in the Cs-treated cells decreased significantly compared to that in the control
cells (t-test, p < 0.05), and the activities of the other enzymes in the Cs-treated cells were not
significantly different from those in the control cells.

Glycolytic metabolites

In the aerobic glycolysis pathway in tumor cells, PK produces pyruvate and ATP from
PEP and ADP; subsequently, the pyruvate and NADH generated by GAPDH reaction are
utilized in order to produce lactate and NAD* by LDH reaction. Moreover, in tumor cells,
the concentrations of pyruvate, lactate, NADH, and NAD* and the ratio of lactate to pyruvate
([lactate]/[pyruvate]) and the ratio of NAD* to NADH ([NAD*]/[NADH]) have been identified
to play a role in cell proliferation. PK activity was found to decrease in Cs-treated cells
(Fig. 3); therefore, we assumed that pyruvate concentration decreased in the Cs-treated
cells. To confirm the concentration of intracellular metabolites in Cs-treated and control

Fig. 2. Expression levels of glyco-
lytic proteins following Cs treat-
ment. A, Western blot analysis of Cs 1.2 r =
HK, GAPDH, PKM2, LDHA, and ) = Lol TR ey et oo b
LDHB protein levels in the absence - ]
and in the presence of 10 mM CsCl. HK
Equal amounts of protein (10 ug/
lane) was loaded. B, Relative ex-
pression levels of glycolytic en- | GAPDH
zymes were analyzed using imag-
ing software. The data shows the
means of the three measurements, PKM2 |y s
and the error bar indicate the stan-
dard deviations. Significant differ-
ences between values obtained in LDHA |l
the absence (black bar) and in the
presence (white bar) of 10 mM

CsCl are indicated by asterisks LDHB "

(p<0.05 using Student’s t-test).

Relative expression levels

HK GAPDH PKM2 LDHA LDHB
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Fig. 3. Glycolytic enzyme activities decreased
following Cs treatment. Glycolysis-related en- 1.4 ' + (p<0.05) '
zyme activity of crude extracts from HeLa cells ol [ M CO
in the absence (black bar) and in the presence ' [] Cs(+)
(white bar) of 10 mM CsCl was measured us- :'f_: 10k i
ing spectrophotometric assay. The data shows > %
the means of the four measurements, and the % ‘g'; o8l i
error bars indicate standard deviations. Sig- $ €
nificant differences between values obtained ET o6l i
in the absence and in the presence of 10 mM L% é
CsCl are indicated by asterisks (p<0.05 using g 0.4} 4
Student’s t-test). 3 + (p<0.05)

0.2+ r ) .

0 | B 1) 1 ﬁ 1 ﬁ
HK GAPDH  PK LDH

cells, pyruvate, lactate, NAD*, and
NADH levels were measured (Table
1). Metabolite concentrations were
compared between Cs-treated cells
and control cells. No statistically
significant difference was determined

Table 1. Determination of intracellular metabolite concen-
trations in HeLa cells in the absence and in the presence of
CsCl. The data shown are the means of independent mea-
surements and standard deviations. Significant differences
between control and Cs-treated cells are indicated by aster-
isks (p < 0.05 using Student’s t-test)

in pyruvate levels between Cs-treated v

Metabolite 10 mM CsCl Significant difference

cells and control cells, but lactate e e s 8D ___lem_z 3D (pil005)
. yruvate o + =
level in Cs-treated cells decreased  (umol/mgproteiny >t * 18 B = 08 =gy
significantly (0.6 times that in control  Lactate 172 s 15 103+ 12 (=3
.. (umol/mg-protein) - -

cells). Similarly, there were no AD-
statistically significant differences in  um 125+ 018 221 = 070 =&y
NADH levels between Cs-treated_ cells Aok 008 + 002 009 + 003 (n=5)
and control cells, but NAD* level in Cs- _

NAD+/NADHratio 156 + 24 241 + 59 (n=5)*

treated cells increased significantly
(1.8 times that in control cells).
Further, the [lactate] /[pyruvate] ratio
of the Cs-treated cells and control cells was 6.7 and 11.4, respectively; then, the [NAD*]/
[NADH] ratio of each was 24.1 and 15.6, respectively (Table 1). The [NAD*]/[NADH] ratio of
Cs-treated cells was found to be 1.5 times higher than that of control cells.

Supplement test for cell growth

Pyruvate has been identified as an intermediate metabolite of the glycolysis pathway;
thus, its addition to culture medium provides energy and a carbon source for anabolic
processes, which may recover HeLa cell growth that was suppressed by Cs treatment.
Therefore, we assessed cell growth by cell counting following the addition of Cs and pyruvate.
Pyruvate had a slightly positive effect on cell growth, and there were no statistically significant
differences in cell growth between Cs-treated cells and control cells (Fig. 4). It was found
that supplementary pyruvate did not recover HeLa cell growth that was suppressed by Cs
treatment.
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Fig. 4. Pyruvate supplementation did not improve cell

growth suppressed by Cs. HeLa cells were cultivated 20 T T . .
in DMEM supplemented with 10% FBS at 37 °C in a
5 % CO, humidified incubator in the absence and in E
the presence of 10 mM CsCl for 3 days. The medium 8 15
was supplemented with 1 mM pyruvate. Cell count ?9
was performed using trypan blue dye exclusion assay. x
The data shows the means of the three measurements, 12] 10
and the error bars indicate standard deviations. Sig- %
nificant differences between control cells and each ° 5
treatment cells are indicated by asterisks (p<0.05 us- 8
ing Student’s t-test).

0

Seed Cs (=) Cs (+)
Pyruvate - + - +

Discussion

In our previous study, we reported how Cs treatment suppresses HeLa cell growth [28].
The proposed mechanism of cell growth suppression was the inhibition of PK reaction by Cs;
therefore, it was assumed that Cs affects the glycolysis pathway. In this study, we aimed to
examine the effect of Cs treatment on glycolytic enzymes and metabolites in detail.

Pyruvate, the final product of glycolysis, and its derivative lactate are determined as key
metabolites in tumor cells. In normal cells, pyruvate produced from glycolysis enters the
mitochondria. Then pyruvate is utilized in the energy production via the tricarboxylic acid
cycle and electron transport chain. In contrast, in tumor cells, LDH converts pyruvate and
NADH into lactate and NAD*, which are subsequently utilized in energy production, which
is independent of the mitochondria. This is known as the Warburg effect. We postulate that
inhibition of PK activity by Cs decreases pyruvate production, and, subsequently, lactate
production decreases due to decreasing pyruvate concentration. Comparison of intracellular
pyruvate and lactate concentrations between Cs-treated cells and control cells has revealed
that pyruvate concentration was comparable between Cs-treated cells and control cells
(Table 1). This is supported by a previous study showing that the concentration of PEP, a
substrate of PK, in the pancreatic carcinoma cell line PANC-1 dose not increase or decrease
even when the cells glycolysis pathway is suppressed [34]. Although energy production via
aerobic glycolysis is promoted in tumor cells, mitochondria-dependent energy production
is also considered to occur in tumor cells. Pyruvate is an essential metabolite for cell
survival; therefore, pyruvate concentration is considered unchanged between Cs-treated
and control cells. In contrast, lactate concentration in Cs-treated cells was less than that in
the control cells. Conversion of pyruvate to lactate is coupled with the conversion of NADH
into NAD* and is mediated by LDH. This step is especially important in aerobic glycolysis
as a regeneration step of the NAD* consumed during glycolysis; therefore, decrease of
lactate production in tumor cells is considered indicative of tumor cell growth suppression.
Further, in cases of glycolysis pathway inhibition using 2-deoxy-D-glucose, which inhibits
HK, in cell cultures, intracellular lactate concentration was found to decrease and [NAD*]/
[NADH] ratio increased [35]. Similarly, when PANC-1 cells were cultured in a poor carbon-
source condition, the glycolysis pathway was suppressed, and the concentration of glycolytic
metabolites including lactate decreased [34]. To drive glycolysis pathway effectively, it is
important to maintain a balance between NAD* and NADH. In a study by Christensen, it was
reported that cells with high glycolytic rates had lower [NAD*]/[NADH] ratios and higher
[lactate]/[pyruvate] ratios [36]. Although no significant differences in LDH activity were

484



Cellular Phy5|ology Cell Physiol Biochem 2021;55:477-488

. . DOI: 10.33594/000000399 © 2021 The Author(s). Published by
and BIOChemIStry Published online: 11 August 2021 |Cell Physiol Biochem Press GmbH&Co. KG

Kobayashi et al.: Cesium Depresses Glycolysis Pathway

observed between the Cs-treated cells and the control cells (Fig. 3), the lactate levels of Cs-
treated cells were found to decrease whereas the NAD* levels of Cs-treated cells increased.
Therefore, based on the study of Christensen, it was considered that the glycolysis efficiency
of Cs-treated decreased. The proliferation rate of Cs-treated HeLa cells was found to be
0.45 times lower than that of control cells [28]. We hypothesized that suppression of cell
proliferation was caused by glycolysis pathway inhibition. Our study findings demonstrating
the decrease in [lactate] /[pyruvate] ratio and intracellular lactate concentration. Moreover,
significantly different GAPDH activity was observed between Cs-treated cells and control
cells. GAPDH activity appeared to be lower in Cs-treated cells than in control cells (Fig. 3).
The NAD* is necessary for GAPDH activity; thus, it is assumed that NAD* levels increase when
glycolysis pathway-mediated GAPDH activity is low.

Transcriptional and expression levels of HK, PK, LDH, and GAPDH were also determined
to be lower in Cs-treated cells than in control cells (Fig. 1 and 2). We interpreted this finding
as the inhibitory effect of Cs treatment on the glycolysis pathway rather than the effect of Cs
as a negative transcriptional regulatory element. LDHA transcriptional levels were found
to be higher than LDHB transcriptional levels in Cs-treated and control cells. Cs treatment
did not affect the LDH subunits, but it decreased LDH transcriptional levels (Fig. 1). The
result on LDH is consistent with the reports of a previous study [27]. Further, in previous
studies that reported reduction of LDHA expression, it was shown that LDHA is involved
in the initiation, maintenance, and progression of tumor [37, 38]. The results of this study
suggest that reduction of LDH transcriptional levels is one of the leading mechanisms of
cell proliferation suppression by Cs treatment. We also assessed glycolytic enzyme activities
because transcriptional and expression levels may not directly indicate glycolytic ability.
In comparing glycolytic enzyme activities between Cs-treated cells and control cells, it was
found that PK activity decreased significantly in Cs-treated cells, but the activity of the other
enzymes did not decrease. Although PK reaction needs a K* as a co-factor, it is inhibited by
Cs* [28]. In this study, PK activity was measured in a reaction mixture without Cs* (Fig. 3),
and the crude extracts from the Cs-treated cells and control cells were determined to be
different. The results indicated that intracellular PK activity decreased in the Cs-treated
cells. Considering that the PK activity and expression levels in the Cs-treated cells reduced
0.83-fold and 0.68-fold, respectively, compared to those in the control cells, the reduction
of intracellular PK activity may have resulted from the downregulation of intracellular PK
expression levels. Further studies are necessary to confirm whether the decrease in PK
activity resulted in protein modification by Cs*.

To evaluate cell proliferation, which is suppressed by Cs and can be recovered by
addition of extracellular pyruvate, HeLa cells were cultured using pyruvate and Cs. The
results showed that the added pyruvate was not affected by the recovery of Cs-dependent
cell proliferation suppression (Fig. 4). PK is a key target of Cs action as its transcription,
expression, and activity levels are decreased by Cs. In contract, intracellular pyruvate
concentration was not affected by Cs treatment. A possible explanation of the conflicting
results is that the Cs-treated cells needed the pyruvate, which was consumed in fundamental
biological processes such as energy metabolism; however, that did not provide excessive
rapid proliferative energy sources. In other words, the results suggest that Cs treatment is
deemed more effective in suppressing cell proliferation in hyperproliferative cells than in
normal cells.

Although the normal human body contains low amounts of Cs (0.004 mg/kg in the
brain, 10 pg/L in the serum, and 20 pg/L in the urine) that are obtained from food crops
[6, 11], Cs concentration in the human body increases dramatically when Cs is taken orally
or by intravenous injection. Several studies have reported cases of CsCl toxicities, and the
Cs concentrations were as follows: 1400 mg/kg (approximately 10.5 mM) in the liver,
1200-1400 mg/kg (9-10.5 mM) in the kidney, 780 mg/kg (5.9 mM) in the brain, 100-990
mg/L (0.75-7.4 mM) in the blood, and 270 mg/L (2 mM) in the urine of deceased patients
[6, 11] and 100-250 mg/L (0.75-1.9 mM) in the blood, 27-50 mg/L (0.2-0.38 mM) in the
serum, and 750 mg/L (5.7 mM) in the urine of patients who have recovered [9, 18]. In this
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study, it was considered that CsCl concentration in vivo can reach 10 mM. Moreover, 50%
effective concentration of Cs in HeLa cells and NIH/3T3 cells was 10.9 mM [28] and 2.2 mM
[29], respectively. However, the effective concentration of Cs in the human body may vary
depending on the cell, tissue, or organ. Since the pharmacological effect of Cs on the human
body is not yet well established, we cannot state that oral intake or intravenous injection
of Cs is safe for the attenuation of cell proliferation in tumor tissues. However, local Cs
treatment may be effective for hyperproliferative epidermal disorders such as hypertrophic
scar and keloid.

Conclusion

Cs treatment has been determined to decrease glycolytic enzyme expression, and
intracellular PK activity in HeLa cells. The resultant decrease in lactate concentration and
increase in [NAD*]/[NADH] ratio suggest that Cs treatment depresses aerobic glycolysis and
suppresses HeLa cell proliferation.
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