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Abstract. Changes in zinc (Zn) metabolism and interleukin-1 p (IL-1 p) release occur as 
part of the physiological response to tissue injury and trauma. In the present study, 
the influence of Zn status on the response to continuous low-dose IL-lp administra- 
tion was evaluated. Rats were fed 50 pg Zn/g (adequate zinc; AZn) or 5 pg Zn/g 
(marginal zinc; MZn) diets for 14 days. On day 15, rats were infused via osmotic 
minipumps, with IL-1 p (2.3 ng/hr) or saline (control, C) and euthanited 1,3, or 7 days 
later. In the AZn rats, IL-lp infusion resulted in increased plasma copper (Cu) con- 
centrations and ceruloplasmin (Cp) activity, and decreased iron (Fe) concentrations 
throughout the 7d period. These effects were most pronounced on d l  and d3. A 
similar trend was observed in the MZn rats, but IL-1 p-induced increases in plasma Cu 
and Cp activity were less than in the AZn fed rats. In MZn and AZn IL-lp infused rats, 
plasma Zn was decreased on Day 1, and Day 3, respectively, compared with their 
respective controls. AZn IL-1 p-infused rats were characterized by high liver Fe, Zn, 
and metallothionein (MT) concentrations on Day 1 ; by Day 7, only MT concentrations 
remained elevated. Liver MnSOD activity was 13%29% higher in both the AZn- and 
MZn-IL-lfbinfused rats than their respective controls on Day 3 and Day 7, with most 
significant increase observed on Day 7. These data show that Zn status can influence 
the response to low-dose IL-1 p; this influence of Zn should be considered when IL-1 p 
is given therapeutically. [P.S.E.B.M. 1994, Vol 2061 

s one consequence of tissue injury or infec- 
tion, the cytokine, interleukin- 1 p (IL- 1 p) is re- A leased (1, 2). This polypeptide acts in part to 

induce the acute-phase response, which involves a 
complex cascade of biological events, including hor- 
mone production (i.e., cortisol, glucagon, and insulin), 
changes in the distribution of minerals between stor- 
age and transport pools, T-cell and B-cell activation, 
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production and release of neutrophils, and the synthe- 
sis of several hepatic proteins (3, 4). 

It has been noted that many of the circumstances 
now known to stimulate IL-1p release, such as tissue 
injury or burns, wound healing, endotoxemia, infec- 
tion, or general inflammation, also induce alterations 
in zinc (Zn) and iron (Fe) metabolism (5, 6). A single 
bolus injection, ip, of a crude IL-1 fraction lowered 
plasma Zn and Fe concentrations and raised liver Zn 
concentrations (7). Since Zn plays an important role in 
wound healing and in mediating immune function (6, 
8), it has been postulated that Zn could regulate the 
expression of IL-1 activity (8). This concept is sup- 
ported by the observation that in vitro, Zn enhances 
the proliferative response of murine thymocytes to 
IL-1 (9). In addition, IL-1 production is reduced in 
Zn-deficient lymphocyte cultures (10) and in Zn- 
deficient rats, the response to a single injection of IL- 
la is impaired compared with control rats (1 1). 
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Although a few studies employing low-dose con- 
tinuous IL- 1 P administration have been reported, 
none, to our knowledge, have examined Zn-IL-1P in- 
teractions. In addition, studies concerning nutrient- 
cytokine interactions have typically not employed 
low-dose, chronic cytokine administration, such as 
might occur with chronic inflammation (12). The 
present study examined the influence of continuous 
low-dose IL- 1 P infusion on cytokine-induced changes 
in mineral metabolism in healthy adult rats over a 
7-day period. Considering that marginal Zn status may 
occur with high frequency in some human populations 
(6, 13), the effects of marginal Zn deficiency on the 
effects of IL-19 were also examined. 

Materials and Methods 
Animals and Diets. Ninety virgin female Spra- 

gue-Dawley rats weighing 18&200 g were purchased 
from Charles River Breeding Laboratories (Wilming- 
ton, MA) and individually housed in suspended stain- 
less steel cages in a controlled environment (12: 12-hr 
1ight:dark cycle; 22"-23"C). Historic and biochemical 
data on female rats from our laboratory have been 
extensive, and previous studies by others (1 1, 12) have 
suggested no differences in response to IL-1P in male 
or female rats. Rat chow (Ralston Purina Co., St. 
Louis, MO) and double deionized water were fed ad 
libitum for a 7-day acclimation period. The rats were 
then fed a purified egg-white protein based diet, con- 
taining either 50 pg Zn/g diet (adequate Zn; AZn), or 5 
pg Zn/g diet (marginal Zn; MZn), for 14 days (14). 
Animals were weighed and examined daily. 

Experimental Procedure. On Day 15, rats were 
randomly assigned to one of the following treatment 
groups for periods of 1 day, 3 days, or 7 days: (i) IL-1P 
infusion; (ii) saline infusion (Sal); or (iii) untreated con- 
trols (NT). For infusion of IL- 1 P or saline, the animals 
were anaesthetized with methoxyflurane (Pitman- 
Moore, Inc., Washington Crossing, NJ) for 60-90 sec 
before implantation of the infusion pump. Beginning at 
the level of the scapulae, a subcutaneous tunnel was 
made posteriorly on the animal's back for implantation 
of an osmotic minipump (Model 2001; Alza Corp., 
Palo Alto, CA). The pumps were filled with either 
>95% pure human IL-1P (R & D Systems, Inc., Min- 
neapolis, MN) reconstituted in 0.9% sterile saline so- 
lution or 0.9% sterile saline solution only. The wound 
site was closed with 9-mm sterile autoclips (Becton 
Dickinson and Co., Parsippany, NJ). IL-lP was in- 
fused at a rate of 2.3 ng IL-lP/hr. Thus, rats received 
55.2 ng IL-1P after 1 day, 165.6 ng after 3 days, and 
386.4 ng after 7 days. Previous studies have shown the 
osmotic minipump to be an effective means for con- 
tinuous infusion of IL-la or P (12, 15) and the dose 
infused in the current study was selected to be approx- 
imately Ylo the dose reported to affect food intake and 

body weight (12), yet similar to doses used therapeu- 
tically (16). In addition, human IL-1P has been shown 
to be active in the rat (11, 15). On Day 1, Day 3, and 
Day 7 after implantation, rats from each group were 
humanely euthanized by overexposure to carbon di- 
oxide, and blood was taken by cardiac puncture. The 
liver was perfused immediately, in situ, with ice-cold 
0.9% saline, then removed and frozen in liquid nitro- 
gen. Blood was centrifuged for 20 min at 1800g and 
4°C. Plasma was removed from the cell layer and di- 
vided for quantitation of ceruloplasmin (Cp) oxidase 
activity and determination of mineral concentrations. 
Thymus was removed, weighed, frozen in liquid nitro- 
gen, and stored at -70°C. 

Plasma and Tissue Analysis. For mineral anal- 
ysis, tissues and plasma were wet-ashed with 16 N 
HN03, evaporated by heat and diluted with 0.1% 
La03/1.0 N HN03 as described by Clegg et al. (17). 
Diluted samples were analyzed by flame atomic ab- 
sorption spectrophotometry (Model 55; Thermo-Jarrel 
Ash, Wilmington, MA) for Zn, copper (Cu), Fe, and 
manganese (Mn) concentrations. Certified reference 
solutions (1000 pg metallml) were used to generate 
standard curves for each element. A sample of the 
National Bureau Standard (NBS) bovine liver 1577b, 
(U.S. Dept. of Commerce National Inst. of Standards 
and Technology, Gaithersburg, MD) was included 
with the samples to ensure accuracy and reproducibil- 
ity. Results are expressed as nmol/g wet-tissue or 
nmol/ml plasma. 

Plasma Cp activity was measured following the 
oxidation of o-dianisidine dihydrochloride as de- 
scribed by Schosinsky et al. (18). Activity is expressed 
as U/1 plasma where 1 U is defined as 1 mmole sub- 
strate oxidized/min. 

Plasma concentrations of IL-1P were assayed us- 
ing a commercial immunoassay kit (Quantikine; R & D 
Systems, Minneapolis, MN) and read on a Molecular 
Devices Kinetic Microplate reader (Molecular Devices 
Corp., Menlo Park, CA). 

Plasma titers of fibrinogen, an acute-phase reac- 
tive protein in the rat, were determined by Ouchter- 
lony double immunodiffusion (19). Briefly, neat and 
serially diluted serum and goat-anti-rat fibrinogen (Or- 
ganon Teknika Corp., West Chester, PA) were added 
to prepunched wells in pH 7.2 buffered 1% agarose 
double diffusion plates (Kallestad, Chaska, MN). In 
accordance with standard protocol in clinical labora- 
tories, a two-dilution factor increase in titer at 48 hr 
was considered a significant change in antigen/ 
antibody response. 

Fractionation of plasma proteins as an additional 
assessment of acute phase proteins, was performed by 
agarose zone electrophoresis as described in the Bio- 
Phoresis Horizontal Electrophoresis Cell Instruction 
Manual (BioRad Laboratories, Richmond, CA). 
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Briefly, plasma samples were electrophoresed on 1% 
agarose (standard low m, agarose, BioRad Laborato- 
ries, Richmond, CA) gel at constant voltage (500 V) for 
about 2 hr or until the albumin front migrated at least 
3.0 cm. Plasma proteins were identified by their mo- 
bility relative to albumin using a bromophenol blue 
dye marker. Protein fractions were scanned and quan- 
titated using the Beckman DU-64 spectrophotometer 
modified for densitometry with the instrument's Gel 
Scan module (Beckman Instruments, Fullerton, CA). 

Aliquots of liver (0.5 g) were homogenized in 0.25 
M sucrose, 10 mM Tris-HC1 buffer (25% w/v, pH 7.4) 
and centrifuged at 15,OOOg for 30 min at 4°C. Metal- 
lothionein (MT) levels were determined in the super- 
nate fraction using the cadmium-heme saturation 
method described by Onosaka and Cherian (20). Data 
are expressed as nmol MT/g tissue. 

For superoxide dismutase (SOD) activity liver was 
homogenized in 0.25 M sucrose, 10 mM Tris-HCl, pH 
7.4 (10% w/v). Following sonication and centrifugation 
at 10,OOOg for 30 min at 4"C, total SOD activity was 
measured in the supernate fraction by its ability to 
inhibit the auto-oxidation of pyrogallol as described by 
Marklund and Marklund (21). MnSOD activity was 
measured under the same conditions with the addition 
of 1 mM KCN to the assay buffer to inhibit the activity 
of CuZnSOD. Activity of CuZnSOD was calculated by 
subtracting MnSOD activity from total activity. One 
unit of SOD activity is defined as the amount of en- 
zyme needed for 50% inhibition of pyrogallol oxida- 
tion. MnSOD and CuZnSOD activities are expressed 
as units of activity per mg of protein. Protein was de- 
termined by the BioRad dye-binding assay (Richmond, 
CA). 

Statistical Analysis. Fisher's PLSD test was 
used as a posthoc method to identify significant differ- 
ences between the means. Statistical significance was 
established at P < 0.05. Results are presented as mean 
L SE. 

Results 
Within both the AZn and MZn diet groups, results 

for the NT and Sal treatment groups were similar for 
each of the variables examined. Thus, to facilitate data 
presentation and interpretation, the NT and Sal groups 
were combined to represent the control (Con) re- 
sponse. 

Dietary Zn did not significantly affect the baseline 
body weights of the rats prior to treatment. IL-lp 
infusion did not influence the weight gained over 
the experimental period in either AZn or MZn rats 
(Fig. 1). 

Assay of plasma IL-lp levels did not detect mea- 
surable concentrations above the 20 pg/ml limit of the 
assay kit. Integrity of the kit was confirmed with IL- 1 p 
standards provided with the kit and the IL-lp inserted 
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Figure 1. Total body weight gain after 1, 3, and 7 days of IL-lp 
infusion in the Sprague-Dawley rats. Data are expressed as 
mean 2 SE of 5-10 animals/group. AZn, adequate Zn; MZn, mar- 
ginal Zn; Con, control; IL, IL-lp. 

into the osmotic minipumps. Titers of plasma fibrino- 
gen were significantly higher, as denoted by a two di- 
lution change in titer, on Day 1 in IL-1P-infused rats 
fed the AZn diet than controls (data not shown). In the 
AZn rats, fibrinogen titers were not significantly af- 
fected by IL-lp on Day 3 and Day 7. In the MZn rats, 
plasma fibrinogen titers were not affected by IL-lp 
infusion at any of the time points assayed. Further 
evaluation of IL-1 P-induced changes in acute phase 
proteins revealed a decrease in plasma albumin on Day 
1 and a trend toward an increase in the globulin 
fractions in IL-lp-infused rats on Day 3 compared 
with their controls (Table I). Significant dietary and 
IL-1p induced changes in a-2 globulin fraction were 
also observed on Day 3. No significant changes in se- 
rum proteins were observed on Day 7 (data not 
shown). 

Plasma Zn concentrations on Day 1, Day 3, and 
Day 7 were significantly lower in the MZn groups than 
in the AZn groups, demonstrating that marginal Zn 
deficiency was induced by the dietary treatment 
throughout the study period (Fig. 2). After 1 day of 
IL- 1 p treatment, plasma Zn concentrations were sim- 
ilar in both the AZn IL-lp and AZn control rats; how- 
ever, after 3 days of infusion, plasma Zn concentra- 
tions were significantly lower in AZn IL- 1 @-infused 
rats than in AZn controls. After 7 days of infusion, 
plasma Zn values were again similar in the two groups. 
However, in the MZn rats, after 1 day of infusion, 
plasma Zn concentrations in the IL-1P group were sig- 



Table 1. Plasma Protein Fractionation in IL-I p Infused Sprague-Dawley Rats 
Album i n- 

Album in OL, -Globuli n a,-Glo bu I i n P-G lobul i n y-G lobu I i n globulin ratio 

1 3 1 3 1 3 1 3 1 3 1 3 

AZn-Con 54.5 
2 1.4' 

AZn-IL 49.5 * O.gb 
MZn-Con 48.4 

2 1.4b 
MZn-l L 37.6 

2 2.3" 
P values 
Treatment (T) 0.0002 

T x D  NS 
Diet (D) 0.0001 

50.6 9.1 
+4.0 k 1.5 
44.3 9.7 

+- 3.6 2 1.0 
44.9 7.8 

1.9 -+ 2.7 
42.7 14.3 

2 0.9 2 1.3 

NS NS 
NS NS 
NS NS 

6.7 * 1.7 
9.2 

2 1.5 
9.0 

2 1.3 
13.5 

2 0.9 

0.0364 
0.0437 

NS 

4.2 * 1.7 
5.1 * 0.9 
3.2 

2 0.7 
3.1 

2 0.1 

NS 
NS 
NS 

3.9 
k 0.7 

7.6 
2 1.1 

6.4 * 1.6 
10.6 

2 0.5 

0.0048 
0.0349 

NS 

29.6 
2 1.8' 
28.9 

2 1.9" 
33.8 

2 1.8' 
40.6 
2.5' 

NS 
0.0021 

NS 

36.9 
+- 1.7 
32.5 

2 3.9 
34.0 

2 1.4 
35.4 * 3.8 

NS 
NS 
NS 

2.3 
2 0.7 

5.3 
2 1.4 

2.3 
2 0.8 

5.4 
2 1.2 

0.01 58 
NS 
NS 

4.4 1.20 1.02 
2 1.5 2 0.06' k 0.14 

3.9 1.02 0.87 
k 1.2 2 0.07" * 0.13 

5.8 1.07 0.82 
2 0.7 2 0.13' * 0.07 

3.6 0.60 0.67 
k 0.4 2 0.05b * 0.03 

NS 0.0034 NS 
NS 0.0082 NS 
NS NS NS 

' Data expressed as mean 2 SE of 3-6 animals/group. 

adequate Zn; MZn, marginal Zn; Con, control; IL, IL-lp. 

Data represent percentages of each fraction. 
Those values within columns containing different superscripts represent significant differences (P  s 0.05); NS, not significant; AZn, 

nificantly lower than in their respective controls, but 
on Day 3 and Day 7, plasma Zn concentrations were 
similar in both groups. 

Liver Zn concentrations were significantly higher 
in the AZn IL- 1 @-infused groups after 1 day and 3 days 
than in the AZn control rats (Fig. 2). In MZn rats, 
however, IL- 1 p infusion increased liver Zn concentra- 
tions only toward the observed AZn control levels. 

Thymus Zn concentrations were significantly 
higher in the MZn IL-1P-infused rats than in their re- 
spective controls after 1 day of treatment, but concen- 
trations were similar after 3 days and 7 days of treat- 
ment. IL-1p infusion did not significantly affect thy- 
mus Zn concentration in the AZn rats at any of the 
time points tested (Fig. 2). Thymus Cu and Fe con- 

T , 9Do1 

7 +  . . . . - . - . . . - . - . -  I m4 . . . . . .  , . , . , . I  

Figure 2. The influence of IL-1p on tissue mineral Zn concen- 
trations in the Sprague-Dawley rats at 1, 3, and 7 days. Data are 
expressed as mean 2 SE of 5-10 ratdgroup. At each time point, 
symbols denoted with different superscripts represent signifi- 
cant differences (P  s 0.05). AZn, adequate Zn; MZn, marginal 
Zn; Con, control; IL, IL-lp. 
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centrations were similar among the groups on Day 1, 
Day 3,  and Day 7 (Table 11). 

Marginal Zn status alone had no significant effect 
on plasma Cu concentrations (Table 11) or Cp activity 
(Table 111). Plasma Cu concentrations and Cp activity 
were higher in both of the IL- 1 P-infused groups than in 
their respective controls throughout the experimental 
period. 

Dietary Zn status did not significantly affect 
plasma Fe concentrations. For both AZn and MZn 
rats, plasma Fe concentrations in the IL- 1 p-infused 
groups were significantly lower than in their respective 
controls at Day 1 and Day 3, although Day 7 values 
were similar among the groups (Table 11). 

Liver Cu concentrations were not affected by diet 
or IL-1p infusion; liver Fe concentrations were af- 
fected by diet on Day 3 only (Table 11). 

Dietary Zn status did not influence liver Mn con- 
centrations. After 3 days of IL-lp infusion, both AZn 
and MZn IL- 1 p-infused groups had significantly lower 
liver Mn concentrations than their respective controls 
(Table 11). Liver Mn concentrations also tended to be 
lower in the IL-1p groups on Day 1 and Day 7. 

Liver CuZnSOD and MnSOD activities were not 
affected by diet at the time points measured, however, 
liver CuZnSOD on Day 7 and liver MnSOD on Day 3 
and Day 7 were affected by IL-1p infusion. IL-1p in- 
fusion resulted in higher liver MnSOD activity on Day 
7 in both the AZn and MZn rats than in their respective 
controls (Table 111). 

Liver MT concentrations were significantly higher 
in the AZn rats than in the MZn rats (Table 111). After 
1 day of IL-lp infusion, liver MT levels in the AZn 
IL-lp-infused rats were markedly higher than in the 
AZn controls. Liver MT values were also significantly 
elevated on Day 3 and Day 7 in the AZn IL- 1 p rats, but 
these elevations were less than those observed on Day 
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Table II. Effects of IL-1 p on Plasma, Liver, and Thymus Mineral Concentrations in Sprague-Dawley Rats 
c u  Fe Mn 

1 3 7 1 3 7 1 3 7 

Liver (nmol/g) 
AZn-Con 60 2 2 
AZn-l L 65 t 3 
MZn-Con 59 f 4 
MZn-IL 59 k 2 
P values 
Treatment (T) NS 
Diet (D) NS 
T x D  NS 

AZn-Con 24.6 t 1.3' 
AZn-IL 37.4 t 2.5' 
MZn-Con 24.4 2 1.4' 
MZn-IL 38.7 t 2.8' 
P values 
Treatment (T) 0.0001 
Diet (D) NS 
T x D  NS 

AZn-Con 22.1 t 1.8 
AZn-IL 23.9 2 1.8 
MZn-Con 21.2 2 1.2 
MZn-IL 22.0 t 1.8 
P values 
Treatment (T) NS 
Diet (D) NS 
T x D  NS 

Plasma (nmol/ml) 

Thymus (nmollg) 

2530 f 154' 
2559 t 258' 
3676 t 347' 
2989 t 286'' 

3118 t 142 
2981 t 85 
3016 2 170 
3042 2 209 

32 t 1" 
28 f 2' 
34 f 1' 
30 t lab 

30 t lac 
24 t 1' 
33 t 2' 
27 2 1'" 

35 f 1 
32 5 2 
38 t 2 
34 t 1 

58 t 2 
63 t 4 
57 2 2 
64 2 4 

57 f 2 
66 t 5 
60 t 1 
61 2 3  

2557 2 123 
3248 t 148 
2944 2 139 
3471 f 304 

0.0020 
NS 
NS 

0.0389 
NS 
NS 

0.0392 
NS 
NS 

NS 
NS 
NS 

0.0024 
NS 
NS 

NS 
0.01 52 

NS 

NS 
NS 
NS 

0.01 24 
NS 
NS 

ND 
ND 
ND 
ND 

ND 
ND 
ND 
ND 

22.9 t 1.0' 
51.1 t 2.7' 
24.5 t 1.6' 
46.2 t 4.9* 

24.9 5 1.5' 
33.2 2 2.5' 
29.2 f 1.7" 
41.8 t 3.8" 

57.8 k 5.0' 
31.2 t 4.8' 
62.3 2 3.8' 
30.2 t 4.1' 

67.9 2 4.4' 
47.7 2 4.2' 
82.6 f 4.6' 
50.0 t 3.6' 

80.3 t 4.6 
68.6 f 5.3 
67.5 t 3.7 
63.4 t 6.6 

ND 
ND 
ND 
ND 

0.0001 
NS 
NS 

NS 
NS 
NS 

ND 
ND 
ND 

ND 
ND 
ND 

ND 
ND 
ND 

0.0001 
NS 
NS 

0.0001 
0.0079 

NS 

0.0001 
NS 
NS 

580 t 74 
470 f 78 
604 f 59 
564 t 91 

629 f 56 
606 t 66 
631 t 48 
664 2 21 

ND 
ND 
ND 
ND 

ND 
ND 
ND 
ND 

ND 
ND 
ND 
ND 

23.2 f 1.7 
22.5 t 2.1 
22.8 t 1.4 
27.3 * 1.3 

23.5 t 1.4 
21.4 f 2.0 
27.3 f 1.5 
30.7 t 4.6 

501 t 64 
554 t 103 
473 2 34 
490 f 102 

ND 
ND 
ND 

NS 
NS 
NS 

NS 
0.0074 

NS 

NS 
NS 
NS 

NS 
NS 
NS 

NS 
NS 
NS 

ND 
ND 
ND 

ND 
ND 
ND 

' Data are expressed as mean t SE of 5-10 rats/group. ' Those values within columns containing different superscripts represent significant differences (P s 0.05). 
' NS, not significant; ND, not determined; AZn, adequate Zn; MZn, marginal Zn; Con, control; IL, IL-lp. 

1. In contrast, liver MT levels in the MZn rats were 
only affected by IL-lp infusion after 1 day of treat- 
ment. The rise in liver MT levels following IL-1p treat- 
ment was less pronounced in the MZn rats. 

Discussion 
Neither dietary Zn status nor infusion of IL-1p had 

a significant effect on body weight during the study 

period. Previous studies observed a reduction in body 
weight when rats were injected twice daily with IL-1 
or when infusions of IL-la  exceeded 0.48 mg/d (12, 
22). However, our data show that even after 7 days of 
low dose IL-1p infusion, at a level which stimulated 
the acute phase response, as determined by elevated 
plasma fibrinogen titers and changes in the albumin 
and globulin fractions, anorexia was not observed. 

Table 111. Effects of IL-1 p on Antioxidant Status and Stress-Induced Proteins in Sprague-DawIey Rats 
Plasma Cp activity Liver CuZnSOD Liver M n SOD Liver MT 

(nmol/g) (Ulliter) (U/mg) (U/mg) 
Days 1 3 7 1 3 7 1 3 7 1 3 7 

AZn-Con 14.6 14.3 14.7 3.1 3.3 3.1 6.2 5.6 4.7 184 177 197 
k 0.7 k 0.7 2 0.5 t 0.2 t 0.1 2 0.2' t 1.5'' f 0.7a t 0.4' t 10' t 11' 2 10" 

AZn-IL 14.3 15.4 16.1 3.5 3.5 4.0 17.7 14.5 8.2 294 380 285 
t 0.9 2 0.8 t 0.6 2 0.2 t 0.2 f 0.1' t 1.2' f 2.4' 2 1.9' 5 29' f 48' 2 28' 

MZn-Con 14.3 14.0 15.0 3.0 3.1 3.1 4.1 2.1 2.4 169 198 228 
t 0.5 t 0.5 f 0.5 t 0.2 2 0.1 t 0.1' 2 1.1' t 0.6" 2 0.4' 2 10' f 228 t 14" 

2 1.3 2 1.0 2 0.4 f 0.2 t 0.3 t 0.3' t 1.9" t 0.7." f 0.3" 2 23' f 28' f 26' 
P values 
Treatment (T) NS NS 0.0275 NS 0.0351 0.0006 0.0001 0.0001 NS 0.0001 0.0001 0.0001 

NS 0.0020 0.0001 0.0001 NS NS 0.0195 Diet (D) NS NS NS NS NS 
T x D  NS NS NS NS NS NS 0.0460 0.0040 0.0145 NS NS NS 

a Data are expressed as mean f SE of $10 ratdgroup. 

MZn-IL 13.0 14.4 16.3 3.4 3.7 3.8 9.2 4.5 1.8 269 365 344 

Those values within columns containing different superscripts represent significant differences, P =s 0.05. 
NS, not significant; ND, not determined; AZn, adequate Zn; MZn, marginal Zn; Con, control; IL, IL-lp. 
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Thus, with respect to its potential for clinical use, an- 
orexia may not be a problem as long as the IL- 1 p dose 
is modest. To date, in the few studies that have exam- 
ined potential clinical uses of IL-lp, the doses and 
duration given were similar to the concentrations used 
in the present study (16). 

Reduction of plasma Zn concentrations in the 
MZn IL-1P-infused rats were observed earlier than in 
the AZn IL-1 P-infused rats. In general, these data 
agree with previous observations following a single in- 
jection of a crude IL-1 fraction or recombinant human 
IL-la  (7, 11). However, the significance of these re- 
sults suggests a potential nutrient-cytokine interac- 
tion, as observed on Day 3, indicating a difference in 
IL-1 P-induced alterations in plasma Zn metabolism as- 
sociated with marginal Zn status. 

The mechanisms underlying the hypozincemia in- 
duced by IL-1P have not been completely established; 
however, it may in part be associated with the induc- 
tion of liver MT synthesis (1 1, 23). Injection of crude 
IL-1 fractions or IL-la  increased concentrations of he- 
patic MT (7, l l ) .  Data from the current study of the 
AZn rats are consistent with previous work, however, 
MZn rats showed suppressed IL-1 p induced induction 
of liver MT. Thus, marginal Zn deficiency can alter the 
normal metabolic pathway of Zn during an acute- 
phase-like response. In addition, it has been suggested 
that MT plays a key role in overall Zn homeostasis (8). 
Therefore, in this study, Zn homeostasis may have 
been compromised in MZn rats infused with IL-1p. 

Elevation of plasma Cp activity and plasma Cu 
concentrations throughout the 7-day time period indi- 
cates the effectiveness of IL- 1 p infusion inducing an 
acute-phase-like response. These data are consistent 
with previous studies following injection of crude IL- 1 
or IL-la  in rats (5, 24, 25) and suggest that the effects 
of IL-1p on Cu metabolism are not affected by mar- 
ginal Zn status. 

The mechanism(s) by which IL-lp infusion in- 
duces hypoferremia in rodents is not fully understood, 
but studies have shown that lactoferrin and transferrin 
can play key roles in sequestering Fe during the acute- 
phase response (25-27). We observed hypoferremia up 
to the 3 day time point in the IL-1p infused rats which 
agrees with previous studies with crude IL-1 fractions 
(7, 25). 

As suggested by an earlier report, accumulation of 
Zn into the thymus during inflammation and tissue in- 
jury can potentially enhance immune system function 
(9). The observation that Zn concentrations were 
higher in the MZn IL-1P-infused rats than in the AZn 
IL-1p-infused rats on Day 1, is surprising, and may 
have been spurious. Further studies need to be di- 
rected toward the influence of IL-1p on the relation- 
ship between thymic function and mineral metabolism. 

Several studies have observed increased MnSOD 

mRNA levels (28) and MnSOD protein (29) in hepato- 
cytes over a period of 12 hr following a single high 
dose of IL-1 or following a 1- to 3-day period using 
serial doses of IL-1. It has been suggested that the 
increase in MnSOD activity is part of the response to 
oxygen radicals that are generated during the inflam- 
matory response (28, 30). Consistent with the above, 
liver MnSOD activity was slightly higher on Day 1 and 
Day 3 in the AZn and MZn IL-lp-infused rats than in 
controls. Following 7 days of IL-1p infusion, both 
AZn and MZn rats had significantly higher levels of 
liver MnSOD activity than their respective controls. 
This increase in activity occurred in the groups despite 
slightly lower concentrations of liver Mn in these an- 
imals at all time points tested, suggesting that IL-1p 
altered the normal trafficking of Mn in the liver. Nev- 
ertheless, the data suggest a continuous low dose of 
IL- 1 p may potentially enhance the antioxidant system 
by stimulating MnSOD synthesis (3 1). 

The data from the present study indicate that some 
of the effects of IL-1p infusion were persistent while 
others were transient. It has been suggested that con- 
tinuous infusion of IL-1 p can lead to tolerance, possi- 
bly through the production of IL-1 receptor antago- 
nists (IL-lra) which compete with IL-1p for its recep- 
tor, thereby reducing its activity (28, 32). Further 
studies investigating tolerance or adaptation to effects 
of IL-1P should investigate IL-lra production as a pos- 
sible mechanism. 

In conclusion, our data suggest that marginal Zn 
deficiency alters the shift in mineral and MT metabo- 
lism which occurs in response to a continuous infusion 
of a low-dose of IL-1p; such a shift could possibly 
diminish the normal physiological response to IL- 1 p 
following injury or infection. In addition, considering 
that cytokines, such as IL-1p are being explored for 
therapeutic use, the present data underscore the need 
to monitor the nutritional status of the patient prior to, 
as well as during, therapy. 
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