Adaptation responses in rats to
long-term feeding of high-zinc diets:
emphasis on intestinal metallothionein
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When faced with an abundance of heavy metals in the diet, higher animals produce metallothionein (MT) in the
intestinal mucosa to sequester the metals in an attempt to reduce their absorption into the body. This paper shows
that this strategy may only be used for short-term exposure, and a more effective, sustainable strategy is adopted
during long-term exposure. The concentration of dietary zinc was abruptly elevated and offered to rats contin-
ually for a specified period. The results showed that an abrupt change in dietary zinc caused an immediate
elevation of intestinal MT concentration, which remained elevated for about 2 weeks and then began to decline.
After about 5 weeks, MT concentrations in the intestines of rats fed high-zinc diets were not different from
controls fed normal-zinc diets for the entire period. The concentrations of zinc in serum, liver, and kidney
Jollowed the same course as mucosal MT, elevated during the initial phase of feeding high-zinc and near control
values during the latter phase of feeding. Although the rats were consuming diets with zinc concentrations about
7 fold higher than controls, and intestinal MT concentrations were not elevated, the serum and tissue concen-
trations of zinc were near control values. This suggests that the induction of intestinal MT may be an immediate
and short-term strategy for coping with high intakes of certain metals, and that some other, more efficient

mechanism is adopted during long-term exposure. (J. Nutr. Biochem. 6:48-54, 1995.)
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Introduction

All living organisms strive to maintain a steady state. They
have developed various mechanisms to resist change and to
preserve physiological conditions that remain relatively
constant throughout life." When acted upon by various
physical properties of the environment, including changes
in diet or food supply, organisms adopt various strategies in
order to cope.? One of the strategies that some organisms
use to cope with potentially toxic heavy metals in their food
supply is to increase the production of metallothionein
(MT). MT are small proteins that contain sulfhydryl groups
that bind heavy metals. In higher animals, the organ of
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initial response is the intestinal mucosa. When exposed to
heavy metals, there is a rapid up-regulation of the MT
genes, and a few hours later, large amounts of MT proteins
are produced. If the concentrations of metals are relatively
small, they are effectively bound up by MT, and possible
toxic effects are averted.

Intestinal MT is induced also by essential minerals, such
as zinc, and binds essential minerals such as zinc and cop-
per. If mucosal concentrations of MT are high enough,
normal utilization of these minerals may be altered. Under
these circumstances, the organism might regard MT as
harmful and attempt to adopt some defensive mechanism to
reduce its effects. In this regard, in one of our studies to
determine the effect of zinc-induced MT on the cobinding
of copper in intestinal mucosa cells of rats, we observed that
the magnitude of MT induction with chronic feeding of
high-zinc diets appeared to become less with the duration of
feeding. Rats fed high-zinc diets for 1 week had 214 times
more MT in the mucosa as those rats receiving the diet for
2 weeks.’

To follow up this observation, we designed experiments
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to determine to what extent intestinal mucosa MT would
adapt when rats were fed high-zinc diets for an extended
period. Results of these studies are given in detail in this
paper. Similar results were obtained from two different
studies; only one is reported here.

Materials and methods
Animals and diet

This study was approved by the Animal Use Committee of the
USDA, ARS, Grand Forks Human Nutrition Research Center and
was in accordance with the guidelines of the National Institutes of
Health on the experimental use of laboratory animals.*

Two hundred and fifteen, 8-week-old Sprague-Dawley rats
were purchased from Sasco, Inc. (Omaha, NE USAT). Upon ar-
rival at the laboratory, they were fed a diet similar to AIN-93G®
except that it was modified to contain 50 mg of zinc and 4 mg of
copper/kg. Five days later, the rats were randomly divided into
various experimental groups. The first study was designed to de-
termine whether intestinal mucosa MT could adapt to chronic
feeding of a high-zinc diet. It was made up of two groups of rats.
One group contained 75 rats that continued to receive the modified
AIN-93G diet. Another group of 70 rats began to receive the
AIN-93G formulation that was modified further to contain 350 mg
of zinc and 4 mg of copper/kg. This study was run for 42 days. On
days, 3, 7, 14, 21, 28, 35, and 42, 10 rats from each group were
killed and their tissues prepared for analyses. Five rats were killed
at time 0.

The second study was designed to determine whether acclima-
tion of rats to high-zinc diets by periodic elevation of dietary zinc
would affect the induction of MT in the intestinal mucosa. This
study consisted of two groups of rats. One group was the same as
the first group in the study described above. Rats in the other
group were acclimated to a high-zinc diet by weekly incremental
increases in dietary zinc concentration. Briefly, all rats in this
group were first fed the diet with 50 mg of zinc/kg for 1 week, and
10 rats were killed. The remaining rats were then switched to a diet
containing 100 mg of zinc/kg for another 7 days, and 10 more rats
were killed. This scheme of increasing dietary zinc by 50 mg/kg at
weekly intervals continued until the last group of 10 rats had
received all preceding concentrations of zinc plus 350 mg of zinc/
kg for the final week. The dietary concentrations of zinc were 50,
100, 150, 200, 250, 300, and 350 mg/kg. At each 7-day interval,
10 rats from each of the two groups were killed and their tissues
prepared for analyses.

Analytical procedures

To preserve maximal concentrations of intestinal MT, the rats
were not fasted before they were killed. Beginning at 0900 hr, on
the day of each kill, each rat was anesthetized with 50 mg of
pentobarbital sodium/kg of body weight. The abdominal cavity
was opened and blood was withdrawn from the abdominal artery
into Monovette tubes (Sarstedt, Newton, NC USA) for the collec-
tion of serum. Blood samples were allowed to clot at room tem-
perature for 5 min and the tubes were placed in crushed ice.
After blood was withdrawn, the liver and kidneys of each an-
imal were perfused via the vena cava with 50 ml of ice-cold saline

‘tMention of a trademark or proprietary product does not constitute a guar-
antee or warranty of the product by the United States Department of Ag-
riculture and does not imply its approval to the exclusion of other products
that may also be suitable.
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(145 mmol NaCVL of deionized water). Liver and kidneys were
immediately removed and divided into various portions and frozen
in liquid nitrogen. The tissues were stored at —80°C until analy-
sis.

A 20 cm segment of the intestine, beginning at the pylorus, was
excised and the contents were washed out with ice-cold saline. The
segment was slit open and the mucosal layer was gently scraped
off with the edge of a glass slide. The scrapings were stored at
—80°C until they were analyzed for MT, zinc, and copper within
2 weeks after collection.

Blood samples were centrifuged at 4°C for 20 min at 1500g.
Serum was collected and immediately frozen at —20°C. Proteins
were precipitated from 0.5 mL of serum with 1.0 mL of deionized
water and 0.5mL of 0.45 mol S-sulfosalicylic acid/L of deionized
water. The mixture was allowed to sit at room temperature over-
night and was then centrifuged at 2000g for 20 min. The resulting
supernatant was analyzed for zinc and copper by flame atomic
absorption spectroscopy (AAS).

Samples of intestinal mucosa, liver, and kidney were analyzed
for zinc and copper by AAS. Briefly, the tissues were weighed,
lyophilized to constant weight, and charred in a muffle furnace at
450°C for 12 hr. Each of the charred samples was suspended in 2
ml of aqua regia and heated to dryness on a hotplate. The samples
were returned to the oven and heated at 450°C for another 12 hr.
The mineral residue was dissolved in 1 ml of aqua regia and
diluted appropriately with deionized water. Liver standard refer-
ence material (1577b, National Institute of Standards and Tech-
nology, Gaithersburg, MD USA) was analyzed with each batch of
tissue samples for quality control. All analyzed standards were
within the specified range for each mineral.

A portion of the frozen intestinal scrapings was homogenized
in buffer containing 50 mmol Tris-HCI/L and 1 mmol 2-mercap-
toethanol/L, pH 7.4. One miilliliter of the homogenate was heated
for 10 min at 95°C and centrifuged for 5 min at 10,000g. Aliquots
of the supernatant were analyzed for MT by the method of Eaton
and Cherian.®

Statistical analysis and graphics

Data are expressed as means * standard error of the mean (SEM).
Because a different set of rats was killed at weekly intervals, we
used the simple Student’s ¢ statistic to determine differences be-
tween groups fed normal and high dietary zinc at each week. A
calculated P value of 0.05 or less was considered significant. The
graphs were produced by the SigmaPlot Computer Graphing Pro-
gram (Jandel Scientific, San Rafael, CA USA; Windows Version
1.01). The curves in each graph were generated by using the curve
fitting program in the SigmaPlot program.

Results

During each of the two study periods, rats gained approx-
imately Sg/day. There were no significant effects of zinc
treatment on weight gain (data not shown).

Figure 1A shows the adaptation response of MT in rats
chronically fed a diet containing 350 mg of zinc/kg.
Clearly, the initial response of rats receiving the high-zinc
diet was a marked increase in the concentration of intestinal
MT. After reaching a peak between days 3 and 14 it began
to decline. By day 21, MT concentrations were one-half the
values for the previous week. MT continued to decline and
reached near-control values by the end of the experiment.

A different pattern emerged when rats were acclimated
to consuming a high-zinc diet (Figure 1B). When the rats
were given increasing amounts of dietary zinc each week,
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Figure 1 (A) Metallothionein (MT) concentrations in the intes-
tinal mucosa of rats chronically fed 50 mg of zinc/kg of diet
(open symbols) and 350 mg of zinc/kg (closed symbols). The
points represent means = SEM of 10 rats at each period. The
differences between diet groups at days 3 through 21 were
highly significant (P < 0.001). {B) Metallothionein (MT) concen-
trations in the intestinal mucosa of rats acclimated to increasing
concentrations of dietary zinc. Open symbols represent values
from rats fed 50 mg of zinc/kg of diet continually. Closed sym-
bols represent values from rats fed diets in which the concen-
tration of zinc was increased by 50 mg/kg each week beginning
at day 7. The points represent means + SEM of 10 rats at each
period. Only at days 14, 28, and 42 were there significant differ-
ences between diet groups (P < 0.02).

the differences between the amounts of MT in the intestinal
mucosa of rats fed 50 and 350 mg of zinc/kg was signifi-
cantly different (P < 0.05) between groups only at days 14,
28, and 42. Even though during the last week of the exper-
iment rats were consuming diets containing 350 mg of zinc/
kg, mucosal MT did not increase as it had in the initial
phase of the first experiment,

Similar results were observed for mucosal zinc (Figures
2A and 2B). There was an initial increase and then a decline
to near-control values (Figure 2A); however, the decline did
not begin until after day 21. During the acclimation phase
(Figure 2B), the concentration of mucosal zinc did not be-
gin to differ between groups until day 35, and only during
the last three periods was it significantly (P < 0.01) higher
in rats fed 350 mg of zinc/kg than in those fed 50 mg/kg.

Serum zinc concentration showed a similar pattern to
intestinal MT and zinc, with a peak concentration at day 7
(Figure 3A). By the end of the experiment, it was near the
values found in control rats. During the acclimation study
(Figure 3B}, the serum zinc concentration was significantly
(P < 0.03) elevated in those rats receiving the higher
amount of dietary zinc. Differences occurred at periods
where rats had received 100, 150, 200, or 300 mg of zinc/
kg diet for 1 week. The pattern of serum zinc values closely
mimicked those of intestinal MT.

Although the magnitude of the difference in peak re-
sponse of liver and kidney zinc between rats fed 50 and 350
mg of zinc/kg was only one-half that for intestinal and se-
rum zinc, the patterns of responses were similar (Figures 4A
and 5A). In the group fed 50 mg of zinc/kg, there was a
tendency for liver zinc to increase as the study progressed.
In the acclimation study (Figure 4B), the amount of zinc in
liver was generally higher (P < 0.02) in those rats fed the
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Figure 2 (A) Zinc concentrations in the intestinal mucosa of
rats chronically fed 50 mg of zinc/kg of diet (open symbols) and
350 mg of zinc/kg (closed symbols). The points represent means
+ SEM of 10 rats at each period. The differences between means
at days 3 through 21 were significant (P < 0.001). At days 28
through 42, the differences were significant, but less than at
previous periods (P < 0.02). (B) Zinc concentrations in the in-
testinal mucosa of rats acclimated to increasing concentrations
of dietary zinc. Open symbols represent values from rats fed 50
mg of zinc/kg of diet continually. Closed symbols represent val-
ues from rats fed diets in which the concentration of zinc was
increased by 50 mg/kg each week beginning at day 7. The points
represent means = SEM of 10 rats at each period. The differ-
ences between diet groups at days 35 through 49 were signifi-
cant (P < 0.01).

high-zinc diet than in those fed the control diet; the differ-
ence between groups was less for kidney (Figure 5B) than
for liver. Nevertheless, the animals had acclimated to the
slow increases in dietary zinc so that no exaggerated eleva-
tion of liver or kidney zinc was observed.

Under some conditions where high-zinc diets are fed,
there is a decrease in copper status of the animal. Tables 1
and 2 show the concentrations of copper in intestinal mu-
cosa, serum, liver, and kidney. In this study, there were no
indications that feeding 350 mg of zinc/kg of diet continu-
ally for 42 days or during acclimation to high-zinc diets
significantly affected the copper status of rats. However,
there was a significant increase (P < 0.01) in kidney copper
concentration with time, but it was not related to kidney
concentrations of zinc, a possible reflection of MT concen-
tration.?

Discussion

When animals are faced with extraordinary conditions in the
environment, including a change in diet, they adapt by al-
tering biochemical and physiological mechanisms to main-
tain homeostasis. When animals consume diets containing
high concentrations of some heavy metals, including zinc,
they adapt by producing large amounts of metallothionein
proteins (MT) in the intestinal mucosa. MT subsequently
binds the metals and limits their uptake into the body, thus
reducing the possibility of harmful effects. This could be
considered a type of defense mechanism, but the present
study showed that prolonged feeding of diets high in zinc
content caused a further adaptation response that lowered
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Figure 3 {A) Zinc concentrations in the serum of rats chroni-
cally fed 50 mg of zinc/kg of diet {open symbols) and 350 mg of
zinc/kg (closed symbols). The points represent means + SEM of
10 rats at each period. The differences between means at days 3
through 28 were significant (P < 0.001). The difference was sig-
nificant between treatments at day 42, but less than at previous
periods (P < 0.02). (B) Zinc concentrations in the serum of rats
acclimated to increasing concentrations of dietary zinc. Open
symbols represent values from rats fed 50 mg of zinc/kg of diet
continually. Closed symbols represent values from rats fed diets
in which the concentration of zinc was increased by 50 mg/kg
each week beginning at day 7. The points represent means *
SEM of 10 rats at each period. Only at days 14, 21, 28, and 42
were there significant differences between diet groups (P <
0.05).
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Figure 4 (A) Zinc concentrations in the liver of rats chronically
fed 50 mg of zinc/kg of diet (open symbols) and 350 mg of zinc
(closed symbols). The points represent means + SEM of 10 rats
at each period. Only at days 7 and 14 were there significant
differences between groups (P < 0.03 and P < 0.001, respec-
tively). (B) Zinc concentrations in the liver of rats acclimated to
increasing concentrations of dietary zinc. Open symbols repre-
sent values from rats fed 50 mg of zinc/kg of diet continuously.
Closed symbols represent values from rats fed diets in which the
concentration of zinc was increased by 50 mg/kg each week
beginning at day 7. The points represent means + SEM of 10
rats at each period. At days 14, 42, and 49 there were significant
differences between treatments (P < 0.03).

the concentration of MT in the intestinal mucosa. This sug-
gests that MT induction may act only as an initial defense
and a more efficient and sustained mechanism is adopted
when high-zinc intake is prolonged.
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Figure 5 (A) Zinc concentrations in the kidney of rats chroni-
cally fed 50 mg of zinc/kg of diet (open symbols) and 350 mg of
zin¢/kg (closed symbols). The points represent means = SEM of
10 rats at each period. Significant differences occurred at days
3,7,14,21, and 28 (P < 0.01 to P < 0.05). (B) Zinc concentrations
in the kidney of rats acclimated to increasing concentrations of
dietary zinc. Open symbols represent values from rats fed 50 mg
of zinc/kg of diet continually. Closed symbols represent values
from rats fed diets in which the concentration of zinc was in-
creased by 50 mg/kg each week beginning at day 7. The points
represent means * SEM of 10 rats at each period. There were no
significant differences between groups at any period.

The first experiment showed that the initial response of
rats to consuming diets containing high concentrations of
zinc was to produce large amounts of MT in the intestinal
mucosa. This response was maintained for about 14 days
and was accompanied by increased concentrations of mu-
cosal zinc, and high concentrations of zinc in serum, liver,
and kidney. The rats subsequently adapted to the high di-
etary zinc intake, and by days 28 to 42, MT and zinc con-
centrations in intestinal mucosa were markedly reduced
compared with the initial response. Even though the rats
continued to consume high-zinc diets, and mucosal MT was
only slightly elevated over controls; serum zinc and liver
and kidney zinc were near control values. Intestinal MT has
been touted as one of the regulators of zinc absorption.’
However, under the extreme conditions of high-zinc feed-
ing, it appears to have little influence.

The rats also adapted to incremental increases in dietary
zinc concentration by maintaining a constant concentration
of MT in the intestinal mucosa that was near control values.
In the second experiment, the zinc concentration in the diet
of rats was increased by 50 mg/kg each week for 42 weeks.
There were no exaggerated increases of intestinal MT after
each increase in dietary zinc. However, we only measured
MT 7 days after dietary zinc was increased. There may have
been an immediate response at day one, but MT concentra-
tion had returned to control values by day 7. In addition,
serum, liver, and kidney zinc concentrations were not ele-
vated at any period of change in dietary zinc concentration.

Studies by Hoadley et al.’ suggested a role for MT in the
absorption of zinc during states of zinc depletion and fast-
ing. The present study, however, suggests that during pro-
longed consumption of high zinc, rats may adopt alternative
mechanisms to reduce the amount of zinc in the body that
do not involve MT. The nature of these mechanisms is
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Table 1 Copper concentrations in the intestinal mucosa, serum, liver and kidney of rats adapted to dietary intakes of 50 and 350 mg of zinc/kg
of diet*

Diet Zn (mg/kg)t

Serum intestinal mucosa Liver Kidney

Days 50 350 50 350 50 350 50 350

0 151 =11 15111 323+20 323x20 471 x27 471+ 27 889 92 889 +9.2

3 140+ 06 150+ 0.5 31114 35120 588 1.7 57.4 x 31 854 +51 956 = 6.8

7 139+ 0.6 141 +03 355+13 356 1.3 57.0x24 51618 1051 =122 92.9 + 6.1
14 142 =05 141+ 04 32920 358 +08 53716 592 +12 102.6 £ 9.2 1177 £ 9.2
21 154 = 0.7 145+ 0.8 331+186 37929 51406 53322 1102+ 7.1 979+ 69
28 155+09 16.1 + 0.6 31410 329+06 548 17 54920 126.3 £ 85 123470
35 16.4 = 0.9 152+ 04 29917 207+ 14 57116 549+ 11 1233+ 6.5 1248+79
42 167+ 06 15.6 £ 05 30120 30613 551 +16 57915 129.8 + 9.6 120.6 + 9.1

*Values are means + SEM of 10 replicates. Values are expressed in umol/kg of wet tissue or wmol/L of serum.

TRats were fed diets containing either 50 or 350 mg of zinc/kg for 42 days. Each week throughout the period, 10 rats from each dietary group
were killed, and tissue samples were taken for analysis. There were no significant differences between dietary groups or days except that the
concentration of kidney copper increased with time. However, there was no significant effect of dietary zinc.

Table 2 Copper concentrations in the intestinal mucosa, serum, liver and kidney of rats slowly acclimated to weekly changes in dietary zinc
from 50 to 350 mg zinc/kg diet*

Zn Treatmentt

Serum Intestinal mucosa Liver Kidney
Diet Zn, mg/kg Conti - - - - - - -
- = = ontinual Variable Continual Variable Continual Variable Continual Variable
Days c v (©) ) (© % ©) V) (&) %

0 50 50 15111 161x11 323+x20 323+20 47127 47127 889 +902 889 +92
7 50 50 13006 14103 355+13 356=*x13 570x24 516=x18 1051 *122 929 +6.1
14 50 100 142+05 138x=05 329x20 328+22 53716 547=x14 1026+92 108.4 + 18.6
21 50 150 15407 149x06 331x16 33218 514+x06 58427 1102=*71 108.4 = 48
28 50 200 156+09 176+06 31410 304=1.1 54817 568+19 1263=x85 123.8 = 8.6
35 50 250 16409 15909 299+17 32719 571+16 57518 1233=*65 121.8 £ 10.3
42 50 300 16706 17609 301+20 312*x26 551+16 578=x21 1298 + 9.6 129.4 = 12.2
49 50 350 18309 15609 292=x18 359=+x15 542+11 56510 1054=*62 1086 = 6.4

*Values are means = SEM of 10 replicates. Values are expressed in wmol/kg of wet tissue or pmaol/L of serum.

tRats were fed two different regimens. One group received a diet containing 50 mg of zinc/kg continuously for 49 days, marked C. in the other
group, the concentration of dietary zinc was increased by 50 mg/kg each week for the 49-day period, marked V. The values in the variable
columns represent those obtained after the rats had consumed the respective dietary zinc concentration for 1 week. The only significant
differences observed were increases in the amount of copper in the kidneys with time, except for day 49 when the concentration fell. There
was no effect of increasing dietary zinc concentrations in kidney copper.

unknown, but two possibilities exist. One is that the intes-
tinal mucosa adapts by reducing the rate of zinc absorption,
and the other is that the adaptation response increases the
rate of elimination of absorbed zinc from the body, or a
combination of both. To my knowledge, no studies have
been done to determine the effect of feeding high-zinc diets
for prolonged periods on the absorption of zinc. It has been
shown that zinc absorption from the intestine of rats fed
normal zinc diets is biphasic; a carrier-mediated phase at
low zinc concentrations and a passive phase (paracellular
diffusion) at high concentrations.®

In preliminary studies (experiments not described) we
showed that by using ligated intestinal loops® after 8 weeks
on the experiment, the rate of absorption of °*Zn from the
intestinal lumen into the body of rats fed 350 mg of zinc/kg
was only 60% (P < 0.01; n = 3) of that in rats fed 35 mg
of zinc/kg. Similar differences occurred whether the lumen-
al incubation media contained 11.5 or 115 pmol zinc/L.
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This type of absorption experiment is difficult to interpret,
however, because rats consuming high-zinc diets would
have more zinc in the unstirred layer of the intestinal mu-
cosa as well as a higher zinc concentration in the mucosal
cell than those consuming diets with lower amounts of zinc.
Consequently, the lower absorption rates might simply re-
flect the lower specific activity of *Zn at the sites of uptake
and transport. 191 addition, the concentrations of zinc used
in the ligated loop experiment were in the range where zinc
absorption could be regulated (carrier mediated). However,
during normal dietary consumption, the lumenal zinc con-
centration in rats fed high-zinc could be high enough to be
in the diffusional phase of absorption and not regulated.
Thus, it seems doubtful that a 40% reduction in zinc trans-
port rate, as measured by this procedure, could be a major
contributor to near normal serum, liver, and kidney zinc
concentrations in rats fed a 10-fold higher zinc concentra-
tion in their diet than controls.



Absorption is only one phase of the regulation of zinc
homeostasis; excretion is the other.'' One could argue that
the adaptive response we observed was through the stimu-
lation of a higher rate of excretion of zinc via the urine,
through bile/pancreatic secretions, intestinal secretions, and
sloughed mucosal cells. We did not measure these param-
eters, but based on the findings of others, loss through the
bile/pancreatic secretions seems an unlikely mechanism. In
two different experiments, Finley and Johnson'? showed no
significant difference in zinc secretions via the bile/pancreas
in rats fed concentrations of dietary zinc ranging from 10 to
300 mg/kg for 7 weeks. They concluded that biliary/
pancreatic secretions in the rat under these conditions were
not major contributors fo the maintenance of zinc homeo-
stasis. Reinstein et al.!> showed similar results, but over a
shorter feeding period. It seems unlikely, therefore, that the
reduction in concentrations of zinc in serum and tissues, as
observed in the present study, could be accounted for by
increased zinc excretions through this route.

What then is responsible for the apparent reduction of
body zinc during high dietary zinc intakes? Finley and
Johnson'? suggested that an increase in the rate of zinc
secretion by the intestine and/or an increased rate of turn-
over of intestinal mucosa cells could be contributing fac-
tors. Neither of these possibilitics have been investigated.

Effects of feeding high-zinc diets on
copper metabolism

Although it has been shown numerous times in the past that
high dietary zinc affects copper status of rats through di-
minished copper absorption,™!*!¢ it was not apparent in
the present study. Copper status as judged by concentrations
of copper in serum, liver, and kidney was not affected by
feeding high-zinc diets, or by the manner in which the diets
were presented. However, the magnitude of the effect might
depend on a number of factors including the amount of
copper in the diet, the amount of zinc in the diet, compo-
sition of the diet, the age of the animal at the time the
feeding trials begin, and/or the duration of the feeding tri-
als. Fischer et al.!”'® found that as little as 120 mg of
zinc/kg of diet (6 mg of copper/kg) fed to weanling rats for
5 weeks significantly reduced the concentrations of copper
in serum. Reeves et al.> showed a significant reduction in
copper status of 6-week-old rats fed diets containing 560 mg
of zinc/kg and 6 mg of copper/kg for 2 weeks. However,
Hall et al.'® could not find an effect on copper absorption at
dietary concentrations of zinc below 900 mg/kg (3 mg of
copper/kg) in 6-week-old rats. Likewise, Oestreicher and
Cousins®® did not find an effect of feeding diets containing
180 mg of zinc/kg (6 mg copper/kg) on copper absorption in
8-week-old rats. Thus, it was not too surprising to find in
the present experiment that the copper status of 8-week-old
rats fed 350 mg of zinc and 4 mg of copper/kg diet was not
impaired. In a similar experiment (data not reported), we
also did not observe an effect of feeding 350 mg/kg of zinc
on copper status of rats fed 6 mg of copper/kg of diet. In the
same study, we used the whole-body counting technique®'
to determine copper absorption and found no difference
between rats fed 50 or 350 mg of zinc/kg of diet for 24 days.

Metallothionein adaptation in zinc-fed rats: Reeves
Conclusions

This study showed some of the manifestations of adaptation
to long-term intakes of high-zinc diets in rats. It demon-
strated that the concentrations of MT and zinc in the intes-
tinal mucosa, and zinc in serum, liver, and kidney, in-
creased initially but then returned to near control values
after about 4 weeks of feeding. These data suggest that
during prolonged feeding of diets high in zinc, the rat
adopts regulatory mechanisms to lower body zinc that are
not involved with intestinal MT.

This study also points out the difficulties in interpreting
physiological responses when the data are based on single-
point observations with respect to time. Adaptation is a
normal response of all animals when faced with changes in
environmental conditions, including changes in diet.!> In
most animal studies where dietary nutrients may be defi-
cient or in excess of required amounts, many of the phys-
iological and biochemical changes observed are reflections
of an adaptation response to these extremes. Depending on
the point in time at which the observations are made, there
may be no direct connection between the mechanism of
action of a nutrient and the observed response. If multiple
measurements over time are not made, we are placing limits
on our interpretations of the data and may be missing vital
information with regard to specific mechanisms involved in
nutrient function.
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