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Abstract: Marked changes in the content of protein in the diet affects the rat’s pattern of growth, but there is not any 
data on the effects to moderate changes. Here we used a genetically obese rat strain (Zucker) to examine the metabolic 
modifications induced to moderate changes in the content of protein of diets, doubling (high-protein (HP): 30%) or 
halving (low-protein (LP): 8%) the content of protein of reference diet (RD: 16%).  

Nitrogen, energy balances, and amino acid levels were determined in lean (L) and obese (O) animals after 30 days on each 
diet. Lean HP (LHP) animals showed higher energy efficiency and amino acid catabolism but maintained similar amino 
acid accrual rates to the lean RD (LRD) group. Conversely, the lean LP (LLP) group showed a lower growth rate, which 
was compensated by a relative increase in fat mass. Furthermore, these animals showed greater efficiency accruing amino 
acids. Obesity increased amino acid catabolism as a result of massive amino acid intake; however, obese rats maintained 
protein accretion rates, which, in the OHP group, implied a normalization of energy efficiency. Nonetheless, the obese 
OLP group showed the same protein accretion pattern as in lean animals (LLP). In the base of our data, concluded that the 
Zucker rats accommodate their metabolism to support moderates increases in the content of protein in the diet, but do not 
adjust in the same way to a 50% decrease in content of protein, as shown by an index of growth reduced, both in lean and 
obese rats. 
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INTRODUCTION 

 During mammalian development dietary protein is 
essential to normal growth [1], varying the index of protein 
accretion during development [2], caused by changes in the 
quality and quantity of food ingested [3]. Changes in the 
protein accretion rate [2] and in free amino acid pools in rat 
tissues during the transition from dietary milk to solid food 
[4] are well documented. However, there is scarce 
information about the destination of amino acids during the 
juvenile period in the rat. Diets with protein imbalances 
decrease food intake and growth [5,6] and alter protein 
metabolism and turnover [7]. Therefore the effect of content 
of dietary protein during the juvenile period can also be 
critical for the normal development of the rat, and in control 
of body weight [8]. Besides, the content of protein of the diet 
also can affect the destination of free amino acid pool in 
tissues [9]. The obese Zucker rats show hyperfagia and an 
efficient energy storage capacity [10], and have lower 
muscular mass and muscular protein content than their lean 
counterparts [11], which contrasts with the similar total body 
protein content shown in 60-day-old obese rats [12]. 
However, some studies report that these obese animals 
maintain a relative normal protein metabolism [13].  
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 Here we examined the effects caused by moderate 
chronic variations in dietary protein (in the range of 
generally found in standard human diets) on nitrogen and 
amino acid balances, to determine the capacity of young 
animals to adapt to these diets. Furthermore, we tried to 
verify if the increase of protein content in the diet could act 
to slow down the development of obesity.  

METHODS AND MATERIALS 

Animals and diets 

 Male lean (Fa/?) or obese (fa/fa) Zucker rats (from 
Harlan Laboratory Models stock, Sant Feliu de Codines, 
Spain) were housed under controlled conditions (temperature 
21-22°C; 12/12h light/dark cycle, and humidity 65-75%). A 
group of 30-day-old animals (Lean and Obese) were killed 
and used to determine the initial body composition and their 
energy content. Meanwhile other 30-day-old animals were 
randomly assigned to one of the following ad libitum diets 
for 30 days: standard (Reference Diet (RD): 9% water, 3% 
lipid, 16% protein and 61% digestible carbohydrate (20% of 
protein-derived energy)), high protein (HP diet: 12% water, 
3% lipid, 30% protein, 45% digestible carbohydrate (36% of 
protein-derived energy)) or low protein (LP diet: 9% water, 
3% lipid, 8% protein, and 71% digestible carbohydrate 
(9.5% of protein-derived energy)). Thus, the animals on 
dietary treatment lean (L) or obese (O) were randomly 
divided into the following groups: reference diet (LRD and 
ORD), high-protein diet (LHP and OHP) and low-protein 
diet (LLP and OLP). The diets were purchased from Harlan 
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Laboratory Models, Sant Feliu de Codines, Spain) and were 
isocaloric, with a mean net energy content of 13.6 kJ/g.  
 Animal protocols followed European Union guidelines 
and were approved by the Ethical Committee of the 
University of Barcelona. 

Procedure 

 The animals under dietary treatment were placed in 
metabolic cages and the daily variations in body weight, and 
food and water intake were measured. Daily depositions, in 
the form of urine (conserved with 1 mM HCl to minimize N 
losses) and droppings were collected, weighed, frozen and 
stored at -20ºC. 30-days-old rats were used to calculate 
balances. 
 Animals were anesthetized with ethyl ether and 2 ml of 
blood was removed through heart puncture and used to 
obtain plasma. The rats were then killed by excess of 
anesthesia, dissected, cleaned of intestinal contents, weighed 
again and sealed in polyethylene bags, which were 
subsequently autoclaved at 120°C for 2 h. Each whole rat 
was then minced to a smooth paste with a blender. The paste 
of both 30 and 60-day-old animals was used to estimate the 
water, lipid [14], energy (bomb calorimeter, C-7000, IKA, 
Heitersheim, Germany) and nitrogen content. The latter was 
measured as total N by means of an elemental analyzer 
(Carlo Erba NA-1500, Milano, Italy), and then converted 
into protein content using a factor of 5.5 [12].  
 The samples of droppings were frozen in liquid nitrogen, 
minced and homogenized. An aliquot of each sample was 
mixed with all the other samples, proportionally to the 
respective daily weight, thereby obtaining a single sample 

representative of the whole period studied. This sample was 
used to determine total N content in faeces. The same 
procedure was used with samples of urine and, the final 
sample was used both for total N determination and for 
analysis of amino acid content. The N content of the diet was 
also determined, which, together with its content in faeces 
and urine and total homogenate, was used to estimate 
nitrogen balance [15].  
 Samples of paste were homogenized with a cellular 
disruptor, and proteins were then hydrolyzed with 6 N HCl 
in sealed glass tubes under nitrogen at 105ºC for 48 h, as 
previously described [16]. Next, the hydrolysates were 
cleared by ultrafiltration and neutralized. Free amino acids in 
plasma and urine and also amino acids in protein 
hydrolysates were determined with an ALPHA-PLUS 
(Pharmacia, Uppsala, Sweden) amino acid analyzer. Gln + 
Glu values were referred as Glx, and Asp + Asn values were 
referred as Asx. 
 Balances were calculated from data on the mean body 
composition on day 30 and the individual final body analysis 
(day 60). 
 Animals were randomly distributed into groups, each 
with 5-7 specimens. Statistical comparison between groups 
was carried out using a two-way ANOVA with the program 
Prism 4 (GraphPad Software Inc, San Diego, CA, USA). A 
post-hoc Bonferroni test was used for individual 
comparisons. 

RESULTS  

 The changes in content of dietary protein affected the 
pattern of growth in both lean and obese animals (Table 1). 

Table 1. Changes in Body Weight, Body Composition and Energy Balance in Zucker Lean and Obese Rats 

Lean Zucker   Obese Zucker 

 LRD LHP LLP ORD OHP OLP  Anova 

Body weight   

Day 30 (g) 53.1 ± 3.99 58.3 ± 2.75 55.1 ± 3.14 83.6 ± 1.99 85.2 ± 3.14 88.4 ± 2.85 S 

Day 60 (g)  187 ± 9.71  213 ± 5.41*  84.5 ± 3.17*  301 ± 9.31  284 ± 4.41  185 ± 8.72* S, D 

Increase/day 4.42 ± 0.19 5.14 ± 0.19* 0.67 ± 0.13* 7.48 ± 0.21 6.76 ± 0.15* 2.95 ± 0.24* S, D 

Body final Composition (day 60)   

Water (%) 67.9 ± 3.11 65.3 ± 2.15 65.1 ± 2.55 53.7 ± 2.16 52.6 ± 2.58 51.9 ± 2.17 S 

Lipid (%) 6.84 ± 0.21 7.13 ± 0.22 11.9 ± 0.31* 29.4 ± 1.11 26.1 ± 1.75 28.1 ± 1.33 S, D 

Protein  (%) 20.1 ± 0.18 21.7 ± 0.33* 17.8 ± 0.12* 14.2 ± 0.13 14.4 ± 0.25 15.4 ± 0.55* S, D 

Lipid  (g) 12.8 ± 1.47 15.2 ± 0.92* 10.7 ± 1.01 88.8 ± 4.07 74.2 ± 1.66* 51.8 ± 2.67* S, D 

Protein (g) 37.6 ± 2.74 46.3 ± 1.05* 15.1 ± 0.69* 42.9 ± 2.41 40.9 ± 0.64 28.6 ± 3.62* S, D 

Protein/Lipid ratio 3.02 ± 0.24 3.04 ± 0.19 1.55 ± 0.21* 0.48 ± 0.03 0.55 ± 0.01 0.55 ± 0.07 S, D 

Energy content (MJ)  

Body (day 60) 1.39 ± 0.11 1.71 ± 0.04 0.78 ± 0.05* 4.53 ± 0.19 3.91 ± 0.07* 2.72 ± 0.07* S, D 

Ingested 6.92 ± 0.15 6.86 ± 0.12 3.52 ± 0.23* 10.4 ± 0.41 10.1 ± 0.22 6.84 ± 0.43* S, D 

Accrued* 1.07 ± 0.09 1.33 ± 0.05 0.43 ± 0.04* 3.69 ± 0.18 3.04 ± 0.06* 1.81 ± 0.12* S, D 

Efficiency (%) 15.4 ± 1.30 19.4 ± 0.77* 12.1 ± 0.91* 35.4 ± 0.77 29.5 ± 0.61* 26.4 ± 0.53* S, D 

Two-way ANOVA (Diet (D), Strain (S)) P<0.05. Bonferroni post-hoc test: * = P<0.05 vs RD diet. 
*: The average values of the lean and obese animals killed on day 30 were used to estimate the energy accrued: Lean = 0.33 ± 0.02 (MJ) and Obese = 0.82 ± 0.10 (MJ) 
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Thus, LHP rats showed a higher weight than LRD animals, 
which was caused by an increase both in their lean and fat 
mass, which lead to an identical Protein/Lipid ratio. This 
pattern was not reproduced in obese animals, as the final 
weight of OHP animals did not show any difference, but 
accumulated fewer lipids than their reference counterparts 
ORD, and showing a homogeneous Lipid/Protein ratio 
among obese animals. Animals fed low-protein diets (LLP 
and OLP) showed lower growth rates. Thus, LLP rats 
showed an increase in the percentage of lipid content that 
provokes a decline in the Protein/Lipid ratio. The energy 
efficiency ratio (accrued energy/ingested energy) increased 
in LHP animals, whereas this rate decreased in LLP. Obese 
animals increased the energy intake and the efficiency ratio 
in spite of their lower values. Animals fed low-protein diets 
(LLP, OLP) showed lower energy intake than reference-diet 
and high-protein groups. 
 Standard plasmatic parameters (data not shown) in these 
animals coincided with previously described values [17].  

 Table 2 describes the food and water intake and excretion, 
together N balances for the period of 30 days. As expected, 
high-protein fed rats ingested higher amounts of water and 
produced more urine than other groups. Roughly, LLP group 
ingested one fourth of the N corresponding to LRD values, 
divided equally between the decrease in the nitrogen contained 
in the diet and the decrease in food consumption. A similar 
trend can be observed in OLP groups. The low levels of N 
ingested by LLP and OLP animals were accompanied with a 
decrease in N excretion, especially in urine. Furthermore, the 
efficiency of N accretion (% Accrued/Ingested) was 
maintained in LLP and OLP groups. The pattern in HP groups 
was different as they showed decreased accretion efficiency 
values that coincided with a parallel increase in urinary 
excretion. Furthermore, there were increases in the absolute 
digestibility value for both HP groups. On the other hand, LP 
groups present low values for this parameter.  
 The profiles of amino acid content in the different diets 
showed the expected similar pattern, with higher levels in the 

Table 2. Food and Water Intake and Nitrogen Balance in Zucker Lean and Obese Rats 

Lean Zucker Obese Zucker 

 LRD LHP LLP ORD OHP OLP Anova 

Intake 

Food (g) 499 ± 33 496 ± 38 290 ± 15 758 ± 54 689 ± 61 * 492 ± 28 * S, D 

Water (ml) 564 ± 42 608 ± 39 * 268 ± 19 745 ± 33 1185 ± 96 * 464 ± 35 * S, D, SxD 

Excretion 

Urine (ml) 79 ± 8.1 174 ± 16 * 41 ± 5 207 ± 14 544 ± 38 * 127 ± 11 S, D 

Faeces (g) 250 ± 21 266 ± 29 122 ± 18 * 290 ± 25 332 ± 35 238 ± 26 S, D 

Nitrogen 

Ingested (g) 14.7 ± 0.31 21.9 ± 0.39 * 3.28 ± 0.21 * 20.2 ± 0.81 34.8 ± 0.75 * 6.61 ± 0.41 * S, D 

Accrued (g) 5.03 ± 0.28 5.98 ± 0.20 0.96 ± 0.11 * 5.64 ± 0.34 5.15 ± 0.11 2.58 ± 0.48 * D 

Excreted (g) 
(faeces) 3.18 ± 0.12 4.88 ± 0.53 * 1.34 ± 0.14 * 5.00 ± 0.50 6.34 ± 0.25 * 2.88 ± 0.25 * S, D 

Excreted (g) 
(urine) 3.80 ± 0.24 10.9 ± 0.41 * 0.44 ± 0.04 * 7.91 ± 0.60 19.7 ± 1.06 * 1.73 ± 0.29 * S, D 

Accrued/Ingest
ed (%) 32.8 ± 2.24 27.4 ± 1.21 29.1 ± 2.16 27.8 ± 0.94 14.8 ± 0.52 * 33.8 ± 3.67 S, D 

Accrued/ 
Digested (%) 44.1 ± 3.16 33.7 ± 1.18 * 49.3 ± 4.73 37.1 ± 1.84 18.2 ± 0.59 * 68.7 ± 0.43 * D 

Faeces 

% ingested N 21.6 ± 0.77 22.2 ± 0.66 40.3 ± 2.17 * 24.7± 1.69 18.2 ± 0.82 * 38.5 ± 3.15 * D 

Urine 

% ingested N 25.8 ± 1.41 49.5 ± 1.65 * 13.6 ± 1.41 * 37.4 ± 2.12 56.6 ± 3.31 * 22.1 ± 1.71 * S, D 

Excreted as 
Urea N (%) 

70.1 ± 4.31 73.9 ± 1.99 53.5 ± 5.83 64.5 ± 6.54 65.5 ± 2.94 52.1 ± 8.48 D 

Apparent Digestibility 

Absolute (g) 10.5 ± 0.29 17.7 ± 0.35 * 1.94 ± 0.08 * 15.2 ± 0.40 28.6 ± 0.81 * 3.75 ± 0.23 * S, D 

Relative (%) 78.2 ± 0.71 81.3 ± 0.35 56.6 ± 2.16 * 75.6 ± 1.69 81.9 ± 0.83 * 56.4 ± 0.43 * D 

Non accounted 
(% digested) 

18.1 ± 3.26 4.76 ± 0.77 * 16.9 ± 3.58 10.3 ± 3.64 10.2 ± 3.76 5.63 ± 3.41 SxD 

Two-way ANOVA (Diet (D), Strain (S)) P<0.05. Bonferroni post-hoc test: * = P<0.05 vs RD diet. 
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HP and lower ones in LP, when compared with RD groups. 
Changes in plasma amino acid levels caused by diet are 
significant for Ala, Asx, Arg, Tyr, Phe, His and Met, 
whereas in the rest of amino acids the significant differences 
are caused both by diet and strain (Table 3), where LHP and 
LLP groups tended to show significantly higher plasma 
amino acid values than the LRD group (Supplemental Table 
1). This trend was not detected in obese animals, which 
showed similar levels for all three diets.  
 Changes in amino acid homogenate composition at 60 
days showed significant differences caused by diet in Glx, 
Ala, Gly, Pro, Arg, Phe and Val, and in the rest of amino 
acids the differences were caused by strain and diet (Table 3, 
Supplemental Table 2). Individual amino acid levels in total 
body homogenates of LHP and OHP animals were similar to 
those of the respective RD groups, whereas OLP and LLP 
groups showed significantly lower values. 
 In the case of amino acid intake, all the amino acids 
showed significant differences by diet and strain (Table 3, 
Supplemental Table 3), with higher values for both HP 
groups and lower ones for the LP groups; being the values of 
obese group higher than those of their lean littermates. The 
amino acids excreted by urine showed important variations, 
being Arg, Leu, Ile and His, those that showed significance 
only due to the diet, whereas all other amino acids showed 
significant differences by diet and strain (Table 3, 
Supplemental Table 4).  
 The accretion rate of individual amino acids showed the 
same rate for RD and HP, either for lean or obese animals, 

whereas, the LP groups showed a significant decreased rate 
(Supplemental Table 5), as expressed by the ANOVA 
results. When accretion rates were expressed as a percentage 
of ingested amino acids, mean values for lean animals (22.5 
%) almost double those obtained for obese animals (13.5%) 
(Data not shown). 

DISCUSSION 

 Changes in weight and energy intake of the LRD group 
were compatible with the range described previously [17]. In 
contrast, the observation that total N loss in faeces was 
similar to that detected in urine does not support previous 
data [18].  

 The increased availability of dietary protein allowed the 
LHP group to exceed the lean reference weight, due to an 
increase of lean mass, which was accompanied by higher rates 
of energy efficiency and the maintenance of N relative 
apparent digestibility. These data contrast with the current 
concept that high-protein diets for human use show reduced 
energy efficiency [19]. The discrepancy may be caused by the 
magnitude of protein content in relation to total energy 
content. The adaptation of intestine absorption to chronic 
ingestion of high protein levels [20, 21] can modulate the rate 
of protein absorption in the LHP group. Furthermore, 
increased dietary protein elicits amino acid utilization by liver 
[22, 23] and the catabolic utilization of these compounds. An 
immediate consequence of the increased uptake was a 
widespread increase in plasma levels of amino acids. On the 
other hand, the magnitude of non-accounted N seems not be 

Table 3. P Values for the Statistical Significance 

 Plasma Homogenate Intake Urine 

 Strain Diet Strain Diet Strain Diet Strain Diet 

Glx 0.0049 0.0001  NS 0.0001 0.0001 0.0001 0.0001 0.0001 

Asx  NS 0.0001 0.0034 0.0001 0.0001 0.0001 0.0004 0.0432 

Ala  NS 0.0075  NS 0.0001 0.0001 0.0001 0.0003 0.0003 

Ser 0.0001 0.0001 0.0078 0.0001 0.0001 0.0001 0.0001 0.0001 

Gly 0.0001 0.0001  NS 0.0001 0.0001 0.0001 0.0155 0.0261 

Pro 0.0033 0.0141  NS 0.0001 0.0001 0.0001 0.0001 0.0004 

Arg  NS 0.0018  NS 0.0001 0.0001 0.0001  NS 0.0001 

Tyr  NS 0.0119 0.0022 0.0001 0.0001 0.0001 0.0001 0.0001 

Phe  NS 0.0370  NS 0.0001 0.0001 0.0001 0.0001 0.0001 

Val 0.0119 0.0001  NS 0.0001 0.0001 0.0001 0.0044 0.0090 

Leu 0.0001 0.0001 0.0196 0.0001 0.0001 0.0001  NS 0.0001 

Ile 0.0001 0.0001 0.0485 0.0001 0.0001 0.0001  NS 0.0001 

Thr 0.0121 0.0318 0.0017 0.0001 0.0001 0.0001 0.0001 0.0001 

Lys 0.0088 0.0138 0.0130 0.0001 0.0001 0.0001 0.0019 0.0001 

His  NS 0.0192 0.0033 0.0001 0.0001 0.0001  NS 0.0109 

Cys 0.0779  NS  NS 0.0001 0.0001 0.0001 0.0002 0.0001 

Met  NS 0.0430 0.0222 0.0001 0.0001 0.0001   

Taurine       0.0001 0.0001 

P values for the statistical significance of the effects of different protein content in the diet on amino acid plasma levels (µM), amino acid content in 60-day homogenate (µmols/g), 
amino acid intake (µmols) and amino acid excretion in urine (µmols) in lean and obese Zucker rats. Two-way ANOVA (Diet and Strain).  
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dependent of dietary protein, as previously described [15], 
remaining to be elucidated the metabolic fate of this N [24].  
 The metabolic adjustment of splanchnic organs to a diet 
of high protein [23] involves an increase in amino acid 
deamination and an enhanced urea production and excretion. 
In LHP animal, even so, the increased catabolism of amino 
acid was accompanied by a normal index of fat deposition. 
This observation indicates a metabolic pattern relatively 
normal, in spite of the higher protein in the diet, which was 
probably no high enough to induce the intense metabolic 
responses that affect metabolism of amino acid as in the case 
of the diets that contain 70% protein [23]. Although LHP 
energy intake was similar to that of controls, the former 
increased the efficiency of energy accretion, which resulted 
in lean and fat bigger. This higher efficiency may be 
facilitated by the hormonal status derived from the increase 
of secretagogues [25], but does not appear to be caused by a 
decrease in thermogenesis [26].  

 The higher protein intake supports the increased protein 
catabolism, and the notorious increase in Gly and Taurine 
levels in urine, coinciding with the standard excretion 
patterns previously described [27]. Even so, in terms of N 
excretion, loss of amino acid accounted for only a scarce 
0.1% of excreted N, the main part excreted like urea (ca 
70%). Therefore we suppose that the differential excretion 
has to be in another form, probably so derived of ammonia. 
The normal amino acid accretion rate in the lean HP group 
and the maintenance of total amino acid proportion and 
amount in final homogenates are symptomatic of normal 
development in relation to control animals. Like this, the 
moderate level of supplementation of protein in the diet does 
not induce dramatic changes in metabolism of amino acid 
neither in deposition of lean mass, just the needed 
mechanisms to direct the excess of N ingested. 
 As expected, the lean rats fed the low protein diet (LLP), 
showed the lowest growth rate of the lean groups. Thus, the 
limitation of protein availability influences the intake, and 
then the energy available. This stunted growth is the 
response to limited amino acid availability during juvenile 
growth period [28] and is not compensated by an increased 
intake. These animals sacrificed their lean mass accretion, 
thereby showing a differential substrate partition shifted to 
lipid accretion, which is in accordance with previous results 
[17], as a means to save the excess of dietary carbohydrates 
in a medium deficient in protein. However, this lipid 
accretion pattern is performed when peripheral lipid 
utilization is difficult as a consequence of decreased 
lipoprotein lipase activity [29], and parallel to a decrease in 
energy accretion and in N absorption efficiencies. The slower 
digestion pattern described in these animals [30], seems do not 
impair amino acid transport [17], although an increased 
thermogenic response has been described [26], which 
obviously contributes to lower the energy efficiency. In spite 
of this reduced amino acid accretion, these animals maintained 
the same body amino acid composition pattern as the RD 
group, in a similar way to that described for situations of mild 
malnutrition that induce “accommodation” [31] and a decrease 
in both protein synthesis and degradation. Furthermore, the 
maintenance of the relative proportion of each amino acid in 
total homogenate, and especially Leu, may be symptomatic of 
comparative protein synthesis, due to the role of this amino 

acid in the control of this pathway [32,33]. The relative 
maintenance of plasma amino acid values, especially essential 
ones, confirms “accommodation” to a low protein diet, 
concomitant with a lower, but harmonic, growth rate since the 
maintenance of body protein mass is critical for survival [34]. 
The low insulin levels described in animals on LP diets [35], 
caused by a reduced amount of secretagogues, may contribute 
to this pattern.  
 Obese animals present an increased fatty mass [15], as a 
result of their increased energy efficiency ratio. The 
characteristic hyperphagia of these animals [36], except for 
the LP group, implies an increase in N intake, which is 
counterbalanced by an augmented N excretion to maintain 
the same rate of protein accretion as their lean littermates. 
This adaptation results in an increase in N excreted in faeces 
and especially in urine, where N from amino acids accounts 
for only a minor part of total excretion. The increased 
capacity of obese animals to manage amino acids produces 
greater metabolic amino acid turnover. As obese animals 
maintained the same relative percentage of amino acids in 
total homogenate, and total protein content values, we 
deduce that the lean mass of these animals is equivalent to 
their lean littermates [15]. Thus, the genetic background of 
these animals prevails and limits the lean mass that can be 
achieved, irrespective of the amount of amino acid 
availability. The observation that the relative proportion of 
each amino acid in the total homogenate of obese rats was 
similar to that of lean animals corroborates the normal 
growth of the former and does not reflect abnormalities in 
liver amino acid metabolism [37]. 
 Obese HP animals lost their capacity to increase energy 
efficiency when compared to control animals, and in spite of 
keeping the index of accretion of the amino acid, 
maintaining the amino acid accretion rate, this HP group 
showed a loss of N efficiency management, which resulted 
in increased N excretion in urine, thereby indicating 
enhanced amino acid catabolism. The reason why obese rats 
show an impaired capacity to manage N remains unclear; 
there is no evidence that these animals show diminished 
capacity to manage amino acids, since no changes in amino 
acid transport systems have been detected in obese rats fed 
moderate high-protein diets [17]. Consequently, we 
attributed impaired N administration to the limited capacity 
of these animals to accumulate lean mass.  
 As expected, the growth rate of obese LP group was 
lower than obese controls in spite of the maintenance of 
protein and fat content. As in lean animals, there was a 
noticeable decrease in N absorption efficiency, which was 
compensated by lower rates of urine excretion. However, the 
low intake and excretion of N resulted in higher accrual 
efficiency (in relation to absorbed levels). If we consider the 
maintenance of the relative percentage of each amino acid in 
the final homogenate (data not shown) we can deduce that 
the higher efficiency of OLP animals is related to genetic 
background, where the increase in energy efficiency is 
paralleled to an increase in metabolic N efficiency, when 
compared with LLP group. 

CONCLUSIONS 

 On the basis of our findings we conclude that Zucker rats 
accommodate their metabolism to support moderate 
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increases in protein intake (doubling the usual intake), with 
slight changes in nitrogen efficiency management that 
implies a small increase in lean mass. Instead, these animals 
do not show adaptive capacity to a decrease of 50% in 
protein content. In this case, these animals did not achieve 
the minimal daily requirements and then, they reduce their 
growth rate. Finally, the effects caused by protein diets 
tested here on obese animals were milder than on their lean 
littermates. These results confirm that changes in protein 
content in the diet cause in obese animals a different pattern 
than hypercaloric diets, as previously reported [15, 17]. 
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LRD = Lean animals fed reference diet 
LHP = Lean animals fed high-protein diet 
LLP = Lean animals fed low-protein diet 
ORD = Obese animals fed reference diet 
OHP = Obese animals fed high-protein diet 
OLP = Obese animals fed low-protein diet 
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