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Abstract. Increasing evidence suggests that dietary 
vitamin B6 is linked to the prevention of cancer and cardiovas-
cular disease. However, the molecular mechanisms involved in 
this process are not yet understood. Preliminary results in the 
current study indicated, following DNA microarray analysis 
and quantitative PCR, that insulin‑like growth factor‑binding 
protein 1 (IGFBP1) mRNA is upregulated in HT29 colon 
carcinoma cells exposed to pyridoxal (PL, 500 µM). IGFBP1 
is secreted from the liver and is hypothesized to exert a 
protective role in the development of cancer and cardiovas-
cular disease. Thus, further experiments were performed to 
investigate the effect of PL on the expression of IGFBP1 in 
HepG2 hepatocellular carcinoma cells. The addition of PL 
(500  µM) markedly increased the expression of IGFBP1 
mRNA in HepG2 cells at 6, 12 and 24 h (P<0.01), whereas 
other vitamers (500 µM), including pyridoxal 5'‑phosphate 
(PLP), pyridoxine (PN) and pyridoxamine (PM), caused no 
such effect. The expression of the IGFBP1 protein in the cell 
lysate and culture medium was elevated in the presence of PL. 
PL elevated expression of the active form of ERK1 protein, 
p‑ERK1, and the p‑c‑Jun protein, a downstream factor of 

ERK. Furthermore, IGFBP1 expression, elevated by PL, was 
suppressed by PD98059, an ERK inhibitor. Higher expression 
of IGFBP1 protein by PL was suppressed by cycloheximide. 
These results suggest that PL may induce the expression of 
IGFBP1 in hepatoma cells via a mechanism involving the 
ERK/c‑Jun pathway.

Introduction

There is increasing epidemiological evidence implicating 
vitamin B6 as a protective factor against colon cancer (1‑4). 
Consistent with these previous results, the current study 
observed that dietary vitamin B6 intake, from a supplemental 
vitamin B6 diet to a low vitamin B6 diet, caused a marked 
reduction in colon tumorigenesis in mice exposed to azoxy-
methane (5). Our animal studies suggest that the anti‑colon 
tumor effect of dietary vitamin B6 is partially ascribed to 
lowering colon cell proliferation, oxidative stress, inflam-
mation and epithelium cell damage  (5‑8). Furthermore, 
we observed that vitamin B6 inhibited lipopolysaccharide 
(LPS)‑induced expression of inducible nitric oxide synthase 
(iNOS) and cyclooxygenase‑2 (COX‑2) in mouse macrophage 
RAW264.7 cells via suppression of nuclear factor‑κB (NF‑κB) 
activation (9). In addition, dietary vitamin B6 inhibited iNOS 
activity in the liver of rats exposed to LPS  (9). Notably, 
vitamin B6 has been observed to inhibit DNA and RNA poly-
merase (10‑12), topoisomerase‑IB and angiogenesis (13,14). 
However, the molecular mechanisms involved in the anti-
tumor effect of vitamin B6 are not yet clearly understood.

According to preliminary experimental results in the 
current study, which used DNA microarray analysis, a 
number of genes were upregulated by pyridoxal (PL; 500 µM) 
in human colon cancer cells (HT29). Insulin‑like growth 
factor‑binding protein 1 (IGFBP1) was one of these upregu-
lated genes in HT29 cells, confirmed by quantitative PCR. 
IGFBP1 is primarily produced and secreted from the liver (15) 
and binds to insulin growth factors (IGFs), modulating their 
actions  (15). Previous studies have suggested that IGFBP1 
may be a tumor suppressor (16‑19). Low serum IGFBP1 levels 
are associated with a number of chronic diseases, including 
colon cancer, cardiovascular disease and diabetes (20‑22). A 
previous study showed that increased circulating IGFBP1 
levels improve insulin sensitivity, lower blood pressure and 
protect against atherosclerosis (22). IGFBP1 is rapidly induced 
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during liver regeneration and is implicated in the maintenance 
of hepatocyte differentiation and metabolism (23,24). The liver 
is a central organ involved in regulating vitamin B6 metabo-
lism (25). In addition, Nakari et al (26) demonstrated that a 
high dose of pyridoxine (PN; 10 mM) induced the expression 
of the insulin‑like growth factor‑binding protein 3 (IGFBP3) 
in human breast adenocarcinoma MCF‑7 cells. Therefore, 
the objective of the current study was to explore the effect of 
vitamin B6 on the expression of IGFBP1 in human hepatoma 
HepG2 cells.

Materials and methods

Materials. PL hydrochloride, PN hydrochloride and pyridoxal 
5'‑phosphate (PLP) were obtained from Nacalai Tesque (Kyoto, 
Japan) and pyridoxamine (PM) dihydrochloride was obtained 
from Calbiochem (La Jolla, CA, USA). Human colorectal cancer 
HT29 cells and human hepatoma HepG2 cells were purchased 
from the Health Science Research Resources Bank (Osaka, 
Japan) and the Japan Health Science Foundation (Tokyo, 
Japan), respectively. Dulbecco's modified Eagle's medium 
(DMEM) was purchased from Sigma‑Aldrich (St.  Louis, 
MO, USA). Antibodies specific for IGFBP1 and p‑c‑Jun were 
products of Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, 
USA). An antibody against p‑ERK1/2 was obtained from 
Cell Signaling Technology Inc. (Danvers, MA, USA). Tubulin 
antibody was obtained from Harlan Sera‑Lab (Leicestershire, 
UK). 3‑(4,5‑Dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium 
bromide (MTT) was purchased from Sigma‑Aldrich. 
Dimethyl sufoxide (DMSO) was obtained from Nacalai 
Tesque. PD98059 (ERK inhibitor) was purchased from Wako 
Pure Chemical Industries (Osaka, Japan). Cycloheximide 
(protein synthesis inhibitor) was also purchased from Wako 
Pure Chemical Industries.

Cell culture and treatment. HT29 and HepG2 cells were main-
tained in DMEM supplemented with 10% fetal calf serum, 
100 U/ml penicillin and 100 mg/ml streptomycin at 37˚C in 
5% CO2. PL, PN, PM or PLP were dissolved directly in culture 
medium and filtered through a Millex‑HV 0.45-µm syringe 
filter (Millipore, Billerica, MA, USA). PD98059 was dissolved 
in DMSO and added directly to the culture medium. DMSO, 
instead of the inhibitor, was added to the other groups.

LDH assay. Cytotoxicity of PL in HepG2 cells was deter-
mined using a lactate dehydrogenase (LDH) assay kit 
(Promega, Madison, WI, USA). Cells (1.5x104 cells/well) 
were seeded in a 96‑well plate with 120 µl culture medium. 
Following 24 h, cells were treated with or without PL at a 
concentration of 500 µM for 6, 12 or 24 h. A total amount 
of 100 µl of supernatant for each well was transferred to a 
new 96‑well plate and 100 µl of reconstituted substrate mix 
was added to each well and the plates were maintained at 
room temperature for 60 min. Absorbance was recorded at 
490 nm with an ELNX 96 reader (TFB, Tokyo, Japan). Each 
experiment was repeated eight times.

M T T assay.  Cel l  cu lt u re  med ium suspensions 
(3,000 cells/100 µl) were plated into 96‑well plates. Following 
24 h incubation, 100 µl culture medium with or without PL 

(500 µM) was added to the wells and incubated for 6, 12, 24 
or 48 h. At the end of the incubation, 20 µl 0.5% MTT solution 
was added to each well. Plates were returned to the incubator 
for a period of 4 h. Absorbance was read on a spectrophotom-
eter with an ELNX 96 reader at 550 nm. Each experiment was 
repeated eight times.

mRNA analysis. Total RNA from HT29 or HepG2 cells 
was isolated using TRIzol™ (Invitrogen Life Technologies, 
Carlsbad, CA, USA). Total RNA (1  µg) was reverse 
transcribed using the First Strand cDNA Synthesis kit 
(Toyobo, Osaka, Japan) according to the manufacturer's 
instructions. Quantitative PCR was performed with a 
StepOne™ Real‑Time PCR System (Applied Biosystems, 
Carlsbad, CA, USA) using Thunderbird SYBR qPCR Mix 
(Toyobo). The primer sets for IGFBP1 and GADPH were 
purchased from Greiner Bio‑One (Tokyo, Japan) and were 
as follows: IGFBP1, 5'‑GCCAAACTGCAA CAAGAATG‑3' 
and 5'‑ATCCTCTTCCCATTCCAAG‑3'; and GADPH, 
5'‑ CA ATGACCCCT TCAT TGACC‑3'  and 5'‑TG G 
AAGATGGTGATGGGATT‑3'. The cycling parameters were 
as follows: Initial step at 90˚C for 10 sec, followed by 40 cycles 
of 90˚C for 5 sec, 60˚C for 10 sec and 72˚C for 10 sec. Relative 
gene expression levels were calculated using the 2‑ΔΔCt method 
normalizing to GAPDH expression levels and fold differences 
in expression were calculated relative to control samples.

Western blot analysis. Western blot analysis experiments for 
IGFBP1 detection were performed using HepG2 cell lysate 
and culture medium. Cells were grown to 70% confluency 
in a 6‑well plate. Following PL treatment, cells were washed 
twice with PBS and lysed in RIPA buffer [20 mM Tris‑HCl 
(pH 7.4), 150 mM NaCl, 1 mM MgCl2 and 1 mM CaCl2] with 
1% Triton X‑100. Cell lysate was centrifuged at 12,000 x g for 
10 min to pellet debris. Total protein samples were removed 
and assayed for protein content using a Bio‑Rad Protein 
Assay kit (Bio‑Rad, Hertfordshire, UK). Sodium dodecyl 
sulphate‑polyacrylamide gel electrophoresis (SDS‑PAGE) 
sample buffer was added to the protein pellets and samples 
were boiled for 3 min at 95˚C. Samples were loaded (10 µg of 
total protein for cell lysate) and electrophoretically separated 
on 10% polyacrylamide gels and transferred to polyvinyli-
dene difluoride (PVDF) membranes. Western blot analysis 
was performed to standard instructions and proteins were 
visualized using the following primary antibodies: IGFBP1 
(rabbit polyclonal antibody; 1:1,000), p‑ERK1/2 (rabbit 
polyclonal antibody; 1:1,000), p‑c‑Jun (mouse monoclonal 
antibody; 1:1,000) and tubulin (rat monoclonal antibody; 
1:1,000).

To detect IGFBP1 in the culture medium, culture medium 
(1 ml) was collected and centrifuged at 12,000 x g for 10 min. 
A total of 100 µl of supernatant was added to 30 µl SDS‑PAGE 
sample buffer and boiled for 3 min at 95˚C. Each sample 
(10 µl) was loaded for western blot analysis.

Statistical analysis. Data are presented as the mean ± SE. 
Differences among the average means of treatment groups 
were analyzed using a one‑way ANOVA and P<0.05 was 
considered to indicate a statistically significant difference, as 
determined by Scheffe's multiple‑range test. For experiments 
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which included only two groups, a Student's t‑test was used 
and the statistical difference was set at P<0.05.

Results

PL stimulates expression of IGFBP1 mRNA. According to 
DNA microarray analysis, IGFBP1 was upregulated in HT29 
cells exposed to PL (500 µM). Stimulation of IGFBP1 by PL 
in HT29 cells was confirmed by quantitative PCR (Fig. 1A). 
HepG2 cells were incubated in the presence or absence of PL 
(500 µM) for 24 h and IGFBP1 mRNA levels were determined 
by quantitative PCR. As shown in Fig. 1B, IGFBP1 mRNA 
levels were markedly elevated by PL in HepG2 cells (P<0.01). 
The effects of B6 vitamers (500 µM), including PL, PM, PN 
and PLP, on the expression of IGFBP1 mRNA levels were 
analyzed (Fig. 1C). The results show that PL has a marked 
stimulation effect (P<0.05); however, other B6 vitamers did 
not exhibit the same effect.

PL stimulates IGFBP1 expression in a time‑ and dose‑depen‑
dent manner. The effects of various concentrations of PL on 
the expression of IGFBP1 mRNA were investigated. Following 

24 h incubation of HepG2 cells with varying concentrations of 
PL (100, 250 or 500 µM), IGFBP1 mRNA levels were elevated 
in a dose‑dependent manner (Fig. 2A). At a concentration of 
500 µM, PL markedly stimulated the expression of IGFBP1 
mRNA levels in HepG2 cells (P<0.05). To examine the 
time‑dependent effect of PL, HepG2 cells were cultured with 
or without PL (500 mM) for 6, 12 or 24 h. The results showed 
that treatment with PL increased IGFBP1 mRNA levels in 
a time‑dependent manner (P<0.01; Fig. 2B). The expression 
of IGFBP1 protein in the cell lysate and culture medium 
increased in a time‑dependent manner (Fig. 2C).

PL affects cell growth of HepG2 without showing cytotox‑
icity. The current cell culture studies were conducted with a 
supraphysiological dose of PL (500 mM), thus the cytotox-
icity of PL was examined at this dose. An LDH assay was 
performed to examine the cytotoxicity of PL (500 mM) for 
various incubation times (6, 12 or 24 h). The results show that 
PL, at a concentration of 500 mM, caused no cytotoxicity to 
HepG2 cells over 24 h (Fig. 3A). In addition, the effect of PL 
on cell growth was examined with an MTT assay. HepG2 cells 
were incubated with PL (500 mM) for 6, 12, 24 or 48 h. PL 
significantly elevated cell growth over 12 h (P<0.01; Fig. 3B), 
while PL significantly suppressed cell growth over 24 and 
48 h (P<0.01). Thus, the induction of IGFBP1 by PL appears to 
begin prior to alteration in cell growth.

PL activates the ERK pathway responsible for the stimula‑
tion of IGFBP1. Multiple mitogen‑activated protein kinase 

Figure 1. Stimulation of expression of IGFBP1 mRNA by PL in HT29 and 
HepG2 cells. (A) HT29 or (B) HepG2 cells were incubated in presence or 
absence of PL (500 µM) over 24 h. (C) HepG2 cells were incubated with 
various vitamers (PL, PLP, PM or PN) at a concentration of 500 µM over 
24 h. IGFBP1 mRNA levels were determined by quantitative PCR. Cells 
cultured with medium (DMEM with 10% fetal calf serum, 100 units/ml 
penicillin and 100 mg/ml streptomycin) were used as control. Values are 
presented as the mean ± SE (n=4). *P<0.05 and **P<0.01, vs. relative con-
trol. Groups with different letters are significantly different from each other 
(P<0.05). IGFBP1,  insulin‑like growth factor‑binding protein  1; PL, 
pyridoxal; PLP, pyridoxal 5'‑phosphate; PM, pyridoxamine ; PN, pyridoxine; 
DMEM, Dulbecco's modified Eagle's medium.

Figure 2. PL induced the expression of IGFBP1 in a time‑ and dose‑depen-
dent manner in HepG2 cells. (A) HepG2 cells were incubated with PL at 
various concentrations (0, 100, 250 or 500 µM) over 24 h. (B) HepG2 cells 
were incubated with PL at a concentration of 500 µM for the indicated times 
(6, 12 or 24 h). IGFBP1 mRNA levels were determined by quantitative PCR. 
Results are presented as the mean ± SE (n=4). Groups with different letters 
are significantly different from each other (P<0.05). **P<0.01, vs. relative 
control. (C) Time‑dependent stimulation of IGFBP1 protein expression by 
PL (500 µM) was analyzed by western blot analysis. PL, pyridoxal; IGFBP1, 
insulin‑like growth factor‑binding protein 1.
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(MAPK) pathways are reportedly involved in the stimulation 
of IGFBP1 (27‑29). Therefore, in the current study, the protein 
expression of ERK, p‑ERK, p‑JNK and p‑c‑Jun (downstream 

factor of ERK and JNK) was examined in HepG2 cells treated 
with or without PL over 6, 12 or 24 h. The results indicate that 
PL elevated p‑ERK1 and p‑c‑Jun proteins significantly at 6 and 

Figure 3. LDH and MTT assays in HepG2 cells exposed to PL. HepG2 cells were exposed to PL (500 µM) for various times (6, 12 or 24 h). (A) Cytotoxicity was 
determined by measuring the amount of LDH released from the cells into the culture medium. Cultured cells (3x103 cells/well) were exposed to the medium 
with or without PL (500 µM) over 6, 12, 24 or 48 h. (B) Cell growth was determined by the MTT assay. Cells cultured with medium (DMEM with 10% fetal 
calf serum, 100 U/ml penicillin and 100 mg/ml streptomycin) were used as control. The data are presented as the mean ± SE (n=8). **P<0.01, vs. relative control. 
LDH, lactate dehydrogenase; MTT, 3‑(4,5‑Dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide; PL, pyridoxal.

Figure 4. Activation of ERK pathway and stimulated expression of IGFBP1 by PL were blocked by ERK inhibitor in HepG2 cells. (A) HepG2 cells were 
incubated with PL at a concentration of 500 mM for 6, 12 or 24 h. Expression of p‑ERK and p‑c‑Jun proteins was analyzed by western blot analysis. HepG2 
cells were treated with PL (500 mM), PD98059 (PD, ERK inhibitor, 40 mM) or PL (500 mM) + PD98059 (PD, 40 mM) for (B) 6 or (C) 12 h. Cells incubated 
with culture medium were used as controls. IGFBP1 mRNA levels were analyzed by quantitative PCR. Cells cultured with medium (DMEM with 10% fetal 
calf serum, 100 U/ml penicillin and 100 mg/ml streptomycin) were used as control. Values are presented as the mean ± SE (n=4). Groups with different letters 
are significantly different from each other (P<0.05). IGFBP1 protein level was analyzed by western blotting for (D) 6 or (E) 12 h. IGFB1, insulin‑like growth 
factor‑binding protein 1; PL, pyridoxal; DMEM, Dulbecco's modified Eagle's medium.

Figure 5. Effect of inhibitor of protein synthesis on the expression of IGFBP1 protein in HepG2 cells exposed to PL. HepG2 cells were cultured with CHX (pro-
tein synthesis inhibitor; 2 µg/ml) with or without PL (500 mM) for 6 or 12 h. IGFBP1 protein level was analyzed by western blot analysis. IGFBP1, insulin‑like 
growth factor‑binding protein 1; PL, pyridoxal; CHX, cycloheximide.

  A   B

  A   B   C
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12 h (Fig. 4A). Total ERK and p‑JNK expression were not 
affected by PL (data not shown).

Activation of the ERK pathway by PL led to the hypoth-
esis that the ERK pathway is involved in the stimulation of 
IGFBP1 by PL in HepG2 cells. PD98059, an ERK inhibitor, 
was used to test this assumption. The ERK inhibitor (40 µM) 
effectively reduced IGFBP1 mRNA levels in the control and 
PL‑treated cells (Fig. 4B and C). Notably, in the presence of the 
ERK inhibitor, there was no significant difference in IGFBP1 
mRNA levels between cells with or without PL at 6 h (Fig. 4B). 
In addition, the elevated IGFBP1 protein expression by PL in 
the cell lysate and culture medium was entirely eradicated by 
the ERK inhibitor (Fig. 4D and E). Elevations in p‑ERK1 and 
p‑c‑Jun protein expression by PL were eliminated by PD98059 
(Fig. 4D and E). These results indicate that the ERK pathway 
is important in the stimulation of IGFBP1 by PL.

Inhibition of protein synthesis inhibits elevation in the 
expression of IGFBP1 protein by PL. To understand the role 
of protein synthesis in the stimulation of IGFBP1 by PL, 
HepG2 cells were treated with cycloheximide for 6 or 12 h. 
Cycloheximide (2 µg/ml) completely inhibited the elevation 
of IGFBP1 protein expression induced by PL (Fig. 5). These 
results suggest that higher expression of IGFBP1 protein by PL 
is dependent on protein synthesis.

Discussion

The present study demonstrated that PL elevates the expres-
sion of IGFBP1 mRNA and protein levels in HepG2 cells. 
Notably, IGFBP1 protein observed in the cell culture medium 
was also elevated by PL, indicating that a high concentration 
of IGFBP1 was released into the culture medium. PL was 
observed to cause a marked elevation in IGFBP1 mRNA, but 
for other B6‑vitamers, including PLP, PN and PM, this effect 
was not observed on IGFBP1. Our previous study showed that 
the inhibitory effect of PL on the LPS‑induced expression of 
iNOS and COX‑2 in RAW264.7 cells was stronger compared 
with PLP (9). Kanouchi et al (30) showed that when RAW264.7 
cells were cultured in a culture medium treated with the B6 
vitamers PL, PM, PN or PLP, only PL interacted with the cell 
surface. PL is known as a primary form of transport in blood 
and is capable of freely passing through the cell membrane, 
while PLP cannot easily cross the cell membrane and must be 
hydrolyzed by alkaline phosphatase into PL (31‑33). Therefore, 
PL appears to affect IGFBP1 expression in HepG2 cells as PL 
crosses cell membranes from a cultured medium.

Higher expression of IGFBP1 mRNA by PL was inhibited by 
PD98059, an ERK inhibitor, suggesting that the ERK pathway 
may be important in PL-induced IGFBP1 gene expression. 
Previous studies have observed that the expression of IGFBP1 
may be regulated via the MAPK pathway (JNK and ERK). 
Inhibitors of the MAPK pathway were able to entirely eliminate 
IGFBP1 expression by various inducers (27,29). The current 
results show that PL-induced IGFBP1 expression was inhibited 
by the ERK inhibitor. The phosphorylated c‑Jun protein was 
also reduced by the ERK inhibitor. A previous study showed 
that c‑Jun is required to promote the maximal expression of the 
IGFBP1 promoter in HepG2 cells in the presence of IL‑6 (28). 
Phosphorylation of c‑Jun by ERK in PC12 cell differentiation 

has been demonstrated (34). According to the present results 
and previous studies (28,34), PL may stimulate the expression 
of IGFBP1 in HepG2 cells by elevating the ERK/c‑Jun pathway. 
Since the JNK pathway is hypothesized to be involved in the 
stimulation of IGFBP1 gene expression in HepG2 cells (29), 
PL was investigated to determine whether it activates JNK in 
HepG2 cells. The activation of JNK by PL was not observed. 
Thus, the JNK pathway does not appear to be involved in 
PL-induced IGFBP1 expression. The current study shows that 
PL at 500 mM significantly affects the growth of HepG2 cells 
between 12 and 48 h. It is unclear whether the alteration in cell 
growth is associated with the modulation of IGFBP1 and ERK.

In summary, the present study provides evidence for PL 
stimulating IGFBP1 expression in HepG2 cells. The ERK/c‑Jun 
pathway may be involved in the induction of IGFBP1 by PL. 
Vitamin B6 and IGFBP1 are hypothesized as protective factors 
against cancers and cardiovascular disease (7,15,22,35). Thus, 
it is of interest to examine whether vitamin B6 intake causes 
a higher production of IGFBP1 in the liver, resulting in higher 
circulating IGFBP1, which in turn leads to lower development 
of these diseases.
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