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The balances and content of essential elements (iron, copper,  zinc, chromium and manganese) in the body of 
Wistar,  Zucker lean and Zucker  obese rats fed a reference or cafeteria diet f rom day 30 to 60 after birth have 
been studied. Intestinal iron absorption compensated for low iron content of the cafeteria diet and the extra 
needs of growth and fat deposition. It  can be assumed that the altered energy regulation processes that afflict 
the genetically obese ra t  are not directly related to altered iron metabolism. Obese Zucker rats  had lower 
copper tissue concentrations than lean rats,  but when fed a cafeteria diet the differences between Zucker rats 
strains disappear.  This cannot be traced to large differences in diet copper concentration. A low diet availability 
of z inc--such as that  of cafeteria-fed fa/fa ra t s - - i s  easily compensated for by increasing absorption. So, as a 
consequence, we can conclude that genetic obesity did not impair  zinc absorption. There was no deficit of zinc 
in any of the groups studied; the rats  have enough capacity to extract zinc within a wide range of dietary 
concentrations. The absorption of dietary chromium was inversely proportional to its concentration. The 
ability to extract chromium from the diet and the very low urinary losses are a consequence of its scarcity in 
most dietary items. Despite wide variations in the manganese of the diets, the absorption rates were practically 
unchanged except for obese rats fed the cafeteria diet. It seems that this low absorptive capacity is enough to 
supply the rat  with the manganese it needs, since a s izeable--but  subjected to 8-fold-span var ia t ions- -propor-  
tion is lost in the urine. This alone points towards a considerable excess of manganese in both diets studied. 
Obesity does not have a significant effect on the abilities to absorb and retain minerals, since these processes 
were more related to dietary availability. Management  of essential metals by obese rats depends whether this 
condition is genetic or induced by diet. Most of the differences observed can be related to differences in diet 
concentration, to the excess fat content or different metabolic attitude to use substrates of obese animals. The 
data presented show that the cafeteria diet used adequately serves the mineral  needs of the rat ,  since the rat  
adapts its absorbing and retaining strategies to match the dietary availability of these minerals. 
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Introduction 

The essential metals are a qualitatively important  
but quantitatively smal l - -of ten  minuscule- -par t  of 
the diet. They are needed for structural and catalytic 
roles in association with proteins and other cell 
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(+34)3 4021521. Fax: (+34)3 4021559. 

components .  Micronutrients in general, and espe- 
cially some metals, are usually found in low concen- 
trations in the diet, with ample variations in their 
levels depending on the type of food. In some cases, 
the chemical form is of paramount  importance for 
their absorption and eventual incorporation to living 
tissue (Sandstr6m 1988). As a consequence of this 
wide variability, animals have devised powerful 
homeostat ic systems to absorb, retain and use the 
essential metals within a range for use in their 
specific metabolic functions. This is accomplished 
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essentially by careful balancing of extraction/absorp- 
tion from dietary sources by the intestine depending 
on the bioavailability of the materials in the diet. 
This is complemented by a tight control of 
excretion/losses, essentially through urine and intes- 
tine (Underwood & Mertz 1987), although the losses 
of some elements with hair, sweat and scales may be 
significant. 

Scarcity and low bioavailability of metals in the 
diet strongly affects absorption and excretion. In 
some cases, high absorptive efficiency may result in 
unwanted accumulation, as may be the case with 
iron (Charlton & Bothwell 1983). The capacity of 
the mammalian organism to cope with a wide range 
of concentrations of most essential metals in the diet 
is affected, however, by physiological state--l ike 
pregnancy and lactation (Kochanowski & Sherman 
1983)--as well as by the relative concentration and 
special needs, such as the need for more chromium 
in diets heavily loaded with carbohydrate (Anderson 
& Mertz 1977). The scarcity of a given element is 
often compounded by the relative abundance of 
another,  as is the case with zinc and copper (Ogiso et 

al. 1974), which partly share a common mechanism 
for intestinal absorption (Oestreicher & Cousins 
1985). 

Iron is essential for oxygen transport and oxida- 
tive capacity (Morris 1987). Anemia affects thermo- 
genesis (Lukaski et al. 1990) and thermoregulation 
(Beard et al. 1984). We have studied the iron 
balance because of its obvious correlation with 
oxidative energy disposal and because of its pur- 
ported scarcity in human diets (Pilch & Senti 1984), 
comparable to our cafeteria diet (Sclafani & 
Springer 1976). Copper is necessary for iron meta- 
bolism (Roeser et al. 1970) and for overall oxidative 
capacity in mitochondria (Prohaska 1988). Zinc has 
been included in this study because it plays an 
important role in insulin secretion and action (Grod- 
sky and Bennet 1966), and is an essential cofactor 
for many metabolic processes (Cousins 1985). We 
included manganese because of its direct relation- 
ship with oxidative energy metabolism (Body et al. 

1968). Chromium is an essential part of the biologic- 
ally active chromium or glucose tolerance factor 
(Mertz 1969) that strongly influences glucose dis- 
posal (Anderson 1981) and insulin action (Anderson 
et al. 1987). We included the study of chromium 
balances because of the direct relationship that exists 
between chromium availability and glucose intoler- 
ance (Hopkins et al. 1987), a condition encountered 
in many models of obesity (Bray & York 1979). 

The alterations in mineral management induced 
by obesity have been studied only sparsely (Serfass 

et al. 1988, Folder et al. 1992), since obesity is often 
related to abundant nutrient intake (Bray & York 
1979) and most studies deal with deficiencies. The 
self-selected high-energy 'cafeteria' diets have been 
described as defective for essential metal content 
(Moore 1987), in spite of their ability to promote 
growth (Rolls et al. 1980). We have studied the 
interaction of this diet with two different strains of 
rats (Wistar and Zucker) as well with the genetic 
obesity shown by Zucker fa/fa rats, with regard to 
the management of dietary essential micronutrient 
metals: iron, copper, zinc, chromium and man- 
ganese. 

Materials and methods 

Animals 

Three groups of rats (Rattus norvegicus), all female and 
aged 30 days (weaned at day 22), were used in this study: 
(i) Wistar rats (bred at the University of Barcelona Animal 
Service from Charles River France stock), (ii) lean Zucker 
(Fa/?) rats and (iii) obese Zucker (fa/fa) rats; all Zucker 
rats were bred in the same service, from heterozygous 
parents (Harlan-Ollac, Oxon, UK). The fa/fa rats were 
identified on weaning by their aspect and a rapid fall in 
their rectal temperature during a short exposure to the 
cold. 

The rats were housed individually, either in poly- 
propylene-bottomed cages with wood shavings as absorb- 
ent material, or in polycarbonate metabolic cages (Tecni- 
plast Gazzada, Guguggiate, Italy) which allowed the daily 
estimation of the consumption of individual food items. 
The cages were maintained in a light (on from 08:00 to 
20:00), humidity (70-80% relative humidity) and tem- 
perature (21-22 ~ controlled environment. 

Dietary treatments 

Reference rats were fed a commercial reference diet (type 
A04 from Panlab, Barcelona, Spain) and tap water ad 
libitum. This diet contained 58.7% digestible carbo- 
hydrate, 3.0% lipid and 17.0% protein. All studies 
involving the measurement of food intake were carried out 
with the rats kept in metabolic cages. The rats given the 
cafeteria diet were presented daily with a fresh offering of 
biscuits spread with liver p~.tr, bacon, banana, chow 
pellets (as indicated above), tap water and whole milk 
complemented with 333 g l 1 sucrose plus 10gl I of a 
mineral and vitamin supplement (Gevral, Cyanamid 
Ibrrica, Madrid, Spain) (Esteve et al. 1992). The mineral 
composition of the aliments can be seen in Table 1. All 
diet components were previously weighed and presented 
in excess ( -  20-30% higher than the expected consump- 
tion). At 24 h later, the remaining debris was isolated, 
identified and weighed. The drying of food leftovers was 
corrected for by determining the amount of water lost in 1 
day from known weight food samples left in a cage with no 
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Table 1. Essential metal concentrations of the dietary components given to Wistar and Zucker rats 

Diet component Iron Copper Zinc Chromium Manganese 
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 

Chow pellet 354 _+ 38 25.0 + 5.0 82.4 +_ 3.5 0.6 _+ 3.8 68.2 +_ 3.8 
Biscuit < 0.05 0.8 +_ 0.1 11.5 + 8.6 10.7 + 4.3 3.6 _+ 0.3 
Sugar-enriched milk 40.5 + 15.1 22.4 +_ 4.5 14.0 _+ 2.0 < 0.05 0.7 + 0.2 
Banana 12.6 _+ 2.7 7.6 +_ 2.3 2.2 + 0.6 2.0 _+ 1.6 1.3 + 0.1 
Bacon 4.0 + 5.2 3.8 _+ 2.7 16.4 + 2.5 5.7 + 2.6 0.2 + 0.0 
Liver p~t6 29.5 _+ 6.6 9.4 + 2.8 20.0 _+ 1.0 7.9 + 4.8 1.0 + 0.1 
Water < 0.01 0.05 _+ 0.03 < 0.01 0.03 + 0.03 0.2 _+ 0.02 

The data are the mean + SEM of 10 different measures for each food component. 

rats. This diet is a simplified version of an earlier cafeteria 
diet developed and studied by us (Prats et al. 1989), scaled 
down by selecting only the items actually consumed in 
significant portions. Droppings and urine were recovered 
separately. Urine evaporation was prevented with a 1 ml 
octyl alcohol layer. 

Experimental set-up 

The three rat stocks defined, Wistar, lean Zucker and 
obese Zucker, were studied under two dietary conditions: 
controls (fed rat chow pellets and water) and cafeteria 
(receiving the cafeteria diet). For each group two sets (five 
to seven rats each) of animals were studied, being killed at 
30 (0 days of dietary treatment) or 60 (30 days of 
treatment) days of age. The rats belonging to the 60 day 
group were used for daily individual diet intake analysis, 
and dropping and urine collection (metabolic cages) 
during the whole 30 days of the study. 

On days 30 or 60, the allotted groups of rats were 
weighed and immediately decapitated. Their corpses were 
again weighed (the difference being the net loss of blood 
and fluids) and then dissected. The content of their 
intestine was carefully removed and weighed. The weights 
recorded and used for calculations were the empty body 
weights. The remaining carcass was then minced and 
ground with a blender, and stored at - 2 3 ~  until 
processing. Droppings were weighed daily and stored 
frozen. Urine emissions were also recovered every day, 
measured and frozen. 

Analytical procedures 

The ground carcasses were sampled following a previously 
tested protocol (Esteve et al. 1992). The samples were 
frozen in liquid nitrogen, and then ground with a ceramic 
mortar and pestle. The finely powdered samples were 
mixed and used for the analysis of total nitrogen. 
Triplicate aliquots of about 0.2 g of the powder were 
mineralized in long pyrex tubes with 20 ml of reagent 
quality 80% nitric acid (Merck, Darmstadt, Germany) in a 
heating block. The tubes were kept for 12 h under reflux at 
70~ and 1 h at 120~ then concentrated down--at  
150 ~ no reflux--to about 5 ml. An aliquot of 5 ml of 

reagent quality 70% perchloric acid was then added and 
the mixture was incubated for 30 min at 220 ~ under 
reflux. The tubes were evaporated down to 1 ml--240 ~ 
no reflux--and pure (Milli-Q Millipore quality, 
15 MO cm -1 resistivity) water was added to every tube to 
bring the final volume up to 10 ml. The droppings were 
also frozen in liquid nitrogen and powdered, aliquots of 
0.2 g being mineralized in the same way. Urine samples of 
0.5 ml were mineralized with 3 ml of nitric acid, incubated 
for 2 h at 70 ~ and 2 h at 120 ~ under reflux, evaporated 
to dryness--130 ~ no reflux--and then brought to 10 ml 
with 1% nitric acid. 

The blood of a series of animals was collected in dry 
heparinized beakers and subjected to the tissue analytical 
procedures outlined above. The constituents of the diets 
given to the animals were ground and mineralized in the 
same way. In all types of samples, series of standards of 
the elements studied were added to random samples in 
order to determine the effectiveness of the measurements. 
No matrix effect was observed because of the very high 
temperature of the argon plasma. 

The metals content of the acidic digests was measured 
with a Polyscan 61E ICAP spectrometer (Thermo Jasell 
Ash, Franklin, MA) fitted with a polychromator optical 
system, which allowed the simultaneous estimation of all 
indicated metals from the digests. 

The final data on element content of the 'live' rat was a 
composite of the content of the paste plus that of the blood 
assumedly lost. The total nitrogen content of all carcass 
samples was measured by using an elemental nitrogen 
analyzer (NA-1500; Carlo Erba, Italy). 

Calculations and statistics 

The analyses of body composition of the series of rats 
killed on days 30 and 60 were used for the calculation of 
the differences in essential element content (i.e. the 
materials accrued in 1 month). 

The composition of the food items was used to establish 
the amount of iron, copper, zinc, chromium and man- 
ganese ingested by each rat for each day. The tabulated 
data for each diet component were combined in order to 
determine the amount of each element ingested every day, 
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after correcting by the proportion of each component 
purportedly absorbed. 

Statistical comparisons between the groups were carried 
out with standard analysis of variance (ANOVA) 
programs. 

Results 

Wistar rats fed the reference diet weighed 
8 9 . 6 _ 2 . 2 g  ( m e a n + S E M )  on day 30 and 
189.8 _+ 4.2 g on day 60; the corresponding data for 
Zucker lean rats were 68.5 _+ 1.9 and 165.9 _ 3.9 g, 
and those for obese rats were 82.1 +3 .1  and 
279.2___6.3 g. When fed the cafeteria diet the 
weights were, respectively, 248.2 _ 4.9 g for Wistar 
rats, 209.1 _ 7.6, for lean Zucker  and 350.4 _ 7.3 g 
for Zucker fa/fa 60-day rats. The weight increases 
shown in 1 month by all rats receiving the cafeteria 
diet were higher than those of the rats eating the 
reference diet. Obese rats increased their weight 
even more. 

The iron balances for Wistar and Zucker rats are 
presented in Table 2. Since chow pellets contained at 
least 10 times as much iron as did the other 
components of the cafeteria diet, the rats eating the 
reference diet ingested more iron than the animals 
on the cafeteria diet. The proportion of iron 
absorbed, however, was much higher in cafeteria- 
fed rats, with low absorption percentages in 
reference-fed rats, irrespective of strain. The 
amount of iron accrued was higher for obese rats and 
also higher for cafeteria-fed rats--which also had 
higher body weights. The concentration of iron 
(mgkg -1) showed only small differences between 
reference and cafeteria-fed rats, but obese rats had 
lower concentrations. These differences were much 
less marked when expressed per unit of protein 
weight. No measurable (<  0.2 mgkg -1) iron was 
found in the urine of all animals studied. 

The copper status and balances are shown in 
Table 3. The amount of copper ingested was fairly 
similar for all groups of rats, being highest in 
reference-fed obese rats. The proportion of copper 
absorbed by cafeteria-fed rats was higher for Wistar 
and obese Zuckers, but was lower for lean Zucker  
rats on the same diet. Urinary losses amounted 
to a moderate proportion of the copper absorbed, 
being higher for all reference-fed groups. As a 
consequence, the copper accrued was higher for 
cafeteria-fed rats except for lean Zuckers. Copper 
concentration of the animals did changed little with 
age; the highest dietary differences were observed in 
Zucker lean rats, with lower copper content in 
cafeteria-fed animals; Wistar and obese Zucker rats 

showed a reversed pattern, with much closer copper 
concentration values in either dietary group. 

The iron:copper concentration ratio in the pellet 
diet was 14.2; the cafeteria diet selected by Wistar 
rats gave a ratio of 5.1, that of lean Zuckers was 5.2 
and obese rats 5.5. The iron:copper ratios in 30-day 
rats were similar, and showed little change 1 month 
later in animals fed the reference diet, decreasing in 
Wistar and obese Zucker rats and increasing in lean 
Zucker rats when subjected to the cafeteria diet. 

The zinc balances are presented in Table 4. The 
intake of zinc was higher in rats fed the reference 
diet; the intestinal absorption was inversely propor- 
tional to the amount of zinc ingested, with 
highest/lowest absorption rates in obese Zucker rats 
fed the cafeteria/reference diets. The losses of zinc 
in urine were small, less than 1% of absorbed zinc, 
except for Wistar rats fed the reference diet. The 
zinc accrued was highest in all cafeteria groups, 
obese rats showing the highest rates of accumulation 
and 8 mg of zinc retained. There were some differ- 
ences between strains: in Wistar rats, the concentra- 
tion of zinc practically did not change either with age 
or diet; 60-day lean Zucker rats contained more zinc 
than either the 30-day rats or those cafeteria-fed. 
This was not true for obese Zucker rats, where the 
individual variability was considerable. 

The zinc:copper concentration ratio for pellet diet 
was 3.3, 1.6 for the cafeteria diet selected by lean 
animals and 1.8 for the cafeteria diet selected by 
obese rats. The 30-day rats had similar zinc:copper 
ratios, which increased in all Zucker  rats fed the 
cafeteria diet. 

Table 5 shows the balances for chromium. In this 
instance, the rats fed the cafeteria diet ingested 
much more chromium than the animals on the 
reference diet. Wistar rats absorbed a similar pro- 
portion of chromium in both dietary groups, al- 
though Zucker lean and obese rats absorbed much 
more chromium from the less concentrated chow 
pellets than from the cafeteria diet. Urinary losses of 
chromium were practically undetectable. 

Obese 30-day rats contained more chromium than 
both lean groups on a mgkg -1 basis, but their 
content was practically uniform when expressed per 
gram of protein. In 60-day rats, however, feeding 
the cafeteria diet resulted in higher chromium 
content in all strains, the differences between both 
dietary groups being lower in obese Zucker rats. 

The manganese content and distribution in the rat 
groups studied are presented in Table 6. The rats 
receiving the reference diet ingested about three 
times more manganese than those cafeteria-fed. The 
percentage of ingested manganese absorbed was 
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very low in all groups, with little influence of diet or 
strain. Urinary losses showed a wide variation 
between groups, unrelated to the manganese 
ingested; maximal losses were found in reference- 
fed lean Zucker rats and cafeteria-fed Wistars, with 
lowest losses in obese rats fed the cafeteria diet. 

The rats fed the cafeteria diet accrued less 
manganese than those on the reference diet, which 
showed much higher accrual rates. The manganese 
concentration of 30-day rats was highest in the lean 
Zucker group; 30 days later, the rats on the 
reference diet maintained similar manganese con- 
centrations (lower when expressed per gram of 
protein), but the manganese content of the animals 
receiving the cafeteria diet decreased considerably. 

Discussion 

For most essential elements, the concentration in the 
diet is not a straightforward correlate of its absorp- 
tion (Mertz 1991), since other factors, such as the 
chemical form or bioavailability (Johnson 1989) 
effectively modulate absorption. In addition, the 
internal availability/relative starvation of a given 
metal as well as overlapping competition by other 
abundant elements (L'Abb6 & Fischer 1984) can 
result in widely changing rates of intestinal absorp- 
tion (SandstrOm 1988) and retention by the kidney. 
The mammal is able to adapt its absorption/excre- 
tion/storage strategies to the needs and environ- 
mental availability for each and all essential metals it 
needs. The cafeteria diets have been charged as not 
providing enough essential micro-components of the 
diet (Moore 1987), despite being able to sustain 
growth (Rolls et al. 1980) and active metabolism. 
The data presented here partly support the assump- 
tion that one such self-selected high-energy diet can 
indeed provide some of the needed essential metals 
in adequate amounts despite low dietary content. 

However, it must be taken into account that most 
standard diets recommended for the breeding and 
rearing of rats contain very high amounts of minerals 
(Rogers 1979), since it is often assumed that the 
ability of the rat to extract some minerals, such as 
calcium or iron, from the diet is very low (Allen 
1982), and the needs of these elements rise consider- 
ably with pregnancy and lactation (Davies & Wil- 
liams 1977, Munro 1981). The common presence of 
standard pelleted food as another constituent of the 
self-selected cafeteria diets, however, allows the rat 
to choose up to 30.5% (Wistar), 28.5% (lean 
Zucker) or 23.0% (obese Zucker) of the energy 
ingested in the form of chow pellets. This is a very 

significant part of the calcium and potassium 
ingested, as well as of iron and manganese. 

Despite its low iron content, the cafeteria diet 
provided enough iron for the needs of even 
markedly obese animals. The intestinal absorptive 
mechanisms can compensate easily for the low iron 
content of the diet and the extra needs of growth and 
fat deposition. The mg kg -1 concentration of iron is 
less affected by fat-mass dilution than by the 
distribution of other elements because of the high 
concentration of iron in blood hemoglobin, since a 
high mass of fat tissue produces a hypervolemia 
(Failla et al. 1988). The relative lack of changes in 
iron status observed here under dietary and genetic 
obesity in the rat agree with the unaltered plasma 
iron and transferrin found in genetically obese mice 
(Failla et al. 1988), despite the latter having lower 
tissue iron concentrations (Kennedy et al. 1986). 
The iron status of the fa/fa rats could not be 
considered as a situation of deficit or impaired iron 
metabolism or management, despite these animals 
having altered thyroid function (Beard et al. 1989), 
thermogenesis (Beard et al. 1984, Lukaski et al. 

1990), thermoregulation and catecholamine turn- 
over (Tobin & Beard 1990), a string of effects that 
can be induced by iron deficiency (Farrell et al. 

1988), even at levels short of anemia. It can be 
assumed, then, that the altered energy regulation 
processes that afflict the genetically obese rat are not 
directly related to iron availability or altered meta- 
bolism. 

Obesity alters copper tissue concentrations in 
mice, but does not lower the total copper budget of 
these animals (Kennedy et al. 1986). Similar lower 
tissue levels of copper have been found in the 
corpulen t  (Failla & Michaellis 1984) and Zucker 
fa/fa (Donaldson et al. 1987) rats. Our results agree 
with lower copper levels in the tissues of obese 
Zucker rats compared with their lean counterparts, 
but this condition is completely changed when these 
animals are subjected to a cafeteria diet, since then, 
the differences between Zucker rats disappear. This 
cannot be traced to large differences in diet copper 
content. More likely, the copper availability in the 
cafeteria diet--more fat content, the main copper 
provider being enriched milk--may induce higher 
rates of absorption. On the other hand, cafeteria 
feeding induced a significantly higher retention of 
copper in the rat, diminishing urinary losses in all 
strains. Thus, it can be assumed that the metabolic 
alterations induced by a high-energy high-fat diet 
increase the needs for copper and thus its retention 
is enhanced. This may have a direct bearing on the 
role of copper in oxidative metabolism (Prohaska 
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1988), strongly increased when the excess energy 
ingested has to be disposed of. 

Copper and zinc absorption are closely inter- 
twined (Hill et al. 1984), since they--in part--share 
a common transport mechanism (Oestreicher & 
Cousins 1985); the levels of zinc and copper in the 
diets studied did not result in cross-inhibition due to 
decompensation in their concentrations. In any case, 
copper and zinc were relatively poorly absorbed, as 
is common with these comparatively abundant diet- 
ary components (Scheibel & Mehta 1985). However, 
a low diet availability of zinc, such as that of 
cafeteria-fed fa/fa rats, is easily compensated by 
stepping up absorption. This behavior leaves no 
doubt on two accounts: genetic obesity did not 
impair zinc absorption and the rats had enough 
capacity to obtain the zinc they need even at levels of 
zinc lower than those found here. This can be done 
even when the zinc:copper ratio in the diet is one 
order of magnitude lower than that of the rat tissues, 
i.e. zinc is scarcer in the diet than copper. 

Genetic obesity alters zinc metabolism in mice, 
with increased absorption and lower tissue levels 
(Kennedy et al. 1986), and increased urinary zinc 
excretion (Levine et al. 1983). In the Zucker fa/fa rat 
the pattern was different, since the absorption was 
affected by diet but not by strain (compared with 
lean Zucker rats), and the tissue concentrations 
were, likewise, much more influenced by diet than 
by obesity. Urinary zinc was higher in rats eating 
more zinc, despite them absorbing a lower propor- 
tion. The tissue zinc distribution is altered in fa/fa 
rats, which show higher levels in liver and higher in 
muscle than in lean controls (Donaldson et al. 1987); 
the low liver levels, however, are controversial 
(Serfass et al. 1988). In any case, as we have found, 
the overall zinc budget is not affected. The dilution 
effect of fat-mass is less apparent in obese rats 
probably, because of the high carbonic anhydrase 
content of fat tissue (Stanton et al. 1991). There was 
no deficit of zinc in any of the groups studied. 
Furthermore, the obese rats ate huge amounts of 
food (Bray & York 1979) and anorexia is a charact- 
eristic development of zinc deficiency (Kawamoto et 

al. 1986). 
The need for chromium is enhanced in the animals 

receiving the carbohydrate-based reference diet 
compared with those with the lipid-based cafeteria 
diet, since additional chromium is required when 
large amounts of carbohydrate are to be processed 
(Glinsmann & Mertz 1966); in spite of this, the 
accumulation of chromium was higher in cafeteria- 
fed rats, probably due to higher availability. In 
humans, the dietary needs of chromium are hardly 

Dietary essential metals in Wistar and Zucker  rats 

supplied by self-selected diets (Anderson & Kozlov- 
sky 1985). This is not the case with the cafeteria diet 
used in our experiments, in which biscuits supplied 
cafeteria animals with about four times more chro- 
mium than that eaten with the reference diet, which 
is in line with the recommended chromium allow- 
ances in rats (Subcommittee on Laboratory Animal 
Nutrition 1978). The absorption of dietary chro- 
mium was inversely proportional to its concentra- 
tion, as in humans (Anderson & Kozlowsky 1985). 
The ability to extract chromium from the diet and 
the very low urinary losses are a consequence of its 
scarcity in most dietary items, as can be seen from 
the data in Table 1. There is a parallel between 
chromium deficiency and glucose intolerance (Pilch 
& Senti 1984) and late-onset diabetes (Schroeder 
1974), although a number of data seem to contest 
this interpretation (Offenbacher & Pi-Sunyer 1988). 
Obese rats showed chromium:protein concentra- 
tions similar to those of lean rats, and they main- 
tained similar intestinal-absorbing and kidney- 
retaining abilities. Perhaps the relative abundance of 
chromium in both diets prevented the manifestation 
of the sensitivity to chromium deficiency attributed 
to the genetically obese mouse (Stoecker et al. 

1987). In that same experimental model, supplemen- 
tation of the diet with chromium resulted in normal- 
ization of insulin and liver lipid levels but with 
unchanged body weight (Li & Stoecker 1986). 

Brown adipose tissue and muscle of ob/ob mice 
have low levels of manganese (Walsh et al. 1985), a 
condition that improves when dietary manganese 
supplements are provided; low mitochondrial man- 
ganese levels result in impaired oxidative capacity 
(Hurley et al. 1970). Thus, high oxidative rates 
require adequate supplies of manganese and unim- 
paired absorption/retention. Despite wide variations 
in the manganese of the diets, the absorption rates 
were practically unchanged except for obese rats fed 
the cafeteria diet. It seems that this low absorptive 
capacity is enough to supply the rat with the 
manganese it needs, since a sizeable--but highly 
variable--proportion of it is lost in the urine. This 
alone points towards a considerable excess of 
manganese in both diets studied, more than a 
limitation in the extractive capacity for this metal, 
since in all cases there is a significant loss through 
the urine, which is not found in severe manganese 
deficiency. Here again, the main differences 
between groups do not respond primarily to strain 
but to diet, the lower manganese content of the 
cafeteria diet may be the cause of the lower content 
of this metal in cafeteria-fed rats, but again, the 
dilution effect of fat-mass may have some effect, 
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since the mg kg -1 concentration differences between 
reference-fed lean and obese Zucker  rats completely 
disappear when expressed on a protein-mass basis. 
Cafeteria-fed rats show an altered nitrogen metabol-  
ism (Esteve et al. 1992), with lower urinary losses 
and increased retention a condition parallel to 
situations of scarce dietary nitrogen, such as malnu- 
trition. Manganese metabolism is altered in protein 
malnutrit ion, with increased toxicity (Shukla et al. 

1988) and lowered oxidative capacity. Part  of the 
alterations observed with the high-fat protein- 
sparing cafeteria diet may also be related to the 
nitrogen conservation configuration induced by the 
cafeteria diet. 

The main conclusion that can be drawn from the 
data presented is that genetic obesity affects the 
management  of essential metals in a way that is 
different from their handling in dietary-induced 
obesity. Genet ic  and diet-induced obesity do not 
significantly affect the ability to absorb and retain 
minerals, since these processes were much more  
correlated to their dietary availability than to the 
strain of rats studied. Most of the differences 
observed can be related to differences in diet 
concentration o r - - i n  some cases - - to  the excess fat 
content or different metabolic environment  of  obese 
animals. 

Finally, but no less important ,  the data presented 
show that the cafeteria diet used, can supply the 
mineral  needs of the rat, since the rat adapts its 
absorbing and retaining strategies to match the 
dietary availability of these minerals. 
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