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 Background 

 Differentiated cells use two steps of glucose catabo-
lism: glycolysis and oxidative phosphorylation (OX-
PHOS)  [1] . Tumor cells and rapidly dividing cells, on the 
other hand, preferentially use glycolysis. Instead of trans-
porting pyruvate into mitochondria for OXPHOS, such 
cells convert pyruvate into lactate for subsequent excre-
tion (aerobic glycolysis or the Warburg effect  [2, 3] ). One 
significant feature of aerobic glycolysis is the activation of 
the pentose phosphate pathway (PPP), a reaction that by-
passes mainstream glycolysis (online suppl. fig.  1; see 
www.karger.com/doi/10.1159/000369905 for all online 
suppl. material). In rapidly dividing cells, the PPP plays 
crucial roles in anabolic reactions, converting glucose 
into nucleotides or producing NADPH for fatty acid syn-
thesis  [4, 5] . NADPH, on the other hand, drives the recy-
cling reaction of intracellular glutathione, one of the most 
important redox regulators  [4, 5] . 

  Recently, we have reported that the synthesis of suc-
cinate dehydrogenase subunit proteins A and B, the en-
zymes for OXPHOS, is frequently eliminated in hepato-
cellular carcinomas (HCCs)  [6] . Importantly, the synthe-
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 Abstract 

 Glycolysis and the pentose phosphate pathway (PPP) are 
preferentially activated in cancer cells. Accumulating evi-
dence indicated the significance of the altered glucose me-
tabolism in cancer, but the implication for oncotherapy re-
mains unclear. Here we report that the synthesis of glyco-
lytic and PPP enzymes is almost ubiquitously augmented in 
colorectal carcinoma (CRC) specimens. The mammalian tar-
get of rapamycin (mTOR) inhibitor INK128 (300 n M ) and phy-
tochemical Avemar (1 mg/ml) inhibited the synthesis of PPP 
enzymes in CRC cell lines. INK128 (150–600 n M ) and resvera-
trol (75–300 μ M ) inhibited aerobic glycolysis in the cell lines. 
INK128 (300 n M ) and Avemar (1 mg/ml) decreased the 
NADPH/NADP +  ratio as well as the GSH/GSSG ratio in the cell 
lines. Finally, per os administration of INK128 (0.8 mg/kg) or 
Avemar (1 g/kg) suppressed tumor growth and delayed tu-
mor formation by transplantable CRC specimens derived 
from patients. Taken together, pharmacological inhibition of 
the mTOR-PPP axis is a promising therapeutic strategy 
against CRCs.  © 2015 S. Karger AG, Basel 
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sis of the proteins for oncogenic pyruvate kinase type M2 
and hypoxia-inducible factor-1α is not so prevalent in 
HCC specimens  [6] . Instead, glucose-6-phosphate dehy-
drogenase (G6PD) and transketolase (TKT), the PPP en-
zymes, are transcriptionally induced by a redox regulator, 
i.e. the nuclear factor erythroid-2-related factor-2 (NRF2) 
 [6] .

  The mammalian target of rapamycin (mTOR) signal-
ing pathway integrates information about the cellular en-
vironment, such as nutrition, energy and redox condi-
tions, thus controlling protein synthesis and cellular 
growth  [7–9] . Through comprehensive analysis using 
knockout mouse embryonic fibroblasts, it has been re-
vealed that mTOR complex 1 controls nearly all genes 
involved in mainstream glycolysis and the PPP  [10] . The 
newly identified mTOR inhibitor, INK128, inhibits trans-
lation of genes including those encoding enzymes in-
volved in glycolysis or the PPP  [11] .

  In this study, we explored the feasibility of target ther-
apy for colorectal carcinomas (CRCs), focusing on the 
mTOR-PPP axis. In CRC specimens, enzymes for both 
mainstream glycolysis and the PPP were frequently in-
creased. INK128 and phytochemical Avemar inhibited 
the PPP reaction in CRC cell lines. In vivo, INK128 and 
Avemar suppressed tumor growth and delayed tumor 
formation by transplantable CRC specimens. Our find-
ings confirm the relationship between mTOR and glu-
cose metabolism in CRCs and highlight the mTOR-PPP 
axis as a novel therapeutic target.

  Materials and Methods 

 Patients and Biospecimens 
 This study was approved by the Institutional Review Board of 

the Dokkyo Medical University Hospital (provided ID number: 
26015), on the basis of the Ethical Guidelines for Clinical Research 
of the Ministry of Health, Labor and Welfare, Japan. Patients who 
were diagnosed as having CRC at the Dokkyo Medical University 
Hospital agreed to donate the surgically resected tumor specimens 
for research purposes. Each tumor specimen had accompanying 
nontumor mucosa and was used either for immediate primary cul-
ture or for protein extraction.

  Cell Culture 
 Tissue specimens were washed vigorously with saline, minced 

with surgical scissors, and the minced tissue was further digested 
enzymatically in a collagenase/proteinase cocktail (0.1% collage-
nase L, Nitta Gelatin, Osaka, Japan, and 0.2% dispase, GIBCO, 
Carlsbad, Calif., USA, in HBSS, GIBCO) for 30 min in a recipro-
cating water bath shaker at 37   °   C. Undigested debris was removed 
by a 1,000- as well as a 500-μm nylon mesh, and finally cell clumps 
that did not pass through 100-μm nylon mesh were collected for 

primary culture  [12] . The cell clumps formed cancer cell spheroids 
or otherwise became attached to the plastic dish on the following 
day with a success rate of almost 100%  [12] . The culture medium 
was serum-free advanced DMEM/F-12 (GIBCO) supplemented 
with FGF-2 (10 ng/ml; ReproCell, Yokohama, Japan), ROCK in-
hibitor  [13]  (Y-27632, 10–20 μ M ; Wako Pure Chemical, Osaka, 
Japan), penicillin (100 mg/ml; Wako), streptomycin (0.1 mg/ml; 
Wako), gentamicin (50 μg/ml; Wako) and Fungizone (2.5 μg/ml; 
GIBCO). In order to prevent bacterial or fungal contamination, 
the medium was replaced with fresh medium 24 h after cell prepa-
ration. After 3 more days of culture, both attached and floating 
spheroids were collected, mixed with extracellular scaffold  [14]  
and injected into nude mice subcutaneously. We did not adjust the 
cell number precisely at the first transplantation, since the ratio 
between attached and spheroid cells varied individually. DLD-1, 
LoVo, WiDr and COLO201 cell lines (for details, visit http://www.
atcc.org and ATCC#CCL-221, CCL-229, CCL-218 and CCL-224, 
respectively) were purchased from JCRB Cell Bank (Osaka, Japan) 
and maintained under the conditions recommended by the sup-
plier. The CACO-2 cell line (ATCC#HTB-37) was purchased from 
RIKEN BioResource Center (Ibaraki, Japan).

  Protein Extraction and Immunoblotting 
 Cancer specimens were immersed in hypotonic solution (70 

m M  sucrose, 10 m M  HEPES, pH 7.5, 1 m M  EDTA, 1 m M  EGTA, 
210 m M  mannitol, 0.15 m M  spermine, 0.75 m M  spermidine, pro-
teinase inhibitor cocktail; Wako and Roche Applied Science, Penz-
berg, Germany) and minced with surgical scissors. The tissue was 
then homogenized in a Dounce homogenizer and centrifuged. The 
supernatant contained cytosolic proteins, and the protein concen-
tration of each specimen was measured by the Bradford protein 
assay (Bio-Rad, Hercules, Calif., USA). CRC cell lines were fixed 
with 10% trichloroacetic acid, and whole-cell proteins were dis-
solved with a solubilizer (7  M  urea, 2  M  thiourea, 2% Triton X-100; 
Wako). The procedures for immunoblotting have been described 
elsewhere  [6] . GAPDH served as an internal control in HCCs  [6]  
and in CRCs (less than two-fold alteration;  fig. 1 ). Representative 
data are shown in the figures; all determinations were reproduced 
at least twice. Band intensity was quantified with IQTL software 
(version 8.1, GE Healthcare, Little Chalfont, UK), and differences 
of more than two-fold were considered ‘increased/decreased’. 

  Drugs 
 Avemar is a fermented wheat germ extract that alters glucose 

metabolism in the T cell leukemia cell line  [15] . It is currently used 
as an adjuvant therapy, and its efficacy has been proven in CRC 
 [16]  as well as melanoma  [17] . Resveratrol is a phytochemical with 
chemopreventive activity, and its pharmacokinetics has been well 
studied in human CRC patients  [18] . We purchased AveULTRA 
(99% pure Avemar; American BioSciences Inc., Blauvelt, N.Y., 
USA) and resveratrol (Wako) from the respective suppliers. The 
mTOR inhibitor INK128 was purchased from Sellek Chemicals 
(Houston, Tex., USA). CB83 (ChemBridge, San Diego, Calif., 
USA) is a newly identified G6PD inhibitor that displays superior 
specificity and affinity against G6PD  [19] . However, the pharma-
cokinetics of CB83 is less well understood, and we did not observe 
any substantial growth-inhibitory effects using cell lines (data not 
shown). Per os administration of INK128 or Avemar has been well 
established  [11, 20] . We followed the respective protocols. Briefly, 
INK128 is dissolved in 1-methyl-2-pyrrolidone (NMP; Sigma-Al-
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drich, St. Louis, Mo., USA) at a concentration of 2 mg/ml and di-
luted to 5% in polyvinylpyrrolidone K30 (PVP; Wako) to obtain 
final proportions of 5% NMP, 15% PVP, and 80% water. The dos-
ages of INK128 and Avemar were 0.8 mg/kg/day and 1 g/kg/day, 
respectively.

  Nude Mouse Tumor Serial Transplantation Assay 
 All experimental procedures were designed according to the 

guidelines of the animal facility at the Dokkyo Medical University 
and approved. Six-week-old female nude mice were purchased 
from Nippon Clea (Tokyo, Japan) and maintained under standard 
housing conditions. Among the injected primary culture speci-
mens from 45 different patients, 11 formed tumors after 1–4 
months. These subcutaneous tumors were again dissociated enzy-
matically and transplanted into other mice subcutaneously. Six 
cases were successfully transplanted more than three times (con-
taining a sufficient number of cancer-initiating cells). Three cases 
were used for drug administration experiments (for data on each 
patient, see online suppl. table 1). When tumors were transplanted 
again, the amount of cells was adjusted by using the same tissue 

weight (500 mg). Divided tumors reproducibly formed tumors on 
the same day and grew at a similar speed, enabling comparison 
among test groups.

  Primary Antibodies for Immunoblotting 
 For a list of primary antibodies used for immunoblotting in this 

study, see online suppl. table 2. 

  Measurement of Extracellular Glucose and Lactate 
 Glucose consumption and lactate excretion are affected by the 

total number of cells cultured. To exclude any secondary effect of 
growth arrest and cell death, we prepared cells in 24-well dishes at 
a confluent density and added each drug for 24 h. Using this simple 
procedure, we did not see any substantial cell death at any of the 
drug concentrations employed. Therefore, the changes in the 
amounts of glucose and lactate seemed to reflect alterations in the 
cellular metabolic status. We used a colorimetric assay kit to mea-
sure glucose (LabAssay Glucose, Wako) and  L -lactate (L-Lactate 
Assay Kit, Cayman Chemical, Ann Arbor, Mich., USA) in condi-
tioned culture medium.

ALDOA

GAPDH

PKM2

LDHA

G6PD

PGD

TKT

ALDOA

GAPDH

PKM2

LDHA

G6PD

PGD

TKT

T N T N T N T N T N T N T N T NCRC

  Fig. 1.  Augmented protein synthesis of gly-
colytic enzymes in CRC specimens. Tissue 
samples from 16 different CRC patients are 
shown. Each well was loaded with 50 μg of 
cytoplasmic proteins, and Western blot-
ting for glycolysis/PPP enzymes was per-
formed. Tumor (T)/nontumor (N) paired 
samples were placed side by side. The band 
intensity was quantified by densitometry, 
and the tumor/nontumor ratios are pre-
sented below. Since synthesis of PKM2 in 
nontumor tissue is low, the level of PKM2 
is presented as +, ++ or +++. 
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  Measurement of Intracellular NADPH/NADP +  or GSH/GSSG 
Ratio 
 We purchased a colorimetric NADP + /NADPH quantification kit 

(BioVision, Milipitas, Calif., USA) and followed the manufacturer’s 
instructions. For the measurement of the GSH/GSSG ratio, we either 
used the direct GSH detection method (GSH/GSSG Detection Assay 
Kit, Abcam, Cambridge, UK) for COLO201 or the cyclical regenera-
tion assay with glutathione reductase (Microplate Assay for GSH/
GSSG, Oxford Biomedical Research, Rochester Hiss, Mich., USA) 
for DLD-1. To determine whether drug treatment significantly af-
fected the NADPH/NADP +  or GSH/GSSG ratio, one-way repeated-
measures ANOVA was used. Subsequently, the difference resulting 
from each drug treatment was determined by paired Student’s t test. 
Differences at p < 0.05 were considered statistically significant. 

  Results 

 Synthesis of Glycolytic Enzyme Proteins Is Augmented 
in CRC Specimens 
 Eleven out of 16 patients (69% of cases) displayed in-

creased (more than two-fold relative to the nontumor 

counterpart) G6PD synthesis, and 13/16 patients (81% of 
cases) displayed increased TKT synthesis ( fig.  1 ). Al-
though a modest number of cases (6/16 patients) dis-
played increased phosphogluconate dehydrogenase 
(PGD) ( fig.  1 ), this protein was readily detected in the 
nontumor mucosa. We observed almost comparable lev-
els of aldolase A (ALDOA) synthesis in CRCs ( fig. 1 ): 9/16 
patients displayed PKM2 synthesis (++ or +++), and 5/16 
patients displayed augmented synthesis of LDHA ( fig. 1 ). 

  INK128 and Phytochemicals Inhibit mTOR Signaling 
and Synthesis of PPP Enzymes 

 INK128 
 First, we confirmed that the mTOR inhibitor INK128 

inhibited phosphorylation of both mTORC1 and 
mTORC2 downstream target proteins (S6 and AKT S473 , 
respectively) in all the cell lines tested ( fig. 2 ). INK128 de-
creased the synthesis of PPP enzymes to various degrees 
( fig. 2 ): more than a two-fold decrease was observed for 

pS6S235, S236

G6PD

PGD

TKT

PKM2

GAPDH

pAKTS473

pAKTT308

AKT

S6

A I R
CACO-2

A I R
COLO201

A I R
DLD-1

A I R
LoVo

A I R
WiDr

  Fig. 2.  INK128 and Avemar inhibit protein synthesis of PPP-related enzymes. Five CRC cell lines were used, and 
whole-cell lysates were extracted 24 h after each drug treatment [φ = control; A = Avemar 1 mg/ml; I = INK128 
(mTOR inhibitor) 300 n M ; R = resveratrol 150 μ M ]. Each well was loaded with 50 μg protein, and Western blot-
ting was performed for glycolysis/PPP enzymes or phosphorylation of mTOR downstream proteins. The band 
intensity was quantified by densitometry, and the drug-treated/control ratios are presented below. 
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G6PD in COLO201 (0.265 compared to untreated con-
trol) and DLD-1 (0.441), and more than a two-fold de-
crease was observed for PGD in LoVo (0.489). For TKT, 
more than a two-fold decrease was observed in COLO201 
(<0.1) and DLD-1 (<0.1). INK128 did not affect the pro-
tein synthesis of either PKM2 or GAPDH ( fig. 2 ). 

  Avemar 
 Next, we used the fermented wheat germ extract Ave-

mar. It inhibited the phosphorylation of S6 in WiDr 
(0.178) and the phosphorylation of AKT S473  in CACO-2 
(0.376) and COLO201 (<0.1) ( fig. 2 ). Avemar markedly 
decreased the synthesis of PPP enzymes ( fig.  2 ): more 
than a two-fold decrease was observed for G6PD in DLD-
1 (0.305) and WiDr (0.417). For PGD, more than a two-
fold decrease was observed in COLO201 (0.248), DLD-1 
(0.249), LoVo (0.353) and WiDr (<0.1). For TKT, more 
than a two-fold decrease was observed in COLO201 
(<0.1), DLD-1 (<0.1), LoVo (0.206) and WiDr (<0.1). 
Avemar decreased PKM2 in DLD-1 (0.241), LoVo (0.316) 
and WiDr (0.271), but none of the cell lines showed a 
change in GAPDH synthesis ( fig. 2 ).

  Resveratrol 
 Next, we used resveratrol for PPP inhibition. It inhib-

ited the phosphorylation of S6 in CACO-2 (0.215) and 
DLD-1 (<0.1) and the phosphorylation of AKT S473  in 
COLO201 (0.453), DLD-1 (0.276) and LoVo (0.339). Res-
veratrol decreased the synthesis of PPP enzymes to vari-
ous degrees ( fig. 2 ): more than a two-fold decrease was 
observed for G6PD in DLD-1 (0.402), and for TKT, more 
than a two-fold decrease was observed in COLO201 
(<0.1), DLD-1 (<0.1) and LoVo (0.361). Resveratrol hard-
ly changed the synthesis of PGD, PKM2 or GAPDH pro-
tein, with a small number of exceptions ( fig. 2 ). 

  INK128 and Resveratrol, but Not Avemar, Inhibit 
Aerobic Glycolysis in CRC Cell Lines 
 Most carcinoma cell lines consume glucose intensive-

ly and excrete lactate even in the presence of ambient ox-
ygen in vitro (aerobic glycolysis). We examined whether 
INK128 or phytochemicals would suppress aerobic gly-
colysis. To see how much glucose is converted to lactate, 
we measured residual glucose in the conditioned culture 
medium and lactate excreted from the cells. INK128 
markedly inhibited glucose consumption and decreased 
lactate excretion in a dose-dependent manner ( fig.  3 ). 
This phenomenon was reproduced in all of the cell lines 
we used (representative data for COLO201, DLD-1 and 
LoVo are shown in  fig. 3 ). Resveratrol displayed similar 

effects ( fig. 3 ). In contrast, Avemar hardly affected glu-
cose consumption or lactate excretion ( fig. 3 ).

  INK128 and Avemar Decrease the NADPH/NADP +  
and GSH/GSSG Ratios 
 G6PD drives the critical reaction for PPP and is one of 

the major enzymes that produce NADPH from NADP + . 
Reduced NADPH drives the glutathione recycling reac-
tion, converting oxidized GSSG dimer into two reduced 
GSH molecules (online suppl. fig. 2). Using two CRC cell 
lines, we measured intracellular NADPH and NADP +  
and calculated the ratio between them. The positive con-
trol G6PD inhibitor CB83 markedly lowered the NADPH/
NADP +  ratio in both COLO201 and DLD-1 ( fig. 4 ). Sim-
ilarly, Avemar decreased the NADPH/NADP +  ratio in 
COLO201 and DLD-1 ( fig. 4 ). INK128 produced a mod-
erate decrease of NADPH/NADP +  (statistically not sig-
nificant) in COLO201 but not in DLD-1 ( fig. 4 ). Resvera-
trol produced a moderate decrease of NADPH/NADP +  
(statistically not significant) in COLO201 but not in 
DLD-1 ( fig. 4 ). Next, we measured intracellular GSH and 
GSSG and calculated the ratio between them. Avemar 
lowered the GSH/GSSG ratio in both COLO201 and 
DLD-1 ( fig. 4 ). INK128 decreased the GSH/GSSG ratio in 
COLO201, but not in DLD-1 ( fig.  4 ). Resveratrol de-
creased the GSH/GSSG ratio in COLO201 but not in 
DLD-1 ( fig. 4 ). CB83 did not change the GSH/GSSG ra-
tio.

  INK128 and Avemar Suppress Tumor Growth and 
Delay Tumor Formation in Nude Mice 
 To observe the pharmacological effects in vivo, we em-

ployed a CRC specimen transplantation assay (Methods). 
To illustrate the individual differences in drug response, 
data for three representative cases are shown.

  Case 1 
 Dissociated tumor cells were split and transplanted 

into 3 nude mice. Five days later, visible tumors appeared 
simultaneously and we randomly assigned each for com-
parison of drug effects. After oral administration of each 
drug for 16 days, the tumor weight in the control, Avemar 
and INK128 groups was 1.92, 1.33 and 0.97 g, respective-
ly ( fig.  5 ). Each tumor was further dissociated, part of 
which was transplanted into another mouse (2nd trans-
plantation, online suppl. fig. 3), and the experiment was 
continued. After the 2nd transplantation and drug ad-
ministration for 10 days, the tumor weight in the control 
and Avemar groups was 3.19 and 1.11 g, respectively 
( fig. 5 ). INK128 similarly decreased tumor weight 12 days 
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after drug administration (control:INK128 = 3.61:   1.38 g; 
 fig. 5 ). Each tumor was further dissociated, part of which 
was transplanted into another mouse (3rd transplanta-
tion). At the 1st and 2nd transplantations, we adminis-
tered drugs after the appearance of visible tumors. At the 
3rd transplantation, we started drug administration on 
the next day after tumor inoculation. The tumor in the 
INK128 group was split into two at the 3rd transplanta-
tion, but one of them did not form a tumor during 14 days 
of drug administration ( fig. 5 ). Avemar did not show this 
phenomenon but repressed tumor growth similarly to 
the 1st and 2nd transplantations (control:Avemar = 2.67:  
 1.92 g;  fig. 5 ). Finally, we purified proteins from each tu-

mor (3rd transplantation) and measured the synthesis of 
proteins for PPP enzymes ( fig. 6 ). Although INK128 in-
hibited the phosphorylation of mTOR downstream target 
proteins ( fig. 6 ), neither Avemar nor INK128 changed the 
synthesis of mainstream glycolytic enzymes ( fig.  6 ). 
INK128, however, slightly decreased the synthesis of 
G6PD and TKT protein ( fig. 6 ).

  Case 2 
 Similarly, tumor cells from another patient were split 

into three and transplanted into different mice. Three 
days thereafter, visible tumors appeared simultaneously, 
and we then started drug administration. After 16 days of 
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  Fig. 3.  INK128 and resveratrol inhibit glucose consumption and lactate excretion. Three CRC cell lines were used, and 24 h after treat-
ment with each designated drug (φ = control; Ave = Avemar; INK = INK128; RSV = resveratrol), the concentrations of glucose (mg/l) 
and lactate (mg/l) in the conditioned culture medium were measured. Active glycolysis decreases residual glucose in the culture medium 
and increases excreted lactate. Therefore, the concentrations of glucose and lactate mostly show an inverse relationship. Mean values ± 
standard deviation (n = 3) are shown.     
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drug administration, Avemar and INK128 had decreased 
the tumor weight (control:Avemar:INK128 = 1.532:  
 0.574:   0.764 g;  fig. 5 ). At the 2nd transplantation, drug-
treated tumors grew more slowly, and it took longer to 
obtain a substantial amount of tumor cells for the 3rd 
transplantation (control:Avemar:INK128 = 10:   24:   16 
days from appearance to collection of each tumor;  fig. 5 ). 
These respective tumors were further dissociated, parts of 
which were transplanted into other mice. Neither of the 
drugs delayed tumor formation but decreased the final 
tumor weight (control:Avemar:INK128 = 0.978:   0.251:  
 0.281 g;  fig. 5 ). After the 3rd transplantation, phosphory-
lation of AKT S473  was decreased by Avemar but not by 
INK128 ( fig. 6 ). INK128 augmented the phosphorylation 
of AKT S473  and S6 protein ( fig. 6 ). Avemar and INK128 
decreased the synthesis of G6PD protein and Avemar de-
creased that of TKT protein ( fig. 6 ). Neither Avemar nor 
INK128 changed the synthesis of mainstream glycolytic 
enzymes ( fig. 6 ).

  Case 3 
 Similarly, tumor cells from another patient were split 

into three and transplanted into different mice. Five days 
thereafter, visible tumors appeared simultaneously, and 
we then started drug administration. In this case, tumor 
cells were surprisingly resistant to drug treatment and 
INK128-treated tumors grew even larger at the 1st trans-
plantation (control:Avemar:INK128 = 0.85:   0.87:   1.2 g; 
 fig. 5 ). This was also the case for the 2nd transplantation 
(control:Avemar:INK128 = 0.787:   0.796:   0.73 g;  fig.  5 ). 
However, when we continued the experiment until the 

3rd transplantation, it took a longer time for drug-treated 
tumors to become visible in comparison with the control 
tumor (control:Avemar:INK128 = 5:   12:   13 days, respec-
tively;  fig.  5 ). As a result of this delay, the final tumor 
weight was much less at the same day of tumor collection 
( fig. 5 ). After the 3rd transplantation, Avemar augmented 
the phosphorylation of AKT S473  but decreased that of S6 
( fig. 6 ). INK128 did not influence the phosphorylation of 
AKT S473  and S6 ( fig. 6 ). Avemar and INK128 decreased 
the amount of G6PD, but none of the other enzymes were 
affected ( fig. 6 ).

  Discussion 

 A comprehensive review about the PPP  [21]  has indi-
cated that the phytochemicals resveratrol and Avemar 
could inhibit the PPP. Considering the recently published 
report that mTOR integrates energy and redox condi-
tions and mTORC1 controls genes for glucose metabo-
lism in embryonic fibroblasts  [10] , it seemed appropriate 
to hypothesize that mTOR controls glycolysis and the 
PPP in CRCs as well. Indeed, we performed three in vitro 
assays using established CRC cell lines and found that the 
mTOR inhibitor INK128 and Avemar successfully inhib-
ited PPP reaction in CRC cells ( fig. 2 ,  4 ).

  Usually, carcinoma cells in vitro   consume large 
amounts of glucose, which is not fully oxidized into car-
bon dioxide even in the presence of ambient oxygen (aer-
obic glycolysis). The glycolytic final product, in turn, is 
discharged into the culture medium as lactic acid. As a 
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  Fig. 4.  INK128 and Avemar decrease the 
NADPH/NADP +  and GSH/GSSG ratios. 
Two CRC cell lines were used, and 24 h af-
ter drug treatment [φ = control; Ave = Ave-
mar 1 mg/ml; CB = CB83 (G6PD inhibitor) 
12.5 μ M ; INK = INK128 300 n M ; RSV = res-
veratrol 150 μ M ], whole-cell lysates were 
deproteinized and intracellular NADPH, 
NADP + , GSH and GSSG were measured. 
Mean values ± standard deviation (n = 3 or 
4) are shown. The asterisks indicate signif-
icant differences (p < 0.05, paired Student’s 
t test) between the drug-treated and un-
treated control groups.  
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  Fig. 5.  INK128 and Avemar suppress tumor growth and delay tumor formation in nude mice. Left: Tumor weight; number of days writ-
ten inside the bars indicates the period from the appearance of visible tumors until tumor collection. Right: Period from cell inoculation 
until appearance of visible tumors, indicating the latency.           
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result, the pH indicator in the conditioned culture me-
dium turns yellow (pH <6.8). When we started in vitro 
experiments, we noticed that the conditioned medium of 
INK128-treated cells remained red (i.e. pH approx. 7.5). 
Indeed, the amount of excreted lactic acid and remaining 
glucose in the conditioned medium remained unchanged 
after the treatment with INK128 ( fig. 3 ). A similar phe-
nomenon was also observed for resveratrol. However, 
Avemar did not have such a function ( fig. 3 ) and neither 
did the G6PD inhibitor CB83 (data not shown). On the 
other hand, resveratrol poorly inhibited the synthesis of 
PPP enzymes ( fig. 2 ), suggesting that aerobic glycolysis 
and the PPP do not necessarily cooperate with each other. 
Although the Warburg effect was originally described as 

aerobic glycolysis, we reported that activation of main-
stream glycolysis is not prevalent in HCCs  [6] . Although 
cross talk between two pathways does exist  [4] , it is pos-
sible that Avemar inhibits the PPP without affecting 
mainstream glycolysis and that resveratrol operates in the 
opposite way. 

  Glutathione is a peptide that buffers intracellular and 
extracellular redox potential. NADPH, a reduced form of 
NADP + , is used to convert oxidized glutathione disulfide 
(GSSG) to reduced GSH  [22] . The majority of intracellu-
lar NADPH is generated by the rate-limiting enzyme 
G6PD and downstream PGD in the PPP  [23]  (online sup-
pl. fig. 1). Therefore, the PPP affects the NADPH/NADP +  
ratio, subsequently affecting the redox balance of gluta-
thione indirectly (online suppl. fig. 2). Cancer cells utilize 
reactive oxygen species (ROS) to transmit signals which 
promote the epithelial-mesenchymal transition, cell mo-
tility, angiogenesis and inflammation  [24] . On the other 
hand, chemotherapy or radiation therapy kills cancer 
cells by causing the production of ROS  [25] . Therefore, it 
is first necessary for cancer cells to protect themselves 
from ROS induced by radiation or chemotherapy  [26] . To 
achieve this, and to survive in the tumor microenviron-
ment, it is believed that cancer cells develop counter-ox-
idant ability  [27]  (online suppl. fig. 2). For example, can-
cer cells produce a large amount of GSH and can neutral-
ize ROS  [25] . In certain tumors, activating mutations are 
found in the KEAP1-NRF2 pathway to counter oxidative 
stress  [28–30] . We have also discovered that nuclear 
translocation of NRF2 induces the  G6PD  and  TKT  genes 
in HCCs  [6] . The data in  figure 4  suggest that PPP inhibi-
tion could potentially disable the antioxidant protection 
mechanism in CRCs.

  Recently, we have developed an in vivo tumor trans-
plantation model for patient-derived CRC specimens 
(online suppl. fig. 3). It is believed that the existence of 
cancer-initiating cells (also termed as cancer stem cells) is 
essential in order for tumors to replicate similar tumors 
in serial transplantation  [31] . We used specimens that 
were transplantable for more than three passages in vivo, 
suggesting that those tumors contained a substantial 
number of cancer-initiating cells. Notably, INK128 and 
Avemar displayed growth-inhibitory effects against such 
malignant cases (cases 1 and 2;  fig. 5 ). However, one spec-
imen was completely resistant to both compounds (case 
3;  fig. 5 ). Another important finding was that INK128 and 
Avemar delayed tumor formation at the third course of 
transplantation and drug administration (cases 1 and 3; 
 fig. 5 ). The rate-limiting step of metastasis is colonization 
of dispersed cancer cells  [32] . Such cells must survive in 

pS6S235, S236
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PKM2
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G6PD

PGD

TKT

pAKTS473

AKT

S6

A I

Case 1

A I

Case 2

A I

Case 3CRC

  Fig. 6.  INK128 and Avemar inhibited mTOR and protein synthesis 
of PPP enzymes. Tumors were collected after the 3rd transplanta-
tion and drug administration. Cytoplasmic proteins were extract-
ed from each tumor (φ = control; A = Avemar 0.8 mg/kg; I = 
INK128 1 mg/kg). 50 μg proteins were loaded in each well. West-
ern blotting for glycolysis/PPP enzymes or phosphorylation of 
mTOR downstream proteins was performed. The band intensity 
was quantified by densitometry, and the drug-treated/control ra-
tios are presented below.           
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harsh microenvironments, and the transplanted tumor 
cells are considered to be under similar conditions. The 
mTOR-PPP axis could play an important role in success-
ful colonization and metastasis. It should be mentioned, 
however, that an individual difference does exist even 
among the three different cases. Cases 1 and 2 are very 
fast-growing tumors, and Avemar or INK128 were effec-
tive in terms of growth control. On the other hand, 
INK128 and/or Avemar inhibited tumor appearance 
(colonization) of cases 1 and 3. Therefore, two different 
compensatory mechanisms exist: case 3 overcame growth 
inhibition and case 2 overcame colonization inhibition. 
Currently, we are designing new experiments to discrim-
inate two aspects of mTOR-PPP inhibition. 

  Current target chemotherapies largely focus on spe-
cific oncogene pathways (e.g. WNT/β-catenin or RAS-
MAPK in CRCs)  [33] . Such an approach is limited by the 
high degree of intratumor heterogeneity and high somat-
ic mutation rate, resulting in compensation of the genet-
ic network  [34, 35] . Glycolysis and the PPP are almost 
ubiquitously upregulated in CRCs ( fig. 1 ), and targeting 
on the mTOR-PPP axis could be a strategy for disrupting 
‘nononcogene addiction’ of CRCs. Classic chemotherapy 
or radiation induces ROS, and INK128 or Avemar would 
be expected to disable the protection system against ROS 

( fig. 4 ). Together with the facts that INK128 and Avemar 
are orally available drugs and currently at the clinical tri-
al stage, designing some form of combination therapy 
with conventional anticancer drugs would be a feasible 
option. 

  In conclusion, the PPP is activated in CRC specimens 
and mTOR is one of the upstream signals. Pharmacolog-
ical inhibition of PPP can be achieved by INK128 or Ave-
mar both in vitro and in vivo. Therefore, targeting on the 
mTOR-PPP axis is a promising strategy for treatment of 
CRCs.

  Acknowledgements 

 We would like to thank Ms. S. Satoh for technical assistance, 
and Prof. M. Ishihara and Dr. S. Kishimoto for providing the ex-
tracellular scaffold for the nude mouse assay. This work was fund-
ed by an investigator-initiated research grant (No. 2014-07) from 
the Dokkyo Medical University. 

  Disclosure Statement 

 The authors declare that they have no competing interests.
 

 References 

  1 Michal G, Schomburg D: Biochemical Path-
ways: An Atlas of Biochemistry and Molecu-
lar Biology. Hoboken, Wiley, 2013. 

  2 Gatenby RA, Gillies RJ: Why do cancers have 
high aerobic glycolysis? Nat Rev Cancer 2004;  
 4:   891–899. 

  3 Warburg O: On the origin of cancer cells. Sci-
ence 1956;   123:   309–314. 

  4 Patra KC, Hay N: The pentose phosphate 
pathway and cancer. Trends Biochem Sci 
2014;   39:   347–354. 

  5 Vander Heiden MG, Cantley LC, Thompson 
CB: Understanding the Warburg effect: the 
metabolic requirements of cell proliferation. 
Science 2009;   324:   1029–1033. 

  6 Shimizu T, Inoue KI, Hachiya H, Shibuya N, 
Shimoda M, Kubota K: Frequent alteration of 
the protein synthesis of enzymes for glucose 
metabolism in hepatocellular carcinomas. J 
Gastroenterol 2014;   49:   1324–1332. 

  7 Sarbassov DD, Guertin DA, Ali SM, Sabatini 
DM: Phosphorylation and regulation of Akt/
PKB by the rictor-mTOR complex. Science 
2005;   307:   1098–1101. 

  8 Polak P, Hall MN: mTOR and the control of 
whole body metabolism. Curr Opin Cell Biol 
2009;   21:   209–218. 

  9 Zoncu R, Efeyan A, Sabatini DM: mTOR: 
from growth signal integration to cancer, dia-
betes and ageing. Nat Rev Mol Cell Biol 2011;  
 12:   21–35. 

 10 Düvel K, Yecies JL, Menon S, Raman P, Li-
povsky AI, Souza AL, Triantafellow E, Ma Q, 
Gorski R, Cleaver S: Activation of a metabolic 
gene regulatory network downstream of 
mTOR complex 1. Mol Cell 2010;   39:   171–183. 

 11 Hsieh AC, Liu Y, Edlind MP, Ingolia NT, 
Janes MR, Sher A, Shi EY, Stumpf CR, Chris-
tensen C, Bonham MJ: The translational land-
scape of mTOR signalling steers cancer initia-
tion and metastasis. Nature 2012;   485:   55–61. 

 12 Kondo J, Endo H, Okuyama H, Ishikawa O, 
Iishi H, Tsujii M, Ohue M, Inoue M: Retain-
ing cell-cell contact enables preparation and 
culture of spheroids composed of pure prima-
ry cancer cells from colorectal cancer. Proc 
Natl Acad Sci USA 2011;   108:   6235–6240. 

 13 Ohata H, Ishiguro T, Aihara Y, Sato A, Sakai 
H, Sekine S, Taniguchi H, Akasu T, Fujita S, 
Nakagama H, Okamoto K: Induction of the 
stem-like cell regulator CD44 by Rho kinase 
inhibition contributes to the maintenance of 
colon cancer-initiating cells. Cancer Res 2012;  
 72:   5101–5110. 

 14 Kumano I, Kishimoto S, Nakamura S, Hat-
tori H, Tanaka Y, Nakata M, Sato T, Fujita M, 
Maehara T, Ishihara M: Fragmin/protamine 
microparticles (F/P MPs) as cell carriers en-
hance the formation and growth of tumors in 
vivo. Cell Mol Bioeng 2011;   4:   476–483. 

 15 Comin-Anduix B, Boros LG, Marin S, Boren 
J, Callol-Massot C, Centelles JJ, Torres JL, 
Agell N, Bassilian S, Cascante M: Fermented 
wheat germ extract inhibits glycolysis/pen-
tose cycle enzymes and induces apoptosis 
through poly(ADP-ribose) polymerase acti-
vation in Jurkat T-cell leukemia tumor cells. J 
Biol Chem 2002;   277:   46408–46414. 

 16 Jakab F, Shoenfeld Y, Balogh A, Nichelatti M, 
Hoffmann A, Kahán Z, Lapis K, Mayer A, 
Sapy P, Szentpetery F: A medical nutriment 
has supportive value in the treatment of 
colorectal cancer. Br J Cancer 2003;   89:   465–
469. 

 17 Demidov LV, Manziuk LV, Kharkevitch GY, 
Pirogova NA, Artamonova EV: Adjuvant fer-
mented wheat germ extract (Avemar TM ) nu-
traceutical improves survival of high-risk skin 
melanoma patients: a randomized, pilot, phase 
II clinical study with a 7-year follow-up. Can-
cer Biother Radiopharm 2008;   23:   477–482. 

D
ow

nl
oa

de
d 

by
: 

S
el

çu
k 

U
ni

ve
rs

ite
si

   
   

   
   

   
   

   
   

   
   

   
   

19
3.

25
5.

24
8.

15
0 

- 
1/

23
/2

01
5 

6:
41

:3
6 

A
M



 Pentose Phosphate Pathway in Colorectal 
Carcinomas 

Oncology
DOI: 10.1159/000369905

11

 18 Patel KR, Brown VA, Jones DJ, Britton RG, 
Hemingway D, Miller AS, West KP, Booth 
TD, Perloff M, Crowell JA, Brenner DE, Stew-
ard WP, Gescher AJ, Brown K: Clinical phar-
macology of resveratrol and its metabolites in 
colorectal cancer patients. Cancer Res 2010;  
 70:   7392–7399. 

 19 Preuss J, Hedrick M, Sergienko E, Pinkerton 
A, Mangravita-Novo A, Smith L, Marx C, 
Fischer E, Jortzik E, Rahlfs S, Becker K, Bode 
L: High-throughput screening for small-mol-
ecule inhibitors of plasmodium falciparum 
glucose-6-phosphate dehydrogenase 6-phos-
phogluconolactonase. J Biomol Screen 2012;  
 17:   738–751. 

 20 Boros LG, Nichelatti M, Shoenfeld Y: Fer-
mented wheat germ extract (Avemar) in the 
treatment of cancer and autoimmune diseas-
es. Ann NY Acad Sci 2005;   1051:   529–542. 

 21 Riganti C, Gazzano E, Polimeni M, Aldieri E, 
Ghigo D: The pentose phosphate pathway: an 
antioxidant defense and a crossroad in tumor 
cell fate. Free Radic Biol Med 2012;   53:   421–
436. 

 22 Schafer FQ, Buettner GR: Redox environ-
ment of the cell as viewed through the redox 
state of the glutathione disulfide/glutathione 
couple. Free Radic Biol Med 2001;   30:   1191–
1212. 

 23 Lemons JM, Feng X, Bennett BD, Legesse-
Miller A, Johnson EL, Raitman I, Pollina EA, 
Rabitz HA, Rabinowitz JD, Coller HA: Quies-
cent fibroblasts exhibit high metabolic activ-
ity. PLoS Biol 2010;   8:e1000514. 

 24 Wu W: The signaling mechanism of ROS in 
tumor progression. Cancer Metastasis Rev 
2006;   25:   695–705. 

 25 Wang J, Yi J: Cancer cell killing via ROS: to 
increase or decrease, that is the question. Can-
cer Biol Ther 2008;   7:   1875–1884. 

 26 Estrela JM, Ortega A, Obrador E: Glutathione 
in cancer biology and therapy. Crit Rev Clin 
Lab Sci 2006;   43:   143–181. 

 27 Pani G, Galeotti T, Chiarugi P: Metastasis: 
cancer cell’s escape from oxidative stress. 
Cancer Metastasis Rev 2010;   29:   351–378. 

 28 Shibata T, Kokubu A, Gotoh M, Ojima H, 
Ohta T, Yamamoto M, Hirohashi S: Genetic 
alteration of  Keap1  confers constitutive Nrf2 
activation and resistance to chemotherapy in 
gallbladder cancer. Gastroenterology 2008;  
 135:   1358–1368.e4. 

 29 Shibata T, Ohta T, Tong KI, Kokubu A, 
Odogawa R, Tsuta K, Asamura H, Yamamoto 
M, Hirohashi S: Cancer related mutations in 
NRF2 impair its recognition by Keap1-Cul3 
E3 ligase and promote malignancy. Proc Natl 
Acad Sci USA 2008;   105:   13568–13573. 

 30 Singh A, Misra V, Thimmulappa RK, Lee H, 
Ames S, Hoque MO, Herman JG, Baylin SB, 
Sidransky D, Gabrielson E: Dysfunctional 
KEAP1–NRF2 interaction in non-small-cell 
lung cancer. PLoS Med 2006;   3:e420. 

 31 Nguyen LV, Vanner R, Dirks P, Eaves CJ: 
Cancer stem cells: an evolving concept. Nat 
Rev Cancer 2012;   12:   133–143. 

 32 Nguyen DX, Bos PD, Massagué J: Metastasis: 
from dissemination to organ-specific coloni-
zation. Nat Rev Cancer 2009;   9:   274–284. 

 33 Cancer Genome Atlas Network: Comprehen-
sive molecular characterization of human co-
lon and rectal cancer. Nature 2012;   487:   330–
337. 

 34 Mendoza MC, Er EE, Blenis J: The Ras-ERK 
and PI3K-mTOR pathways: cross-talk and 
compensation. Trends Biochem Sci 2011;   36:  
 320–328. 

 35 Alexandrov LB, Nik-Zainal S, Wedge DC, 
Aparicio SA, Behjati S, Biankin AV, Bignell 
GR, Bolli N, Borg A, Børresen-Dale A: Signa-
tures of mutational processes in human can-
cer. Nature 2013;   500:   415–421. 

  

D
ow

nl
oa

de
d 

by
: 

S
el

çu
k 

U
ni

ve
rs

ite
si

   
   

   
   

   
   

   
   

   
   

   
   

19
3.

25
5.

24
8.

15
0 

- 
1/

23
/2

01
5 

6:
41

:3
6 

A
M


