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Summary 
To investigate the relationship between development of obesity and the small intestinal functions two experimental 
models of male Wistar rats were used in the present work: 1) early postnatally overfed rats, nursed from birth to 
weaning in small litters (SL, 4 pups/nest), and 2) neonatally monosodium glutamate treated rats (MSG 2 mg/g b.w. 
administered s.c. for 4 days after birth) submitted to the same early nutritional manipulation. After weaning, all animals 
had free access to a standard pellet diet and at 40 and 80 days of age their body weight, body fat content and food 
consumption as well as changes of the brush-border-bound duodenal and jejunal alkaline phosphatase (AP) activity 
were compared with parameters of the offsprings raised under normal feeding conditions (NL, 8 pups/nest). At 40 and 
80 days of age the postnatally overfed pups from SL nests became heavier, displayed a significantly increased 
epididymal plus retroperitoneal fat pad weight (P<0.01) and significantly higher AP activity in both segments of the 
small intestine (P<0.01) in comparison with rats nursed in NL nests, although their mean daily food intake did not differ 
from that of non-obese rats during the postweaning periods examined. In contrast, the same treatment of MSG rats had 
only a small effect on late appearance of obesity, i.e. in early postnatally overfed and normally fed MSG rats a similar 
pattern of body weight, food intake, adiposity and AP activity was found after weaning. The effect of MSG-treatment 
was also accompanied by the appearance of normophagia, hypophagia and stunted growth on day 40 and day 80, 
respectively. Moreover, the size of fat depots and the increase of brush-border-bound AP activity in MSG rats 
belonging to the SL and NL groups was quantitatively similar to the values size of these parameters observed in SL 
obese rats subjected to early postnatal overnutrition. These results indicate that postnatal nutritional experience 
(overnutrition) may represent a predisposing factor in control rats from small litters for the development of obesity in 
later life. Permanently increased small intestinal AP activity observed after weaning in both models of obesity when 
hyperphagia is not present suggest that these functional changes and associated alterations in food digestion could be a 
component of regulatory mechanisms contributing to the maintenance of their elevated body fat weight. 
 
 
Key words 
Early postnatal overnutrition • Metabolic imprinting • Neonatal MSG treatment • Alkaline phosphatase • Small 
intestine • Obesity  
 



178   Mozeš et al.  Vol. 53 
 
 
Introduction 
 

Increased food consumption surpassing the 
energetic requirements of the organism and manifested by 
excessively increased body fat stores presents a growing 
human health problem. Qualitative and quantitative 
nutritional conditions in early life may have persistent 
effects on body weight and body composition. These late 
metabolic responses on early nutritional experiences 
characterized as ”metabolic imprinting” has been 
observed in both human epidemiologic and experimental 
animal studies (Waterland and Garza 1999, Moura et al. 
2002). There is no doubt that the gastrointestinal tract and 
the physiological processes of digestion may also be a 
significant factor promoting obesity. This is consistent 
with the more effective absorption of food in the upper 
part of the intestine of obese subjects (Wright et al. 1983, 
Wisen and Johanson 1992) and with the efficacy of 
energy intake limitation and decreased intestinal 
absorption of nutrients in the treatment of overweight and 
obesity (Muzzarelli 1996, Hollander et al. 1998). Besides 
a genetic predisposition, the mechanisms enabling higher 
energy utilization and storage of the ingested nutrients in 
adipose depots and increasing the probability of obesity 
development also involve the appropriate environmental 
stimulus, such as nutrition (Bouchard 1991, DeCastro 
1993, Hill and Peters 1998). 

Despite the great amount of data concerning 
nutrition in early life, there is no general agreement 
regarding the way in which nutritional events influence 
functionality of the small intestine in later life. 
Application of the experimental model in which 
overfeeding during the suckling period was induced by 
reducing the litter size at birth (3-4 pups/mother) 
demonstrated enhanced lipid synthesis in the liver and 
increased activity of lipogenetic enzymes in fat cells 
(Duff and Snell 1982, Dugail et al. 1986, Bassett and 
Craig 1988, Fiorotto et al. 1991), as well as increased 
plasma insulin and triacylglycerol levels (Dugail et al. 
1986, Plagemann et al. 1992, 1999, Schmidt et al. 2001), 
which in turn may stimulate growth of body fat weight 
(Bassett and Craig 1988, Fiorotto et al. 1991, Plagemann 
et al. 1992, Voits et al. 1996, Davidowa and Plagemann 
2000). Although it is clear that these alterations observed 
prior to weaning might be attributed to the higher 
quantity of milk available for the individual suckling pup 
nursed in smaller litters than normal (Fiorotto et al.1991), 
the mechanisms responsible for persisting hyperphagia 
and obesity after the weaning period are poorly 
understood. There is evidence that ontogeny of the small 

intestine and growth of the pups can also be influenced 
by lipid changes in the milk. Milk lipid concentrations 
varied considerably in individual rats, although their 
feeding did not differ (Mozeš et al. 1993) and increased 
in dams nursing small litters (4 pups/nest) as compared to 
dams nursing large litters (16 pups/nest) (Fiorotto et al. 
1991). High-fat diet feeding during pregnancy and 
lactation lead to an increase of milk fat concentrations 
even in dams nursing normal nests (Del Prado et al. 1997, 
Trotier et al. 1998). This was reflected by an increase of 
body fat, body weight and uptake of glucose and fatty 
acids in the jejunum of the offspring (Del Prado et al. 
1997, Trotier et al. 1998, Jarocka-Cyrta et al. 1998, Guo 
and Jen 1995). On the other hand, early undernutrition 
induced by an increased number of rat pups in the nest 
(16-18 pups) led to changes in the structure of the brush 
border membrane; it decreased AP and sucrase activity 
and increased lactase and leucine aminopeptidase activity 
in the small intestine (Pathak et al. 1981). From this point 
of view, the quantitative and qualitative changes in milk 
intake may have a pronounced modulational influence on 
the functional development of the intestinal tract 
throughout the postnatal period. However, little attention 
has been paid to the significance of these changes and 
their consequences on small intestinal function, food 
intake and body fat during later periods of life.  

The model of neonatally monosodium glutamate 
(MSG)-treated rats is of special interest in the 
development of obesity which is not a result of 
overeating. MSG administration during the early 
postnatal period results in a sequence of events including 
hypothalamic neuronal injuries (Olney 1969, Sun et al. 
1991, Dawson et al. 1997), increased plasma levels of 
insulin, corticosterone and triglycerides (Abe et al. 1990, 
Macho et al. 1999, 2000, Dolnikoff et al. 2001), as well 
as increased lipogenesis and reduced lipolysis by adipose 
tissues (Macho et al. 2000, Dolnikoff et al. 2001) which 
ultimately supports the development of obesity apparent 
after 80 days of age. In mature MSG rats, an enhanced 
capacity to spare body fat stores during fasting, more 
marked adaptational increase of food intake and more 
rapid body fat restoration was demonstrated after 
refeeding (Raček et al. 2001). Moreover, permanently 
increased alkaline phosphatase activity in the brush-
border of duodenal enterocytes has also been 
demonstrated in adult rats postnatally treated with MSG 
during ad libitum feeding (Mozeš et al. 2000, Martinková 
et al. 2000) and after dietary manipulations as food 
restriction, fasting and refeeding (Raček et al. 2001). 
These results indicate that the enzymatic changes 
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observed in the small intestine of mature MSG rats may 
be a component of regulatory mechanisms maintaining 
their obesity at critical values and contributing to the 
development of the MSG syndrome. Another question is 
whether MSG obesity and the alterations of intestinal 
function could also be influenced by early nutritional 
experiences and if the effect of these changes coincides 
with the mechanisms that mediate a predisposition to the 
later development of feeding and body fat perturbation 
observed in another form of obesity. 

We therefore determined the changes on day 40 
and day 80 in the brush-border-bound duodenal and 
jejunal alkaline phosphatase activity, food intake and 
body growth parameters in postnatally overfed 
(4 pups/nest) and normally fed MSG rats (8 pups/nest) as 
well as in their saline-treated control littermates 
submitted to the same postnatal nutritional manipulations.  
 
Methods 
 
Experimental animals  

A total of 22 Wistar rat dams (Velaz Prague, 
Czech Republic) were used in the present study. The 
mothers and their offspring were housed from birth to 
weaning in Plexiglass cages in a temperature-controlled 
environment of 22±2 °C with a relative humidity of 
60±15 % and 12L:12D regime (light on at 06:00-18:00 h) 
with free access to a standard laboratory diet (Velaz/ 
Altromin 1520 DOS 2b, Velaz, Prague) and tap water.  

To induce early postnatal overnutrition or 
normal nutrition, the litter size was adjusted on the first 
day after birth to four pups per nest (small litters, SL, 
n=12) and eight pups per nest (normal litters, NL, n=10). 
All groups consisted of males and females. Half of the 
number of pups in each nest received s.c. injection of 
monosodium salt of L-glutamic acid (2 mg/g b.w., Sigma, 
St. Louis, MO ) (MSG groups) or an equivalent volume 
of 1.25 % saline solutions (control groups) daily for 
4 days after birth. MSG was dissolved in distilled water 
and the drug concentration was adjusted so that each pup 
received 50 µl of solution/g/b.w. After weaning (on day 
30), the male rats were housed in pairs in Plexiglass cages 
under the same conditions (diet, water, temperature, light-
dark regime) as before weaning.  
 
Milk composition 

The dams were milked on day 8 and 15 of 
lactation. Two hours prior to milking (at 08:00 h), the 
dams were separated from their pups which during that 
time were kept in a constant-temperature chamber at 

34±1 ºC. Ten minutes before milking the dams received 
an intraperitoneal injection of 2 IU of oxytocin. The milk 
was obtained by a procedure described in detail by Mozeš 
et al. (1993). Milk fat was determined by the crematocrit 
method of Lucas et al. (1978). The fat concentration was 
expressed in g/100 ml milk by the formula given by 
Nagasawa et al. (1989) milk fat = 0.1 x (crematocrit in % 
– 0.59)/0.146. Milk protein concentration was analyzed 
by the method of Lowry et al. (1951). The values were 
expressed in g/100 ml milk.  
 
Enzyme assay 

On day 40 or 80 the animals were killed by 
decapitation after an overnight fast between 08:00 and 
09:00 h. Small (0.5 cm) segments of the proximal 
duodenum and middle part of the jejunum were 
immediately removed, the lumen rinsed in distilled water, 
and frozen in hexane (–70 °C). On the day of the 
experiment a segment of the frozen tissue was cut (8 µm) 
in a cryostat at –25 °C and the tissue slices were 
transferred to glass slides and air-dried. 

Demonstration of alkaline phosphatase activity 
was performed by using a modified simultaneous azo-
coupling method (Lojda et al. 1979). The incubation 
medium contained 2.0 mM naphthol AS-BI phosphate 
(Sigma, Deisenhofen, Germany), 0.8 mM Hexazotized 
New fuchsin (Serva, Heidelberg, Germany), 20 mM N,N-
dimethylformamide (solvent of naphtol AS -BI 
phosphate) and 0.05 M veronal acetate buffer. The 
sections were incubated at 37 °C for 10 min at pH 8.9 in 
the presence of 13 % (w/v) polyvinyl alcohol (PVA; 
30 000-70 000 m.w. Sigma) (Mozeš et al. 1998).  

Enzyme activity was cytophotometrically 
analyzed with a Vickers M85a microdensitometer. The 
measurements were performed using a x 40 objective, an 
effective scanning area of 28.3 µm2 and a scanning spot 
of 0.5 µm. The integrated absorbance was measured at a 
wavelength of 520 nm (Frederiks et al. 1987). The mask 
was set over at least 30 brush border areas along the 
villus length in five sections of the duodenum and the 
jejunum. The AP activity was calculated as the 
absorbance values recorded by the instrument/min/µm3 

brush border ± S.E.M. and their mean values were 
referred to one animal. 

From day 34-39 and 74-79 the MSG-treated and 
control rats were individually housed and food intake was 
measured at 24-h intervals as the difference between the 
amount offered and the remains in the cups. Epididymal 
and retroperitoneal fat was removed after killing the 
animals and the wet weight of the whole pad obtained. 
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Statistical analysis   
 Data were expressed as mean ± S.E.M. 
Statistical evaluation of the results was carried out by 
one-way analysis of variance (ANOVA). The post-hoc 
Bonferroni t-test was used to compare the differences 
between the groups. 
 
Results 
 

Litter size reduction resulted in a significant 
increase of milk fat concentration on postpartum day 8 
and day 15. In comparison with NL mothers (n=10) the 
mean values of milk fat concentration in SL nursing dams 
(n=12) were 19.3±1.0 vs. 16.1±0.8 g/100 ml (P<0.05) on 
day 8 and 20.5±0.8 vs. 16.5±0.7 g/100 ml (P<0.01) on 
day 15. As compared to milk fat the concentration of milk 
protein during these periods did not differ between SL 
and NL mothers (8.8±0.6 vs. 9.7±0.5 g/100 ml on day 8 
and 8.9±0.2 vs. 10.0±0.3 g/100 ml on day 15).  

From day 10 until day 30 of age the overfed 
pups raised in SL became heavier and displayed 

significantly higher weight gain than those raised in NL. 
These differences persisted until day 40 (Table 1) in the 
control rats while in MSG-treated rats they gradually 
disappeared till weaning. The onset of growth stunting 
effect of neonatal MSG administration depended to some 
extent on their preweaning nutritional condition. While in 
the overfed MSG rats coming from SL body weight 
appeared to be decreased earlier (on day 40 of age), in 
NL rats stunted growth was observed as late as on day 80 
as compared to their saline-treated littermates (Tables 1 
and 2). Tables 1 and 2 showed that overfeeding induced 
by litter size reduction increased both absolute and 
relative weight of the fat tissues in control rats (saline-
treated as neonates) as compared to the controls raised in 
normal litters (P<0.01 on day 40 and P<0.05 on day 80). 
On the other hand, the development of obesity in MSG-
treated neonate rats did not solely depend on their 
previous nutritional experience i.e. the same excess of 
epididymal plus retroperitoneal fat pad weight was 
observed in postnatally overfed pups as in postnatally 
normally fed animals on day 80.  

 
 
Table 1. Alkaline phosphatase (AP) activity, body weight, body fat and food intake of rats aged 40 days which were raised in litters of 4 
(SL) or 8 (NL) pups treated with monosodium glutamate (MSG) or saline (control) during the early neonatal period. 
 
 Controls MSG  
 SL (n = 9) NL (n = 11) SL (n = 9) NL (n = 11) 
 

AP activity 
Duodenum 17.4 ± 0.6** 13.3 ± 0.7 19.4 ± 0.9 17.8 ± 0.6c 
Jejunum 15.7 ± 0.6** 12.3 ± 0.5 17.1 ± 0.8 16.2 ± 0.3c 
Body weight (g) 184.0 ± 5.7* 160.6 ± 6.3 154.4 ± 6.2b 147.7 ± 3.9 
Fat (g) 2.28 ± 0.18** 1.46 ± 0.17 1.76 ± 0.11 1.35 ± 0.10 
Fat (% b. w.) 1.27 ± 0.07** 0.90 ± 0.08 1.13 ± 0.06 0.91 ± 0.06 
Food intake (g/day) 21.5 ± 0.6 19.1 ± 0.9 16.8 ± 0.6c 16.6 ± 0.5 
Food intake (% b. w.) 11.7 ± 0.2 11.8 ± 0.3 10.9 ± 0.3 11.2 ± 0.2 
 

 
Data are means ± S.E.M. AP activity is given as the integrated absorbance in min/µm3 brush border of individual duodenal and jejunal 
enterocytes at a wavelength of 520 nm. Fat represents epididymal plus retroperitoneal pads. The 24-hour food intake are means of five 
measurements (day 34-39) for each rat. Significantly different from NL group: *P<0.05, **P<0.01. Significant differences between 
similarly treated MSG and control groups: bP<0.01, cP<0.001. 
 

 
Food intake expressed in g/day or in g/100 g 

b.w. did not differ between postnatally overfed and 
normally fed control groups on day 40 and 80 (Tables 1 
and 2). On the other hand, animals receiving MSG as 
neonates, consumed about 20 % and 14 % less food 
(P<0.001, P<0.05) on day 40, as well as about 14 % 

and 19 % less (P<0.05, P<0.01) on day 80 compared to 
their saline-treated littermates. However, this tendency 
was not confirmed (except in MSG rats arising from 
NL), when food intake was expressed in % of body 
weight (Tables 1 and 2). 
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Table 2. Alkaline phosphatase (AP) activity, body weight, body fat and food intake of rats aged 80 days which were raised in litters of 4 
(SL) or 8 (NL) pups treated with monosodium glutamate (MSG) or saline (control) during the early neonatal period. 
 

 Controls MSG 
 SL (n = 8) NL (n = 9) SL (n = 8) NL (n = 9) 
 

AP activity 
Duodenum 22.5 ± 0.8*** 17.7 ± 0.7 23.5 ± 0.5 21.6 ± 0.4c 
Jejunum 20.3 ± 0.6* 17.1 ± 0.7 20.9 ± 0.9 19.8 ± 0.7a 
Body weight (g) 423.3 ± 15.9 411.1 ± 9.5 356.4 ± 11.1b 358.0 ± 8.9b 
Fat (g) 12.7 ± 0.8* 9.0 ± 0.9 11.2 ± 1.0 10.9 ± 0.8 
Fat (% b.w.) 3.0 ± 0.11* 2.18 ± 0.18 3.14 ± 0.28 3.05 ± 0.23a 
Food intake (g/day) 28.7± 1.2 29.5 ± 1.0 24.5 ± 1.2 a 23.8 ± 1.0b 

Food intake (% b.w.) 6.8 ± 0.08 7.2 ± 0.08 6.9 ± 0.15 6.6 ± 0.21a 

 
 
Data are means ± S.E.M. AP activity is given as the integrated absorbance in min/µm3 brush border of individual duodenal and jejunal 
enterocytes at a wavelength of 520 nm. Fat represents epididymal plus retroperitoneal pads. The 24-hour food intake are means of five 
measurements (day 74-79) for each rat. Significantly different from NL group: * P<0.05, *** P<0.001. Significant differences between 
similarly treated MSG and control groups: aP<0.05, bP<0.01, cP<0.001. 

 
 

 
Fig. 1. Mean weight gain of MSG-treated (n=17) and saline-
treated (n=18) rat pups raised four per litter (SL) or eight per 
litter (NL) (MSG n=18 and control n=18, respectively) from birth 
until weaning.  

 
 

Alkaline phosphatase (AP) activity in the 
duodenum and jejunum of 40- and 80-day-old rats is 
shown in Tables 1 and 2. Compared with preweaning 
overnutrition, the obese rats (neonatally saline-treated) 
from SL nests displayed a significantly increased enzyme 
activity when compared to NL reared lean controls. The 
differences of AP activity between SL and NL rats were 
about 28 % and 23 % in the duodenum and 25 % and 
19 % in the jejunum on day 40 and 80, respectively. 
Despite a similar tendency, no significant differences 
between their AP activity was found at these periods of 

life in neonatally MSG-treated SL and NL rats. AP 
activity in the small intestine also corresponded with the 
higher values observed in obese SL controls. Moreover, 
an increase of brush-border-bound AP activity in the NL 
MSG rats on day 40 preceded the development of 
excessive body fat accumulation. 
 
Discussion 
 

Significantly increased body fat observed in 
overfed intact males as compared with normally fed rats 
is in agreement with earlier studies (Bassett and Craig 
1988, Fiorotto et al. 1991, Plagemann et al. 1992, Voits 
et al. 1996, Davidowa and Plagemann 2000) in which 
obesity was induced by early litter size reduction. It was 
also demonstrated in some experiments that these obese 
rats showed an enhanced food intake which persisted 
from weaning until day 90 of age (Plagemann et al. 1992, 
Voits et al. 1996). This is at variance with our results 
suggesting nearly similar food consumption of obese and 
lean rats on day 40 and 80. This discrepancy might be 
due to the higher range in the number of pups between 
reduced and normal nests (3-4 vs. 10-12 pups/nest) or to 
the fact that the observed higher mean food intake/rat in 
small litter rats might also be attributed to their higher 
body weight. Experimental studies concerning long-term 
consequences of early overnutrition in various 
hyperphagic obesity models also showed conflicting 
results. Evidence has been provided that food restriction 
after weaning in obese male rats raised from small litters 
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inhibited their weight gain and decreased epididymal fat 
weight (Bassett and Craig 1988). On the other hand, 
ob/ob mice and Zucker rats with a genetic predisposition 
to overeating that emerges during the suckling period and 
persists after weaning (Wilson et al. 1989, Kowalski et 
al. 1998) demonstrated an ability to develop full obesity 
throughout life despite nutritional deficiency induced at 
birth by increasing the litter size (Johnson et al 1973, 
Cleary et al. 1980). Consistently with the concept that 
MSG-induced obesity occurs without an elevated food 
intake, no differences were observed in our experiments 
between both absolute and relative food consumption 
after weaning in neonatally overfed or normally fed MSG 
rats. From this point of view, our results suggest that the 
development of excess body fat in MSG-treated rats and 
their control littermates may be a critical consequence of 
early overfeeding despite the different pathogenesis of 
obesity, whereas from the aspect of long-term modulation 
the maintenance of their adiposity at higher levels does 
not solely depend on postweaning overnutrition. 

The exact mechanism by which postnatal 
overnutrition may lead to permanent functional changes 
of the small intestine has not been fully elucidated. Until 
day 15, the rat intestine is exclusively exposed to a liquid 
diet (milk) which is high in protein and fat but low in 
carbohydrates (Godbole et al. 1981, Mozeš et al. 1993). 
The high growth rate observed during this time period is 
in agreement with the increase of length, thickness and 
weight of the small intestine (Sakata and Setoyama 1997) 
and with the presence of transporter systems and their 
uptake capacity for glucose, aminoacids and fats (Flores 
et al. 1989, Toloza and Diamond 1992). The milk intake 
increased from birth up to day 15 and its participation in 
the overall food intake after this time decreased and was 
gradually changed by solid food rich in carbohydrate but 
poor in lipids and proteins. The development of the 
gastrointestinal tract, besides the nutritional factors, is 
substantially influenced by hormones. Among the 
hormones that may have influenced the intestinal 
enzymes and thus explained the increased AP activity in 
the present experiment, insulin and corticosteroides 
should be considered as eligible candidates. Exogenous 
administration of these hormones to suckling rodents 
around day 12-15 resulted in a precocious increase of 
lactase, sucrase, aminopeptidase and AP activity 
(Arsenault and Menard 1984, Buts et al. 1990, 1998, 
McDonald and Henning 1992, Yeh et al. 1994). In 
addition, significantly increased basal plasma insulin 
levels were observed on day 14 in rats from small litters 

as compared with rats from normal litters (Plagemann et 
al. 1992).  

Alkaline phosphatase (AP) is a representative 
brush-border enzyme functionally involved in nutrient 
(fat) absorption and the transport of long-chain fatty acids 
in the intestinal mucosa (Takase and Goda 1990, Bernard 
et al. 1992). In mature rats, AP activity increased in the 
duodenal enterocytes after eating fat (Alpers et al. 1995, 
Zhang et al. 1996); it displayed circadian fluctuations in 
the duodenum in a close relation to the rhythm of food 
intake (Martinková et al. 2000) and markedly decreased 
after food deprivation (Raček et al. 2001). In suckling 
rats the activity and the levels of AP mRNA in the small 
intestine gradually increased from day 12 to day 24 (Yeh 
et al. 1994) and changes in nutrition (i.e. fasting) on day 
14 led to a decrease of membranous AP levels in the 
entire small bowel as compared to normally fed pups 
(Young et al. 1981). Our present results concerning the 
increased AP activity in 40-day-old obese control as well 
as MSG rats, when both groups displayed normophagia, 
clearly indicate that these changes might be a 
consequence of their early postnatal overnutrition. It 
could be speculated whether abundance of food in the 
gastrointestinal tract during lactation or hormonal/ 
metabolic changes, or both, may be of importance for 
precocious maturation and adjustment of enzyme activity 
at the higher level. Although similar AP variations after 
weaning were observed in both groups of overfed rats 
raised in reduced litters, some differences between MSG 
and control rats do exist. As compared to the controls, 
MSG-treated rats exhibited a significantly higher AP 
activity even when they were postnatally normally fed 
which suggest that MSG administration may per se lead 
to the development of lasting functional changes of the 
small intestine to nutritional changes. Such a possibility 
did not exclude the similar AP values observed on day 40 
in MSG as well as in neonatally overfed control rats. 
Considering the finding that enzymatic changes were 
proportional to the size of previous overfeeding in these 
different models, it is possible that the excess of 
overnutrition was sufficient in MSG rats to induce 
maximal elevation of enzyme values but this was not the 
case in their saline-treated littermates. Such a possibility 
suggests the absence of an additional increase of AP 
activity and development of more marked obesity in 
control rats. 

One of potentially interesting aspects of our 
present results is that the increased size of body fat tissue 
observed in postweaning rats is closely related to the 
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enhanced AP activity in the small intestine. It was also 
found that in comparison to their lean littermates 
genetically obese rats and mice exhibited a significantly 
higher intestinal enzyme activity (Flores et al. 1990, 
Adachi et al 1999) that surprisingly precedes the 
development of excessive body weight. From this point 
of view similar mechanisms of an increased enzyme ”set 
point” may be involved in the modulation of body fat in 
several forms of obesity in which body weight and body 
fat changes cannot be explained by hyperphagia only. 
Our results have also revealed that unspecific early 
postnatal overnutrition could represent a predisposing 
factor for the permanent increase of brush-border-bound 
duodenal and jejunal AP activity. These results extend 
our knowledge about the effect of early life nutrition, (its 

variation in quantity or macronutrient composition), upon 
the functional maturation of the small intestine in obese 
rats and allow better understanding of the mechanisms 
that may limit or prevent the obesity risk in later life. 
However, with regard to the presented data, further 
detailed studies will be needed to clarify whether the 
effectiveness of nutrient absorption, the sustained 
increase of AP activity or both may be of importance for 
the maintenance of elevated body fat weight once obesity 
had been established. 
 
Acknowledgements 
This work was supported by the grant 2/2039 of the 
Slovak Academy of Sciences., QLK 1-2000-
00515/QLRT-2002-02793 and by EU project. 

 
References 
 
ABE M, SAITO M, SHIMAZU T: Neuropeptide Y in the specific hypothalamic nuclei of rats treated neonatally with 

monosodium glutamate. Brain Res Bull 24: 289-291, 1990. 
ADACHI T, TAKENOSHITA M, KATSURA H, YASUDA K, TSUDA K, SEINO Y, ENOMOTO T, YAMAJI R, 

MIYATAKE K, INUI H, NAKANO Y: Disordered expression of the sucrase-isomaltase complex in the small 
intestine in Otsuka Long-Evans Tokushima fatty rats, a model of non-insulin-dependent diabetes mellitus with 
insulin resistance. Biochim Biophys Acta 1426: 126-132, 1999. 

ALPERS DH, ZHANG Y, AHNEN DJ: Synthesis and parallel secretion on rat intestinal alkaline phosphatase and 
surfactant-like particle protein. Am J Physiol 268: E1205-E1214, 1995. 

ARSENAULT P, MENARD D: Comparative study of the effect of hydrocortisone and thyroxine on suckling mouse 
small intestine in organ culture. Comp Biochem Physiol A 77: 721-725, 1984. 

BASSETT DR, CRAIG BW. Influence of early nutrition on growth and adipose tissue characteristics in male and 
female rats. J Appl Physiol 64: 1249-1256, 1988. 

BERNARD A, CASELLI C, BLOND JP, CARLIER H: Diet fatty acid composition, age and rat jejunal microvillus 
enzyme activities. Comp Biochem Physiol A 101: 607-612, 1992. 

BOUCHARD C: Current understanding of the etiology of obesity. Genetic and nongenetic factors. Am J Clin Nutr 53 
(6 Suppl): 1561S-1565S, 1991. 

BUTS JP, DE KEYSER N, KOLANOWSKI J, VAN HOOF F: Hormonal regulation of the rat small intestine: 
responsiveness of villus and crypt cells to insulin during the suckling period and unresponsiveness after 
weaning. Pediatr Res 27: 161-164, 1990. 

BUTS JP, DURANTON B, DE KEYSER A, SOKAL EM, MAERNHOUT AS, RAUL F, MARANDI S: Premature 
stimulation of rat sucrase-isomaltase (SI) by exogenous insulin and the analog B-Asp 10 is regulated by a 
receptor-mediated signal triggering SI gene transcription. Pediatr Res 43: 589-591, 1998. 

CLEARY MP, VASSELLI JR, GREENWOOD MRC: Development of obesity in Zucker obese (fa/fa) rat in absence of 
hyperphagia. Am J Physiol 238: E284-E292, 1980. 

DAVIDOWA H, PLAGEMANN A: Different responses of ventromedial hypothalamic neurons to leptin in normal and 
early postnatal overfed rats. Neurosci Lett 20: 21-24, 2000. 

DAWSON R, PELLEYMOUNTER MA, MILLARD W, LIU S, EPPLER B. Attenuation of leptin-mediated effects by 
monosodium glutamate-induced arcuate nucleus damage. Am J Physiol 273: E202-E206, 1997. 

DE CASTRO JM: Genetic influences on daily intake and meal patterns of humans. Physiol Behav 51: 121-125, 1993. 
DEL PRADO M, DELGADO G, VILLALPANDO S: Maternal lipid intake during pregnancy and lactation alters milk 

composition and production and litter growth in rats. J Nutr 127: 458-462, 1997. 



184   Mozeš et al.  Vol. 53 
 
 
DOLNIKOFF M, MARTIN-HIDALGO A, MACHADO UF, LIMA FB, HERRERA E: Decreased lipolysis and 

enhanced glycerol and glucose utilization by adipose tissue prior to development of obesity in monosodium 
glutamate (MSG) treated-rats. Int J Obes 25: 426-433, 2001. 

DUFF DA, SNELL K: Effect of altered neonatal nutrition on the development of enzymes of lipid and carbohydrate 
metabolism in the rat. J Nutr 112: 1057-1066, 1982. 

DUGAIL I, QUIGNARD-BUOLANGE A, DUPUY F: Role of adipocyte precursors in the onset of obesity induced by 
overfeeding in suckling rats. J Nutr 116: 524-535, 1986. 

FIOROTTO ML, BURRIN DG, PEREZ M, REEDS PJ: Intake and use of milk nutrients by rat pups suckled in small, 
medium, or large litters. Am J Physiol 260: R1104-R1113, 1991. 

FLORES CA, HING S A, WELLS M A, KOLDOVSKY O: Rates of triolein absorption in suckling and adult rats. Am J 
Physiol 257: G823-G829,1989. 

FREDERIKS WM., MARX F, JONGES GN, VAN NOORDEN CJF: Quantitative histochemical study of acid 
phosphatase activity in rat liver using a semipermeable membrane technique. J Histochem Cytochem 35: 175-
180, 1987. 

GODBOLE VY, GRUNDLEGER ML, PASQUINE TA, THENEN S: Composition of rat milk from day 5 to 20 of 
lactation and milk intake of lean and preobese Zucker pups. J Nutr 111: 480-487, 1981. 

GUO F, JEN KLC: High-fat feeding during pregnancy and lactation affects offspring metabolism in rats. Physiol Behav 
57: 681-686, 1995. 

HILL JO, PETERS JC: Environmental contributions to the obesity epidemic. Science 280:1371-1373, 1998. 
HOLLANDER PA, ELBEIN SC, HIRSCH IB, KELLY D, MCGILL J, TAILOR T, WEISS SR, CROCETT SE, 

KAPLAN RA, COMSTOCK J, LUCAS CP, LODEWICK PA, CANOVATCHEL W, CHUNG J, 
HAUPTMAN J: Role of orlistat in the treatment of obese patients with type 2 diabetes. Diabetes Care 21: 
1288-1294, 1998. 

JAROCKA-CYRTA E, PERIN N, KEELAN M, WIERZBICKI E, WIERZIBICKI T, CLANDININ MT, THOMSONA 
BR: Early dietary experience influences ontogeny of intestine in response to dietary changes in later life. Am J 
Physiol 275: G250-G258, 1998. 

JOHNSON PR, STERN JS, GREENWOOD MRC, ZUCKER LM, HIRSCH J: Effect of early nutrition on adipose 
cellularity and pancreatic insulin release in the Zucker rat. J Nutr 103: 738-743, 1973.  

KOWALSKI TJ, STER AM, SMITH GP: Ontogeny of hyperphagia in the Zucker (fa/fa) rat. Am J Physiol 275: R1106-
R1109, 1998. 

LOJDA Z, GROSSRAU R, SCHIBLER TH: Enzyme Histochemistry. Springer-Verlag, Berlin, 1979, pp 59-70.  
LOWRY OH, ROSENBROUGH NJ, FARR AL, RANDALL RR: Protein measurement with the Folin phenol reagent. 

J Biol Chem 193: 265-275, 1951. 
LUCAS A, GIBBS JAH, LYSTER RLJ, BAUM JD: Hematocrit: simple clinical technique for estimating fat concentration 

and energy value of human milk. Br Med J 1: 1018-1020, 1978 
MACHO L, JEŽOVÁ D, ZÓRAD Š, FICKOVÁ M: Effect of postnatal monosodium glutamate treatment on adrenal 

cortex function. Physiol Res 48: S50, 1999. 
MACHO L, FICKOVÁ M, JEŽOVÁ D, ZÓRAD Š: Late effects of postnatal administration of monosodium glutamate 

on insulin action in adult rats. Physiol Res 49: S79-S85, 2000. 
MARTINKOVÁ A, MOZEŠ Š, LENHARDT Ľ: Effect of neonatal MSG treatment on day-night alkaline phosphatase 

activity in the rat duodenum. Physiol Res 49: 339-345, 2000. 
MCDONALD MC, HENNING SJ: Synergistic effects of thyroxine and dexamethasone on enzyme ontogeny in rat 

small intestine. Pediatr Res 32: 306-311, 1992. 
MOURA AS, FRANCO DE SA CC, CRUZ HG, COSTA CL: Malnutrition during lactation as a metabolic imprinting 

factor inducing the feeding pattern of offspring rats when adult. The role of insulin and leptin. Braz J Med Biol 
Res 35: 617-622, 2002. 

MOZEŠ Š, KUCHÁR S, RYBOŠOVÁ Z, NOVÁKOVÁ V: Milk fat concentration and growth of rat pups. Physiol Res 
42: 29-33, 1993. 



2004  Obesity and Alkaline Phosphatase in Small Intestine   185  
   
MOZEŠ Š, LENHARDT Ľ, MARTINKOVÁ A: A quantitative histochemical study of alkaline phosphatase activity in 

isolated rat duodenal epithelial cells. Histochem J 30: 1-7, 1998. 
MOZEŠ Š, LENHARDT Ľ, MARTINKOVÁ A: Alkaline phosphatase activity of duodenal enterocytes after neonatal 

administration of monosodium glutamate to rats. Physiol Res 49: 269-277, 2000.  
MUZZARELLI RAA: Chitosan based dietary foods. Carbohydr Polymers 29: 309-316, 1996. 
NAGASAWA H, NAITO T, KATAOKA K: Relationship between milk composition and pup's growth in mice. Proc 

Soc Exp Biol Med 191: 78-81, 1989 
OLNEY JW: Brain lesions, obesity, and other disturbances in mice treated with monosodium glutamate. Science 164: 

719-721, 1969. 
PATHAK RM, MAHMOOD A, DUDEJA PK, SUBRAHMANYAMD: Intestinal brush border membrane structure and 

function: effect of early postnatal undernutrition. Pediatr Res 15: 112-114, 1981. 
PLAGEMANN A, HEIDRICH I, GOTZ F, ROHDE W, DORNER G: Obesity and enhanced diabetes and 

cardiovascular risk in adult rats due to postnatal overfeeding. Exp Clin Endocrinol 99: 154-158, 1992. 
PLAGEMANN A, HARDER T, RAKE A, WAAS T, MELCHIOR K, ZISKA T, ROHDE W, DORNER G: 

Observations on the orexigenic hypothalamic neuropeptide Y-system in neonatally overfed weanling rats. 
J Neuroendocrinol 11: 541-546, 1999. 

RAČEK Ľ, LENHARDT Ľ, MOZEŠ Š: Effect of fasting and refeeding on duodenal alkaline phosphatase activity in 
monosodium glutamate obese rats. Physiol Res 50: 363-372, 2001. 

SAKATA T, SETOYAMA H: Bi-phasic allometric growth of the small intestine, cecum and the proximal, middle, and 
distal colon of rats (Rattus norvegicus Berkenhout, 1764) before and after weaning. Comp Biochem Physiol A 
118: 897-902, 1997. 

SCHMIDT I, FRITZ A, SCHOLCH C, SCHNEIDER D, SIMON E, PLAGEMANN A: The effect of leptin treatment 
on the development of obesity in overfed Wistar rats. Int J Obes Relat Metab Disord 25: 1168-1174, 2001. 

SUN YM, HSU HK, LUE SI, PENG MT: Sex-specific impairment in sexual and ingestive behaviors of monosodium 
glutamate-treated rats. Physiol Behav 50: 873-880, 1991. 

TAKASE S, GODA T: Effects of medium chain triglycerides on brush border membrane-bond enzyme activity in rat 
small intestine. J Nutr 120: 969-976, 1990. 

TOLOZA E M, DIAMOND J: Ontogenetic development of nutrient transporters in rat intestine. Am J Physiol 263: 
G593-G604, 1992. 

TROTTIER G, KOSKI KG, BRUN T, TOUFEXIS DJ, RICHARD D, WALKER CD: Increased fat intake during 
lactation modifies hypothalamic-pituitary-adrenal responsiveness in developing rat pups: a possible role for 
leptin. Endocrinology 139: 3704-3711, 1998. 

VOITS M, FOSTER S, RODEL S, VOIGT JP, PLAGEMANN A, FLINK H: Obesity induced by unspecific early 
postnatal overfeeding in male and female rats: hypophagic effect of CCK-8S. Naunyn Schmiedebergs Arch 
Pharmacol 354: 374-378, 1996. 

WATERLAND RA, GARZA C: Potential mechanisms of metabolic imprinting that leads to chronic disease. Am J Clin 
Nutr 69: 179-197, 1999. 

WILSON LM, STEWART ML, MCANANAMA P: Milk intakes of genetically obese (ob/ob) and lean mouse pups 
differ with enhanced milk supply. Physiol Behav 46: 823-827, 1989. 

WISEN O, JOHANSSON C: Gastrointestinal function in obesity: motility secretion, and absorption following a liquid 
test meal. Metabolism 41: 390-395, 1992. 

WRIGHT R A, KRINSKY S, FLEEMAN C, TRUJILLO J, TEAGUE E: Gastric emptying and obesity. 
Gastroenterology 84: 747-751, 1983. 

YEH K, YEH M, HOLT PR, APLERS DH: Development and hormonal modulation of postnatal expression of 
intestinal alkaline phosphatase mRNA species and their encoded isoenzymes. Biochem J 301: 893-899, 1994.  

YOUNG GP, FRIEDMAN S, YEDLIN ST, ALPERS DH: Effect of fat feeding on intestinal alkaline phosphatase 
activity in tissue and serum. Am J Physiol 241: G461-G468, 1981.  



186   Mozeš et al.  Vol. 53 
 
 
ZHANG Y, SHAO J-S, XIE Q-M, ALPERS DH: Immunolocalization of alkaline phosphatase and surfactant-like 

particle proteins in rat duodenum during fat  absorption. Gastroenterology 110: 478-488, 1996.  
 
 
Reprint requests 
Dr. Š. Mozeš, Institute of Animal Physiology, Slovak Academy of Sciences, Šoltésovej 4, 040 01 Košice, Slovak 
Republic. Fax: +421 55 7287842. E-mail: mozes@saske.sk 
 


