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An enhancer unit of L-type pyruvate kinase gene is responsible for 
transcriptional stimulation by dietary fructose as well as glucose in 

transgenic mice 

Tamio Noguchi”, Masaru Okabeb, Ziyuan Wang”, Kazuya Yamada”, Enyu Imai” and Takehiko Tanakaa 

aDepartment of Nutrition and Physiological Chemistry, Osaka University Medical School, Osaka 565, Japan and ‘Research Institute 
for Microbial Diseases, Osaka University, Osaka 565, Japan 

Received 11 January 1993 

We produced three lines of transgenic mice containing the 5’ flanking region of the L-type pyruvate kinase gene from nucleotides -189 to +37, 
which includes an enhancer unit and TATA box as functional elements, linked to the chloramphenicol acetyltransferase gene. Since transgene 
expression was stimulated by both dietary fructose and glucose in a tissue-dependent manner, we suggest that this unit is responsive to both stimuli. 
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1. INTRODUCTION 

Intake of a high glucose or fructose diet modulates 
gene expression of enzymes involved in carbohydrate 
and lipid metabolisms at both transcriptional and post- 
transcriptional levels [l-3]. Although insulin mediates 
the effect of dietary glucose in many cases, it may exert 
its effect through stimulating glucose metabolism [l-5]. 
In this case, many authors have postulated that some 
metabolite of glucose could be involved in stimulation 
of gene expression. On the other hand, the insulin-secre- 
tory effect of dietary fructose is much weaker than that 
of dietary glucose [6], suggesting that fructose stimu- 
lates the gene expression by a mechanism, as yet unclar- 
ified, independent of insulin. 

The L-type isozyme of pyruvate kinase (LPK) pro- 
vides a good example of regulation of gene expression 
by dietary carbohydrates. This important glycolytic en- 
zyme is present in the liver, kidney, small intestine and 
pancreatic B-cells [7,8]. The induction of LPK is caused 
by dietary glucose in the liver and small intestine at the 
transcriptional level, whereas dietary fructose induces 
the enzyme not only in these two tissues but also in the 
kidney at the transcriptional and post-transcriptional 
levels [9-121. The transcriptional stimulation of the 
LPK gene by dietary glucose requires the presence of 
insulin and occurs much slower than that by dietary 
fructose. However, we suggested that metabolites of 

these carbohydrates are involved in the induction of 
LPK in both cases [12-141. These metabolites could be 
identical or different. If the former is the case, the same 
regulatory DNA region should be involved in the induc- 
tion of LPK by both glucose and fructose. Using trans- 
genie mice, we found that the region of the LPK gene 
from about nucleotides -3000 to +37 (relative to the 
transcription start site) contains element(s) responsive 
to both dietary glucose and fructose [15]. Recently, the 
regulatory DNA region responsible for insulin/glucose 
was identified in the 5’ flanking region of the LPK gene 
using in vitro transient expression assay [16,17]. This 
region is a part of an enhancer unit that we have previ- 
ously identified [ 181. This region is a part of an enhancer 
unit that we have previously identified [18]. The unit 
consists of three elements designated as PKL-I, PKL-II 
and PKL-III, and plays an important role in cell type- 
specific expression of the LPK gene. Therefore it is 
interesting to see whether this unit of the LPK gene also 
shows responsiveness to dietary fructose. Here we re- 
port that an enhancer unit of the LPK gene is responsive 
not only to dietary glucose, but also to dietary fructose 
in transgenic mice, suggesting that both carbohydrates 
share the common mechanism of transcriptions1 stimu- 
lation of the LPK gene. 

2. MATERIALS AND METHODS 

Correspondence address: T. Noguchi, Department of Nutrition and 
Physiological Chemistry, Osaka University, Medical School, 2-2 
Yamadaoka, Suita, Osaka 565, Japan. Fax: (81) (6) 875-7426. 

Abbrevmtions: LPK, L-type pyruvate kinase; CAT, chloramphenicol 
acetyltransferase. 

Fertilized eggs were collected from the oviduct of B6C3Fl females 
mated with B6C3Fl males. The DNA fragment of the LPK gene from 
nucleotides -189 to +37 linked to the chloramphenicol acetyltrans- 
ferase (CAT) gene was isolated from pLcat 189 [ 181 and injected into 
one of the two pronuclei. The injected eggs were transferred to female 
mice of ddy strain made pseudopregnant by mating with vasectomized 
males. Three weeks after birth, the offspring were examined for the 
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presence of the transgene by Southern blot analysis of DNA isolated 
from tail, using a r’P-labeled CAT probe [19]. Positive founder mace 
were mated with C57BL/6 mice, and transgenic offspring were used 
for experiments at 68 weeks of age. The copy number of the inte- 
grated gene was estimated by dot blot analysis [19]. 

Transgenic mice were starved for 28 h and then given a synthetic 
diet containing 81% glucose or fructose [15]. Mice were killed 16 h 
after the start of feeding and control mice were killed at zero time. 
Total RNA was isolated from tissues by the acid guanidineephenol- 
chloroform method [20] and used to purify poly(A)’ RNA by 
oligo(dT)-cellulose column [19]. Electrophoresrs of poly(A)+ RNA (4 
ug). subsequent transfer to a nylon filter and hybridization of the filter 
with labeled probes were carried out as described before [9,12]. The 
results were analyzed by densitometry of bands on autoradiograms. 
The probes used for LPK. CAT andp-actin were described previously 
[12,15,21]. They were labeled with [a-32P]dATP using random oligonu- 
cleotide primers [22]. 

3. RESULTS AND DISCUSSION 

We produced three lines of transgenic mice contain- 
ing the 5’ flanking region of the LPK gene from nucleo- 
tides -189 to +37 linked to the CAT gene. This up- 
stream region included an enhancer unit from - 170 to 
-76 and TATA box from -28 to -23 [18,23]. The copy 
numbers of the integrated transgene into these lines 
were 4, 20 and 1 for lines 6, 7 and 12, respectively. The 
heterozygous F, mice produced from these founders 
were starved and re-fed with a high glucose or fructose 
diet. Poly(A)’ RNA from various tissues were analyzed 
by Northern blot hybridization. As observed previously 
[15], two bands of CAT mRNA of about 1.5 and 1.9 kb 
were found in several RNA samples and the major band 
was the smaller species. CAT mRNA was detected only 
in the tissues expressing LPK mRNA, such as liver, 
kidney and small intestine (Figs. l-3), but not in other 
tissues such as brain, spleen and skeletal muscle of the 
three lines (data not shown). 

Dietary carbohydrates caused an increase in the CAT 
mRNA levels in the liver, kidney and small intestine of 
transgenic mice, but its extent was dependent on both 
tissues and lines. In the liver of line 6, dietary glucose 
or fructose greatly stimulated expression of CAT 
mRNA (Fig. 1). In line 7, however, CAT transcripts 
were barely detectable despite the high copy number of 
the transgene. The mRNA was detected in each of three 
mice fed a glucose or fructose diet, but not in control 
mice (Fig. 2). The expression of the transgene in line 12 
was as low as that in line 7, which agrees with its copy 
number. Its expression was stimulated by both carbohy- 
drates (Fig. 3). These treatments markedly induced 
LPK mRNA in all lines. 

Dietary fructose caused 6- to 9-fold increases in the 
LPK mRNA levels in the small intestine of all trans- 
genie lines, whereas significant induction of the mRNA 
following glucose feeding was observed only in line 7 
(2.2-fold). These results agree well with those in rat 
[11,12]. Dietary treatments caused changes in expres- 
sion of the transgene comparable to those observed for 
the endogenous gene in all lines. The levels of CAT 
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Fig. 1. Northern blot analysis of poly(A)’ RNA isolated from liver 
(A), kidney (B) and small Intestine (C) of transgenic line 6 given a 

glucose or fructose diet. 

mRNA induced by fructose were about 2- and S-fold 
higher in lines 6 and 7 than in line 12, respectively, 
which is roughly proportional to their copy number. 

This was also the case in the kidney. The fructose- 
induced levels of CAT mRNA were about 3-fold higher 
in line 7 than in line 6 and this message was undetectable 
in line 12 (data not shown). For lines 6 and 7, fructose 
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Fig. 2. Northern blot analysts of poly(A)’ RNA isolated from liver 
(A). ktdney (B) and small intestine (C) of transgenic line 7 given a 

glucose or fructose diet. 
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actually responsible for tissue-specific expression and 
glucose regulation of the LPK gene. Furthermore, we 
demonstrated that this region was also responsive to 
dietary fructose. Since the region from -189 to 137 
contains only an enhancer unit besides the TATA box 
as functional elements [18], it is reasonable to conclude 
that this unit is responsible for transcriptional stimula- 
tion of the LPK gene by both carbohydrates in vivo. 
Using transient expression assay in hepatocytes, two 
groups recently reported that L4 box (which refers to 
PKL-III) is an element responsive to ~ucose/insulin 
[16,17]. Since PKL-III is part of the enhancer unit and 
since the effects of both glucose and fructose on LPK 
gene expression may involve their metabolites, we pro- 
pose that an intermediate common to the metabolisms 
of both glucose and fructose somehow stimulates the 
gene transcription through PKL-III. The extent and 
rapidity of accumulation of this intermediate could de- 
pend on the tissues and also on the nature of the carbo- 
hydrates. As PKL-III alone does not have any enhancer 
activity and is only active as a unit together with PKL-I 
and PKL-II [18], this unit may be called a carbohydrate 
response unit. 

March 1993 

Fig. 3. Northern blot analysis of poly(A)’ RNA isolated from liver (A) 
and small intestine (B) of transgenic line 12 given a glucose or fructose 

diet. 

feeding resulted in about a 17-fold increase in the LPK 
mRNA levels, but only a 4- to &fold increase in the 
CAT mRNA levels. This is consistent with previous 
findings that dietary fructose acts at both transcrip- 
tional and post-transcriptional levels to induce LPK in 
the kidney [12]. In contrast, dietary glucose did not 
affect the expression of the transgene or of the en- 
dogenous gene in the kidney for these lines. None of the 
dietary treatments appreciably affected the p-actin 
mRNA levels in any tissues of any lines. 

These results indicate that the 5’ flanking region of the 
gene from nucleotides -189 to +37 contains regulatory 
sequences responsible for tissue-specific expression of 
LPK and that the region also contains the element re- 
sponsive to dietary fructose as well as to dietary glucose. 
No other regulatory sequences may be involved in ex- 
pression of the LPK gene in the kidney and small intes- 
tine, because the fructose-induced levels of the trans- 
gene in these tissues were roughly proportional to the 
copy number. However, this was not the case in the 
liver. In spite of the high copy number of the transgene 
in line 7, its expression was as low as that in line 12, 
which contained a single copy of the CAT gene. Thus, 
other elements modulating expression of the LPK gene 
in the liver may be present between about -3000 to 
-189, since the upstream region of the LPK gene up to 
-3000 contains all the information necessary for regula- 
tion of the gene expression [15]. Cuif et al. suggested 
recently that regulatory elements may be present in the 
region upstream from -183 [24]. In addition, they re- 
ported that the region from -183 to + 11 of the LPK 
gene confers tissue specificity and glucose responsive- 
ness to the CAT reporter gene. Their conclusion was 
based on analysis of various transgenic mice containing 
different combinations of various upstream regions of 
the LPK gene, although they did not directly analyze 
transgenic mice containing only the region from -183 
to +l 1. The present study showed that this region was 
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