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  ABSTRACT 

  Iron deficiency is the most prevalent micronutri-
ent deficiency worldwide. In spite of the crucial role 
of hepatocyte divalent metal transporter 1 (DMT1) 
and hepcidin in Fe metabolism, to date, no studies 
have directly tested the role of these proteins in liver 
Fe metabolism during Fe repletion after induced Fe-
deficiency anemia. Therefore, the aim of the current 
study was to assess the effect of goat or cow milk-based 
diets on Fe metabolism in one of the main body storage 
organs, the liver, during the course of Fe repletion with 
goat or cow milk-based diets in anemic rats. Animals 
were placed on a preexperimental period of 40 d, a 
control group receiving a normal-Fe diet and the Fe-
deficient group receiving a low-Fe diet (5 mg of Fe/kg 
of diet). Rats were fed for 30 d with goat or cow milk-
based diets with normal Fe content (45 mg of Fe/kg of 
diet). The hematological parameters, serum hepcidin, 
hepatosomatic index, liver Fe content, and liver DMT1 
expression were determined. During the recovery of the 
anemia with milk-based diets, the restoration of liver Fe 
content and hematological parameters, especially with 
goat milk, increased the red blood cell count, favor-
ing the oxygen supply and weight gain. Moreover, goat 
milk consumption potentiates liver DMT1 expression, 
enhancing Fe metabolism and storage. In addition, the 
increase in serum hepcidin in anemic rats observed in 
the current study also explains and supports the higher 
liver Fe content after supplying goat milk, because it 
blocks the liberation of Fe from hepatocytes, increasing 
its storage in liver. 
  Key words:    Fe-deficiency anemia ,  divalent metal 
transporter 1 ,  serum hepcidin ,  goat and cow milk 

  INTRODUCTION 

  According to the World Health Organization, anemia 
affects almost 2 billion people worldwide, with Fe de-
ficiency anemia accounting for 75 to 80% of the total 
burden (WHO, 2008). However, it is being recognized 
that current recommendations may be higher than 
necessary, and higher Fe doses have a high incidence 
of undesirable side effects, including Fe overload and 
gastrointestinal disorders (Ekström et al., 2002). Ap-
proximately 25 to 50% of body storage Fe is found in 
the liver, mainly in hepatocytes and Kupffer cells. In 
Fe-overload disorders, such as hereditary hemochro-
matosis, hepatic Fe stores increase progressively, with 
Fe being deposited predominantly in hepatocytes (Pi-
etrangelo, 2010). Divalent metal transporter 1 (DMT1; 
also called Nramp2 and DCT1) was first identified as 
a transmembrane Fe-transport protein by Gunshin et 
al. (1997) in the enterocytes, and because DMT1 is 
also expressed in the liver, it plays a crucial role in Fe 
metabolism (Trinder et al., 2000; Anderson and Vulpe, 
2009), either through the uptake of transferrin-bound 
Fe or non-transferrin-bound Fe, which appears in the 
plasma during Fe overload (Grootveld et al., 1989). 
Notably, DMT-1 is ubiquitously expressed in the body 
and is involved (in ways not yet fully elucidated) in Fe 
excretion and (or) reabsorption by the kidneys and liver 
in erythropoiesis and in tissue Fe distribution (Gunshin 
et al., 2005). Thus, dietary modulation of DMT-1 func-
tion may affect whole-body Fe homeostasis and hence 
hematological status. 

  Another key protein in Fe metabolism is the ma-
ture 25-AA hepatic peptide hepcidin, which has been 
identified as the master regulator of Fe metabolism 
(Viatte and Vaulont, 2009; Tselepis et al., 2010). It is 
also clear that several pathways exist involved in the 
regulation of this peptide hormone, including inflam-
mation, infection, erythropoietic demand, hypoxia, 
and body Fe status (Zhang and Enns, 2009). Hepcidin 
works by blocking the entry of Fe into the circulation 
from the gut and the macrophages by binding to the Fe 
transporter ferroportin, resulting in its ubiquitylation 
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and degradation (De Domenico et al., 2007). Hepcidin 
deficiency is the cause of Fe overload in hereditary he-
mochromatosis, whereas hepcidin excess is associated 
with anemia of inflammation, chronic kidney disease, 
and Fe-deficiency anemia (Ganz, 2011).

On the other hand, we have previously reported (Al-
férez et al., 2006; Nestares et al., 2008) that goat milk 
improves Fe metabolism, enhancing Fe digestive and 
metabolic utilization in both control and anemic rats, 
increasing Fe deposits in target organs, favoring the 
recovery of hematological parameters and minimizing 
interactions between dietary divalent cations such as 
Ca and Mg. In spite of the crucial role of hepatocyte 
DMT1 and hepcidin in liver Fe metabolism, to date, no 
studies have directly tested the role of these proteins in 
liver Fe metabolism during Fe repletion after induced 
Fe-deficiency anemia. Taking into account all these 
considerations, the present study was carried out to 
evaluate the hematological status and to know how it 
is affected by Fe metabolism in the main body storage 
organ, the liver. The study was carried out during the 
course of the Fe deficiency and Fe repletion with goat 
or cow milk-based diets, assessing 2 of the key regula-
tors of Fe metabolism, hepcidin and DMT1, as well as 
systemic Fe status.

MATERIALS AND METHODS

Animals

Sixty male Wistar albino breed rats (21 d of age and 
weighing about 42 ± 5 g), purchased from the Univer-
sity of Granada Laboratory Animal Service (Granada, 
Spain) were used during the study. All animal care 
procedures and experimental protocols were approved 
by the Ethics Committee of the University of Granada 
according to the European Community guidelines.

Experimental Design and Diets

At the beginning of the study, the rats were randomly 
divided into 2 groups: the control group receiving a 
normal-Fe diet (45 mg/kg; Reeves et al., 1993) and the 
anemic group receiving a low-Fe diet (5 mg/kg) accord-
ing to a technique developed previously by us (Pallarés 
et al., 1993; Table 1).

During the course of the study, the animals were kept 
at an automatically controlled temperature (22–23°C), 
humidity (55–65%), and a 12-h light-dark cycle (0900 
to 2100 h). Mineral-free water was available ad libitum, 
but the diet intake was controlled, pair feeding all the 
animals to avoid any differences due to the intake. The 
diet supplied was calculated as 80% of the average in-
take on each experimental period (EP). On d 40 of the 

preexperimental period (PEP), 10 rats per group (10 
controls and 10 anemic rats) after fasting overnight, 
were weighed and anesthetized by intraperitoneal injec-
tion of 5 mg/100 g of BW of sodium pentobarbital 
(Sigma-Aldrich, St Louis, MO). Animals were carefully 
weighed and after median laparotomy, the rats were 
totally bled out by cannulation of the abdominal aorta. 
Aliquots of blood were obtained with EDTA as antico-
agulant to measure the hematological parameters. The 
remaining blood was centrifuged at 1,500 × g for 15 min 
at 4°C without anticoagulant to separate the red blood 
cells (RBC) from the serum and subsequent analysis 
of Fe, ferritin, total Fe-binding capacity (TIBC), and 
hepcidin. The livers were removed, washed with ice-
cold saline solution (0.9% NaCl, wt/vol), weighed, and 
stored immediately at −20°C until Fe analysis.

After induction of the anemia (d 40 of the study), 
the remaining animals (n = 40) were then placed on 
an EP in which the control and anemic groups (control 
rats fed a goat milk diet, anemic rats fed a goat milk 
diet, control rats fed a cow milk diet, and anemic rats 
fed a cow milk diet) were further fed for 30 d a goat or 
cow milk-based diet with normal Fe content (45 mg/
kg), prepared with goat (Murciano-Granadina breed) 
or cow (Holstein breed) skimmed milk powder (20% 

Table 1. Composition of the experimental diets 

Component
Amount,  

g/kg of diet

Preexperimental period standard (non-milk) diet1

 Casein 200
 Lactose 0
 Fat (virgin olive oil) 100
 Wheat starch 500
 Constant ingredients2 200
Experimental period
 Goat milk-based diet3

  Goat milk protein 205
  Goat milk lactose 290
  Goat milk fat 100
  Wheat starch 205
  Constant ingredients2 200
 Cow milk-based diet3

  Cow milk protein 204
  Cow milk lactose 295
  Cow milk fat 100
  Wheat starch 201
  Constant ingredients2 200
1The diets were prepared according to the recommendations of the 
American Institute of Nutrition AIN-93 diet for control rats (45 mg of 
Fe/kg of diet; Reeves et al., 1993), or with low Fe content (5 mg of Fe/
kg of diet; Pallarés et al., 1993) for Fe-deficient groups.
2The constant ingredients consisted of (g/kg of diet) fiber (micronized 
cellulose; 50), sucrose (100), choline chloride (2.5), l-cystine (3), min-
eral premix (35), and vitamin premix (10).
3Specific vitamin and mineral premix supplements for goat and cow 
milk-based diets were formulated, taking into account the mineral and 
vitamin contents of the skim milk powder supplied to meet the recom-
mendations of the AIN-93 (45 mg of Fe/kg of diet; Reeves et al., 1993).
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protein) and 10% fat, obtained by purification from 
goat or cow milk fat (Table 1). The Fe content (mg/kg) 
in the diets by analysis was: 43.7 (goat milk-based diet) 
and 42.9 (cow milk-based diet). On d 70 of the study, 
animals were weighed and anesthetized and totally bled 
out by cannulation of the abdominal aorta. The blood 
was collected to obtain serum and later the livers were 
also removed, washed with ice-cold saline solution (0.9% 
NaCl, wt/vol), weighed, and split into 2 homogeneous 
portions, one to determine Fe content, which was frozen 
at −20°C and the other one to prepare homogenates 
freshly, on the same day.

Fe Determination in the Diets and Liver

Samples of diets and liver (1 g of DW) were previ-
ously mineralized by a wet method in a sand bath (J. 
P. Selecta SA, Barcelona, Spain), following the method 
described previously (Díaz-Castro et al., 2008). Iron 
concentrations in the different diets were determined 
by atomic absorption spectrophotometry (PerkinElmer 
Analyst 1100B spectrometer with WinLab32 for AA 
software; PerkinElmer, Überlingen, Germany). To cali-
brate the measurements, samples of lyophilized bovine 
liver (certified reference material BCR 185; Community 
Bureau of References, Brussels, Belgium) were simulta-
neously used to check the Fe recovery.

Hematological Test

Hemoglobin, RBC, and hematocrit concentrations, 
and mean corpuscular volume and platelet concentration 
were measured using an automated hematology analyzer 
Sysmex K-1000D (Sysmex Corp., Tokyo, Japan).

Serum Ferritin

Serum ferritin concentration was determined using 
the Rat Ferritin ELISA Kit (BioVendor GmbH, Hei-
delberg, Germany). The absorbance of the reaction was 
read at 450 nm using a microplate reader (Bio-Rad 
Laboratories Inc., Hercules, CA). Color intensity devel-
oped was inversely proportional to the concentration of 
serum ferritin.

Serum Fe, TIBC, and Transferrin Saturation

To calculate the rate of transferrin saturation, serum 
Fe concentration and TIBC were determined using 
Sigma Diagnostics Iron and TIBC reagents (Sigma-
Aldrich). The absorbance of samples was read at 550 
nm on a microplate reader (Bio-Rad Laboratories Inc.). 
The percentage of transferrin saturation was calculated 
from the following equation:

Transferrin saturation (%) = serum Fe concentration  

(μg/L)/TIBC (μg/L) × 100.

Serum Hepcidin

Hepcidin-25 concentration was determined using a 
DRG ELISA Kit (DRG Instruments GmbH, Marburg, 
Germany). The microtiter wells were coated with a 
monoclonal (mouse) antibody directed toward an an-
tigenic site of the hepcidin-25 molecule. Endogenous 
hepcidin-25 of a sample competed with a hepcidin-
25-biotin conjugate for binding to the coated antibody. 
After incubation, the unbound conjugate was washed 
off and a streptavidin-peroxidase enzyme complex was 
added to each well. After incubation, unbound enzyme 
complex was washed off and substrate solution was 
added. The blue color development was stopped after 
a short incubation time, turning the color from blue 
to yellow. The microplate was read at 450 nm on a 
microplate reader (Bio-Rad Laboratories Inc.) and the 
intensity of color developed was reverse proportional 
to the concentration of hepcidin in the sample. Results 
were expressed in nanograms per milliliter of serum.

Western Blotting and Immunocytochemistry

Finely chopped liver samples were added to a glass 
Potter-Elvehjem apparatus on ice and whole-cell ho-
mogenates were extracted from rat liver tissue samples 
by homogenization in 500 μL of radioimmunoprecipita-
tion assay (RIPA) buffer (10 mM Tris, 150 mM NaCl, 
1 mM EDTA, 1% Nonidet P-40, and 0.1% SDS) and 
protease inhibitor mixture (1:200 dilution; Sigma-
Aldrich). The homogenates were centrifuged at 1,000 
× g for 5 min at 4°C. Total protein concentration was 
determined in the homogenate tissue using a Thermo 
Scientific Pierce BCA Protein Assay Kit (Thermo 
Scientific Inc., Hanover Park, IL) after protein extrac-
tion in the homogenate. Twelve micrograms of liver 
homogenate protein extract (30 μL total volume) was 
resolved in a 4 to 20% precast polyacrylamide gel (Cri-
terion TGX Stain-Free Precast Gel, 30 μL; Bio-Rad 
Laboratories Inc.). The electrophoresis was performed 
at 250 to 300 V in a wide vertical electrophoresis tank 
(Criterion; Bio-Rad Laboratories Inc.) for 25 min. Sub-
sequently, the separated proteins were transferred from 
the gels onto Trans-Blot Turbo Mini PVDF Transfer 
Packs (Bio-Rad Laboratories Inc.) with a Trans-Blot 
Turbo Transfer System (Bio-Rad Laboratories Inc.) for 
6 min. The software used (Image Lab Software; Bio-
Rad Laboratories Inc.) in this equipment allowed us to 
quantify the efficiency of the transfer. The yield of the 
transfer was approximately 99.9%. Before transferring 
the membranes, they were incubated in blocking solu-
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tion {5% dry milk in Tris-buffered saline (TBS) with 
Tween-20 (TTBS) [0.8% ClNa and 0.242% 2-amino-
2-(hydroxymethyl)-1,3-propanediol] and 1% Tween-20 
(Bio-Rad Laboratories Inc.)} for 1 h at room tempera-
ture, washed 3 times in TBS, and finally incubated 
with primary (DMT1) antibody in TTBS overnight at 
4°C with gentle and continuous agitation. Immunode-
tection was performed using a polyclonal antibody for 
DMT1 (Santa Cruz Biotechnology Inc., Santa Cruz, 
CA) diluted to 1:500 and a monoclonal rabbit anti-
body specific for β-actin (Rabm and Abcam) diluted to 
1:1200 in TTBS was used as a control for total protein 
loaded in the blot and it was also used to determine the 
proportions of complex DMT1 in reference to whole 
hepatic protein content. Blots were then washed 3 
times for 5 min each in TTBS and incubated with the 
appropriate secondary conjugated antibody [Immun-
Star Goat Anti-Mouse (GAM)-HRP and Immun-Star 
Goat Anti-Rabbit (GAR)-HRP; Bio-Rad Laboratories 
Inc.; 1:130,000] in TTBS for 1 h at room temperature. 
Thereafter, the membranes were washed twice with 
TTBS for 15 min and a final wash with TBS was 
performed for 15 min. Following incubation with the 
appropriate secondary antibodies, blots were visualized 
by chemiluminescence. Membrane-bound antibodies 
were visualized with Clarity Western ECL Substrate 
(Bio-Rad Laboratories Inc.). Signal quantification and 
recording for each band were performed with Fujifilm 
equipment. These results were analyzed with Image J 
software (http://rsbweb.nih.gov/ij/). In addition, the 
total quantity of proteins transferred to the blot was 
determined with Image Lab Software (Bio-Rad Labora-
tories Inc.) on the membrane and these quantities were 
used to standardize all results.

Statistical Analysis

Statistical analyses were performed using the SPSS 
computer program (version 21.0, 2012; SPSS Inc., Chi-
cago, IL). All data are reported as mean values with 
their standard errors. Differences between groups fed 
normal-Fe- or low-Fe-content diets during the PEP 
were tested for statistical significance with Student’s 
t-test. Variance analysis by one-way ANOVA was used 
to compare the different diets supplied to the animals. 
Following a significant F-test (P < 0.05), individual 
means were tested by pairwise comparison with the 
Tukey multiple comparison test, when main effects and 
interactions were significant. The level of significance 
was set at P < 0.05.

RESULTS AND DISCUSSION

At the end of the PEP, control rats fed the normal-Fe 
diet had all the hematological parameters within nor-

mal limits for this species. However, the hematological 
parameters of the anemic rats after feeding them for 40 
d with a low-Fe diet were drastically different from the 
controls (P < 0.001; Table 2). The key to understand-
ing the measurements of Fe status parameters used in 
the current study is knowledge of Fe homeostasis. The 
newly absorbed Fe (1–2 mg/d) enters the intracellular 
Fe pool of enterocyte via DMT1; however, the major 
source of Fe (30–40 mg/d) is provided by the macro-
phages that recycle Fe from senescent RBC. Iron bound 
to transferrin enters the hepatocytes by endocytosis of 
the transferrin-transferrin receptor complex. The Fe 
cycle is completed when the newly formed erythrocytes 
are returned to the circulation over the next 7 to 10 
d. Iron loss is from desquamation, menstruation, and 
other blood loss (1–2 mg/d; Zimmermann and Hur-
rell, 2007). Iron deficiency occurs because the rats with 
normal body Fe stores lose a large portion of body Fe 
before the hemoglobin concentration decreases (in the 
first days of Fe deprivation). Blood hemoglobin concen-
tration is the most reliable indicator of anemia at the 
population level and it is used in national demographic 
health surveys and by national governments surveying 
populations before making new policy for nutritional 
interventions. After the ingestion of aged RBC by mac-
rophages in the spleen and bone marrow, Fe is extracted 
from hemoglobin and returned to the plasma where it is 
tightly bound to transferrin. The Fe cycle is completed 
when the newly formed erythrocytes are returned to the 
circulation over the next week. Other important com-
munications exist between the plasma Fe compartment 
and the intestinal mucosa and liver. Serum Fe, TIBC, 
and transferrin saturation tests are used to screen for 
and monitor conditions of Fe deficiency and overload. 
The major source of Fe for transferrin is the reticuloen-
dothelial system, with some from hepatocytes and the 
intestine. Transferrin saturation can decrease to 5% in 
Fe deficiency (Bothwell et al., 1979), as occurred in the 
current study. Serum transferrin concentrations are de-
rived mostly from developing RBC and so they reflect 
the intensity of erythropoiesis and the demand for Fe; 
the concentration rises in Fe-deficiency anemia and it 
is a marker of the severity of Fe insufficiency, but only 
when Fe stores have been exhausted, provided that no 
other causes of abnormal erythropoiesis exist (WHO-
CDC, 2007). The serum ferritin level is considered as 
the best single and noninvasive test for the diagnosis of 
Fe deficiency because its concentration is proportional 
to total-body Fe stores. A low ferritin level is pathogno-
monic of Fe deficiency (Goddard et al., 2011). Finally, 
serum hepcidin levels are drastically reduced in the 
anemic group (P < 0.001), reflecting the impairment 
of Fe status and its reduction is an accurate indicator 
of Fe deficiency (Pasricha et al., 2011). Therefore, tak-
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ing into account all of that mentioned above, we can 
conclude that the degree of Fe deficiency was severe 
and the body stores were deeply depleted after dietary 
Fe restriction (Table 2).

At the end of the EP, most of the hematological pa-
rameters were recovered with both milk-based diets; 
however, the platelet concentrations still were elevated 
(P < 0.001) and the serum ferritin and hemoglobin con-
centrations were low (P < 0.01 for ferritin and P < 0.05 
for hemoglobin) in the anemic group fed the cow milk-
based diet compared with its controls, revealing that 
Fe repletion was more efficient with goat milk (Table 
3). This fact can be explained due to the beneficial 
nutritional characteristics of goat milk compared with 
cow milk: caprine milk contains a higher proportion 
of soluble proteins (β-LG, α-LA, and serum albumin), 
which favors Fe absorption and a higher amount of 
dietary components capable of reducing Fe (III) to Fe 
(II), including ascorbic acid and AA such as cysteine, 
forming chelates with Fe, which remain soluble at a 
higher pH within the small intestine (Alférez et al., 
2006). In addition, the RBC count and serum hepcidin 
concentration were higher in both groups fed the goat 
milk diet (RBC count: P < 0.01 for control and P < 
0.001 for anemic rats; serum hepcidin: P < 0.001 for 
control and P < 0.01 for anemic rats) (Table 3). The 
higher expression of DMT1 (Figure 1A and B) and the 
higher amount of serum hepcidin found in the current 
study support the better Fe storage and, therefore, the 
recovery of the hematological parameters after 30 d of 
supplying goat milk.

The BW at d 40 was lower in anemic animals (P < 
0.001), and the hepatic weight also decreased slightly. 
As a consequence, the hepatosomatic index (ratio of 
liver weight to BW) was higher in the Fe-deficient 
animals (P < 0.01; Table 4). On the other hand, the 
degree of Fe deficiency produced by the Fe-restrictive 
diet (PEP) was severe enough to impair the BW, which 

coincides with the results of other authors (Strube et 
al., 2002) and it is possible to attribute this fact to the 
lower levels of thyroid hormones found in this pathol-
ogy (Beard et al., 1998). Moreover, as mentioned above, 
the hemoglobin and RBC count diminished drastically 
and the supply of oxygen to the cells limited itself con-
siderably, which affected in a negative way the ATP 
synthesis and BW (Schneider et al., 2008). However, at 
the end of the EP, because the rats completely recov-
ered from the anemia and had an increased supply of 
oxygen to the cells, which improved the ATP synthesis 
and weight gain, no differences were found in the BW 
or hepatosomatic indexes with the milk-based diets as-
sayed.

The differences in the Fe hepatic content on d 40 (P 
< 0.001) reveals that the Fe deposits were deeply de-
pleted and a severe degree of Fe deficiency was reached, 
induced by the consumption of a restricted-Fe diet for 
40 d. The lower Fe content recorded in the liver in 
the situation of Fe-deficiency anemia can be due to the 
decrease in the serum hepcidin concentration recorded 
in the current study. Studies of Fe deficiency in hepci-
din knockout mice suggest that this peptide intervenes 
regulating the storage of the mineral (attenuating both 
the intestinal Fe absorption and the liberation of the 
Fe of the macrophages and hepatocytes). On the other 
hand, a low expression of hepcidin in the situation of 
Fe overload suggests that hepcidin is also a factor in 
erythroid regulation, showing diminished expression in 
response to anemic hypoxia (Zhang and Enns, 2009). 
Therefore, severe Fe deficiency, such as that induced in 
the current study, correlates with lower hepcidin levels, 
although this may be modulated by induction of eryth-
ropoiesis (which also reduces hepcidin levels; Nemeth 
and Ganz, 2009). In addition, hepcidin also controls the 
Fe levels directly acting reciprocally with ferroportin 1, 
driving the internalization and degradation of FPN1 
when levels of Fe are high and consequently blocking 

Table 2. Hematological parameters of rats fed either normal-Fe or low-Fe diets for 40 d1 

Hematological  
parameter2

Normal-Fe control  
group

Low-Fe anemic  
group

Hemoglobin concentration, g/L 127.12 ± 2.23 73.48 ± 2.45*
RBC, 1012/L 7.17 ± 0.14 6.23 ± 0.15*
Hematocrit, % 40.07 ± 0.66 28.08 ± 0.57*
MCV, fL 56.12 ± 0.23 39.35 ± 0.52*
Platelets, 109/L 731 ± 25.02 1,386 ± 69.12*
Serum Fe, μg/L 1,378 ± 118 698 ± 59*
TIBC, μg/L 2,775 ± 198 18,022 ± 687*
Transferrin saturation, % 48.13 ± 6.55 3.92 ± 0.43*
Serum ferritin, μg/L 81.97 ± 2.57 51.05 ± 1.53*
Serum hepcidin, ng/mL 17.01 ± 0.44 13.23 ± 0.6*
1Mean value ± SEM for 30 rats per group.
2RBC = red blood cells; MCV = mean corpuscular volume; TIBC = total Fe-binding capacity.
*Significantly different (P < 0.001) from the control group by Student’s t-test.



152 DÍAZ-CASTRO ET AL.

Journal of Dairy Science Vol. 97 No. 1, 2014

the liberation of the Fe in the sites of storage (Nemeth 
and Ganz, 2009). In this sense, the increase in serum 
hepcidin concentration explains the higher liver Fe 
content after supplying goat milk for 30 d in anemic 
animals, because the higher levels of this peptide hor-

mone compared with the cow milk diet decreases the 
Fe export from hepatocytes, increasing its storage in 
the liver. The Fe content in the liver was lower in both 
groups of animals fed cow milk (P < 0.01 for control 
and P < 0.001 for anemic rats; Table 5).

We analyzed the expression of DMT1 in control and 
anemic rats after consumption of cow or goat milk-based 
diets to confirm the homeostatic response to dietary 
Fe. In the liver, DMT1 was differentially expressed in 
response to the milk-based diets, being significantly 
increased in anemic rats fed goat milk compared with 
cow milk (P < 0.01; Figure 1A and B). The DMT1 
expression of control and anemic rats fed goat milk was 
respectively 105.99 and 145.26% of the DMT1 expres-
sion of rats fed cow milk (P < 0.05).

Divalent metal transporter 1 is localized to both the 
plasma membrane and an intracellular compartment in 
hepatocytes (Trinder et al., 2000). In addition to its 
role in endosomal Fe export, the presence of DMT1 
on the microvillous membrane of hepatocytes suggests 

Table 3. Hematological parameters of control and anemic rats fed goat or cow milk-based diets with normal 
Fe content for 30 d1 

Hematological  
parameter2

Goat milk-based diet Cow milk-based diet

Control Anemic Control Anemic

Hb concentration, g/L 130.8 ± 3.9 132.5 ± 3.4A 127.6 ± 4.3 120.8 ± 2.1B,d

RBC, 1012/L 7.79 ± 0.24a 7.71 ± 0.28A 7.08 ± 0.27b 6.98 ± 0.26B

Hematocrit, % 42.78 ± 1.42 40.14 ± 0.95 40.82 ± 1.48 38.4 ± 1.99
MCV, fL 57.25 ± 0.50 55.04 ± 1.17 57.68 ± 0.82 55.34 ± 1.28
Platelets, 109/L 814.21 ± 41.43 784.00 ± 35.55A 826.00 ± 43.45 939.33 ± 35.30B,d

Serum Fe, μg/L 1,410 ± 119 1,375 ± 101A 1,385 ± 118 1,209 ± 98B

TIBC, μg/L 2,703 ± 203 2,725 ± 203 2,795 ± 195 2,923 ± 221
Transferrin saturation, % 46.13 ± 4.98 45.42 ± 5.12 45.31 ± 5.31 42.13 ± 3.97
Serum ferritin, μg/L 80.03 ± 2.25 78.95 ± 2.01A 78.43 ± 2.77 70.01 ± 1.97B,d

Serum hepcidin, ng/mL 17.10 ± 0.53a 14.30 ± 0.70A,d 14.31 ± 0.95b 12.27 ± 0.90B

a,bMean values within a row and within control groups with different superscript lowercase letters differ (P < 
0.05) by Student’s t-test.
A,BMean values within a row and within anemic groups with different superscript capital letters differ (P < 
0.05) by Student’s t-test.
dIndicates difference (P < 0.05) for control vs. anemic group within a diet by the Tukey test.
1Mean value ± SEM for 10 rats per group.
2Hb = hemoglobin; RBC = red blood cells; MCV = mean corpuscular volume; TIBC = total Fe-binding ca-
pacity.

Figure 1. Effect of goat or cow milk-based diet consumption on 
hepatic expression of divalent metal transporter 1 (DMT1) in con-
trol and anemic rats (A). Representative immunoblots of DMT1 and 
B-actin are shown (B). Values are means ± SEM (n = 10). Within a 
protein, means without a common letter (a and b) differ (P < 0.05). 
GC = control rats fed a goat milk diet; GA = anemic rats fed a goat 
milk diet; CC = control rats fed a cow milk diet; CA = anemic rats 
fed a cow milk diet.

Table 4. Body weight, liver weight, hepatosomatic index, and liver Fe 
content in rats fed either normal-Fe or low-Fe diets for 40 d1 

Index
Control  
group

Anemic  
group

BW, g 298.4 ± 7.8 270.2 ± 7.5*
Liver weight, g 7.926 ± 0.25 7.598 ± 0.33
Liver weight/BW, % 2.60 ± 0.06 2.79 ± 0.09*
Liver Fe, μg/g of DM 495.35 ± 31.88 309.91 ± 28.35*
1Mean value ± SEM for 10 rats per group.
*Significantly different (P < 0.05) from the control group by Student’s 
t-test.
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that the liver absorbs non-heme, non-transferrin-bound 
Fe from the circulation. Unlike intestine DMT1, he-
patic DMT1 expression parallels Fe status (Trinder et 
al., 2000), suggesting that DMT1 plays a key role in 
cellular protection from excess Fe as opposed to regu-
lating Fe homeostasis in the liver. Therefore, the in-
creased liver DMT1 protein levels reflect faithfully the 
increased liver Fe storage after Fe repletion (Kelleher 
and Lönnerdal, 2005) and, therefore, the increase in 
the DMT1 level in anemic animals fed goat milk reveals 
that Fe repletion after induced anemia is more efficient 
when supplying goat milk, a finding that is supported 
and corroborated by the higher Fe storage in the rats 
fed goat milk compared with cow milk.

On the other hand, we have previously reported that 
goat milk improves Ca metabolism, due to its major 
content of vitamin D, which increases Ca energy-depen-
dent transcellular transport and has higher lysine and 
cysteine content, nutrients that improve Ca absorption 
via passive transport (Alférez et al., 2006). Moreover, 
Díaz-Castro et al. (2011) reported that goat milk pro-
voked a decrease in the rate of parathormone secretion, 
improving Ca utilization and its deposit in target organs 
and that all these factors would lead to high efficiency 
in the DMT1 Fe-transport activity. Elevated intracel-
lular Ca concentration has been reported to increase 
non-transferrin-bound Fe uptake through an undefined 
transport system that has characteristics distinct from 
DMT1 (Kaplan et al., 1991) and, in addition, Ca has 
an important and ubiquitous role in cell signaling. An 
adequate Ca homeostasis ameliorates the Fe-transport 
defect caused by inactivation of DMT1 in microcytic 
(mk) mice, either in the intestine, liver, or in erythroid 
precursors (Xu et al., 2004). The transferrin cycle is 
essential for Fe uptake by erythroid precursor cells, 
and DMT1 mediates the transfer of Fe from transferrin 
cycle endosomes to the cytoplasm (Fleming et al., 1998; 
Touret et al., 2003). Elevated Ca has been reported 
to accelerate Fe uptake through the transferrin cycle, 

apparently through activation of protein kinase C (Ci 
et al., 2003). All these results add an interesting per-
spective to the emerging role of Ca for DMT-1 function 
(Gunshin et al., 1997). Thus, in light of these consider-
ations, we can hypothesize that the improvement in Ca 
metabolism reported with goat milk might potentiate 
the liver DMT1 Fe-transport activity and expression, 
increasing Fe storage, supporting and explaining the 
results of the current study.

In addition, goat milk fat is richer in medium-chain 
triglycerides, which are oxidized in the mitochondria, 
providing fast energy discharge that can be used in sev-
eral metabolic pathways (Alférez et al., 2006) and thus 
contribute to increasing the synthesis of carrier proteins 
such as DMT1 and, hence, the absorption of Fe. On the 
other hand, a low-vitamin A diet reduced liver DMT1 
protein expression by posttranscriptional regulation via 
decreased protein translation or increased degradation, 
negatively affecting Fe metabolism (Kelleher and Lön-
nerdal, 2005). In this sense, goat milk would increase 
the expression of DMT1, because it has more than twice 
the vitamin A content of cow milk (Alférez et al., 2006)

CONCLUSIONS

During the recovery from anemia with goat or cow 
milk-based diets, the restoration of liver Fe content 
and hematological parameters increases the supply of 
oxygen to the cells, favoring weight gain. Moreover, 
goat milk consumption potentiates the liver DMT1 
Fe-transport activity and expression, enhancing Fe 
metabolism and storage compared with cow milk. In 
addition, the increase in serum hepcidin concentration 
in anemic rats also explains and supports the higher 
liver Fe content after supplying goat milk, because it 
blocks the liberation of Fe from hepatocytes, increasing 
its storage in liver. Thus, dietary modulation of DMT1 
function and serum hepcidin by goat milk consumption 
in rats modulates whole-body Fe homeostasis, improv-

Table 5. Body weight, liver weight, hepatosomatic index, and liver Fe content in control and anemic rats fed 
goat or cow milk-based diets with normal Fe content for 30 d1 

Parameter

Goat milk-based diet Cow milk-based diet

Control Anemic Control Anemic

BW, g 301.00 ± 6.73 289.65 ± 6.19 305.27 ± 7.55 288.25 ± 7.32
Liver weight, g 7.69 ± 0.13 7.45 ± 0.15 7.72 ± 0.20 7.31 ± 0.20
Liver weight/BW, % 2.56 ± 0.09 2.57 ± 0.08 2.52 ± 0.08 2.51 ± 0.07
Liver Fe, μg/g of DM 623.10 ± 35.22a 562.04 ± 33.14A,d 552.93 ± 31.31b 398.81 ± 29.28B,d

a,bMean values within a row and within control groups with different superscript lowercase letters differ (P < 
0.05) by Student’s t-test. 
A,BMean values within a row and within anemic groups with different superscript capital letters differ (P < 
0.05) by Student’s t-test. 
dIndicates difference (P < 0.05) for control vs. anemic group within a diet by the Tukey test.
1Mean value ± SEM for 10 rats per group.
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ing hematological parameters and Fe storage in liver, 
positively affecting Fe metabolism in Fe-deficiency ane-
mia, compared with cow milk.
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