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Malnutrition during gestation and lactation modifies metabolic strategies and leads to metabolic disease in adult 
life. Studies in human populations suggest that malnutrition during infancy may also induce long term metabolic 
disorders.  
The present study investigated if post-weaning and a late period of development might be sensitive for long term 
metabolic impairment. Hereto male Wistar rats were malnourished with a low protein diet (6%), during gestation 
and lactation (MGL), from weaning to 55 days (MPW) or during adulthood from 90 to 120 days (MA). Control 
rats (C) were fed with a regular diet (23% protein). We determine plasma concentrations of insulin, glucagon, 
triacylglycerols (TAG), free fatty acids (FFA), and liver glycogen after a Glucose Tolerance Test (GTT).  
Independent of the age of onset, malnutrition induced low body weight. Early and post-weaning malnutrition 
produced impaired glucose tolerance and low values of TAG, also in MPW induced low values of insulin and 
glucagon. At 90 days, after balanced diet rehabilitation, the MGL group showed a similar glucose tolerance test as 
the controls but display low values of insulin, while the MPW group exhibited high levels of glucose and TAG, 
and low values of insulin, glucagon, FFA and hepatic glycogen. At 180 days, after balanced rehabilitation only 
MPW rats showed metabolic alterations. Malnutrition during adult life (MA) did not produce metabolic distur-
bances. Surprisingly the results uncover the post-weaning stage as a vulnerable period to malnutrition that in-
duces long lasting metabolic alterations and deficiency in pancreatic function. 
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INTRODUCTION 
Obesity, diabetes mellitus type II and metabolic 

syndrome, are important modern life style health 
problems related to early malnutrition as a possible 
predisposing factor [1-3]. Several studies have re-
ported that during gestation and lactation considered 
as a critical periods of development [4], malnutrition 
induces anatomical and physiological adaptations in 
order to allow survival in poor nutritional conditions 
[5-7].  

Early low protein malnutrition produces a de-
crease of vascularization in the pancreas [8], reduced 
number of islets and β cells, and decrease of insulin 
production [9]. In the liver low protein in the diet in-
duces a decrease in the production of glucokinase and 
increase in phosphoenolpyruvate carboxykinase, two 
enzymes involved in the glycolytic and gluconeogenic 
functions, respectively, resulting in a higher level of 
continuous endogenous glucose production by the 

liver [10]. Malnutrition during gestation and lactation 
modify the insulin sensitivity in muscle leading to 
impaired glucose uptake [11], while in adipose tissue 
early malnutrition increased number of glucose 
transporters and insulin receptors which promote high 
glucose storage [12, 13] . Also, insulin, leptin, glucagon, 
and metabolites like free fatty acids are modified by 
malnutrition [14, 15].  

Such adaptations are thought to enable the or-
ganism to survive under detrimental nutritional con-
ditions. This process is known as the “foetal pro-
gramming hypothesis” [16]. 

Experimental and epidemiological studies have 
focused on the effects of early malnutrition, however 
recently, some studies in human populations’ postu-
late infancy as a vulnerable period in which malnutri-
tion can permanently modify the metabolism and re-
sult in metabolic diseases later in life [17, 18].  

The possibility of nutritional rehabilitation of 
foetal programming has been explored in studies per-
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forming a cross-fostered paradigm and leptin injection 
during lactation [19], as well as using either a balanced 
or hypercaloric diet [10]. 

Consequently, for determining with more accu-
racy the vulnerable period of development in the pre-
sent study we investigated in rats the effects of low 
protein malnutrition at three different stages of life: 
gestation and lactation (critical period), for 30 days 
after weaning (day 25- 55) or in adulthood at 90 to 120 
days also the effects of nutritional rehabilitation were 
tested on a short and a long term basis (90 and 180 
days). 

The effects of malnutrition and rehabilitation on 
metabolism were determined after a glucose tolerance 
test (GTT) on serum metabolites and hormones. Pre-
sent data show deleterious acute effects by low protein 
malnutrition during gestation and lactation and after 
weaning, but not in adult life. The effects of early 
malnutrition were partially reversed by the period of 
nutritional rehabilitation, while surprisingly nutri-
tional rehabilitation did not reverse deleterious effects 
of post-weaning malnutrition indicating a vulnerable 
stage of development in which metabolism is perma-
nently affected and may lead to metabolic disease in 
adult life. 

MATERIALS AND METHODS 
ANIMALS AND GENERAL CONDITIONS 

All animal procedures were approved by the Bio-
security and Bioethics Committee, Faculty of Medi-
cine, UNAM, according to the Mexican Laws for 
Animal Care [20], which comply with the Guide for the 
Care and Use of Laboratory Animals (NIH publication 
80-23, revised 1996). Control and malnourished off-
spring were born to female Wistar rats (Rattus 
norvegicus) obtained from the general bioterium of the 
Faculty of Medicine of Universidad Nacional 
Autónoma de México. 

Breading females as well as the offspring after 
weaning were housed in groups of 3-4 animals in 
transparent acrylic cages (40 X 50 X 20 cm) and were 
maintained in a light-dark cycle 14:10 h (lights on 
6:00h), with controlled temperature of 22-24°C, 40-50% 
humidity, food and water ad libitum.  

NUTRITIONAL CONDITIONS  
Rats were born to 3 month-old primiparous fe-

males exposed to an isocaloric (4 kcal/ g) low protein 
diet (6% of protein Harlan TD 92090) or to a balanced 
regular chow diet (23% protein Purina chow 5001). The 
balanced and low protein diets have been employed 
by previous studies and produce reproducible nutri-
tional states [21-23]. 

For mating, females were exposed for one week 
to males (2 females and 1 male). Pregnancy was con-
firmed by abdominal palpation and weight increase. 
Date of parturition was estimated 22 days after the 
introduction of the males into the females’ cage. Three 
days before expected parturition, females were placed 
in individual cages (30 X 40 X 20 cm) with sufficient 
wood shavings for nesting and were maintained in 
individual conditions until weaning (for details see 
Miñana and Escobar [22]. 

On post-natal (P) day 1, litters were standardized 
to 8 pups (4 females and 4 males). On day P25 litters 
were weaned and only males were used for all ex-
periments according to the indicated ages and nutri-
tional protocols.  

GROUPS 
Nutritional controls (C) were born from females 

fed the balanced diet and continued to be fed the same 
regular diet along their life. 

Rats for the gestation and lactation malnutrition 
(MGL) group were born from female rats exposed to 
the low-protein diet for two weeks prior to mating, 
during gestation and lactation. 

Rats for post-weaning malnutrition (MPW) group 
were born to females fed the balanced diet during 
gestation and lactation; at weaning (P25) offspring 
were switched to the 6% low-protein diet for 30 days 
until day 55 of age.  

Rats for adult malnutrition (MA) group were 
switched to the low-protein diet at 90 days of age for 
30 days.  

In order to determine acute effects of malnutri-
tion a first set of rats (n = 7) for each group was tested 
and sacrificed immediately at the end of the low pro-
tein interval: For the MGL this represented P25; for 
MPW at P55 and for MA at P120. A second set of rats 
(n = 7) for each malnourished group was rehabilitated 
by providing a balanced diet until 90 or 180 days of age 
in order to determine short and long term effects of 
nutritional recovery. 

The groups and nutritional conditions are repre-
sented in figure 1. 

METABOLIC DETERMINATIONS 
To unmask acute effects of malnutrition, as well 

as short and long term effects of nutritional rehabilita-
tion rats were tested with an oral glucose tolerance test 
(GTT) as described previously [24, 25]. Briefly, rats 
were weighed and were fasted for 16 h (food was re-
moved the previous day at 18:00 h), between 09:30 and 
10:00 h rats were anaesthetized with an intraperitoneal 
injection of chloral hydrate (1g/ 25mL: 1mL/ 100g) to 
avoid pain and stress during the GTT. This anaesthetic 
was chosen over others due to its minimal effects on 
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glucose metabolism [26]. For a base line, before glucose 
administration, a small drop of blood was obtained 
from a small incision in the tail and glucose was 
measured with a glucometer (Ascencia ELITE of 
Bayer). Then, an orogastric catheter was introduced to 
the stomach and glucose was delivered in a concentra-
tion of 200g/ L dose 2g/ kg [25]. Following samples of 
blood were obtained from the same incision in the tail 
at 15, 30, 60 and 120 min after glucose administration. 

At the end of the GTT and still under anaesthesia 
the thoracic cavity was opened and a blood sample of 
3mL was obtained from the cava vein for quantifica-
tion of insulin, glucagon triacylglycerols (TAG) and 
free fatty acids (FFA). Also the main liver lobule was 
frozen at -45°C for subsequent determination of he-
patic glycogen.  

Blood was collected in 5mL test tubes containing 
a clot-forming gel (Vacutainer, Becton Dickinson) and 
centrifuged at 2500 rpm for 15 minutes to obtain 
plasma. Aliquots of 200μL were coded and frozen at 
-45°C for subsequent determinations. Serum insulin 
and glucagon were determined in duplicate with a 
standard 125I radioimmunoassay kit (Diagnostic Prod-
ucts Corporation; TKIN1 and KGND1). For insulin 
assays were performed with a sensitivity of 1.2 μIU/ 
mL, with intra- and interassay coefficients of variation 
of 5.1% and 7.1% respectively. For glucagon the sensi-
tivity was 13 pg/ mL, with intra- and interassay coef-
ficients of variation of 3.2 and 8% respectively. TAG 
were determined with a standard enzymatic kit (Bayer 
SERA-PACK ® Plus No B-014551-0). FFA were deter-
mined with an enzymatic method according to Nóvak 
[27], and hepatic glycogen was assayed using 1g of 
tissue, according to the extracting method of Hassid 
and Abraham [28]. The extracted glucose was deter-
mined using a standard enzymatic kit (Hycel de 
México No 70408).  

STATISTICAL ANALYSIS 
Data are reported as the mean ± standard error of 

the mean (SEM). Body weight along time for the three 
groups was analyzed with a two way ANOVA for 
repeated measures for the factors group and time. 

Blood glucose values during the GTT are repre-
sented as absolute increase (mg/ dL) as compared to 
the basal value considered starting point = 0. Data 
were compared among groups with a two way 
ANOVA for the factors groups and time. ANOVA 
tests were followed by a post hoc Tukey multicom-
parison test with α set at p < 0.05. Student “t” test for 
independent samples were used for compared the 
metabolites and hormones between C and malnour-
ished or rehabilitated groups. The statistical analysis 
was performed using the program Statistica (version 

4.5, 1993) and graphics were elaborated using Sigma 
Plot 2001. 

 
 
 
 

 

Figure 1. Schematic representation of the experimental groups. 
Arrows represent the life span of rats with G = gestation and L = 
lactation. Day of birth is indicated by the short dotted line. 
Striped areas represent the intervals in which rats of different 
groups were exposed to the 6% protein diet, while white areas 
represent exposure to the 23% protein balanced diet. Vertical 
lines represent selected ages for GTT and blood sampling.  

 
 

RESULTS 
BODY WEIGHT 

At the end of the low protein period all rats of the 
three groups had significantly lower body weight (p ≤ 
0.04) than their age paired controls (fig. 2).  

On day P2 the MGL group weighed 59% and at 
weaning (P25) 34% of the controls’ body weight (fig. 
2A). Likewise in the MPW group after the 30 day pe-
riod of malnutrition (25-55 days) the growth rate had 
slowed down resulting that MPW rats weighed 31% of 
the controls (fig. 2B). Adult low protein malnutrition 
from 90-120 days resulted in a loss of body weight 
leading MA rats to weight 76% of the controls (fig. 2C). 

In spite of short or long term balanced diet reha-
bilitation, the MGL and MPW malnourished groups 
were not able to catch up to reach the C group body 
weight (fig. 2 A and B) thus at 90 and 180 days the 
MGL group reached 67% and 81% of their controls’ 
body weight, respectively (p ≤ 0.02; fig. 2A) while the 
MPW group reached 68% and 82% at 90 and 180 days, 
respectively (p ≤ 0.02; fig. 2B). In contrast, the MA 
group recovered to 93% of the C group body weight 
(fig. 2C).  
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Figure 2. Body weight of A) rats malnourished during gestation 
and lactation and rehabilitated from weaning to 180 days (MGL 
group; n = 7) B) rats malnourished from weaning to 55 days and 
rehabilitated until 180 days (MPW group; n = 7) and C) rats 
malnourished from 90 to 120 days and rehabilitated (MA group; 
n = 7). Control rats are represented with the black continuous 
line, while malnourished groups are represented with dotted 
line. The striped box represents the malnutrition interval. Values 
are given as means ± SEM. * show statistical difference (p ≤ 
0.05), only males were used for the experiment. 

 

GLUCOSE TOLERANCE TEST 
Before glucose administration MGL and MA 

groups displayed similar blood glucose concentrations 
as their C groups, while the MPW group exhibited 
lower concentration as their controls (p = 0.04; table 1). 

After oral glucose administration Control groups 
showed a peak of blood glucose values between 30 to 
60 minutes and thereafter values decreased to near 
basal levels towards the end of the GTT. In contrast 2h 
after glucose administration, MGL and MPW rats still 
exhibited high levels of glucose at the end of the GTT 
but only MGL rats displayed significantly high levels 
(p = 0.01; table 1; figure 3 A and D). The two way 
ANOVA indicated statistical difference between C and 

MGL (F (4, 60) = 2.59; p = 0.04) and between C and MPW 
(F (4, 60) = 3.71; p = 0.009). 

The MA group displayed after malnutrition and 
after balanced diet rehabilitation the same GTT as their 
controls (table 1 and fig. 3G, H).  

 

Table 1. Blood glucose levels obtained before and after an oral 
glucose tolerance test in mg/ dL.  

Groups Acute effect Short term Long term 
 basal final basal final basal final 

C 
 

82.5±7.9 134±10.2  80.1±5.7 120.7±4.6 100.7±3.7 134.1±10.7

MGL 
 

63.8±8.9 182.2±20.9* 80.4±5.8 110.5±6.9 98.2±9.7 119±10.6 

C 
 

106.7±5.2 116.1±12.2 80.1±5.7 120.7±4.6 100.7±3.7 134.1±10.7

MPW 
 

55±5.1* 137.2±21.8 84±7.0 168.4±10.9* 93±7.9 158±16.8 

C 92.4±2.4 167.1±7.6 100.7±3.7 134.1±10.7 

MA 
 

93.8±11.6 197.7±21.9 95.4±8.5 173±29.2 

 

Values are represented ± SEM; (n = 7); * denoted differences between 
C and MGL or MPW groups (p ≤ 0.01).  

 
 
In the MGL group, balanced diet rehabilitation 

reversed the response in the GTT to control levels in a 
short and in a long term (table 1 and fig. 3B and C); 
however in the MPW group at 90 the response to a 
glucose bolus was still deficient and different from the 
controls (p = 0.01; table 1 and figure 3E). ANOVA in-
dicated statistical difference (F (4, 60) = 3.09; p = 0.02). 
After a long term rehabilitation (180 days) the MPW 
rats exhibited a similar response as their controls (fig-
ure 3F).  

PLASMA DETERMINATIONS 
After the GTT insulin levels were not affected in 

the MGL and MA groups with respect to the controls 
(fig. 4 A and G respectively), while the MPW rats ex-
hibited low insulin values compared with their con-
trols (p = 0.001; fig. 4D). After short term rehabilitation 
(at 90 days) both MGL and MPW groups exhibited low 
insulin levels as compared with their controls (p ≤ 
0.001; fig. 4B and E) and such effects persisted in the 
MPW group in a long term (p = 0.001; fig. 4F). MGL 
and MA groups did not show a difference at 180 days 
(fig. 4C and H). 

Like wise plasma glucagon levels were not af-
fected by early malnutrition (MGL) or by late malnu-
trition (MA) in the acute test or after balance rehabili-
tation (fig. 5 A, B, C and G, H). However, in the MPW 
group glucagon was significantly decreased at 55 days 
and was not restored after nutritional rehabilitation at 
90 and 180 days (fig. 5 D, E, F). Student “t” test indi-
cated statistical difference between the C and the MPW 
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group (p = 0.001 for acute effects; p = 0.03 for short and 
p = 0.001 for long term rehabilitation). 

At the end of the GTT the MGL and MPW groups 
exhibited low plasma concentration of TAG as com-
pared with their controls (MGL, p = 0.002 and MPW, p 
= 0.001; fig. 6 A and D respectively), while malnutri-
tion in adult life did not alter plasma TAG (fig. 6G). 

After the balanced diet rehabilitation TAG levels 
in the MGL and MA groups were similar to control 
values (see figures 6 B, C and H) while the MPW group 
showed short and long term TAG alteration with sig-
nificantly increased values as compared to the controls 
(p = 0.02 and p = 0.05, respectively; figures 6 E, F).  

No significant effects were observed in FFA after 
the three different stages of malnutrition (fig. 7A, D 
and G), likewise after the interval of nutritional reha-

bilitation MGL and MA groups maintained similar 
values as their controls (fig. 7 B, C, and G, H respec-
tively).  

However, low FFA levels were detected in the 
MPW group after short and long term nutritional re-
habilitation (p = 0.03; at 90 days and p = 0.001; at 180 
days; figures 7 E and F).  

The nutritional status of the rats had no effect on 
the hepatic glycogen levels in MGL and MA groups 
either under acute effects of malnutrition nor after 
nutritional rehabilitation periods, (fig. 8 A, B, C and G, 
H). In the MPW group hepatic glycogen was similar to 
the C group immediately after the malnutrition period 
and at 180 days (fig 8D and F), while at 90 days MPW 
rats displayed lower glycogen concentration than the 
C group (p = 0.05; fig. 8E). 

 
 
 
 

 

Figure 3. The absolute glucose increase (mean ± SEM) during Glucose Tolerance Test. Left column represents groups after an acute 
stage of malnutrition; A) MGL at 25 days; D) MPW at 55 days and G) MA at 120 days. The middle column represents the GTT 
values after short term rehabilitation: B) MGL and E) MPW rats evaluated at 90 days and H) MA rats evaluated at 180 days. The 
right column represents the glucose values after long term rehabilitation C) MGL and F) MPW at 180 days of age. * indicates 
statistical difference (p ≤ 0.003); n = 7 for all groups. 
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Figure 4. Plasma insulin concentration after GTT. Values are presented as mean ± SEM; n = 5-7. Left panel of graphics represent the 
values at the end of malnutrition stage for A) MGL, D) MPW and G) MA groups. Central panels showed the hormone concentration 
after short term rehabilitation; B) MGL, E) MPW and H) MA groups; the right graphics represents the insulin values after long term 
balance rehabilitation for C) MGL and F) MPW groups. Statistical difference between the control (black bars) and the malnourished 
groups (white bars) is indicated * p ≤ 0.05.  

 
 

 

Figure 5. Mean ± SEM of plasma glucagon concentration after GTT. Asterisk indicates statistical difference between C and MPW 
groups (p ≤ 0.03; n = 5-7). For other indications see Fig. 3 and 4. 
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Figure 6. Plasma concentration of triacylglycerols (TAG) after GTT. Values are presented as mean ± SEM, n = 7. Statistical dif-
ference between the control (black bars) and the malnourished groups (white bars) is indicated * p ≤ 0.05. For details see fig. 3 and 
4. 

 

Figure 7. Plasma concentration of free fatty acids (FFA) in control and malnourished rats at the end of GTT are presented as mean ± 
SEM (n = 7). Indications as in figure 3 and 4. Statistical difference is indicated by * p ≤ 0.03. 
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Figure 8. Hepatic glycogen concentration per gram of tissue (mean ± SEM; n = 7) after GTT. Indications as in Fig. 3 and 4. * 
denoted statistical significance p = 0.05.  

 

DISCUSSION 
In the present study malnutrition during three 

different periods in life was compared. The results 
show that malnutrition early in life, mainly during the 
post-weaning period produces deleterious effects on 
the glucose tolerance test and related metabolic pa-
rameters. For the first time malnutrition during the 
post-weaning period is shown to be the most vulner-
able period for the development of later life metabolic 
disturbances. These results may explain why up till 
now substantial controversy exists about the recovery 
of early malnutrition; it might be the result of slight 
differences in the length of the post-natal treatment 
period. 

The present results show that malnutrition dur-
ing gestation and lactation interfered with the general 
growth of the pups resulting in a lower body weight 
than their controls. These findings agree with those 
reported by other authors [23, 29] who have shown a 
similar proportion of slow growth rate and low body 
weight in malnourished rats compared with a well 
nourished control group. Interestingly malnutrition 
after weaning exerted a similar effect as early malnu-
trition leading to similar deficit of body weight. Many 
studies have focused on analyzing the effects of mal-

nutrition during gestation and lactation [15, 30, 31] but 
have not explored the effects of protein malnutrition in 
later periods of accelerated growth, like the immedi-
ately post-weaning period. During this interval from 
weaning to 55 days, rats still undergo a fast growth 
spurt and our results show that during this period the 
young rats are most vulnerable to the effects of mal-
nutrition. This agrees with other studies who have 
indicated the relevance of this interval for bone and 
reproductive development [32-33].  

With the balanced diet rehabilitation both MGL 
and MPW groups were able to grow at a faster rate, 
however could not reach similar values as the C rats. 
These data are also in agreement with results from 
other groups indicating that early malnourished ani-
mals do not completely catch up in spite of nutritional 
rehabilitation [34, 35]. Adult rats exposed to malnutri-
tion, significantly lost body weight during this inter-
val, but were able to catch up after 30 days of reha-
bilitation. 

Malnutrition during gestation and lactation as 
well as after weaning produced in a short term glucose 
intolerance, while malnutrition during adult life did 
not produce alteration in glucose metabolism in spite 
of 30 days of low protein diet. Such observations agree 
with earlier studies in malnourished animals during 
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gestation and lactation that have reported decreased 
vascularization of the pancreas and number of islets of 
Langerhans, and reduced number of β cells which all 
together results in deficient secretion of insulin [8, 25, 
36] especially in response to a glucose stimulus [37, 38].  

After long term balanced diet rehabilitation the 
three experimental groups showed the same glucose 
response as the C groups in the GTT. Interestingly 
early glucose impairment observed in MGL and MPW 
groups were reverted by nutritional rehabilitation in 
spite of low insulin production at least in MPW rats. 
Changes in insulin sensitivity can influence plasma 
glucose levels as a response to a glucose administra-
tion. For example an increased sensitivity to insulin in 
the muscle has previously been observed by Hales et al 
[39] in early malnourished-rehabilitated rats. This can 
explain why the MGL and MPW groups under short 
and long rehabilitated periods were able to decrease 
the glucose levels during the GTT in spite of low insu-
lin production, suggesting an alteration in insulin sen-
sitivity and production, which in a long term can lead 
to insulin resistance, visceral obesity and diabetes. 

In spite of the widely studied effects of malnutri-
tion on β cells and insulin production by the pancreas, 
only a few studies have explored the effects of malnu-
trition on α-cells and glucagon production [40, 41]. Our 
present data show that early malnutrition does not 
exert any affect on glucagon values however; 
post-weaning malnutrition decreases the glucagon 
levels for more than 50% compared to controls, even 
after short and long term nutritional rehabilitation. It is 
important to point out that at all three ages on acute 
effect of malnutrition was a low glucagon concentra-
tion as compared with the intervals when rats were 
rehabilitated with a balanced diet. This effect is possi-
bly related with the age as well as with negative 
metabolic state associated to the low protein diet, since 
low glucagon levels allow energy storage and may be a 
relevant adaptive strategy during malnutrition [42, 43]. 

The most remarkable finding in this study is the 
severe alterations observed in the MPW rats in blood 
glucose, insulin and glucagon levels. This finding 
suggest that after weaning the pancreas is vulnerable 
to a nutritional insult, probably because it is still un-
dergoing adjustments in its anatomical and functional 
organization. According to Fowden [44] the main 
phase or remodeling of the pancreas occurs around 
weaning (2-3 weeks of post-natal age) and is associated 
with a wave of islet cell apoptosis. Data obtained with 
the MPW group indicate the need to study the vul-
nerability of the pancreas and metabolic functions in 
later stages of development as a possible cause for 
metabolic diseases. The present data suggest that even 

after weaning pancreas islets, vascularization and β 
cells may be modified by a nutritional insult.  

The possibilities of achieving rehabilitation after 
early malnutrition are controversial; one study re-
ported that during intraperitoneal GTT malnour-
ished-rehabilitated animals are less glucose tolerant 
with a tendency to higher plasma insulin concentra-
tions than controls [39], while another study showed a 
normal oral GTT with a blunted insulin response [45]. 
Several factors may be responsible for these contra-
dictory results: the difference in the time and type of 
rehabilitation, which can be provided by either a bal-
anced or a hypercaloric diet [10]; the method for glu-
cose administration for the GTT can influence the time 
of absorption, which for our study was infused orally 
to the stomach, while other studies have administered 
the glucose via intraperitoneal injection [39, 46]. 
Nonetheless, the present results are in agreement with 
Bieswal et al, [45] who found an altered response to 
glucose administration after an acute interval of mal-
nutrition, but not after nutritional rehabilitation. 

Malnutrition induced low levels of TAG in MGL 
and MPW groups, while free fatty acids were not af-
fected by malnutrition. The fact that MPW rats show 
increased levels of TAG and decreased levels of FFA 
even after long term rehabilitation emphasizes the 
long term effect of MPW on many metabolic parame-
ters. Since increased levels of TAG are also associated 
with diabetes type 2 and cardiovascular disease [47, 
48] this observation only emphasizes the risk of late 
malnutrition for metabolic disease.  

Previous studies have reported that early malnu-
trition promotes hepatic glycogen storage [49, 50] due 
to adaptation of hepatic enzymes [10]. In contrast we 
observed in general no significant changes in mal-
nourished groups while in MPW group after short 
term rehabilitation showed significant low concentra-
tions of glycogen.  

In conclusion our results show that the interval 
after weaning is a relevant developmental period in 
which metabolism can be affected by malnutrition. 
Our results also indicate that during this period the 
pancreas is vulnerable for malnourishment. With the 
employed rehabilitation diet the induced metabolic 
changes by malnutrition are reversible at early stages, 
while they are irreversible for the period after wean-
ing. We provide evidence that the later stage of de-
velopment encompassing puberty is a vulnerable pe-
riod in which severe malnutrition can lead to perma-
nent metabolic disturbances in adult life. Such findings 
are relevant because they point out an additional stage 
in life in which diet can influence metabolism in a 
permanent manner, and give support to previous ob-
servations in human populations [17, 18] that indicate 
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infancy as the most vulnerable period that can pre-
dispose to metabolic disease similar to diabetes mellitus 
type II and metabolic syndrome.  
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