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ABSTRACT. To establish a parameter for zinc status that 
is independent of the occurrence of infection, we studied 
the effects of low dietary zinc and endotoxin in weaning 
rats 21 d after 65Zn intubation. We monitored aspects of 
zinc status (tissue zinc content, 65Zn distribution, and spe- 
cific 6sZn activity in tissue) and 65Zn metabolism (absorp- 
tion, excretion, and biologic half-life), as well as weight 
gain, feed conversion, and dietary zinc use. The low zinc 
diet induced classical deficiency with losses of bone zinc, 
resulting in lower content (7.4 versus 19.6 pmol) and higher 
spec act (17 versus 8 kBqlpmo1). Other tissue-specific and 
plasma-specific activities were also higher (overall, 20 
versus 8 kBq/pmol; plasma, 8 versus 4 kBq/pmol). Endo- 
toxin caused lower total-plasma zinc (0.04 versus 0.05 
pmol) but did not affect spec act (4 kBq/pmol); combined 
endotoxin and low-zinc diet caused low total-plasma zinc 
(0.01 pmol) and high spec act, as did the low-zinc diet 
alone (12 kBq/pmol). We conclude that plasma-spec act 
(or stable isotope enrichment) can serve as an index for 
nutritional zinc status during recurrent infection. (Pediatr 
Res 28: 332-335,1990) 

Groups of children suffering from recurrent upper respiratory 
tract infection were found to have low hair zinc (1) and high 
urinary zinc values, as well as lower SD scores of height for age 
(2). However, these parameters are considered poor indicators of 
the zinc status of individual patients (3). Moreover, the relation- 
ship between zinc status and the health of a child is ambiguous: 
deficiency either predisposes to recurrent infection (4) or is 
induced by it (5). In this study involving young male rats, we 
monitored the zinc status as affected by low dietary zinc and 
repeated endotoxin exposure. Weight gain, efficiency of feed 
conversion, and dietary zinc use were measured. Zinc status was 
characterized by tissue zinc contents, tissue 65Zn distribution, 
and specific 65Zn activities (65Zn activity per mol zinc). Regula- 
tion of the zinc status was measured by whole-body 65Zn absorp- 
tion, excretion, and turnover. On the basis of these results, we 
evaluated the suitability of the parameters studied to discriminate 
between low zinc intake, endotoxin exposure, and their combi- 
nation. 
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MATERIALS AND METHODS 

Animals and diets. Weaning male Wistar rats weighing -40 g 
(HSD/CPB:WU, Centraal Proefdierenbedrijf TNO-Harlan, 
Zeist, the Netherlands) were first adapted to diets and environ- 
ment for 2 wk. The animals were housed in Macrolon cages with 
stainless steel lids within a climate-controlled environment with 
fixed day-night rhythm. The animals were cared for according 
to Dutch experimental animal guidelines; the protocols were 
approved by the University Laboratory Animal Care Committee, 
in accordance with the Laboratory Animal Resources Guidelines 
of the U.S. National Research Council. Body weight was meas- 
ured three times a week and the animals were, from the adapta- 
tion period on, pair-fed a low-zinc or zinc-adequate semisynthetic 
purified diet (Table 1) (IRI-OB Hope Farms, Woerden, the 
Netherlands). Efficiency of feed conversion was calculated from 
the ratio of daily food intake (g/d) and body growth rates (g/d). 

High spec act 65Zn (50 TBq/mol) was obtained from The 
Radiochemical Center (Amersham, UK). Whole body counting 
of animals was performed by placing a container with the animal 
into a tank filled with a scintillation liquid (pseudocumene) and 
equipped with a photomultiplier connected to a multichannel 
analyzer (6). The efficiency of this counter for 'j5Zn was 3 1%. 
The 65Zn activity in individual tissues was measured in a gamma 
counter. Corrections were made for decay and background. The 
duration of countinns was adjusted to ensure an error of ~ 0 . 5 %  
due to counting statistics. T& total zinc in diets and tissues was 
determined in duplicate after freeze-drying and wet ashing with 
flame Atomic Absorption Spectrometry (model 2380, Perkin- 
Elmer Corp., Nonvalk, CT). 

The results are given as mean -+ SD. Statistical analysis was 
performed by analysis of variance and sensitivity and specificity 
were judged by the overlap index, a rank-order statistic that 
ranges from 0 for an ideal test with no overlap to 1 if the median 
test result is the same for two disease states. The index does not 
depend on defining a normal range or estimating the percentage 
of observations that lie outside the normal range (7). Significant 
differences are only discussed if the overlap is also less than 50%. 

Experimental design. After the adaptation period, the two 
groups of animals were split at random into four groups of six 
animals each. One group (D-E) remained on the low-zinc diet 
and was exposed to E. coli endotoxin (Lipopolysaccharide B; 
055B5; Sigma, St. Louis, MO). Group D-S received the low-zinc 
diet and was given saline. The two other groups were pair-fed on 
the control diet and were similarly exposed to endotoxin (group 
C-E) or saline (group C-S). After an overnight fast, we intubated 
65Zn (sterile zinc acetate pH 5.5, 0.07 pmol/kg body wt). The 
intubated amount of zinc was small compared with dietary zinc 
intakes maintaining metabolic steady state: 0.2 pmol/d for 
groups D-E and D-S and 1.0 pmol for groups C-E and C-S. On 
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Table 1. Com~osition of  IRI-OB Diets 

IRI-OB Diet % WI 

Glucose* 
Corn starch? 
Ovalbumin$ 
Sunflower oil$ 
a-Cellulose 11 
Choline CIll 
Minerals** 
Vitamin mix?? 
Trace elements$$ 

Trace elements 
As 
B 
Co 
Cr 
Cu 
F 
Fe 
I 
M n 
Mo 
Ni 
Se 
Sn 
v 
Zn in deficient diet 
Zn in control diet 

50 
15 
20 
4 
5 

< 1 
4 
1 
0.1 

Wt (prnol. kg-') 
I 

10 
2 

40 
150 
130 

1000 
2 

900 
2 

40 
2 

20 
2 

3095 
150 11 11 

* C.P.C. Division Cerestar, France. 
t Honig's Artikelen, Koog a/d Zaan, the Netherlands. 
$ NIVE. Nunspeet, the Netherlands. 
$ Union, Antwerp, Belgium. 
11 Macherey-Nagel, FRG. 
ll 3 g choline is added separately. 
** Na diphosphate 1.5, KC1 0.7, CaCO, 1.0, MgS04 0.5, Na meta- 

silicate 0.25%. 
tt Per kg: vitamin A acetate 16 000 and vitamin D 1400 IU. In mg/ 

kg: vitamin E 85, vitamin K 2, riboflavin 12, niacin 40, folate 8, vitamin 
B-6 15, vitamin B-12 0.05, Ca pantothenate 35, menadione 12, thiamin 
HCI 20, biotin 0.4 pg, and myo-inositol 500. 

$$ Added as: Na2HAs304. 7 HzO, Na2B407. 10 H20,  CoS04. 7 HzO, 
CrC1,. 6 HzO, CuS04. 5 HzO, NaF, FeS04. 7 HzO, KIO,, MnS04. H20,  
Na2MoO4.2 HzO, NiC12.6 HzO, Na2 Se0,. 5 HzO, SnCI2.2 H20, 
NH4V03, and ZnO. All pro analysisquality (E. Merck, Darmstadt, FRG). 

$9 By analysis, 30 + 2 pmol/kg, converted: 2.0 + 0.2 ppm (n = 6). 
11 11 By analysis, 150 + 8 pmol/kg, converted: 9.8 + 0.5 ppm (n = 6). 

d 1, immediately after the tracer 65Zn intubation, and on d 4, 7, 
10, 13, and 16, groups D-E and C-E were injected intraperito- 
neally with endotoxin (2 mg/kg body wt in 0.5 mL saline), and 
groups D-S and C-S were injected with an equal volume of sterile 
saline. Over the first 6 d, feces and urine were collected to 
monitor 65Zn excretions. Whole-body counting of the animals 
was performed on d 1, 2 h postintubation, and seven times 
between d 7 and 21. The whole-body 65Zn activities in the 
animals at time t (R,) were related to those measured on d 1 
(Rd; 

We plotted in R versus time, t. A linear relation from d 7 through 
d 21 was found, which yielded by a least square fit the slope ( A )  
and the intercept, the apparent absorption (A,) (8). The biologic 
half-life (Tb) was calculated from: 

inasmuch as these weaning animals grew substantially, the cal- 
culated biologic half-life does not reflect purely metabolic turn- 
over. 

On d 2 1, after an overnight fast, all animals were euthanized. 
After dissection, 65Zn activities and zinc concentrations were 
measured in plasma, washed erythrocytes, rinsed duodenum, left 
liver lobe, pancreas, skeletal muscle (flexor digitorum longus), 
and tibia bone. Values were converted into total tissue activities 
or contents using, where appropriate, reference values for the 
tissue masses from their relative weight distribution (9). It is 
assumed that dietary deficiency does not affect the relative weight 
distribution (10). The ("Zn activity in tissues not sampled (the 
carcass) was determined by subtracting the sum of 65Zn activity 
measured in the sampled tissues from the total activity measured 
by whole-body counting. The zinc content of the carcass was 
then calculated by extrapolation from the relationship between 
total zinc (Table 2) and 65Zn activity (Table 3) in the soft tissues. 
The efficiency of feed conversion and dietary zinc use was 
measured using the quotient of the average amount of zinc 
(pmol) per g body mass on d 21 and of the dietary zinc intake 
(pmol) per g increase in body weight over the 2 1-d experimental 
period. 

RESULTS 

Weights and diets. Low zinc intake resulted in growth retar- 
dation and anorexia; when this was combined with endotoxin 
treatment, the anorexia became more severe. Thus, group D-E 
determined the pair-feeding rate, mean 7 g diet/d. For approxi- 
mately 12 h after each endotoxin or saline injection, animals 
exposed to endotoxin were lethargic. The animals fed the low- 
zinc diet, groups D-S and D-E, were progressively growth re- 
tarded from the 1st wk on. During the experimental and adap- 
tation period, the average weight increase was 0.3 + 0.1 g/d in 
group D-S, versus 0.6 + 0.1 g/d in group C-S ( p  < 0.00 1, 4% 
overlap). No difference in overall weight gain was observed 
between groups D-E and D-S. However, weight gain immediately 
after endotoxin injection was significantly lower ( p  < 0.005, 10% 
overlap). This was compensated for in the days that followed. 
No differences whatsoever in weight gain were seen between 
groups C-E and C-S. The efficiency of feed conversion was 0.09 
g/g for the control diet in groups C-S and C-E, versus 0.04 g/g 
in the low-zinc diet groups D-S and D-E. 

Zinc status and 65Zn metabolism. The parameters used for the 
zinc status have been summarized: Table 2 shows the tissue zinc 
contents, the body weights and the dietary zinc use, Table 3, the 
fractional distribution of the intubated 65Zn dose, and Table 4, 
the specific 65Zn activities in tissues and 65Zn metabolism (ap- 
parent absorption, excretion, and biologic half-life). The results 
in group C-S were used as a reference. 

Regarding the zinc status in group D-S, the increase in the 
whole-body zinc mass lagged behind, resulting in whole-body 
zinc that was 50% lower than that in the reference group C-S 
(Table 2). A different pattern of dose distribution was also shown: 
lower fractions in bone and higher ones in soft tissues (Table 3). 
Corresponding higher sp act in tissues were recorded. The 65Zn 
metabolism in plain deficiency corresponded homeostatically to 
higher absorption, lower excretion, and slower turnover. The 
dietary zinc use increased (Table 4). 

After endotoxin exposure only, the zinc status in group C-E 
was marginally different. We found lower plasma zinc content 
(Table 2) and some modifications of dose distribution: lower 
bone fractions and, in some cases, higher soft tissue fractions 
(Table 3). There was little change in sp act. The overall dietary 
zinc use did not change, nor was there any difference in 65Zn 
metabolism on the basis of 65Zn absorption, excretion, and 
biologic half-life (Table 4). 

The combined influence of endotoxin and deficiency was 
evaluated by comparing group D-E with group D-S. In the zinc 
status, additional endotoxin exposure also resulted in lower zinc 
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Table 2. Zinc status measured bv tissue content and bodv wt o f  rats fed zinc-deficient or control diets* 

Group (n = 6 each) 

D-E D-S C-S C-E 

Tissue 
Plasma 
Duodenum 
Liver 
Pancreas 
Heart muscle 
Muscle 
Bone 

Carcass 

Total zinc 13 13 27 27 

Wt and diet 
Initial wt (g) 41.1 + 2.0" 42.0 t 2. la  42.3 a 2.3" 41.9 + 1.9" 
Start wt (g) 45.2 + 2.1" 46.1 t 2.3" 49.4 + 2.7b 50.1 + 2.1' 
Final wt (g) 51.4 t 1.9" 51.7 + 3.1" 63.0 t 3.6' 62.9 f 4.9b 
Food consumed (g) 140 + 2" 140 t 2" 140-t 2" 140 k 
Food conversion (g/g) 0.04 0.01" 0.04 + 0.01" 0.10 t O.Olb 0.09 + 0.0Ib 
Zinc consumed (pmol) 4.2 t 0.3" 4.2 t 0.3" 21.0 + 1.2b 21.0 + 1.2' 
Zinc used (pmol/pmol) 0.37 t 0.03" 0.37 t 0.04" 0.28 a 0.02b 0.28 a 0.02b 

* Male weaning rats were pair-fed a zinc-deficient (D) or control (C) diet for 2 1 d while repeatedly injected with endotoxin (E) or saline (S). Zinc 
status was measured by tissue content (pmol Zn per entire organ). Initial body wt is when received, start wt is after adaptation period. Zinc use is 
the ratio of gain in body Zn to dietary Zn consumed. Values are mean + SD. Common superscripts indicate p > 0.05 (analysis of variance) and 
>50% overlap. 

Table 3. Zinc status of rats as measured byfractional dose 
distribution* 

Table 4. Zinc status of rats as measured by tissue sp act and 
65Zn homeostasis* 

Group (n = 6 each) 
- - -- 

D-E D-S C-S C-E 

Tissue 
Plasma 0.2 t 0.1" 0.2 + 0.1" 0.2 + 0.1" 
Duodenum 0.7 + 0. la 0.9 + 0.2" 0.4 + O.lb 
Erythrocytes 1.9 t 0.5a 1.8 -t O.la,b 0.9 t 0.2' 
Liver 10.7 + 3.1" 10.2 -1- 3.0" 3.6 + 0.8b 
Pancreas 0.6 + 0.2" 0.6 t 0.3a.b 0.3 + O.lb 
Heart mus- 0.7 + 0.2a.b 0.5 + 0.1" 0.3 f 0.2b,c 

cle 
Muscle 41.2 + 7.6" 38.8 + 1 1.5a,b 20.7 t 0.5' 
Bone 32.0 + 13.5" 37.6 + 9.5a.b 63.1 + 0.9' 
Carcass 12.7 t 3.2" 7.9 + 3.1" 10.9 0.9" 

Male weaning rats were pair-fed a zinc-deficient (D) or control (C) 
diet for 21 d while repeatedly being injected with endotoxin (E) or saline 
(S). Their Zn status was measured by fractional dose distribution on d 
2 1 (% 65Zn) and R,, total body activity at d 2 1. Values are mean + SD. 
Common superscripts indicate p > 0.05 (analysis of variance) and >50% 
overlap. 

contents of plasma and duodenum (Table 2). The 65Zn metabo- 
lism showed lower apparent absorption, increased excretion and 
a shorter biologic half-life (Table 4). On the low-zinc diet, the 
efficiency of feed conversion and overall dietary zinc use re- 
mained constant. The comparison of groups D-E and C-S con- 
firmed the combined effects of deficiency and endotoxin treat- 
ment. 

DISCUSSION 

In the control animals, growth was retarded. The standard 
growth chart for this breed, when regular food is fed ad libitum, 
shows a weight gain from 50 g to 90-100 g instead of 63 g. This 
growth retardation was caused by restricted food intake in pair- 
feeding. Food intake was limited in the case of animals fed the 

Group (n = 6 each) 

D-E D-S C-S C-E 

Tissue 
Plasma 
Duodenum 
Liver 
Pancreas 
Heart muscle 
Muscle 
Bone 
Overall 

65Zn homeostasis 
A, (% dose) 6 1 t 1 0 a  80-1-15b 6 2 +  10" 6 0 + 7 =  
E f d  1-7(%dose) 4 3 f  13" 2 5 + 3 b  57-e 13a 51 t 13= 
E, d 1-7 (% dose) 0.7 + 0.1" 0.3 f O.lb 1 & 0.2" 0.7 a 0.2" 
Tb (d) 47+.10" 115+28b 5 4 t 6 "  42+10"  

*Male weaning rats were pair-fed a zinc-deficient (D) or control (C) 
diet for 2 1 d while repeatedly being injected with endotoxin (E) or saline 
(S). Their Zn status was measured by tissue sp act (kBqIwmol) and 65Zn 
homeostasis. A,, absorption; Ef, excretion in feces; E,, excretion in urine; 
and Tb, biologic half-life. Values are mean a SD. Common superscripts 
indicate p > 0.05 (analysis of variance) and >50% overlap. 

low-zinc diet. The animals in group C-S had good appetites and 
adequate efficiency of feed conversion and zinc use. Despite 
semistarvation, they displayed a normal zinc status, characterized 
by proper whole-body zinc mass, balanced 65Zn distribution, and 
appropriate specific 65Zn activities. On this diet, growth rate was 
adequate in all tissues, as reflected in uniform sp act over the 
various tissues. It would appear that the tissue 65Zn uptakes after 
intubation were proportional to the amount of zinc already 
present. 

Low zinc intake induced in group D-S the classical features: 
anorexia, less efficient feed conversion, growth retardation, and 
changes in zinc status, use, and 65Zn metabolism. Bone was most 
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severely affected, containing 7.4 pmol compared with 19.6 pmol 
zinc in group C-S. Before adaptation, at 42 g body weight, the 
bone zinc content in all groups was equal to a calculated value 
of -12.3 pmol zinc, which means that loss of zinc from bone 
must have occurred in group D-S. However, the specific 65Zn 
activity in bone is % to '/2 that in soft tissue. This proves that 
zinc was also taken up despite the net loss. Thus, the net loss is 
the result of an uptake of zinc as shown by the 'j5Zn activity in 
bone, and even larger losses. The whole-body zinc mass is 
reduced by -14 pmol zinc, in bone alone, by -12 pmol. Bone 
acts as a zinc store to the soft tissues. This confirms the hypothesis 
of Berg and Kollmer (1 l), who postulated that low dietary intake 
mobilizes zinc from the bone. It also explains the low bone zinc 
after repletion following low intake (12). 

Marginal disturbance of the zinc status was induced by endo- 
toxin alone. Besides lower plasma zinc, no characteristics of zinc 
deficiency were found. We recorded no changes in 65Zn metab- 
olism, and no anorexia, growth retardation, or lower efficiency 
of food conversion. A fall in plasma zinc after endotoxin was 
reported for diets that contained maize oil (where we added 
sunflower oil in the IRI-OB diet), but not for those containing 
coconut or fish oil (1 3). Apparently the low plasma zinc is related 
to dietary factors other than zinc content. The repeated endo- 
toxin exposures-the last injection was 5 d before dissection- 
also failed to cause any accumulation of zinc, which would reflect 
induction of metallothionein synthesis in the liver, for example, 
as has been reported under these conditions (14, 15). This may 
be due to the fact that hunger during pair-feeding also induces 
metallothionein synthesis, or to the fact that the increase in 
metallothionein is transient (1 6, 17). 

The effects of combined low-zinc diet and endotoxin reflect 
the separate effects of endotoxin (low plasma zinc) and low-zinc 
diet (deficiency state). The overall dietary zinc use showed a level 
similar to that in group D-S. The discrepancy between 65Zn 
absorption and dietary zinc use may be attributed to the experi- 
mental conditions: the 65Zn dose was administered to anorectic 
animals 30 min before endotoxin. The fast biologic half-life 
reflects increased metabolic turnover. 

Decreased zinc content in bone and, to a lesser extent, in liver 
and pancreas indicates the low dietary zinc: the values are not 
affected by endotoxin exposure (Table 2). The same is true for 
the fractional 65Zn distribution in the liver and duodenum (Table 
3). Increased sp act in plasma and all tissues except muscle are 
equally suitable indicators of low zinc intake (Table 4). Efficiency 
of feed conversion and dietary zinc use are also characteristics 
related only to the dietary zinc. However, it is important to 
realize that the determination of the 65Zn homeostatic response 
(Table 4) is not sufficient to diagnose deficiency under other 
special conditions such as endotoxemia. 

In laboratory animals, the determination of zinc levels in bone 
is a reliable method of assessing nutritional zinc status. In hu- 
mans, however, the use of bone biopsy is not realistic because 
the changes in zinc content may not be homogeneous (12, 18). 
Moreover, this invasive technique should not be used to screen 
suspected deficiency. 

Under the extreme conditions in these animal experiments, 
both dietary deficiency and endotoxemia, the results were clear. 
The combined determination of plasma total zinc (Table 2) and 

its 65Zn sp act (Table 4) makes it possible to distinguish between 
plain deficiency (normal zinc, higher sp act), endotoxemia (lower 
zinc, normal sp act), and the combination (lower zinc, higher sp 
act). Therefore, the use of the radioactive tracer 65Zn adds to the 
diagnostic potential, but due to the radiation exposure, this long- 
living nuclide (physic half-life = 244 d) is of limited practical 
use. One solution would be the use of stable zinc tracers, i.e. zinc 
enriched in 70Zn, analyzed with mass spectrometry. However, 
the assay procedures are more difficult and more expensive than 
in the case of 65Zn. Twenty-one d after a single dose of 1 pmol 
70Zn/kg body weight is ingested, there is a detectable change in 
the ratio 70Zn/64Zn in a sample of 1 mL plasma, the enrichment 
for "Zn having been estimated at -20% (19). 

We conclude that plasma sp act may be of use in diagnosing 
zinc deficiency in those physiologic and pathologic conditions in 
which low plasma zinc is due to factors other than zinc status. 
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