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Abstract: Physiologically relevant iron-copper interactions have been frequently documented. For
example, excess enteral iron inhibits copper absorption in laboratory rodents and humans. Whether
this also occurs during pregnancy and lactation, when iron supplementation is frequently recom-
mended, is, however, unknown. Here, the hypothesis that high dietary iron will perturb copper
homeostasis in pregnant and lactating dams and their pups was tested. We utilized a rat model of
iron-deficiency/iron supplementation during pregnancy and lactation to assess this possibility. Rat
dams were fed low-iron diets early in pregnancy, and then switched to one of 5 diets with normal
(1×) to high iron (20×) until pups were 14 days old. Subsequently, copper and iron homeostasis,
and intestinal copper absorption (by oral, intragastric gavage with 64Cu), were assessed. Copper
depletion/deficiency occurred in the dams and pups as dietary iron increased, as evidenced by
decrements in plasma ceruloplasmin (Cp) and superoxide dismutase 1 (SOD1) activity, depletion
of hepatic copper, and liver iron loading. Intestinal copper transport and tissue 64Cu accumulation
were lower in dams consuming excess iron, and tissue 64Cu was also low in suckling pups. In some
cases, physiological disturbances were noted when dietary iron was only ~3-fold in excess, while for
others, effects were observed when dietary iron was 10–20-fold in excess. Excess enteral iron thus
antagonizes the absorption of dietary copper, causing copper depletion in dams and their suckling
pups. Low milk copper is a likely explanation for copper depletion in the pups, but experimental
proof of this awaits future experimentation.

Keywords: iron supplementation; ceruloplasmin; pregnancy; lactation; SOD1

1. Introduction

Iron deficiency (ID) in humans is common in developed countries, most frequently
occurring due to blood loss, inappropriately low intestinal iron absorption (given body
iron status) or during physiological states of increased demand [1–3]. Those at greatest
risk for developing ID thus include premature babies, young children and adolescents [4],
pregnant women, women of child-bearing age with menorrhagia and the elderly. ID has
also been associated with obesity, vegetarianism, chronic use of acid blockers (used to treat
acid reflux), gastric bypass surgery for the treatment of morbid obesity, and short-bowel
syndrome and other malabsorptive disorders (e.g., Celiac disease). Moreover, chronic
inflammatory conditions also frequently result in ID (and the anemia of inflammation),
due to proinflammatory cytokine-induced upregulation of the iron-regulatory hormone
hepcidin (which functions, in part, to suppress intestinal iron absorption). To prevent
development of iron deficiency, those at increased risk are advised to consume foods rich
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in bioavailable iron (most notably, meat products containing heme iron) and vitamin C
(which enhances intestinal iron absorption), but for many, iron supplementation is likely to
also be required.

Iron depletion during pregnancy has been frequently observed, as many women
have insufficient iron stores to meet the increased demand associated with fetal growth
and development and expansion of the maternal blood supply. Moreover, many pregnant
women do not achieve the recommended daily iron intake of 27 mg/day (Dietary Reference
Intakes for Iron), which increases risk for ID, anemia, and negative pregnancy outcomes.
Iron supplementation is thus often recommended during pregnancy [5–8]. For example,
the World Health Organization recommends daily oral supplementation with 30–60 mg
of elemental iron for pregnant women to prevent maternal anemia, puerperal sepsis,
low birth weight, and preterm birth (WHO Guidelines for Iron Supplementation During
Pregnancy). The WHO further recommends that any woman diagnosed with anemia
during pregnancy increase daily iron intake to 120 mg/day until the anemia resolves.
Not surprisingly, iron supplementation seems to be most beneficial for women with ID or
anemia, while supplementation of iron replete women would be predicted to be without
positive effect. Indeed, it has been recommended that iron supplementation of pregnant
women be implemented with caution, since too much iron can also lead to negative
pregnancy outcomes [9]. Furthermore, a recent meta-analysis concluded that results
of iron supplementation programs showed a reduced risk of maternal ID and anemia,
but positive influences on other maternal and infant outcomes were less clear due to
heterogenous, individualized responses to increased oral iron intake [10]. Therefore, in sum,
iron supplementation during pregnancy is widely recommended but should nonetheless
be approached with caution.

It has been noted previously that high iron intakes may antagonize copper homeosta-
sis [11,12]. This may relate to impaired copper absorption when iron intakes are high, as
documented in infants and adults [11]. Additional recent investigations supported these
postulates, as increases in dietary iron resulted in copper deficiency-related pathological
outcomes in adolescent rats [13,14] and mice [15]. Copper supplementation of mice con-
suming a high-iron diet prevented the development of these pathologies, proving that they
related specifically to copper depletion [16]. Collectively, these investigations suggested
that high iron consumption increases the dietary requirement for copper, supporting the
previous assertion that iron supplements should contain extra copper [11]. Moreover,
given that many individuals in the U.S. may have marginal copper status [11,17], and
since refined grain products are fortified with iron and iron is found in most daily vita-
min/mineral supplements, copper depletion from excess iron consumption is of concern.
This situation could be most detrimental during pregnancy, when iron demand increases
and iron supplementation is more likely to be recommended, as copper deficiency disrupts
normal fetal growth and development [18,19]. This background then forms the basis for
the current investigation, which was designed to test the hypothesis that increasing dietary
iron above requirements will cause copper depletion during pregnancy. We thus utilized a
rat model of ID/iron supplementation in pregnancy and lactation to assess the impact of
excess dietary iron on copper homeostasis of the dam and the suckling pups.

2. Materials and Methods
2.1. Experimental Design and Dietary Manipulations

All animal studies were approved by the University of Florida Institutional Animal
Care and Use Committee (Study #202001829; approved 10/30/2020). Two rat pregnancy
studies were performed: (1) an initial (pilot) proof-of-principle study; and (2) a follow
up study with an optimized experimental design. In experiment one, 8-week-old male
and female rats were obtained from a commercial vendor (Envigo; Hayward, CA, USA)
and paired for mating upon arrival. In experiment two, nine-week-old, timed pregnant
(i.e., vaginal plug positive) Sprague Dawley rats were obtained from Envigo. All rats
were initially fed a standard chow diet. Rats were then switched to an iron-deficient
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diet (2–6 ppm Fe; TD.120105; Envigo) for either 7 days beginning when rats were paired
for mating (experiment 1) or for 10 days beginning in early pregnancy (experiment 2).
Thereafter, pregnant female rats were randomized and fed one of five experimental AIN-
93G-based diets (Dyets Inc.; Bethlehem, PA, USA) with variable iron levels (adequate to
high) and marginal copper content, throughout the remainder of pregnancy and during
lactation (until the pups were 13–15 days of age) (the experimental design is shown in
Figure 1).

Biomedicines 2021, 9, x FOR PEER REVIEW 3 of 16 
 

paired for mating upon arrival. In experiment two, nine-week-old, timed pregnant (i.e., 
vaginal plug positive) Sprague Dawley rats were obtained from Envigo. All rats were 
initially fed a standard chow diet. Rats were then switched to an iron-deficient diet (2–6 
ppm Fe; TD.120105; Envigo) for either 7 days beginning when rats were paired for mat-
ing (experiment 1) or for 10 days beginning in early pregnancy (experiment 2). Thereaf-
ter, pregnant female rats were randomized and fed one of five experimental 
AIN-93G-based diets (Dyets Inc.; Bethlehem, PA, USA) with variable iron levels (ade-
quate to high) and marginal copper content, throughout the remainder of pregnancy and 
during lactation (until the pups were 13–15 days of age) (the experimental design is 
shown in Figure 1). 

 
Figure 1. Experimental Design Schematic. Days with an ‘E’ designation indicate embryonic day 
number (i.e., after conception); ‘P’ indicates postnatal day number (i.e., after birth). The days listed 
in the diagram are our best estimates, as the exact time/day of conception for each dam is not pre-
cisely known. Additionally, note that the litter sizes in experiment 2 were equalized to 8 pups each 
(to eliminate confounding variables related to the number of suckling pups). 

The target iron concentrations in the 5 experimental diets were (in ppm) 80, 240, 400, 
800, and 1600. Although the AIN-93G diet has 50 ppm iron, we have routinely used iron 
at 80 ppm for pregnancy and lactation studies (based upon personal experience and in 
consultation with a collaborator and experienced iron/copper researcher, Joseph Pro-
haska (Prof. Emeritus, University of MN, Duluth)). We thus considered the 80-ppm diet 
as the control (i.e., normal) iron (1×) diet. During the anemia of pregnancy in humans, 
iron supplementation up to several times above the RDA is frequently recommended 
(e.g., 120 mg/day in some cases, which is ⁓4.5 times the RDA for pregnant women). Ad-
ditionally, when one considers iron present in a natural, balanced diet (including highly 
bioavailable heme iron), consumption of iron fortified foods (e.g., refined grain products) 
and iron contained in daily multi-vitamin/mineral supplements, it is easy to imagine a 
situation where iron intake could be up to 10 times above recommendations for pregnant 
women. We thus considered the 240-ppm iron (3×) diet and 400-ppm iron (5×) diet to be 
well within the range of iron intake for pregnant women (with supplementation, which is 
likely), and the 800-ppm iron (10×) diet to be the upper range of possible intakes. The 
1600-ppm iron (20×) diet, which clearly contained supra-physiological iron levels, was 
used as a comparator of a maximal response. The composition of the diets is shown in 
Tables 1 and 2. 

Figure 1. Experimental Design Schematic. Days with an ‘E’ designation indicate embryonic day
number (i.e., after conception); ‘P’ indicates postnatal day number (i.e., after birth). The days listed in
the diagram are our best estimates, as the exact time/day of conception for each dam is not precisely
known. Additionally, note that the litter sizes in experiment 2 were equalized to 8 pups each (to
eliminate confounding variables related to the number of suckling pups).

The target iron concentrations in the 5 experimental diets were (in ppm) 80, 240, 400,
800, and 1600. Although the AIN-93G diet has 50 ppm iron, we have routinely used iron
at 80 ppm for pregnancy and lactation studies (based upon personal experience and in
consultation with a collaborator and experienced iron/copper researcher, Joseph Prohaska
(Prof. Emeritus, University of MN, Duluth)). We thus considered the 80-ppm diet as the
control (i.e., normal) iron (1×) diet. During the anemia of pregnancy in humans, iron
supplementation up to several times above the RDA is frequently recommended (e.g.,
120 mg/day in some cases, which is ~4.5 times the RDA for pregnant women). Additionally,
when one considers iron present in a natural, balanced diet (including highly bioavailable
heme iron), consumption of iron fortified foods (e.g., refined grain products) and iron
contained in daily multi-vitamin/mineral supplements, it is easy to imagine a situation
where iron intake could be up to 10 times above recommendations for pregnant women. We
thus considered the 240-ppm iron (3×) diet and 400-ppm iron (5×) diet to be well within the
range of iron intake for pregnant women (with supplementation, which is likely), and the
800-ppm iron (10×) diet to be the upper range of possible intakes. The 1600-ppm iron (20×)
diet, which clearly contained supra-physiological iron levels, was used as a comparator of a
maximal response. The composition of the diets is shown in Tables 1 and 2.
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Table 1. Common ingredients in all 5 experimental diets.

Ingredient Amount (g/kg)

Cornstarch
Casein

Dyetrose

397
200
132

Sucrose 1 100
Soybean oil 70

Cellulose (micro) 50
Mineral Mix 2 35
Vitamin Mix 3 10

L-Cystine
Choline Bitartrate

t-Butylhydroquinone

3
2.5

0.014
1 Small amounts of sucrose were replaced with carbonyl iron in the 5×, 10×, and 20× diets; 2 AIN-93-GX standard
mineral mixture lacking iron and copper; 3 AIN-93-VX standard complete vitamin mixture.

Table 2. Iron and copper composition and content, and energy density of experimental diets.

Ingredient 1× Diet 3× Diet 5× Diet 10× Diet 20× Diet

Ferric citrate 1 80 80 80 80 80
Carbonyl Fe 1 0 160 320 720 1520

Cupric carbonate 1 2.5 2.5 2.5 2.5 2.5

Mineral & Energy Content

Iron 1,2 88 235 422 886 1598
Copper 1,2 2.79 2.75 2.44 3.01 2.18

Energy (kcal/kg) 3760 3760 3759 3757 3754
1 Values are in mg/kg (or ppm); 2 Determined by inductively coupled plasma mass spectrometry (ICP-MS)
analysis of 10 randomly selected diet pellets.

Our intent was to model the anemia of pregnancy in humans, when iron supplemen-
tation (up to several times above the Recommended Dietary Allowance (RDA), in some
cases) is frequently recommended [7,8]. Thus, experimental rats were first subjected to
dietary iron restriction to induce iron deficiency and/or anemia, and then fed diets with
supplemental iron (to mimic iron supplementation in humans). Moreover, since many
Americans may have marginal copper intakes [11,17], we decreased the copper content of
the experimental diets from 6–7 ppm, which is standard in the AIN-93G diet, to a target
concentration of 2–3 ppm. All diets were essentially isocaloric (3760 kcal/kg), with very
slight (insignificant) decreases in the 5× (0.03%), 10× (0.08%) and 20× (0.16%) diets (since
carbonyl iron replaced small amounts of sucrose). For all experiments, rats were housed in
standard shoebox cages with ad libitum access to diet and purified water. Body weight of
the rats and food intake were measured every 3–4 days. For experiment two, the number
of pups was adjusted to 8 in each litter (by euthanizing the remaining pups from larger
litters). This was done to ensure that all pups had equal chances of obtaining adequate milk
from the dam (since we intended to do a 64Cu absorption study in the dams and assess
64Cu delivery to the pups through the milk). Subsequently, dams and pups were killed
(when pups were ~14 days of age) by thoracotomy after CO2 narcosis. Blood was collected
by cardiac puncture, and various organs were removed and weighed. Tissue and blood
samples were stored at −80 ◦C until experimental analyses were performed.

2.2. Quantification of Hematological Parameters, Serum and Tissue Nonheme Fe Levels, and
Copper Biomarker Assays

Blood hemoglobin (Hb) and hematocrit (Hct) levels were determined using standard
assays, as previously described [15]. Serum and hepatic nonheme iron concentrations
and total iron-binding capacity (TIBC) were determined using routine colorimetric as-
says [15,20]. Transferrin saturation (TSAT) was calculated as ((serum nonheme iron con-
centration/TIBC) × 100). Identification of copper-related biomarkers in mammals has
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historically been a challenge [21,22], but a few reasonable candidates exist, including serum
Cp activity [23], erythrocyte copper, zinc superoxide dismutase 1 (SOD1) activity [24],
and serum peptidyl-glycine α-amidating monooxygenase (PAM) activity [25]. Thus, a
para-phenylenediamine (pPD) oxidation assay [26] was used to quantify serum Cp activity,
as previously described [14]. Erythrocyte SOD1 activity was measured using the Superox-
ide Dismutase Activity Assay kit (ab65354; Abcam; Cambridge, MA, USA). Serum PAM
activity was measured using a rat ELISA Kit (MBS9325946; MyBioSource; San Diego, CA,
USA), following the manufacturers’ instructions.

2.3. Quantification of Iron and Copper Concentrations in Experimental Diets and Copper in Liver

Ten randomly selected pellets from each diet were ground with an acid-washed mortar
and pestle. Ground diet samples were digested with HNO3/H2O2 on a hot block. Digested
samples were filtered (0.45 µm) and analyzed by ICP-MS (NexIon 300; Perkin-Elmer
Corp.; Waltham, MA, USA). Iron and copper concentrations in diets were normalized by
premeasured weights. Dried rodent livers, for which wet weights were pre-determined,
were transferred to perfluorooxyalkane (PFA) digestion vessels. Two mL 50% Optima
HNO3 and 0.2 mL 30% ACS grade H2O2 (Fisher Chemicals; Woodlawn, NJ, USA) were
added to the livers. A method blank and Standard Reference Material (SRM) 1577c Bovine
Liver (NIST; Gaithersburg, MD, USA) were prepared along with the samples. The PFA
vessels were sealed and placed into a microwave digestion oven (CEM; Matthews, NC,
USA). The digestion program was as follows: (a) 1600 W at 80% power, temperature ramp
to 200 ◦C within 15 min, (b) hold at 200 ◦C for 15 min, and (c) cool down 15 min. After
complete cooling, sample digests were quantitatively transferred to polypropylene tubes
and diluted with ≥18.2 MΩ·cm water (Millipore Sigma; Burlington, MA, USA) up to 15 mL.
Metal analysis was accomplished at the University of Florida Analytical Toxicology Core
Laboratory with an Agilent 7900 ICP-MS (Agilent Technologies; Santa Clara, CA, USA)
equipped with in-line internal standard addition. The instrument was operated in He gas
mode, which minimized polyatomic interferences. Calibration dilutions ranged from 0.1 to
10,000 ng/mL; resulting calibration regressions were linear with r2 ≥ 0.999. Measured Cu
in SRM 1577c came to within ≈10% of the published value, and 20% was determined as
the cut-off limit for accuracy.

2.4. Intestinal Copper Absorption Study
64Cu absorption and tissue distribution, and delivery to the suckling pups was as-

sessed as part of experiment 2. When pups were 13–14 days old, dams were fasted
overnight (~16 h) with free access to purified water, and then administered 4 mCi 64CuCl2
(4314 mCi/mL; Washington University; St. Louis, MO, USA) diluted into PBS containing
0.1 N HCl by oral, intragastric gavage. Immediately thereafter, rats were given unrestricted
access to their respective experimental diets (to stimulate digestion/absorption), and then
killed 48 h later. Subsequently, the amount of radioactivity in each carcass (after the GI
tract was removed) was quantified at a fixed distance using a Ram DA Gamma Counter
with a PM-11 tube (Rotem Industries; Arava, Israel). This method was utilized since we
do not have access to a gamma counter that can accommodate a rat carcass. The 48-h
time point was chosen for technical and experimental reasons: first, given the timing
of the experiments, a shorter time point was not technically feasible; and second, 48 h
should allow for all mucosal copper to be absorbed, including any temporarily stored
within intestinal epithelial cells (e.g., in metallothionein). There is precedence for a slower
component of metal ion absorption reflecting release from storage, as for example, with
iron. Most enteral iron is absorbed quite rapidly (within a few hours), but there is another
slower component that reflects iron release from storage in enterocytes (in ferritin), that is
thought to occur over 12–20 h [27]. Furthermore, although biliary excretion could also have
influenced whole-body 64Cu levels, copper loss in bile would be expected to be extremely
low (since dams were fed a moderate copper diet and were copper deficient). Total counts
in each carcass then logically reflect the magnitude of copper absorption. Radioactivity
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in blood and various organs was measured using a WIZARD2 automatic gamma counter
(Perkin-Elmer Corp.; Waltham, MA, USA). All radioactivity counts were corrected for the
short half-life of 64Cu (i.e., 12.7 h).

2.5. Statistical Analysis

Results are presented as box-and-whisker plots displaying the minimum, the lower
(25th percentile), the median (50th percentile), the upper (75th percentile), and the maxi-
mum ranked sample. Data were analyzed by one- or two-way ANOVA using GraphPad
Prism (v9.0). When significant differences were noted by one-way ANOVA, or when a
significant interaction was noted by two-way ANOVA, Tukey’s post hoc test was run
to identify differences between individual groups. p < 0.05 was considered statistically
significant. Pearson product-moment correlation coefficient (r) was calculated in cases
where additional interpretations were required.

3. Results
3.1. Iron and Copper Content of Experimental Diets

Dietary iron and copper concentrations were measured by ICP-MS. Diets contained
iron and copper close to target values (described above), as follows (in mg/kg (or ppm)):
iron content—88 (1×), 235 (3×), 422 (5×), 886 (10×), and 1598 (20×); copper content varied
between 2.44 and 3.01 (Table 2).

3.1.1. Experiment 1: High-Iron Intake by Rat Dams Suppresses Serum pPD Oxidase
Activity and Increases Hepatic Nonheme Iron in Suckling Pups

The first experiment was a proof-of-principle study designed to test the hypothesis
that high-iron consumption by previously iron deficient pregnant/lactating rat dams
would cause copper deficiency in suckling pups. We did not assess iron status in dams
after dietary iron restriction since handling of pregnant rats is likely to lead to negative
pregnancy outcomes (e.g., miscarriage). However, we feel that it is quite likely that they
were indeed iron deficient (and possibly anemic), based upon personal experience working
with SD rats and a supportive publication [28]. Body weight and average daily calorie
intake of the dams were not significantly different between experimental groups (data
not shown). Moreover, there were no significant differences between dams in any of the
experimental groups with respect to serum Hb levels, serum nonheme iron content, TSAT
or serum pPD oxidase activity (Table 3). TIBC was significantly lower in the 3×, 5×, 10×
and 20× groups (Table 3).

Table 3. Experimental outcomes.

Experiment 1: Dam 1

Parameter p 2 1× Fe 3× Fe 5× Fe 10× Fe 20× Fe

Hb (g/dL) ns 12.8 ± 0.9 12.6 ± 1.0 13.9 ± 0.8 11.8 ± 1.1 10.3 ± 1.8
Serum NH Fe (µg/dL) ns 429.7 ± 41.3 331.2 ± 67.9 414.2 ± 64.2 263.6 ± 103.8 358.3 ± 52.2

TSAT (%) ns 65.3 ± 8.8 72.0 ± 18.5 92.7 ± 14.1 59.6 ± 25.0 77.4 ± 8.3
pPD oxidase activity ns 133.3 ± 89.2 67.2 ± 1.4 48.6 ± 22.4 137.5 ± 94.8 69.3 ± 2.2

TIBC (µg/dL) < 0.0001 660.6 ± 28.8 a 466.1 ± 43.1 b 446.8 ± 1.3 b 448.9 ± 31.3 b 461.9 ± 25.9 b

1 Data are means ± SD; n = 2–4 rats/group; 2 Analyzed by one-way ANOVA. Since TIBC analysis showed significance, these data were
subjected to post hoc analysis. Values without common superscript letters are statistically different from one another (p < 0.05).; Hb
(hemoglobin); NH (nonheme); pPD (para-phenylenediamine); TSAT (transferrin saturation); TIBC (total iron-binding capacity); ns (not
significant).

Organ weights of the dams also did not differ significantly among the 5 dietary groups
(Table 4). Organ weights of the pups showed only minor variation between dietary groups,
but nonetheless, significant main effects were noted (by 2-way ANOVA) (Table 4). The
biological significance of these exceedingly small differences is questionable at best.
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Table 4. Organ weights in experiment 1.

Dams 1 Suckling Pups 2

Organ % of BW 3 Organ % of BW 3 Fe (p) 4 Sex (p) 4

Liver 5.46 ± 0.47 Liver 3.24 ± 0.31 p < 0.0001 p = 0.0237
Kidney 0.69 ± 0.04 Kidney 1.00 ± 0.09 p = 0.0201 p = 0.0225
Spleen 0.26 ± 0.03 Spleen 0.46 ± 0.08 p = 0.0005 ns
Heart 0.42 ± 0.02 Heart 0.57 ± 0.07 p < 0.0001 ns

1 n = 15 for liver, kidney, spleen, and heart; 2 n = 20–38 (males and females) for liver, kidney, spleen, and heart;
3 Data are means ± SD; 4 Analyzed by one-way ANOVA; BW (body weight); ns (not significant).

Serum Hb levels varied slightly among groups in male and female pups (mainly
between 8 and 9 g/dL) (data not shown), but no consistent patterns were noted even
though significant iron (p = 0.014) and sex (p = 0.0289) main effects were documented.
Serum pPD oxidase (i.e., Cp) activity was decreased in the 10× (~35%) and 20× (~75%)
groups in both sexes of pups (as compared to the other groups) (Figure 2A). This decrease in
serum Cp activity most likely reflects copper depletion, as Cp is an established biomarker
of moderate to severe copper deficiency [29,30]. Furthermore, hepatic nonheme iron
concentrations progressively increased in both male and female pups as the iron content of
the dam’s diet increased (Figure 2B). This observation is consistent with the concept that
serum Cp activity is required for iron release from hepatocytes [31–33]. In sum, progressive
increases in dietary iron consumed by rat dams caused copper deficiency in suckling pups.
Although there were no decrements in serum Cp activity observed in the dams, it seems
likely that they were indeed copper deficient. Cp activity may not change in less severe
copper deficiencies; thus, in experiment 2, as part of the optimized experimental design,
we used a wider variety, and possibly more sensitive biomarkers of copper status, and
hepatic copper levels were also quantified.
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Significant main effects are noted in each panel. All data points are shown, and the mean values are indicated by “+” signs.

3.1.2. Experiment 2: Optimized Experimental Design

Given outcomes and limitations revealed in the first experiment, in the second ex-
periment, we altered the experimental design by starting the iron deprivation regimen
early in pregnancy and extended it to 10 days. Thus, in experiment 1, after 7 days of
dietary iron deprivation during the mating period, females (some pregnant) were switched
to the experimental diets around the 3rd or 4th day of gestation. In experiment 2, after
10 days of dietary iron deprivation starting 1–2 days after conception, dams were switched



Biomedicines 2021, 9, 338 8 of 16

to experimental diets at around day 11–12 of gestation (Figure 1). The dams were thus
placed on the experimental (i.e., variable iron) diets several days later in pregnancy (than
in experiment 1). Litter sizes were also equalized to 8 pups/dam, to eliminate confounding
variability associated with different litter sizes. We also utilized additional assays to detect
copper deficiency in the dams and suckling pups.

3.1.3. Experiment 2: High-Iron Consumption Perturbs Iron and Copper Homeostasis
in Dams

Body weight and average daily calorie intake of the dams were not significantly
different between groups (as in experiment 1) (data not shown). Kidney, spleen, and heart
weights were not different among the different dietary groups (Table 5). Hepatomegaly
was noted in the dams as liver weight (as a % of BW) significantly increased as the dietary
iron concentration increased (Table 5).

Table 5. Dam’s organ weights in experiment 2.

Organ 1 % of BW 2 Liver % of BW 1–3 Diet

Kidney 0.73 ± 0.06 4.77 ± 0.41 b 1×
Spleen 0.23 ± 0.03 4.63 ± 0.41 b 3×
Heart 0.37 ± 0.03 5.64 ± 0.57 ab 5×

5.77 ± 0.18 ab 10×
5.96 ± 0.70 a 20×

1 n = 3–4/group; 2 Data are means ± SD; 3 Analyzed by one-way ANOVA, p = 0.006. Values without common
superscript letters are statistically different from one another (p < 0.05).

Hemoglobin levels in dams were not significantly different, but trended lower in
the 20× group (Figure 3A). Since no ‘gold standard’ copper-related biomarker has been
identified [22,34], three cuproenzyme activities were measured to determine copper status,
including the activities of serum Cp and PAM, and erythrocyte SOD1 [21]. Serum pPD
oxidase activity was reduced ~55% in the 5× group, ~61% in the 10× group and ~74% in
the 20× group (all in comparison to the 1× group) (Figure 3B). Although significance was
not noted, erythrocyte SOD1 activity (percent inhibition) showed a decreasing trend in
the 10× (~18%) and 20× (~23%) groups (Figure 3C). No changes in serum PAM activity
were documented between groups (data not shown). Hepatic nonheme iron content
increased ~2 fold in the 3× group and ~2.3-fold in the 10× and 20× groups (Figure 3D).
Additionally, hepatic copper content trended lower in the 10× group (but did not reach
statistical significance) and was significantly decreased in the 20× group (>3-fold lower
than the 1× group), as compared to all others (Figure 3E). Thus, progressive increases
in iron consumption caused copper deficiency in the dams, as evidenced by reductions
in serum Cp activity and decreased liver copper content. It is likely that reductions in
hepatic copper resulted in less metalation of apo-Cp in the liver, thus decreasing active
(holo-) Cp enzyme in the blood (note that apo-Co is quite unstable and has a short half-life in
serum) [35]. Also, increased liver iron loading probably reflected impaired Cp-dependent
iron release from hepatocytes.
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Figure 3. Consumption of a high-iron diet by previously iron-deficient rat dams perturbs iron and copper homeostasis.
Blood hemoglobin (Hb) levels (A), serum pPD oxidase activity (B), erythrocyte SOD1 activity (C), hepatic nonheme iron
content (D), and hepatic copper concentrations (E) were assessed in dams fed diets varying in iron concentration for
~3.5 weeks during pregnancy and lactation. One-way ANOVA analysis results are as follows: pPD oxidase activity (B),
p = 0.0023; hepatic nonheme Fe content (D), p = 0.0038; hepatic Cu content (E), p = 0.0022. When statistically significant
differences were noted by one-way ANOVA, Tukey’s post hoc test was utilized to make comparisons between individual
groups. Values without common superscript letters are statistically different from one another (p < 0.05). (B,D,E). All data
points are shown, and the mean values are indicated by “+” signs.

3.1.4. Experiment 2: High-Iron Consumption by Rat Dams Alters Final Body Weights,
Serum pPD Oxidase and Erythrocyte SOD1 Activities and Hepatic Copper Content in
Suckling Pups

Liver, kidney, and spleen weights in the pups (as a % of BW) were not different among
the groups (Table 6). Heart weights varied slightly across experimental groups, but no
meaningful trend was noted (Table 6).

Table 6. Pup’s organ weights in experiment 2.

Organ 1 % of BW 2 Heart % of BW 1−3 Diet

Liver 3.28 ± 0.29 0.62 ± 0.04 ab 1×
Kidney 1.28 ± 0.11 0.56 ± 0.07 b 3×
Spleen 0.48 ± 0.08 0.56 ± 0.08 b 5×

0.61± 0.07 ab 10×
0.72 ± 0.09 a 20×

1 n = 6–8/group; 2 Data are means ± SD; 3 Analyzed by one-way ANOVA, p = 0.0004. Values without common
superscript letters are statistically different from one another (p < 0.05).

The final body weights of the pups were highest in the 10× group and lower (by ~10%)
in the 20× group (both as compared to the 1× group) (Figure 4A). Serum pPD oxidase
activity trended lower in the 10× group and was significantly lower (by ~56%) in the 20×
group (Figure 4B). Similarly, erythrocyte SOD1 activity in the pups showed a significant
reduction (~42%) in the 20× group (Figure 4C). Additionally, hepatic copper was lower in
the 10× and 20× groups (Figure 4D). Furthermore, unlike in experiment 1, hepatic iron
content did not increase in the pups as dietary iron consumption increased in the dams
(data not shown). This was an unexpected outcome but may be explained by the different
experimental protocol that was utilized (i.e., the low-iron diet was started at a different
time point during pregnancy and thus, the experimental diets (with variable iron content)
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were administered beginning at different times during pregnancy). Collectively, the data
presented in Figure 4 demonstrate that high-iron consumption causes copper depletion in
the suckling pups.
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Figure 4. High-iron consumption by rat dams impairs growth, reduces serum pPD oxidase and
erythrocyte SOD1 activities, and decreases hepatic copper content in suckling pups. Body weight (A),
serum pPD oxidase activity (B), erythrocyte SOD1 activity (C), and hepatic copper concentrations (D)
were assessed in suckling pups from dams fed diets varying in iron concentration for ~3.5 weeks.
One-way ANOVA analysis results are as follows: Body weight (A) and pPD oxidase activity (B),
p < 0.0001; erythrocyte SOD1 activity (C), p = 0.0002; hepatic Cu (D), p = 0.0051. When statistically
significant differences were noted by one-way ANOVA, Tukey’s post hoc test was utilized to make
comparisons between individual groups. Values without common superscript letters are statistically
different from one another (p < 0.05) (A–D). All data points are shown, and the mean values are
indicated by “+” signs. For hepatic Cu (D), 4 statistical outliers were detected (using the ROUT
method, with Q set to 1%) and removed from the dataset.

3.1.5. Experiment 2: Increasing Dietary Iron to ~3-Fold above Requirements Decreases
Intestinal Copper (64Cu) Absorption in Lactating Rat Dams

Radiotracer 64Cu absorption studies were performed to test the hypothesis that im-
paired intestinal copper transport caused the noted copper deficiency in the dams fed
high-iron diets. This is a logical postulate since iron and copper have similar physio-
chemical properties, and interactions between them are predictable and have indeed been
extensively documented in the scientific literature [36]. Results showed that copper (64Cu)
absorption (i.e., whole-body radioactivity (minus the GI tract)) was significantly decreased
(~36%) in all dams consuming excess iron (as compared to the 1× group) (Figure 5A).
Reflecting diminished intestinal copper transport, 64Cu in blood was lower in the 5×
(~63% reduction), 10× (~90%) and 20× (~86%) groups (Figure 5B), while hepatic 64Cu
accumulation was ~81% lower in the 10× and 20× groups (Figure 5C). Moreover, a positive
correlation was noted between 64Cu absorption and liver 64Cu accumulation (p = 0.0017;
r = 0.6711). Spleen 64Cu accumulation also showed a significant decrease in the 5× (~59%
reduction), 10× (~88%) and 20× (~84%) groups (as compared to the 1× group) (Figure 5D).
A significant correlation between 64Cu absorption and spleen 64Cu accumulation was also
noted (p = 0.0006; r = 0.7135). These data suggest that high-iron consumption by lactating
dams causes copper depletion due to impaired intestinal copper absorption.
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Figure 5. 64Cu absorption and accumulation in blood, liver, and spleen were lower in iron-
supplemented dams. Shown are intestinal copper (64Cu) absorption (A) and 64Cu activity in blood
(B), liver (C), and spleen (D) of dams fed diets varying in iron concentration for ~3.5 weeks. One-way
ANOVA analysis results are as follows: 64Cu absorption (A), p = 0.0019; 64Cu in blood (B) and
liver 64Cu (C), p = 0.0004; and spleen 64Cu (D), p = 0.0002. When statistically significant differences
were noted by one-way ANOVA, Tukey’s post hoc test was utilized to make comparisons between
individual groups. Values without common superscript letters are statistically different from one
another (p < 0.05) (A–D). All data points are shown, and the mean values are indicated by “+” signs.

3.1.6. Experiment 2: Consumption of High-Iron Diets by Lactating Dams Decreases
Copper Delivery to Suckling Pups

Radiotracer 64Cu distribution in suckling pups was also assessed to investigate copper
delivery through the dam’s milk. Blood and tissue 64Cu accumulation in the pups was
consistent with the impaired intestinal copper absorption (and copper depletion) observed
in lactating dams. Blood 64Cu content was lower in the 10× (~79%) and 20× (~85%) groups,
as compared to the 1× group (Figure 6A). Liver 64Cu accumulation was also reduced, but
only in the 20× group (~93% reduction) (Figure 6B). Blood 64Cu and liver 64Cu content
data showed a strong correlation, as might be anticipated (p < 0.0001; r = 0.8489). Similarly,
spleen 64Cu accumulation was lower by ~81% in the 10× and 20× groups (Figure 6C). A
significant correlation was also noted between the blood 64Cu and spleen 64Cu content
(p < 0.0001; r = 0.9482). Although we were unable to measure 64Cu in dam’s milk (for
technical reasons), it is a logical postulate that copper delivery to the pups was lower
since copper content in the milk was low. Copper depletion in the dams due to impaired
intestinal copper absorption thus led to decreased copper delivery to suckling pups.



Biomedicines 2021, 9, 338 12 of 16

Biomedicines 2021, 9, x FOR PEER REVIEW 12 of 16 
 

3.1.6. Experiment 2: Consumption of High-Iron Diets by Lactating Dams Decreases 
Copper Delivery to Suckling Pups 

Radiotracer 64Cu distribution in suckling pups was also assessed to investigate 
copper delivery through the dam’s milk. Blood and tissue 64Cu accumulation in the pups 
was consistent with the impaired intestinal copper absorption (and copper depletion) 
observed in lactating dams. Blood 64Cu content was lower in the 10× (~79%) and 20× 
(~85%) groups, as compared to the 1× group (Figure 6A). Liver 64Cu accumulation was 
also reduced, but only in the 20× group (~93% reduction) (Figure 6B). Blood 64Cu and 
liver 64Cu content data showed a strong correlation, as might be anticipated (p < 0.0001; r 
= 0.8489). Similarly, spleen 64Cu accumulation was lower by ~81% in the 10× and 20× 
groups (Figure 6C). A significant correlation was also noted between the blood 64Cu and 
spleen 64Cu content (p < 0.0001; r = 0.9482). Although we were unable to measure 64Cu in 
dam’s milk (for technical reasons), it is a logical postulate that copper delivery to the 
pups was lower since copper content in the milk was low. Copper depletion in the dams 
due to impaired intestinal copper absorption thus led to decreased copper delivery to 
suckling pups. 

 
Figure 6. 64Cu accumulation in blood, liver, and spleen were reduced in pups suckling dams that consumed diets with 
iron content in excess of requirements. 64Cu activity in blood (A), liver (B), and spleen (C) from pups at 13–15 days of age 
suckling dams that consumed diets varying in iron concentration for ~3.5 weeks. One-way ANOVA analysis results are as 
follows: blood 64Cu (A), p = 0.0153; liver 64Cu (B), p = 0.0357; and spleen 64Cu (C), p = 0.0174. When statistically significant 
differences were noted by one-way ANOVA, Tukey’s post hoc test was utilized to make comparisons between individual 
groups. Values without common superscript letters are statistically different from one another (p < 0.05) (A–C). All data 
points are shown (for 2 male and 2 female pups), and mean values are indicated by “+” signs. 

4. Discussion 
The WHO recommends that pregnant women take 30–60 mg of supplemental iron 

daily, and for those who develop anemia, the recommendation is to consume an addi-
tional 60–90 mg of iron/day (for a total of 120 mg/day). Similar guidelines are provided 
by the Center for Disease Control for women in the U.S., with 30 mg/day of iron sug-
gested for early pregnancy as a starting point and 60 mg/day upon the initial diagnosis of 
anemia (CDC Guidelines for Iron Supplementation During Pregnancy). When combined 
with iron naturally present in foods, iron added as a forticant to refined grain products 
and iron in daily vitamin/mineral supplements, total iron intake can be up to several 
times the established RDA for pregnancy. This is a potential concern as some individuals 
have a genetic propensity to absorb too much enteral iron (e.g., those with hereditary 
hemochromatosis) and excess (unabsorbed) iron can negatively affect the composition of 
the gut microbiota [37,38]. Further, as mentioned previously, high dietary iron could also 
induce copper deficiency, this increasing risk for abnormal pregnancy outcomes. 

Here, our intent was to test the hypothesis that high intake of dietary iron in previ-
ously ID rat dams would have pathological outcomes for suckling pups. This investiga-
tion builds logically on our previous work in rats and mice demonstrating that iron in-
take at levels ≈5-fold above requirements causes copper depletion and associated patho-
logical outcomes [13–16]. Although we are investigating the effect of high enteral iron on 

Figure 6. 64Cu accumulation in blood, liver, and spleen were reduced in pups suckling dams that consumed diets with
iron content in excess of requirements. 64Cu activity in blood (A), liver (B), and spleen (C) from pups at 13–15 days of age
suckling dams that consumed diets varying in iron concentration for ~3.5 weeks. One-way ANOVA analysis results are as
follows: blood 64Cu (A), p = 0.0153; liver 64Cu (B), p = 0.0357; and spleen 64Cu (C), p = 0.0174. When statistically significant
differences were noted by one-way ANOVA, Tukey’s post hoc test was utilized to make comparisons between individual
groups. Values without common superscript letters are statistically different from one another (p < 0.05) (A–C). All data
points are shown (for 2 male and 2 female pups), and mean values are indicated by “+” signs.

4. Discussion

The WHO recommends that pregnant women take 30–60 mg of supplemental iron
daily, and for those who develop anemia, the recommendation is to consume an additional
60–90 mg of iron/day (for a total of 120 mg/day). Similar guidelines are provided by
the Center for Disease Control for women in the U.S., with 30 mg/day of iron suggested
for early pregnancy as a starting point and 60 mg/day upon the initial diagnosis of
anemia (CDC Guidelines for Iron Supplementation During Pregnancy). When combined
with iron naturally present in foods, iron added as a forticant to refined grain products
and iron in daily vitamin/mineral supplements, total iron intake can be up to several
times the established RDA for pregnancy. This is a potential concern as some individuals
have a genetic propensity to absorb too much enteral iron (e.g., those with hereditary
hemochromatosis) and excess (unabsorbed) iron can negatively affect the composition of
the gut microbiota [37,38]. Further, as mentioned previously, high dietary iron could also
induce copper deficiency, this increasing risk for abnormal pregnancy outcomes.

Here, our intent was to test the hypothesis that high intake of dietary iron in previously
ID rat dams would have pathological outcomes for suckling pups. This investigation
builds logically on our previous work in rats and mice demonstrating that iron intake at
levels ≈5-fold above requirements causes copper depletion and associated pathological
outcomes [13–16]. Although we are investigating the effect of high enteral iron on copper
absorption, it is also important to consider possible influences of high iron on the absorption
of other minerals (e.g., zinc). This issue has been researched and reviewed by others quite
extensively. For example, Walker et al. summarized human iron and zinc supplementation
trials and concluded that “zinc supplementation alone does not appear to have a clinically
important negative effect on iron status” [39]. Moreover, Harvey et al. studied high-dose
iron supplementation in pregnant women and noted that “no detectable adverse effects on
zinc metabolism were observed after ingestion of 100 mg Fe/day” [40]. Whittaker, also
studying the issue of iron/zinc interactions, found that iron intake at levels used in current
food fortification programs has no adverse effects on zinc absorption [41]. Additionally,
there is published evidence that iron supplementation (30 mg/day for 3 months) does
not cause zinc deficiency in healthy one-year-old infants [42]. Therefore, based upon
precedence established in the scientific literature, high iron intake is unlikely to impair zinc
absorption.

In the current investigation, in experiment 1, as dietary iron increased, copper deple-
tion became apparent in suckling pups as exemplified by decreases in serum Cp activity
(i.e., pPD oxidase activity), and concomitant increases in hepatic nonheme iron. In experi-
ment 2, which had an optimized design, copper depletion was noted in dams and pups. For
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example, in lactating dams, as dietary iron increased, serum Cp activity and liver copper
content decreased, and hepatic nonheme iron increased. In pups, when dams consumed
diets with iron above requirements, plasma Cp and serum SOD1 activities were decreased,
and liver copper was depleted. High dietary iron thus precipitates the development of
copper deficiency in lactating dams and their suckling pups.

Changes in body copper status could reflect changes in the assimilation of dietary and
supplemental copper, or alternatively, hepatic copper excretion in bile could be altered.
Modulation of enteral copper transport and biliary copper excretion are both thought
to contribute to whole-body copper homeostasis [43]. We hypothesized that high-iron
intake antagonized intestinal copper absorption, which would be consistent with previous
studies supporting this possibility [11]. Therefore, copper (64Cu) absorption studies were
undertaken as part of the current investigation. Supporting this postulate, 64Cu absorption
and accumulation in various tissues was lower in lactating dams consuming excess dietary
iron. A similar trend was noted in suckling pups, that is, 64Cu accumulation in all tissues
assayed was progressively lower as iron intake in the dams increased. There are thus
two (possible) logical conclusions: (1) high enteral iron inhibits absorption of dietary
copper in the dams causing low blood copper and low copper transfer across the placenta
during fetal development; and (2) high dietary iron blocks intestinal copper transport in
the dams during lactation leading to low blood and milk copper content, thus decreasing
copper delivery to the suckling pups. It would seem likely then that both scenarios
would contribute to copper depletion in offspring, but definitive proof awaits future
experimentation. In this investigation, we attempted to obtain milk from lactating dams
after oral gavage with the 64Cu transport solution, but due to technical issues, were unable
to do so.

One final issue to consider relates to the mechanism by which iron supplementation
causes copper depletion. Copper transporter 1 (Ctr1) is the main intestinal copper trans-
porter (at least in mice) [44], while the main iron transporter (in rodents and probably
humans) is divalent metal-ion transporter 1 (Dmt1) [45]. Interestingly, Dmt1 has been
suggested to also transport copper [46–48], but to our knowledge, there is no evidence that
Ctr1 can transport or otherwise interact with enteral iron. Logically, excess enteral iron
could block copper transport by Ctr1, possibly by competing for copper binding to the pore
region of the Ctr1 heterotrimer. An additional possibility relates to the intestinal reductase
enzyme which reduces dietary cupric copper (to cuprous copper, which is then imported
by Ctr1). This reductase could also reduce dietary iron. For example, the cytochrome
b reductase 1 (a ferrireductase) has also been suggested to reduce dietary copper [49].
If this (or another) reductase can act upon dietary iron and copper, then this could be
another step by which excess iron could impair copper absorption. Moreover, if Dmt1
was responsible for some proportion of copper transport, excess iron could out compete
copper for binding to the extracellular domain of the Dmt1 protein. Another possibility
relates to whether high-iron intake by the dam could inhibit placental copper delivery to
the developing fetuses. Placental iron and copper transfer from the maternal circulation
to the fetuses occur by distinct mechanisms. Iron transfer involves transferrin receptor 1
(Tfr1) (iron import) and ferroportin 1 (Fpn1) (iron export) [50,51]. Copper is transported
across the placenta by Ctr1 (copper import) and the copper-transporting ATPase, Atp7a
(copper export) [52]. Given notable iron/copper interactions in other tissues (e.g., intestine
and liver), the possibility exists that high blood iron could inhibit copper transport into
placental tissue by Ctr1 (as may also occur in the small intestine with high enteral iron).
However, it seems unlikely that iron intake at the levels used in this investigation would
sufficiently increase blood iron content to have such inhibitory effects on placental copper
transport. In sum, future experimentation will be required to elucidate the mechanism(s)
by which iron supplementation suppresses intestinal and/or placental copper transport.
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5. Conclusions

This investigation, which utilized a rat model of ID/iron supplementation during
pregnancy and lactation, has demonstrated that dietary iron in excess of requirements
impairs copper absorption and causes copper deficiency in lactating dams and their suck-
ling pups. These findings support the notion that iron supplementation, which is widely
recommended in pregnant women due to the high incidence of ID and anemia, should be
undertaken with caution [9]. Excess enteral iron may inhibit intestinal copper transport,
as demonstrated here, but it can also cause GI tract irritation and mucosal damage, and
constipation, and it may also alter the composition of the gut microbiota towards a more
pathogenic state [53]. Thus, iron supplements should be taken at the lowest effective dose
(which may need to be empirically determined). One simple solution that would obviate
the issue with copper absorption would be to include extra copper in iron supplements
(as has been previously suggested) [11]. This seems reasonable especially since the UL
for copper of 10,000 µg/day is 10-fold higher than the RDA for pregnant women (i.e.,
1000 µg/day) and >7-fold higher than the RDA for lactating women (i.e., 1300 µg/day), so
there is a large margin for error.

Author Contributions: J.-H.H. and J.F.C. conceived the study. J.-H.H. and J.K.L. performed the
experiments, analyzed data, made the figures, and performed the statistical analysis. J.-H.H. and
J.K.L. drafted the initial version of this manuscript, and then all authors contributed to the editing of
the paper. All authors read and approved the final version of this manuscript.

Funding: This investigation was funded by grant DK074867 from the National Institute of Diabetes
and Digestive and Kidney Diseases (NIDDK) (J.F.C), and grant DK109717 from NIDDK and the
Office of Dietary Supplements (J.F.C.).

Institutional Review Board Statement: All animal experiments were approved the University of
Florida IACUC (Study #202001829; approved 10/30/2020).

Data Availability Statement: Not applicable.

Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Camaschella, C. Iron deficiency. Blood 2019, 133, 30–39. [CrossRef] [PubMed]
2. Pasricha, S.-R.; Tye-Din, J.; Muckenthaler, M.U.; Swinkels, D.W. Iron deficiency. Lancet 2021, 397, 233–248. [CrossRef]
3. Cappellini, M.D.; Musallam, K.M.; Taher, A.T. Iron deficiency anaemia revisited. J. Intern. Med. 2019, 287, 153–170. [CrossRef]

[PubMed]
4. Tong, S.; Vichinsky, E. Iron Deficiency: Implications Before Anemia. Pediatr. Rev. 2021, 42, 11–20. [CrossRef]
5. Cao, C.; O’Brien, K.O. Pregnancy and iron homeostasis: An update. Nutr. Rev. 2013, 71, 35–51. [CrossRef]
6. Gautam, C.S.; Saha, L.; Sekhri, K.; Saha, P.K. Iron Deficiency in Pregnancy and the Rationality of Iron Supplements Prescribed

During Pregnancy. Medscape, J. Med. 2008, 10, 283.
7. Rioux, F.M.; Leblanc, C.P. Iron supplementation during pregnancy: What are the risks and benefits of current practices? Appl.

Physiol. Nutr. Metab. 2007, 32, 282–288. [CrossRef]
8. Fan, T.; Blitz, J. Screening for Iron Deficiency Anemia and Iron Supplementation in Pregnant Women to Improve Maternal Health

and Birth Outcomes: Recommendation Statement. Am. Fam. Physician 2016, 93, 133–136.
9. Brannon, P.M.; Taylor, C.L. Iron Supplementation during Pregnancy and Infancy: Uncertainties and Implications for Research

and Policy. Nutrients 2017, 9, 1327. [CrossRef] [PubMed]
10. Peña-Rosas, J.P.; De-Regil, L.M.; Garcia-Casal, M.N.; Dowswell, T. Daily oral iron supplementation during pregnancy. Cochrane

Database Syst. Rev. 2015, CD004736. [CrossRef]
11. Klevay, L.M. IHD from copper deficiency: A unified theory. Nutr. Res. Rev. 2016, 29, 172–179. [CrossRef] [PubMed]
12. Klevay, L. Iron overload can induce mild copper deficiency. J. Trace Elements Med. Biol. 2001, 14, 237–240. [CrossRef]
13. Ha, J.-H.; Doguer, C.; Flores, S.R.L.; Wang, T.; Collins, J.F. Progressive Increases in Dietary Iron Are Associated with the Emergence

of Pathologic Disturbances of Copper Homeostasis in Growing Rats. J. Nutr. 2018, 148, 373–378. [CrossRef] [PubMed]
14. Ha, J.-H.; Doguer, C.; Wang, X.; Flores, S.R.; Collins, J.F. High-Iron Consumption Impairs Growth and Causes Copper-Deficiency

Anemia in Weanling Sprague-Dawley Rats. PLoS ONE 2016, 11, e0161033. [CrossRef]

http://doi.org/10.1182/blood-2018-05-815944
http://www.ncbi.nlm.nih.gov/pubmed/30401704
http://doi.org/10.1016/S0140-6736(20)32594-0
http://doi.org/10.1111/joim.13004
http://www.ncbi.nlm.nih.gov/pubmed/31665543
http://doi.org/10.1542/pir.2018-0134
http://doi.org/10.1111/j.1753-4887.2012.00550.x
http://doi.org/10.1139/H07-012
http://doi.org/10.3390/nu9121327
http://www.ncbi.nlm.nih.gov/pubmed/29210994
http://doi.org/10.1002/14651858.CD004736.pub5
http://doi.org/10.1017/S0954422416000093
http://www.ncbi.nlm.nih.gov/pubmed/27350652
http://doi.org/10.1016/S0946-672X(01)80009-2
http://doi.org/10.1093/jn/nxx070
http://www.ncbi.nlm.nih.gov/pubmed/29546308
http://doi.org/10.1371/journal.pone.0161033


Biomedicines 2021, 9, 338 15 of 16

15. Ha, J.-H.; Doguer, C.; Collins, J.F. Consumption of a High-Iron Diet Disrupts Homeostatic Regulation of Intestinal Copper
Absorption in Adolescent Mice. Am. J. Physiol. Liver Physiol. 2017, 313, G353–G360. [CrossRef] [PubMed]

16. Wang, T.; Xiang, P.; Ha, J.-H.; Wang, X.; Doguer, C.; Flores, S.R.; Kang, Y.J.; Collins, J.F. Copper supplementation reverses dietary
iron overload-induced pathologies in mice. J. Nutr. Biochem. 2018, 59, 56–63. [CrossRef] [PubMed]

17. Klevay, L.M. Is the Western diet adequate in copper? J. Trace Elements Med. Biol. 2011, 25, 204–212. [CrossRef] [PubMed]
18. Gambling, L.; Kennedy, C.; McArdle, H.J. Iron and copper in fetal development. Semin. Cell Dev. Biol. 2011, 22, 637–644.

[CrossRef]
19. Uriu-Adams, J.Y.; Scherr, R.E.; LaNoue, L.; Keen, C.L. Influence of copper on early development: Prenatal and postnatal

considerations. BioFactors 2010, 36, 136–152. [CrossRef] [PubMed]
20. Gulec, S.; Collins, J.F. Investigation of Iron Metabolism in Mice Expressing a Mutant Menke’s Copper Transporting ATPase

(Atp7a) Protein with Diminished Activity (Brindled; MoBr/y). PLoS ONE 2013, 8, e66010. [CrossRef]
21. Harvey, L.J.; McArdle, H.J. Biomarkers of copper status: A brief update. Br. J. Nutr. 2008, 99 (Suppl. 3), S10–S13. [CrossRef]
22. Olivares, M.; Méndez, M.A.; Astudillo, P.A.; Pizarro, F. Present situation of biomarkers for copper status. Am. J. Clin. Nutr. 2008,

88, 859S–862S. [CrossRef] [PubMed]
23. Markowitz, H.; Gubler, C.J.; Mahoney, J.P.; Cartwright, G.E.; Wintrobe, M.M. Studies on copper metabolism. xiv. copper, cerulo-

plasmin and oxidase activity in sera of normal human subjects, pregnant women, and patients with infection, hepatolenticular
degeneration and the nephrotic syndrome 1. J. Clin. Investig. 1955, 34, 1498–1508. [CrossRef] [PubMed]

24. Broderius, M.A.; Prohaska, J.R. Differential impact of copper deficiency in rats on blood cuproproteins. Nutr. Res. 2009, 29,
494–502. [CrossRef]

25. Prohaska, J.R.; Broderius, M. Plasma peptidylglycine alpha-amidating monooxygenase (PAM) and ceruloplasmin are affected by
age and copper status in rats and mice. Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 2006, 143, 360–366. [CrossRef] [PubMed]

26. Sunderman, F.W.; Nomoto, S. Measurement of Human Serum Ceruloplasmin by Its p-Phenylenediamine Oxidase Activity. Clin.
Chem. 1970, 16, 903–910. [CrossRef] [PubMed]

27. Collins, J.F.; Flores, R.L.S.; Wang, X.; Anderson, G.J. Mechanisms and Regulation of Intestinal Iron Transport. In Physiology of the
Gastrointestinal Tract, 6th ed.; Said, H., Ed.; Academic Press: Cambridge, MA, USA, 2018; pp. 1451–1483.

28. Woodman, A.G.; Care, A.S.; Mansour, Y.; Cherak, S.J.; Panahi, S.; Gragasin, F.S.; Bourque, S.L. Modest and Severe Maternal
Iron Deficiency in Pregnancy are Associated with Fetal Anaemia and Organ-Specific Hypoxia in Rats. Sci. Rep. 2017, 7, 46573.
[CrossRef] [PubMed]

29. Broderius, M.; Mostad, E.; Wendroth, K.; Prohaska, J.R. Levels of plasma ceruloplasmin protein are markedly lower following
dietary copper deficiency in rodents. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2010, 151, 473–479. [CrossRef] [PubMed]

30. Linder, M.C.; Houle, P.A.; Isaacs, E.; Moor, J.R.; Scott, L.E. Copper Regulation of Ceruloplasmin in Copper-Deficient Rats. Enzyme
1979, 24, 23–35. [CrossRef]

31. Kono, S.; Suzuki, H.; Takahashi, K.; Takahashi, Y.; Shirakawa, K.; Murakawa, Y.; Yamaguchi, S.; Miyajima, H. Hepatic Iron Over-
load Associated with a Decreased Serum Ceruloplasmin Level in a Novel Clinical Type of Aceruloplasminemia. Gastroenterology
2006, 131, 240–245. [CrossRef] [PubMed]

32. Hellman, N.E.; Gitlin, J.D. CERULOPLASMINMETABOLISM ANDFUNCTION. Annu. Rev. Nutr. 2002, 22, 439–458. [CrossRef]
[PubMed]

33. Linder, M.C. Ceruloplasmin and other copper binding components of blood plasma and their functions: An update. Metallomics
2016, 8, 887–905. [CrossRef]

34. Prohaska, J.R. Impact of copper deficiency in humans. Ann. N. Y. Acad. Sci. 2014, 1314, 1–5. [CrossRef] [PubMed]
35. Holtzman, N.A.; Gaumnitz, B.M. Studies on the Rate of Release and Turnover of Ceruloplasmin and Apoceruloplasmin in Rat

Plasma. J. Biol. Chem. 1970, 245, 2354–2358. [CrossRef]
36. Gulec, S.; Collins, J.F. Molecular Mediators Governing Iron-Copper Interactions. Annu. Rev. Nutr. 2014, 34, 95–116. [CrossRef]
37. Jaeggi, T.; Kortman, G.A.M.; Moretti, D.; Chassard, C.; Holding, P.; Dostal, A.; Boekhorst, J.; Timmerman, H.M.; Swinkels, D.W.;

Tjalsma, H.; et al. Iron fortification adversely affects the gut microbiome, increases pathogen abundance and induces intestinal
inflammation in Kenyan infants. Gut 2015, 64, 731–742. [CrossRef]

38. Paganini, D.; Uyoga, M.A.; Kortman, G.A.M.; Cercamondi, C.I.; Moretti, D.; Barth-Jaeggi, T.; Schwab, C.; Boekhorst, J.; Tim-
merman, H.M.; Lacroix, C.; et al. Prebiotic galacto-oligosaccharides mitigate the adverse effects of iron fortification on the gut
microbiome: A randomised controlled study in Kenyan infants. Gut 2017, 66, 1956–1967. [CrossRef] [PubMed]

39. Walker, C.F.; Kordas, K.; Stoltzfus, R.J.; Black, R.E. Interactive effects of iron and zinc on biochemical and functional outcomes in
supplementation trials. Am. J. Clin. Nutr. 2005, 82, 5–12. [CrossRef]

40. Harvey, L.J.; Dainty, J.R.; Hollands, W.J.; Bull, V.J.; Hoogewerff, J.A.; Foxall, R.J.; McAnena, L.; Strain, J.J.; Fairweather-Tait, S.J.
Effect of high-dose iron supplements on fractional zinc absorption and status in pregnant women. Am. J. Clin. Nutr. 2007, 85,
131–136. [CrossRef]

41. Whittaker, P. Iron and zinc interactions in humans. Am. J. Clin. Nutr. 1998, 68, 442S–446S. [CrossRef]
42. Yip, R.; Reeves, J.D.; Lönnerdal, B.; Keen, C.L.; Dallman, P.R. Does iron supplementation compromise zinc nutrition in healthy

infants? Am. J. Clin. Nutr. 1985, 42, 683–687. [CrossRef] [PubMed]
43. Collins, J.F. Copper. In Present Knowledge in Nutrition, 11th ed.; Marriott, B., Birt, D.F., Stalling, V., Yates, A., Eds.; Academic Press:

Cambridge, MA, USA, 2020.

http://doi.org/10.1152/ajpgi.00169.2017
http://www.ncbi.nlm.nih.gov/pubmed/28619730
http://doi.org/10.1016/j.jnutbio.2018.05.006
http://www.ncbi.nlm.nih.gov/pubmed/29960117
http://doi.org/10.1016/j.jtemb.2011.08.146
http://www.ncbi.nlm.nih.gov/pubmed/21982501
http://doi.org/10.1016/j.semcdb.2011.08.011
http://doi.org/10.1002/biof.85
http://www.ncbi.nlm.nih.gov/pubmed/20232410
http://doi.org/10.1371/journal.pone.0066010
http://doi.org/10.1017/S0007114508006806
http://doi.org/10.1093/ajcn/88.3.859S
http://www.ncbi.nlm.nih.gov/pubmed/18779309
http://doi.org/10.1172/JCI103201
http://www.ncbi.nlm.nih.gov/pubmed/13263429
http://doi.org/10.1016/j.nutres.2009.06.006
http://doi.org/10.1016/j.cbpb.2005.12.010
http://www.ncbi.nlm.nih.gov/pubmed/16448835
http://doi.org/10.1093/clinchem/16.11.903
http://www.ncbi.nlm.nih.gov/pubmed/5473551
http://doi.org/10.1038/srep46573
http://www.ncbi.nlm.nih.gov/pubmed/28440316
http://doi.org/10.1016/j.cbpc.2010.02.005
http://www.ncbi.nlm.nih.gov/pubmed/20170749
http://doi.org/10.1159/000458625
http://doi.org/10.1053/j.gastro.2006.04.017
http://www.ncbi.nlm.nih.gov/pubmed/16831606
http://doi.org/10.1146/annurev.nutr.22.012502.114457
http://www.ncbi.nlm.nih.gov/pubmed/12055353
http://doi.org/10.1039/C6MT00103C
http://doi.org/10.1111/nyas.12354
http://www.ncbi.nlm.nih.gov/pubmed/24517364
http://doi.org/10.1016/S0021-9258(18)63159-X
http://doi.org/10.1146/annurev-nutr-071812-161215
http://doi.org/10.1136/gutjnl-2014-307720
http://doi.org/10.1136/gutjnl-2017-314418
http://www.ncbi.nlm.nih.gov/pubmed/28774885
http://doi.org/10.1093/ajcn/82.1.5
http://doi.org/10.1093/ajcn/85.1.131
http://doi.org/10.1093/ajcn/68.2.442S
http://doi.org/10.1093/ajcn/42.4.683
http://www.ncbi.nlm.nih.gov/pubmed/4050728


Biomedicines 2021, 9, 338 16 of 16

44. Nose, Y.; Kim, B.-E.; Thiele, D.J. Ctr1 drives intestinal copper absorption and is essential for growth, iron metabolism, and
neonatal cardiac function. Cell Metab. 2006, 4, 235–244. [CrossRef] [PubMed]

45. Shawki, A.; Anthony, S.R.; Nose, Y.; Engevik, M.A.; Niespodzany, E.J.; Barrientos, T.; Öhrvik, H.; Worrell, R.T.; Thiele, D.J.;
MacKenzie, B. Intestinal DMT1 is critical for iron absorption in the mouse but is not required for the absorption of copper or
manganese. Am. J. Physiol. Liver Physiol. 2015, 309, G635–G647. [CrossRef] [PubMed]

46. Arredondo, M.; Muñoz, P.; Mura, C.V.; Núñez, M.T. DMT1, a physiologically relevant apical Cu1+transporter of intestinal cells.
Am. J. Physiol. Physiol. 2003, 284, C1525–C1530. [CrossRef] [PubMed]

47. Lin, C.; Zhang, Z.; Wang, T.; Chen, C.; Kang, Y.J. Copper uptake by DMT1: A compensatory mechanism for CTR1 deficiency in
human umbilical vein endothelial cells. Metallomics 2015, 7, 1285–1289. [CrossRef] [PubMed]

48. Wang, X.; Flores, S.R.; Ha, J.-H.; Doguer, C.; Woloshun, R.R.; Xiang, P.; Grosche, A.; Vidyasagar, S.; Collins, J.F. Intestinal DMT1 Is
Essential for Optimal Assimilation of Dietary Copper in Male and Female Mice with Iron-Deficiency Anemia. J. Nutr. 2018, 148,
1244–1252. [CrossRef]

49. Wyman, S.; Simpson, R.J.; McKie, A.T.; Sharp, P.A. Dcytb (Cybrd1) functions as both a ferric and a cupric reductase in vitro. FEBS
Lett. 2008, 582, 1901–1906. [CrossRef]

50. Sangkhae, V.; Fisher, A.L.; Wong, S.; Koenig, M.D.; Tussing-Humphreys, L.; Chu, A.; Lelić, M.; Ganz, T.; Nemeth, E. Effects of
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