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Many human and animal studies have shown that serum and liver copper levels 

increase during iron deficiency. In addition, divalent metal transporter 1 (Dmt1) and the 

Menkes copper-transporting ATPase (Atp7a) are strongly up-regulated in the duodenum 

of iron-deficient rats. These findings suggest an important interaction between iron (Fe) 

and copper (Cu) during iron deficiency. The hypothesis that Dmt1 is necessary for 

alterations in the expression/activity of copper-related proteins during iron deficiency 

was tested. Experiments were performed in the Belgrade (b) rat model of genetic iron 

deficiency. Dmt1 and Atp7a mRNA expression, along with other metal homeostasis- 

related genes (e.g. Tfr1), was increased in enterocytes from b/b rats (as compared to 

+/b rats), while hephaestin (Heph) did not change. In the liver, Cp mRNA expression 

was unaltered. Immunoblots demonstrated that Atp7a protein expression increased in 

the b/b rats, along with duodenal Heph protein expression (< 3 fold).  Cp protein 

expression in the liver did not change nor did serum or enterocyte membrane 

ferroxidase activity in the mutants. Thus, Dmt1 is at least partially necessary for the 

copper-related compensatory response during iron deficiency. One potential 

explanation for this phenomenon could involve enhanced copper transport by Dmt1 in 

the small intestine. The following studies were designed to test the hypothesis that Dmt1 
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transports copper during low-iron states, when it is strongly induced, and competing iron 

atoms are low in abundance. First, the Belgrade rat model was utilized to show that 

mutated Dmt1 cannot increase copper transport in the iron-deficient b/b rats, but the +/b 

rats did show changes in copper levels during iron deficiency. To further explore the 

possible copper transport by Dmt1, a doxycycline (DOX) inducible Dmt1 over-

expression system in HEK-293 cells was employed. In DOX-treated cells with confirmed 

Dmt1 over-expression, 64Cu uptake was not different from untreated cells. However, a 

significant increase in copper uptake was noted (~3 fold) when cells were treated with 

DOX in the presence of an iron chelator (as compared to DOX only-treated cells). It is 

therefore concluded that under normal conditions, Dmt1 does not transport copper, but 

that it may be involved in copper transport under low-iron conditions. 
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CHAPTER 1 
LITERATURE REVIEW 

The exploration of copper/iron interactions started over 100 years ago [1,2]. 

Copper was thought to affect iron metabolism including intestinal absorption, release 

from storage, and cellular utilization during hemoglobin synthesis [3]. The copper/iron 

interaction also has a ‘flip-side’, i.e., iron status can influence copper metabolism [4-6]. 

Thus, there are copper-related feedback mechanisms at the physiologic and cellular 

levels during low or high-iron conditions. In my work, the focus will be on the underlying 

mechanisms of the copper-related compensatory response to low-iron conditions. 

As two key players involved in iron metabolism, ceruloplasmin (Cp) and 

hephaestin (Heph) are multi-copper ferroxidases that are needed for iron absorption 

from the intestine (Heph) and release from various tissues (Cp) [7,8]. Without functional 

multi-copper ferroxidases, Fe2+ cannot be oxidized to Fe3+, the transferrin binding form, 

and ferrous iron is thus trapped inside enterocytes, and hepatic macrophages [9,10]. 

Since Cp and Heph exemplify the relationship between copper and iron metabolism, 

they have been extensively studied in iron-deficient rodents [1,11-13]. Results from 

these studies demonstrated increased ferroxidase activities of Cp and Heph in rodents 

suffering from diet-induced iron-deficiency anemia, which is likely a part of the copper-

related compensatory response during iron deficiency [14-18].  

Recent studies identified other proteins that connect copper and iron metabolism, 

such as Atp7a (the Menkes Copper-Transporting ATPase) and Dmt1 (Divalent metal 

transporter 1) [19,20]. Studies have shown that Atp7a mRNA and protein levels were 

increased during diet-induced iron deficiency when  Dmt1 expression increases 

dramatically [21]. Moreover, other studies have shown that Dmt1 can transport copper 
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[2,22-26], although the physiological significance of this observation is unknown. Given 

the uncertainty of the role of Dmt1 in copper homeostasis, the studies described in this 

dissertation were undertaken to assess the effect of an inactivating mutation in Dmt1 in 

the Belgrade rat. Further studies used HEK-293 cells Dmt1 over-expression, and 

investigated copper metabolism during iron deprivation [27].  

In this work, the overall hypothesis that Dmt1 affects copper homeostasis by 

interacting with/ transporting copper under low-iron conditions will be tested. These 

studies will help us to understand more about the basic mechanisms of intestinal 

copper/iron absorption and copper-related compensatory responses during iron 

deficiency.  

Introduction to Iron 

Basic Properties of Iron 

Iron is a biologically essential element involved in the metabolism of all living 

organisms. More than 65% of body iron is found in hemoglobin, up to ~ 10% as 

myoglobin, 1~5% as part of enzymes, and the remaining body iron is in the blood bound 

to transferrin or stored in ferritin inside cells. The human body contains ~ 2-4 g of iron, 

which is related not only to body mass but is also influenced by other physiological 

conditions including age, gender, pregnancy, and state-of-growth. 

Iron has several oxidation states varying from Fe6+ to Fe2+, depending on the 

chemical environment. In biological systems, iron is found in two principal oxidation 

states, ferrous (Fe2+) or ferric (Fe3+). At the oxygen concentrations found under 

physiologic conditions, iron is mostly in the more stable oxidized ferric form. Conversely, 

critical biologic processes, such as intestinal transport, deposition into ferritin, and the 

synthesis of heme all require that iron be in the reduced ferrous state. 
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Good sources of iron in American diets include red meat, oysters, clams, beans, 

dark green leafy vegetables, and dried fruits. In addition to iron found naturally in foods, 

refined grain products, such as breads, pasta, cereals and flour are fortified with iron. 

Dietary iron is found in one of two forms in food: heme and nonheme. Heme iron 

represents iron that is contained within the porphyrin ring structure, which is derived 

mainly from hemoglobin and myoglobin, and thus is found in animal products. Most 

plants, as well as dairy and meat products contain nonheme iron. Nonheme iron is less 

easily absorbed by the body. Furthermore, nonheme iron is usually bound to food 

components which must be hydrolyzed before iron can be absorbed into intestinal 

epithelial cells.  

Iron Metabolic Pathways 

Dietary iron is absorbed in the duodenum and the upper part of the jejunum. The 

availability of ingested iron for absorption and the amount absorbed depend on the 

chemical nature and quantity of iron in the diet, the presence of other factors in ingested 

food, the effects of gastrointestinal secretions and the absorptive capacity of the 

intestinal mucosa. The absorptive capacity is regulated to a large extent by two internal 

factors: the amount of iron stores and the rate of erythropoiesis [28]. From a typical daily 

dietary iron intake of 12-18 mg, only about 1 to 2 mg is absorbed. Compared with 

nonheme iron, heme iron is more readily absorbed. Hence, heme iron may contribute a 

larger proportion of absorbed iron even though it represents a lesser fraction of ingested 

iron.  

Heme iron must be hydrolyzed from hemoglobin or myoglobin prior to absorption. 

Heme iron enters mucosal cells through the brush-border membrane, possibly by 

endocytosis, as the intact iron-protoporphyrin complex [29]. Once within cells, iron is 
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released by the action of the microsomal enzyme, heme oxygenase [30]. Subsequently, 

heme iron likely enters the same intracellular pool as newly absorbed nonheme iron. 

Nonheme iron bound to food components must be released in the gastrointestinal tract 

prior to being absorbed. Once released from food components, most nonheme iron is 

present as ferric (Fe3+) iron in the stomach. Ferric iron remains relatively soluble at 

acidic pH. However, as iron passes from the stomach into the small intestine, ferric iron 

may complex with oxygen to produce ferric hydroxide (Fe(OH)3), a relatively insoluble 

compound, which makes the iron less available for absorption. Fe3+ must be reduced by 

cell-surface ferrireductases, such as Dcytb (Duodenal cytochrome B), to be transported 

via Dmt1 into enterocytes [31].  Iron entering enterocytes can be sequestered into the 

iron storage protein ferritin, used for metabolic purpose by cells or transported across 

the basolateral membrane. The export of  ferrous iron from the enterocyte is 

accomplished by ferroportin 1 (Fpn1); Fe2+ is then oxidized to Fe3+ for binding to 

transferrin (Tf) by the copper-dependent enzyme Hephaestin (Heph), which is a 

membrane-bound ceruloplasmin-like molecule that has ferroxidase activity (Fig 1-1) 

[32,33].  

Essentially all plasma iron exists as ferric iron bound to transferrin, which delivers 

significant quantities of iron to the bone marrow to supply erythrocyte precursors with 

iron for hemoglobin synthesis. Uptake of circulating transferrin-bound iron by cells is 

controlled by the number of transferrin receptors (TFRs) expressed on the plasma 

membrane. The TFR complex exists as a dimer of two identical transferrin receptors. 

TFRs are internalized in response to binding of the diferric transferrin ligand to their 

extracellular domains. This internalization process involves uptake of the entire TFR-
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diferric transferrin complex into an endocytic vesicle. Once formed, the vesicle is 

acidified by a proton pump in the endosomal membrane, facilitating the release of Fe3+ 

from transferrin. Ferric iron is subsequently reduced to Fe2+ by endosomal reductases, 

perhaps by a Steap family protein.  Fe2+ is then transported out of the endosome by 

Dmt1. The transferrin cycle is completed when the endosome containing the TFR and 

iron-free apotransferrin recycles back to the plasma membrane, where the neutral pH 

environment facilitates the dissociation of apotransferrin from TFRs. The apotransferrin 

released into the plasma is then free to be reloaded with ferric iron [34].   

Liver is the primary site of iron storage in the body, and it likely serves as the 

central control point of whole-body iron regulation, as it produces hepcidin (HAMP). 

HAMP, a peptide hormone, is considered as the central iron regulatory molecule that 

can explain both iron-dependent and inflammation-dependent changes in iron 

absorption [35]. HAMP also regulates iron release from body storage sites, such as the 

reticuloendothelial system of the liver (Kupper cells) and spleen (macrophages). 

Efficiency of iron absorption and circulating hepcidin concentrations are inversely 

correlated. In other words, high circulating hepcidin is associated with low iron 

absorption, and vice versa. The underlying mechanism of hepcidin function involves the 

iron export protein, ferroportin 1 (Fpn1).  Binding of hepcidin to ferroportin results in the 

internalization and degradation of Fpn, and thus leads to a decrease in iron export [36].  

Free iron is toxic, due to its ability to donate and accept electrons, and as such it 

can catalyze the conversion of hydrogen peroxide into oxygen free radicals, which is 

called the Fenton reaction.  Free radicals can damage a wide variety of cellular 

http://en.wikipedia.org/wiki/Catalysis
http://en.wikipedia.org/wiki/Hydrogen_peroxide
http://en.wikipedia.org/wiki/Free_radicals
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structures, and ultimately kill cells. To prevent this oxidative damage, the majority of  

excess free iron in cells is stored within the ferritin molecule  [37]. 

There are no active excretory systems for iron, so intestinal iron transport is 

tightly regulated. However, iron is lost from the body by non-specific processes. About 

one half of daily endogenous iron losses occur through the intestine, most of which 

occurs by occult blood loss and the remainder from ferritin iron lost in sloughed 

enterocytes and biliary secretions [38].  

The Physiologic Consequences of Iron Deficiency  

Iron deficiency is defined as a functional tissue deficit of iron resulting from 

depleted iron stores and is characterized by changes in iron metabolism and iron-

related biochemical indices. The most common consequence of iron deficiency is 

anemia, which often occurs in pregnant women and women of child-bearing age. 

Deficiency during pregnancy may be caused by several factors, including the need for 

additional iron for maternal tissue accumulation, dilution of blood volume and the need 

to transfer considerable quantities of iron to the fetus during the last trimester of 

gestation. Numerous studies have reported adverse effects of maternal iron deficiency 

during pregnancy, particularly iron-deficiency anemia, and shortened gestation, preterm 

birth, and lower infant birth weight [39]. Maternal anemia during pregnancy increases 

the risk of low birth weight by about threefold [40].  

 Chlorosis, also called chloremia, is a form of chronic anemia. It was prominent 

from the mid-16th century to the beginning of the 20th century, when it was commonly 

diagnosed in young women in Europe and America, and possibly the Middle and Far 

East. Chlorosis is characterized by a greenish-yellow discoloration of the skin (the 

"green sickness"), and hypochromic, microcytic erythrocytes and a small reduction in 
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the total number of erythrocytes. Those suffering from chlorosis often exhibited 

behavioral abnormalities including moodiness and lethargy. It is usually associated with 

deficiency of iron and copper-containing proteins.  

Iron deficiency also can exist without anemia; some subtle functional changes 

may occur in the absence of anemia. However, even mild and moderate forms of iron-

deficiency anemia are associated with functional impairments affecting cognitive 

abilities [41], immunity, work capacity and the ability to regulate body temperature  [42].  

Iron Deficiency Model  

Unlike nutritional iron deficiency, which arises when physiological requirements 

cannot be met by iron absorption from the diet, genetic iron deficiency is caused by 

defects of iron metabolism-related genes, such as mutations in the gene encoding 

DMT1, transferrin or matriptase-2 (Tmprss6). The clinical observation of unexplained 

forms of iron-deficiency anemia has led to the description of a new group of 

hematological diseases, which are genetic forms of iron-deficiency anemia [43].  

Inherited disorders of iron metabolism leading to iron deficiency are uncommon 

in humans. However, there are a number of reports of inherited refractory anemia which 

cannot be accounted for by environmental factors or co-existing disease states that 

likely represent defects in iron transport. Upon the development of modern molecular 

techniques, positional cloning of the gene affected in the microcytic (mk) anemia mouse 

was one approach that led to the original identification of Dmt1 [44]. These studies 

provided strong evidence that Dmt1 plays a critical role in intestinal iron absorption. 

Studies published in 2004, described a patient carrying a mutation in Dmt1 who 

exhibited a severe hypochromic, microcytic anemia. A similar phenotype was observed 
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in the mk mouse, the Belgrade rat, and a mutant Zebra fish strain [45].  In each case, 

this anemia is attributed to a defect in Dmt1 [46].  

The genetic iron deficiency model chosen for my studies was the Belgrade rat 

(b/b), which resulted from irradiation of 8-day-old female rats, eventually producing a 

strain with heritable microcytic, hypochromic anemia [47,48]. The Belgrade rat is 

characterized morphologically by red cell hypochromia, microcytosis, and 

reticulocytosis. Early studies on this genetic model of iron deficiency demonstrated a 

defect in iron uptake into reticulocytes and enterocytes. Iron utilization for hemoglobin 

synthesis is also reduced. In addition, parenteral iron treatment fails to cure the anemia, 

even though it results in  gross iron overload of spleen and liver [47].  Molecular genetic 

approaches led to the discovery that Dmt1 was the mutated gene responsible for the 

Belgrade rat phenotype and that the mutation is identical to the one in the microcytic 

(mk) anemia mouse. Both mutant rodents have a Gly185→Arg substitution [49]. Dmt1 

was also identified almost simultaneously by an expression cloning technique, and it 

was shown to function as a transporter of divalent metal ions, including iron.[23]  

Iron absorption was examined in homozygous (b/b) and heterozygous (+/b) 

Belgrade rats, which are phenotypically normal. Long-term iron absorption was assayed 

by whole body counting for 10 days after introducing a dose of radiolabelled ferric iron 

into the stomach by gavage [50]. For short-term experiments, test doses of Fe3+ and 

Fe2+ were also injected into closed duodenal loops in situ for 30 min [51]. In both 

experiments, the b/b rats had significantly impaired iron absorption as compared to the 

+/b rats. 
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Impaired iron absorption is not the only defect due to Dmt1 mutation in the 

Belgrade rat, as one study done by Edwards et al. indicated that although uptake of the 

transferrin-iron-receptor complex was unimpaired [52], there was markedly reduced iron 

accumulation in reticulocytes in the b/b rats compared with iron-deficient phenotypically 

normal +/b rats. They thus concluded that the Belgrade rat has an abnormality of iron 

release within the absorptive endosome that is responsible for a state of intracellular 

iron deficiency, involving the erythron and other body tissues. It is now clear that the 

Belgrade and mk mutation in Dmt1 decrease iron absorption from the diet and iron 

uptake into other cells of the body as a result of a defect in the transferrin cycle, 

demonstrating a critical physiological role for Dmt1 in overall body iron homeostasis. 

Introduction to Copper 

Basic Properties of Copper 

Copper is an essential micronutrient involved in a variety of biological processes. 

Copper can be converted between two major oxidation states, cuprous (Cu1+) and 

cupric (Cu2+), and it may shift back and forth during enzyme action. This element is a 

required co-factor for a number of essential enzymes, which include cytochrome c 

oxidase, lysyl oxidase and dopamine β-hydroxylase.  Although copper is essential, 

excess copper is toxic since free copper ions are involved in the Fenton reaction, which 

generates highly reactive free radicals, such as the hydroxyl radical, that can damage 

proteins, lipids, and nucleic acids. Thus, under normal conditions, in the cell, free 

copper is virtually nonexistent.  

The richest sources of dietary copper contain from 0.3 to more than 2 mg/100 g. 

These include shellfish, nuts, seeds (including cocoa powder), legumes, brans and 
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germ portions of grains, liver and organ meats. Major sources of copper in the US diet 

are meat, nuts, beans and peas [53].  

Copper Metabolic Pathways 

Dietary copper is predominantly absorbed in the duodenum and upper small 

intestine. At low copper intake levels, absorption is a saturable, active transport process 

mediated by copper transporter 1 (Ctr1), a homotrimeric channel-like protein that 

facilitates Cu1+ uptake with high affinity in the brush-border of intestinal epithelial cells 

(IECs) [54,55]. Before copper is transported by Ctr1, it has to be reduced from Cu2+ to 

Cu1+ by unknown copper reductases. However, at high intake levels, passive diffusion 

plays a role [56]. Another potential Cu transporter in the brush-border is Dmt1, already 

described as a transporter of Fe2+ and Mn2+ [57]. Once Cu is absorbed into IECs, it 

binds to chaperone proteins that deliver Cu to specific intracellular sites and enzymes 

[58]. These chaperones function to minimize free Cu ions by releasing them directly to 

their target proteins. In enterocytes, Cu is bound to the chaperone Atox1, which plays a 

role in copper homeostasis by binding and transporting cytosolic copper to an ATPase 

protein, Atp7a, in the trans-Golgi network for later incorporation into various 

cuproenzymes. Atp7a may also translocate to the basolateral membrane of enterocytes 

and pump Cu out of the cell. Some absorbed Cu may also bind to cytosolic 

metallothionein (MT), which functions as an intracellular copper-binding protein, 

analogous to ferritin for iron (Fig 1-1). 

After absorption, Cu is transported in the portal circulation bound predominantly 

to albumin and transcuprein (also called α2-macroglobulin). The copper pool in the 

portal venous system enters the liver where copper is subsequently imported into 

hepatocytes via Ctr1 [59]. Once in the liver, most copper is incorporated into 
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ceruloplasmin (Cp) or excreted from the body in bile. Most of copper in the blood is 

bound to Cp, although in the human disease associated with the absence of Cp 

(Aceruloplasminemia), Cu is still delivered normally to body tissues.  Studies from 

several laboratories provided convincing evidence that under basal copper conditions 

Atp7b, which is an analogous P-type ATPase to Atp7a in the intestine, is present in the 

trans-Golgi of hepatocytes [60,61]. In this cellular compartment, Atp7b delivers copper 

to ceruloplasmin and other cuproenzymes in the secretory pathway. When copper 

levels are elevated, Atp7b trafficks from the TGN (trans-Golgi network) to the 

canalicular membrane to export excess copper into the bile. [62].  Animal studies 

suggest that copper is stored in the liver bound to Mt-like proteins.  

Copper-Containing Proteins 

One of the major functions of copper in vivo is to facilitate electron transfer 

reactions as a co-factor in a host of enzymes, as described below. This section will 

focus on proteins important for the investigation put forth in this document. 

Ceruloplasmin, also called ferroxidase І, is an α2-glycoprotein with a molecular 

weight of ~132 kDa [63]. It is a blue-colored plasma protein, which binds up to 95% of 

circulating copper. It undergoes a post-translational N-linked glycosylation within the 

hepatocyte, before being released into the bloodstream. However, glycosylation is not 

required for copper incorporation during biosynthesis, but changes in the carbohydrate 

structure may have functional implications with regard to protein turnover and enzyme 

activity. The protein contains 6 tightly bound copper ions, in 3 different types of binding 

sites. The physiologic functions of ceruloplasmin include copper transport to peripheral 

tissues, oxidation of organic amines, and iron oxidation for iron release from some 

tissues, in addition to others. The key function for the studies  delineated in this 
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dissertation relates to the ferroxidase function of Cp as it may relate to iron release from 

enterocytes [64].  

Hephaestin (Heph) is a transmembrane, copper-dependent ferroxidase 

necessary for effective iron export from intestinal enterocytes, and it shares 50% amino 

acid identity with ceruloplasmin. The theoretical calculated molecular mass of the 

polypeptide is 127.8 kDa, while the apparent molecular mass of  mature hephaestin on 

SDS-PAGE gels is ~150-160 kDa [65].  Hephaestin was identified as a key component 

of intestinal iron transport by investigation of the sex-linked anemia (sla) mouse [66]. Sla 

mice develop moderate to severe microcytic, hypochromic anemia due to a block in 

intestinal iron transport, particularly early in life. Heph represents another key 

connection between iron and copper homeostasis. 

Iron and Copper Interactions 

Historical Evidence 

In 1848, Millon proposed that chlorosis, a common form of anemia, was due to 

copper deficiency. Furthermore,  Pecholier and Saint-Pierre [67] concluded that copper 

was helpful in preventing and overcoming chlorosis upon observing young women 

working in copper factories who were protected from anemia-related health issues. In 

1862, Italian physician Mendini [68] reported the first direct experimental evidence that 

supplementation of the diet with copper salts overcame chlorosis in young women. After 

that, Cervello and his students from Italy confirmed the beneficial effects of copper on 

anemia both in patients and animal models. In 1928, Elvehjem et al. [69]  discovered 

the role of copper in forming hemoglobin and in overcoming anemia. Simultaneously, 

other scientists and physicians attempted to identify causes and cures for chlorosis. In 

the 1950s to 1960s, Wintrobe et al. [70] began to evaluate how copper affected iron 

http://www.google.com/url?sa=t&rct=j&q=historical%20evidence&source=web&cd=2&cad=rja&ved=0CDMQFjAB&url=http%3A%2F%2Fwww.learntoquestion.com%2Fresources%2Flessons%2Fintro%2Ftext%2F1.html&ei=EZO3UKTXL5CC9gTq8oHADA&usg=AFQjCNFTUxx9JIdLuP1OIHlg07S66zFI3A
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delivery for hemoglobin synthesis, considering initially intestinal absorption and release 

from storage sites.  

The copper/iron connection also has a ‘flip-side’ effect, i.e., iron status can 

influence copper metabolism as first described by Warburg and Krebs in 1927.  They 

measured the amount of iron and copper in the blood from several species and in 

patients with various diseases [71], and more importantly, they reported that acute 

bleeding of birds caused a 3-5 fold increase in the amount of copper in the blood. That 

is to say, the absence of copper caused chlorosis, but according to Warburg and Krebs, 

copper increased during anemia. The observations made by Warburg and Krebs were 

soon confirmed by similar bleeding experiments in animals and by reports that copper 

levels increased in human anemia. In 1934, the first experimental confirmation was by 

Sarata and Suzuki in Japan. They showed that acute bleeding of rabbits led to a rapid 

increase in blood copper, reaching a peak after about 2 days and then gradually 

declining to the normal level [72].  Subsequently, Sachs [73] in 1938 found that acute 

bleeding of dogs caused a rapid increase in blood copper. The reciprocal relation 

between iron and copper was also confirmed in multiple observational studies of 

patients. Gorter et al. [74] in Holland were first to investigate this relationship in humans. 

In 1931, they reported that anemic children had significantly higher blood copper levels 

than new-borne or ‘recovering children’. Elevated copper was also shown after massive 

hemorrhage in adults [73,75]. Wintrobe et al. [76,77] found that blood copper levels 

were highly elevated during the anemia of inflammation. After that, Venakteshwara et al. 

[78] reported that, in 1975, the increase in serum copper was shown to reflect elevated 

serum ceruloplasmin in several conditions of anemia including dietary iron-deficiency 
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anemia. Recently, our lab also reported that serum ceruloplasmin protein expression 

and activity increases in iron-deficient rats [11]. In general, iron deficiency results in an 

increase of copper levels in the liver [79-81], whereas copper deficiency also leads to 

changes in iron metabolism, causing anemia and liver iron overload [82, 83].  

Parallels Between Iron and Copper 

Both iron and copper are essential micronutrients for most organisms, which 

means the deficiency of either one can cause serious health problems. The nutritional 

demand for iron and copper in living organisms is derived from their role in the 

metabolism of living cells.  As iron and copper are transition metals, many of their 

functions are based on the fact that they exist in two oxidation states, allowing them to 

accept or donate electrons to form the catalytic center of many redox reactions. For 

instance, the Fenton reaction which leads to the formation of reactive oxygen species 

(ROS), needs iron or copper as principal reagents. Since both ferric iron and cuprous 

copper are insoluble in aqueous solution at neutral pH, which would cause precipitation 

under most physiological conditions, they are associated with carriers or chaperones, in 

order to maintain solubility and avoid potential toxicity. 

Another similarity between iron and copper which  was observed is that many 

dose-response curves are bell shaped [84].  These phenomena reflect regulatory 

responses to demand, in order to protect from toxicity. Without this protective 

mechanism, iron and copper cannot maintain a harmonic balance in the body: not 

enough of these minerals can lead to disease states, such as anemia, or too much of 

them can overloaded the free metals in the blood or inside cells, which would initiate 

toxicity from redox reactions, such as the Fenton reaction mentioned above. 
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Links Between Iron and Copper 

As the rapid development of modern molecular and genetic techniques occurred, 

novel discoveries have resulted. For instance, studies of two copper-containing 

ferroxidases, ceruloplasmin and hephaestin have provided two molecular linkages 

between copper and iron metabolic pathways. In 1948, a protein containing ~ 8 copper 

atoms per molecule was purified, and which retained the p-phenylenediamine oxidase 

activity of the crude fraction [85]. Holmberg and Laurell proposed that the new protein 

be named ‘coeruloplasmin’.  Arthur Schade and Leona Caroline [86] reported the 

discovery of an iron-binding protein, named transferrin, in 1944 in egg whites, and later 

in plasma [87], which provided an important clue to the function of ceruloplasmin.  In 

1961, Curzon [88] mentioned the earlier work on plasma iron oxidases and the 

requirement for iron oxidation for loading of transferrin. In addition, an important clue to 

understanding copper’s role in iron absorption came from studies of mice subjected to 

mutagenesis by X ray-irradiation. In one strain of resulting mices, the defective gene 

was shown to cause sex-linked and recessive anemia, and the genotype was described 

as ‘sex-linked anemia’ (sla) [89,90]. Later, in 1999, Vulpe et al. [66] identified the 

specific gene mutated in the sla mouse. The hephaestin gene as it was called was 

highly expressed in the small intestine and colon of mice and rats [33]. Moreover,  the 

encoded protein had high sequence homology with ceruloplasmin, and in particular 

exhibited conservation of amino acid residues essential for copper binding, and thus for 

ferroxidase activity. 

Besides the copper-containing ferroxidases, ongoing research has demonstrated 

that two metal-ion transport proteins, namely, Atp7a and Dmt1, are also likely to fill gaps 

in our knowledge of the linkage between iron and copper interactions in health and 
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disease  [91].  In 2005, studies done by our lab identified novel genes involved in 

intestinal iron absorption by inducing iron deficiency in rats during postnatal 

development from the suckling period through adulthood. Comparative gene chip 

analyses were performed with cRNA derived from duodenal mucosa, and real-time PCR 

was used to confirm changes in gene expression. Atp7a and Dmt1 were strongly 

induced at all ages studied, suggesting increased copper absorption by enterocytes 

during iron deficiency [14]. Gunshin [23], in 1997, reported that iron and copper elicited 

similar currents when they expressed the Dmt1 transporter in Xenopus oocytes. 

Subsequently, Garrick et al. [24] noted that Cu2+ competes with 59Fe2+ during transient 

expression of Dmt1 in HEK-293 cells. In 2002, Arredondo et al. [2] showed that an 

antisense oligonucleotide designed against Dmt1 inhibited both iron and copper uptake 

in Caco-2 cells and that copper competed with iron uptake in these cells. In the same 

year, Linder et al. [25] examined interactions between copper and iron in the same cell 

culture system. They found that depletion of cellular iron or copper increased apical 

uptake of both metal ions and that depletion of iron or copper also enhanced 

transepithelial transport of iron from the apical to the basal chamber.  Furthermore, a 

recent study done by Monnot AD [22] found that Dmt1 contributes to Cu transport at the 

blood-CSF (cerebrospinal fluid) barrier, and that accumulation of intracellular Cu found 

in choroidal epithelial Z310 cells during iron deficiency appears to be mediated, at least 

in part, via up-regulation of Dmt1 after iron chelation. However, other studies found 

opposite results.  For instance, the latest study tested uptake of a variety of metal ions 

by performing a comprehensive substrate-profile analysis for human DMT1 expressed 

in RNA-injected Xenopus oocytes using radiotracer assays and continuous 
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measurement of transport by fluorescence with the metal-sensitive PhenGreen SK 

fluorophore. They reported that copper is not a substrate of DMT1 [92]. In addition, an in 

vivo study showed that absorption of copper was not significantly increased in bled rats 

or rats fed low-iron diets [93]. However, in this study, copper absorption was measured 

by counting the radioactivity remaining in the eviscerated carcass, which was not the 

direct determination of copper absorption in intestinal cells, and the whole body copper 

level may be influenced by other factors, such as an excretory pathway.  Another study 

done by Fawzi A. [94] also reported that total body copper did not increase in rats fed 

low-iron diet, but in iron deficiency the amount of copper taken up into the duodenal 

mucosa is more than two times higher. Therefore, the precise role of Dmt1 in copper 

homeostasis, specifically in intestinal epithelial cells, remains to be determined.  

Specific Aims  

Based on known facts of the iron and copper interaction, whereby each metal 

influences the metabolism of the other, it is important to discover further key links 

between them. The major aim of this study was to investigate how Dmt1, as a potential 

link between iron and copper, affects the copper-related compensatory response during 

the iron-deficiency condition.  Specific aim 1 of this dissertation is to test the hypothesis 

whether DMT1 is necessary or not for alterations in the expression/activity of copper-

related proteins. These studies were performed in Belgrade rat model, which is a 

genetic iron-deficient animal model, because of a lack of fully functional Dmt1. Specific 

aim 2 is to test the hypothesis that Dmt1 effects the expression and activity of copper-

related proteins via transporting copper. In order to test this, an everted gut sac assay in 

the Belgrade rat and a copper uptake study in the HEK-293 cell model were undertaken 

to evaluate the function of Dmt1 in intestinal copper transport. 
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Figure 1-1. Iron and copper absorption pathways in intestinal epithelial cells. Before 

uptake, ferric iron (Fe3+) is reduced to ferrous form (Fe2+) by duodenal 
cytochrome b (Dcytb) on the intestinal cell surface along with exogenous 
dietary reducing agents, such as ascorbic acid. Fe2+ is then transported 
across the apical membrane via divalent metal transport 1 (Dmt1) into the 
enterocyte.  Intracellular iron ions are delivered to the mitochondria, or to iron 
storage proteins (e.g., ferritin). The newly acquired Fe2+ is transferred across 
the basolateral membrane via an iron exporter, ferroportin 1 (Fpn1), and then 
oxidized to Fe3+ by hephaestin (Heph) before it is bound to transferrin (Tf). 
Liver cells take up transferrin-bind iron through transferrin receptor 1 (Tfr1). 
Like iron, before entering into the enterocyte via copper transporter 1 (Ctr1), 
cupric copper (Cu2+) is reduced to cuprous copper (Cu1+) by reductases (e.g., 
Dcytb) on the apical surface of the intestinal cell. Intercellular copper is 
immediately bound by intracellular chaperones and directed to the trans-Golgi 
network and is exported from the cell via the Menkes Copper-Transporting 
ATPase (Atp7a). After Absorption, copper enters the portal circulation, and 
then is taken up by liver cells via Ctr1. Most of copper in the liver incorporates 
into ceruloplasmin (Cp) and excess copper is excreted through bile via 
Wilson's Copper-Transporting ATPase (Atp7b).    
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CHAPTER 2 
METHODS AND PROCEDURES 

Experimental Animals 

All animal studies were approved by the University of Florida IACUC before 

commencing this investigation. Belgrade rats used in the following studies were adult 

males and females between the ages of 3.5 and 22 months, obtained from a breeding 

colony at the University at Buffalo maintained by Dr. Laura Garrick. The use of different 

sexes and ages was necessary because of the expense of maintaining the breeding 

colony and the small litter sizes [95]. The +/b rats, which are phenotypically normal, 

were fed a normal chow (~198 ppm Fe), whereas the b/b rats were fed a high-iron-

containing chow (~360 ppm Fe), per the usual husbandry routine [95]. About two weeks 

before the experiment, b/b rats were switched to the control diet. In some experiments, 

control and iron-deficient, wild-type, Sprague Dawley (SD) [35] rats were also utilized for 

comparison purposes. These animals were male rats obtained at weaning from Harlan 

Laboratories, which were housed in overhanging cages and fed either a semipurified 

AIN93G-based diet (Dyets) containing 198 ppm (Ctrl) or 3 ppm (FeD) iron for 35 days. 

This feeding regimen leads to the development of iron-deficiency anemia, with 

significantly decreased iron-related hematological parameters [96]. All rats were 

anesthetized by CO2 exposure and killed by cervical dislocation.  The different groups of 

rats obtained, and a description of how they were utilized in the current studies are 

shown in Table 2-1. 

Elemental Analyses and Hemoglobin and Hematocrit Measurements  

Rat liver and serum samples were submitted to the Diagnostic Center for 

Population and Animal Health at Michigan State University for mineral analysis. Liver 
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samples were dry-ashed and digested with nitric acid. The digested tissues/serum 

samples were then diluted and analyzed by Inductively Coupled Plasma-Mass 

Spectrometry.  

Hemoglobin (Hb) and Hematocrit (Hct) were measured in-house using a 

HemoCue Hb analyzer (Hemocue AB) and a Readacrit Hct system, respectively, 

following the manufacturers' instructions 

Enterocyte Isolation and Subcellular Fractionation 

Animals were sacrificed and ~10 cm the upper small intestine was removed. The 

segment was cut into 2 or 3 pieces which were placed into  a small Petri dish containing 

ice cold 1X PBS. The segments were then everted on wooden sticks and submersed in 

a 15 ml conical tube containing PBS plus EDTA. The segment remained submerged for 

~20 min on ice, with gentle agitation every few minutes, which resulted in the release of 

epithelial cells. The stick containing the intestinal segment was then removed and the 

cells were centrifuged at 500 g for 5 min at 4° C to pellet the enterocytes, followed by 2 

washes. Cells were finally resuspended in 2-3 ml membrane prep buffer 1 (25 mM Tris-

HCl, pH 7.4, 25 mM NaCl) with protease inhibitors, followed by homogenization and 

centrifuging at 16,000 g for 15 min. The supernatant was subsequently ultracentrifuged 

at 110,000 g, 5° C for 65 mins. The resulting pellet was dissolved in 500 µl buffer 2 

(Buffer 1 + 0.25% Tween-20). After 20 s sonication, the samples were centrifuged at 

16,000 g for 30 min at 4° C. The resulting supernatant was the solubilized particulate 

membrane fraction. The samples were then aliquoted and need for immunoblot analysis 

and enzyme activity assays. 
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Quantitative Real-Time PCR 

Total RNA was purified from rat liver with TRIzol reagent (Invitrogen), and qRT-

PCR was performed as previously described [16]. Briefly, 1 μg of RNA was converted to 

cDNA with the Bio-Rad iScript cDNA synthesis kit, in a 20 μl reaction. One µl of the 

cDNA reaction was used with 10 μl of SYBR Green master mix (Bio-Rad), plus 0.75 μl 

(0.25 pM) of each forward and reverse gene-specific primer (Table 2-2), in a 20 μl 

reaction. Primers were designed to span large introns to eliminate the chances of 

amplification from genomic DNA. Reactions were run in 96-well plates on a Bio-Rad 

iCycler with the following cycling parameters: 95° C for 3 min, and 39 cycles with 95° C 

for 10 s and 58° C for 30 s. A melt curve was subsequently performed after 39 cycles of 

amplification; single amplicons were detected in all cases. Preliminary experiments 

established the validity of each primer pair in that each set was able to linearly amplify 

each singular transcript across a range of template concentrations. Each RT reaction 

was analyzed in duplicate for 18S rRNA, Atp7a (Menkes copper ATPase), Dmt1, 

transferrin receptor 1 (Tfr1), metallothionein 1A (Mt1a), copper transporter 1 (Ctr1), 

Wilson's copper ATPase (Atp7b), Heph, Cp, and hepcidin (Hamp) in each experiment. 

Next, the average of 18S was subtracted from the experimental gene average to 

generate the cycle threshold (Ct) value. Data were analyzed by routine methods. Briefly, 

ΔΔCt values were calculated for experimental genes and 18S, for b/b vs. +/b groups. 

Mean fold induction equates to 2−ΔΔCt. 

Western Blot Analysis 

For Western blot experiments, validated antibodies against Atp7a, Dmt1, Heph, 

and Cp were utilized. The Atp7a antiserum (called 54-10) has been extensively 

validated [16,97]. The Dmt1 antibody (called anti-1A) was a kind gift from Dr. Michael 
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Garrick, University at Buffalo. This affinity-purified reagent is a polyclonal antibody 

raised in rabbits against an NH2-terminal peptide, which was modeled after a recent 

publication [21]. Validation in the Garrick laboratory included studies in HEK293 cells 

overexpressing Dmt1 (or not), experiments with brain-specific Dmt1 knockout mice, as 

well as studies performed in control and iron-deficient rats, and in b/b vs. +/b rats. All 

indications are that this reagent specifically recognizes the rat Dmt1 protein. The Dmt1 

antibody used in Chapter 4 for Belgrade rats was commercial antibody from Alpha 

Diagnostic (# 1082627A). The thoroughly characterized Heph antibody (called D4) [8] 

was a kind gift from Dr. Chris Vulpe, University of California, Berkeley. A well-

established chicken anti-Cp antibody and a peroxidase-coupled secondary antibody 

were kind gifts from Sigma-Aldrich. Identical quantities of enterocyte membrane or 

serum proteins from +/b and b/b rats were electrophoresed, blotted, and blocked 

following published methods [11,15] with the following variations: 1:4,000 dilution of 

primary antisera (except 1:5,000 for Cp) and 1:6,000 dilution of horseradish peroxidase-

conjugated anti-rabbit (secondary) antibody. Blots were stained with Ponceau S solution 

to confirm equal sample loading and efficient transfer. The optical density of 

immunoreactive bands on film and proteins on stained blots was determined using the 

digitizing software UN-SCAN-IT (Silk Scientific), and the average pixel numbers were 

used for normalization and comparison. The intensity of immunoreactive bands on film 

was normalized to the intensity of total proteins on stained blots. 

Immunohistochemical Analysis of Intestinal Tissue 

These experiments were designed to determine if the Dmt1 mutation of the b/b 

rat affects the localization of two potential copper/iron transport proteins, namely, Dmt1 

and Atp7a, and the enzyme activity of two multi-copper ferroxidases, Heph and Cp. 
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Immunohistochemistry analysis was performed to determine the localization of the 

Atp7a and Dmt1 proteins, as well as to compare protein expression levels in +/b and b/b 

rats.  Transverse sections of intestinal tissues were harvested from the duodenum of 

+/b and b/b rats, and from control and iron-deficient SD rats. Tissues were fixed 

overnight in 10% buffered formalin and then transferred to 70% ethanol. Samples were 

then embedded in paraffin, and slices were cut and affixed to slides. Tissue sections on 

slides were subsequently deparaffinized with xylene and a series of ethanol washes. 

Sections were then blocked for 30-45 min with immunofluorescence blocking solution 

(Bethyl Laboratories) followed by a 10 min wash in PBS. Atp7a and Dmt1 polyclonal 

antisera were then applied at a 1:1,000 and 1: 6,000 dilutions, respectively, overnight in 

a humidified chamber, followed by a 10 min wash in PBS. A secondary antibody (Alexa 

Fluor 647 goat anti-rabbit IgG; Invitrogen Molecular Probes) was then applied for 30 min 

at a 1:1,000 dilution. After another brief wash in PBS, coverslips were mounted with a 

fluorescent mounting medium. Slides were visualized in the Confocal and Flow 

Cytometry Facility in the McKnight Brain Institute at the University of Florida with an 

Olympus IX81-DSU confocal microscope. A 633-nm line from a green HeNe laser was 

used for sample excitation along with a Cy5 emission filter set. The confocal settings 

were kept identical across the different samples, so direct comparison of fluorescence 

intensity was possible 

Enzyme Activity Assay 

Two enzyme activity assays, Ferrozine (Fzn) assay and p-Phenylenediamine 

(pPD) oxidase activity assay were be used to compare membrane (Heph) and serum 

Cp activity between b/b and +/b rats. Blood was collected by cardiac puncture with an 

18-gauge stainless-steel needle and transferred into a prechilled Falcon 5 ml 
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polypropylene tube. After 1 h to allow for clotting, the tubes were centrifuged at 1,500 g 

for 10 min at 4° C. The supernatants were separated and stored at 4° C for FOX activity 

assays, which were performed within 48 h. Previous studies demonstrated that the Cp 

enzyme was stable under these conditions, with no significant decrease in activity noted 

with storage at 4° C for up to 72 h [11]. For the in-gel pPD assay, one milligram of 

serum protein per lane was electrophoresed through a native 7.5% polyacrylamide gel 

at a constant 80 V in 1X native running buffer (0.12 M Tris and 0.04 M glycine) in an ice-

water bath. The gel was then briefly rinsed in water, incubated in 30 ml 0.1% pPD in 0.1 

M Na2CO3-CH3COOH buffer, pH 5.0 for 2-3 h in the dark with gentle shaking, rinsed 

again, and air-dried overnight, as previously described in detail [11].  For the 

spectrophotometric pPD assay, the reaction mix contained 500 μg of serum (15–20 μl) 

or 60 μg of membrane proteins isolated from duodenal enterocytes with 0.1% pPD in 

0.1 M Na2CO3-CH3COOH buffer, pH 5.0, which was incubated at 37° C. After 

consideration of the kinetic properties of the enzyme and based on results of extensive 

pilot experiments, a 1h reaction time, end-point assay was chosen [11]. The reaction 

was stopped by the addition of NaN3 to a final concentration of 10 mM, the sample was 

mixed, and absorbance was read at 530 nm in a Beckman DU 640 spectrophotometer. 

Blank (complete reaction buffer devoid of serum, i.e., enzyme source) readings were 

subtracted from sample readings. For the spectrophotometric Fzn assay, all 

determinations were initial velocity assays at a 1-min time point. The reaction conditions 

were as mentioned above except the reaction was stopped by the addition of Fzn to a 

final concentration of 3 mM. The sample was then mixed, and absorbance was read at 

570 nm in a Beckman DU 640 spectrophotometer. Blank readings were subtracted from 
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sample readings. In both spectrophotometric methods, supernatants were also assayed 

in the presence of 10 mM NaN3, a well-studied FOX inhibitor, to confirm the identity of 

the enzyme. (These studies were performed by Dr. Ranganathan) 

Animal Model for Copper Transport Study 

The breeding pairs were male b/b and female +/b, which was confirmed by 

genomic PCR. Females used for breeding were maintained on an iron-supplemented 

diet (360 ppm) for at least 4 weeks prior to mating. The b/b male breeders were also 

maintained on an iron supplemented diet. This decreases neonatal mortality of mutant 

offspring. Diets used for this study were modified AIN-93-based diets with various levels 

of iron added in the form of ferrous sulfate. The diets were otherwise identical.  (See the 

diet information in Table 2-3).  

After the pups were born, they were weaned at 19~21-days-of-age. At weaning, 

DNA was isolated from tail clips for genomic PCR to determine genotype using the 

DNeasy Blood & Tissue kit (Qiagen). Once the genotype was determined, pups were 

divided into different treatment groups, as described below.  

The studies described here utilized three experimental groups: +/b rats 

(phenotypically normal) weaned and administered either control (198 ppm Fe) or low 

(~3 ppm) iron diets (+/bD), and b/b rats (which are naturally iron deficient) fed the 

control diet. After weaning, dietary treatments ensued for 3-4 months, and then all rats 

were anesthetized by CO2 exposure and killed by cervical dislocation. The upper part of 

the small intestinal mucosa and liver tissue were then collected for mRNA and protein 

analysis. In addition, Hemoglobin (Hb) and Hematocrit (Hct) were measured as 

described previously. 
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Animal Genotyping 

           Tail tips were obtained from rats at 19 to 21 days of age. If DNA isolation was not 

done immediately, the tail samples were stored in -20° C. A tissue kit (Qiagen) was 

used to extract DNA following the manufacturer’s instructions.  3 µl DNA solution was 

taken from each 100 µl sample for PCR analysis with the following cycling parameters: 

94º C for 5 min, and 30 cycles with 94º C for 20 s, 52º C for 10 s and 72º C for 1 min. 

The primer set used for this PCR reaction was TM4 (Nramp2 transmembrane domain 4) 

F: 5’-TATCCCAAGGTCCCACGGAT-3’ and TM4 R:  5’-GAGGGCCATGATAGTGATGA-

3’. 5 µl of each PCR reaction was run on 1% agarose gels and imaged (Fig 2-1). Double 

and single bands observed on gels indicate heterozygous +/b and homozygous b/b 

animals, respectively.  

Copper and Phenol Red Measurements  

The quantitative test that I used for copper measurement was bicinchoninic acid 

[98]. Standard assay reagents included 0.2 M Hepes-buffered BCA (6 mg bicinchoninc 

acid disodium salt, 3.6 g of NaOH and 15.6 g Hepes in 90 ml double-distilled H2O). A 

0.5 ml fluid sample from the everted gut sac was placed into a 1 ml microfuge tube, and 

0.25 ml of 30% (w/v) trichloroacetic acid (TCA) was added. The tube was capped and 

vortexed to disperse the TCA and centrifuged at 16,000 g for 5 min, and 0.5 ml of the 

supernatant was transferred to a clean tube. 0.1 ml 0.0352% (w/v) L-dihydroascorbic 

acid was then added to each tube and the sample was mixed. 0.4 ml of 0.2 M Hepes-

buffered BCA was then added. Finally, a 200 µl sample was transferred to a 96-well 

plate, and the absorbance was read at 354  nm [98].  

To determine the concentration of experimental samples, a standard curve was 

prepared by a similar procedure. The six standards for copper were 0, 5, 10, 15, 20 and 
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25 μM, and for phenol red were 0, 0.5%, 1%, 1.5%, 2% and 2.5%. The same point-to-

point relationship for the two sets of standards were plotted to estimate concentrations 

of samples (Fig 2-2).  

Everted Gut Sac Assay 

Everted gut sac assay was performed to test the difference in copper transport 

across intestinal absorptive cells among the three experimental groups. After 3-4 

months of dietary treatment, all rats were anesthetized by CO2 exposure and killed by 

cervical dislocation. A 10 cm section from the upper small intestine was collected and 

washed with ice-cold PBS.  The intestinal sac was gently everted over a glass rod to 

expose the mucosal surface [99], followed by tying one end of the everted gut with a 

suture and then filling with 1 ml Krebs-Ringer buffer (pH 5.5~6.0)  [100]. Filled everted 

sac was sealed with a suture and then incubated in Krebs-Ringer buffer with 600 µM 

CuCl2 which was gassed with 95% O2 at room temperature (24° C) to keep the tissue 

viable for up to 40 min [101]. After each experiment, the gut sacs were washed in PBS 

to remove excess Cu2+, and opened to collect the solution inside the gut, followed by 

measuring Cu concentration using the colorimetric detection (described previously). The 

permeability of the intestine was monitored by adding 0.002% phenol red outside the 

gut sac, and measuring the absorbance at 562 nm from the solution both inside and 

outside of the everted gut sac [102].           

HEK-293 Cell Model 

Initially, we obtained stably transfected Dmt1 over-expressing cell lines that 

contain the empty pDEST31 vector or the same vector containing the rat IA/+IRE (Iron 

responsive element)-Dmt1 cDNA from Dr. M. Garrick (University at Buffalo). These 

parental tetres cell lines contained a DNA construct that encoded a modified tet-
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repressor that allowed a tet-on response (Fig. 2-3), and were maintained by hygromycin 

selection. The tetres (tetracycline responsive) cells were maintained at 37° C with 5 % 

CO2 in Dulbecco’s modified Eagle’s medium with non-essential amino acids and 10% 

(v/v) FBS containing 200 μg/ml hygromycin, 100 μg/ml streptomycin and 100 units/ml of 

penicillin. Once the cell lines were exposed to 50 nM doxycycline (DOX) for 24 h, the 

induction of Dmt1 expression occured. Using G418 at 600 μg/ml as the selection 

marker, the stably transfected cell lines that contained the pDEST31 vector were 

maintained. Incubation with 100 µM desferrioxamine (DFO) for 24 h was applied to 

mimic the low-iron condition for this DOX-inducible system [24]. 

Total Cell Lysate Isolation 

After incubation of the cells for 24 hours, cell were gently washed with PBS to 

remove the residual media, followed by adding 500 µl of 1X lysis buffer (Cell Signaling) 

into each well and incubating on ice for 5 min. Next, cells were scraped off the plate and 

transferred to a 1.5 ml tube. After 20 s of sonication, the samples were centrifuged at 

14,000 g for 10 min at 4° C. The resulting supernatant was used for subsequent protein 

work. 

Iron and Copper Uptake Study 

Iron and copper uptake studies were performed using Dmt1 stably transfected 

HEK-293 cells. Radiolabelled 64Cu was added in the presence of 100 µM DFO with or 

without DOX. Uptake of 64Cu was subsequently measured by γ counting. In addition, 

uptake of 59Fe was used as a positive control to validate the cell model.  Cells were 

grown to ~ 60 % confluence in 6-well poly-lysine coated plates, and then incubated for 

24 h with and without DOX or DFO as follow: -DOX/-DFO, -DOX/+DFO, +DOX/-DFO, 

and +DOX/+DFO. Cells were gently washed twice in pre-warmed, serum-free DMEM 
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medium and then incubated in BSA containing DMEM medium for 1 h at 37° C to 

deplete transferrin.  59Fe2+ and  64Cu1+ was generated from 59FeCl3 and 64CuCl2, 

respectively,  by adding 2 µM unlabeled FeCl3 and CuCl2 and 2 mM ascorbic acid to 

uptake buffer (10 mM Hepes, 10 mM Mes (pH 5.5~6.0), 150 mM NaCl and 1 mM CaCl2) 

to initiate uptake. After 30 min incubation at 37° C, uptake was terminated by removing 

the uptake buffer and gently replacing it with the pre-warmed serum-free DMEM 

medium with 2 mM DFO for iron uptake or 2 mM BCS (Bathocuproine disulphonate) for 

copper uptake, followed by adding 600 µl cell lysis buffer (0.2 N NaOH and 0.2 % SDS) 

into each well to disrupt the cells. 500 µl of solubilized cells were transferred into a 

gamma-counting tube and counted in a PerkinElmer 2480 Automatic Gamma Counter 

[24]. The remaining cell lysates were used to determine the protein concentration.  
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Table 2-1. Genotype, sex and age of all rats used in this study                  
Genotype Sex  Age. Mo Number Procedure 

+/b M 22 1 A 
+/b M 19 1 A 
+/b M 12 2 A,B,C,D 
+/b M 9 3 A 
+/b M 6 1 A,B,C,D 
+/b M 3.5 4 A,B,C,D,G 
+/b M 3 3 A,B,C,E,F,G 
b/b M 9 5 A 
b/b M 6 2 A,B,C,D 
b/b M 3.5 2 A,B,C,D,G 
b/b M 3 1 A,B,C,E,F,G 
+/b F 4 3 A,B,C,D 
+/b F 3.5 2 A,B,C,D 
+/b F 3 3 A,B,C,E,F,G 
b/b F 4 3 A,B,C,D 
b/b F 3.5 1 A,B,C,D 
b/b F 3 3 A,B,C,E,F,G 

A, hemoglobin and hematocrit, liver qRT-PCR;  
B, enterocyte qRT-PCR;  
C, immunoblots;  
D, para-Phenylenediamine assay; 
E, ferrozine assay;  
F, mineral analysis; 
G, immunohistochemistry analysis. 
 
 
Table 2-2. qRT-PCR primer sequences              
Gene Symbol Direction          Sequence (5' to 3') 

18S FOR TCCAAGGAAGGCAGCAGGC 
18S REV TACCTGGTTGATCCTGCCA 

Atp7a FOR TGAACAGTCATCACCTTCATCGTC 
Atp7a REV GCGATCAAGCCACACAGTTCA 
Atp7b FOR TTAGCATCCTGGGCATGACTTG 
Atp7b REV TTGGTGTGTGAGGAGTCCTCTAGTGT 
Ctr1 FOR CTACTTTGGCTTTAAGAATGTGGACC 
Ctr1 REV AACATTGCTAGTAAAAACACTGCCAC 
Cp FOR ACTTATGCAGATCCTGTGTGCCTATC 
Cp REV TGCATCTTGTTGGACTCCTGAAAG 

Hamp FOR GCAAGATGGCACTAAGCACTC 
Hamp REV GCAACAGAGACCACAGGAGGAAT 
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Table 2-2. continued  
Gene Symbol Direction          Sequence (5' to 3') 

Heph FOR ACACTCTACAGCTTCAGGGCATGA 
Heph REV CTGTCAGGGCAATAATCCCATTCT 
Mt1a FOR CTTCTTGTCGCTTACACCGTTG 
Mt1a REV CAGCAGCACTGTTCGTCACTTC 
Tfr1 FOR ATTGCGGACTGAGGAGGTGC 
Tfr1 REV CCATCATTCTCAGTTGTACAAGGGAG 

FOR, forward; REV, reverse; 
Atp7a, Menkes copper transporting ATPase;  
Atp7b, Wilson’s copper transporting ATPase;  
Cp, ceruloplasmin;  
Ctr1, copper transporter 1;  
Hamp, hepcidin;  
Heph, hephaestin;  
Mt1a, metallothionein 1A;  
Tfr1, transferrin receptor 1 
 
 
Table 2-3. Ingredients of experimental diets 

 
Control    Low Iron    High Iron  

  198ppm Fe    <3ppm iron    360ppm Fe  
Ingredient  grams/kg 

 
grams/kg 

 
grams/kg 

Casein  200 
 

200 
 

200 
Sucrose  91.208 

 
91.208 

 
91.208 

Soybean Oil 70 
 

70 
 

70 
t- Butylhydroquinone 0.014 

 
0.014 

 
0.014 

Cornstarch  397.49 
 

398.47 
 

398.29 
Dyetrose  132 

 
132 

 
132 

Cellulose (Micro.) 50 
 

50 
 

50 
Mineral Mix 35 

 
35 

 
35 

Vitamin Mix 10 
 

10 
 

10 
Choline Bitartrate  2.5 

 
2.5 

 
2.5 

L-Cystine 3 
 

3 
 

3 
Ferrous Sulfate  0.99 

 
0 

 
1.79 

Cu Premix (1mg/g) 7   7   7 
Mineral Mix: No. 215518 (without iron and copper) 
Vitamin Mix: No. 310025 
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Figure 2-1. Genotyping of Belgrade rats by PCR. Representative PCR genotyping 
results for +/b and b/b rats are shown. Double band is +/b and single band is 
b/b.  

 
 

 
 
 
Figure 2-2. Standard curve. Absorbance of serial copper (A) and phenol red (B) 

concentrations were recorded, respectively. Serial dilutions were performed to 
ensure an absorbance value for each sample was found within 0 and 0.8. 
Each dilution was performed twice.  
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Figure 2-3. DOX-inducible system. (A) In the absence of the doxycycline (DOX), 

tetres binds to the tetracycline-responsive promoter element (TRE), resulting 
in an inactive Dmt1 expression. (B) In the presence of DOX, tetres are 
unbound and transgene expression is on.   
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CHAPTER 3 
ALTERATIONS IN THE EXPRESSION/ACTIVITY OF COPPER-RELATED PROTEINS 

Introduction 

Studies tested the hypothesis that functional Dmt1 is necessary for alterations in 

the expression/activity of copper-related proteins (Atp7a, Mt, Cp, Heph etc.). These 

studies were performed in the Belgrade rat model, which has an iron-deficient 

phenotype caused by the lack of fully functional Dmt1. 

As mentioned in the literature review, iron and copper have an inverse 

relationship: low iron is associated with high copper, and vice versa. Likewise, previous 

studies done with Sprague Dawley rats [35] by our lab reflected the same relationship. 

Increases in serum and liver copper level were noted when rats were deprived of dietary 

iron for 35 days after weaning (Fig 3-1).  Additionally, intestinal mRNA levels of Atp7a, 

Dmt1, Heph, Mt1a, and Tfr1 along with liver Tfr1 and Mt1a mRNA showed an increase 

in iron-deficient SD rats (Fig 3-2). Expression of Atp7a and Dmt1 protein in duodenum 

of iron-deficient rats was also significantly higher compared with rats fed a control 

diet.[23,97] Lastly, studies showed that protein expression and activity of intestinal Heph 

and hepatic Cp went up when rats were fed an iron-deficient diet [9,33,103,104]. In 

summary, these studies indicated that a copper-related compensatory response was 

activated in rodents that suffered from iron-deficiency anemia.   

To further investigate iron and copper interactions, the following experiments 

took advantage of the Belgrade rat as a model of genetic iron deficiency to determine 

whether the copper-related compensatory response during iron deficiency still occurred 

in the absence of fully functional Dmt1.   
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Results 

Hematological Status as a Function of Diet   

Hb (Fig 3-3, A) and Hct (Fig 3-3, B) values were utilized as markers of 

hematological status. Because the Belgrade rats used for this study were mixed sex 

and age, appropriate statistical analysis was performed to avoid bias and to justify 

combining the data from all rats of each genotype for each parameter studied. Because 

there was no a priori reason to expect interaction between sex and genotype, the rats 

were divided into four independent groups (M +/b, M b/b, F +/b, and F b/b; M= male, 

F=female) and data were analyzed by one-way ANOVA followed by Tukey analysis to 

test the difference between each group. As expected, Hb and Hct levels in the b/b rats 

were significantly lower than in the +/b rats (Fig 3-3, A and B). No differences were 

noted between males and females. Thus, the b/b rats showed a significant iron-deficient 

phenotype, whereas +/b rats had normal hematological parameters. Next, to test 

whether age could affect hematological status, correlation analysis was utilized to 

compare age and Hb/Hct levels (Fig 3-3, C and D). As shown, there was no correlation, 

demonstrating that neither age nor sex had any effect on hematological parameters. On 

the basis of these statistical approaches showing no effect of sex or age on 

hematological status, it was reasonable to group data from all animals of each individual 

genotype. 

Serum Copper Levels, and Hepatic Iron and Copper Levels 

Genetic iron deficiency attributable to Dmt1 mutation slightly reduced serum 

copper in b/b rats (Fig 3-4, A), whereas hepatic copper was the same in both genotypes 

(Fig 3-4, B). These results showed a different pattern from what has been documented 

in multiple mammalian species including rats, namely that serum and hepatic copper 
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levels increase during moderate to severe iron deficiency (23, 28, 43, 53). Moreover, 

liver iron was reduced by ~70% in the b/b rats compared with the +/b rats. 

Expression of Cu and Fe Homeostasis-Related Genes 

qRT-PCR analysis of intestinal and hepatic genes related to iron and copper 

homeostasis was performed in all rats to determine whether the lack of fully functional 

Dmt1 altered gene expression. Expression of genes quantified in intestine encoded 

potential copper importers (Dmt1; Ctr1), an intracellular copper binding protein (Mt1a), 

and a copper exporter (Atp7a). Expression of genes encoding proteins related to iron 

transport were also quantified, including Dmt1 and Tfr1, as well as a basolateral iron 

oxidase (Heph) and the hepatic iron regulatory hormone Hamp. In liver, expression of 

the copper importer Ctr1 and the copper exporter, Atp7b, were also quantified. In 

enterocytes from the proximal small bowel, Dmt1 (~11.5-fold), Tfr1 (~3-fold), and Atp7a 

(~2-fold) were all induced in b/bs compared with +/bs (Fig 3-5, A). There was no 

significant change, however, in the expression of Heph, Ctr1, and Mt1a mRNAs. In the 

liver, Hamp was significantly decreased (~40-fold), whereas Tfr1 was induced (~3-fold) 

in b/bs compared with +/bs (Fig 3-5, B). Mt1a and Cp mRNA levels in liver were not 

different between genotypes. Other hepatic Cu homeostasis-related genes, Atp7b and 

Ctr1, showed a slight reduction in the b/bs. 

Western Blot Analysis of Cu and Fe Homeostasis-Related Proteins 

Immunoblot analyses of membrane proteins isolated from enterocytes showed 

increased expression of Atp7a and Dmt1 (~2-fold) in b/b rats (Fig 3-6, A and B). Heph 

protein expression in enterocyte membrane preps was slightly increased (~2.0-fold) in 

the b/b rats (Fig 3-6, C) compared with +/bs. Finally, there was no difference in serum 

Cp protein levels between genotypes (Fig 3-6, D). 
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Immunohistochemical Analysis of Atp7a and Dmt1 Protein Expression 

Because the subcellular location is also crucial for protein function, 

immunolocalization studies were performed in fixed intestinal tissue samples from 

proximal small intestine, utilizing anti-Atp7a and -Dmt1 antibodies. Control (Ctrl) and 

iron-deficient (FeD) SD rat samples were used for comparison. Confocal microscopic 

imaging revealed robust Atp7a protein expression along the basolateral membrane of 

enterocytes in FeD and b/b rats with little expression observed in Ctrl or +/b rats (Fig 3-

7, A). Dmt1 expression was very low in Ctrl and +/b rats and was much higher in the 

FeD rats and b/bs. Robust Dmt1 expression was noted along the apical surface of villus 

enterocytes in iron-deficient rats, whereas the protein was detected intracellularly and 

on the apical surface in the b/b rats (Fig 3-7, B). 

Cp and Heph Activity Assays 

Serum and enterocyte FOX and amine oxidase activity assays were performed to 

determine whether enzyme function was altered by genetic iron deficiency. No 

differences in activity between genotypes were noted in serum representing Cp activity 

(spectrophotometric assays: pPD, +/b n=6, b/b n=4; Fzn, +/b n=13, b/b n=9) (Fig 3-8, C 

and D) or enterocyte membrane representing Heph activity (spectrophotometric assays: 

pPD, +/b n= 6, b/b n=4; Fzn, +/b n=9, b/b n=5) (Fig 3-8, A and B). Furthermore, rat 

serum FOX/amine oxidase activity was almost completely abolished in the presence of 

10 mM NaN3, consistent with a recent publication [11], whereas inhibition of enterocyte 

membrane Heph activity by NaN3 was consistently ~75%. 

Discussion 

Alterations in copper homeostasis during diet-induced iron deficiency reflect 

some aspect of the compensatory response to maximize iron absorption from the diet 
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and release from body stores to support normal erythropoiesis. The possibility that iron 

deficiency enhances intestinal copper absorption, which contributes to hepatic copper 

loading, has in fact been previously proposed [105]. 

The present studies were designed to examine the role of Dmt1 in copper 

homeostasis during iron deficiency by taking advantage of a naturally occurring Dmt1 

mutation in the Belgrade rat. Part of the approach was to compare with an extensive 

body of data obtained in a wild-type rat [35] dietary iron-deficiency model. The Belgrade 

rats used in this study were iron deficient as exemplified by significant reductions in 

blood Hb and Hct. Unexpectedly, copper levels were not increased in the liver or serum 

of the b/b rats, findings that are inconsistent with a host of studies done in many 

mammalian species with normal functional DMT1 (e.g., humans, dogs, rats) 

documenting increased body copper levels during moderate to severe iron deficiency 

[5,11,104,106-110]. Gene expression studies revealed many similar alterations in 

mRNA expression between the b/b rats and iron-deficient SD rats, including induction of 

Dmt1, Atp7a, and Tfr1 in the duodenum and strong downregulation of Hamp in liver. 

Conversely, a lack of induction of Mt1a in the duodenum and liver was noted that varies 

from studies in SD rats in which there was a strong up-regulation of Mt1a mRNA 

expression in both tissues. Additionally, Atp7and Dmt1 protein expression also 

increased significantly in Belgrades, as determined by immunoblot and 

immunohistochemical analyses, but Dmt1 protein was abnormally distributed in the b/b 

rats. This latter finding is consistent with a previous publication that showed 

mislocalization of the mutant Dmt1 protein in the mk mouse (harboring the same point 

mutation as in the Belgrade rat) [4]. Given the role of the multi-copper FOXs Cp and 
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Heph in body iron homeostasis and based on the fact that they are copper-dependent 

enzymes, it was important to consider the expression/activity of these proteins in the 

present investigation. Consistent with the previous observation [1,2], in the present 

studies, a moderate increase in enterocyte membrane Heph protein expression was 

detected on Western blots; however, no change in membrane FOX or amine oxidase 

activity was noted. As similar situation was noted for Cp, in which no change in protein 

expression or serum FOX or amine oxidase activity was observed in Belgrades, 

compared with the phenotypically normal +/b rats. The most likely explanation for this 

observation relates to the lack of hepatic copper loading in the Belgrades. Based on the 

observations reported by articles cited in the introduction and results from our lab, a 

side-by-side comparison of genetic and nutritional iron deficiency is provided (Table 3-3) 

to provide a general overview. 

Overall, lack of Mt1a induction in the intestine and liver, lesser induction of 

duodenal Atp7a, and a lack of hepatic copper loading demonstrated that alterations in 

copper homeostasis during iron deficiency are less pronounced in the absence of fully 

functional Dmt1. In this scenario, one would predict that there would be increases in the 

copper import machinery, with Dmt1 being a potential player in this process. 
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Table 3-1. Comparison between nutritional and genetic iron deficiency                   
  Nutritional   Genetic 

  mRNA Protein Activity    mRNA Protein Activity  
Atp7a ↑ ↑ ND 

 
↑ ↑ ND 

Cp NC ↑ ↑ 
 

NC ↓ NC 
Heph ↑ ↑ ↑ 

 
NC ? NC 

Mt ↑ ND ND 
 

NC ND ND 
Dmt1 ↑ ↑ ↑ 

 
↑ ↑ ↓ 

Tfr1 ↑ ↑ ND 
 

↑ ↑ ND 
Hamp ↓ ND ND   ↓ ND ND 
NC: No Change, ND: No Determined 
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Figure 3-1. Copper content in SD rat serum and hepatic copper content. A: liver 

copper level. B: serum copper content. Means ± SD are shown. *Statistically 
significant differences between genotypes (P< 0.05). n=8. 

 
 
 

 
 
Figure 3-2. qRT-PCR analysis of intestinal and hepatic gene expression in SD rats. 

A.intestine and B. liver. Means ± SD are shown *P<0.05, **P<0.01, 
***P<0.001. n=8. 
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Figure 3-3. Hematological status of experimental animals. Hemoglobin (Hb) (A) and 
hematocrit (Hct) (B) levels are shown graphically. M, male; F, female. a,b 
Statistically different from one another (P < 0.05). Means ± SD are shown. 
Correlation analysis was performed to compare Hb and Hct to age, as seen in 
C and D, respectively. r, Pearson Correlation coefficient. n=24 for +/bs; n=18 
for b/bs. 
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Figure 3-4. Copper content in rat serum, and hepatic iron and copper content. A: 

serum copper level. B: liver copper content. Serum, n= 3 for +/b and n=4 for 
b/b; liver, n=6 for +/b and n=4 for b/b. C: hepatic iron content (n=6 for +/b and 
n=4 for b/b). Means ± SD are shown. *Statistically significant differences 
between genotypes (P< 0.05). 
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Figure 3-5. qRT-PCR analysis of intestinal and hepatic gene expression. qRT-PCR 
was performed with RNA samples extracted from isolated enterocytes (A) and 
liver (B) of +/b and b/b rats. Experimental repetitions utilizing different groups 
of +/b or b/b animals were as follows: +/b, n =19 and b/b, n=13 for intestine; 
+/b, n=24 and b/b, n=18 for liver. Y-axis shows fold change in b/bs compared 
with +/bs. The dashed line corresponding to 1.0-fold change (i.e., no change) 
on the y-axis is shown in both panels; bars below 1.0 indicate decreases, and 
bars above indicate increases in the b/b compared with the +/bs. *P<0.05, 
**P<0.01, ***P<0.001; all indicating significant differences between 
genotypes. Means ± SD are shown.  
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Figure 3-6. Western blot analysis of iron/copper-related proteins. In each panel, a 
representative Western blot is shown along with quantitative data from all rats 
studied. Numbers beside the Western blots indicate the placement of the 
closest molecular weight marker. Band intensities were normalized vs. total 
protein on the stained blots (shown below each lane of the Western blots). In 
A, B and C, membrane proteins extracted from enterocytes were reacted with 
antibodies against the respective proteins. A: anti-ATP7A antibody (+/b, n=12 
and b/b, n=7). B: anti-DMT1 antibody (+/b, n=10 and b/b, n= 6). The band just 
above 55 kDa was quantified (See DISCUSSION for explanation). C: anti-
HEPH antibody (+/b, n=15 and b/b, n=8). D: serum proteins were reacted with 
anti-Cp antibody (+/b, n=13 and b/b, n=7). *P<0.05, **P<0.01, ***P<0.001; all 
indicating significant differences between genotypes. Means ± SD are shown. 
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Figure 3-7. Immunohistochemical analysis of Atp7a and Dmt1 protein expression in 

rat duodenum. Fixed tissue sections were reacted with the anti-Atp7a or -
Dmt1 specific antiserum followed by a fluorescent-tagged secondary antibody 
and imaged with a confocal microscope. A: Atp7a protein is depicted by the 
red color. B: autofluorescence is shown (green) along with the specific signal 
(red color) depicting the Dmt1 protein. The confocal settings remained 
constant across all images. Images are typical of several experiments. Ctrl, 
control Sprague Dawley rat; FeD, iron-deficient SD rat. 
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Figure 3-8. Spectrophotometric Cp activity assays. Panels A and C depict amine 

oxidase assays with pPD as the substrate, and panels B and D show 
ferroxidase assays with Fzn as the substrate. (A) and (B): samples are 
membrane proteins isolated from purified enterocytes. (C) and (D): samples 
are serum proteins. No statistical differences were noted in any of these 
assays between +/b and b/b rats.  
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CHAPTER 4 
INFLUENCE OF DMT1 ON COPPER HOMEOSTASIS DURING IRON DEFICIENCY  

Introduction 

The lack of a copper-related compensatory response during iron deficiency in 

Belgrade rats [95], led to the idea that Dmt1 may influence copper homeostasis. DMT1 

is firmly established as an intestinal iron transporter. At least four isoforms of DMT1 

have been reported: two are derived from alternative promoters leading to transcripts 

with two 5’ exons (exon 1A and exon 2) and two are from alternative splices at the 3’ 

end (- IRE and + IRE) [111].  In the rat, 1A mRNA leads to an N-terminal extension of 

31 amino acids. At the 3’ end, alternative splicing generates transcripts with (+) or 

without (-) IRE (iron response element), which could affect mRNA stability. The isoform 

of DMT1 that is predominantly expressed in the rat intestine starts transcription at exon 

1A and contains the 3’ IRE (1A/+IRE). In addition to iron, DMT1 has been reported to 

transport other metals, such as, Cd, Co, Mn and Ni [24]. However, as mentioned 

previously, it remains controversial whether DMT1 serves as a transporter of copper.  

The studies described here include two different experimental models to test the 

hypothesis that Dmt1 effects the expression and activity of copper-related proteins via 

its’ ability to transport copper during iron deficiency. First, copper uptake studies were 

performed in an established in vitro model of Dmt1 (1A/+IRE form) over-expression in 

human embryonic kidney-293 (HEK-293) cells. Second, the everted gut sac assay was 

utilized as an ex vivo model to study intestinal copper transport during iron-deficiency 

anemia in the Belgrade rat.  
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Belgrade Rat Model 

Hematological Status as a Function of Diet 

Hb and Hct values were followed as markers of hematological status.  Data were 

analyzed by one-way ANOVA followed by Tukey analysis to evaluate the difference 

between groups. As expected, Hb and Hct levels in the b/b and +/b rats fed the low-iron 

diet were significantly lower than in the +/b rats consuming the control diet (Fig 4-1). 

Thus, the b/b rats and +/b rats on the low-iron diet suffered from iron-deficiency anemia, 

whereas +/b rats had normal hematological parameters. 

Dmt1 mRNA Expression 

To confirm the induction of Dmt1 mRNA expression, real-time PCR was utilized, 

and data were analyzed by one-way ANOVA followed by Tukey analysis to examine the 

differences between treatments. Both b/b rats and +/b rats on the iron-deficient diet 

showed induction of Dmt1 mRNA compared to +/b rats consuming the control diet. 

Contrary to expectations, induction of Dmt1 mRNA in b/b rats was even higher (2 fold) 

than in +/b rats fed the low-iron diet (Fig 4-2). 

Dmt1 Protein Expression 

To further examine the induction of Dmt1 expression at the protein level, western 

blot analysis was utilized, and band density was normalized to total protein on stained 

blots. Relative band density data were analyzed by one-way ANOVA followed by Tukey 

analysis. Dmt1 protein expression in b/b rats and +/b rats consuming the low-iron diet 

was significantly higher than in +/b rats consuming the control diet. However, there was 

no difference between b/bs and +/bs on the low-iron diet (Fig 4-3). 



 

64 

Copper Transport Study 

Last, copper transport studies were performed using the everted gut sac assay. 

Copper transport differences between the three groups were analyzed by one-way 

ANOVA followed by Tukey analysis. Only +/b rats consuming the low-iron diet showed 

significantly increasing copper transport in relation to b/bs and +/bs on the control diet. 

Even though both Dmt1 mRNA and protein levels were significantly induced in b/b rats, 

there was no difference in copper transport when compared to b/bs and +/bs fed the 

control diet (Fig 4-4). These results indicated that no induction of copper transport 

occurred when Dmt1 function was abolished, even in the setting of iron-deficiency 

anemia when copper transport was enhanced in +/b rats. 

HEK-293 Cell Model 

Real-time PCR Analysis 

To confirm Dmt1 over-expression, real-time PCR was employed, and data were 

analyzed by one-way ANOVA followed by a Tukey analysis to assess the difference 

between each group. Results showed that Dmt1 mRNA expression was significantly 

higher in cells treated with DOX and even higher when DFO was also added (Fig 4-5, 

A).  As expected, TFR1 mRNA expression increased dramatically when cells were 

treated with the iron chelator (DFO) in the absence or presence of DOX (Fig 4-5, B) 

demonstrating that cells were indeed iron deficient.   

Western Blot Analysis 

To further confirm the Dmt1 inducible over-expression system at the protein 

level, western blot analysis was employed to quantify Dmt1 protein levels after different 

treatments. Using a standard procedure, HEK-293 cell lysates were prepared by 

extraction with cell lysis buffer. Immunoblot analyses exhibited that after adding the 
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DOX inducer, Dmt1 protein expression was significantly higher than in untreated cells. 

Furthermore, DOX plus DFO treatment enhanced protein expression even more 

dramatically, while DFO only as a control treatment did not effect protein expression. 

(Fig 4-6)   

Iron and Copper Uptake Study 

Finally, an iron uptake study indicated that adding the DOX inducer augmented 

iron uptake. However, this increase was greater in cells treated with DOX plus DFO. 

DFO alone had no effect on iron uptake (Fig 4-7, A). These data confirmed that the 

over-expression system worked properly at the functional level. Furthermore, the copper 

uptake data showed that copper uptake increased significantly when cells were treated 

with DOX plus DFO (Fig 4-7, B). All these data were analyzed by one-way ANOVA 

followed by Tukey analysis to test the difference between each group. 

Discussion 

Previous studies reported that Belgrade rats did not show increases in body 

copper levels despite significant iron deficiency, leading to speculation that increases in 

serum and hepatic copper levels are related to Dmt1-mediated copper import during 

iron-deficiency.  The present studies were designed to test this hypothesis by using 

complementary ex vivo and in vitro models.  

Initially, the everted gut sac assay was utilized in tissues extracted from +/b and 

b/b rats. Weaned rats were divided into three treatment groups, +/bs on the control diet, 

b/bs on the control diet as a genetic iron-deficient group and +/bs consuming the low-

iron diet as a diet-induced iron-deficient group. b/b rats and +/b rats on the iron-deficient 

diets suffered from severe iron deficiency as exemplified by significant reductions in 

blood Hb and Hct. Real-time PCR and immunoblot studies revealed strong induction of 
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Dmt1 expression in the genetic and diet-induced,  iron-deficient groups. However, 

copper transport increased only in the diet-induced iron-deficient +/bs, indicating that 

functional Dmt1 is necessary for increasing copper import during low iron conditions. 

To further explore the observation made in the Belgrade rat model, the 

doxycycline-inducible Dmt1 over-expressing HEK-293 cell line was used in this study 

designed by Drs. Michael and Laura Garrick (University at Buffalo) to express the 

1A/+IRE form of DMT1. I first validated the model in my hands and confirmed that it was 

working properly. This validation included three independent studies.  Firstly, Dmt1 

mRNA expression was shown to be induced when cells were treated with DOX and 

DOX plus DFO.  Surprisingly, Dmt1 mRNA expression was dramatically increased when 

cells were treated with DOX plus DFO. This observation supports the contention that 

Dmt1 has a functional 3’ IRE which stabilized the transcript when intracellular iron is 

low. This possibility has been supported by previous studies.  [112-114]  Secondly, 

Dmt1 protein expression increased after DOX and DOX plus DFO treatment. Thirdly, 

since DMT1 is an established iron transporter, iron uptake studies were performed as a 

final validation of the in vitro model. 

After independent validation of the HEK-293 cell models, studies were performed 

to assess possible copper transport by Dmt1. Results demonstrated that copper 

transport was similar in uninduced cells and in those treated with DOX. DFO treatment 

of uninduced cells also had no effect on copper uptake. Surprisingly however, copper 

transport increased ~ 3-fold in cells treated with DOX and DFO. This finding supports 

our hypothesis that Dmt1 may influence copper uptake when it is strongly induced by 

iron deprivation and in the absence of competing iron ions. Furthermore, this 
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observation was consistent with previous studies showing that Dmt1 can transport 

copper. [23] 

Based on the short half-life (12 h) and handling safety issues of 64Cu, and the 

difficulty in obtaining it, we developed a colorimetric assay using 2, 2’-bicinchoninic acid 

(BCA) for the everted gut sac studies.  BCA offers the advantage of being highly 

sensitive and specific for Cu1+. The reaction rapidly forms an intense purple-colored 

complex when Cu1+ interacts with BCA. Standard curves of Cu1+ concentrations 

established with various copper concentrations showed a linear correlation. All 

experimental values fell within the values of the standard curve. To control for everted 

gut sac permeability, phenol red was utilized as an indicator. Results showed that the 

everted sacs had intact tight junctions as phenol red transport was essentially zero.  

Although recent studies of Dmt1 transport in Xenopus oocytes did not show 

transport of copper [92], this result may not necessarily be applicable to mammalian 

systems. Data presented here provide further evidence that Dmt1 can mediate copper 

uptake in the setting of low iron. Although the apparent magnitude of copper transport 

was lower in the HEK-293 over-expression model, the significance of this observation is 

unclear. As less copper is required and absorbed from the diet as compared to iron, it is 

possible that Dmt1 could still mediate physiologically relevant copper transport, even if 

the affinity of copper for Dmt1 was much less than for iron. This could also explain why 

Dmt1 might only transport copper when luminal iron concentrations are low or when it is 

strongly induced during iron deficiency. 

The observations from the HEK-293 cell model are corroborated by studies 

performed in the Belgrade rat model. Copper absorption across the intestinal wall in 
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everted gut sacs was significantly higher in iron-deficient +/b rats, while transport in b/b 

rats with even more significant iron deficiency was indistinguishable from +/b rats on a 

control diet. As the only difference between +/b and b/b rats is one versus two copies of 

the mutant Dmt1 gene, this finding provides strong evidence of copper transport by 

Dmt1. This may also explain the paradoxical finding that b/b rats do not show increased 

body copper levels during iron deficiency, while iron deficient +/b rats had higher 

intestinal and hepatic copper levels (which also occurred in WT iron-deprived SD rats 

[11].)  

In sum, data presented herein utilized two independent experimental approaches 

to show that Dmt1 is necessary for the well described, copper-dependent compensatory 

response to iron deficiency. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

69 

 
Figure 4-1. Hematological status of experimental rats. Hemoglobin (A) and hematocrit 

(B) levels are shown graphically.  a,b,c Statistically different from each other 
(P< 0.05). n=9 for +/bs, b/bs and +/bDs (+/b fed iron-deficient diet). 

 
 
 

 
Figure 4-2. qRT-PCR analysis of intestinal Dmt1 expression. qRT-PCR was 

performed with RNA samples extracted from intestinal mucosal scrapings. a,b,c 
Statistically different from each other (P< 0.05). n=4 for +/bs, b/bs and +/bDs 
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Figure 4-3. Western blot analysis of intestinal Dmt1 protein expression. Protein 

samples extracted from intestinal mucosal scrapings were reacted with 
commercial antibody against Dmt1. A representative blot (A) is shown along 
with quantitative data (B) from all experimental rats. Band intensities were 
normalized vs. total protein on the stained blots (show below each lane of the 
Western blots). a,b Statistically different from each other (P< 0.05). n=4 for 
+/bs, b/bs and +/bDs 

 
  

 
Figure 4-4. Copper transport study. The bar graph shows the amount of transported 

copper from mucosal to serosal side in everted gut sac of three groups. a,b 
Statistically different from each other (P< 0.05). n=5 for +/bs, b/bs and +/bDs 
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Figure 4-5. Real-time PCR analysis.  Relative mRNA levels of Rat Dmt1 (rDmt1) (A) 

and Human TFR1 (hTFR1) (B) are shown graphically. -DOX/-DFO: without 
DOX and DFO; -DOX/+DFO without DOX, but with 100 µM DFO; +DOX/-
DFO: with DOX, but without DFO; with DOX and 100 µM DFO. a,b Statistically 
different from one another (p<0.05). Means ± SD are shown. n=4 

 
 

 
Figure 4-6. Western blot analysis of Dmt1 protein expression. A, A representative 

Western blot is shown. Numbers beside the Western blots indicate the 
placement of the closest molecular weight marker. B. Band intensities were 
normalized vs. total protein on the stained blots (shown below each lane of 
the Western blots). a,b,c Statistically different from one another (p<0.05). 
Means ± SD are shown. n=4 
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Figure 4-7. Iron (A) and copper (B) uptake analysis. a,b,c Statistically different from one 

another (P<0.05). Means SD are shown. n=4 
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                                                           CHAPTER 5 
CONCLUSIONS AND FUTURE DIRECTIONS 

Conclusions 

Iron and copper serve as essential micronutrients which participate in many 

biochemical reactions in living organisms. Interactions between these metal ions drive a 

multitude of cellular processes due to alterations in whole-body homeostasis, especially 

during certain disease states. As is known, iron and copper share common chemical 

properties including their participation in redox reactions as well as their toxicity 

primarily via production of reactive oxygen species [115]. Furthermore, during iron 

deficiency, body copper levels increase in many mammalian species suggesting that 

copper influences iron homeostasis.  These interactions were first noted over a century 

ago, and two multi-copper ferroxidases provide direct links between iron and copper 

homeostasis, namely, ceruloplasmin and hephaestin [91]. However, this is likely not the 

end of this story as more participants in this interaction are awaiting to be discovered.  

The initial results presented in Chapter 3 describe alterations in the expression 

and activity of copper-related proteins in Belgrade rats. Surprisingly, lack of the copper-

dependent compensatory response was noted in these genetically iron-deficient rats. 

We have previously shown that both liver and serum copper went up in SD rats fed low-

iron diets compared to control groups (Fig 3-1). Additionally, Mt1a mRNA expression in 

the duodenum and liver was strongly up-regulated in iron-deficient SD rats (Fig 3-2). 

However, of note was that in Belgrades, no increase of Mt1a mRNA expression 

occurred, likely reflecting the lack of copper accumulation in the Dmt-mutant animals. 

Mt1a is in fact strongly induced by copper and is thought to be involved in intestinal 

[116] and liver [3] copper homeostasis. Furthermore, immunoblot and 
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immunohistochemical analyses exemplified the physiological relevance of increases in 

transcript expression in that the Atp7a and Dmt1 proteins also increased significantly in 

the Belgrades, but the Dmt1 protein was mislocalized in b/b rats. Lastly, as described in 

Chapter 3, in Belgrades, a moderate increase in enterocyte membrane Heph protein 

was noted, but serum Cp protein expression was unchanged on Western blots. Also, no 

change in membrane (Heph) or serum (Cp) FOX or amine oxidase activity was found. 

All-in-all, the lack of fully functional Dmt1 may thus partially blunt the compensatory 

response to iron deficiency by decreasing copper levels in enterocytes, which is 

exemplified by a lack of Mt1a induction, abolishing the frequently described increase in 

liver and serum copper, and attenuating the documented increase in Cp expression and 

activity. [11]  

To further explore the role of Dmt1 in iron and copper interactions, the everted 

gut sac technique was utilized in the Belgrade rat model. The induction of copper 

transport could be detected only under diet-induced iron-deficient conditions in +/bs, but 

not in genetically iron-deficient b/bs with the absence of fully functional Dmt1.To further 

support of the ex vivo study, the HEK-293 Dmt1 inducible system was utilized to test the 

possible role of Dmt1 in copper uptake. Experiments presented in Chapter 4, utilizing 

over-expressed Dmt1 in the HEK-293 cell line treated with an iron chelator, identified 

Dmt1 as a potential player in copper uptake during iron deprivation.  Moreover, this 

investigation provides novel data supporting the concept that the 3’ IRE in the Dmt1 

transcript is functional, as Dmt1 induction by DOX was significantly enhanced by iron 

chelation. This provides additional evidence that Dmt1 may play a role in copper 

transport during low-iron conditions.  
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Collectively, these results demonstrate a new linkage between iron and copper 

homeostasis, Dmt1. In sum, during iron deprivation, copper import is increased through 

Dmt1, perhaps contributing to documented alterations in whole body copper 

metabolism.  

Future Directions 

Even though exploration of the metabolic links between iron and copper has 

been ongoing since the 1800s, many questions still remain unanswered. The present 

investigation further delved into interactions between iron and copper resulting in novel 

findings. Collectively however, the findings presented here in also raise some 

interesting questions of potential physiologic impart.  

First, as mentioned previously, Dmt1 has been proposed to have four different 

transcript variants, having different 5’ and 3’ ends. Since the majority of Dmt1 expressed 

in the duodenum is the (+) IRE form, which is described in Chapter 3, the 1A/+IRE Dmt1 

variant was over-expressed in the HEK-293 cell system to test iron and copper uptake. 

To provide additional evidence that the DFO-induced significant Dmt1 over-expression 

is due to regulation by the IRE/IRP response system, studies using a Dmt1 variant 

without the IRE should be tested. Accordingly, we have obtained HEK-293 cells over-

expressing the 2/(-) form of Dmt1 and ongoing studies will assess the possible role of 

the IRE in the Dmt1 transcript. Pilot experiments show that iron chelation has no 

influence on expression of the 2/(-) isoform of Dmt1.   

Secondly, even though everted gut sac assay is a classical method to test drug 

or nutrient transport in the intestine, this assay should be complemented by additional in 

vivo models of transport.   Both in situ loop assays, and gavage studies are standard 

methods to measure nutrient absorption and transport in the intestine; however, these 
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assays are not easy to undertake using radio labeled copper with only a 12 h half-life. 

On the other hand, the copper colorimetric assay is less sensitive. 65Cu, as a desirable 

stable tracer, could be introduced into these studies by taking advantage of modern 

analytical techniques, such as ICP-MS (Inductively coupled plasma mass spectrometry) 

or GC-MS (Gas chromatography-mass spectroscopy).   

Lastly, except for the remaining questions of Dmt1 described above, the 

identification of more molecular components needs to be undertaken at the cellular and 

biochemical levels, to allow for a deeper understanding of the intersection of copper and 

iron metabolism. For instance, does copper export from enterocytes increase during 

iron deficiency? If so, is it through Atp7a or other transporters?  Are there any 

undiscovered linkages between iron and copper? What is the molecular mechanism of 

any potential new interactions? These questions will continue to drive our research in 

the copper/iron area in the future.  
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Figure 5-1. Hypothetical model of copper absorption in intestinal epithelial cells during 
iron deprivation. Dmt 1 influences copper transport in intestinal epithelial cells 
when it is strongly induced by iron deprivation and in the absence of 
competing iron.  
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