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Multiple mechanisms account for lower plasma iron

in young copper deficient rats
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Abstract Copper deficiency lowers brain copper
and iron during development. The reduced iron
content could be due to hypoferremia. Experiments
were conducted to evaluate plasma iron and “ferrox-
idase” hypotheses by determining copper and iron
status of Holtzman albino rats following gestational/
lactational copper deficiency. Copper deficient (Cu—)
dams on treatment for 5 weeks, two of gestation and
three of lactation, had markedly lower copper content
of milk and mammary tissue, and lower milk iron.
Newborn pups from Cu— dams had lower copper and
iron concentrations. Compared to Cu+ pups, Cu— pups,
analyzed between postnatal age (P) 0 and P26, were
smaller, anemic, had lower plasma iron, cardiac
hypertrophy, and near zero ceruloplasmin activity.
Liver copper in Cu+ pups increased then decreased
during development and major reductions were
evident in Cu— pups. Liver iron in Cu+ pups
decreased with age while nursing but increased after
eating solid food. Liver iron was lower in Cu— pups
at PO and P13 and normal at P20 and P26. Small
intestinal copper decreased with age in Cu+ pups and
was lower in Cu— pups. Intestinal iron levels in
Cu— pups were higher than Cu+ pups postweaning in
some experiments. Reduction in plasma iron in
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Cu— pups is likely due to a decreased “ferroxidase”
function leading to lower placental iron transport, a
lower milk iron diet, and partial block in iron uptake from
intestine but is not due to failure to mobilize hepatic iron,
in contrast to older rats eating diet with adequate iron.
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Introduction

Development of the central nervous system requires
an optimal nutrient environment including several
trace minerals. Trace mineral deficiencies can have
long-term effects on biochemical and behavioral
abnormalities (Keen et al. 2003). For example, iron
status has a profound impact on neural functioning
mediated via its role in myelination, energy metab-
olism and catecholamine homeostasis (Beard and
Connor 2003). Interestingly, copper status can also
impact myelination, energy metabolism and cate-
cholamine homeostasis (O’Dell and Prohaska 1983).
Recently, we showed that perinatal copper deficiency
in rats was associated with iron deficiency in brain
(Prohaska and Gybina 2005). The mechanism for this
observation is not known but it was shown that
plasma iron was lower in a single pooled sample from
copper deficient rat pups, suggesting that iron avail-
ability to the brain could be rate limiting. This has not
been proven.
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The explanation for lower plasma iron in copper
deficient pups, if it can be confirmed, has not been
investigated. It is possible that gestational copper
deficiency limits iron delivery to the fetus (Andersen
et al. 2007). Alternatively, it is possible that milk iron
concentration is impacted by dietary copper (Cohen
et al. 1985). Additionally, iron transport across the
absorptive enterocyte could be compromised by
decreased hephaestin activity and protein levels
(Reeves et al. 2005; Chen et al. 2006). Hephaestin
is a copper-dependent ferroxidase essential for baso-
lateral iron transport in conjunction with ferroportin
(SLC40A1) (Andrews and Schmidt 2007). Finally,
efflux of iron from macrophage storage sites in liver
and spleen could be impaired in copper deficient
animals due to reduction in ceruloplasmin (Cp)
(ferroxidase) activity as proposed several decades
previously (Osaki et al. 1966). Cp is thought neces-
sary to facilitate iron efflux in concert with
ferroportin in macrophages and astrocytes by analogy
to hephaestin in enterocytes (De Domenico et al.
2007).

However, there are many unanswered questions
that “ferroxidase” hypotheses cannot explain that
suggest that the mammalian phenotype of copper
deficiency is not just a lack of plasma iron. Dietary
supplementation or injection with iron fails to reverse
anemia of copper-deficient rats with lower plasma
iron (Williams et al. 1983; Reeves and DeMars
2006). Copper deficient rats have normal whole body
iron, challenging whether hephaestin is limiting in
iron uptake (Failla and Seidel 1988). Copper deficient
rats with low ceruloplasmin function that limits iron
efflux from liver do not accumulate iron in spleen, an
organ rich in macrophages (Williams et al. 1983).
Ceruloplasmin null mice (Cp —/—) do not develop
anemia or have impaired release of iron from liver or
spleen (Cherukuri et al. 2005).

The dependency of adequate copper for proper
iron biology may be different in young mammals.
Iron absorption in the suckling rat is developmentally
regulated (Leong et al. 2003a). Thus, dietary copper
restriction during gestation and lactation may impact
iron uptake across the intestine differently than a
postweanling model of dietary copper limitation.
Clearly, additional research is needed on the copper
iron interaction.

The purpose of the current studies was to deter-
mine if lower plasma iron occurs in copper-deficient
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rat pups and to identify the mechanism(s) for this
putative reduction by evaluation of pup and dam
copper and iron status.

Materials and methods
Animal care and diets

Pregnant Holtzman rats were purchased commer-
cially (Harland Sprague Dawley, Indianapolis, IN,
USA). Rats were offered a copper-deficient diet
(Teklad Laboratories, Madison, WI, USA) similar to
the AIN-76A diet but modified by omitting cupric
carbonate from the AIN-76A mineral mix as
described previously (Kuo et al. 2006). This diet
contained 0.36 mg Cu/kg and 53 mg Fe/kg by
chemical analysis. Copper adequate (Cu+) rats were
given deionized water with copper sulfate (20 mg Cu/
1) to drink. Copper deficient (Cu—) rats drank copper-
free deionized water.

A perinatal nutritional paradigm was studied.
Dams were placed on the diet treatment at embryonic
day 7 (E7) similar to established recent protocols
(Prohaska and Gybina 2005). On postnatal day 2
(P2), litter sizes were culled to 10 pups. At P20, rat
pups were weaned and placed on the same dietary
treatment as their dams. Two replicate experiments
were conducted. Ten dams (n = 5 of each treatment
group) were sampled in Experiment 1 and eight dams
(n =4 per group) were sampled in Experiment 2.
Pups, one per litter, were sampled at specific ages. All
rats had free access to diet and drinking water and
were maintained at 24°C with 55% relative humidity
on a 12-h light cycle (0700-1900 h light). All
protocols were approved by the University of Min-
nesota Animal Care Committee.

Male offspring from the perinatal experiments
were sampled at PO, P13, P20, and P26. All rats were
weighed then lightly anesthetized with diethyl ether
and killed by decapitation. Upper small intestine
(15 cm), livers, and blood were harvested from rat
pups. Trunk blood was collected in a heparinized
tube. Intestinal lumens were flushed with saline to
remove contents, blotted with tissue paper and dried
to constant weight prior to metal analyses.

At the time of weaning (P20), dams were weighed
and anesthetized with xylazine/ketamine and injected
with oxytocin for milking (Kelleher and Lonnerdal
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2001). Blood was collected via cardiac puncture into
a heparinized syringe. Portions of liver and mammary
tissue were collected. Tissues were weighed and
either processed for biochemical analysis or frozen in
liquid nitrogen and stored at —75°C until used.

Biochemical analyses

Hemoglobin was determined spectrophotometrically
as metcyanhemoglobin and plasma activity of the
cuproprotein ceruloplasmin (EC 1.16.3.1) was mea-
sured by following oxidation of o-dianisidine at 37°C
(Prohaska 1983). Tissues and diet were wet-digested
with HNOj (Trace Metal Grade, Fischer Scientific) and
residue was dissolved in 0.1 mol/l HNOj;. Samples
were analyzed for metals by flame atomic absorption
spectroscopy (AAS) (model 1100 B, Perkin-Elmer).
Plasma iron was measured by flame AAS following
treatment with trichloroacetic acid (TCA) (Olson and
Hamlin 1969). Briefly, plasma was treated with one
volume of 200 g/l TCA and heated to precipitate
contaminating hemoglobin and release transferrin
bound iron. More than 95% of hemoglobin bound iron
is removed by this technique. Following centrifuga-
tion, the supernatant was diluted with five volumes of
water and then analyzed by AAS. To confirm the
validity of the TCA method, selected plasma samples
were also analyzed for iron using Ferene-S, a color-
imetric method (Eskelinen et al. 1983).

PCR methods

Enterocytes were isolated from the upper small
intestine of four P21 male Cu— and Cu+ rats using
an EDTA treatment method (Chen et al. 2003). Total
RNA was isolated and purity established spectropho-
tometrically and by RNA gels (Prohaska and Brokate
1999). The mRNA content of enterocyte ferroportin
(Fpn) and glyceraldehyde 3-phosphate dehydroge-
nase (Gapdh) were determined by qRT-PCR using a
Roche Light Cycler™. Rat Fpn primer pairs were 5’
GGT GGT GGC AGG CTC TGT 3’ (forward) and 5’
TTT GAA CCA CCA GGG ACG TC 3’ (reverse).
Gapdh primer pairs were 5 TTC CTA CCC CCA
ATG TAT CCG 3’ (forward) and 5 ACC ACC CTG
TTG CTG TAG CCA 3’ (reverse). cDNA was
synthesized using Omniscript Reverse Transcripase

(Qiagen) and amplified with a Roche SYBR Green 1
kit. The rat Fpn primers amplified a DNA product
with Tm of 87.5°C.

Statistics

Dietary treatment effects were evaluated by Student’s
t-test after variance equality was established by
F-test, o = 0.05. Data were analyzed using Microsoft
Excel™.

Results
Rat dam biochemical indices

Six characteristics were measured in rat dams in both
perinatal model experiments to determine the effect
of dietary treatment during late gestation and lacta-
tion (Table 1). There was no significant difference in
body weight or hemoglobin level due to copper
deficiency in either experiment. However, cerulo-
plasmin activity was reduced by 95% and over 99%
in Experiments 1 and 2, respectively. Liver copper
was reduced by 67 and 78% in Experiments 1 and 2,
respectively, and plasma iron was reduced 64 and
50%, respectively. Liver iron concentration was
approximately double in Cu— dams in Experiment 2,
but not statistically higher in Experiment 1,
P = 0.11. Together this data indicate that Cu— dams
exhibited signs consistent with copper deficiency and
that dams in Experiment 2 may have been slightly
more deficient.

Copper and iron were measured in both milk and
mammary tissue (Fig. 1). In both experiments, copper
concentrations were decreased in milk and mammary
tissue in the Cu— compared to Cu+ dams. Milk copper
concentration was lower 82 and 85% and mammary
tissue copper concentrations were lower 45 and 65%,
respectively. Iron concentration in milk was unchanged
by copper deficiency in Experiment 1 but was modestly
lower (24%) in Experiment 2 in Cu— dams. Mammary
tissue iron concentrations were not impacted by dietary
copper deficiency in either experiment.

Rat pup biochemical and anthropometric indices

Body weight, hemoglobin, ceruloplasmin, plasma
iron, and heart/body weight at four ages were
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Table 1 Characteristics of rat dams following lactation

Experiment 1

Cu-deficient

Experiment 2

Cu-adequate

Cu-deficient

Characteristic Cu-adequate
Body weight (g) 333 £ 145
Hemoglobin (g/1) 148 £ 4.3

Ceruloplasmin (units/I) 383 + 36.5
Liver copper (ng/g) 4.25 + 0.48
Liver iron (ng/g) 69.2 £ 10.2
Plasma iron (pg/ml) 2.80 £+ 0.34

335 £ 24.0 332 £ 5.7 337 £ 65
147 £ 4.2 188 £ 5.2 169 £ 13.8
19.6 £ 2.1%* 278 £+ 26.6 0.03 £ 0.02%*
1.40 £ 0.12% 4.57 £ 0.51 1.03 £ 0.13*
116 £+ 31.8 939 £ 5.88 184 + 24.0*
1.01 £ 0.23* 5.19 + 041 2.58 £ 0.25*

Values are means £+ SEM (n = 5, Experiment 1; n = 4, Experiment 2). Dams were milked 19 days after parturition (P19) and killed
2 days later for Experiment 1 and milked then killed at P20 for Experiment 2. Dams were maintained on treatment since embryonic

day 7
*Difference from Cu-adequate, P < 0.05 (Student’s -test)

measured in pups in Experiment 2 to determine the
impact of dietary treatment (Table 2). At PO, no
difference was observed in body weight or cerulo-
plasmin activity, but plasma iron was markedly lower
(57%) in Cu— pups compared to Cu+ pups. Hemo-
globin was not measured and hearts were not
removed.

At P13, all measured characteristics were signif-
icantly different between groups. Cu— pups weighed
less and exhibited cardiac hypertrophy compared to
Cu+ rats. Cu— pups had lower hemoglobin (25%),
ceruloplasmin activity (99%), and plasma iron (37%)
compared to Cu+ pups.

At P20, when the pups were weaned, Cu— pups
were smaller and had cardiac hypertrophy compared
to Cu+ controls. Reduction in hemoglobin and
ceruloplasmin activity remained at levels consistent
with P13. Plasma iron concentrations remained
markedly decreased in Cu— pups similar to P13
values but Cu+ P20 pups had higher iron levels
compared to P13, nevertheless P20 Cu— values were
87% lower than Cu+.

At P26, when the rats had been eating solid diet for
6 days, Cu— rats remained smaller and the extent of
cardiac hypertrophy increased. Reduction in hemo-
globin increased to 58% compared to 25% seen at
P20; ceruloplasmin activity was virtually non detect-
able. Plasma iron was still markedly lower (75%) in
Cu— than Cu+ rats.

Whole body analysis of metal content was done in
selected rat pups at PO in Experiment 1 to determine
if iron limitation was evident as suggested by plasma
iron data at PO. Compared to newborn Cu+ pups both
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copper and iron concentration was significantly
reduced in the Cu— pups (Fig. 2). Copper levels in
Cu— pups were 77% lower and iron levels were 25%
lower. Not all metals were impacted, however, as
zinc concentration in the same pups was nearly
identical. Similar to Experiment 2 (Table 2), dietary
copper deficiency at PO did not impact body weight
of pups in Experiment 1. Average body weight of
Cu+ pups was 6.3 + 0.11 g (mean £ SEM, n = 6)
compared to 6.6 & 0.23 g for Cu— pups.

Rat pup liver

In Experiment 2, livers from pups were analyzed for
total copper and iron at several ages (Fig. 3). Liver
copper analyses demonstrated significant differences
due to treatment at all four ages measured with Cu—
pups having lower copper concentrations than Cu+
pups. Cu+ pups had mean liver copper concentrations
of 24.5 ng Cu/g at PO that peaked at 56.6 g Cu/g at
P13, and decreased to 6.5 pg Cu/g on P26. Iron
concentration in both Cu+ and Cu— pups tracked
similarly with the only significant difference between
the Cu— and Cu+ pups detected at PO and P13
(Fig. 3). In Cu+ rats, liver iron concentration also
changed with age.

Rat pup small intestine

Copper and iron concentration in the upper small
intestine was measured in pups from Experiment 2.
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Fig. 1 Milk copper (A) and iron (B) concentrations in Cu+
and Cu— rat dams milked at P19 (Experiment 1) and P20
(Experiment 2). Mammary tissue copper (C) and iron (D)
concentrations from Cu+ and Cu— dams killed at P21
(Experiment 1) and P20 (Experiment 2). Values are means +
SEM (n =5 in Experiment 1, n = 4 in Experiment 2). Cu—
means were significantly different than Cu+, *P < 0.05
(Student’s r-test)

Dry weights of small intestine were determined and
were not altered by copper deficiency (data not
shown). Copper concentration at all four ages mea-
sured was significantly lower in the Cu— rats

compared to Cu+ rats (Fig. 4). Newborn Cu+ pups
had a Cu concentration near 24 pg Cu/g at PO.
Copper levels decreased to near 11 pg Cu/g by P13
and remained at this level at P20 and P26. In other
similar experiments with Sprague Dawley rats
(unpublished), we measured small intestinal copper
levels during early suckling that were much higher,
for example, at P12 nearly 100 pg Cu/g dry weight.
Small intestinal iron concentration was significantly
different at P20 and P26 (Fig. 4). At both ages, levels
in Cu— rats were higher than Cu+ rats.

Data in our two current models yielded variable
response in Cu— rats of intestinal iron levels: higher
iron at later ages in the perinatal model, Experi-
ment 2 (Fig. 4) but no elevation in P26 Cu— rats in
Experiment 1. Average Cu— values for rats
193 + 24.3 (mean £ SEM, n = 6) were not differ-
ent than Cu+ values 198 £ 35.6 pg Fe/g dry weight.
In the same P26 pups, however, plasma iron was
lower in Cu— than Cu+ pups, 2.16 £ 0.33 pg/ml
compared to 5.23 + 0.29, P < 0.01. For Cu+ P26
pups in Experiment 1 small intestinal iron values
agreed well with that obtained in Experiment 2
(Fig. 4) of 191 & 14.1.

Lack of iron elevation in small intestine, in
contrast to the current results in Fig. 4, has been
observed previously in male Cu— weanling rats but
data were quite variable and not previously pub-
lished. In six separate experiments weanling rats were
always anemic but this was not always associated
with iron trapping in the gut (Table 3). In duodenum
statistically higher iron levels were detected in
Cu— weanling pups (Table 3).

To address a potential criticism that whole tissue was
used in these experiments as opposed to measuring iron
only in absorptive enterocytes, we analyzed enterocyte
metal content of cells isolated from the duodenum of
P25 male pups (using a very similar paradigm). Iron
concentration in the Cu— samples 471 £ 126 ng Fe/mg
protein was not statistically higher than values from Cu+
pups 436 £+ 47.4 (P > 0.05). However, copper levels
were markedly lower in Cu— than Cu+ samples,
177 £ 73 ng Cu/mg protein compared to
109 £ 14.3 (P < 0.01). Cu— pups were anemic with
hemoglobin levels averaging 74.6 g/l compared to
116 g/l for the Cu+ pups. Thus, anemia can occur
without iron entrapment in the intestine.

Enterocyte mRNA levels of Fpn were determined
since this exporter, if lower in content, might also
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Table 2 Characteristics of male rat pups

Age (days)

Characteristic Diet PO P13 P20 P26

Body wt (g) Cu+ 6.9 + 0.17 353+ 0.8 644 + 35 91.1 £ 34
Cu— 74 4+ 0.46 31.8 + 0.8* 534 4+ 2.3* 727 £ 6.2%*

Hb (g/1) Cu+ ND 912 £ 1.3 81.8 + 2.2 116 £ 7.2
Cu— ND 68.6 + 2.7* 60.4 + 3.0% 67.8 + 3.5%

Cp (units/l) Cu+ 44.6 £ 2.5 512+ 42 88.2 £ 5.7 742 £ 9.2
Cu— 13.8 + 5.7* 0.56 £ 0.20* 0.24 + 0.24* 0.0 £ 0.01*

P Fe (pg/ml) Cu+ 2.04 +0.23 0.53 £ 0.08 249 + 0.37 434 £+ 0.14
Cu— 0.87 £ 0.12* 0.33 £ 0.05* 0.33 £ 0.12* 1.15 + 0.21*

Heart/BW (mg/g) Cu+ ND 5.70 £ 0.13 5.35 + 0.19 5.00 £+ 0.20
Cu— ND 6.71 £ 0.31%* 8.84 £+ 0.86%* 11.3 + 0.96*

Values are means == SEM. Male pups from Experiment 2 (n = 4) were used except PO which were pools of n = 3 or n = 4 pups per
pool, gender was not identified. Body weight (BW), heart weight (H), hemoglobin (Hb), ceruloplasmin (Cp), and plasma (P) iron
were determined as described in “Materials and methods”; ND = not determined

*Difference from Cu-adequate (Cu+) at same age, P < 0.05 (Student’s #-test)

explain the higher intestinal iron levels in Cu— rat
intestine. Cu— P21 anemic male rats had lower liver
copper levels, ng/g mean £ SEM (n = 4), than Cu+
rats, 0.65 £ 0.04 compared to 15.6 + 3.24,
P < 0.01. However, the Fpn/Gapdh content of their
enterocytes was not different, Cu— 0.27 £ 0.04
versus Cu+ 0.34 + 0.06, P > 0.05.

Discussion

Dietary restriction of copper employed in these
perinatal studies produced suckling rats with clear
evidence of classical signs of copper deficiency
including impaired growth, anemia and cardiac
hypertrophy. The pups born to and nursed by Cu—
dams had profound reductions in plasma iron
throughout lactation and even when switched from
nursing to solid food where iron concentration rose
10-fold. Plasma iron was 50% lower in Holtzman
male Cu— rats compared to controls in a postnatal
model with older rats using the same diet (Prohaska
and Gybina 2005). Others have reported that follow-
ing weaning copper deficiency in Sprague Dawley
rats leads to lower plasma iron (Reeves et al. 2005).
Thus, dietary copper restriction results in lower
plasma iron concentration in suckling rats as well
as older rats eating solid food with adequate (50 mg
Fe/kg) iron.
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We found high intestinal copper in younger rats
and this level dropped during lactation, in agreement
with prior work (Bauerly et al. 2005). Iron in the
small intestine demonstrated a similar but less drastic
drop. This pattern also agrees well with previous
work in rat pups (Leong et al. 2003b). As pups
mature and evolve from drinking milk to eating solid
food their metal transport machinery changes. This
may account for some of the interesting intestinal
concentration patterns observed during lactation. The
developmental pattern of liver copper concentration
(bell-shaped) and iron concentration (U-shaped) in
control rat pups agrees well with previous work
(Linder and Munro 1973).

What copper-dependent mechanism is responsible
for the lower plasma iron of pups? One theory
suggests hephaestin is involved. In a series of elegant
experiments with a postweanling model Reeves et al.
demonstrated that copper deficient Sprague-Dawley
rats had a reduction in iron absorption (Reeves and
DeMars 2004); that hephaestin protein level was
reduced and duodenal mucosa iron levels were higher
(Reeves et al. 2005); and that copper repletion
reversed this observation (Reeves and Demars
2005). In the current studies with younger male
Holtzman pups there was evidence of limiting
hephaestin as pups aged but clearly no evidence in
suckling pups that also had lower plasma iron
concentrations. Furthermore, even in some weaning
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Fig. 2 Copper (A), iron (B), and zinc (C) concentrations in
Cu+ and Cu— in newborn PO pups. Values are means = SEM
(n = 5-6, Experiment 2). Cu— means were significantly
different than Cu+, *P < 0.05 (Student’s z-test)

Cu— anemic rats there was no elevation in intestinal
iron concentration.

Recent studies in mice also suggested that hepha-
estin activity was responsible for iron deficiency
(Chen et al. 2006). That study reported higher iron
levels in liver and intestine of copper deficient
C57BL mice. In contrast, in a similar study done
earlier, also with C57BL mice, and with similar
dietary copper restriction we found no evidence for
iron trapping in small intestine even though Cu—
mice were anemic and had liver iron overload
(Prohaska and Lukasewycz 1990). Clearly, the
hephaestin issue remains unresolved as the primary
reason why mammals develop anemia. Iron transport
from the intestine could also be limited if the efflux
transporter ferroportin (Fpn) were limiting. Data from
P21 male rats in these studies and our previous work
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Fig. 3 Liver copper (A) and iron (B) concentrations in Holtzman
Cu+ and Cu— rat pups during development from Experiment 2.
Values are means = SEM (n = 4). Cu— means were significantly
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Fig. 4 Small intestinal copper (A) and iron (B) concentrations
in Holtzman Cu+ and Cu— rat pups during development from
Experiment 2. Values are means == SEM (n = 4), based on dry
weight. Cu— means were significantly different than Cu+,
*P < 0.05 (Student’s t-test)

with Cu— albino mice failed to detect any regulation

of intestinal Fpn as the mRNA levels were similar
between treatment groups (Chung et al. 2004).
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Table 3 Hemoglobin and small intestinal metal levels of male weanling rat pups

Experiment Age (d) n Hemoglobin (g/1) Copper (pg/g) Iron (png/g)
Cu+ Cu— Cu+ Cu— Cu+ Cu—

A 22 4 80.3 + 4.3 62 £+ 1.9% 2.08 £ 0.16 0.55 £ 0.04* 8.89 + 0.81 234 +£73
B 23 6 103 + 3.9 70 £ 1.5% 1.99 £ 0.21 0.53 £ 0.02* 8.36 + 0.76 8.99 + 0.64
C 24-27 8 103 + 3.4 60.3 £+ 5.8% 242 £+ 0.07 0.40 £ 0.03* 222 +£19 454 £ 9.1%*
D 24 4 102 + 3.0 53.9 £ 3.5% 1.79 £ 0.11 0.45 £ 0.05%* 112+12 26.1 £ 8.6
E 19 5 112+ 59 70.9 £ 2.1* 335+ 0.35 1.05 £ 0.09* 7.92 + 041 148 £ 5.5
F 26 4 116 £ 7.2 67.8 £ 3.5% 232 £0.10 0.39 £ 0.01* 382 £ 252 520£54

Values are means + SEM. The average dietary copper content of six experiments (A-F) was 0.38 £ 0.08 (mean £+ SD) mg/kg and
for iron 46.7 + 2.59 mg/kg. In all but Experiment C, approximately 15 cm of intestine was harvested starting at the pyloric sphincter.
In Experiment C only the duodenum, the first 5 cm, was digested. Hemoglobin and metal levels, fresh weight, were determined as
described in “Materials and methods”

*Difference from Cu-adequate (Cu+) P < 0.05 (Student’s t-test)

Another group reported higher enterocyte Fpn mRNA
and protein levels in copper deficient C57BL mice
(Chen et al. 2006). Thus, it appears unlikely that Fpn
is limiting iron egress from the enterocyte of copper
deficient rodents.

Lower plasma iron was observed in newborn Cu—
rat pups prior to nursing. This implies that iron was
limiting via placental transfer. Supporting data dem-
onstrated that Cu— newborn pups had a reduction in
total body iron and in a second study lower liver iron.
Both these observations are consistent with recent
data by others showing that gestational copper
deficiency in rats limits both fetal liver copper and
iron (Andersen et al. 2007). This suggests that
gestational copper deficiency, even when limited to
the last two-thirds of gestation, limits iron transport to
pups. This defective transfer of iron is consistent with
limitation in a copper-dependent placental “ferroxi-
dase” described previously (Danzeisen et al. 2002).

Liver iron concentration was lower in P13 Cu—
pups, and not elevated even at P26. Previous work
from our lab with similar Cu— rat pups demonstrated
lower liver iron earlier, at P3 and P12 (Prohaska and
Broderius 2006). This suggests that the accumulation
of liver iron associated with copper deficiency occurs
only in older mammals.

Is lower plasma iron related to loss of ceruloplas-
min function? The liver iron data in Cu— rat pups
suggests that although ceruloplasmin activity was
nearly undetectable this limitation did not result in
liver iron trapping. Previously we demonstrated the
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Cu— rat plasma with low diamine oxidase activity
also had low ferroxidase activity (Prohaska 1981).
Even the tenet that Cp is necessary for iron release
from liver has been challenged recently (Cherukuri
et al. 2005). Cp —/— mice, with low ferroxidase
activity, have liver iron overload but sometimes have
normal plasma iron (Harris et al. 1999). Thus, the
role of ceruloplasmin in explaining decreased plasma
iron in young Cu— rat pups remains unknown.

It seems likely that a copper-dependent ferroxidase
is involved in transport of iron from mammary gland
to milk. Fpn is located in mammary epithelial tissue
and likely required for iron transport into secretory
vesicles for export to milk (Kelleher and Lonnerdal
2005). A major diversion of newly ingested copper is
delivered to the mammary gland, as opposed to liver,
in lactating rats (Donley et al. 2002). This may be to
provide copper for milk but also to supply copper for
other functions such as a putative “mammary
ferroxidase”. Thus, analogous to placenta, dietary
copper restriction may limit transport of iron to milk.
Previous work in both copper-deficient rat and mouse
dams reported modestly lower milk iron levels
(Cohen et al. 1985; Prohaska 1989). In one of the
current studies were we able to detect a significant
reduction in milk iron concentration in Cu— dams at
P20. In contrast for both experiments, milk copper
was markedly reduced in Cu— compared to Cu+
dams. Importantly, others reported that iron limita-
tion in the diet and iron supplementation to the diet
had no impact on milk iron of rats sampled at the end
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of lactation (Kochanowski and Sherman 1983; Leong
and Lonnerdal 2005). Thus, it is possible that dietary
copper is as important as dietary iron in establishing
milk iron content. Furthermore, the reduction in milk
iron associated with copper deficiency in our studies
likely contributes to the lower plasma iron in pups
during lactation. However, if this was the only factor
in limiting plasma iron one would have predicted at
P26 (6 days after eating solid food containing 10-fold
higher iron than milk) that the plasma iron deficit in
Cu— rats would have rebounded. Thus, limiting iron
in the diet (milk) may be only one of several factors
contributing to hypoferremia.

Also somewhat surprising was no alteration in
mammary tissue iron. Presumably if copper defi-
ciency limited this “ferroxidase” lowering its ability
to mobilize iron to milk, iron trapping would have
been detected. Since liver iron was higher in Cu—
dams, we assume that limiting ceruloplasmin may
have been responsible for that observation. Impor-
tantly though, others reported that placental iron of
copper-deficient dams was also not “trapped” by
copper deficiency even though fetal iron suggested an
impairment in iron delivery (Andersen et al. 2007).

Taken together current data suggest that the reason
plasma iron is lower in Cu— pups is a combination of
reduced placental iron transport creating an iron
deficient pup at birth, a lower dietary intake from milk
during suckling, and a modest entrapment of iron in
the upper small intestine in older Cu— pups. Though
consistent with a role of copper in “ferroxidases” in
general, our current data in pups do not support a role
for ceruloplasmin in explaining lower plasma iron.

If the Cu— rat pups are really iron deficient, then
iron repletion should correct the phenotype. In P7
Cu— mice iron injection reversed anemia without
altering ceruloplasmin (Prohaska 1984). However, in
older Cu— mice iron injection had no effect, but
copper injection did rescue anemia (Prohaska et al.
1985). Furthermore, iron repletion by diet or injection
of older Cu— rats also did not reverse anemia
(Williams et al. 1983; Reeves and DeMars 2006).
This suggests that age of the pups is a major factor to
consider in the copper-iron interaction phenomena. It
also suggests that reduction in plasma iron is not the
only factor limiting the anemia that develops follow-
ing copper deficiency.

Future work will be directed at evaluating if iron
repletion of Cu— pups can reverse plasma iron

deficits and anemia as was observed for young mice.
Importantly, can iron repletion restore brain iron
deficits in Cu— pups? If possible, this will aid in
determining if the neurological abnormalities
observed in both copper and iron deficiency, such
as hippocampus immaturity, are independent or
related (Hunt and Idso 1995; Jorgenson et al. 2003).
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