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Abstract

Copper deficiency has been linked with many healtiblems, among them cardiac
hypertrophy. Because of its potential for causiriglative damage, copper within the cell
must be bound to chaperone proteins. In thisshes examined the role of dietary copper
deficiency in the regulation of select copper cliape proteins in cardiac tissue of rats.
Sixteen weanling male Long-Evans rats were randemnizto treatment groups, one group
receiving a copper deficient diet (< 1 mg Cu/kg)dand one group receiving a diet
containing adequate copper (6 mg Cu/kg diet) faeBks. Rats were sacrificed and a small
blood sample was removed to determine hemato&f#o, heart and liver tissues were
removed for subsequent analysis. Rats fed theecagsdicient diet had lower body weights
but greater heart weights and heart:body weiglematocrit levels and liver copper
concentrations were markedly decreased in copgmietd rats. These variables indicated
that the copper deficient diet did in fact induasopper deficiency in these animals. Non-
myofibrillar proteins from the hearts were remoweai separated by SDS-PAGE. Western
Blotting was used to determine the concentratidgrSTiR1, CCS, Cox17, SCO1, Cox1 and
Cox4. No changes were observed in the concentsatbCTR1 and Cox17. CCS and
SCO1 were up-regulated as a result of copper éeftgi, while Cox1 and Cox4 were both
down-regulated. However, use of another antibagyrest Cox subunits suggested that only
the nuclear encoded subunits including subunit Bfexdecreased, but not subunits | and II.
These data provide new insight into the cardiachypphy observed in copper deficiency,
which suggests that select chaperone proteins mapiregulated by a dietary copper

deficiency
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CHAPTER 1 - Introduction

Copper is an essential micronutrient. This min&mattions in such diverse processes as
infant growth, bone strength, host defense mechemison transport, red and white blood cell
maturation, myocardial contractility, brain devaiognt, and cholesterol and glucose metabolism.
Copper is indispensible to the formation of collagad elastin, as well as the electron transport
chain in the mitochondria. Currently the DRI fapper is 0.9 mg/day.

Copper deficiency was first noted in cattle exhigitwhat was known as “falling disease”
(1), due to copper deficiency in the grazing laftdvas first documented in humans in malnourished
Peruvian children (2) who exhibited anemia, newtro@, and scurvy-like bone abnormalities.
Because pregnancy increases the requirements for marients, copper deficiency may be
acquired prenatally if the mother does not incréesecopper intake during the pregnancy. Genetic
disorders can also produce copper deficiency. Mgntisease involves a defect in ATP 7A,
discussed later, and causes inhibited absorptiecomber from the small intestine. This leads to
copper deficiency, and produces signs such asislfanwt growth, pili torti, and infant death (3).
Other symptoms of copper deficiency include depigtagon of skin and hair, kinkiness of hair,
connective tissue abnormalities, and neurologieatage.

Copper deficiency has also been linked with theettgament of cardiac hypertrophy. This
hypertrophy is concentric, rather than the eccehtypertrophy normally seen accompanying
anemia. Medeirogt al. (4) concluded that this hypertrophy was due prilyp#o increase in
mitochondria numbers. It has been suggestedhibantrease of mitochondria observed in copper-
deficient cardiac hypertrophy may be an attemjt¢cease the mitochondrial surface area and
therefore increase the uptake of copper and oxggjenit is of interest to note that with

mitochondrial increase and proliferation in bragstie of copper-deficient animals, an
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accompanying increase in ATP production is not nlesk(6). Even when hypertrophy is not
present, copper-deficient animals exhibit ultradtital changes in the cardiac tissue and abnormal
electrocardiograms (5).

Much of the essentiality of copper can be ascritbdtk role as a cofactor for several
enzymes within the cell. Copper is incorporated @Qu-Zn superoxide dismutase (Cu-Zn SOD), an
enzyme which functions in the scavenging of frabaals and the prevention of oxidative stress. It
is also a key component of two ATPases, ATP 7TAANR 7B. These ATPases function in the
absorption and excretion of copper into and oweti, respectively. Defects in these enzymes lead
to the genetic disorders Menkes’ Disease (ATP 1) Wilson's Disease (ATP 7B). Copper is
required for the functioning of cytochrome C oxidg€CO). This enzyme is the Complex IV of the
mitochondrial electron transport chain, and theeefe crucial to normal energy metabolism.
Finally, copper is also needed by lysyl oxidasegmazyme involved in the formation of collagen.
This requirement may account for some of the baorkecannective tissue abnormalities seen in
copper deficient models.

Copper exists in two oxidation states,'Cand Cd@". As such, like most metals, it can act as
a pro-oxidant within the cell. Copper is thereforeorporated into various chaperone proteins, and
this prevents oxidative damage to the cell. Coppaansported into the cell by the protein CTR1
(Figure 1). From this protein, the mineral caretaky of several routes. Metallothionein can bind
copper, like several other minerals, and trangpénmtoughout the body or in some cases storeat to
certain degree. The copper chaperone for superahiginutase (CCS) transports copper to Cu-Zn
SOD. Atox-1 ferries copper to ATP 7B in the trabslgi network. From the trans-Golgi network,
copper can be excreted from the cell directly arbinding with ceruloplasmin. Cox 17 carries
copper to the mitochondria and into the intermemérspace. Once in the mitochondria, Sco 1 and

Sco 2 function in transporting copper to, and ipooating it into, the CCO complex (reviewed by 7).



SOD

Figure 1. Copper movement within a cell. Modifiedrom Prohaska & Gybina 2004 (7).

The mechanisms of copper deficiency’s contributmnardiac hypertrophy are not well
understood. The Medeiros lab has done previouk imgestigating the role of copper deficiency in
the development of cardiomyopathy. Particularlyntérest have been the behaviors of the above
mentioned copper chaperone proteins in the mitadt@of hypertrophied hearts from copper
deficient animals. In the present study, coppéicigmcy was induced to investigate its effect ba t
concentrations of Cox17, SCO1, subunit 1 of CCOx@Goand CTR1. Also studied were CCS and
subunit 4 of CCO (Cox4). We examined the heastigsof copper deficient rats to determine

whether these proteins were up- or down-regulatednchanged, by dietary copper deficiency



CHAPTER 2 — Literature Review

Copper Intake Recommendations

The most well-known form of dietary recommendatiparticularly for micronutrients, is the
recommended daily allowance, or RDA. Initiallyasished in 1941 by the Food and Nutrition
Board of the US Institute of Medicine, the RDAs apelated periodically to reflect more current
research. The RDAs were formulated initially toypde guidelines for the planning of food supplies
for population groups (8). The RDA system hasdfrdpeen replaced by the use of dietary reference
intakes, or DRIs, except in nutrition labeling. eThRIs represent the most current set of
recommendations put forth by the Food and NutriBoard. Under the broad DRI system, several
recommendations exist for a given nutrient, inahgdine estimated average requirement, the RDA,
the adequate intake value, and the tolerable uptske limit.

As of 1998, an RDA for copper had not been estiabtls Klevay argued at this time that
such a recommendation should be made in lighteosdvere damage that copper deficiency can
induce. A majority of the population likely consasonly marginal levels of copper on a regular
basis, and so a mild deficiency may be quite comraoccording to Klevay’s hypothesis (9). In
2001, the Food and Nutrition Board issued a DRctggper of 200-90Qg/day, increased to 1000-
1300pg/day in pregnancy or lactation (10). The commanitgd DRI for copper is 0.9 mg/day

according to the latest Food and Nutrition Boabremendation (11).
Signs of Copper Deficiency

Copper deficiency in humans is thought to be rawejt has occurred. One good example of
a functional copper deficiency is observed in patigoresenting with Menkes’ syndrome. This
genetic disorder is caused by a mutation of ATR@aulting in failure in copper absorption from the

intestine. Danks (3) describes the symptoms efdigease at some length. Briefly, severe mental



retardation, drowsiness, lethargy, hypothermiayuatsions, retarded growth, pallor, pili torti, and
bone abnormalities are among the most strikingaalrsymptoms of this disorder. Similarly, total
parenteral nutrition has been shown to lead tac@gfcy in copper and other micronutrients. In such
cases, nutrient formulas given to patients wer@idieaf copper prior to knowing of its essentiality.

In a case described by Karpel and Peden (12),atient developed anemia, neutropenia, and bone
abnormalities. Bone abnormalities have also beported in copper-deficient rats (13). Neutropenia
and anemia were also noted by Durdagl. (14). Cordano reviewed studies of copper deiicie
children and infants and noted that neutropeniatha®arliest sign of the deficiency; also noted
were hypoceruloplasminemia and serum copper coratemts of <0.45 mg/L (15). Cardiac
hypertrophy has also been associated with copgieietecy in scores of studies on rodents and other
animals such as pigs (4, 16-23).

Copper Deficiency and Cardiovascular Disease

According to the World Health Organization (245Hemic or coronary heart disease is the
leading cause of death worldwide. Klevay (25) pnésd the copper-zinc theory of ischemic heart
disease in humans in 1975, suggesting that an anbalin copper and zinc concentrations may play
a key role in the development of this diseasesulpport of this, similarities have been noted betwe
human patients with ischemic heart disease andd&dry rats with induced copper deficiency (26).
Among these similarities are hypercholesteroleiamiterial damage; myocardial fibrosis, rupture,
hypertrophy, and copper deficiency; death; abnoetedtrocardiogram readings, including bundle
branch block and ST abnormalities; hyperuricemmat @bnormal blood clotting.

In rats, copper deficiency increases total plasamcentrations of cholesterol and
triglycerides, as well as increasing the pool sibedboth these nutrients. Marginal copper status
produces similar results, though these are notastid as those seen in overt deficiency (20, 27).

Interestingly, this increase in cholesterol levas Ibeen attributed to an increase in plasma HDL



cholesterol; however, in some studies copper aefay shows no increase in HDL protein, VLDL +
LDL cholesterol, or VLDL + LDL protein, and the pieusly noted increase in triglyceride levels is
also not observed (28). The increase in HDL chlietesseen here was due to an increase in
apolipoprotein A-l, associated with HDL cholestetbese data suggest an alteration in HDL
cholesterol metabolism may be partially respondifiéhe hypercholesterolemia observed in copper
deficient models. VLDL + LDL fractions from coppeeficient rats are also more prone to oxidation
invitro, suggesting a role for copper deficiency in theegation of atherosclerosis (29).

Medeiroset al. has consistently reported that hearts from cogpgcient rats are
hypertrophied (4, 16-22). Heart tissue from comjedicient rats exhibits increased mitochondrial
area, mitochondrial proliferation, vacuolization¢lusion of glycogen granules and fat droplets, and
poor arrangement of cristae, as well as an appdrenrtganization of myofibrils (4). However, a
proliferation of myofibrils may also contribute ¢ardiac hypertrophy in copper deficient animals as
well. As the degree of cardiac hypertrophy incesda rats, the mitochondria:myofibril may
decrease. However, Ma&bal. proved that in copper deficient myocytes the iasesin absolute cell
size is due to an absolute increase in mitochondttano change in myofibrils (30). Elsheeifal.
demonstrated that copper deficient mouse heartsyaertrophic, including vacuoles containing
lipid droplets and increased collagen formation)(28lso noted are a decrease in systolic blood
pressure, an increase in diastolic pressure, #frkst of the left ventricle.

Copper deficient animals exhibit ventricular aneuany hemothorax, pleural effusion, and
hemopericardium, as well as electrocardiogram abatlities (5, 31). These electrocardiogram
abnormalities occur in 80% of animals studied, imatlide depressed and inverted ST segments,
bundle branch block, bradycardia, and enhanced\R amplitudes (5, 31, 32). A lack of difference
between QRS axes from copper deficient and coppeuate animals suggests that the cardiac

hypertrophy may not be strictly right- or left-vantlar (32).



Collagen abnormalities have also been noted in@ogeficient animals. Copper deficient
swine exhibit increased levels of type Il collagercardiac tissue, and decreased levels of callage
cross-linking. Type 1l collagen is associatedhwitcreased compliance and elasticity of tissue;
however, the hearts studied do not exhibit decrkas#ness (33).

It is interesting to note that male rats appearensoisceptible to copper deficiency-induced
myocardial abnormalities than female rats. Male exhibit decreased ventricular function and
decreased relative heart rate, whereas femaléarbts show these decreases and even present
increased relative heart rates (16). Davidga@h. (5) notes that copper deficiency during different
life stages may cause cardiac damage without #ssicl signs of copper deficiency (such as cardiac

hypertrophy or anemia), and this damage may no¢wersible by means of copper repletion.
Copper Deficiency and Cuproenzymes

Many of the signs of copper deficiency may be fattiable to copper’s essential role for
several key enzymes within the cell. Copper isireg for the function of cytochrome C oxidase,
the terminal step in the mitochondrial electromsort chain and the production of ATP. Similarly,
copper-zinc superoxide dismutase requires the pcesaf copper to function in the scavenging of
superoxide radicals. Copper is also essentidlgdinctioning of glutathione peroxidase, dopamine
B-monooxygenase, glutathione transferase, peptilityt a-amidating monooxygenase, and two
copper-dependent ATPases.

In both mice and rats, cytochrome C oxidase agthdts been shown to decrease with copper
deficiency in such varied tissues as brain, splggmus, intestine, heart, liver, and kidney (34-38
Prohaska and Bailey (39) demonstrate reduced ayaowhC oxidase activity in all brain regions of
deficient animals, and copper repletion for one tindails to rescue this condition. However,
Paynteret al. (40) show reduced cytochrome C oxidase activiglitissues except lung and brain,

and have found that copper repletion leads to sémevery of enzyme activity. The Cox4 subunit of



this enzyme has also been shown to decrease iricdpficiency (38, 41-43). Copper deficiency
may decrease not only the activity but also thegimdevel of Cu-Zn superoxide dismutase. Protein
levels have been shown to be reduced in coppesieefirats (38, 44). Cu-Zn superoxide dismutase
activity in chicken aorta tissue increases durirgfirst four days of chick development, then lavel
off in control chicks; however enzyme activity stéyadeclines to non-detectable levels in chicks fe
a copper deficient diet. This decline is reversg@dministering copper to deficient animals.
Contrary to the findings noted above, superoxidenditase is present, but nonfunctional, which
suggests that the limiting factor is copper, netghotein (45). Interestingly, inflammation in @ap
adequate rats decreases Cu-Zn superoxide disrmadtgiéy but does not impact protein levels;
however, protein levels are decreased in coppérieety (46). Superoxide dismutase activity has
been depressed by copper deficiency in the likgdsgeys, brain, heart, small intestine, spleen, and
thymus of both mice and rats (34-37). However neet al. demonstrate a reduction of enzyme
activity in all tissues except brain and muscle) (40opper repletion in that study led to rapid
increases in superoxide dismutase activity in laued heart, and a slower recovery in red bloodcell
Notably, males and females may react to coppecigetty differently in terms of superoxide
dismutase activity. Copper deficient females eilibcreased superoxide dismutase activity in the
medulla pons; however, males exhibit enzyme indgtim all brain regions except the midbrain.
These depressions are rescued by copper repl88yn (

Copper deficient mice and rats exhibit decreasathtilione peroxidase activity in liver and
plasma (36). Copper deficient rats exhibit unalieglutathione transferase activity in liver; coppe
deficient mice exhibit reduced glutathione trans$eractivity when deficiency is induced during
suckling but not when deficiency is induced duriihg postweanling period (36). Copper deficient

rats also exhibit decreased peptidylglyanamidating monooxygenase activity in heart and

midbrain (37). Dopamin@-monooxygenase activity in midbrain of copper defit rats is higher



and in heart is lower; repletion fails to restdrede activities to control levels (37). Similai®ross
and Prohaska have found decreased dopapamenooxygenase activity in heart tissue of copper
deficient mice, and note that norepinephrine tueman cardiac tissue is increased by copper
deficiency (47).

Copper Deficiency and Copper Chaperone Proteins

Like most metals, copper can act as a pro-oxidatiie cell and can thus cause oxidative
damage. Therefore it is often bound to varioupehane proteins which carry it throughout the cell.
CTRL1 is the copper transporter, by means of whagper enters the cell. From CTR1 copper can be
transported to superoxide dismutase by the copgmerone for superoxide dismutase, CCS.
Alternatively, it may be bound by Atox 1 for tramspto the trans-Golgi network and efflux from the
cell via ATP7B, or similarly bound to metallothidne Cox17 can bind to copper and transport it to
the mitochondria, where it is carried to the electiransport chain by SCO1 and SCO2 (7).

Expression of CTR1 stimulates copper uptake ime-ilependent manner; through CTR1
mouse crosses, no CTRIoffspring are produced, and dietary copper supgteation of mothers
does not rescue these embryos. Thus, there idamnate system for copper uptake if CTR1 is
absent in mice. Ectoderm and mesoderm are poetlgldped in CTRY embryos; closure of
neural tube, diminished mesenchyme cell formatonl, failure of embryos to turn are observed in
these animals (48). Similarly, CTR1embryos only exist to 9.5 days of embryonic depelent.

No gastrulation is observed, with sparse endoderma mesoderm present in these embryos (49).
CTR1 heterozygotes are phenotypically identicalild-type mice, though brain copper levels are
decreased by approximately 50% (49). CTR1 activityat liver and choroid plexus decrease when
copper concentration is high in the nucleus, thazgper distribution to lysosomes continues.
CTRL1 transcription is lower during low ceruloplasnaictivity (50). The choroid plexus of copper

deficient rats presents a 50% higher abundancd B1G38). Copper toxicity can result in



embryonic death similar to that seen in lack ofpEpinflux. Atox1” mice show decreased physical
activity and increased mortality by postnatal dagkdn is lax; peripartum hemorrhaging occurrs.
Perinatal mortality is 45%, and surviving -/- mex@ growth-retarded, hypothermic, and
hypopigmented. Less copper is transported interabryos; increased copper accumulation in
Atox1 7 cells due to impaired efflux appears to causesticbanges (51).

CCS” mice show reduced superoxide dismutase activity?1% of normal in all tissues,
except 30% of normal in liver) but similar levelssoiperoxide dismutase protein to control
littermates. ®*Cu-labeled superoxide dismutase does not app€2E8i” mice, and these animals
exhibit an increased sensitivity to neural damagkdecreased fertility (52). Copper deficiency
appears to elevate CCS levels. Copper deficieiveas and erythrocytes show increased levels of
this protein even with mild deficiency, and CCSdksvare also elevated in cardiac tissue, though les
so (44). However, no difference is observed in @G&8ls of the choroid plexus, though an increase
is observed in the cerebellum and in purified braitochondria (38).

SCO1 and SCO2 are both required for the delivedyiagertion of copper at the same stage
of cytochrome C oxidase assembly. The Cox17 suloficytochrome C oxidase interacts with
SCO2 in delivery of copper in the mitochondria; @xpression of Cox17 rescues cytochrome C
oxidase activity in SCO2 mutant cells (53). Overessing SCO1 iBCO2 mutants, and vice versa,
further depresses cytochrome C oxidase assembhgrrdnan rescuing enzyme function. This
suggests that the roles of these two proteins@meverlapping and essential, but related (53, 54).
However, the roles are not yet entirely understadaditations in the genes for these chaperones, in
particular SCO2, have been observed in humansselimeitations are fatal in infancy, due to severe
respiratory impairment caused by deficiency in chitome C oxidase activity. Such mutations
produce cardiac hypertrophy similar to that seediétary copper deficiency, in addition to

cardiaoencephalomyopathy as seen in Leigh’s syneli(®d, 55).
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As with SCO1 and SCO2, the impact of copper deimyeupon most copper chaperones is
relatively unknown. The only chaperone which hasrbstudied in depth in relation to dietary
copper deficiency is CCS. In this thesis, we predata revealing that dietary copper deficiency

increases the expression of select copper chaperoteins.
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CHAPTER 3 — Materials & Methods

Animals and Diets

Sixteen male weanling Long-Evans rats were acqdimed Charles River Laboratories
(Lee’s Summit, MO). Animals were housed singlyiime-bottom stainless steel cages and were
randomized into two groups such that the mearalribdy weight for each group was not
significantly different. One group of 8 rats wasan free access to deionized distilled water and a
semi-purified diet with no added copper, and ormugrof 8 was given free access to deionized
distilled water and a semi-purified diet with addaegper. Diets were acquired from Research Diets
(New Brunswick, NJ), and the composition was basedecommendations of the American Institute
of Nutrition (AIN 1980). The nutrients consistefd(g/g diet by weight) 0.50 sucrose, 0.20 casein,
0.15 cornstarch, and 0.05 corn oil as energy seurtée copper adequate diet was formulated to
contain 6.0 pg Cu/g diet and the copper deficiggitldss than 1.0 ug Cu/g diet. The copper
adequate diet contained copper in the form of cumrbonate. To verify copper content of the diets
each diet was digested with trace element grade aitid and analyzed by flame atomic absorption
spectrophotometry (Perkin Elmer model 5000, NorwilR. Analysis revealed that the copper
adequate diet had 6.25 ug Cu/g diet, and the cajgemient diet had 0.69 ug Cu/g diet. The
Institutional Laboratory Animal Care and Use Contedtat Kansas State University approved the
study protocol.

Cages and glassware were sterilized once per vgtityer Machine, model CBW1026KD),
with water changed or refreshed as needed andréditied regularly. Body weights were
determined for animals once per week. After 5wla treatment group, animals were anesthetized
using sodium pentobarbithol (100 mg/kg body weigi#)midline incision was made with surgical
tools and the thoracic cavity exposed. Blood wdsaeted from the ventricle of the heart with an

18-gauge needle and the blood was placed into iméged tubes for hematocrit determination.
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Hearts were removed, rinsed in 0.85% NaCl, and hezlgbefore being flash-frozen with liquid N
for later evaluation. A sample of liver tissue vedso removed from each animal and placed on ice

for later evaluation.
Cardiac Tissue Processing

Cardiac tissue samples weighing 0.2 g were proddssgeparate the non-myofibrillar
fraction of the tissue for analysis of copper cliape proteins. Each 0.2 g sample was homogenized
in 2 mL 0.1M KCI + 0.15% Triton X. The samples weentrifuged in an Eppendorf 5415R

centrifuge at 4C for 20 minutes at 1086Xg. The supernatant fohessue sample was aliquoted

into 8 - 100uL samples, and remaining supernatant, pellet, &qdats were stored at -80.
Western Blotting

Prior to analysis, each supernatant sample wasaedi using a sonic dismembrator (Fisher
Scientific model #100). 100L 2X SDS was added to each L@l0aliquot, and the aliquots were
boiled for 3 minutes to denature proteins. 4-20%awgnt gels (Pierce Precise Protein gels, 12-well;
#25224) were loaded as follows: Chemiluminescéne BRanger molecular weight marker was
loaded in the first well of each gel (Pierce #266510uL of sample was loaded into each
subsequent well, and gels were run for 45 minut@®@V for approximately 1 hr in BuPH Tris-
HEPES SDS running buffer (Pierce #28398).

Gels and nitrocellulose membranes (Trans-Blot feamaedium, 0.2um; BioRad #162-

0112) were equilibrated in 25 mM Tris, 192 mM glyej and 20% methanol buffer for 20 minutes
(Sigma Tris-Glycine Buffer 10X concentrate), andtpm fractions were transferred to the
membranes using a BioRad Trans-Blot SD semi-dnstea cell a0V, for 30 min. Membranes
were blocked using 5% milk for 1 hr.

Membranes were probed with primary antibodies dgétrat 4C with agitation, as follows.

For CCS, rabbit anti-CCS was used at a 1:200 ditutanta Cruz #sc-20141). Rabbit anti-CTR1

13



(Santa Cruz #sc-66847) at a 1:200 dilution was tsg@robe for CTR1. SCO1 was probed for with
goat anti-SCO1 (Santa Cruz #sc-49108) at 1:10@iallu Mouse anti-Cox4 (Santa Cruz #sc-58348)
was used to probe for Cox4 at a dilution of 1:2@&x1 was visualized using MitoSciences mouse
anti-Cox1 (MS404) at a dilution of 1:1000. Sampieparation for Cox17 analysis was slightly
different from the other proteins examined, duthotendency of this protein to trimerize. A new
2X SDS loading buffer was prepared using 300 mM Rhd 2% SDS, and samples were boiled for
15 minutes to denature trimers of the Cox17 protdihe primary antibody used for this protein was
raised in rabbits by Dennis Winge (University ofblf, and was used at a 1:1000 dilution.
Additionally, all CCO proteins were visualized ugia polyclonal antibody raised in rabbits, at a
dilution of 1:500. This antibody was received frbawrence Prochaska of Wright State University
(Dayton, OH). Finallyp-actin was visualized using mouse anti-actin frontdm (#ab6276) at a
dilution of 1:1000.

Following the overnight probe with primary antibeslj membranes were rinsed in TDN
(58.5 g NaCl, 7.45 g EDTA, 12.1 g Tris, per L) &pproximately 5 minutes, after which they were
probed with secondary antibodies 1:1000 at roonp&ature with agitation for approximately 1
hour. These were goat anti-rabbit, donkey antt;garad goatnti-mouse (Santa Cruz #sc-2030, sc-
2033, and sc-2031, respectively). After probinghveecondary antibodies, membranes were rinsed
in TDN for 1.5 hr, changing the solution every 1mutes.

Membranes were developed using either a 1:1 cheririkscent substrate (Thermo
Scientific #34080) or a maximum sensitivity cherminescent substrate (Pierce #34095). Images

were produced using a multi-image light cabinetrfidlpha Innotech (San Leandro, CA).
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Hematocrit Determination

Heparinized blood was transferred to microhemataabes and centrifuged in a
microcapillary centrifuge for two minutes. Hematbwas determined as the percentage of space
occupied by packed red blood cells.

Analysis of Liver Copper

1g samples of liver tissue were digested in 10 MlCslovernight. Samples were boiled and
volume reduced to approximately 1 mL. These wieea diluted to 10 mL with deionized distilled
water and flame atomic absorption spectrophotomeay used to determine copper content of liver
tissue (Perkin-EImer 5000 atomic absorption spebiotometer). Samples were measured against 1
and 5 ppm copper nitrate standards prepared frb@®©@ ppm certified standard (Fisher Scientific
#sc-194-500).

Statistical Analysis

Unpaired 2-tailed Student’s T-tests were used &byae the data to determine differences in

means at a p-value of 0.05 or less.
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CHAPTER 4 — Results

Of the 16 rats that started the study, 15 rats éetexb the protocol, with one rat from the
copper adequate diet group euthanized due to aldssiie which caused the rat not to eat. Results
suggested that rats fed the copper deficient déegwndeed copper deficient as revealed by several
indicators (Table 1). Final body weight, hematp@nd liver copper levels were significantly<{p
0.01) decreased in rats fed the copper deficiettadimpared to those fed the copper adequate diet.
On the other hand, final heart weight and heariyheeight were significantly (g 0.01) increased in
rats fed the copper deficient diet compared todtied the copper adequate diet.

Neither CTR 1 nor Cox17 were significantly up- emah-regulated by dietary copper
deficiency (Figures 2, 4). However, several odwpper-related proteins did exhibit regulation
based on dietary deficiency. Concentrations of (igure 3) and SCO1 (Figure 5) both increased
significantly in copper deficient heart tissue{p.01 and p< 0.05, respectively), while Cox1 and
Cox4 were both decreased in deficiency (@001and £ 0.001) (Figures 6, 7). This is in contrast
to results obtained with the CCO polyclonal antjpaghere subunit 2 did not differ by treatment but
subunit 4 decreased in copper deficient rats (oetshown).

An interesting banding pattern was revealed omtbmbranes used to visualize SCO1
(Figure 5). While SCO1 signal increased in thepsoleficient lanes, another band appeared near
the bottom of the membrane in the lanes with sasripten copper-adequate animals. While this

band remains unidentified, it may be a breakdovadpet and warrants further investigation.
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Table 1. Copper deficiency incidators (Mean + SE)

Variable CuA CuD
Final Body Weight (g)** 337+7.23 28 11.6
Final Heart Weight (g)** 1.53+ 0.051 2.25% 0.157
Heart:Body Weight (*10)* 5.44+ 0.170 8.0% 0.800
Hematocrit (%)** 43+ 0.8 32+ 2.6
Liver Copper (ig Cu/g wet 4.13+ 0.069 0.4 0.092
weight)**

*p < 0.01 CuA = copper adequate CuD = copper deficient
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Figure 2. CTR1 Signal density (Mearx SE).
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CHAPTER 5 — Discussion

Consistent with the work of others, the copperaiefit rats in the current study exhibited
cardiac hypertrophy, decreased hematocrit, ancedeed body weight (4, 16-22). Our work
demonstrated that the concentration of CCS incseagh dietary copper deficiency, in agreement
with the work of Bertinat@t al. (44). However, we were also able to demonstrateSCOL1 is up-
regulated in copper deficient rats, and subunéaad.4 of cytochrome C oxidase are down-regulated,
but no change in subunit 1 was observed usingyioolal antibody. While we did not observe a
change in levels of CTR1 or Cox17, our data letstdfito a partial explanation of the mitochondrial
proliferation observed in the cardiac hypertrophgietary copper deficiency.

The role of copper in maintaining cardiovasculaaltieis not new. Klevay long ago reported
that rats fed a diet lacking in copper develop Hilgiod cholesterol levels and cardiac hypertrophy
(56-58). Others have since verified this work (32-61) The Medeiros lab continued to study the
issue of cardiac hypertrophy as affected by a dietapper deficiency (4, 5, 62). In several stadie
that group reported that the type of hypertrophg w@ncentric in nature, meaning the ventricular
and atrial walls were thickened, interventriculeptsim was thickened, and the chamber volume was
decreased. This is notable as up to that timeyrmathe field ascribed the hypertrophy in copper
deficiency to anemia occurring with copper deficien However, anemia leads to an eccentric
hypertrophy where the heart is larger and the cleasndlilated. Furthermore, the Medeiros lab
reported that cardiac hypertrophy occurred befassraa, putting an end to the argument that anemia
was the causative agent in cardiac hypertrophynduwopper deficiency (4, 16). An odd feature of
the cardiac hypertrophy seen in copper deficieadhat concentric hypertrophy is associated with
hypertension, but these rats have hypotension;weudo have a discrepancy in this condition (16,
63). On the other hand, hearts from copper defic@s have a dramatic increase in mitochondrial

mass and it may be this feature that leads togheemtric nature of the hypertrohpy. Increased

21



mitochondrial biogenesis without a concomitant @ase in myofibril mass will nonetheless lead to
tissue hypertrophy.

The mitochondria in the copper deficient heartseappo be vacuolated and the cristae do not
appear to be in their normal parallel array. Mamyofibrils appear to be distorted due to the méss o
mitochondria appearing to push against the myasilfs). Electrocardiograms are abnormal, with
decreased polarization and enhanced re-polariztien Most notably the QRS complex is
widened and there is notching in this complex @6,64). The peak to peak height of the RS
components is significantly enhanced in the copledicient rat heart, which may be another sign of
cardiac hypertrophy. Finally it has been repotted lipid droplets accumulate in the myocardium
(5) and the basement membrane is disrupted ag6&l|

Mitochondrial biogenesis in the copper deficierttir@art has been studied and data show that
certain genes which initiate mitochondrial bioges@se up-regulated (22). For example,
mitochondrial transcription factor A is known ta@mease the expression of nuclear DNA and
mitochondrial DNA that encodes protein that becopes of the organelle (22). Two other factors,
nuclear regulatory factors 1 and 2, are up-regdlateopper deficiency and are known enhancers of
mitochondrial protein production (66). Finallycemtly the master regulator of mitochondrial
biogenesis, peroxisomal proliferator activated ppmeco-activaton (PGCle), has shown increased
MRNA and protein levels during copper deficiency)(6Despite all these changes, ATP levels in
copper deficient rat hearts are similar to thoseoipper adequate rat hearts (68).

Given that mitochondria play such a fundamenta molthe pathogenesis of the cardiac
hypertrophy observed in copper deficiency, as aglhe known role Cu-Zn SOD has in organs, the
next logical step was to investigate the chapepsoeins involved in the synthesis of mitochondrial
cytochrome C oxidase and Cu-Zn SOD along with othaperone proteins that bind copper and

prevent it from reacting with other cell structuréénowing whether dietary copper can regulate the
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amount of these proteins may help unlock someefriachanisms behind the pathophysiology in
this model.

Results have previously been inconsistent concegithia effect of dietary copper deficiency
on CCS concentration. While Bertinadical. (44) observed an increase in CCS in erythroayte a
liver, Gybina and Prohaska (38) observed mixedit®guvarious brain tissues. Our lab
demonstrated an increase in the concentrationothaperone protein during dietary copper
deficiency. However, the activity of Cu-Zn SOD shaeviously shown marked decrease in several
tissues (34- 37, 46, 40). This decrease in agtiaity be due to a decrease in concentration of SOD
(38, 44). Alternatively, Dameron and Harris fouhdt the protein was present but non-functional in
copper deficiency (45). This finding suggests thatpresence of copper may be limiting in SOD
activity. When copper supply to a cell is limitesh increase in CCS such as we observed may be a
compensation mechanism to maximize the copper mapad the SOD enzyme.

The increase seen here in the concentration of SLC@Ag copper deficiency may be a
similar compensation. Since copper is requiredierfunctioning of cytochrome C oxidase, and
SCOLl is partially responsible for the insertiorcopper into this enzyme, limited copper supply may
signal an increase in Scol to facilitate increasgaper utilization by cytochrome C oxidase.
However, Cox17 also participates in making coppeilable to this enzyme, and we did not observe
an increase in this chaperone protein. It is ptsssible that the increase in SCOL1 rescued
cytochrome C oxidase activity to such an extertdahasoncomitant increase in Cox17 was not
necessary for cellular function. So while cellldampensation for lack of copper is a possible
explanation for the increases observed in CCS &1d1$ more work is needed to confirm this
hypothesis.

Cytochrome C oxidase activity has been observeltoease overall in varied tissues during
copper deficiency (34-38). In particular, the Caxbunit shows a marked decrease under copper

deficient conditions (38, 41-43). Our results @anfthis reduction in Cox4. We also observed a
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reduction in Cox1 concentration with copper deficie  Previously, however, Medeiresal. have
demonstrated decreases in the nuclear-encodediibfioytochrome C oxidase but not in the
mitochondrial-encoded subunits including Cox1 (2).,4indeed, a polyclonal antibody showed little
or no change in Cox1 levels in this study, while@noclonal antibody showed decreased levels of
the protein. Whether the decrease in these tworstgonly partially explains the decreased agtivit
of the enzyme remains unknown, and further studggsired to understand the mechanisms
involved in the loss of enzyme activity.

Interestingly, we did not observe a change in threcentration of CTR1 with copper
deficiency. It would seem beneficial for a celujp-regulate this protein in order to maximize
copper import to the cell. However, it has beemalestrated that mRNA levels for CTR1 do not
change in response to dietary copper deficiency. (880 of note is the unidentified band observed
in the copper-adequate lanes of the SCO1 Westets ibl the current study. The identity of this
protein remains unknown, but it seems possibleitimay be a breakdown product of SCO1 which
is not present in copper deficient cells, where potein is increased. The increase in SCO1
concentration observed may be due more to decrdmealldown of excess protein than to increased
protein synthesis. Further study is warrantedsttegain the identity of this protein or productida
to determine the mechanism involved in the incré&@01 concentration.

In light of these data, it seems possible thantitechondrial proliferation observed in
copper deficient cardiac hypertrophy is an effortémpensate for decreased cytochrome C oxidase
activity and consequent decreased ATP productidespite the great proliferation of mitochondria
and the consequent increase in mitochondrial ardgeotein, an increase in ATP production is not
observed in copper deficient hypertrophic healttenay be that ATP production by any given
mitochondrion is limited by decreased cytochromex{@ase activity. The increase in mitochondria
observed in copper deficiency, and the hypertrapis/increase may cause, could be a mechanism to

overcome decreased ATP production by individuabatibndria. If a decrease in the concentration
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of subunits 1 and 4 of cytochrome C oxidase is@efit to render it less active, such a hypothesis
seems plausible. The observed increase in SCQkntation may also be a compensatory
mechanism in response to a copper deficiency-irtideerease in cytochrome C oxidase activity.
In summary, the observed increase in SCO1 and ©@8&eatrations in cardiac tissue from
copper deficient rats may be compensatory mechaniemack of cellular copper. The decrease
reported here in subunits 1 and 4 of cytochromei@ase may hinder the activity of this enzyme in
such a way that mitochondrial proliferation tak&scp in an effort to increase energy production.

However, more study is needed to understand th@anéms underlying the observed changes in

protein concentration.
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CHAPTER 6 — Summary

Copper deficiency has been linked with many heailtiblems, among them cardiac
hypertrophy. The cardiac hypertrophy caused biadiecopper deficiency is uniquely concentric,
with mitochondrial proliferation and abnormalitieBecause of its potential for causing oxidative
damage, copper within the cell must be bound t@etune proteins. While the large-scale
physiological impact of dietary copper deficiensyécognized, little is known about the impact of
such deficiency on these chaperone proteins. isrthiesis, we examined the role of dietary copper
deficiency in the regulation of select copper cliape proteins in cardiac tissue in rats.

Male Long-Evans rats were randomized into treatrgemiips, one group receiving a copper
deficient diet and one group receiving a diet ciontg adequate copper. Rats were sacrificed &fter
weeks of treatment, and heart tissue was analy@ggktern blotting was used to determine the
concentrations of various copper chaperone proseidscopper-containing proteins in the heart
tissue samples. Proteins studied include CTR1, @0%17, SCO1, Cox1 and Cox4.

Copper deficient rats exhibited decreased body lwelgematocrit, and liver copper, and
increased heart weight and heart:body weight. INamge was observed in the concentrations of
CTR1 or Cox17. CCS and SCO1 were both up-regukdetiresult of copper deficiency, while
Cox1 and Cox4 were both down-regulated when usiogational antibodies; Cox1 did not change
using a polyclonal antibody. The up-regulatiorC&S and Scol might be compensatory
mechanisms aimed toward providing more copper poagnzymes such as Cu-Zn SOD and
cytochrome C oxidase. The downregulation of the @O subunits may indicate reduced
transcription due to lack of copper. Our lab is tinst to demonstrate an increase in SCO1 and CCS
in hearts from copper deficient rats. Further gtisdvarranted to fully understand these novel

findings.
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TO: Denis Medeiros Protocol Number: 2660
Human Nutrition
213 Justin

FROM: Sally Olson, Chai 20, ﬂ /9 K,

Institutional Animal C are an Use Committee

DATE OF APPROVAL: March 17, 2008
DATE OF EXPIRATION: March 17, 2011

RE: Approval of Animal Care and Use Protocol Entitled, *“Chaperone proteins as affected by copper
deficiency.”

The Institutional Animal Care and Use Committee (IACUC) for Kansas State University has
reviewed the protocol identified above and has approved it for three years from the date of this
memo. During the period of approval, the protocol will be subject to annual monitoring, which
may include the examination of records connected with the project. Announced post-approval
monitoring (PAM) will be performed during the course of this approval period by a member of the
University Rescarch Compliance Office staff. Changes in the protocol affecting the care or use of
animals must be reviewed by the TACUC prior to implementation. Unanticipated problems related
to the humane care or use of animals must be reported to the IACUC immediately.

It is important that your animal care and use project is consistent with submissions to

funding/contract entities. It is your responsibility to initiate notification procedures to any
funding/contract entity of any changes in your project that affects the use of animals.
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