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Effect of quantity and nutritional quality of dietary proteins on the content of mRNA of insulin-like
growth factor-binding protein-1 (IGFBP-1) was studied in rat liver and kidney. IGFBP-1 mRNA content
per unit RNA increased in liver and kidney of rats fed on a protein-free diet and in those of fasted rats
compared with that in the rats fed on a casein diet. When rats were given a gluten diet for 7 d, IGFBP1 mRNA content in liver did not change significantly but that in kidney increased considerably compared
with that in those organs of the rats fed on the casein diet. Because IGFBP-1 mRNA has been
demonstrated both in Liver parenchymal and non-parenchymal cells (Takenaka et al. 1991), the effect of
the protein-free diet on these two types of cells has been studied. An increase in IGFBP-1 mRNA content
under protein deprivation was observed in both liver parenchymal and non-parenchymal cells, suggesting
that these two types of cells are regulated in a similar mode as far as IGFBP-1 mRNA content is
concerned. The physiological and nutritional significance of the previously stated results on protein
anabolism are discussed when considered together with our previous observations on the plasma
concentrations of IGF-1 (Takahashi et af. 1990) and IGFBP (Umezawa et af. 1991) and insulin-like
growth factor-1 mRNA content in liver (Miura et af. 1991).
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Insulin-like growth factor (IGFj-1 is a hormone the plasma concentration of which is
regulated by quantity and nutritional quality of dietary proteins (for detailed discussion
with citations, see Takahashi et al. 1990 and for extensive review, see Clemmons &
Underwood, 1991). In a previous paper, the plasma concentration of this hormone was
determined by two methods (Takahashi et ai. 1990): one was to measure the concentration
immunologically without any pretreatments (the value obtained by this method was
referred to as irIGF-l), and the other was after treatment of the plasma with an
acid-ethanol mixture (this value was referred to as tIGF-1; Takahashi et al. 1990). The
latter treatment has been suggested to dissociate IGF- 1 from the IGF- l-IGF-binding
protein (IGFBP) complexes (Daughaday et al. 1980). We have found that the ratio irIGF1 : tIGF-1 increased significantly under good nutritional conditions, and assumed that this
ratio reflected the distribution of IGF- 1 to IGF-1-IGFBP-3 complex under specific
nutritional conditions for the following reasons : (1) the immunoreactivity of IGF- 1 in
IGFBP-3 fraction (fraction A of Takahashi et al. 1990) was higher than that in the fraction
rich in IGFBP-1 (fraction C of Takahashi et al. 1990), (2) under good nutritional
conditions, the amount of IGF-1 complexed to IGFBP-3 (or IGF-1 bound to the large
binding protein) increases and that complexed to IGFBP-I (or IGF-1 bound to the small
*For reprints.

Downloaded from https://www.cambridge.org/core. IP address: 18.212.120.195, on 04 Dec 2021 at 13:59:47, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19930010

73

British Journal of Nutrition (1993), 69, 13-82

A. T A K E N A K A A N D O T H E R S

Table 1. The composition of the experimental diets ( g l k g )

/J-Maize starch
Gluten*
Casein?
Methionine

Protein-free

Gluten

Casein

800

650
1so

657
141

2

In addition to these components, all diets contained (g/kg): soya-bean oil 50, cellulose 100, mineral mixture 40
and vitamin mixture 10. The mineral and vitamin mixtures (obtained from Nihon Nosan Co., Tokyo) were
prepared according to the American Institute of Nutrition (1977).
*Crude protein (nitrogen x 625) 800 g/kg.
t Crude protein 840 g/kg.

binding protein) decreases (Takahashi et al. 1990), (3) plasma IGFBP-3 concentration
increased significantly under good nutritional conditions, but IGFBP- 1 did not (Umezawa
et al. 1991).
These results suggested that synthesis of IGFBP is greatly affected by nutritional
conditions of animals. In this context we investigated the effect of protein deprivation on
mRNA content of IGFBP. In the present paper the results for IGFBP-1 in liver and kidney
of rats have been reported because the mRNA was found only in these two organs
(Takenaka et al. 1991). The changes in the mRNA content of IGFBP-3 and other IGFBP
will be reported in separate papers.

MATERIALS AND METHODS

Animals
Male Wistar rats of initial body weight 120 g were purchased from SLC Japan
(Hamamatsu, Japan) and used throughout the experiments. The rats were kept in a room
maintained at 22f 1" with 12 h lightdark cycle (light period from 08.00 to 20.00 hours and
dark period from 20.00 to 08.00 hours). The rats were fed on a casein diet from 10.00 to
18.00 hours for 3 d before they were given the experimental diets. The experimental diets
were given by the same time schedule for 7 d. At 11.30 hours on day 8 they were killed by
decapitation under pentobarbital anaesthesia. The composition of the experimental diets is
shown in Table 1.
In the fasting experiment rats were deprived of food (the casein diet) for 48 h from 18.00
hours on day 6. In this case, the fasted rats were killed at 18.00 hours on day 8.
In the paired feeding experiment the food intake of the rats fed on the protein-free diet
was measured and the same amount of the casein or gluten diet was fed to the paired rats
on the next day. The rats were paired to each of the protein-deprived rats. Therefore,
variations in food intake were also reproduced in the paired groups. Because of this feeding
programme the rats of the paired groups were killed 1 d later than the protein-deprived
rats. The rats of the paired groups ate all the offered feed.
Synrhesis of cDNA of IGFBP-1
Rat IGFBP-1 cDNA which corresponds to the nucleotides 123-848 of the cDNA clone
described by Murphy et al. (1990) was amplified by a reverse transcriptase-polymerase
chain reaction (RT-PCR) technique. Primer oligonucleotides were synthesized with an
Applied Biosystems model 391 synthesizer and purified by polyacrylamide-gel electro-
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phoresis. The two PCR primers used to identify IGFBP-1 were a sense primer of 23mer
(YGGTACCGTTCCTGATCCTCCTGT3') and an anti-sense primer of 22mer (S'TCTAGATCTTCTTCCCACTCCA3'). Kpn I and Xba I sites were included in the sense and
anti-sense primers to allow the subcloning of the PCR products into M 13 sequencing vector
(Boehringer, Mannheim, Germany).
The PCR reactions were performed with Taq polymerase (Perkin Elmer Cetus, Norwalk,
CT, USA) according to the instructions supplied. The first cycle consisted of the
denaturation step at 94" for 5 min, the annealing step at 50" for 1 min, and the extension
step at 72" for 1 min. The following twenty-six cycles consisted of 94" for 1 min, 50" for
2 min and 72" for 1 min for each step. The final extension step of the cycle was extended
to 10 min. The template cDNA was synthesized from 2.5 pg poly (A)+ RNA which was
obtained from primary cultured rat hepatocytes as follows. The hepatocytes were prepared
as described previously (Takenaka et a[. 1989) and inoculated in 60 mm collagen-coated
dishes (Corning, Corning, NY, USA) at a cell density of 2 x lo6 cells/dish. The cells were
cultured for 24 h in Williams' E medium (Flow Laboratories, McLean, VA, USA)
supplemented with 100 ml calf serum (Gibco, Grand Island, NY, USA)/l, lo-' M-insulin
and
M-dexamethasone (both Sigma, St Louis, MO, USA) in a CO, incubator. After
this incubation, the medium was changed to Williams' E medium supplemented only with
M-dexamethasone. The cells were incubated in this medium for a further 24 h. Then,
the cells were harvested and the total RNA was prepared according to Puissant &
Houdebine (1 990). The poly (A)' RNA was obtained using Oligo (dT)-Latex (Oligotex@d T 30; Japan Roche, Tokyo, Japan). From this poly (A)+ RNA, cDNA was synthesized
(according to the method of synthesis of the first strand cDNA) using a cDNA Synthesis
System Plus (Amersham International Plc, Amersham, Bucks, UK). One-tenth the amount
of this cDNA product was used for each PCR reaction. After the reaction cycle the PCR
reaction mixture was extracted with chloroform-isoamyl alcohol and the cDNA in the
water phase was further purified by agarose gel electrophoresis. The final product was
labelled with [a-32P]dCTP (Amersham International Plc, Amersham, Bucks, UK ;
3000 Ci/mmol) using a Takara Nick Translation Kit (Takara, Kyoto, Japan). The
deoxyribonucleotide sequence of the PCR-amplified cDNA was confirmed by the doublestranded dideoxy-chain termination method employing Sequenase Version 2.0 (United
States Biochemical Corporation, Cleveland, OH, USA).
Northern blot analysis
Just after decapitation, liver and kidney were quickly excised, frozen in liquid N,, and
stored at - 80" until use. Total RNA was prepared from these frozen tissues as described
previously. The method of Northern blot analysis was the same as that reported previously
(Miura et al. 1991) except that the nitrocellulose membrane was replaced with a type (BAS
85) obtained from Schleicher & Schull (Dassel, Germany) in the present investigations. The
molecular size of IGFBP-1 mRNA was certified to be 1.6 kb as reported by others (Murphy
et al. 1990) using an RNA ladder (Gibco BRL, Gaithersburg, MD, USA). This size was
confirmed at every run from the relative position of the mRNA to 18s rRNA. The amount
of the total RNA specified for each experiment was used for agarose-formaldehyde gel
electrophoresis. The amount of applied RNA was confirmed by staining with ethidium
bromide (Rosen et ul. 1990). The results of the autoradiography were quantified using a
Fujix Bas 2000 system (Fuji Film Co., Kanagawa, Japan) or employing a densitometer
(dual-wavelength flying-spot scanner CS-9000; Shimadzu, Kyoto, Japan).
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Table 2. Final body weight and daily food intake in rats fed on various protein sources
(Values are means with their standard errors for five rats)
Final body wt
(g)

Dietary group?

Mean

ad lib. experiment
Casein
Gluten
Protein-free (PF)
Residual mean square
F

SE

P

125**

Mean

SE

10.2'
7.6'
5.9"
2.4
67.3

151'
127b
109=
28.6
76-8
< 0~001

Fasting experiment
Fasted for 48 h
(comparable with C in the
ad lib. experiment)
Paired-feeding experiment
Casein (pair-fed)
Gluten (pair-fed)
Protein-free (ad lib.)
Residual mean square
F

Food intake
(g/d)

< 0001

2.4

140b

138b
127a
245
15.8
< 0.01

P

5.4

0.1

~
~

Values with unlike superscript letters were significantly different (P < 0.05 or less) by Tukey's Q test
(Snedecor & Cochran, 1967).
Mean value was significantly different from that of group C in the ad lib. experiment: ** P < 0.01.
t For details of diets, see Table 1.

Dot blot hybridization
The total RNA of 20 ,ug which was prepared for Northern blot analysis was used in dot blot
analyses. The RNA was dotted onto the previously-mentioned nitrocellulose membrane
using MilliBlot@-Systems(Millipore, MA, USA) and baked at 80" for 2 h. The subsequent
procedure was the same as that of Northern blot analysis.
Preparation of parenchymal and non-parenchymal cells
Parenchymal and non-parenchymal cells were prepared as described previously (Takenaka
et al. 1991). Total RNA was prepared from these cells as described above and used for
Northern blot analysis.
Statistical analysis
The results were analysed statistically by analysis of variance (one-way classification) and
Tukey's Q test (Snedecor & Cochran, 1967). When the results were obtained as an all-ornothing type (Figs 4 and 5) they were not analysed statistically.
RESULTS

Table 2 shows the changes in body weight and food intake of the rats employed in the
present experiments. Feeding the protein-deficient diet caused a decrease in food intake.
Fig. 1 shows the results of Northern blot analysis of IGFBP-1 in liver and kidney. The
results show that only one molecular species of IGFBP-1 mRNA was present in liver and
kidney. Furthermore, the IGFBP-1 mRNA contents (per unit RNA) in liver and kidney
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Fig. I , Northern blot analysis of insulin-like growth factor-binding protein (1GFBP)-1 messenger RNA in liver
and kidney of rats and the effects of protein deprivation on its contents. RNA were extracted from liver and kidney
of rats fed on a casein (C) or a protein-free (PF) diet for 7 d. The IGFBP-I mRNA content in the RNA was
determined by Northern blot hybridization technique. A 50 pg portion of total RNA was applied to each lane.
For details of procedures, see pp. 7 4 7 5 .

Kidney

Fig 2 The effect of protein deprivation on insulin-like growth factor-binding protein (1GFBP)-1 mRNA content
in liver and kidney of rats The results of Northern blot analyses shown in Fig 1 (N) and dot blot hybridization
andlyses (D) of IGFBP-1 mRNA content in liver or kidney of rats given the protein-free (PF) diet were determined
quantitatively employing a FUJIX
Bas 2000 system (FUJIFilm Co , Northern blot analysis) or a densitometer
(dot blot analysis) The values were standardized by dividing the observed radioactivity (the arbitrary unit of
absorbance in densitometry or the specified signal intensity in Bas 2000 system) by the mean value of the casein
(C) group and are based on a mean value for the C group of 1 A 50 pg portion of total RNA was applied to each
lane in the case of Northern blot analysis and 20 pg total RNA was dotted on the membrane in the case of dot
blot analysis Values are means with their standard errors represented by vertical bars Mean values were
significantly different from those of C group * P < 0 05, ** P < 0 01 For details of procedures, see pp 74-76

greatly increased under protein deprivation. Because the Northern blot analysis showed
that mRNA of IGFBP-1 gave a single band, the mRNA content was also quantified by dot
blot hybridization. Fig. 2 shows the results of dot blot hybridization together with the
results of the quantitative analysis of the Northern blot hybridization. The IGFBP-1
mRNA content increased more than 4-fold in the liver of protein-deprived rats. Both
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Fig. 3. Effect of feeding a gluten (G) diet, protein-free (PF) diet and fasting (F) on insulin-like growth factorbinding protein (1GFBP)-1 mRNA content of liver and kidney (dot blot analysis). RNA was extracted from
liver and kidney of rats fed on the experimental diets for 7 d. IGFBP-I mRNA content in the RNA was
determined by dot blot analysis (20 pg total RNA was dotted on the membrane). Values are means with their
standard errors represented by vertical bars. The differences between casein (C) G and P F groups and the
difference between C and F groups were analysed separately. a, b, c, d Means with unlike superscript letters
(a, b, for C, G and P F groups; c, d for C and F groups) were statistically significant. For details of procedures,
see pp. 1 4 1 6 .

results coincided well. Other mRNA, for albumin and /I-actin, remained in approximately
constant proportion on the total RNA on the different dietary treatments (results not
shown), demonstrating the specificity of the response in IGFBP-1 mRNA content.
Fig. 3 shows the effect of fasting on the content of IGFBP-1 mRNA in liver and kidney
elucidated by dot blot analysis. A significant increase in mRNA content was observed in
fasted rats. These results are consistent with those of Ooi et a/. (1990) and Murphy et a/.
(1990, 1991). The relative increase in IGFBP-1 mRNA in the liver of rats fed on the proteinfree diet was similar to that observed in the fasted rats. This means that supplementation
of energy (starch) in the absence of a protein source did not improve the nutritional status
as far as it is judged by IGFBP-1 mRNA content in liver. Fig. 3 also shows the results of
dot blot analysis of the liver and kidney of rats fed on the casein and gluten diets. There
was a significant growth retardation in the rats fed on the gluten diet (Table 1). However,
the effect of the gluten diet on IGFBP-1 mRNA content in liver of the rats was not as
prominent. This means that feeding a marginal essential amino acid-deficient diet does not
affect significantly the IGFBP-1 mRNA content in liver as far as the present experimental
conditions are concerned. However, kidney responded to the gluten diet differently. The
IGFBP-I mRNA content in the kidney of rats fed on the gluten diet increased to a level
close to that of the protein-deprived rats. The reason for the difference in the response to
the gluten diet between liver and kidney is unclear.
Fig. 4 shows a typical Northern blot of RNA extracted from the livers of rats fed on the
casein, gluten and protein-free diets. Fig. 4(A) shows the findings for ad lib.-fed rats, and
Fig. 4(B) shows those of rats pair-fed to those fed on the protein-free diet. A marked
increase in IGFBP-1 mRNA in the liver of rats fed on the protein-free diet was observed
in both ad lib.-fed and pair-fed experiments. This means that the effect of protein-free diet
on liver IGFBP-1 mRNA is primarily due to the effect of protein deficiency and not due
to the decreased food intake.
Fig. 5 shows the effect of protein deprivation on the mRNA content of parenchymal and
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Fig. 4. Effect of ctd lib.-feeding and paired-feeding of the gluten (G) or casein (C) diet on the insulin-like growth
factor-binding protein (1GFBP)-1 mRNA content in liver of rats. In the pair-fed experiment, the feed intake of
the rats fed on the protein-free (PF) diet was determined and the same amount of the C or G diet was fed to other
rats on the next day. RNA was extracted from the liver and the content of IGFBP-I mRNA was determined by
Northern blot hybridization technique. A 20 pg portion of total RNA was applied to each lane. Typical results
for three rats are shown. For details of procedures, see pp. 74-75.

non-parenchymal cells of rat liver. The IGFBP-1 mRNA content increased in both
parenchymal and non-parenchymal cells of rat liver under protein deprivation. This means
that both parenchymal and non-parenchymal cells are affected by protein deficiency. The
apparent variation in mRNA concentrations shown in Figs 4 and 5 is typical of
observations when many changes are induced. Technical uncertainties can be eliminated
since such variability was not observed when the membranes were reprobed for other, noninduced mRNA, i.e. IGF-1, IGFBP-3 and p-actin (values not shown).
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Fig. 5. The effect of protein deprivation on the insulin-like growth factor-binding protein (1GFBP)-1 mRNA
content of parenchymal and non-parenchymal cells of rat liver. Parenchymal and non-parenchymal cells of liver
from protein-deprived (PF) rats and the control rats fed on the casein (C) diet were prepared and IGFBP-I
mRNA contents of those cells were determined by Northern blot analysis. A 50 pg portion of total RNA was
applied to each lane. For details of procedures, see pp. 74-76.
DISCUSSION

Plasma protein concentration generally decreases under protein deprivation. IGF- 1
belongs to this type of protein, decreasing its concentration under protein deficiency
(Takahashi et al. 1990). Among IGFBP, the plasma concentration of IGFBP-3 also
decreases in rats fed on a protein-free diet (Umezawa et al. 1991). In contrast, the
concentration of IGFBP-1 increases during fasting (Baxter & Cowell, 1987; Busby et al.
1988; Cotterill et al. 1988) or does not change significantly (or increases slightly) under
protein deprivation (Umezawa et al. 1991). These findings suggest that the synthesis or
secretion of IGFBP-1 is differently regulated from that of IGFBP-3 or other proteins in
general.
Tissue polyadenylated RNA content (most possibly reflecting the total mRNA content)
generally decreases (R. Funabiki, personal communication) and abundant mRNA, e.g.
serum albumin mRNA and p-actin mRNA, also decrease in protein-deprived animals
(Sakuma et al. 1987; Straus & Takemoto, 1990) with a concomitant decrease in the total
RNA (primarily rRNA) under poor nutritional conditions (Waterlow et al. 1978). The
present results showed that IGFBP-1 mRNA content per unit amount of total RNA in
both liver and kidney increased greatly in rats fed on the protein-deficient diet compared
with that of rats fed on the casein diet. This increase in IGFBP-1 mRNA was observed as
the relative increase to total RNA. However, it must also be an absolute increase because
the total RNA is unlikely to decrease to less than one-quarter the original level (Waterlow
et al. 1978). However, this significant increase in IGFBP-1 mRNA under protein-deprived
conditions must be exceptional among mRNA species.
The increase in IGFBP-1 mRNA in liver and kidney reported here probably explains the
unchanged or slightly increased concentration of IGFBP-1 in the plasma of rats fed on the
protein-free diet (Umezawa et al. 1991). The maintenance of plasma IGFBP-I under
protein-free conditions may be attributable to several phenomena including alterations in
rates of translation or changes in the biological half-life of the circulating protein. The
relative increase in mRNA for the protein does indicate another possible mechanism,
however, with the increased message being associated either with increased rates of
transcription or improved mRNA stability ; both systems would provide more mRNA for
translation.
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Previously it was demonstrated that IGFBP-1 or IGF-1 mRNA are localized in both
parenchymal and non-parenchymal cells in rat liver (Takenaka et al. 1991). On the
contrary, IGFBP-3 mRNA was exclusively localized in liver non-parenchymal cells
(Takenaka et al. 1991). This means that both types of cells play different roles in the
production of IGF-1 or IGFBP. The present findings suggested that IGFBP-1 mRNA in
both liver parenchymal and non-parenchymal cells are regulated by nutritional factors
through a similar mechanism in which a similar type of transcription factor may be
involved.
As regards the effect of nutritional quality of dietary proteins, the decrease in IGF-1
mRNA content in the liver of rats fed on the gluten diet was similar to that in the liver
of rats fed on the protein-free diet. In the case of IGFBP-1, the effect of feeding on a gluten
diet on the rnRNA content in liver was not as significant as that of feeding on the proteinfree diet. Namely, the effect of the gluten diet was similar to that of the protein-free diet in
the case of liver IGF-1 mRNA but was similar to that of casein in the case of liver IGFBP-1
mRNA. On the other hand, kidney responded to the gluten diet in a different way from
that of liver. In the kidney of rats fed on the gluten diet, IGFBP-1 mRNA content was
similar to that found in protein-deprived rats. The reason for these observations remains
to be elucidated. The effect of the balance of essential amino acids on IGF-1 or IGFBP-I
mRNA in liver and kidney should be examined carefully.
There are some suggestions concerning the physiological significance of IGFBP (for
review, see Baxter, 1988, 1991; Baxter & Martin, 1989), although no agreed concept is
available. For example, some reports have shown that the purified IGFBP-1 depressed the
stimulation of DNA synthesis induced by IGF-1 (Knauer & Smith, 1980; Ritvos et al.
1988), whereas controversial results have also been reported (Elgin et al. 1987; DeMellow
& Baxter, 1988; Busby et al. 1989). From the nutritional point of view, our following
observations on protein deprivation: (1) a significant decrease in plasma IGF- 1 and
IGFBP-3 concentration, (2) relatively stable plasma concentration of IGFBP-1, (3) a
prominent decrease in liver IGF-1 mRNA, (4) a great increase in liver and kidney IGFBP-1
mRNA, seem to support our hypothesis for the role of IGF-1 and IGFBP in protein
metabolism. Namely, forming the IGFBP- 1-IGF- 1 complex, which is supposed to repress
the activity of IGF-1, protects IGF-1 from degradation by tissues, bringing about the
elongation of the half-life of this hormone in plasma. By these mechanisms IGF-1 is
protected in plasma without showing any activity under such physiological conditions
which need to depress the activity of IGF-I. This protected IGF-I may form a complex
with IGFBP-3 and show its biological activity later by the mechanism proposed by
Kaufmann et al. (1978) when the nutritional status is recovered. This assumption is very
hypothetical and remains to be proved.
In summary, protein deprivation or malnutrition caused an increase in IGFBP-1 mRNA
content in liver and kidney. We conclude that the previously described observations on
IGFBP-1 mRNA add further evidence to our previous speculation that IGF-1 and IGFBP
play important roles in body protein metabolism.
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