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Abstract. The cuproenzymes lysyl oxidase, cytochrome-c oxidase, and superoxide 
dismutase are key factors in understanding the cardiac hypertrophy and cardiomy- 
opathy associated with dietary copper restriction. The role of copper in cardiac lipid 
and energy metabolism as a consequence of changes in some of these enzyme ac- 
tivities in comparison with what is known about normal cardiac substrate utilization is 
discussed here. While the decrease in the nuclear encoded subunits of cytochrome-c 
oxidase in hearts from copper-deficient rats is known, new evidence suggests that 
other factors, such as ATP synthase metabolism may be exerting an influence upon 
this observation. While this review focuses on newer knowledge about energy and 
fatty acid metabolism in copper deficiency, the extracellular matrix is considered as 
well. This complex interplay of extracellular and cellular events in copper restriction is 
outlined as a model for further studies of this unique model of concentric hypertrophy. 
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everal years ago, a model pertaining to copper defi- 
ciency and the subsequent cardiac defects was pre- S sented and reviewed in this journal (1). Since that 

publication, the proposed model has served as a strategic 
outline for designing experiments to pursue in order to un- 
lock the mechanisms that cause these defects. Novel find- 
ings have evolved since that minireview appeared, and these 
findings are reviewed here. Information on functional as 
well as mechanism perspectives now allows for greater in- 
sight. Our studies demonstrate that marginal copper intake 
has a deleterious influence upon the heart without overt 
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signs of compromised copper status. The basis of the car- 
diac defects resulting from copper deficiency is best under- 
stood by the role of copper-containing enzymes. Lysyl oxi- 
dase, cytochrome-c oxidase, and super oxide dismutase, all 
cupro-enzymes, appear to be factors to consider in validat- 
ing a mechanism or model. Again we present evidence 
along these lines, but suggest other additional avenues to 
consider that were unknown at the time of the initial pub- 
lished review. 

Characteristics of the Copper-Deficient Rat Heart 

Studies have consistently demonstrated that copper- 
deficient (Cu-) rats exhibit a variety of cardiovascular de- 
fects, including abnormalities in the connective tissue of 
blood vessels, ventricular aneurysms, hemothorax, pleural 
effusion, cardiac hypertrophy, abnormal electrocardio- 
grams, hypercholesterolemia, glucose intolerance, hypoten- 
sion, and disturbances in fatty acid profiles and norepineph- 
rine metabolism (2-1 5). Increased mitochondria volume 
density and mitochondria:myofibril with vacuolated mito- 
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chondria and disrupted cristae has been a common obser- 
vation in hearts from Cu- rats (16, 17). Our laboratory also 
demonstrated that anemia was not an initiating factor, nor 
was its presence necessary for the development of cardiac 
hypertrophy (16). Reports of anemia causing the hypertro- 
phy were once in vogue as the reason supporting the cardiac 
hypertrophy with copper deficiency. However, copper de- 
ficiency can induce anemia, and, while there is a potential 
for volume overload, our lab and others have shown that 
hypertrophy in copper deficiency can occur in the absence 
of anemia (1, 18). An earlier study reported that cardiac 
enlargement was greater in copper-deficient pigs than in 
iron-deficient pigs despite similar hematocrits ( 19). Cardiac 
hypertrophy with electrocardiogram anomalies in the ab- 
sence of anemia has been reported for rats (20). The degree 
of anemia appears unrelated to the degree of hypertrophy 

A unique feature of hearts obtained from copper- 
deficient animals is their morphology. The hypertrophy has 
been described by our research group as predominantly con- 
centric, where the ventricular and atrial walls are signifi- 
cantly thickened but lumen volumes decrease. This type of 
hypertrophy is reported in pressure overload or aortic ste- 
nosis. In copper-deficiency, however, blood pressure is of- 
ten decreased. The weakening of the myocardium due to 
decreased collagen cross-linking via decreased lysyl oxi- 
dase activity may cause an increased work load, thereby 
leading to concentric hypertrophy. Other models of hyper- 
trophy have enhanced lumen volumes and thin myocardial 
walls, but have an expanded circumference. Volume over- 
load as observed in anemia, obesity, etc., often leads to this 
pattern of hypertrophy (1). 

Recently, our group in collaborations with others (24) 
reported that marginal diet copper fed to rats for 6 months 
affected cardiac ultrastructure. Compromised basal laminae 
and mitochondria, and the appearance of glycogen granules 
and lipid droplets without cardiac hypertrophy were re- 
ported. In overt copper deficiency the same observations 
with hypertrophy have been reported, as reviewed earlier 
(1). An unpublished study in which marginal copper (2 kg 
Cu/g diet) was fed to rats for up to 10 months gave similar 
results in addition to electrocardiogram alterations that are 
similar to those reported in overt copper deficiency (17). 
Hunsaker et al. (25) reported that the F, generation fed the 
2-kg Cu/g diet that were from dams fed the same levels of 
dietary copper from weaning had aortic ultrastructural pa- 
thology. These rodent studies are all the more significant in 
view of the fact that the copper levels fed were designed to 
simulate what Western diets may contain. Furthermore, the 
cardiac changes did occur when traditional measures of cop- 
per status did not change. Such changes could be clinically 
significant in humans. 

Activity levels also should be considered with respect 
to nutrient requirements, and this is true for copper as well. 
When young adult rats were fed copper-deficient diets and 
were either exercise-trained on a treadmill for 8 weeks or 

(2 1-23). 

allowed to remain sedentary, several conclusions were 
made (26). First, after the 8 weeks, rats fed copper-deficient 
diets were only marginally compromised in copper status 
when using liver Cu,Zn-superoxide dismutase activity as a 
copper status measure. Second, rats fed the copper- 
restricted diets could not continue until Week 8 because 
they tired easily and refused to run. Thirdly, significant 
pericapillary and interstitial collagen accumulation and 
phagocytic activity was noted. 

In view of the findings pertaining to lipid and glycogen 
accumulation in the myocardium of rodents fed copper- 
marginal and deficient diets, and the influence of physical 
activity, some consideration of energy substrate utiliza- 
tion in the heart and potential role of copper nutriture is 
appropriate. 

General Energy Metabolism in Myocardial Tissue 
Cardiac myocytes require a tremendous amount of en- 

ergy for electromechanical activity, ion pumping, and cel- 
lular maintenance, energy which is supplied by the break- 
down of high-energy phosphate compounds. The high- 
energy phosphates, primarily ATP and creatine phosphate, 
are derived from the catabolism of fatty acids, glucose, lac- 
tate, pyruvate, acetate, ketone bodies, and, to a lesser de- 
gree, amino acids (27). In this sense the heart can be con- 
sidered an “omnivorous” organ, able to utilize a variety of 
energy substrates (28). 

The rate at which cardiac myocytes utilize different 
energy substrates is directly related to their relative concen- 
trations in the vascular and interstitial compartments, the 
degree of mechanical activity of the heart, and the presence 
of various hormones, either released locally or circulating 
(29, 30). Although earlier studies overestimated the contri- 
bution of fatty acid oxidation to cardiac ATP production to 
be as high as 70%-100% (31,32) subsequent investigations 
estimated the contribution of fatty acids to oxidative me- 
tabolism to be on the order of 50%-70% (33-35). The car- 
bohydrate substrates glucose and lactate account for the 
majority of the remaining oxidative metabolism, with rela- 
tively minor contributions from pyruvate, P-hydroxybuty- 
rate, and acetoacetate (36, 37). 

Since myocardial activity can only be sustained by an- 
aerobic metabolism for a brief period of time, cardiac myo- 
cytes are endowed with relatively large compartment of 
mitochondria and a rich supply of myoglobin. Mitochondria 
may make up to one-third of a cardiac myocyte’s volume 
(38, 39), which is roughly three quarters as much space as 
myofilaments. The inner membrane of mitochondria, the 
site of oxidative phosphorylation, is space efficiently ar- 
ranged and is approximately 30 times the surface area of the 
sarcolemma (38, 39). Further attesting to the fundamental 
oxidative nature of myocardium is the rich capillary distri- 
bution, as a I-mm3 region of the left ventricular myocar- 
dium of a dog contains approximately 3500 capillaries (40). 

As oxidative metabolic generation of ATP prevails in 
cardiac tissue, the primary substrates will include fatty acid- 
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derived acetyl coenzyme A (CoA), via mitochondrial and 
peroxisomal P-oxidation, and pyruvate derived from glu- 
cose and lactate catabolism (27). Only under extreme con- 
ditions, such as ischemia, will anaerobic glycolytic mecha- 
nisms increase resulting in dramatic changes in substrate 
utilization (41). 

Endogenous stores of carbohydrate and fatty acids are 
normally limited in cardiac myocytes. For instance, carbo- 
hydrate contribution to total cardiac mass is less than 0.7%, 
which would also include carbohydrate moieties beyond 
glycogen stores (42). Meanwhile, canine cardiac tissue con- 
tains approximately 50 kmol fatty acid moieties per gram of 
wet tissue, with the majority (85%-90%) of the fatty acid 
being incorporated in the phospholipid pool, and the re- 
maining fatty acids comprising the triacylglycerol pool 
(12%) and cholesterol esters (0.5%) (43). Only a small 
quantity of fatty acids in cardiac tissue are of the unesteri- 
fied nature (<0.1%), as the normal dog will contain on the 
order of 30 nmol/g wet weight (43-45). However, once the 
fatty acid in the extracellular compartment has been con- 
sidered, the quantity of unesterified fatty acids in the cyto- 
solic compartment has been estimated at <10 pmol/l (44). 
As the amount of cytosolic unesterified fatty acids is small 
and because it is uncertain whether fatty acids associated 
with membrane phospholipids are available for oxidation 
and high-energy phosphate production, it seems more likely 
that the endogenous source of fatty acids as a substrate for 
P-oxidation is almost entirely reserved for the triacylglyc- 
erol pool (46). 

Beyond endogenous stores, triacylglycerol is also lo- 
calized at various sites throughout the heart. Cardiac adipo- 
cytes, are visually obvious without magnification in the vi- 
cinity of superficial epicardial coronary arteries in dogs and 
rats, while in humans, adipocytes are abundant in the epi- 
cardium (47). Additionally, some triacylglyceride deposi- 
tion can be observed in the interstitial space (48) as well as 
a limited amount in endothelial cells (49). 

As cardiac myocytes are limited in their ability to store 
energy substrates in appreciable quantities, they will require 
a constant perfusion of these molecules by way of coronary 
circulation. Glucose and lactate circulate independently, 
while fatty acids are found in the blood either complexed to 
albumin or esterified in lipoprotein triacylglycerol(47). The 
uptake of circulating unesterified fatty acids by cardiac tis- 
sue is very efficient, with extraction ratios estimated as high 
as 70% on a single transit of blood (50, 51). The uptake of 
lactate on a single capillary passage is about 50%, whereas 
only a minor proportion of glucose is taken up on a single 
passage (44). The uptake of glucose at a normal workload 
appears to be hormonally regulated by insulin; however, at 
higher workloads glucose uptake by cardiac myocytes in- 
creases in an insulin-independent manner (28). Oppositely, 
the extraction of lactate by cardiac myocytes appears to be 
governed by its concentration in the extracellular compart- 
ment (36, 52). 

Fatty acids that circulate esterified to glycerol as part of 

triacylglycerol assembled in lipoproteins, are liberated by 
the catalytic activity of lipoprotein lipase (53). Phospholi- 
pase A, activity also exerted by lipoprotein lipase assures 
exposure of the triacylglycerol-abundant core of chylomi- 
crons and very low density lipoproteins (54). Fatty acids and 
monoglycerides are the primary products of cardiac lipo- 
protein lipase activity and are taken up by endothelial and 
myocardial cells and used for both anabolic and catabolic 
processes (55). 

The utilization of glucose as a oxidative metabolic sub- 
strate in cardiac myocytes begins with glycolysis. Glycoly- 
sis is regulated at various steps, the most important of which 
include hexokinase, phosphofructokinase (PFK), glyceral- 
dehyde-3-phosphate dehydrogenase, and pyruvate dehydro- 
genase (34). The last of these enzymes systems would yield 
acetyl CoA in the mitochondrial compartment. Glucose en- 
try into cardiac myocytes appears to be a carrier-mediated, 
non-energy-dependent process that can be augmented by 
increased cardiac work and the presence of elevated levels 
of insulin, epinephrine, and growth hormone, and by de- 
creased oxidative metabolism such as during anoxia (34). 
Conversely, efficient fatty acid oxidation will lessen glu- 
cose transport into cardiac myocytes. Hexokinase is inhib- 
ited by its product, glucose-6-phosphate, which after revers- 
ible conversion to fructose-6-phosphate, by phosphoglucose 
isomerase, is a substrate for PFK. PFK is a major regulator 
for glycolysis and is impacted by cytosolic pH and allosteric 
factors. Its activity is stimulated by low-energy phosphates 
such as AMP, ADP, and inorganic phosphate, and decreased 
by ATP and citrate (34). The factors that decrease PFK 
activity are indeed products of fatty acid oxidation. The 
mitochondrial enzyme complex pyruvate kinase is not only 
regulated by phosphorylatiorddephosphorylation, but is al- 
losterically inhibited by the products of fatty acid oxidation 
(i.e., NADH and acetyl CoA) and oxidative phosphorylation 
(ATP) (34). 

Fatty acids, derived either from exogenous or endog- 
enous sources interact with a tissue-specific isoform of fatty 
acid-binding protein (FABP) (56, 57). The heart-type 
FABP has been reported to be a relatively small protein (15 
kDa); however, it makes a significant contribution to car- 
diac protein mass. Some early estimates of the contribution 
of cardiac-type FABP to the cytosolic protein mass where as 
high as 5%-6% (58 ,59 ) ,  although more recent estimates are 
about half of the earlier reports (60). The primary respon- 
sibility of cardiac-type FABP appears to be to facilitate the 
transport of fatty acids to intracellular sites of metabolic 
conversion (47). 

Before fatty acids can be utilized in oxidative pathways 
for ATP production, their carboxylic head group must be 
converted to a reactive thioester in a process referred to as 
fatty acid activation (61). Fatty acid activation is catalyzed 
by long-chain, medium-chain, and short-chain acyl-CoA 
synthetases (47). Activated fatty acids are then available for 
mitochondrial and peroxisomal P-oxidation. Activated 
long-chain fatty acids must first be transported into the mi- 
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tochondrial matrix, via a carnitine-dependent shuttle mecha- 
nism, prior to engaging in P-oxidation (62, 63). Acyl-CoA 
esters are first converted into acylcarnitine, by the action of 
carnitine acyltransferase I located at the inner surface of the 
mitochondrial inner membrane, and then transported across 
the inner membrane by carnitine-acylcarnitine translocase 
(64). Once inside the matrix, acylcarnitine is reconverted to 
acyl-CoA by carnitine acyltransferase I1 (64). P-oxidation 
of acyl-CoA in the mitochondrial matrix yields acetyl CoA, 
NADH, and FADH,, and integration of acetyl CoA into the 
tricarboxylic acid cycle yields more NADH and FADH, 
(47). The reduced electron transfer complexes (NAD+ + 
NADH and FAD 3 FADH,) deliver electrons to the respi- 
ratory chain located within the mitochondrial inner mem- 
brane to support ATP synthesis. 

The peroxisomes of cardiac myocytes also possess the 
ability to oxidize fatty acids; however, their oxidative ca- 
pacities are limited to long-chain acyl-CoA (47). Further- 
more, peroxisomal P-oxidation is somewhat incomplete in 
that long-chain acyl-CoA are catabolized to acetyl CoA and 
short-chain acyl-CoA moieties, which need to be further 
degraded in mitochondria (65). 

Cardiac Energy Metabolism during Reduced O2 
Delivery and Hypertrophy 

Hallmarks of alterations in normal cardiac function, 
structure, or perfusion include modifications in energy sub- 
strate metabolism. For example, in low-flow ischemic 
hearts there is a resultant accumulation of cytosolic fatty 
acids (44). Furthermore, hypoxic and ischemic conditions in 
humans and experimental animals results in the accumula- 
tion of lipid droplets (66, 67). The appearance of lipid drop- 
lets is similar to other heart conditions where there are ge- 
netic fatty acid defects in metabolism (68). During adaptive 
cardiac hypertrophy, there is often a trend towards the uti- 
lization of less fatty acid and more glucose for oxidative 
ATP generation (69). 

Ischemia resulting in oxygen deficiency in cardiac 
myocytes causes a significant reduction in oxidative me- 
tabolism; however, it still persists as the primary means of 
residual ATP generation (41). All parameters of mitochon- 
drial function become depressed with ischemia (70), and, in 
contrast to normal aerobic metabolism, glucose becomes the 
primary contributor of substrates for the tricarboxylic acid 
cycle (71). During decreased oxygen delivery to myocar- 
dium there is increased glycogenolysis to provide more glu- 
cose (34). Furthermore, under conditions of extreme anoxia 
cardiac glycogen stores may become essentially depleted 
within 4 min (72). Glucose transport into cardiac myocytes 
as well as the activity of hexokinase and PFK are increased 
during decreased oxygen delivery (34). However, in severe 
anoxia, resulting from ischemia, glycolysis is ultimately re- 
duced primarily due to the inhibitory effect of lactate, both 
directly upon glyceraldehyde-3-phosphate dehydrogenase, 
and indirectly by its regulation of the sole remaining means 

for oxygen-deficient cardiac myocytes to reoxidize NADH 
through lactate dehydrogenase (73, 74). 

During myocardial ischemia, many events take place 
that depress fatty acid oxidation. The resulting decrease in 
respiratory chain flux in mitochondria increases the NADH: 
NAD+ ratios in mitochondria and the cytosol, and acts to 
suppress P-oxidation (34, 7 l), especially the oxidation of 
P-hydroxy acyl-CoA, which requires NAD+ (75). Mito- 
chondrial accumulations of long-chain acyl-CoA has been 
reported as well during ischemic states (76, 77). In fact, 
accumulation of lipid droplets in hypoxic and ischemic car- 
diac tissue has been well established in both humans and 
laboratory animals (66, 67, 78, 79). 

In the adaptive hypertrophic state, energy substrate me- 
tabolism also appears to be altered. There appears to be a 
decrease in fatty acid oxidation in the hypertrophic heart 
when expressed either per gram of cardiac tissue or per unit 
of cardiac work (33). In one investigation (33), energy sub- 
strate utilization was measured in rat hearts which were 
volume-overloaded by surgical opening of a aortocaval fis- 
tula resulting in cardiac enlargement. The overloaded hearts 
demonstrated decreased mechanical performance and 0, 
consumption. 14C0, production from [U- 14C]palmitate was 
also decreased. However, when the hearts were perfused 
with octanoate, the mechanical performance and 0, con- 
sumption were normalized in the overloaded hearts. Despite 
normal levels of carnitine in the blood, carnitine levels were 
depressed in the overloaded rat hearts. CoA levels were not 
altered in the overloaded rat hearts. Therefore, the reduction 
in long-chain fatty acid oxidation in mitochondria in the 
overloaded rat hearts may be related to a reduced ability to 
translocate activated long-chain fatty acids into the mito- 
chondria for subsequent @-oxidation. Furthermore, it has 
been speculated that a decreased translocation of activated 
fatty acids in the cytosolic compartment into mitochondria 
can lead to increased triacylglycerol synthesis and incorpo- 
ration into the triacylglycerol pool within those cardiac 
myocytes (80). The existence of an impaired long-chain 
fatty acid utilization in mechanically overloaded rat hearts 
mentioned above (33) confirms the reports of other inves- 
tigators using different models of experimental cardiac 
overload (80-82). The work by El Alaoui-Talibi and co- 
workers (33) suggested that a primary underlining aspect of 
the decreased long-chain fatty acid utilization observed in 
mechanically overloaded hearts may be related to altered 
function of a mitochondrial carnitine palmityl transferase 
(CPT,). This would certainly impair the penetration of long- 
chain fatty acids into mitochondria and thus limit their con- 
tribution to cardiac energy production (83). 

As glucose utilization as an oxidative substrate in- 
creases relative to the reduction in fatty acid oxidation in 
adaptive cardiac hypertrophy, the question of whether 
mechanisms associated with glucose utilization are en- 
hanced was addressed. Bishop and Altschuld (84) demon- 
strated that certain features of glucose metabolism are in- 
deed enhanced in dogs with experimental cardiac hypertro- 
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phy and congestive heart failure. Progressive pulmonary 
stenosis was produced, resulting in right ventricular hyper- 
trophy, in one experimental group, while right ventricular 
hypertrophy and congestive heart failure was produced in 
another experimental group secondary to infestation with 
the canine heartworm Diroflaria irnrnitis. There was a sig- 
nificant shift from heart-type lactate dehydrogenase (H- 
LDH) towards muscle-type lactate dehydrogenase (M- 
LDH) isozyme. M-LDH is more associated with tissue more 
accustomed to anaerobic metabolism, such as white skeletal 
muscle fibers (85). Furthermore, Bishop and Altschuld (84) 
demonstrated that lactate production was significantly in- 
creased, above control levels, in the hypertrophied right 
ventricles after 30-min anaerobic incubation, further sug- 
gesting an increased ability to metabolize glucose in hyper- 
trophied cardiac tissue. 

Speculations on Copper-Deficient 
Cardiac Metabolism 

Manifestations of copper deficiency-associated cardiac 
hypertrophy and myopathy suggest that energy metabolism 
is indeed altered. Although direct evidence is limited, 
speculations based upon indirect observations and related 
models of cardiac hypertrophy and myopathy are feasible 
and should launch future investigation. 

As mentioned earlier, copper restriction in young ani- 
mals results in a concentric pattern of cardiac hypertrophy 
(1, 86, 87). Although the exact histological nature of the 
hypertrophy is forthcoming, it will be assumed till then that 
the pattern of cardiac growth is consistent with the classic 
view of hypertrophy, whereby there is an augmentation of 
the diameter of individual myocardial fibers (88) with little 
to no change in the ratio of fibers to capillaries (89). How- 
ever, as the diameter of the myocardial fiber increases there 
is a concomitant increase in the diffusion distance for oxy- 
gen. This may establish a state of relative hypoxia in the 
central portion of cardiac myofibers, which theoretically 
could result in an increased reliance on glycolytic metabo- 
lism. Normally, anaerobic glycolysis only accounts for 
about 1% of the ATP produced in cardiac myocytes; how- 
ever, during hypoxic states that percentage increases rela- 
tively (90). Jalili et al. (91) measured cardiac LDH activity 
in copper-deficient rats, fed either a high-fat or low-fat diet, 
and did not observe a significant difference in relation to 
copper status or dietary fat level. However, despite the sig- 
nificant shift in isozyme forms of LDH in right ventricular 
hypertrophy induced by Bishop and Altschuld (84), they too 
did not observe a significant difference in total cardiac tis- 
sue LDH activity in comparison with the control animals. 
Thus, whether or not there is a shift in isoenzyme forms of 
LDH as an adaptive response to the concentric hypertrophy 
developed in copper deficiency remains unresolved and per- 
haps would be a more descriptive measurement. 

The augmentation in the cardiac mitochondrial com- 
partment during the development of copper deficiency is 
believed to account for a major portion of the concentric 

hypertrophy observed (1, 86, 87, 92). However, at this time 
the signal(s) and precise molecular events leading to the 
expansion of mitochondria1 volume remain speculative. As 
electron micrographic evaluation of myocardial ultrastruc- 
ture has revealed that a notable portion of the mitochondria 
appear swollen and mishapened, with fragmentation of the 
fine cristae organization, it is difficult to surmise its impact 
upon oxidative phosphorylation. One potential indication 
that fatty acid utilization in the copper-deficient heart may 
be depressed is an accumulation of lipid droplets, as con- 
sistently revealed by electron microscopy (1, 86, 87, 92). 
Interestingly, recent electron micrographic investigation 
(Fig. 1) of cardiac myocytes from rats fed a marginally 
adequate copper diet over a 6-month period also presented 
increased lipid volume density (24). Mitochondria pathol- 
ogy was evident in that the cristae showed signs of disin- 
tegration and did not exhibit the usual parallel array. In 
addition, results of a current investigation by Wildman and 
Mao has revealed that cardiac lipoprotein lipase activity in 
cardiac tissue is increased 2-fold in copper-deficient rats. 
Thus, the increase lipid droplet accumulation observed in 
copper-deficient rat heart micrographs could be the result of 
increased translocation of extracellular fatty acids into car- 
diac myocytes with subsequent resynthesis of triacylglyc- 
erol. Furthermore, it is not known whether this possible 
increased import of fatty acids is merely occurring in excess 
of normal fatty acid oxidation or occurring concomitant to a 
reduction in fatty acid oxidation. Future efforts will be fo- 
cused in this area. In addition to the presence of lipid drop- 
lets, phospholipid metabolism has been documented to be 
altered in hearts from copper-deficient rats in that a decrease 
in choline phosphotransferase was reported (93) with sub- 
sequent decreases in phospholipid phosphorus content. 
Whether such changes may influence cell membrane func- 
tion was not reported. 

As mentioned previously, hypertrophy is an adaptive 
response whereby the structural dimensions of cardiac walls 
and chambers conform to cardiovascular events such as 
chronic volume overload, mitral or aortic regurgitation, or 
pressure overload, such as the result of chronic hyperten- 
sion. In the case of copper deficiency, the concentric pattern 
of hypertrophy is likened more to a pressure overload sce- 
nario (1). In light of its inverse relationship to wall tension, 
the increase in ventricular wall thickness in the copper- 
deficient model (86, 87) may be interpreted as an adaptive 
response to reduce ventricular wall tension and subsequent 
myocardial 0, demands for energy metabolism. Chao and 
co-workers (94) did report that cardiac ATP content of hy- 
pertrophic hearts from copper-deficient rats was measured 
at control levels. This was in spite of despite reduced cyto- 
chrome-c oxidase (CCO) activity. However, adaptive 
changes in copper-deficient cardiac myocytes may allow for 
a reduced energy consumption in hypertrophy, such as up- 
regulation of the more slowly contracting fetal isomyosin 
V,, as opposed to V, (95, 96). Adaptive changes in cardiac 
hypertrophy can result in a period of stability; however, they 
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Figure 1. Electron micrographs of heart sections from rats fed cop- 
per-adequate (A) or copper-marginal diets (B and C). Note the pres- 
ence of lipid droplets (L) and glycogen granules (G) in marginal 
animals. The architecture of the mitochondria (M) appears compro- 
mised among marginal-copper-fed rats (B and C) in that the cristae 
are not in the usual parallel arrays and vacuoles are apparent. my, 
myofibrils; N, nucleus. Bar, 1 pm. 

may ultimately lead to a decrease in cardiac performance 
and ultimate failure. Wildman and co-workers (87) did re- 
port a decreased left ventricular +dPldt,,, in copper- 
deficient rats. This measurement is an indicator of left ven- 
tricular systolic performance and is affected by preload and 
myocardial contractility. Since the rats in this study were 
not anemic, nor did they present tachycardia, and myocar- 
dial ATP content has been reported to be at control levels 
elsewhere (94), the predominant influencing factor would 
seem to be a reduction in sarcomere contractility. A reduc- 
tion in cardiac contractility may be partly explained by the 
reported shift from V,  to V, isomyosin protein in copper- 
deficient rat hearts (95, 96). The V, isomysin protein de- 
creases the rate of cross-bridge cycling, thereby reducing 
myocardial contractility (97). However, the tension gener- 
ated during systole is increased thereby facilitating the ejec- 
tion of an overloaded heart. The net effect of a shift towards 
the “slow-type” V, isomyosin protein is a decreased ino- 
tropic effect; however, it improves the mechanical effi- 
ciency of the heart and spares energy (98). 

One point that must be considered when comparing the 
energetics of myocardium in the state of hypertrophy and 
normal hearts is energy apportionment. This is to say that a 
heart in state of hypertrophy has to dedicate a certain por- 
tion of its generated ATP to anabolic processes such as 
sarcomere development, mitochondria1 proliferation, and 
biomembrane expansion. This allotment of energy must 
hold high priority as the heart tries to adapt to a given 
physiological situation such as pressure or volume overload. 
This may perhaps render the enlarging heart somewhat en- 
ergy-poor for other activities such as contraction and relax- 
ation events. 

At this time it is difficult to predict confidently the 
metabolic activities in copper-deficient myocardial tissue. 
Whether there is a shift towards the utilization of more 
glucose for oxidative and anaerobic energy metabolism re- 
mains undetermined. If this is indeed the case, it would 
occur in an animal whereby there is a decrease in whole- 
body respiratory quotient (RQ), indicating greater fatty acid 
oxidation (99). Also, if cardiac myocytes from copper- 
deficient animals do indeed use less fat as an energy source, 
the nature of the reduction needs to be established. Future 
efforts need to focus on cardiac lipoprotein lipase, carnitine- 
involved translocation of fatty acids into mitochondria, ac- 
tivation of fatty acids, competitive re-esterification events 
for triacylglycerol formation, P-oxidation, as well as en- 
hanced mechanisms for glucose utilization. 

Cytochrome-c Oxidase and ATP Synthase 
Copper deficiency decreases cytochrome-c oxidase ac- 

tivity, and one study demonstrated that repletion normalized 
the activity (100). The structure of CCO has recently been 
published (101). The rat CCO enzyme is composed of three 
larger mitochondrial encoded subunits and about 10 nuclear 
encoded subunits. The mitochondrial encoded subunits pos- 
sess the catalytic activity and the nuclear ones the regulatory 
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activity (102). The classical interpretation of decreased 
CCO activity in copper-deficiency has been the role of cop- 
per has as a co-factor for the mitochondrial encoded sub- 
units I and I1 (103). However, we have reported that the 
nuclear encoded subunits are markedly decreased in copper 
deficiency while the mitochondrial encoded subunits appear 
unaffected (104, 105). Unpublished data from our labora- 
tory demonstrated that the CCO nuclear encoded subunits 
were decreased after 3 weeks of copper restriction and oc- 
curred at the same time that the hypertrophy became evi- 
dent. The decrease in the CCO nuclear encoded subunits is 
not simply the result of, or secondary to, the pathology, but 
of copper deficiency per se. This observation comes from 
three conducted experiments. As reviewed above, in rats fed 
the Cu- diet in combination with the strong antioxidant 
dimethyl sulfoxide, mitochondria volume density remained 
elevated, but the degree of organelle disruption appeared 
less extensive than in copper-deficient rats without an an- 
tioxidant (106). However, the nuclear encoded CCO sub- 
units and the 6 subunits of ATP synthase were still de- 
pressed (105). A close examination of the mitochondria 
revealed that the copper-deficient rats, whether pair or ad 
libitum fed, or administered DMSO concurrently with the 
copper-deficient diet, all had irregular and fragmented cris- 
tae. This would be expected, since these enzymes are part of 
the inner mitochondrial membrane. A second experiment 
examined the CCO subunits in a genetic heart disease rat 
strain (SHHF). Results demonstrated no apparent differ- 
ences in rat hearts that were hypertrophied compared with 
controls (105). Finally, using an iron-deficient (Fe-) rat, 
which causes cardiac hypertrophy, but an eccentric type, as 
a check for a nutritional model, we failed to observe any 
change in the CCO subunits in Fe- rats compared with 
controls, despite the presence of both hypertrophy and ane- 
mia in the animals (106). These studies strongly suggest that 
the decrease in the nuclear encoded subunits of CCO is due 
to copper deficiency per se. 

Despite the reduction in activity that Rusinko and Pro- 
haska (107) and our lab (94) have demonstrated for cardiac 
CCO activity, no significant decrease in ATP levels or en- 
ergy charge have been reported. Fields et d. (108) did ob- 
serve decreased liver ATP levels in copper-deficient rats fed 
fructose in comparison with their glucose- and cornstarch- 
fed counterparts. Kopp et al. (109) did report decreases in 
ATP level of copper-deficient rat hearts using NMR tech- 
niques. However, their rats could have been in failure, 
whereas ours may not have been since our studies were 
shorter in duration than theirs. A lack of change in ATP 
level in our study and that of Rusinko and Prohaska (107) is 
intriguing since we also have data that suggest a peptide of 
16-kDa molecular weight that is decreased in the Cu- rat 
heart to have a high degree of homology to the 6 subunit 
(nuclear encoded) of ATP synthase (104), as determined by 
peptide sequencing. These findings suggest one of two pos- 
sibilities: (i) the decrease in CCO and/or ATP synthase ac- 
tivity is not enough to impair ATP production; that there is 

much more of these enzymes present than needed to main- 
tain normal energy metabolism; or (ii) the heart has adapted 
in some fashion either to conserve energy or to produce 
ATP anaerobically, or by another mechanism such as en- 
hanced ATP production from phosphocreatine, which is el- 
evated in hearts of copper-deficient rats (90), as reviewed 
above. However, it takes ATP to synthesize phosphocre- 
atine via creatine kinase, thereby appearing to negate any 
advantage. 

Molecular Control Mechanisms of Fatty Acid 
Oxidation in the Heart 

Mitochondria1 defects are likely to impair fatty acid 
oxidation, but peroxisomes may also oxidize fatty acids, 
though mainly the longer chain fatty acids. Using electron 
microcopy, we have not been able to detect anything un- 
usual regarding the structure of these organelles in com- 
parison with our observations with mitochondria. Much 
of the pathology observed in hearts from copper-deficient 
rats appears to resemble some of the pathologies observed 
from human hearts of subjects with inborn errors of fatty 
acid metabolism (68) that result in diminished fatty acid 
oxidation. 

Medium-chain acyl-CoA dehydrogenase (MCAD) is a 
nuclear encoded mitochondrial enzyme that catalyzes the 
first key rate-limiting step in fatty acid oxidation. This en- 
zyme is a common inherited defect in human inborn errors 
of metabolism (68). MCAD reacts upon medium-chain 
acyl-CoA thioesters that can arise from a variety of sources 
such as those medium chain fatty acids that enter the mito- 
chondria by diffusion, products of mitochondria @-oxida- 
tion of saturated and unsaturated long-chain fatty acids, and 
products of peroxisomal @-oxidation of long-chain and very 
long chain fatty acids (1 10). The enzyme is highly regulated 
in tissues such as the heart and parallels mitochondrial oxi- 
dation rates (111). The enhanced expression of MCAD 
mRNA parallels that of the TCA cycle enzyme malate de- 
hydrogenase (MDH) mRNA levels. Both enzymes have in- 
creased mRNA levels with enhanced mitochondrial @-oxi- 
dation and, conversely, decreased mRNA levels in response 
to declines in fatty acid oxidation (1 10, 1 12). 

Two factors appear to regulate MCAD at the gene 
level. The MCAD gene promoter has a region containing 
retinoic acid receptors or retinoid response regulatory ele- 
ment. There are several known receptors, designated 
RARar, RARP, RARy, and RXRa. Another transcriptional 
factor to be considered is the peroxisome proliferator acti- 
vated receptor (PPAR) which is RXR’ s heterodimeric part- 
ner. These two transcriptional elements are within the ste- 
roidthyroid superfamily of nuclear hormone receptors that 
regulates MCAD (1 10, 1 1 1). The retinoid response regula- 
tory element appears to regulate transcription of the MCAD 
gene in response to a variety of hormonal and metabolic 
stimuli (1 12). For instance, fasting is known to enhance the 
transcriptional activity of RXR (1 10). 

The inner mitochondrial membrane enzyme carnitine 
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palmitoyl-transferase I (CPT-I) catalyzes the CoA-carnitine 
exchange needed for the mitochondria import of long-chain 
fatty acids. Inhibition of this enzyme results in enhanced 
MCAD mRNA levels that are mediated by peroxisome pro- 
liferator activated receptor (PPAR). Apparently, the inhibi- 
tion of long-chain fatty acid mitochondrial entry induces 
PPAR, which activates MCAD transcripts. Given the dis- 
ruption of the mitochondrial membranes, CPT-I could be 
compromised leading to decreased long-chain fatty acid 
oxidation and enhanced medium-chain fatty acid oxidation. 
Based upon the findings of Gulick et al. (1 10) it is possible 
that the expression of nuclear genes encoding mitochondrial 
enzymes is induced (autoregulatory phenomena) in copper 
deficiency as with CPT-I inhibition. However, based on our 
preliminary findings, copper-deficient rats (n  = 5 )  have 
decreased expression of MCAD mRNA levels relative to 
copper-adequate rats (n = 4), but this could be secondary to 
the presence of hypertrophy. Our early work with the levels 
of neutral and polar fatty acids of copper-deficient hearts 
supports that oxidation of longer-chain fatty acids could be 
decreased, since Ovecka et al. (6) reported that cardiac 
long-chain fatty acids increased in the triglycerides of cop- 
per-deficient rats. It is possible that all transcripts involved 
with oxidation are downregulated in favor of enhanced an- 
aerobic metabolism. 

The Role for ATP Synthase? 
A perplexing observation is the diminished level of a 

subunit with homology to the ATP synthase 6 subunit. 
There is no known role of copper for this enzyme. However, 
the role of ATP synthase in this model may be more sig- 
nificant than previously believed. Divalent ions have been 
demonstrated to be required for the activity of several of the 
Fl  ATPase subunits, specifically the 6 subunits, which fa- 
cilitates stability in binding of the a and p subunits to the y 
and E subunits (1 13). More important however, is the find- 
ing that the presence of a natural protein inhibitor of 
ATPase, a 95-kDa regulatory peptide of ATP synthase, re- 
quires the presence of both Cu and Zn (1 14). Decreased 
activity of this peptide in the absence of either metal allows 
ATP hydrolysis to proceed unchecked even when there is a 
diminished electron gradient present. Another report sug- 
gested that Cu itself had a weak but positive influence upon 
the activity of the ability of Fl  ATPase to stimulate ATP 
hydrolysis ( 1 15). 

The apparent decreased stability of the mitochondrial 
membrane in hearts from copper-deficient animals (16, 17, 
23, 116) might be what leads to decreased binding of these 
protein subunits and enhanced breakdown. Cytochrome-c 
oxidase and ATP synthase are in close proximity to each 
other on the inner mitochondrial membrane. However, it is 
not certain why the mitochondrial encoded subunits are not 
affected as are the nuclear encoded subunits of CCO. Key- 
hani and Keyhani (1 17) reported that yeast cells grown in 
copper-deficient media also were reported to have de- 
creased nuclear encoded subunits. They suggested that cop- 

per was needed for the movement of the newly synthesized 
subunits into the mitochondria for assembly. Their work 
suggested that in copper deficiency, the nuclear encoded 
subunits of CCO were synthesized but the assembly was 
impaired. CCO nuclear encoded subunits are synthesized on 
free ribosomes as a precursor. For subunit IV in the rat, the 
apparent molecular weight of the precursor form is esti- 
mated at 18-19.5 kDa, and the mature subunit is 16.5 kDa 
(1 18). These precursors appear to depend on a chaperonin 
protein, which is essentially the heat-shock protein 70 
(hsp70) (103, 118, 119). We have conducted experiments 
with Cu- and Cu+ rat hearts and have not noted any differ- 
ences in the levels of Hsp 70 or Hsp 90 proteins, suggesting 
that the copper deficiency does not alter the presence of this 
important transport proteins (106) in the hearts. This is 
somewhat in contrast to the findings of Matz et al. (120), 
who reported decreased mRNA levels for HSP 70 in aorta 
and mRNA levels for HSP 60 in atria of copper-deficient 
rats. The chaperonin protein binds to a receptor on the mi- 
tochondria and the subunits enter the mitochondria through 
a pore complex. The import of the cytoplasmic-derived pro- 
teins also requires an electrochemical potential across the 
inner membrane of the mitochondria. The process is ATP 
dependent. Blockage of electron transport with KCN or ac- 
timycin and blockage of FIFO-ATP synthase activity with 
oligomycin results in high matrix ATP and thus a low elec- 
trochemical gradient across the mitochondrial membrane. 
When this occurs, protein import is blocked as in the case of 
the p subunit of the F, ATP synthase complex. Uncoupling 
of electron transport will also lead to a decreased uptake of 
cytoplasmically synthesized proteins that are imported to 
the mitochondria (103, 118). Our studies (94) suggest that 
some uncoupling occurs in cardiac mitochondria from 
hearts of Cu- rats in that respiratory control ratio is de- 
pressed compared with copper-adequate rats. The decrease 
in CCO nuclear encoded subunits could be due in part to 
this aspect. A finding by Matz et al. (121) in isolated mi- 
tochondria from hearts of Cu- rats demonstrated that during 
state 3 respiration (in the presence of added ADP) oligo- 
mycin inhibited respiration less than in Cu+ controls. This 
finding is revealing in that it suggests that the immediate 
defect is due to ATP synthase itself and not CCO. Oligo- 
mycin binding to the F, ATPase complex is for some reason 
defective in Cu- rats. The same mitochondria, however, 
maintained their respiration properties in the presence of 
oligomycin. The addition of 2,4-dinitrophenol to reverse the 
oligomycin effect caused greater increase in respiration in 
Cu- rats compared with controls. This finding is also re- 
vealing since it suggests that the electron transport system 
functions without impairment in copper deficiency, suggest- 
ing CCO is not impaired. This is not too surprising in ref- 
erence to CCO in that it has been known that the mitochon- 
drial encoded subunits can function without the presence of 
the nuclear encoded ones (103). 

The increase in mitochondria is the first sign of copper 
deficiency in the heart, and this variable best correlates with 
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previously reported (16, 146) that in both Cu- rats and pigs 
valvular pathology has been clearly documented (sparse 
connective tissue, disruption of the zones of the valves and 
thickening of valves). More significant is whether upon cop- 
per repletion the compromised valves can be repaired and 
normal function returned. Since heart valves have both col- 
lagen and elastin, and the latter has a half-life approximately 
the life of the entire organism (147, 148), repletion may not 
reverse the damage. 

Figure 2 presents a revised hypothetical model for the 
sequence of events and possible factors leading to heart 
failure in copper deficiency. The model is based on the role 
copper exerts upon three major heart components: (i) anti- 
oxidant systems, (ii) connective tissue, and (iii) energy me- 
tabolism. In essence, the known roles copper has upon the 
activities of the cuproenzymes Cu,Zn-SOD, lysyl oxidase, 
and cytochrome-c oxidase collectively forms the basis of 
the present model. The model suggests that the interplay of 
these three enzyme components leads to cardiomyopathy 

ANTIOXIDANT 

under conditions of compromised copper status. Our re- 
search to date has demonstrated many of the changes noted 
in this model. For instance, we now know there is a shift to 
the V, isomyosin form in the Cu- rat heart; fibronectin 
levels are increased and laminin levels decreased in the Cu- 
rat heart; and fibronectin and Types I collagen mRNA ex- 
pression is increased. Cardiac valves are compromised in 
terms of function. The changes in CCO nuclear encoded 
subunits without concomitant change in transcripts have 
been delineated above in great detail. What remains is to 
determine the sequence of events, potential signaling 
mechanisms, and reversibility and age specific aspects of 
copper deficiency. 

Future Research Directions 
While this review focuses on the mechanism of cardiac 

hypertrophy and cardiomyopathy, as well as substrate uti- 
lization with reference to energy, other factors provide fer- 
tile ground for consideration in the context of this model. 

Figure 2. Model of critical events leading to cardiac hypertrophy and cardiomyopathy under conditions of copper deficiency. The primary focus 
of the model is the influence upon copper-containing metalloenzymes. Three components appear affected under conditions of compromised 
cardiac copper status: (i) antioxidant systems via decreased Cu,Zn-SOD activity, (ii) connective tissue pathology, including both fibrillar 
collagens and basement membrane proteins, via decreased activity of lysyl oxidase, and (iii) impaired energy metabolism and compromised 
CCO activity and peptide structure and possibly that of ATP synthase. Altered activity of these critical enzymes leads to an array of 
consequences and secondary changes culminating in cardiac failure and clinical signs of failure. 
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The role dietary carbohydrate type is known to have a role 
in that fructose or sucrose exacerbate the signs of heart 
disease with copper deficiency in comparison with glucose 
or cornstarch as the predominant dietary carbohydrate (147- 
153). The mechanism by which this may occur remains 
obscure. The recent finding that higher levels of fat can have 
a similar deleterious effect could be due to enhanced copper 
excretion via biliary routes (91). The large body of knowl- 
edge with respect to lipoprotein metabolism and copper de- 
ficiency was not reviewed here, but the total sequelae of 
heart disease progression suggest that blood lipid levels and 
vessel pathology must be considered in the total framework 
of any disease condition (154, 155). That marginal copper 
intake in animals has been shown to result in cardiac defects 
leads to the question of whether humans may be at risk for 
heart disease if they consume marginal copper. Such studies 
support the recent consensus that a Recommended Dietary 
Allowance (RDA) for copper be established (156). More 
comprehensive studies that examine copper status and spe- 
cific types of heart disease may provide insights into rel- 
evance of results obtained from animal studies. Specific 
electrocardiogram patterns, echocardiograms revealing val- 
vular regurgitation and heart murmurs, are conditions, in 
addition to concentric hypertrophy in the absence of hyper- 
tension, that could be candidate symptoms indicating the 
need to evaluate further copper status in such afflicted 
individuals. 

1 .  

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

1 1 .  

12. 

13. 

14. 

Medeiros DM, Davidson J, Jenkins J. A unified perspective on cop- 
per deficiency and cardiomyopathy. Proc SOC Exp Biol Med 

Allen KGD, Klevay LM. Cholesterolemia and cardiovascular abnor- 
malities in rats caused by copper deficiency. Atherosclerosis 29:8 1- 
93, 1978. 
Viestenz KE, Klevay LM. A randomized trial of copper therapy in 
rats with electrocardiographic abnormalities due to copper defi- 
ciency. Am J Clin Nutr 35258-266, 1982. 
Croswell SC, Lei KY. Effect of copper deficiency on the apolipo- 
protein E-rich high density lipoproteins in rats. J Nutr 115:473482, 
1985. 
Lei KY. Alterations in plasma lipid, lipoprotein and apolipoprotein 
concentrations in copper-deficient rats. J Nutr 113:2178-2183, 1983. 
Ovecka GD, Miller G, Medeiros DM. Fatty acids of liver, cardiac and 
adipose tissues from copper-deficient rats. J Nutr 118:480486, 1988. 
Borg TK, Klevay LM, Gay RE, Siegel R, Bergin ME. Alteration of 
the connective tissue network of striated muscle in copper-deficient 
rats. J Mol Cell Cardiol 17: 1173-1 183, 1985. 
Bird DW, Savage JE, O’Dell BL. Effect of copper deficiency and 
inhibitors on the amine oxidase activity of chick tissues. Proc SOC 
Exp Biol Med 123:250-254, 1966. 
Klevay LM, Moore RJ, Leslie M. Effect of copper deficiency on 
blood pressure and plasma and lung angiotensin-converting enzyme 
activity in rats. Nutr Res 8:489-497, 1988. 
Kelly WA, Kesterson JW, Carlton WW. Myocardial lesions in the 
offspring of female rats fed a copper deficient diet. Exp Mol Pathol 
20:40-57, 1974. 
Gross AM, Prohaska JR. Copper deficient mice have higher cardiac 
norepinephrine turnover. J Nutr 120:88-96, 1990. 
Feller DJ, O’Dell BL. Dopamine and norepinephrine in discrete areas 
of the copper-deficient rat brain. J Neurochem 34: 1259-1262, 1980. 
Leigh LC. Changes in the ultrastructure of cardiac muscle in steers 
deprived of copper. Res Vet Sci 18:282-287, 1975. 
Medeiros DM, Lin KN, Liu CF, Thorne BM. Pregestational dietary 

203:262-273, 1993. 

copper restriction and blood pressure in the Long-Evans rat. Nutr Rep 
Int 30559-564, 1984. 

15. Wu BN, Medeiros DM, Liu CF, Thorne BM. Long term effects of 
dietary copper and sodium upon blood pressure in the Long-Evans 
rat. Nutr Res 4:305-314, 1984. 

16. Medeiros DM, Bagby D, Ovecka G, McCormick R. Myofibrillar, 
mitochondrial and valvular morphological alterations in cardiac hy- 
pertrophy among copper-deficient rats. J Nutr 1219315-824, 1991. 

17. Medeiros DM, Liao Z, Hamlin R. Copper deficiency in a genetically 
hypertensive cardiomyopathic rat: Electrocardiogram, functional and 
ultrastructural aspects. J Nutr 121: 10261034, 1991. 

18. Cohen NL, Keen CL, Hurley LS, Lonnerdal B. Determinants of 
copper-deficiency anemia in rats. J Nutr 115710-725, 1985. 

19. Shields GS, Coulson WF, Kimball DA, Carnes WH, Cartwright GE, 
Wintrobe MM. Studies in copper deficiency. XXXII. Cardiovascular 
lesions in copper-deficient swine. Am J Pathol 41:603-621, 1962. 

20. Klevay LM, Milne DB, Wallwork JC. Comparison of some indices of 
copper deficiency in growing rats. Nutr Rep Int 31:963-971, 1985. 

21. Dallman PR, Goodman JR. Enlargement of mitochondrial compart- 
ment in iron and copper deficiency. Blood 35496-505, 1970. 

22. Goodman JR, Warshaw JB, Dallman PR. Cardiac hypertrophy in rats 
with iron and copper deficiency: Quantitative contribution of mito- 
chondrial enlargement. Pediatr Res 4:244-256, 1970. 

23. Lear PM, Heller LJ, Prohaska J. Cardiac hypertrophy in copper- 
deficient rats is not attenuated by angiotensin I1 receptor antagonist 
L-158, 809. Proc SOC Exp Biol Med 212:284-291, 1996. 

24. Wildman REC, Hopkins R, Failla ML, Medeiros DM. Marginal cop- 
per-restricted diets produce altered cardiac ultrastructure in the rat. 
Proc Soc Exp Biol Med 210:4349, 1995. 

25. Hunsaker HA, Morita M, Allen KGD. Marginal copper deficiency in 
rats: aortal morphology of elastin and cholesterol values in first- 
generation adult males. Atherosclerosis 51: 1-19, 1984. 

26. Davidson JA, Medeiros DM, Hamlin RL, Jenkins JE. Submaximal, 
aerobic exercise training exacerbates the cardiomyopathy of 
postweanling Cu-depleted rats. Biol Trace Elem Res 38:25 1-272, 
1993. 

27. Van der Vusse GJ, de Groot MJM. Interrelationship between lactate 
and cardiac fatty acid metabolism. Mol Cell Biochem 116:ll-17, 
1992. 

28. Taegtmeyer H. Carbohydrate interconversions and energy produc- 
tion. Circulation 72(Suppl 4): 1-8, 1985. 

29. Neely JR, Rovetto MJ, Oram JF. Myocardial utilization of carbohy- 
drate and lipids. Prog Cardiovasc Dis 15289-329, 1972. 

30. Neely JR, Morgan HE. Relationship between carbohydrate and lipid 
metabolism and the energy balance in heart muscle. Annu Rev Phys- 
iol 36:4 13-459, 1974. 

31. Bing RJ, Siegel A, Ungar J, Gilbert M. Metabolism of the human 
heart 11. Studies on fat, ketone and amino acid metabolism. Am J Med 
16504-515, 1954. 

32. Blain J, Schaeffer H, Siegel A, Bing RJ. Studies of myocardial me- 
tabolism. Am J Med 205320433, 1956. 

33. El-Alaoui-Talibi Z, Landormy S, Loireau A, Moravec J. Fatty acid 
oxidation and mechanical performance of volume-overloaded rat 
hearts. Am J Physiol 262(Heart Circ Physiol 31):H1068-H1074, 
1992. 

34. Liedtke AJ. Alterations of carbohydrate and lipid metabolism in the 
acutely ischemic heart. Prog Cardiovasc Dis 23:321-336, 198 1. 

35. Lopaschuk GD, Belke DD, Gamble J, Itoi T, Schonekess BO. Regu- 
lation of fatty acid oxidation in the mammalian heart in health and 
disease. Biochim Biophys Acta 1213:263-276, 1994. 

36. Keul J, Doll E, Steim H, Homburger H, Kern H, Reindell H. Uber den 
Stoffwechel des Menschlichen Herzens. I. Die Substrat versorgung 
des gesundes menschlichen Herzens in Ruhe, wahrend und nach kor- 
perlichen Arbeit. Pflugers Arch 282: 1-27, 1965. 

37. Keul J, Doll E, Steim H, Fleer U, Reindell H. Uber den Stoffwechel 
des Menschlichen Herzens. 111. Der oxydative Stoffwechsel des men- 
schlichen Herzens unter verschiedenen Arbeitsbedingungen. Pflugers 
Arch 282:43-53, 1965. 

38. Page E, McCallister LP, Power B. Stereological measurements of 
cardiac ultrastructure implicated in excitation-contraction coupling. 
Proc Natl Acad Sci U S A 68:1465-1466, 1971. 

39. Page E, McCallister LP. Quantitative electron microscopic descrip- 
tion of heart muscle cells: Application to normal, hypertrophied and 
thyroxin-stimulated hearts. Am J Cardiol 31: 172-181, 1973. 

310 Cu RESTRICTION AND CARDIOMYOPATHY 



40. Bassingthwaighte JB, Yipintsoi T, Harvey RB. Microvasculature of 
the dog left ventricular myocardium. Microvasc Res 7:229-249, 
1974. 

41. Neely JR, Whitmer JT, Rovetto MJ. Affect of coronary blood flow on 
glycolytic flux and intracellular pH in isolated rat hearts. Circ Res 
37:733-741, 1975. 

42. Geigly JR. Scientific tables. In: Diem K, Ed. Documenta Geigy (6th 
ed). Ardsley, NY: Geigly Pharmaceut, 1962. 

43. Van Der Vusse GJ, Prinzen FW, Van Bilsen M, Engels W, Reneman 
RS. Accumulation of lipids and lipid-intermediates in the heart dur- 
ing ischemia. Basic Res Cardiol 82(Suppl 1):157-167, 1987. 

44. Van Der Vusse GJ, Roemen THM, Prinzen FW, Coumans WA, 
Reneman RS. Uptake and tissue content of fatty acids in dog myo- 
cardium under normoxic and ischemic conditions. Circ Res 50:538- 
546, 1982. 

45. Van Der Vusse GJ, Roemen THM, Reneman RS. Assessment of fatty 
acids in dog left ventricular myocardium. Biochim Biophys Acta 
617:347-352, 1980. 

46. Olson RE, Hoeschen RJ. Utilization of endogenous lipids by the 
isolated perfused rat heart. Biochem J 103:791-801, 1967. 

47. Van Der Vusse GJ, Glantz JFC, Stram HCG, Reneman RS. Fatty acid 
homeostasis in the normoxic and ischemic heart. Physiol Rev 
72:881-940, 1992. 

48. Roy PE. Lipid droplets in the heart interstitium: Concentration and 
distribution. Recent Adv Stud Card Struct Metab 10:17-27, 1975. 

49. Figard PHD, Hejlik DP, Kaduse TL, Stoll LL, Spector AA. Free fatty 
acid release from endothelial cells. J Lipid Res 27:771-780, 1986. 

50. Ballard F, Danforth W, Nagele S, Bing RJ. Myocardial metabolism of 
fatty acids. J Clin Invest 39:717-723, 1960. 

51. Dole VPA. A relation between non-esterified fatty acids in plasma 
and the metabolism of glucose. J Clin Invest 35150-154, 1956. 

52. Drake AJ, Haines JR, Noble MIM. Preferential uptake of lactate by 
the normal myocardium in dogs. Cardiovasc Res 14:65-72, 1980. 

53. Cryer A. The role of the endothelium in myocardial lipoprotein dy- 
namics. Mol Cell Biochem 88:7-15, 1989. 

54. Groot PHE, Oerlemans MC, Scheek LM. Triglyceridase and phos- 
pholipase A, activities of rat heart lipoprotein lipase. Influence of 
apolipoprotein C-I1 and C-III. Biochim Biophys Acta 530:91-98, 
1979. 

55.  Smith LC, Scow RO. Chylomicrons. Mechanisms of transfer of li- 
polytic products to cells. Prog Biochem Pharmacol 15: 109-138, 
1979. 

56. Clarke SD, Armstrong MK. Cellular lipid binding proteins: Expres- 
sion, function, and nutritional regulation. FASEB J 3:2480-2487, 
1989. 

57. Glatz JFC, Van der Vusse GJ. Intracellular transport of lipids. Mol 
Cell Biochem 88:3744, 1989. 

58. Crisman TS, Claffey KP, Saouaf R, Hanspal J, Brecher P. Measure- 
ment of rat heart fatty acid binding protein by ELISA. Tissue distri- 
bution, developmental changes and subcellular distribution. J Mol 
Cell Cardiol 19:423431, 1987. 

59. Glatz JFC, Baenvaldt CF, Veerkamp JH, Kempen HJM. Diurnal 
variation of cytosolic fatty acid-binding protein content and of pal- 
mitate oxidation in rat liver and heart. J Biol Chem 259:42954300, 
1984. 

60. Vork MM, Glatz JFC, Surtel DAM, Knubben HJM, Van der Vusse 
GJ. A sandwich enzyme linked immuno-sorbent assay for the deter- 
mination of rat heart fatty acid acid-binding protein using a strepta- 
vidin-biotin system. Application to tissue and effluent samples from 
normoxic rat heart perfusion. Biochim Biophys Acta 1075: 199-205, 
1991. 

61. Neely JR, Rovetto MJ, Morgan HE. Relationship between carbohy- 
drate and lipid metabolism and the energy balance of heart muscle. 
Annu Rev Physiol 36:413459, 1974. 

62. Bremer J. Carnitine-metabolism and functions. Physiol Rev 
63: 1420-1480, 1983. 

63. Fritz I, Yue KTN. Long-chain carnitine acyl transferase and the role 
of acylcarnitine derivatives in the catalytic increase of fatty acid 
oxidation induced by carnitine. J Lipid Res 4:279-288, 1963. 

64. Bieber LL. Carnitine. Annu Rev Biochem 57:261-283, 1988. 
65. Lazarow PB. Rat liver peroxisomes catalyze the P-oxidation of fatty 

acids. J Biol Chem 253:1522-1528, 1978. 
66. Bilheimer DW, Buja LM, Parkey RW, Bonte FJ, Willerson JT. Fatty 

acid accumulation and abnormal lipid deposition in peripheral and 

border zones of experimental myocardial infarcts. J Nucl Med 
19:276-283, 1978. 

67. Burton KP, Buja LM, Sen A, Willerson JT, Chien KR. Accumulation 
of arachidonate in triacylglycerols and unesterified fatty acids during 
ischemia and reflow in the isolated rat heart. Correlation with the loss 
of contractile function and the development of calcium overload. Am 
J Pathol 124:238-245, 1986. 

68. Kelly DP, Strauss AW. Inherited cardiomyopathies. N Engl J Med 

69. Criste ME, Rodgers RL. Altered glucose and fatty acid oxidation in 
hearts of the spontaneously hypertensive rat. J Mol Cell Cardiol 

70. Lochner A, Kotze JCN, Benade AJS. Mitochondria1 oxidative phos- 
phorylation in low-flow hypoxia: Role of free fatty acids. J Mol Cell 
Cardiol 10:857-875, 1978. 

71. Opie LH. Effects of regional ischemia on metabolism of glucose and 
fatty acids: Relative rates of aerobic and anaerobic energy production 
during myocardial infarction and comparison with effects of anoxia. 
Circ Res 38(Suppl 1):52-68, 1976. 

72. Cornblath M, Randle PJ, Parmeggiani A, Morgan HE. Regulation of 
glycogenolysis in muscle: Effects of glucagon and anoxia on lactate 
production, glycogen content, and phosphorylase activity in the per- 
fused rat heart. J Biol Chem 00:1592-1597, 1963. 

73. Rovetto MJ, Lamberton WF, Neely JR. Mechanisms of glycolytic 
inhibition in ischemic rat hearts. Circ Res 37:742-751, 1975. 

74. Mochizuki S, Neely JR. Control of glyceraldehyde-3-phosphate de- 
hydrogenase in cardiac muscle. J Mol Cell Cardiol 11:221-236, 
1979. 

75. Moore KH, Radloff JF, Hull FE. Incomplete fatty acid oxidation by 
ischemic heart: P-Hydroxy fatty acid production. Am J Physiol 

76. Hochachka PW, Neely JR, Driedezic WR. Integration of lipid utili- 
zation with Krebs cycle activity in muscle. Fed Proc 36:2009-2014, 
1977. 

77. Whitmer JT, Idell-Wenger JA, Rovetto MJ. Control of fatty acid 
metabolism in ischemic and hypoxic hearts. J Biol Chem 253:4305- 
4309, 1978. 

78. Burton KP, Templeton GH, Hagler HK, Willerson JT, Buja LM. 
Effect of glucose availability on functional membrane integrity, ul- 
trastructure, and contractile performance following hypoxia and 
reoxygenation in isolated feline cardiac muscle. J Mol Cardiol 

79. Grong K, Jodalen H, Strangeland L, Vik-mo H, Lekven J. Cellular 
lipid accumulation in different regions of myocardial infarcts in cat 
during beta adrenergic blockade with timolol. Cardiovasc Res 

80. Wittels B, Spann JF. Defective lipid metabolism in the failing heart. 
J Clin Invest 47:1787-1794, 1968. 

8 1. Whitmer JT. Energy metabolism and mechanical function in perfused 
hearts of Syrian hamsters with hypertrophic cardiomyopathy . J Mol 
Cell Cardiol 18:307-317, 1986. 

82. Revis NW, Cameron AJV. Metabolism of lipids in experimentally 
hypertrophic hearts of rabbits. Metab Clin Exp 28:801-813, 1979. 

83. Murthy SR, Pande SV. Mechanism of carnitine acylcarnitine trans- 
locase-catalyzed import of acylcarnitines into mitochondria. J Biol 
Chem 259:9082-9089, 1984. 

84. Bishop SP, Altschuld RA. Increased glycolytic activity metabolism 
in cardiac hypertrophy and congestive failure. Am J Physiol 

85. Vessel1 ES, Osterland K, Bearn AG, Kunkel HG. Isozymes of LDH 
in human tissue. J Clin Invest 41:2012-2019, 1962. 

86. Wildman REC, Medeiros DM, Jenkins J. Comparative aspects of 
cardiac ultrastructure, morphometry, and electrocardiography of 
hearts from rats fed restricted dietary copper and selenium. Biol 
Trace Elem Res 46:51-66, 1994. 

87. Wildman REC, Medeiros DM, McCoy E. Cardiac changes with di- 
etary copper, iron, or selenium restriction: Organelle and basal lami- 
nae aberations, decreased ventricular function, and altered gross mor- 
phometry. J Tr Elem Exp Med 8: 11-27, 1995. 

88. Karsner HTO, Saphir 0, Todd TW. The state of the cardiac muscle 
in hypertrophy and atrophy. Am J Pathol 1:351-371, 1925. 

89. Wearn JT. Morphological and functional alterations of the coronary 
circulation. Harvey Lect 35243-270, 1940. 

90. Rovetto MJ, Whitmer JT, Neely JR. Comparison of the effects of 

330~9 13-9 19, 1994. 

26~1371-1375, 1994. 

239:H257-H265, 1980. 

12:109-133, 1980. 

20:248-255, 1986. 

218:153-159, 1970. 

Cu RESTRICTION AND CARDIOMYOPATHY 31 1 



anoxia and whole heart ischemia on carbohydrate utilization in iso- 
lated working rat hearts. Circ Res 32:699-711, 1976. 

9 1. Jalili T, Medeiros DM, Wildman REC. Aspects of cardiomyopathy 
are exacerbated by elevated dietary fat in copper-restricted rats. J 
Nutr 126:807-816, 1995. 

92. Wildman REC, Medeiros DM, Hamlin RL, Stills H, Jones DA, Bon- 
agura JD. Aspects of cardiomyopathy in copper-deficient pigs: Echo- 
cardiography, electrocardiography, and ultrastructural findings. Biol 
Trace Elem Res 5555-70, 1996. 

93. Conatzer WE, Haning JA, Klevay LM. The effect of copper defi- 
ciency on heart microsomal phosphatidylcholine biosynthesis and 
concentration. Int J Biochem 18: 1083-1087, 1986. 

94. Chao JCJ, Medeiros DM, Altschuld RA, Hohl CM. Cardiac nucleo- 
tide levels and mitochondrial respiration in copper-deficient rats. 
Comp Biochem Physiol 104: 163-168, 1993. 

95. Liao Z, Allred J, Keen CL, McCune SA, Rucker RB, Medeiros DM. 
Copper deficiency alters isomyosin types and levels of laminin, fi- 
bronectin and cytochrome c oxidase subunits from rat hearts. Comp 
Biochem Physiol 111B:61-67, 1995. 

96. Liao Z, Medeiros DM, McCune SA, Prochaska LJ. Cardiac levels of 
fibronectin, laminin, isomyosins, and cytochrome c oxidase of wean- 
ling rats are more vulnerable to copper-deficiency than postweanling 
rats. J Nutr Biochem 6:385-391, 1995. 

97. Katz AM. Contractile proteins of the heart. Physiol Rev 50:63-158, 
1970. 

98. Hamrell BB, Alpert NA. Cellular basis of mechanical properties of 
hypertrophied myocardium. In: Fozzard HA, Haber E, Jennings RB, 
Katz AM, Morgon HE, Eds. The Heart and Cardiovascular System: 
Scientific Foundations. New York: Raven Press, Vol 2:pp1507- 
1524, 1986. 

99. Hoogeveen RCAJM, Reaves SK, Reid PM, Reid BL, Lei KY. Copper 
deficiency shifts energy substrate utilization from carbohydrate to fat 
and reduces fat mass in rats. J Nutr 124:1660-1666, 1994. 

100. Abraham PA, Evans JL. Cytochrome oxidase activity and cardiac 
hypertrophy during copper depletion and repletion. In: Hemphill DD, 
Ed. Trace Substances in Environmental Health. University of Mis- 
souri, Columbia, MO. Vol 5:pp335-347, 1972. 

101. Gennis R, Ferguson-Miller S. Structure of cytochrome c oxidase, 
energy generator of aerobic life. Science 269: 1063-1064, 1995. 

102. Hood DA. Coordinate expression of cytochrome c oxidase subunit I11 
and VIc mRNAs in rat tissues. Biochem J 269503-506, 1990. 

103. Capaldi RA. Structure and assembly of cytochrome c oxidase. Arch 
Biochem Biophys 280:252-262, 1990. 

104. Medeiros DM, Shiry L, Lincoln AJ, Prochaska L. Cardiac non- 
myofibrillar proteins in copper-deficient rats: Amino acid sequencing 
and Western blotting of altered proteins. Biol Trace Elem Res 

105. Chao JC, Medeiros DM, Davidson J, Shiry L. Decreased levels of 
ATP synthase and cytochrome c oxidase subunit peptide from hearts 
of copper-deficient rats are not altered by the administration of di- 
methyl sulfoxide. J Nutr 124:789-803, 1994. 

106. Medeiros DM, Shiry L, Samelman T. Cardiac nuclear encoded cy- 
tochrome C oxidase subunits are decreased with copper restriction 
but not iron restriction: gene expression, protein synthesis and heat 
shock protein aspects. Comp Biochem Physiol 117A;1:77-87, 1997. 

107. Rusinko N, Prohaska JR. Adenine nucleotide and lactate levels in 
organs from copper-deficient mice and brindled mice. J Nutr 
115936943, 1985. 

108. Fields M, Ferretti RJ, Reiser S, Smith JC Jr. The severity of copper 
deficiency in rats is determined by the type of dietary carbohydrate. 
Proc SOC Exp Biol Med 175530-537, 1984. 

109. Kopp SJ, Klevay LM, Feliksik JM. Physiologic and metabolic char- 
acterization of a cardiomyopathy induced by chronic copper defi- 
ciency. Am J Physiol 245:H855-H866, 1983. 

110. Gulick T, Cresci S, Caira T, Moore D, Kelly DP. The peroxisome 
proliferator activated receptor regulates mitochondrial fatty acid oxi- 
dative enzyme gene expression. Proc Natl Acad Sci U S A 91: 11012- 
11016, 1994. 

111. Kelly DP, Gordon JF, Alpers R, Strauss AW. The tissue specific 
expression and developmental regulation of two nuclear genes en- 
coding rat mitochondrial proteins. J Biol Chem 264: 1892 1-18925, 
1989. 

112. Raishner BD, Gulick T, Zhang AW, Moore DD, Kelly DP. Identifi- 
cation of a novel retinoid-responsive element in the promoter region 

36~271-282, 1993. 

of the medium chain acyl-coenzyme A dehydrogenase gene. J Biol 
Chem 267:20264-20269, 1992. 

113. Williams N, Hullihen J, Pederson PL. Mitochondrial ATP synthase: 
Role of metal binding in structure and function. Prog Clin Biol Res 

114. Bronnikov GE, Vinogradova SO, Chernyak BV. Regulation of ATP 
hydrolysis in liver of mitochondria from ground squirrel. FEBS Lett 

115. Dorgan JL, Urbauer JL, Schuster SM. Metal dependence and ther- 
modynamic characteristics of the beef heart mitochondrial adenosine 
triphosphatase. J Biol Chem 259:2816-2821, 1984. 

116. Davidson JA, Medeiros DM, Hamlin RL. Cardiac ultrastructure and 
electrophysiological abnormalities in postweanling copper-restricted 
and copper-repleted rats in the absence of hypertrophy. J Nutr 

117. Keyhani E, Keyhani J. Cytochrome c oxidase biosynthesis and as- 
sembly in Cundidu utilis yeast cells: Function of copper in the as- 
sembly of active cytochrome c oxidase. Arch Biochem Biophys 
167:596-602, 1975. 

118. Hay R, Bohni P, Gasser S. How mitochondria import protein. Bio- 
chim Biophys Acta 779:65-97, 1984. 

119. Hart1 FV, Pfanner N, Nicholson DW, Neupert W. Mitochondrial 
protein import. Biochim Biophys Acta 988: 1 4 5 ,  1989. 

120. Matz JM, Blake MJ, Saari JT, Bode AM. Dietary copper deficiency 
reduces hear shock protein expression in cardiovascular tissues. Fed 
Am Exp Biol Med J 8:97-102, 1994. 

121. Matz JM, Bode AM, Roth P, Saari JT. Evidence for altered mito- 
chondrial ATPase in hearts of copper-deficient rats. (abstract) 
FASEB J 7:A300, 1993. 

122. Wang YR, Wu JY, Reaves SK, Lei KY. Enhanced expression of 
hepatic genes in copper-deficient rats detected by the messenger 
RNA differential display method. J Nutr 126: 1772-1781, 1996. 

123. Virbasius CA, Virbasius JV, Scarpulla RC. NRF-1, an activator in- 
volved in nuclear-mitochondria1 interactions, utilizes a new DNA- 
binding domain conserved in a family of developmental regulators. 
Genes and Dev 7:2431-2445, 1993. 

124. Chau CM, Evans MJ, Scarpulla RC. Nuclear respiratory factor 1 
activation sites in genes encoding the gamma-subunit of ATP syn- 
thase, eukaryotic initiation factor 2 alpha, and tyrosine aminotrans- 
ferase. Specific interaction of purified NRF- 1 with multiple target 
genes. J Biol Chem 267:6999-7006, 1992. 

125. Spelbrink JN, Van den Bogert C. The pre-mRNA of nuclear respi- 
ratory factor 1, a regulator of mitochondrial biogenesis, is alterna- 
tively spliced in human tissues and cell lines. Hum Mol Genet 

126. Virbasius JV, Scarpulla RC. Activation of the human mitochondrial 
transcription factor A gene by nuclear regulatory factors: A potential 
regulatory link between nuclear and mitochondrial gene expression in 
organelle biosynthesis. Proc Natl Acad Sci U S A 91:1309-1312, 
1994. 

127. DiMauro S, Zeviani M, Rizzuto R, Lombes A, Nakase H, Bonilla E, 
Miranda A, Schon E. Molecular defects in cytochrome oxidase in 
mitochondrial diseases. J Bioenerg Biomem 20:353-364, 1988. 

128. Mirand AF, Ishii S, DiMauro S, Shay JW. Cytochrome c oxidase 
deficiency in Leigh’s syndrome: Genetic evidence for a nuclear 
DNA-encoded mutation. Neurology 39:697-702, 1989. 

129. Mita S, Schmidt B, Schon E, DiMauro S, Bonilla E. Detection of 
‘‘deleted” mitochondrial genomes in cytochrome c oxidase-deficient 
muscle fibers of a patient with Kearns-Sayre syndrome. Proc Natl 
Acad Sci U S A 86:9509-9513, 1989. 

130. Schwartzkopff B, Ziers S, Frenzel H, Block M, Neuen-Jacob E, Rein- 
ers K, Strauer BE. Ultrastructural abnormalities of mitochondria and 
deficiency of myocardial cytochrome c oxidase in a patient with 
ventricular tachycardia. Virchows Arch (A) 49:63-68, 1991. 

13 1. Medeiros DM, Failla ML, Schoenemann HM, Ovecka GD. Morpho- 
metric analysis of myocardium from copper-deficient pigs. Nutr Res 

132. Mullen-Hocker J, Johannes A, Droste M, Kadenbach B, Hubner G. 
Fatal mitochondrial cardiomyopathy in Kearns-Sayre syndrome with 
deficiency of cytochrome c oxidase in the cardiac tissue and skeletal 
muscle. An enzyme-histochemical-ultraimmunocytochemical struc- 
tural study in the long term frozen autopsy tissue. Virchows Arch (B) 

133. Zeviani M, Van Dyke DH, Servidei S, Bausermann SC, Bonilla E, 

273:87-92, 1988. 

266~83-86, 1990. 

122~1566-1575, 1992. 

4:1591-1596, 1995. 

11:1439-1450, 1991. 

52:353-367, 1986. 

312 Cu RESTRICTION AND CARDIOMYOPATHY 



Beaumont ET, Sharda J, Van der Laan K, DiMauro S. Myopathy and 
fatal cardiopathy due to cytochrome c oxidase deficiency. Arch Neu- 
rol 43:1198-1202, 1986. 

134. Buchwald A, Till H, Unterberg C, Oberschmidt R, Figulla HR, Wie- 
gand V. Alterations of the mitochondria1 respiratory chain in human 
cardiomyopathy. Eur Heart J 11509-516, 1990. 

135. Saari JT. Chronic treatment with dimethyl sulfoxide protects against 
cardiovascular defects of copper deficiency. Proc SOC Exp Biol Med 

136. Kubisch HM, Wang J, Luche R, Carlson E, Bray TM. Transgenic 
copper/zinc superoxide dismutase modulates susceptibility to type I 
diabetes. Proc Natl Acad Sci U S A 91:9956-9959, 1994. 

137. Johnson WT, Saari JT. Dietary supplementation with t-butyl- 
hydroquinone reduces cardiac hypertrophy and anemia associated 
with copper deficiency in rats. Nutr Res 9:1355-1362, 1989. 

138. Weber KT. Cardiac interstitium in health and disease: the fibrillar 
collagen network. J Am Coll Cardiol 13:1637-1652, 1989. 

139. Eghbali M, Weber KT. Collagen and myocardium: Fibrillar structure, 
biosynthesis and degradation in relation to hypertrophy and its re- 
gression. Mol Cell Biochem 96:l-14, 1990. 

140. Dawson R, Milne G, Williams RB. Changes in the collagen of rat 
heart in copper-deficiency-induced cardiac hypertrophy. Cardiovasc 
Res 16:359-365, 1982. 

141. Bonnin CM, Sparrow MP, Taylor RR. Collagen synthesis and content 
in right ventricular hypertrophy in the dog. Am J Physiol 10:H703- 
H713, 1981. 

142. Laurent GJ, Sparrow MP, Bates PC, Millward DJ. Collagen content 
and turnover in cardiac and skeletal muscles of the adult fowl and the 
changes during stretch-induced growth. Biochem J 176:419427, 
1978. 

143. Eghbali M, Czaja MJ, Zeyel M, Weiner FR, Zern MA, Seifter S, 
Blumenfeld 00. Collagen W A S  in isolated adult heart cells. J Mol 
Cardiol 20:267-276, 1988. 

144. Chapman D, Weber KT, Eghbali M. Regulation of fibrillar collagen 
types I and I11 and basement membrane type IV collagen gene ex- 
pression in pressure overloaded rat myocardium. Circulation Res 

190:121-124, 1989. 

67:787-794, 1990. 

145. Vracko R, Cunningham D, Frederickson RG, Thorning D. Basal 
lamina: The scaffold for orderly cell replacement. Lab Invest 58:77- 
87, 1988. 

146. Vadlamudi RK, McCormick RJ, Medeiros DM, Vossoughi J, Failla 
ML. Copper deficiency alters collagen types and covalent cross- 
linking in swine myocardium and cardiac valves. Am J Physiol 
264(Heart Circ Physiol 33):H2154-H2161, 1993. 

147. Lefevre M, Rucker RB. Aorta elastin turnover in normal and hyper- 
cholesterolemic Japanese quail. Biochim Biophys Acta 6 3 0 5  19-529, 
1980. 

148. Shapiro SD, Endicott SK, Province MA, Pierce JA, Campbell EJ. 
Marked longevity of human lung parenchymal elastic fibers deduced 
from prevalence of D-aspartate and nuclear v 2apons-related radio- 
carbon. J Clin Invest 87: 1828-1 824, 199 1. 

149. Fields M, Ferretti RJ. Effect of dietary carbohydrat2s and copper 
status on blood pressure of rats. Life Sci 20:763-709, 1984. 

150. Fields M, Reiser S, Ferretti RJ, Smith JC. The severity of copper 
deficiency in rats is determined by the type of dietary carbohydrates. 
Proc SOC Exp Biol Med 175530-537, 1984. 

151. Reiser S, Ferretti RJ, Fields S, Smith JC. Dietary fructose exacerbates 
the cardiac abnormalities of copper deficiency in rats. Atherosclerosis 

152. Fields M, Holbrook J, Scholfield D, Smith JC, Reiser S. Effect of 
fructose or starch on copper-67 absorption and excretion by the rat. J 
Nutr 116:625-632, 1986. 

153. Holbrook J, Fields M, Smith JC, Reiser S, Los Alames Medical 
Research Group. Tissue distribution and excretion of copper intra- 
peritoneally administered to rat fed fructose or starch. J Nutr 

154. Lei KY. Oxidation, excretion and tissue distribution of (26-14C) 
cholesterol in copper-deficient rats. J Nutr 108:232-237, 1978. 

155. Lei KY. Cholesterol metabolism in copper-deficient rats. Nutr Rep 
Int 15597-605, 1977. 

156. Klevay LM, Medeiros DM. Deliberations and evaluations of the ap- 
proaches, endpoints and paradigms for dietary recommendations 
about copper. J Nutr 126:2419S-24263, 1996. 

74~203-2 14, 1988. 

116:831-838, 1986. 

Cu RESTRICTION AND CARDIOMYOPATHY 313 


