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Abstract
The present study aimed at analysing how dietary folic acid (FA) and Fe deficiency, followed by supplementation with these nutrients,
affects the expression of folate and Fe transporters in the duodenum, as well as FA and Fe status. After a deficiency period, Wistar rats
were randomised to a group fed with a diet deficient in FA and supplemented with Fe (DFE), a diet deficient in Fe and supplemented
with FA, a diet supplemented with Fe and FA (FEFOL), a diet deficient in Fe and FA (D) or a control diet (C). Tissue collectionwas performed
after 2, 10 or 21 d of these diets. Group D had higher Slc11a2 mRNA levels than the DFE group at every time point and there were
differences in mRNA levels of Slc46a1 between the DFE and the FEFOL groups at the third time point, but we observed no differences
in protein levels between the groups. The DFE and D groups not only had lower serum folate concentrations at every time point but also
had the highest homocysteine concentrations. Total Fe binding capacity concentrations were the lowest in the DFE group at the first time
point and in the DFE and the FEFOL groups at the final time point. Simultaneous supplementation with FA and Fe resulted in significantly
higher Hb concentrations than did supplementation with these nutrients alone. Our findings indicate that dietary FA and Fe deficiency, and
subsequent supplementation with these nutrients, affects transcription but not the protein levels of FA and Fe transporters in the
duodenum.
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Proper folic acid (FA) and Fe status is crucial to young women’s
health and is particularly important during pregnancy because of
the development of the placenta and fetus, the increased volume
of blood and the muscles of the uterus(1). For this reason, many
commercially available supplements contain Fe and FA.

Folate, also known as vitamin B9, is involved in many meta-
bolic reactions and participates in purine andpyrimidine synthesis
and one-carbon metabolism(2). Insufficient intake of this nutrient
can affect cellular function and lead to metabolic disturbances,
such as increased homocysteine (Hcy) concentration(3). Folate
deficit impairs DNA synthesis and cell differentiation and
thus alters erythropoiesis. Moreover, decreased folate status
contributes to erythroblast apoptosis and induces anaemia(4).
Increased Hcy concentrations have been linked with embryonic
development alterations, but the data on relationships between
Hcy and increased incidences of spontaneous abortions are
conflicting(5,6). It has also been shown that FA supplementation
before and during pregnancy decreases the risk of neural tube

defects(7,8). For this reason, many countries recommend supple-
mentation of this nutrient amongyoungwomen(9) and fortification
is mandatory in the USA, Canada and a number of European
countries(10).

Fe deficiency caused by a negative Fe balance leads to
impaired red blood production and Fe-deficiency anaemia.
Fe-deficiency anaemia is one of the most common nutritional
deficiencies in the world(11). The WHO reports that, on average,
56 % of pregnant women suffer from anaemia and at least half of
this is Fe-deficiency anaemia(12). The adequate intake of food or
of supplements containing Fe is thus essential(13). The prenatal
supplementation with Fe is associated with improved birth
weight(14), but Fe-overload is toxic(15).

The status of both Fe and FA primarily depends on dietary
intake, absorption in the intestine, transport and excretion. FA
is mainly absorbed in the duodenum(16) and, as a negatively
charged molecule, it requires a specific membrane transporter
to transfer it in and outside of the cell(16). FA absorption is mainly
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supported in mammals by proton-coupled folate transporter
(Pcft), which is encoded by the Slc46a1 gene. Pcft requires an
acidic environment for optimal functioning and has high affinity
for FA(17). Pcft has been established as a folate transporter but
was originally identified as haem carrier protein 1 and character-
ised as a mammalian haem transporter(18). It has subsequently
been shown that this transporter has a lower affinity to haem
than to folate, but there is competitive uptake of folate and haem
by it. For this reason, a high intake of haemmay lead to impaired
absorption of folate and high uptake of folate conversely leads to
decreased absorption of haem Fe(19). However, Fe absorption
also depends on nonhaem Fe uptake via other transporters(20).
Fe absorption from the proximal small bowel is a critical step
in the maintenance of Fe homeostasis(21). Fe transport from
the lumen of the gut into duodenal enterocytes is mediated by
the divalent metal transporter 1, which is encoded by the
Slc11a2 gene. Divalent metal transporter 1 functions as a
Fe(II)/proton symporter. Fe(III) is also transported by divalent
metal transporter 1 after reduction to Fe(II) by duodenal cyto-
chrome B (DcytB)(22). Moreover, dysfunction of SLC11A2 leads
to impaired Fe absorption and dramatically increases the expres-
sion of its transcript in rodents(23).

Fe deficiency results in elevated Fe requirements. It has been
shown that expression of the Slc11a2 gene is tissue-specific and
that its level of expression is related to Fe status. A compensation
mechanism leads to increased Slc11a2 transcription and thus an
increased abundance of transporters, which thus leads to acceler-
ated absorption of Fe(23,24). A similar observation has been noticed
in rodent and in vitromodels of folate deficiency, and folate defi-
ciency increases expression levels of folate transporters(25–27).
However, there is no data on the effect of simultaneously supple-
menting Fe and FA after a deficiency of these nutrients on their
transporter function. Moreover, there is limited information about
the time response to supplementation following a deficiency of
these nutrients(27).

The aim of the present study was thus to determine how
FA and Fe deficiency, and the subsequent supplementation of
the rat diet with these nutrients, affects Slc11a2 and Slc46a1
gene expression and metabolic biomarkers of FA and Fe status.

Methods

Animals and diet

The experimental procedures were conducted in compliance
with the international principles for laboratory animals and pro-
tocols approved by the Bioethical Commission for Animal Care
and Use in Poznań, Poland (approval no. 59/2016). One hun-
dred and fifty female Wistar rats of 8 weeks of age were pur-
chased from AnimaLab (Germany). The animals were housed
in cages with a 12 h light–12 h dark cycle in an environmentally
controlled room at 20–22°C. Following an acclimatisation
period, the animals were randomly assigned to either a group
fed a diet deficient in Fe and FA (D, n 120) or to a group fed
a control diet (C, n 30) for 28 d. The control diet was AIN-
93M. After this period, animals in the D group were randomised
to a group fed with a diet deficient in FA and supplemented
with Fe (DFE), a group fed with a diet deficient in Fe and

supplemented with FA (DFOL), a group fed with a diet supple-
mentedwith Fe and FA (FEFOL), a diet deficient in Fe and FA (D)
or a group fed the control diet (C) until the end of the experi-
ment. Detailed information on dietary composition is presented
in Tables 1 and 2. Rats were given food and water ad libitum.
Ten rats from each group were killed after 2, 10 and 21 d of
the modified diet. The full study design is shown in Fig. 1.
During the experiment, food intake was monitored daily and
body weight was measured using an electronic scale.

Tissue and blood sampling

The animals were fasted overnight for up to 12 h and were killed
by decapitation. Duodenum samples were frozen immediately
in liquid N2 and stored at −80°C for further analysis. Blood

Table 1. Composition of diets

Experimental group Diet

C Standard diet (AIN-93M)
D Deficient diet
DFE Dþ 150mg Fe/kg
DFOL Dþ 6mg FA/kg
FEFOL Dþ 150mg Fe/kgþ 6mg FA/kg

C, control diet; AIN, American Institute of Nutrition; D, diet
deficient in Fe and folic acid; DFE, diet deficient in folic acid
and supplemented with Fe; DFOL, diet deficient in Fe and
supplemented with folic acid; FA, folic acid; FEFOL, diet
supplemented with Fe and folic acid.

Table 2. Composition of vitamin and mineral mixes in the experimental
diets*

DFE DFOL FEFOL D C

Vitamin A (U/kg) 4000 4000 4000 4000 4000
Vitamin D3 (U/kg) 1000 1000 1000 1000 1000
Vitamin E (U/kg) 80 80 80 80 80
Vitamin K (U/kg) 0·751 0·751 0·751 0·751 0·751
Thiamin (mg) 5 5 5 5 5
Riboflavin (mg) 6 6 6 6 6
Niacin (mg) 30 30 30 30 30
Pantothenic acid (mg) 15 15 15 15 15
Folic acid (mg) 0 6 6 0 2
Pyridoxine (mg) 6 6 6 6 6
D-Biotin (mg) 0·200 0·200 0·200 0·200 0·200
Vitamin B12 (mg) 0·033 0·033 0·033 0·033 0·033
Choline chloride (mg) 8 8 8 8 8
Ca (mg) 5000 5000 5000 5000 5000
P (mg) 3000 3000 3000 3000 3000
K (mg) 4000 4000 4000 4000 4000
Mg (mg) 500 500 500 500 500
Na (mg) 1000 1000 1000 1000 1000
Cl (mg) 1565 1565 1565 1565 1565
F (mg) 1·64 1·64 1·64 1·64 1·64
Fe (mg) 150 0 150 0 50
Zn (mg) 35 35 35 35 35
Mn (mg) 9·92 9·92 9·92 9·92 9·92
Cu (mg) 7·87 7·87 7·87 7·87 7·87
I (mg) 0·28 0·28 0·28 0·28 0·28
Cr (mg) 1 1 1 1 1
Se (mg) 0·20 0·20 0·20 0·20 0·20

DFE, diet deficient in folic acid and supplemented with Fe; DFOL, diet deficient in Fe
and supplemented with folic acid; FEFOL, diet supplemented with Fe and folic acid;
D, diet deficient in Fe and folic acid; C, control diet.
* All values are expressed per kg of diet.
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was collected into standard vials and allowed to clot at room tem-
perature for 1 h. The sample was then centrifuged at 14 000 rpm
for 6 min, and the serum was collected and stored at −80°C. For
the plasma samples, the bloodwas collected to amicrotainer and
centrifuged at 14 000 rpm for 6 min at 4°C and then collected and
stored at −80°C.

Real-time PCR

The relative transcript levels were measured for genes encoding
folate and Fe transporters – namely, Slc46a1 and Slc11a2. All
details of primer and probe sequences are shown in Table 3.
Total RNA was extracted from the liver and duodenum using
a commercial kit (High Pure RNA Isolation Kit, Roche) and
following the manufacturer’s protocol. The quality and quantity
of RNA were assessed using a microvolume spectrophotometer
(DS-11, DeNovix). The cDNA synthesis used 1 μg of RNA with a
Transcriptor First Strand Synthesis Kit (Roche). Real-time reac-
tions were performed in duplicate for all the rat samples using
a Light Cycler 480 Instrument (Roche) with Universal Probe
Library probes and LightCycler 480 Probes Master (Roche).
The assays were intron-spanning. The real-time PCR cycle con-
sisted of denaturation at 95°C for 10 min, followed by forty-five
cycles of denaturation at 95°C for 10 s, annealing at 56°C for 30 s,
and elongation at 72°C for 1 s. To normalise the data, we

employed arithmetic means of transcription levels of two refer-
ence genes: 18s subunit ribosomal RNA and Actin β. Relative
quantification of the mRNA level was performed based on the
second derivative maximum method (Roche).

Protein isolation

Proteins were isolated from 200mg of tissue. Mechanical homog-
enisation was conducted in ice-cold radioimmunoprecipitation
assay (RIPA) buffer (containing 50mmol Tris–HCl, pH 8·0 with
150mM NaCl, 1·0% NP-40, 0·5% sodium deoxycholate, 0·1%
SDS, 10mM NaF and 1mM Na3VO4) supplemented with a cocktail
of proteases inhibitors. Samples were centrifuged at 12 000 g.
Protein concentration was determined using a bicinchoninic acid
(BCA) kit (Thermo Scientific).

Western Blot

Samples containing 20 μg of proteins were mixed in a 1:3 ratio
(w/v) with 4× Laemmli buffer (BioRad), supplemented with
β-mercaptoethanol and denatured for 5 min at 95°C.
Electrophoresis was performed in 4 % acrylamide stacking gel
and 12 % resolving gel for approximately 1·5 h at 125 V. The
resolved proteins were transferred into a nitrocellulose mem-
brane in a semidry transfer procedure with a Towbin buffer at
0·3 A for 10 min Trans-Blot Turbo Blotting System (BioRad).

Fig. 1. Study design. D, diet deficient in iron and folic acid; C, control diet; DFE, diet deficient in folic acid and supplemented with iron; DFOL, diet deficient in iron and
supplemented with folic acid; FEFOL, diet supplemented with iron and folic acid.
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Protein band visualisations were performed with an 1 min incu-
bation in Ponceau S solution. The membrane was then blocked
by incubating with 3 % bovine serum albumin (BSA) in TBST
solution for 1 h. The membrane was incubated with a primary
antibody (SLC46A1 Antibody, Aviva Systems Biology; SLC11A2
Antibody, Santa Cruz Biotechnology) diluted to 1:1000 in TBST
supplemented with 1 % of BSA at 4°C overnight. Specificity of
both antibodies has been verified prior to the study. The mem-
brane was then washed three times for 10 min and incubated
with secondary antibody diluted to 1:5000 for 1 h. The signal
was visualised using an ECL substrate (Thermo Scientific) on a
ChemiDoc Touch Imaging System (BioRad).

Biochemical parameters

Fe concentrations were determined in serum using a commer-
cial kit (Thermo Scientific). Unsaturated Fe binding capacity
concentrations were assayed in serum using the photometric
method with ferene (DiaSys) with a Konelab 20i biochemical
analyser (Thermo Electron). Total Fe binding capacity (TIBC)
was calculated by summing the unsaturated Fe binding capac-
ity and Fe concentrations. Folate concentrations were deter-
mined using the electrochemiluminescence method with a
Cobas 6000 (Roche Diagnostics) and reagent Folate III test
(Roche Diagnostics GmbH). Plasma Hcy levels were deter-
mined using enzyme-cycling Hcy assay with commercial kits
(Diazyme Homocysteine Assay, Diazyme Laboratories) and a
fully automated Konelab 20i Analyser (Thermo Electron).
Whole-blood morphological analysis was performed by a com-
mercial laboratory with the use of SYSMEX XT-4000 (Synevo).

Statistical analysis

The results are presented asmean values and standard deviations.
Differences between groups were assessed using one-way
ANOVA followed by a post hoc Scheffé’s test. Transcripts and
protein levels were compared by Kruskal–Wallis analysis.
P< 0·05 was taken to be statistically significant.

Sample size was calculated using power analysis. Significance
level was 0·05, assumed a two-sided test of the hypothesis and 0·8
was considered as adequate. Taking the Hb standard deviation as

6·2 g/l, ten animals gave as 87 % power to detect a difference
between groups. Calculations were performed with the use of
Statistica software (StatSoft).

Results

Intake of the experimental diets did not differ between the
groups, nor did we observe body mass differences between
the groups. Mean body weights are presented in Table 4.

We attempted to determine how the dietary regimen
affected the expression of the genes that code for transporters
of FA (SLC46A1) and Fe (SLC11A2) in the duodenum. We saw
lower transcript levels of Slc11a2 in the DFE than in the D
animals at all three points in time (P < 0·01; Fig. 2). However,
there were no differences between the DFE and the C group
(Fig. 2). At the second and third time points, significantly lower
expression of Slc11a2 in the FEFOL group than in the D group
was observed (P < 0·01 and P < 0·001, respectively). We
observed intergroup differences in Slc46a1 gene expression
on day 2 of the experiment (Fig. 3), but after 10 d, its expression
was higher in the C group than in the DFOL (P< 0·01) and
D groups (P < 0·001) (Fig. 3). After 21 d on the diets, the DFE
group had higher expression of Slc46a1 than the FEFOL group
(P < 0·05; Fig. 3).

We also analysed the protein levels of FA and Fe transporters,
but we did not observe any differences in the relative protein lev-
els between the groups at any time point (online Supplementary
Figs. S1–S5).

Concentrations of plasma TIBC, unsaturated Fe binding
capacity, Fe, folate and Hcy were compared between the groups
after 2, 10 and 21 d of feeding animals with the experimental
diets. After 2 d on the experimental diets, the rats in the DFE
groups had lower concentrations of TIBC than in the D group
(P< 0·01; see Table 5). Similar results were observed after
21 d (P< 0·001). However, we did not find any differences in
serum Fe concentrations between the groups. Folate concentra-
tions after day 2 were highest in the C group (P< 0·001). After
the second sample collection day, the FA deficient groups
(DFE, D) had significantly lower FA concentrations than the

Table 4. Body weight of each animal group (n 10 per group)
(Mean values and standard deviations)

Group

Body mass (g)
at first time

point

Body mass (g)
at second time

point

Body mass (g)
at third time

point

Mean SD Mean SD Mean SD P*

C 254·99 14·48 263·45 14·97 279·08 27·91 NS
D 259·89 19·36 269·60 16·16 281·16 17·43 NS
DFE 248·51 16·89 258·39 16·64 279·29 23·94 NS
DFOL 251·75 19·79 265·33 12·63 276·90 25·89 NS
FEFOL 254·90 15·71 276·41 22·79 278·41 12·78 NS

C, control diet; D, diet deficient in Fe and folic acid; DFE, diet deficient in folic acid and
supplemented with Fe; DFOL, diet deficient in Fe and supplemented with folic acid;
FEFOL, diet supplemented with Fe and folic acid.
* P values show the significance levels for the differences between dietary groups
within sample collection days.

Table 3. Real-time PCR primers and amplicon lengths of the studied
genes

Gene Primer sequences Probe
Amplicon
length

Dmt1 L: 5 0 gcaggaagtcattggctcag #112 Roche (cat.
no. 04693469001)

73 nt
R: 5 0 gactccaccatacaggggaac

Pcft L: 5 0 ggagctggcctcctctttat #120 Roche (cat.
no. 04693540001)

123 nt
R: 5 0 ccactgcttctcatggcttc

Actb L: 5 0 ctaaggccaaccgtgaaaag #115 Roche (cat.
no. 04693493001)

64 nt
R: 5 0 tacatggctggggtgttga

18s
rRNA

L: 5 0 ggtgcatggccgttctta #22 Roche (cat.
no. 04686969001)

83 nt
R: 5 0 aactagttagcatgccgagagtc

Dmt1, divalent metal-ion transporter 1; nt, nucleotides; Pcft, proton-coupled folate
transporter; Actb, actin β; 18s rRNA, 18S ribosomal RNA.
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supplemented groups (DFOL, FEFOL) and the C group
(P< 0·001). We also examined Hcy plasma concentrations.
After 10 and 21 d, we observed that the FA supplemented rats
(DFOL and FEFOL), as well as the C group, had significantly

lower Hcy concentrations than the two FA deficient groups
(P< 0·001; see Table 5). At the third time point, we observed sig-
nificantly higher Hb concentrations in the FEFOL and C groups
than in the D group (P< 0·01; see Table 6). Haematocrit was

Fig. 2. Relative expression of the Slc11a2 gene in the duodenum at (a) the first
(n 9–10 per group), (b) the second (n 9–10 per group) (c) and third time points
(n 4–10 per group). DFE, diet deficient in folic acid and supplemented with iron;
DFOL, diet deficient in iron and supplemented with folic acid; FEFOL, diet sup-
plemented with iron and folic acid; D, diet deficient in iron and folic acid; C, con-
trol diet. (a) ( ), Median; ( ), 25–75%; ( ), rangewithin 1·5 interquartile range
(IQR). (b) ( ), Median; ( ), 25–75%; ( ), range within 1·5 IQR. (c) ( ),
Median; ( ), 25–75%; ( ), range within 1·5 IQR.

Fig. 3. Relative expression of the Slc46a1 gene in the duodenum at (a) the first
(n 9–10 per group), (b) the second (n 7–10 per group) and (c) the third time
points (n 6–10 per group). DFE, diet deficient in folic acid and supplementedwith
iron; DFOL, diet deficient in iron and supplemented with folic acid; FEFOL, diet
supplemented with iron and folic acid; D, diet deficient in iron and folic acid; C,
control diet. (a) ( ), Median; ( ), 25–75%; ( ), range within 1·5 interquartile
range (IQR). (b) ( ), Median; ( ), 25–75%; ( ), range within 1·5 IQR. (c) ( ),
Median; ( ), 25–75%; ( ), range within 1·5 IQR.
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highest in the C group (P< 0·01). Mean corpuscular Hb concen-
tration was significantly highest in the DFE group (P< 0·01).

Discussion

The aim of the present study was to determine how FA and Fe
deficiencies in rats, followed by dietary supplementation with

these nutrients, affect the expression of folate and Fe transport-
ers, and thereby FA and Fe status. As far as we know, this is the
first time that the expression of these transporters has been
analysed in a model that considers both deficiency of and
supplementation with Fe and folate. Furthermore, the responses
to the diets were observed at three time points, and the Fe
and folate doses used reflected the amounts found in
supplements.

Table 5. Concentration of blood metabolites across sample collection days (n 9 (lack of data) or 10 per group)
(Mean values and standard deviations)

DFE DFOL FEFOL D C

Mean SD Mean SD Mean SD Mean SD Mean SD P*

First time point (2nd day)
TIBC (μmol/l) 98·59a 5·41 113·56b 11·52 107·68a,b 14·96 120·36b 18·28 105·35a,b 3·04 <0·001
UIBC (μmol/l) 41·17a 13·05 73·38b 21·88 58·57a,b 23·61 77·19b 25·30 54·74a,b 14·61 <0·01
Fe (μmol/l) 57·42 12·88 40·18 0·14 49·12 15·76 43·17 21·17 50·61 13·14 NS
Folate (nmol/l) 27·66a 13·50 40·79a,b 10·10 49·04b 16·53 25·71a 7·52 86·75c 10·44 <0·001
Hcy (μmol/l) 19·22a,b 5·58 9·24a 7·01 12·49a 4·39 26·92b 15·82 10·58a 1·47 <0·05

Second time point (10th day)
TIBC (μmol/l) 104·78 13·51 110·17 5·55 106·62 7·67 113·38 17·21 103·11 8·77 NS
UIBC (μmol/l) 59·95 30·11 70·91 14·68 63·25 12·31 80·25 27·57 60·18 16·34 NS
Fe (μmol/l) 44·82 18·82 39·26 12·50 39·37 9·50 38·12 13·42 42·97 8·87 NS
Folate (nmol/l) 28·54a 9·24 99·82b 6·70 95·45b 8·56 22·72a 5·71 92·09b 14·95 <0·001
Hcy (μmol/l) 23·80b 8·82 9·42a 2·13 10·48a 2·79 27·73b 14·78 10·35a 1·44 <0·001

Third time point (21st day)
TIBC (μmol/l) 92·00a 7·91 117·84b,c 13·44 94·15a 3·54 125·57c 22·83 102·28a,b 8·23 <0·001
UIBC (μmol/l) 53·86a 15·87 88·27b 21·36 53·52a 11·60 86·33a,b 34·55 55·42a 19·05 <0·001
Fe (μmol/l) 38·13 11·82 29·56 10·66 40·62 10·97 39·25 13·78 46·86 15·15 NS
Folate (nmol/l) 20·07a 10·85 100·59b 6·73 102·79b 8·97 16·22a 7·27 95·95a,b 12·55 <0·001
Hcy (μmol/l) 28·84b 12·81 10·16a 1·04 8·29a 1·88 41·48b 22·07 9·76a 2·87 <0·001

DFE, diet deficient in folic acid and supplemented with Fe; DFOL, diet deficient in Fe and supplemented with folic acid; FEFOL, diet supplemented with Fe and folic acid; D, diet
deficient in Fe and folic acid; C, control diet; TIBC, total Fe binding capacity; UIBC, unsaturated Fe binding capacity; Hcy, homocysteine.
a,b Mean values within a row with unlike superscript letters are significantly different (P<0·05; Scheffé’s test).
* P values show the significance levels for differences between dietary groups within sample collection days.

Table 6. Concentrations of morphological parameters (n 9 (lack of data) or 10 per group)
(Mean values and standard deviations)

DFE DFOL FEFOL D C

Mean SD Mean SD Mean SD Mean SD Mean SD P*

First time point (2nd day)
Hb (g/l) 141·75 4·57 147·50 7·78 148·50 4·51 146·25 3·30 152·00 3·61 NS
Htc 0·46 0·01 0·48 0·026 0·48 0·01 0·47 0·02 0·47 0·03 NS
Mcv (fl) 60·25 2·16 58·65 1·91 59·93 2·14 59·28 0·84 62·07 0·81 NS
Mch (pg) 18·55 0·48 18·15 0·49 18·53 0·63 18·55 0·35 19·40 0·27 NS
Mchc (g/l) 308·25 5·32 309·50 0·71 309·00 3·56 312·75 4·27 312·67 2·89 NS

Second time point (10th day)
Hb (g/l) 150·50 5·20 148·50 2·12 147·00 4·24 146·25 3·30 151·00 3·46 NS
Htc 0·47 0·02 0·47 0·01 0·46 0·02 0·47 0·01 0·46 0·02 NS
Mcv (fl) 58·55a 1·05 58·50a 0·14 58·40a 1·53 59·28a,b 0·84 62·17b 0·81 <0·01
Mch (pg) 18·60 0·18 18·65 0·07 18·75 0·45 18·55 0·35 19·37b 0·35 NS
Mchc (g/l) 317·50 3·32 319·00 0·00 321·25 5·38 312·75 4·27 313·33 0·58 NS

Third time point (21st day)
Hb (g/l) 143·50a,b 5·00 138·00a,b 9·90 150·75b 4·57 131·00a 6·68 147·33b 3·79 <0·01
Htc 0·44a,b 0·02 0·43a,b 0·03 0·47a,b 0·02 0·43a 0·01 0·48b 0·01 <0·01
Mcv (fl) 56·88 1·59 57·05 2·62 57·75 3·21 53·88 4·50 58·83 0·55 NS
Mch (pg) 18·33 0·40 18·15 0·92 18·30 0·93 16·55 1·65 18·20 0·20 NS
Mchc (g/l) 322·50b 3·70 322·50a,b 3·70 317·00a,b 5·89 306·50a 6·45 309·00a,b 3·61 <0·01

DFE, diet deficient in folic acid and supplemented with Fe; DFOL, diet deficient in Fe and supplemented with folic acid; FEFOL, diet supplemented with Fe and folic acid; D, diet
deficient in Fe and folic acid; C, control diet; Htc, haematocrit; Mcv, mean corpuscular volume; Mch, mean corpuscular Hb; Mchc, mean corpuscular Hb concentration.
a,b Mean values within a row with unlike superscript letters are significantly different (P<0·05; Scheffé’s test).
* P values show the significance levels for the differences between dietary groups within sample collection days.
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We observed lower transcript levels of Slc11a2 in the DFE
than in the D animals at all three time points. This suggests that
Fe supplementation during folate deficiency leads to decreased
expression of Slc11a2. This is consistent with other studies in
which the effect of Fe deficiency has been investigated in
the duodenum, resulting in the increased expression of
Slc11a2(28). Similar effects have also been observed in other tis-
sues by others(29). In our study, significantly lower expression
levels of Slc11a2 were observed in the FEFOL group than in
the D group at the second and third time points, which shows
that the nutritional regimen triggered the response on the level
of transcription. We did not observe any alterations between the
groups in terms of protein levels after the supplementation
period. This was most likely due to other transporters(30) and
regulatory mechanisms which we have not investigated, such
as two motifs in the 5 0 regulatory region(31), ubiquitination and
proteasome degradation mediated by proteins like Ndfip1 and
Ndfip2(32).

We also determined whether the changes in gene expression
were related to metabolic parameters. Analysis of Fe metabolism
showed that, at the first time point, TIBC and unsaturated Fe
binding capacity concentrations were highest in the D group,
but we did not observe any differences in the Fe concentrations.
At the second time point, no between-group differences were
observed, which may suggest that the animals adapted through
compensatory mechanisms to the deficiency. In turn, at the third
time point, we again observed the highest concentrations of
TIBC in the D group, which may suggest that a longer period
of deficiency led to alterations in the metabolic profile. This
result is in line with the results concerning Slc11a2—expression
of this gene was highest in the D group. Also at the third time
point, no differences were seen between the FEFOL and the
DFE group on either the transcript or metabolic level. The lack
of such differences in serum Fe concentrations may be a result of
Fe homeostasis regulation by hepcidin or other mechanisms(33).

The mechanisms by which the Slc46a1 gene is transcription-
ally regulated are still not well understood. The special role of
this transporter was established after the discovery that its dys-
function leads to hereditary folate malabsorption(34). The close
regulation of Slc46a1 activation during deficiency and repletion
states is crucial for folate homeostasis. In the present study, after
21 d of supplementation, different expression levels of Slc46a1
mRNA expression were observed in the DFE and the FEFOL
groups. This is in agreement with previous observations that a
diet deficient in FA leads to increases in the transcription of trans-
porter genes(35). It has also been shown in a male mice model
that folate deficiency causes a thirteen-fold increase of
Slc46a1 mRNA levels in mice fed deficient v. replete diet for
8 weeks(35). However, we did not see any differences between
the FEFOL and D groups. Nevertheless, this lack of statistically
significant between-group difference may be explained by the
high standard deviations in the D group. Surprisingly, after
10 d of supplementation, the expression level of Slc11a2 was
lower in the D than in the C group. This may suggest that other
transporters, such as reduced folate transporter (SLC19A1), con-
tributed to this effect, as other studies have shown(36). An earlier
in vivo study showed that FA deficiencies also lead to an increase
in the level of Slc19a1 mRNA and protein(37). Our study

investigated only one FA transporter, and so we may not have
observed the difference between the deficient and the C groups.

A study somewhat similar to ours has shown that oversupple-
mentation with folate by a factor of 10 resulted in a decrease in
levels of reduced folate transporter and Pcft protein, but no
changes were observed on the mRNA level(38). A previous cell
culture study showed that oversupplementation of FA results
in decreased mRNA levels not only of Slc46a1 but also of
reduced folate transporter and folate receptor(39). However,
these differences were observed in an in vitro model, while
we performed an in vivo investigation. A study using a laying
hen model has shown jejunal Slc46a1 mRNA down-regulation
by dietary 5-MTHF supplementation, but not by FA supplemen-
tation(40). Differentiation between models, treatment times,
doses and nutritional regimen may have led to such inconsistent
results.

Interestingly, when we analysed folate concentrations
between groups at different time points, we observed that, at
the second and third time points, folate concentrations were
similar in the DFOL, FEFOL and C group. This suggests that
FA supplementation, as well as simultaneous FA and Fe supple-
mentation, gives the same metabolic results. In other studies,
high doses of FA (ten times the normal requirements) resulted
in increased FA serum levels(38). In our study, the DFE and
FEFOL diets were designed to be similar to the doses provided
by common supplements. However, the amounts of FA and Fe
used, as well as the time of administration, did not result in
increased FA concentrations in serum. FA supplementation also
affected other metabolic parameters; in particular, Hcy concen-
trations were significantly lower in the DFOL, FEFOL and C
groups than in the DFE and D groups at all three time points,
which is consistent with previous findings(41).

At the third time point, differences were seen in Hb, haema-
tocrit and the mean corpuscular Hb concentration. Interestingly,
the highest Hb concentrations were in the FEFOL group as well
as in the C group, which indicates that only simultaneous supple-
mentation with FA and Fe compensates for the decreased Hb
concentrations caused by the earlier period of the diet deficient
with these nutrients. Although Hb concentrations in the DFE and
FEFOL groups were in line with the activation of Slc11a2 and
Slc46a1 transcription, we surprisingly did not observe any
differences between groups at the protein level. However, we
observed that the lowest median protein levels were in the
DFEFOL group (insignificant). In vitro and in vivo studies have
shown that oversupplementation with FA results in decreased
uptake of this nutrient by cells(38,39). Our study did not find a ben-
eficial effect of FA supplementation or of simultaneous FA and Fe
supplementation on plasma FA concentrations. These metabolic
results are consistent with the expression of Slc46a1 at the
mRNA and protein levels, which did not differ between the
DFOL, DFEFOL and C groups, except for the significant differ-
ence in Slc46a1 mRNA expression in the DFOL and C groups
at the second time point. The significantly lower concentration
of FA in the D and DFE groups also agrees with the Slc46a1
mRNA differences between the DFE and FEFOL groups at the
third time point.

The strength of our study is that it simultaneously investigates
the expression of genes related to folate and Fe metabolism on
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the transcriptional and translational levels but also considers the
metabolic response to short-, medium- and long-term dietary
regimens. One limitation of our study is that it analysed only a
few Fe and FA transporters.

Conclusions

The results of the present investigation show that FA and Fe
deficiency in the rat, with subsequent dietary supplementation
with 6 mg FA and 150mg Fe per kg of diet, may affect transcrip-
tion of genes that encode folate and Fe transporters, but not
protein abundance. FA supplementation led to decreased Hcy
levels, but this result seems unrelated to Pcft. Simultaneous
supplementation with FA and Fe resulted in significantly higher
Hb concentration than did supplementation with these nutrients
alone. This physiological effect was reflected by changes in gene
transcription, but not in protein levels. Most likely, other trans-
porters and factors are responsible for this effect. Further studies
are needed to better understand the mechanisms involved.
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