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Body temperature and thyroid
hormone metabolism of
copper-deficient rats™

Henry C. Lukaski, Clinton B. Hall, and Martin J. Marchello*

U.S. Departiment of Agriculture, Agricultural Research Service, Grand Forks Human Nutrition
Research Center, Grand Forks, ND USA; and *Department of Animal and Range Sciences, North
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The hypothesis that the effects of copper deficiency on body temperature are mediated via the thyroid hormone
system was examined in 24 male Sprague-Dawley rats, weighing 240 to 250 g, matched by weight and fed ad
libitum diets containing adequate (78.7 umolikg), marginal (31.5 wmolikg), or deficient (<7.9 pmollkg)
amounts of copper for 35 days. Anemia was not found in the copper-restricted groups. Plasma cholesterol
concentrations increased (P < 0.05) and plasma copper, ceruloplasmin, and liver copper concentrations de-
creased (P < 0.05) in the rats fed the copper-restricted diet as compared with the copper-adequate diet.
Cytochrome c oxidase and glutathione peroxidase activities in liver and brown adipose tissue were decreased (P
< 0.05) in the copper-deprived rats. Body temperatures at 24°C were less (P < 0.05) in the severely copper-
deficient as compared with the moderately copper-deficient and copper-adequate animals. Plasma thyroxine
concentrations were decreased (P < 0.05) in severely copper-deficient as compared with moderately copper-
deficient and copper-adequate rats. Plasma tri-iodothyronine concentrations were reduced (P < 0.05) and
plasma thyroid-stimulating hormone concentrations were elevated (P < 0.05) in both groups of copper-restricted
rats relative to the copper-adequate rats. Thyroxine 5'-monodeiodinase activities in liver and brown adipose
tissue were decreased (P < 0.05) in the copper-restricted animals. Hepatic tri-iodothyronine receptors were
increased (P < 0.05) by dietary copper restriction. Body fatness was greater (P < 0.05) in copper-restricted as
compared with copper-adequate rats. These findings indicate that copper deficiency without anemia decreases
tissue copper and selenium status and is associated with impaired thyroid hormone metabolism and mild

hypothermia in rats at maintained at 24°C. (J. Nutr. Biochem. 6:445-451, 1995.)
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Introduction

The thyroid hormone system is important in maintaining
normothermia in mammals.' The production of the biolog-
ically active hormone, triiodothyronine (T,), from the pre-
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cursor, thyroxine (T,), is regulated by the enzyme thyroxine
5’-monodeiodinase.“ There are two major forms of this en-
zyme: type I 5'-monodeiodinase, which is located princi-
pally in the liver and kidney, and type II 5'-mono-
deiodinase, which is found in the brown adipose tissue
(BAT) and the central nervous system.2 Many factors can
affect thyroid hormone metabolism and function. These in-
clude genetic, environmental, physiological, and nutritional
influences.®* While considerable attention has been given
to constitutive and environmental factors that can affect the
thyroid hormone system, only recently has the role of nu-
tritional factors, with an emphasis on micronutrients, been
explored.

There is increasing experimental evidence that subopti-
mal intake of some mineral elements can influence the ther-
mogenic capacity of mammals.®> For example, iron defi-
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ciency decreases plasma thyroid hormone concentrations
and results in hypothermia at 24°C and during acute cold
exposure in male and female rats.> Similarly, zinc defi-
ciency impairs thyroid hormone metabolism and causes hy-
pothermia at room temperature and during cold exposure.'®

Copper (Cu) nutriture also has been reported to influence
thyroid hormone status and thermogenesis. Among infants
and children with a genetic impairment in Cu absorption, a
condition termed Menkes’ Kinky Hairy Syndrome, hypo-
thermia at room temperature was a characteristic fea-
ture.'""'? Anemia was not present in any of the infants and
children with this metabolic perturbation. However, the ac-
tivity of cytochrome ¢ oxidase, a Cu-containing enzyme, in
the liver and skeletal muscle was decreased.

Copper deficiency has been reported to impact circulat-
ing thyroid hormone concentrations. Weanling Cu-deficient
rats had decreased basal T, concentrations and blunted pi-
tuitary-thyroid axis function suggesting hypothyroidism. '
In addition, recent evidence indicates that Cu deficiency
induces a secondary selenium (Se) deficiency as indicated
by l1'4e(115uced tissue selenogliutathione peroxidase activ-
ity. ™

The present study was undertaken to examine the hy-
potheses that Cu deficiency affects body temperature at
thermoneutral conditions and that this effect is mediated by
thyroid hormone status. We also assessed the roles of type
I and II 5'-monodeiodinase activities in modulating the thy-
roid hormone response to graded Cu deprivation.

Methods and materials

Male Sprague—Dawley rats weighing approximately 250 g (Harlan
Sprague-Dawley, Madison, WI, USA) were sorted by weight into
three groups (n = 8) and fed one of the following experimental
diets. The treatments were Cu-adequate (CuA, 78.7 pmol Cu/kg
of diet), Cu-marginal (CuM, 31.5 pmol/kg), and Cu-deficient
(CuD, <7.9 pmol/kg) diets. The basal CuD diet was based on
65% carbohydrate (50% sucrose and 15% corn starch), 20%
casein, 5% corn oil, 5% celluflower, 3.5% mineral mix, 1% vi-
tamin mix, 0.3% methionine, and 0.2% choline. The vitamin and
mineral mixes were previously described.'® The Cu content of the
CuM and CuA diets was increased by deletion of small amounts of
corn starch and concomitant increases in the CuD mineral mix.
Diet and distilled-deionized water were provided ad libitum. An-
imals were housed individually in stainless steel cages in a cli-
mate-controlled room maintained at 24 *= 1°C (mean = SE) with
a 12 hr light:dark cycle (lights on at 0600 hr).

Body temperature measurements

The animals were fed the experimental diets for 35 days. The
animals were picked up and handled daily during the light cycle to
habituate them to human contact. During the final 3 days of the
study, core body temperatures were determined daily by using a
thermistor (YSI model 701, Yellow Springs, OH, USA) calibrated
to 0.1°C that was inserted 10 cm into the rectum. The thermistor
was left in the rectum until a stable temperature (+0.1°C) was
attained. Body temperatures were measured at 4 to 5 hr into the
12-hr light cycle.

After an overnight fast, the animals were injected with pento-
barbital (50 mg/kg of body weight). Blood was obtained by car-
diac puncture and collected into heparinized and anticoagulant-
free plastic syringes. The animals were killed by exsanguination
from the heart.
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Biochemical assessment of copper status

Heparinized blood was analyzed for hematocrit and hemoglobin
concentration by using a Coulter Counter (model #S-Plus IV,
Coulter Electronics, Hialeah, FL, USA). Plasma was separated
from heparinized blood by centrifugation and then assayed enzy-
matically for cholesterol'” and ceruloplasmin'® with a Cobas Fara
automated analyzer (Roche Diagnostics Systems, Nutley, NJ,
USA). Another plasma sample was analyzed for Cu concentration
by inductively coupled argon plasma emission spectroscopy.

Liver and BAT were dissected, flushed with ice-cold saline,
then weighed. The median lobe of the liver was removed for
mineral assays, and the remainder of the liver was frozen at
—80°C for enzyme analyses. After lyophilization and digestion of
tissue specimens with nitric acid and hydrogen peroxide,'® their
trace element contents were determined by using inductively cou-
pled argon plasma emission spectroscopy (model 503, Perkin-
Elmer, Norwalk, CT, USA). Parallel analyses of the National
Institute of Standards and Technology reference samples (1577a,
bovine liver for organs) yielded mineral contents within the spec-
ified ranges of accepted values.

Enzyme analyses

Samples of liver and BAT were homogenized (1:3 and 1:10, wt/
vol, respectively) in 0.1 mol potassium phosphate/L, 0.25 mol
sucrose/L., 0.1 mmol EDTA/L (pH at 7.0), and | mmol HEPES/L,
0.25 mol sucrose/L, and 0.1 mmol EDTA/L (pH at 7.2), respec-
tively. After low-speed centrifugation (1500 g, 4°C for 15 min),
aliquots (1 mL for liver and 0.5 mL for BAT) were taken for
ultracentrifugation (100,000 g, 4°C for 1 hr). The remainder of the
low-speed supernatant of BAT and the pellet of the liver ultracen-
trifugation (2 mL of 0.1 mol potassium phosphate/L and 0.1 mmol
EDTA/L at pH 7.0) was rehomogenized and diluted with 3 mL of
0.1 mol potassium phosphate 0.1 mmol EDTA/L at pH 7.0. All
samples for glutathione peroxidase activity were frozen at —20°C.
Samples for 5’-monodeiodinase activity were stored at —80°C
until analysis.

Triton X-100 was added to the homogenate to a final concen-
tration of 0.02% (vol/vol). The homogenate then was assayed for
cytochrome ¢ oxidase activity by monitoring the loss of ferrocy-
tochrome ¢ at 550 nm."?

Glutathione peroxidase activity of liver and BAT specimens
was assayed in thawed homogenates prepared as described earlier
by using the method of Paglia and Valentine.*® The assay used 100
pL of diluted sample (liver, 1:150 and BAT, 1:2, homogenate:
phosphate buffer) and followed the oxidation of NADPH utilizing
the substrate 0.00495% H,0,, which is specific for the Se-
dependent glutathione peroxidase. Results are expressed as nmol
of NADPH oxidized/min/mg of protein for liver and BAT.

Liver iodothyronine 5'-monodeiodinase activity (type I) was
determined in microsomal fraction by quantitating the release of
251 from (***1] 5'-L-3,3',5 T, or rT, (DuPont New England Nu-
clear, Boston, MA, USA), as described previously.?' Samples of
frozen liver were homogenized as described previously. Aliquots
of microsomal fractions (30 wL) were incubated at 37°C for 10
min with 152 L of substrate mixture of 0.1 mol potassium phos-
phate buffer/L containing 0.1 mmol EDTA/L at pH 7.0, 10 uL of
60 mmol dithiotheritol (DTT)/L, 1 pL of 0.154 mmol rT4/L in
0.05 mol sodium hydroxide/L containing 1% (wt/vol) bovine se-
rum albumin (BSA), and 7 wL of repurified '*°I-T, placed in a
500 pL centrifuge tube covered with a stream of nitrogen and
capped. After a 10-min incubation at 37°C, the reaction was
stopped by the addition of SO pL of ice-cold human serum, 10
mmol propylthiouracil/L (1:1, vol/vol), and 300 pL of 12.5%
(wt/vol) ice-cold trichloroacetic acid. The centrifuge tube was
capped and centrifuged at 13,000 rpm at 4°C for 10 min. A 450 pL
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aliquot of the supernatant was taken and placed on a Dowex 50W-
2X column equilibrated with 10% (vol/vol) acetic acid. The '*1
was eluted with three 1 mL washes of 10% acetic acid and counted
in a Packard Cobra Auto-Gamma counter (Downers Grove, IL,
USA). The results are expressed as nmol of '*’I released/min/mg
of protein.

Type II 5'-monodeiodinase activity in BAT was determined as
described by Leonard et al.,?? using 2 nmol 5'-['**I]rT,/L as sub-
strate in the presence of 1 mmol PTU/L and 20 mmol DTT/L.
Although T, is a better substrate for type II 5'-monodeiodinase,
the physiological responses of the enzyme are equally reflected
with either substrate.?*>* Results are expressed as nmol '*°I re-
leased/min/mg of protein. Protein concentrations were determined
by using a modified Lowry procedure (Sigma Kit #P5656).

Thyroid hormones and receptors

Cardiac blood was collected into anticoagulani-free plastic tubes
and permitted to clot at room temperature. Serum was obtained by
centrifugation. Thyroxine and T, concentrations in serum were
assayed by using an automated procedure (IMX Diagnostic Sys-
tem, Abbott Laboratories, Abbott Park, IL, USA). Serum thyroid-
stimulating hormone (TSH) was determined by using a commer-
cially available radioimmunoassay kit specific for rat TSH (‘'TSH;
Amersham Corp., Arlington Heights, IL, USA). All determina-
tions for each hormone were made in one assay. The inter- and
intraassay coefficients of variation in our laboratory are <5% and
<4% for T, and T, and <8% and <6%, respectively, for rTSH.

Solubilized thyroid hormone receptors of nuclear fractions of
livers were determined by using standard methods.>* A 50 pL
aliquot containing approximately 100 g of protein was incubated
with 400 pL of buffer consisting of 20 mmol TRIS-HCI/L, 2
mmol EDTA/L, 50 mmol NaCl/L 10% (vol/vol) glycerol, and
0.16 mmol DTT/L at pH = 8.2, and 50 uL '*°I-T, (DuPont New
England Nuclear, Boston, MA, USA) at 37°C for 50 min, fol-
lowed by another incubation at 4°C for 24 hr. Incubant (500 wL)
then was applied to a hydroxyalkoxypropyl dextran (Type IV,
Sigma Catalogue #H6258) column, pretreated with methanol, in-
cubation buffer, and 3% non-fat dried milk. The columns were
washed with 1 mL of incubation buffer; the eluent, containing the
bound fraction, was collected and counted in a gamma counter.
Data are expressed as fmol '2°I bound/mg of protein.

Body composition

Each animal was prepared for direct chemical analysis by remov-
ing the hair, viscera, paws, and tail. The carcass was weighed and
frozen for later analyses. Three aliquots of finely ground and ho-
mogenized samples from each animal were used for proximate
chemical analyses. Dry matter was determined by oven-drying at
105°C. Protein was assayed by the micro-Kjeldahl method, and
total fat was estimated by the Foss-let procedure.”®

All chemical reagents, unless otherwise indicated, were ob-
tained from Sigma Chemical Co. (St. Louis, MO, USA). Vitamin-

free casein was purchased from ICN Biochemicals (Costa Mesa,
CA, USA).

Statistical methods

Data are presented as the mean *+ standard error of the mean (SE).
A one-way analysis of variance?® was used to determine the effects
of graded dietary Cu on various indices of Cu status and enzyme
activities. A repeated measures analysis of variance®® was used to
examine the effects of time and dietary Cu on body temperature.
Significant differences among groups were identified with Tukey
contrasts.’

Results

Somatic and biochemical evidence of
copper deficiency

Dietary Cu did not affect final body weight (Table 1). The
ratio of heart weight to body weight also was not affected by
dietary copper (3.13 = 0.14, 3.04 = 0.04 and 3.10 = 0.08
mg/g for CuA, CuM, and CuD, respectively). The con-
stancy of body weight was parallelled by the estimated pro-
tein and water content of the carcass. In contrast, the ash
content was decreased (P < 0.05) and the fat content was
increased (P < 0.05) in the rats fed the Cu-restricted diets.

Plasma cholesterol concentration increased (P < 0.05)
with Cu deprivation (Table 2). Hematocrit and hemoglobin
were less (P < 0.05), although within the range of normal
values, in the rats fed the copper-restricted diets as com-
pared with the rats fed the CuA diet. Ceruloplasmin and
plasma copper concentrations declined (P < 0.05) in re-
sponse to graded dietary Cu.

Tissue Cu status also was impacted by dietary Cu (Table
3). The liver Cu concentration decreased (P < 0.05) and the
iron concentration increased (P < 0.05) when dietary Cu
was decreased. Cytochrome c oxidase and glutathione per-
oxidase activities decreased (P < 0.05) in both the liver and
BAT when dietary Cu was restricted.

Body temperature measurements

There was no effect of time on the repeated measurements
of body temperature (Table 4). The overall mean body tem-
perature determined on three successive days was decreased
more (P < 0.05) in the rats fed the CuD diet than in the rats
fed either the CuM or CuA diets. The temperature of the
CuA animals was greater (P < 0.05) than that of the CuM
rats.

Table 1 Effects of graded dietary copper on body compositional variables of rats*

Body wt Carcass wt Protein Water Ash Fat Fat

(9) (9) (9) (9) (9) (9) (%)
CuA 317 x4 2586 + 3.6 545=+1.0 1744+ 28 10.2 £ 0.4® 194 = 0.6° 7507
CuM 3265 2611+ 36 56.9 + 11 170425 89 +0.4° 24 4 +15° 9.3 £ 09°
CuD 318+ 7 2624 59 55718 170.1 = 3.1 93 = 04° 261 = 1.3° 10.2 = 0.8°

*Values are mean = SE. Values in a column with different superscripts are significantly different, P < 0.05 (Tukey's contrasts).
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Table 2 Effects of dietary copper restriction on biood biochemical indices of copper status*

Plasma
Hematocrit Hemoglobin Cholesterol Ceruloplasmin Copper
(L) (g/L) (mmol/L) (mg/L) (mmol/L)
CuA 0.46 + 0.01° 153 = 12 78 = 42 476 + 3.6° 1.14 £ 0.08°
CuM 0.43 = 0.01° 148 + 2° 92 + 6° 33.4 + 2.6° 0.87 + 0.05°
CuD 0.43 = 0.01° 142 = {b 100 + 4° 6.4 + 2.6° 0.40 = 0.01°

*Values are mean = SE. Values in a column with different superscripts are significantly different, P < 0.05 (Tukey's contrasts).

Thyroid hormone status

Serum T, concentrations were decreased (P < 0.05) and
TSH concentrations increased (P < 0.05) in the CuM and
CuD rats as compared with the CuA rats (Table 5). Circu-
lating T; concentrations were less (P < 0.05) in the Cu-
restricted animals.

Dietary Cu restriction adversely impacted peripheral thy-
roid hormone metabolism (7able 5). Hepatic type 1 5'-
monodeiodinase activity decreased (P < 0.05) in the ani-
mals fed CuM and CuD diets. In addition, BAT type Il
5’-monodeiodinase activity decreased (P < 0.05) in the
animals fed the Cu-restricted diets.

Liver T, receptors were influenced by dietary Cu. Nu-
clear T, binding in the liver increased (P < 0.05) in the
Cu-restricted as compared with the CuA animals.

Discussion

The present study was designed to examine the role of thy-
roid hormone status and metabolism on the body tempera-
ture of male rats fed diets varying in Cu content. It dem-
onstrates graded mild hypothermia at thermoneutral ambi-
ent temperature in response to dietary Cu restriction.
Although the decrease in body temperature between the
CuA and the CuD rats was 1°C, the magnitude of the body
temperature of the CuD was at the limit of the homeothermy
for the Sprague-Dawley rat.?® To our knowledge, this is the
first report of impaired thermoregulatory function in Cu-
deficient rodents.

One mechanism for this functional impairment is altered
thyroid hormone metabolism. Circulating T, concentrations
are decreased in response to dietary Cu restriction; concom-
itantly, TSH concentrations are increased. These observa-
tions suggest an intact thyrotropic axis that responds with

negative feedback signals (i.e., increased TSH) when cir-
culating T, decreases in CuD. These findings indicate a
failure of the thyroid gland to either synthesize or secrete
adequate T, in Cu-deprived animals and reflect primary
hypothyroidism.

These observations are consistent with the previous find-
ing of altered thyroid function in CuD rats.'? In response to
a thyrotropin-releasing hormone challenge, CuD weanling
rats responded with a similar increase in TSH as did CuA
rats. However, serum T, response was blunted in CuD rats
indicating an impairment in T, production or release from
the thyroid gland.

Dietary Cu restriction also impacted peripheral thyroid
hormone metabolism. Similar to a previous report,” a sig-
nificant decrease in hepatic type I 5'-monodeiodinase ac-
tivity was found in the hypothyroid, Cu-restricted rats. In-
terestingly, in both the present and previous® studies, the
ratio of T,/T; was not affected by dietary Cu restriction.
This observation is apparently the outcome of an effect of
hypothyroidism on type II 5'-monodeiodinase activity. Hy-
pothyroidism is associated with increased circulating
3,3',5'-triiodothyronine (rT;) which exerts a negative feed-
back control on type II 5'-monodeiodinase activity in some
peripheral tissues.>® Plasma T, concentrations are in-
creased in Cu-deficient rats.?® Thus, decreased T, pro-
duction and reduced conversion of T, to T; maintained
a relatively constant T,/T, ratio among the rats fed graded
dietary Cu.

Differences in dietary Cu also may influence peripheral
thyroid hormone metabolism by altering catecholamine syn-
thesis. The Cu-containing enzyme, dopamine-f3-mono-
oxygenase, regulates the synthesis of norepinephrine from
dopamine in the sympathetic nervous system.>' Copper-
deficient rodents have decreased concentrations of norepi-
nephrine and increased concentrations of dopamine in

Table 3 Liver mineral concentrations and enzyme activities of liver and brown adipose tissues of rats fed diets varying in copper content*

Cytochrome ¢ oxidase

Glutathione peroxidase

Liver (nmol/min/mg of protein) {nmol NADPH/min/mg of protein)
Cu Fe
(ng/9) (no/g) Liver BAT Liver BAT
CuA 50=x01° 390 + 48° 211 * 108 1606 = 1132 1868 + 622 131 = 7¢
CuM 45=+0.2° 369 + 222 162 + 8° 957 + 109° 1520 = 71° 116 = 4°
CuD 2.5 =0.01° 757 + 42° 151 = 7° 717 = 105° 1311 + 81¢ 108 * 4°

*Values are mean + SE. Values in a column with different superscripts are significantly different, P < 0.05 (Tukey contrasts).
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Table 4 Body temperatures (°C) of rats fed graded dietary cop-
per*

Day
1 2 3 Average
CuA 38.2 01 38.3 £ 0.1 382 £ 0.1 382 +0.1°
CuM 38.0 01 37.7 0.1 376 £ 0.1 37.7 £0.1°
CuD 37301 371+ 01 371+ 01 372 x0.1°

*Values are mean = SE. Values in a column with different super-
scripts are significantly different, P < 0.05 (Tukey's contrasts).

many tissues, including the central nervous system and pe-
ripheral tissues.>” Studies have shown reduced rates of nor-
epinephrine synthesis in the hearts of Cu-deficient rats;
supplementation of Cu-deficient rats rapidly restores car-
diac norepinephrine content.*® Importantly, «,-adrenergic
stimulation is needed to increase BAT type Il 5'-mono-
deiodinase activity in response to a cold stressor.>* The
findings of reduced body temperature and decreased type 11
5’'-monodeiodinase activity are consistent with a regulatory
role of Cu in norepinephrine synthesis.

To investigate further the effects of Cu deficiency on
thyroid hormone metabolism, nuclear binding of T, was
examined. An inverse relationship between nuclear receptor
binding of T, and Cu status was observed. This finding is
consistent with an up-regulation of T, receptors in response
to the decreased circulating concentrations of both T, and
T, and indicates a cellular adaptation to hypothyroidism.

The reduction in hepatic type I 5'-monodeiodinase ac-
tivity was associated with decreased activity of glutathione
peroxidase, a selenium-containing enzyme,”* suggesting an
indirect influence of dietary Cu on tissue selenium status.
The mechanism of the interaction of Cu deficiency and
tissue depletion of glutathione peroxidase is unknown at
present. It has been suggested that Cu deficiency may in-
directly affect selenoglutathione peroxidase because of re-
ductions in Cu-zinc superoxide dismutase activity>® and/or
alterations in glutathione metabolism.>’

Another hypothesis is that Cu deficiency may be in-
volved in the regulation of selenoprotein synthesis indepen-
dently of the antioxidant defense system. As seen with Se-
glutathione peroxidase, type I 5’-monodeiodinase is ex-
pressed from mRNA containing a unique codon for
selenocysteine that is required for enzymatic activity.>® In

addition, there is a stem-loop structure involving the UGA
codon and an adjacent sequence necessary for selenocys-
teine incorporation into some bacterial enzymes, including
formate dehydrogenase and glycine reductase. In rats and
humans, type 1 5'-monodeiodinase requires the 3’ untrans-
lated region, the primary sequence of which is not totally
similar to that of Se-glutathione peroxidase, but can substi-
tute for it.** Mutations in the stem-loop structure prevent
or cause a reduction in the translation of type I 5'-
deiodinase.”® This selenocysteine insertion sequence is a
critical structural characteristic that is indispensable for
proper translation for type I 5'-deiodinase and Se-
glutathione peroxidase.*® Furthermore, these findings sug-
gest the possibility of a common, regulatory pathway for
these enzymes at the molecular level. The reduced hepatic
Se-glutathione peroxidase mRNA concentration and en-
zyme activity found in Cu-deficient animals strongly sug-
gest that Cu may play an important role in selenoenzyme
metabolism.>®

In addition to the role of thyroid hormone metabolism on
temperature regulation, cytochrome c¢ oxidase, a Cu-
containing enzyme, may be important. This enzyme, which
regulates electron transport in the mitochondria and hence
energy status of the cell, has been shown to be reduced in
the livers and skeletal muscles of children with Menkes’
Kinky Hair Syndrome.'*'* These children are character-
ized by the clinical signs of hypothermia, reduced sponta-
neous activity, hypotonia, and lethargy. Similarly, de-
creased cytochrome c oxidase activities in liver and BAT
paralleled the reduced body temperatures of the rats in re-
sponse to graded dietary Cu.

The relationship between reduced organ cytochrome ¢
oxidase activity and altered energy metabolism in Cu defi-
ciency is unclear. Despite significant decreases in cy-
tochrome ¢ oxidase activity in a variety of organs, distur-
bances in steady-state levels of adenine nucleotides have not
been observed universally. Studies in suckling mice*' and
weanling rats*? found no alteration in cardiac ATP levels.
However, myocardial oxygen consumption rates were sig-
nificantly decreased, although ADP:O ratios were unaf-
fected, in Cu deficiency.** Reduced hepatic ATP concen-
trations have been found in older Cu-deficient rats, partic-
ularly when anemia was not present.****> This suggests that
alterations in energy metabolism may occur in rats that are
not severely Cu-deficient. In contrast, one study*® did not
find decreases in hepatic ATP concentration in Cu-deficient
rats.

Table5 Effects of dietary copper on circulating thyroid hormone concentrations, organ monodeiodinase activities and hepatic soluble thyroid

hormone receptors*

Monodeiodinase activity
mmol 2%|/min/mg

T T TSH of protein reclé;?)rrs-r ?mol
4 3
(nmol/L) (nmol/L) (Mu/L) Liver BAT '251/mg of protein
CuA 55 x 12 0.97 = 0.032 0.55 = 0.032 1426 + 567 289 = 10 414 £ 0418
CuM 46 + 1° 0.83 + 0.02° 0.62 + 0.04° 799 + 28° 231 = 17° 553 = 0.29°
CuD 40 * 1€ 0.72 £ 0.03° 0.74 =+ 0.03° 770 = 43° 186 = 20° 7.27 £ 0.38°

*Values are mean * SE. Values in a column with different superscripts are significantly different, P < 0.05 (Tukey's contrasts).
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In addition to the liver, decreased cytochrome ¢ oxidase
activity was found in BAT of Cu-deficient rats. To our
knowledge, this is the first report of an adverse effect of Cu
restriction on this tissue. Because of the requirement for
uncoupled ATP production in this tissue for the mainte-
nance of thermal homeostasis,? it is important to delineate
whether adenosine nucleotide concentrations are impacted
by restricted dietary Cu.

The ratio of BAT to body weight was affected by dietary
Cu. This ratio was decreased (P < 0.05) in CuD (0.70 +
0.04 mg/g) as compared with CuM (0.78 *+ 0.03 mg/g) and
CuA (0.79 £ 0.04 mg/g). Although these data are influ-
enced by the ability to dissect out all BAT from the inter-
scapular space and to remove all visible white adipose tissue
and muscle from the BAT, they suggest a reduced ther-
mogenic potential in CuD rats.

In the present study, anemia was not induced with the
Cu-restricted diets. Anemia has been shown to impair ther-
moregulatory function of iron-deficient rodents because of
the reduction of oxygen-carrying capacity and the possible
regulation by iron status of type I 5'-monodeiodinase activ-
ity.*” Thus, the finding of hypothermia in the present study
is related to tissue Cu depletion rather than an interaction
between Cu and iron as is seen with anemic Cu-deficient
animals.

In contrast to many other studies of metabolic effects of
Cu deficiency, the present study used a model of young,
adult rats, as compared with weanling animals. This ap-
proach was taken to induce marginal Cu deficiency as may
be found among humans. In addition, this experimental
model provided an opportunity to avoid the anemia of se-
vere Cu deficiency and the attendant complication of reduce
oxygen-carrying capacity while eliciting altered tissue iron
metabolism as seen with the increased hepatic iron concen-
tration.

The effect of dietary Cu on body composition may pro-
vide some insight into the role of Cu on whole body energy
status. Although final body weight was not affected by di-
etary Cu, the chemical composition of the carcass was im-
pacted. Fat content, either in absolute or relative values,
was significantly increased in response to dietary Cu restric-
tion. This observation suggests decreased energy expendi-
ture in the Cu-deprived as compared with the CuA rats and
is consistent with the markedly reduced cytochrome c oxi-
dase activities in the tissues. Despite the increased insula-
tion, body temperatures were less in the Cu-restricted rela-
tive to the CuA rats.

The effects of Cu restriction on indirect measures of
energy utilization and body composition assessment were
examined recently in male weanling rats.*® After 7 weeks,
rats fed the CuD diet (9 pwmol Cwkg) had reduced rates of
growth despite similar daily energy intakes as rats fed CuA
diet (102.2 pmol/kg). Body fat content (absolute and ex-
pressed as a percentage of body mass) was decreased in
CuD rats (65.7 vs. 51.5 gand 22.7 vs. 19.6%). The authors
conclude that Cu deficiency in weanling rats resuits in a
preferential utilization of stored fat as an energy source.

The discrepancies between the findings of the present
study and the observations of Hoogeveen et al.*® may be
explained by differences in experimental designs and meth-
ods. Responses to restricted dietary Cu may vary on the
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basis of age and developmental status of the rats. In addi-
tion, methodological differences (chemical analysis versus
indirect estimation) may contribute to differences in body
composition assessments. Each of these factors need clari-
fication to delineate the effects of Cu restriction on energy
metabolism and energy stores of animals.

In summary, dietary Cu restriction was associated with
hypothyroidism and decreased peripheral thyroid hormone
metabolism; it resulted in hypothermia at 24°C. The impair-
ment in type I 5'-monodeiodinase activity apparently is as-
sociated with an indirect effect of Cu deficiency on sele-
nium metabolism in the liver. Reduced type II 5'-
monodeiodinase activity in BAT apparently is related to the
induced hypothyroidism and reduced dopamine 3-monoox-
ygenase, a Cu-containing enzyme, activity in the sympa-
thetic nervous system. In future studies, it will be useful to
determine the functional response of Cu-deficient animals
to an acute cold stressor and to discern the role of dopa-
mine-B-monooxygenase and the adrenergic component of
the sympathetic nervous system on thermoregulatory per-
formance.
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