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Abstract: The regulation of glucose and sodium butyrate transporters(glucose transporter15 and Monocarboxylate transporter 1) and their relationship with cell apoptosis induced by
sodium butyrate in colonic caner cell line HT-29 were studied. Cell apoptosis was detected
by flow cytometric assay. The expression of MCT1 and GLUT1-5 mRNA were detected by
RT-PCR and the uptake of glucose was detected using 2-deoxy-[3H]glucose. The expression
of bax and bcl-x/l were detected by westernblot assay. We found that sodium butyrate
induced apoptosis in HT-29 cell line. The expression of GLUT1 mRNA, bcl-x/l, as well the
uptake of glucose was inhibited by sodium butyrate. The expression of MCT1 and GLUT2,
GLUT3, GLUT5 was not regulated by sodium butyrate. However, the concentration of
glucose had positive correlation with the expression of bcl-x/l protein and negative
correlation with the apoptosis induced by sodium butyrate. All the results suggested that
downregulation of the expression of GLUT1 was associated with the apoptosis induced by
sodium butyrate in HT-29 cell line.
Keywords: Sodium butyrate, Glucose transporter, Monocarboxylate Transporter1,
apoptosis, Colon cancer.
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1. Introduction
Epidemiologic studies indicate that high fiber diet have a protective role in the colon cancer [1].The
four-carbon short-chain fatty acid (SCFA)butyrate is a metabolic by-product of dietary fiber, which is
shown to have anti-poliferative, pro-differentiating and pro-apoptotic properties in cancer cell cultures
and to inhibit the growth of colon cancer in animal models [1-4]. In contrast, butyrate can promote the
growth and proliferation of normal colonic mucosa [5,6].
Short-chain fatty acids(SCFA), which occur in millimolar amounts, are rapidly absorbed in the
colon, providing important energy source for the colorectal epithelium [7]. Out of three SCFA, butyrate
is considered to be the main energy source and it accounts for 70% of total energy utilization in
normal colonocytes [8]. But butyrate may not be the main source of energy in colonic cancer cells. In
colorectal cancer cell line Caco-2, butyrate was not significantly metabolized within 10 min [9].
Previous studies showed high glucose uptake and utilization in malignant tissues [10,11]. Colon cancer
cells may utilize 30 to 40 times more glucose for energy than normal cells .
Glucose transport is the rate-limiting step in glucose metabolism and is mainly controlled through a
family of glucose transporter proteins (GLUTs). The distributions of GLUT isoforms in solid tumors
are different. In gastric cancer, all GLUT isoforms have been found, while only GLUT1 and GLUT3
are found in head and neck tumors and in non-small cell lung cancer. In breast cancer, GLUT1,
GLUT3 and GLUT4 have been detected, while GLUT1-3, GLUT5 have been detected in colon cancer
tissue [12-16]. Further studies reveal that GLUT1 is the most important isoform in human colonic
cancer cells [17,18]. Y. Nagachi et al have found that GLUT1 can be expressed in all the colonic tumor
samples, while none of the samples of normal epithelium tissues can be used for the expression of
GLUT1 [17]. This facilative expression of GLUT1 is compatible with high metabolic rates in tissues.
And it may be an advantageous for tumors to acquire GLUT1 during malignant transformation in order
to cope with the increased need of energy [18].
MCT1 is a member of family of monocarboxylate transporters(MCTs) which mediate the transport
of monocarboxylates across the plasma membrane of a variety of cell types. It is also involved in
cellular transportation of butyrate [19,20]. Meanwhile, MCT1 has been found to be subject to
upregulation by sodium butyrate in human normal colonic epithelial cell line AA/C1. This upregulatin
involves both transcriptional and post-transcriptional mechanisms. The increase of expression and
activity of MCT1 may serve as a mechanism to maximize intracellular availability of sodium butyrate.
A more rapid accumulation of intracellular sodium butyrate may promote its own effect [21].
Butyrate is the main energy source for normal colonic epithelial cells, but its regulation on itself and
glucose uptake of colon cancer cell is not clear. The purpose of present study is to examine the
regulation of the expression of MCT1 and GLUT1-5 in human colonic cell line HT-29 treated with
sodium butyrate, and to explore the relationship between the regulation and apoptosis induced by
sodium butyrate.
Result and discussion
By using RT-PCR, the effect of sodium butyrate on MCT1 and GLUT1-5 mRNA was
investigated. When HT-29 cell line was treated with 5mmol/L sodium butyrate, a decrease of GLUT1
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MCT1/beta-actin

mRNA was detected (p*<0.05). Sodium butyrate inhibited the expression of GLUT1 in a time dependent manner. After treated with sodium butyrate for 48h, the GLUT1 mRNA/β-actin mRNA ratio
decreased 2.4±0.4 folds compared with the control without treatment. But no significant changes of
GLUT2, GLUT3, GLUT5 mRNA were observed(p>0.05) and GLUT4 mRNA can not be detected in
HT-29 cell line. Glucose transport assay showed that when cells were treated with sodium butyrate
more than 16h, the uptake of 2-deoxy-[3H]glucose decreased (p*<0.05). All these results showed that
the regulation of GLUT1 may be responsible for the decrease of the uptake of glucose. MCT1 mRNA
also had no significant change, suggesting that sodium butyrate may not regulate the uptake of colon
cancer cell line on itself (figure 1, figure 2).
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Figure 1. With the treatment of 5 mmol/L sodium butyrate in complete medium on HT-29 cell line
for 16,32,48h, the expression of GLUT1 mRNA decreased obviously comparing with the cells without
treatment (p*<0.05), but there was no significant change of GLUT2, GLUT3, GLUT5, MCT1mRNA,
and GLUT4 was not detected in HT-29 cell line.
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Figure 2. 1×106 cells were seeded in 12 wells multiplates, and cultured for 48 h until they reached
confluence. Then the cells were treated with 5mmol/L sodium butyrate for 0 (without treating with
sodium butyrate), 16, 32, 48h before glucose transport measurements. After washing, cells were
incubated for 5 minutes in the present of 2-deoxy-D[3H]-glucose, the glucose transported was detected
as described in the “materials and methods”. With the treatment of sodium butyrate more than 16h, the
transport of glucose decreased obviously compared to that without adding sodium butyrate (p *<0.05).
Sodium butyrate can induce apoptosis in some colon cancer cell lines by regulating bax or bcl-x/l. In
our study, sodium butyrate can downregulate the expression of bcl-x/l after adding sodium butyrate for
48 h, however, bax expression had no significant change after treatment with sodium butyrate (figure
3). When HT-29 cells was treated with 5mmol/L sodium butyrate, with the concentration of glucose
increased from 0mg/L to 2000mg/L, the expression of Bcl-x/l increased obviously (1.6±0.5 folds), but
the expression of bax had no significant change (figure 3) 5 mmol/L
sodium butyrate + +
+
glucose (mg/L) 0 500 2000 2000
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Figure 3. When HT-29 cell line was treated with 5 mmol/L sodium butyrate (containing
2000mg/Lglucose ) for 48 h, the expression of Bax didn’t change obviously, but the expression of Bclx/l decreased obviously compared with that without treating with sodium butyrate (containing
2000mg/Lglucose ). When HT-29 cell line was treated with 5 mmol/L sodium butyrate for 48 h, with
the concentration of glucose increased from 0mg/L to 500,2000mg/L,the expression of Bcl-x/l protein
increased obviously, but the expression of bax protein didn’t change.
After treatment with sodium butyrate more than 24 h, the apoptosis in HT-29 cells can be observed
and sodium butyrate induced apoptosis in a time-depended manner.(data not show). When treated with
5mmol/L sodium butyrate, with the concentration of glucose increasing from 0mg/L to 2000mg/L, the
apoptosis decreased obviously (p<0.05). When the concentration of glucose was 0mg/L, the apoptosis
rate was 32.7±8.1%, and when the concentration of glucose reached to 2000mg/L, the apoptosis
decreased to 11.0±3.7%. When the concentration of glucose reached to 4000mg/L from 2000mg/L, the
apoptosis did not decrease continuously in HT-29 cell line. But it was interest that in the absence of
sodium butyrate, low concentration of glucose (0,100,200mg/L) can induce only a few cells apoptosis
in HT-29. When the concentration of glucose was 0mg/L, the apoptosis rate was 4.1±1.8%. But when
the concentration of glucose was more than 200mg/L, there is no significant apoptosis (figure 4, figure
5) .

a)

b)

c)
d)
Figure 4. a) In the condition of 2000mg/L glucose for 48h, without sodium butyrate, the apoptosis
was very low.(0.4±0.2%). b) In the condition of 0mg/L glucose for 48h, without sodium butyrate,
apoptosis was observed in a few cells (4.1±1.8%). c) In the condition of 2000mg/L treated with
5mmol/Lsodium butyrate for 48 h apoptosis of many cancer cells was observed (11.0±3.7%). d) In the
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condition of 100mg/L glucose treated with 5mmol/Lsodium butyrate for 48 h a great deal of
apoptosis in HT-29 colonic cancer cell were found (28.7±7.2%)(FCM).
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Figure 5. Treated with 5mmol/L sodium butyrate for 48 h,with the increase of concentration of
glucose from 0mg/L to 2000mg/L, the apoptosis of HT-29 colonic cancer cell decreased obviously
(p<0.05). Without sodium butyrate, when the concentration of glucose was less than 200mg/L,
apoptosis in a few cells was observed, but when the concentration of glucose was more than 200mg/L,
the apoptosis was very low.
Butyrate and other short chain fatty acids (SCFA) are generated in the intestine by the bacterial
metabolism of dietary fiber. SCFA, especially butyrate, benefit the normal coloncytes which utilize it
as their primary energy source. Butyrate has been shown to inhibit proliferation and induce
differentiation and apoptosis in various tumor cell line including colorectal cancer cell.
Healthy colonocytes derive ~70% of their energy supply from SCFA, but malignant tissues show
increased glucose uptake and utilization. Glucose is an important energy source for colonic cancer cell.
Glucose transport is controlled through GLUTs with GLUT1 being the most important isoform in
human colon cancer, while the lower expression and lower affinity of other GLUT comparing to
GLUT1 has slight influence on the uptake and intracellular of glucose.
GLUT1 has a high affinity for glucose. The expression of GLUT1 is important for tumor cell to
cope with the increased need of energy. Several studies have shown that a significant number of
malignant tumors including colorectal carcinomas expressed GLUT1 which is not detected in nomal
colonic epithelium [25,26], whereas GLUT2, GLUT3, GLUT5 can be detected in both normal and
malignant colonic epithelium. The present results showed that GLUT2, GLUT3, GLUT5 was not
obviously regulated by sodium butyrate and GLUT4 was not detected, while only GLUT1 decreased
and accompanied with the decrease of the uptake of glucose in HT-29 colon cancer cell. This showed
the downregulation of GLUT1 must be responsible for the decrease of the uptake of glucose.
The downregulation of GLUT1 induced by sodium butyrate with the decrease of uptake of glucose
was accompanied with increased apoptosis of cells. In the present study, sodium butyrate induced
apoptosis and downregulated GLUT1 expression by a time-dependent manner. Downregulation of
GLUT1 mRNA was observed after treated with sodium butyrate for 16h, while apoptosis was observed
after treated with sodium butyrate for 24h. Some other researches have showed that the uptake and the
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intracellular concentration of glucose which are controlled by GLUT1 are associated with apoptosis.
Higer levels of GLUT1 in tumor tissue reflect an increased uptake of glucose and glycolylic
metabolism. Overexpression of GLUT1 with the high uptake of glucose have been shown to inhibit
cytochrome C release and downstream caspase activation and delay the onset of apoptosis [27,28]. The
decrease of GLUT1 may down regulate the uptake and the intracellular concentration of glucose and
both nonxidative and oxidative glucose meatabolism. Low uptake of glucose and intracellular
concentration of glucose may induce ATP depletion and stimulation of mitochondrial death pathway
cascade, and may induce oxidative stress and trigger of bax-associated events including the
JNK/MAPK signal pathway [29-31].Those all suggest that GLUT1 may play an role in apoptosis in
HT-29 cell line.
When the concentration of glucose increased obviously, the uptake of glucose and the intracellular
concentration of glucose also increased, and the downregulation of uptake and intracellular
concentration of glucose controlled by decreased GLUT1 can be inverted by the increased glucose
concentration in medium. If the expression of GLUT1 was associated with apoptosis, the increased
glucose in medium may help decrease the apoptosis in HT-29 cell line. In fact we found that the
increased concentration of glucose can obviously reduce the apoptosis induced by sodium butyrate.
These results also suggested that the downregulation of GLUT1 with the decreased uptake and
intracellular concentration of glucose may play a role in the course of apoptosis induced by sodium
butyrate.
Bax and bcl-x/l are closely related to apoptosis. In our study, Sodium butyrate downregulated the
expression of Bcl-x/l and didn’t change the expression of Bax. Many other researches showed the
similar results that sodium butyrate can induce apoptosis by regulating the expression of Bcl-x/l in
some colon cancer cell lines [32,33]. The change of concentration of glucose can not regulate the
expression of bax, but can influence the expression of Bcl-x/l. This suggests that GLUT1 regulated the
change of the uptake of glucose and the intracellular concentration of glucose may influence apoptosis
by Bcl-x/l.
But it was hard to explain that low concentration of glucose in the absence of sodium butyrate can
induce apoptosis only in a few cells. And when the concentration of glucose was more than 200mg/L,
there was no significant apoptosis. The possible mechanism is that downregulation of uptake of
glucose and intracellular glucose concentration and glucose metabolism may not directly induce
apoptosis in HT-29 cell line, but only increase the sensitivity of cells to apoptosis induced by sodium
butyrate. Some researches showed that inhibition of glucose metabolism may sensitize tumor cells to
death receptor-triggered apoptosis [34]. In the present study, the change of glucose concentration did
not regulate the expression of bax which was one of the most important apoptosis promoters, but only
regulated the expression of bcl-x/l. Bcl-x/l may play a more important antiapoptotic role than bcl-2 in
some colon tumour cells. In the presence of antiapoptotic bcl-x/l, cytochrome-c release is dramatically
inhibited. But the reduce of bcl-x/l is not sufficient to allow translocation of cytochrome-c, with
subsequent formation of an apoptosome. Downregulation of antiapoptotic bcl-xL is insuffcient to
induce Caco-2 cell apoptosis, but it may decrease the threshold to undergo apoptosis [35]. So, the
decrease of the uptake and metabolism of glucose caused by the down regulation of GLUT1 may
sensitize tumor cells to apoptosis induced by sodium butyrate.
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MCT1 is involved in cellular transportation of sodium butyrate . When HT-29 cells was treated with
sodium butyrate, there was no significant influence on MCT1 mRNA. Many of the cellular effects of
butyrate are concentration-dependent, and time-dependent. The ability of sodium butyrate to exert its
effects may depend upon its intracellular concentration. MCT1 was upregulated by sodium butyrate in
AA/C1 cell line. This may serve as a mechanism to maximize intracellular availability of butyrate. We
repeated the experiment many times, and didn’t find that sodium butyrate can obviously regulate the
expression of MCT1 in HT-29 cell line, so it may not influence the uptake and the intracellular
concentration of itself in HT-29 cell line by regulating its receptors MCT1.
Conclusion
Sodium butyrate and glucose are important energy source for cells. As the main energy supply for
nomal coloncytes, sodium butyrate can downregulate the expression of GLUT1 which may sensitize
the cancer cells to apoptosis by regulating the expression of bcl-x/l in HT-29 colon cell line, suggesting
that the uptake and metabolism of energy source may be associated with the effect of sodium butyrate,
and GLUT1 could be a target for colon cancer therapy.
Experimental
Cells and Cell Culture
HT-29 human colonic cancer cells were grown as a monolayer in RPMI-1640 medium (Sigma)
supplemented with 10% fetal calf serum (GIBCO), cultured in T-75 cm2 culture flasks, maintained at
37°C in 5% CO2 humidified atmosphere. At the beginning of the experiment, mycoplasma-free cells in
the exponential growth phase were removed from the flask with 0.25% trypsin and 0.02% EDTA
solution and seeded in T-75 cm2 flask in RPMI-1640 medium with 10% fetal calf serum. The cells
were allowed to adhere for 24h. The seeding medium was removed and then replaced with
experimental medium.
RNA Preparation
Cells were kept for 0,16,32,48h in the complete medium supplemeted with 5mmol/L sodium
butyrate (Sigma). After harvesting of the cells, total RNA was extracted by means of Trizol
(Invitrogen) according to the manufactures instruction. The concentration of RNA was measured by
absorbance 260 and 280nm. Total RNA was suspended in DEPC-treated water and stored at –80°C.
Reverse Transcriptase-polymerase Chain Reaction
Sigle-stranded cDNA was prepared using 2ug of total RNA, 200U MMLV Reverse transciptase
(Promega), 5ul MMLV buffer (Promega), 1.25ul 10mmol/LdNTP (Promega), 1ug oligod(dT)15
(Promega), 25U Rnasin (Biostar) in a 25ul solution and incubated for 90 minutes at 42°C. An
amplification of the resulting cDNA sequence was carried out using polymerase chain reaction (PCR).
1ul cDNA was combined with 1pmol oligonucleotide primers specific for human GLUT1-5, MCT1,βactin(table 1), and 0.5U Taq DNA Polymerase (Biostar), 2.5ul Tap buffer (Biostar), 0.5ul
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10mmol/LdNTP in a 25ul solution. The conditions for the reaction were the following: 5 minutes at
95°C (predenaturation), followed by 28 cycles of 1min at 95°C (denaturation), 45 seconds at 60°C
(annealing), and 1minute at 72°C (extension) and 7 minutes at 72°C (final extension). Then 5ul
samples of amplified products were resolved by electrophoresis in 2% agarose gel, stained with
ethidium bromide. The level of each PCR product was semiquantitatively evaluated using a digital
camera and an image analysis system (Viberlourmat, France), and normalized to β-actin. Each
experiments was done in triplicate.
Western Blot
Equal amounts of protein were loaded and run on a 12% denaturing polyacrylamide gel as described
previously[22]. Separated proteins were transferred to a nitrocellulose membrane by electroblotter. The
membrane was placed into blocking buffer for one hour at room temperature. Blocking buffer was
decanted and the membrane was incubated with the primary antibody (Bax antibody:Santa Cruz
Biotechnologies.Bcl-x/l antibody:Wuhan Boster Biological technology LTD. )on a shaker at 4°C
overnight. After being washed, the membrane was incubated with a peroxidase conjugated secondary
antibody, which was diluted in 5% non-fat milk in wash buffer (one hour; room temperature; gentle
shaking). After washed, the membrane was exposed to sensitive film several minutes after incubating
in western blotting luminol reagent(Cell Signal Corp). The bands were quantified by densitometry.
Table 1. The primers of GLUT1, MCT1 and β-actin.
Primers (sense and anti-sense)
GLUT1
5’ CGGGCCAAGAGTGTGCTAAA 3’
5’ TGACGATACCGGAGCCAATG 3’
GLUT2
5’CGTCTCCTTTGACATTTCCTTC3’
5’GGTGGAGAAAACAGCCTAGAGAT3’
GLUT3
5’CCAACTTCCTAGTCGGATTG3’
5’AGGAGGCACGACTTAGACAT3’
GLUT4
5’CCCCCTCAGCAGCGAGTGA3’
5’GCACCGCCAGCACATTGTTG3’
GLUT5
5’GCAACAGGATCAGAGCATGA3’
5’TCGCAGGCACGATAGAAAAT3’
MCT1
5’ CACCACCAGCGAAGTGTC 3’
5’ AGAAAGAAGCTGCAATCAAG 3’
β-actin
5’ CGAGCGGGAAATCGTGCGTGACATTAAGGAGA 3’
5’ CGTCATACTCCTGCTTGCTGATCCACATCTGC 3’

Size of PCR product (bp)
283bp
221bp
250bp
319bp
316bp
158bp
479bp

The Uptake of Glucose Assay
The uptake of glucose assay was similar as described before[23].The 1×106 Cells were seeded in 12
well culture plates.Cells were further cultured for 48h until they reach confluency. Then adding sodium
butyrate 5mmol/L for 0(without treating with sodium butyrate),16,32,48h.Then the cells were rinsed
three times with phosphate buffered saline (PH=7.4) and incubated for designated time in Krebs-
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henseleit Hepes buffer buffer with 0.5µM(2mCi) 2-deoxy-[3H]glucose. The isotopes remaining in the
media were washed three times with phosphate buffered saline after the designated incubation times.
The cells were solubilized in 1.2 ml of 2% SDS and 0.8 ml lysates were taken to measure the amount
of transported glucose in liquid scintillation counter. Each experiment were done in triplicate and
protein concentration was measured by Bradgord method [24].
Apoptosis Assay
After HT-29 cells were harvested, they were fixed in 70% ethanol overnight at 4°C, washed by PBS,
then mixed with PI staining fluid for 20 min at 4°C, and filtered. At last, the samples were examed by
FCM. The apoptosis assay was similar as described before [36].
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