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We have previously reported that dietary fructose rapidly induces jejunal sucrase–isomaltase (SI) gene expression in rats. In this study, we con-

firmed in mice that SI mRNA was induced 6 h after force-feeding fructose, but not glucose. Using the chromatin immunoprecipitation assay, we

revealed that histones H3 and H4 on the promoter/enhancer regions of the SI gene in mice given fructose were highly acetylated, compared with

those given glucose or water. These results suggest that acute induction of SI gene expression by dietary fructose is associated with acetylation of

histones H3 and H4 on the SI gene.

Sucrase–isomaltase: Histone acetylation: Fructose: Small intestine

Sucrase–isomaltase (SI) is expressed in the brush-border mem-
branes of small intestinal epithelial cells, and plays a role in the
digestion and absorption of carbohydrate. Many studies,
including our own, have demonstrated that expression of
the SI gene is gradually increased by feeding rats a high-
carbohydrate (starch)/low-fat diet for 1 week compared with
a low-carbohydrate/high-fat diet(1,2). Furthermore, we have
previously shown that expression of the SI gene is rapidly
induced by force-feeding fructose or sucrose within 3 h in
rats(3). This induction of the SI gene by fructose or sucrose is
thought to be regulated at the mRNA transcriptional level,
because it has clearly been shown in vitro that transcription
in the nuclei of the jejunum in rats fed fructose or sucrose is
higher than that in rats fed glucose or water.

Many recent studies have indicated that acute induction of
gene expression at the transcriptional level is accompanied
by dramatic chromatin changes that are triggered by histone
modifications. Such modifications, called the histone code,
have a central role in the regulation of transcription. Multiple
lysine or arginine residues in the core histones, particularly
H3 and H4, are subject to post-translational modifications,
including methylation and acetylation, and many of these
modifications are associated with distinct transcription states.
Several studies have confirmed not only that hyperacetylation
of histones H3 and H4 is associated with the euchromatin
region on the genome(4 – 6), but also induces transcription
through recruiting the transcriptional complex on the target

genes(7). Recent studies have indicated that one of the major
carbohydrates, glucose, induces histones H3 and H4 acety-
lations on insulin (in b-cells)(8) and TNF-a (in monocytes)
genes(9). Our recent results have demonstrated that acetylations
of histones H3 and H4, as well as binding of transcriptional
factors, caudal type homeobox transcription factor 2 (Cdx-2)
and hepatocyte nuclear factor-1, which are putative transcrip-
tional factors for SI gene expression, in mice fed a high-carbo-
hydrate (starch)/low-fat diet for 1 week is higher than that in
mice fed a high-fat/low-carbohydrate diet(10). These earlier
results indicate that some nutrients, such as glucose, are able
to enhance gene expression and acetylations of histones H3
and H4 on their gene. However, it has not been determined
whether acute induction of the SI gene by force-feeding fruc-
tose is regulated by histone acetylation of the SI gene.

In the present study, we examined whether induction of the
SI gene expression by force-feeding fructose is associated
with acetylations of histones H3 and H4 on the SI gene.

Material and methods

Animals

Male mice (7 weeks old) of the C57BL/6J strain (Japan SLC,
Hamamatsu, Japan) received isoenergetic synthetic diets for
7 d: high-fat, low-carbohydrate (high-fat diet: 5 % energy as
b-maize starch, 73 % energy as maize oil) diet(10). They
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were subsequently force-fed 23·7 % fructose, 23·7 % glucose
or dilution water in 1·61 ml/100 g body weight. Force-feeding
was performed twice in 6 h: at 04.00 and 07.00 hours. The
mice were killed by decapitation between 10.00 and 11.00
hours. Diet was removed from the rats from 0.00 hours to
the time of decapitation.

Preparation of intestinal samples

The entire small intestine was removed and the jejunoileum
was divided into three segments of equal length. The proximal
one-third was flushed twice with ice-cold 0·9 % NaCl solution.
A 1 cm segment (100 mg) was excised from the middle region
of the jejunal loop, and immediately used for RNA extraction.
The remaining part of the jejunal loop was used for the chro-
matin immunoprecipitation (ChIP) assay.

Quantitative RT–PCR

Total RNA was extracted by the acidified guanidine thiocya-
nate method, as described by Chomczynski & Sacchi(11).
Real-time RT–PCR for SI, cellular retinol-binding protein,
type II (CRBPII) mRNA and 18S rRNA levels was performed

on a LightCycler Instrument (Roche Molecular Biochemicals,
Tokyo, Japan), as described previously(10). The cycle
threshold (CT) value, which was determined by the second
derivative maximum method using LightCycler software, of
SI and CRBPII mRNA, was converted to each signal intensity
relative to 18S rRNA by the DD method, in which the differ-
ence of one cycle between samples was calculated as a two-
fold difference. The sequences of the PCR primer pair and
the fragment size are shown in Table 1.

Chromatin immunoprecipitation assay

To isolate mucosa from the jejunum, the jejunum for ChIP
assays was opened longitudinally, flattened on a glass plate,
and the mucosa was scraped from each segment with a glass
microscope slide. The mucosa was immediately incubated
with fixation solution (1 % formaldehyde, 4·5 mM-HEPES,
pH 8·0, 9 mM-NaCl, 0·09 mM-EDTA, 0·04 mM-EGTA) in PBS
for 30 min at 378C. The reaction was terminated by addition of
glycine to a final concentration of 150 mM. After being washed
in FACS solution (1 £ PBS(2 ), 2 % bovine serum, 0·05 %
NaN3), the samples were lysed by incubating with SDS
lysis buffer (50 mM-2-amino-2-hydroxymethyl-1,3-propanediol

Table 1. The sequences of oligonucleotide primers used in the present study

Fragment size Sequence

Region on the SI gene*
SI 25000 24959 , 2 4982 116 50-CCTTGGCGTGACTCTAACTAAGGA-30

25053 , 2 5074 50-TCCATGAGCATGGGAGGTCTTT-30

SI 22000 22081 , 2 2104 86 50-CATTGGGTATATACTGCTGGGACA-30

22144 , 2 2166 50-CACTGTGCAAGCTGCCAATTTT-30

SI 2800 2810 , 2 835 53 50-GAATTGATTATGCTGCTAGTTGAAGA-30

2841 , 2 864 50-TTTTGCTCTACAAAACCACGTTCA-30

SI 2600 2529 , 2 554 50 50-TCCTTCATTTTATGCTCTATGGGCTA-30

2556 , 2 578 50-AGGTCAGGAAAGAAACAGCTCCA-30

SI 2400 2419 , 2 440 64 50-AAACCAGAGGCTGGAGCTTGTA-30

2460 , 2 482 50-CTTTGCATTCTCTTGGGCCATT-30

SI 2200 2104 , 2 125 137 50-CTGAAGCCTTTGCCCTGAAAAT-30

2216 , 2 240 50-TCAACGTGGATTATGTGTTGTTTCA-30

SI þ0 41 , 20 115 50-CTGCTGTGTTGTGCTGGAGTTG-30

249 , 2 73 50-CATTGATAGGCTTGTGAAAGTGCAA-30

SI þ1000 1104 , 1083 115 50-TCCCTCAGATGGCAAAGAAGAAA-30

1013 , 990 50-GGCACCTTTGATGCCAAAACCA-30

SI þ2000 1985 , 1962 90 50-TGCTGCACTTGTGTCAAACACC-30

1917 , 1896 50-AGGGGAATGCTGAATTTAGAGCTG-30

SI over 2000 81 320 , 81 298 78 50-TGCTGCACTTGTGTCAAACACC-30

81 265 , 81 243 50-AGGGGAATGCTGAATTTAGAGCTG-30

SI over 4000 83 225 , 83 234 58 50-TGCATCTGGTTTCCACACCATC-30

83 189 , 83 168 50-ATGGGGACAAATGGGGAAGAAG-30

SI mRNA 143 50-TTGATATCCGGTCCACGGTTCT-30

50-CAGGTGACATCCAGGTTGCATT-30

Region on the CRBPII gene*
2300 2365 , 2 344 125 50-ACTGGCCAAATCAATGCTGGTT-30

2262 , 2 241 50-TGGCCTCACACAGAACATTCCA-30

þ0 286 , 2 65 128 50-TGAGCTGGGCTTATGACCTTTG-30

20 , 41 50-TTGATGTGGACGTTCGGTGACT-30

þ1800 1771 , 1792 149 50-CCCATGCACATACACACAACGA-30

1898 , 1919 50-GCAATGTTTGCCTTCCACCTTC-30

Over 1300 20 484 , 20 505 100 50-AGGCAACTGAACCTCCAAAGGA-30

20 562 , 20 583 50-TTCTGGAGAAACCAGGGCAAAG-30

CRBPII mRNA 94 50-ACATCAAACCAGAGGCCACCAT-30

50-AGGGCCTTCATGTAGCCTTCAA-30

CRBPII, cellular retinol-binding protein, type II; SI, sucrase–isomaltase; , , indicating a range in the region.
* The region is denoted relative to the transcription initiation site.

Fructose induces histones acetylation on SI gene 699

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114508921759  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114508921759


hydrochloride, pH 8·0, 10 mM-EDTA, pH 8·0, 1 % SDS,
0·5 mM-phenylmethylsulphonyl fluoride) for 2 h. The samples
in SDS lysis buffer were sonicated as the DNA size of samples
was 200–500 bp. One-tenth volume of the sample was diluted
in a dilution buffer (50 mM-2-amino-2-hydroxymethyl-1,3-pro-
panediol hydrochloride, pH 8·0, 167 mM-NaCl, 1·1 % Triton
X-100, 0·11 % sodium deoxycholate, 0·5 mM-phenylmethyl-
sulphonyl fluoride). The ChIP assay using 2mg antibody of
anti-acetyl-histone H3 (Millipore, Burlington, MA, USA),
anti-acetyl-histone H4 (Millipore) or normal rabbit IgG, was
performed as described previously(10). The precipitated DNA
was subjected to real-time PCR using primers corresponding
to the indicated sites in the promoter/enhancer, transcriptional
and downstream regions (Table 1). TheCT value of ChIP signals
detected by real-time PCR was converted to the percentage of
each ChIP signal for input DNA, which was calculated by the
DD method, in that the difference of one CT value between the
CT value for a ChIP signal and the input signals was calculated
as twofold.

Results and discussion

In the present study, we demonstrated that jejunal expression
of the SI gene was up-regulated by force-feeding fructose, but
not glucose, in mice that were fed a low-carbohydrate, high-fat
diet for 1 week before administration (Fig. 1 (A)). The present
result is consistent with our previous studies in rats, which
indicate that up-regulation of the SI gene by fructose is regu-
lated at the transcriptional level(12). Our previous studies have
indicated that feeding a diet containing high b-maize starch,
which is finally digested to glucose by a-amylase and a-glu-
cosidases, for 1 week, induces SI gene expression(3). Taking
these results together, feeding fructose, but not glucose,
induces rapid jejunal expression of the SI gene, however, feed-
ing b-maize starch induces gradual expression.

Recent studies have suggested that transcriptional regulation
of many genes is associated with the acetylations of histones
H3 and H4(5,6). Indeed, several studies have confirmed that
enhanced histones H3 and H4 acetylations induce transcription
through recruitment of a transcriptional complex of target
genes(7). Our previous study suggests that induction of the SI
gene by intake of a high-carbohydrate (starch)/low-fat diet is
associated with acetylation levels of histones H3 and H4(10).
The question remains whether the acute response of SI gene
expression to the monosaccharide fructose is regulated by his-
tone modification. Therefore, we focused in the present study
on acetylations of histones H3 and H4 in mice force-fed fruc-
tose or glucose. We used primer sets suitable for different parts
of the SI gene in order to detect ChIP signals (Table 1). ChIP
signals for IgG were ,0·0215 % per input. Neither of the ChIP
signals of acetylated histones H3 and H4 on regions far
upstream or downstream of the SI gene (25000 bp from the
transcription start site, 2000 and 4000 bp downstream of the
transcription termination site) detected significant differences
compared with that of IgG. On the other hand, the ChIP signals
of acetylated histones H3 and H4 on the regions of the promo-
ter/enhancer (22000, 2800, 2600, 2400 and 2200 bp) and
transcription (0, 1000 and 2000 bp) of the SI gene were mark-
edly higher than that of IgG (Fig. 1 (B) and (C)). Interestingly,
acetylation of histone H3 on the promoter/enhancer region
(2800 to 2200 bp) in mice force-fed fructose was higher

than in those fed glucose or water (P,0·05; Fig. 1 (B)). Acety-
lation of histone H4 on the SI gene promoter/enhancer region
in mice force-fed fructose tended to be higher than in those fed
glucose or water (Fig. 1 (C)). In contrast, acetylations of his-
tones H3 and H4 on the CRBPII gene, which did not respond
to force-feeding with fructose (Fig. 1 (A)), was not induced by
force-feeding with fructose (Fig. 1 (C)). The present results
suggest that acetylations of histones H3 and H4 on the promo-
ter/enhancer region of the SI gene is important for the induc-
tion of the gene by fructose. It should be noted that the
acetylation level of histone H3 on the SI gene is higher
than that of histone H4. Although antibody reactivity to the
protein differs between antibodies for histones H3 and H4,
expression of the SI gene might be strongly regulated
by acetylated histone H3 rather than acetylated histone H4.
It is not known which factors induce acetylations of histones
H3 and H4 in mice force-fed fructose. To assess this, we per-
formed real-time RT–PCR of major proteins with histone acet-
yltransferase, such as p300/cAMP-response element binding
protein (CREB) binding protein (CBP)-associated factor
(PCAF), general control of amino acid synthesis 5 (GCN5),
CBP and p300. However, expressions of these genes were not
induced by force-feeding fructose in the jejunum (data not
shown). Our previous study indicates that CBP/p300 recruit-
ment on the CRBPII gene increases without any change in the
expression, when CRBPII gene expression and acetylation of
histones H3 and H4 on the gene are induced in perinatal small
intestine(13). Thus, histone acetyltransferase recruitment on the
SI gene might be increased by force-feeding fructose. Further
work is needed to establish whether proteins with histone acetyl-
transferase are recruited on the jejunal SI gene when mice are
force-fed fructose.

Several transcription factors involved in SI gene expression
have already been identified. The SIF1 element (255 to
233 bp) is known to interact with Cdx-1/2, the SIF3 element
(2174 to 2155 bp) interacts with HNF-1, and among these,
there is the SIF2 element which is bound to GATA-4(14 – 16).
A lot of evidence from cell and animal studies has shown
that these transcriptional factors strongly regulate SI gene
expression(14 – 16). Our recent study has revealed that Cdx-2
and HNF-1 are bound to the SI promoter region in mice fed
either a high-carbohydrate (starch) or high-fat diet(10). Thus,
it is speculated that Cdx-2 and HNF-1 are also bound to the
SI promoter region in mice force-fed fructose, glucose or
water. In the present study, we showed that acetylation of his-
tones H3 and H4 induced by fructose in regions SIF1, SIF2
and SIF3 (2200, 0 bp) was lower than that in the enhancer
regions (2800, 2600, 2400 bp). This indicates that cis-
elements of other transcriptional factors, probably located on
the enhancer region (2800 to 2400 bp), may be important
for induction of the SI gene by fructose. It has previously
been shown that fructose increases intracellular concentration
of cAMP(17). In particular, GLUT5, a fructose transporter
expressed in the small intestine, is known to be regulated
by CREB, which is bound to the cAMP-response element on
the promoter/enhancer region of the target gene, and activates
target gene expression(18). It has recently been shown
that phosphatidylinositol 3 kinase is activated in the
small intestine of rat pups by force-feeding of fructose(19).
Although it is unknown whether CREB or its receptors acti-
vated by phosphatidylinositol 3 kinase are bound to the SI
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Fig. 1. Effects of force-feeding fructose on sucrase–isomaltase (SI; A (i)) and cellular retinol-binding protein, type II (CRBPII; A (ii)) gene expression, and acety-

lation of histones H3 and H4 on SI (B (i and ii, respectively)) and CRBPII (C (i and ii, respectively)) in mouse jejunum. After receiving a high-fat, low-carbohydrate

diet for 7 d, C57BL /6J mice were force-fed fructose (B), glucose (O) or water (X). (A), Results of real-time RT–PCR for each sample were normalized for 18S

rRNA abundance and are expressed as arbitrary units, which represented the mean value of the mice fed glucose as 1. Values are means with their standard

errors depicted by vertical bars (n 6–8). a,b Mean values with unlike superscript letters were significantly different by Tukey’s multiple range test (P,0·05). (B, C),

Chromatin immunoprecipitation signals were detected by quantitative real-time PCR and normalized to input signals. Values are means with their standard errors

depicted by vertical bars (n 3–4). Mean values were significantly different from those of the mice force-fed water on the same region of the SI gene (Tukey’s

multiple range test): *P,0·05.
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gene promoter/enhancer, second messengers including cAMP,
and kinases including phosphatidylinositol 3 kinase, which are
activated by fructose, may regulate SI gene expression through
inducing binding of transcriptional factors and histone acety-
lations of the SI enhancer region.

The reason why SI gene expression is induced by feeding
fructose is unknown. It seems not to be a physiological
event, because in most common feedback systems, substrates
activate and products repress. Our previous studies have indi-
cated that gene expression of GLUT5 is also up-regulated by
feeding fructose(3). Fructose may have a function to coordi-
nately up-regulate genes related to digestion/absorption of
sucrose and fructose through enhancing acetylation of histones
H3 and H4.

In conclusion, we demonstrated in the present study that
acetylations of histones H3 and H4 on the SI gene were
rapidly enhanced by force-feeding fructose. The results in
the present study suggest that acute induction of SI gene
expression by fructose is associated with histone acetylation
on the SI gene.
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