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or hepatic mitochondria in the aged offspring
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Mitochondrial dysfunction and resulting changes in adiposity have been observed in the offspring of animals fed a high fat (HF) diet. As iron is an
important component of the mitochondria, we have studied the offspring of female rats fed complete (Con) or iron-deficient (FeD) rations for the
duration of gestation to test for similar effects. The FeD offspring were ~12% smaller at weaning and remained so because of a persistent reduction
in lean tissue mass. The offspring were fed a complete (stock) diet until 52 weeks of age after which some animals from each litter were fed a HF
diet for a further 12 weeks. The HF diet increased body fat when compared with animals fed the stock diet, however, prenatal iron deficiency did
not change the ratio of fat:lean in either the stock or HF diet groups. The HF diet caused triglyceride to accumulate in the liver, however, there was
no effect of prenatal iron deficiency. The activity of the mitochondrial electron transport complexes was similar in all groups including those
challenged with a HF diet. HF feeding increased the number of copies of mitochondrial DNA and the prevalence of the D-loop mutation,
however, neither parameter was affected by prenatal iron deficiency. This study shows that the effects of prenatal iron deficiency differ from other
models in that there is no persistent effect on hepatic mitochondria in aged animals exposed to an increased metabolic load.
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Introduction

Maternal iron deficiency during pregnancy, which is common
in human populations worldwide, is associated with a range of
adverse outcomes in the offspring.1–4 Evidence from experi-
mental animal models shows that iron deficiency during
pregnancy causes fetal growth restriction, and this is associated
with the offspring developing obesity and high blood pressure
later in life.5 The mitochondria play a central role in iron
metabolism. Iron is essential for the synthesis of haem and the
assembly of iron–sulphur proteins, which are vital for the
function of the electron transport chain (ETC).6 Evidence from
several animal models suggests that mitochondrial dysfunction
initiated during fetal development may be part of the under-
lying mechanisms associated with long-term changes in meta-
bolism. For example, the activity of the ETC complexes are
reduced in the offspring of mice and rats fed high fat (HF) diets
during gestation and lactation7,8 introducing a range of meta-
bolic abnormalities, which include the development of a fatty
liver in adult life.9–12 Furthermore, maternal obesity results in
fewer copies of the mitochondrial genome (mtDNA) per cell in
the liver of the offspring.13 Mitochondria are unique in that
they have their own DNA which is inherited through the
maternal line. Animal studies show that feeding of iron-
deficient diets destabilizes mtDNA and increases the pro-
portion of damaged molecules within the cell.14 Damage to
mtDNA introduced by iron deficiency during fetal

development and propagated into adult tissues may therefore
introduce metabolic changes in the offspring of iron-deficient
mothers.
Under normal conditions, the cell has a considerable reserve

of metabolic capacity which limits the impact of short-term
changes in the diet. As a result perturbations of mitochondrial
function initiated during fetal life, such as changes in mito-
chondrial dynamics, ETC activity or mutations in D-loop
region may have relatively modest effects in young animals fed a
complete or balanced diet. However, mitochondrial capacity
declines with age,15 so that the full impact of early mitochon-
drial damage may only become apparent when aged animals are
exposed to a more pronounced and prolonged metabolic stress.
One such stressor is the consumption of a HF diet which
impairs mitochondrial biogenesis in the liver16 and increases
damage to mtDNA.17 To test the possibility that pre-natal iron
deficiency has altered mitochondrial activity and damaged
mtDNA we have examined the livers of 64-week-old offspring
from control and iron-deficient dams, maintained on complete
(stock) laboratory chow or challenged with a HF diet before
necroscopy.

Methods

Animals

All experimental procedures were approved by the ethical
review committee of the Rowett Research Institute and con-
ducted in accordance with the UK Animals (Scientific Proce-
dures) Act, 1986. Animals were group housed in cages, with a
12 h light–dark cycle and conditions of constant temperature
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and humidity. All animals were fed ad libitum and provided
with distilled water.

Weanling rats of the Rowett Hooded Lister strain were fed
stock diets for 2 weeks before being randomly split into two
groups of 10 animals. The animals were then fed semi-synthetic
diets (Table 1), with FeSO4 providing either 50mg Fe/kg diet
(control) or 7.5mg Fe/kg diet (FeDef), as described pre-
viously.18 The animals were fed the experimental diets for
4 weeks before mating and for the duration of gestation.
Within 24 h of birth the litters were culled to eight pups which
were then cross-fostered onto dams fed the stock laboratory
chow diet (CRM; Special Diets Services, Witham, UK). On
day19 after birth the male offspring were weaned onto the stock
CRM diet and were group housed by litter. All offspring were
weighed three times weekly. At 52 weeks after birth, where
possible at least one male offspring from each litter was fed ad
libitum a HF diet providing 45% of calories from fat
(TD.06415; Harlan Laboratories, Bicester, UK). A control
group of male littermates continued to receive the stock chow
diet (Stock). Animals were weighed every 3 days. The body
composition of the animals was measured by magnetic reso-
nance imaging (MRI) (EchoMRI, Houston, TX, USA) as
described previously.19 After feeding for 12 weeks animals from
the Con (Con-Stock and Con-HF) or FeD prenatal diet groups
(FeD-Stock and FeD-HF) were fasted for 8 h, anesthetized
with isoflurane and killed by cervical dislocation. Tissues were
rapidly removed, frozen in liquid nitrogen and stored at −80°C
until required.

Quantitative real-time polymerase chain reaction (qRT-PCR)

Frozen tissue samples (30mg) were crushed before DNase
treated total RNA was isolated using the Qiagen RNeasy mini
kit (Qiagen, Manchester, UK) following the manufacturer’s
instructions. The RNA was checked for integrity and quanti-
fied using an Agilent 2100Bioanalyser (Agilent Technologies,
Stockport, Cheshire, UK). Samples of 200 ng total RNA with
an RNA integrity number >8 were reverse transcribed with the
TaqMan Reverse Transcription Reagents Kit (Applied Biosys-
tems, Warrington, Cheshire, UK) primed with random hexa-
mers following the manufacturer’s instructions. The products

were diluted to give a final concentration equivalent to 0.2 ng
RNA/ µl and 5 µl aliquots were used for the PCR reactions
which were carried out with either the SYBR Green RT-PCR
kit or TaqMan® Gene Expression Assays (Applied Biosystems).
The qPCR reactions used the standard protocol provided by
the manufacturer with the primers shown in Tables 2a and 2b
or as described previously.20 The amplification efficiency was
routinely determined from standard curves included with each
run. The products of reactions using the SYBR Green chemi-
stry were identified by sequencing and melt curves were
routinely carried out to confirm the presence of a single pro-
duct. The abundance of complementary DNAs (cDNAs) were
measured relative to the 18S ribosomal RNA (rRNA) Cat no
4319413E, Eukaryotic 18S rRNA Endogenous Control
(VIC®/MGB probe, Primer Limited; Applied Biosystems) and
relative target quantity was calculated from a standard curve in
order to facilitate comparisons between the SYBR Green and
TaqMan chemistries.

Triglyceride analysis

Hepatic triglyceride, choline and phosphocholine concentra-
tions were measured in chloroform and aqueous extracts as
detailed previously.21

Mitochondrial complex activity.

The activities of the ETC enzymes from the offspring’s liver
tissue were determined using a spectrophotometric assay22,23

modified for a 96 well format. Briefly; liver was homogenized in
ice cold 25mM potassium phosphate buffer (pH 7.2), (1:6 wt:
vol) using a glass–Teflon homogenizer (Braun). After cen-
trifugation at 600 g for 5min at 4°C, samples of the super-
natant were stored at −20°C until required. NADH
ubiquinone oxido-reductase (complex I) was measured by fol-
lowing the rotenone sensitive oxidation of NADH at 340 nm
in a reaction mixture containing 100 µM NADH, 100 µM
decylubiquinone, 50mM K phosphate (pH 7.5) and 3.75mg/
ml bovine serum albumin (BSA), with or without 12.5 µM
rotenone. Succinate ubiquinone oxido-reductase (Complex II)
was measured by following the oxidation of 2,6-
dichlorophenolindophenol (DCPIP) in a reaction mixture
containing 25mM K phosphate (pH 7.5) 20mM succinate,
100 µM decylubiquinone, 50 µM DCPIP, 1mM NaN3,
100 µM ATP and 2mg/ml BSA. Cytochrome c oxidase
(complex IV) was assayed by measuring the sodium azide sen-
sitive oxidation of cytochrome c in a mixture containing
50mM K phosphate (pH 7.0) and 100 µM reduced cyto-
chrome c. Citrate synthase activity was measured by following
the formation of 5-thio-2-nitrobenzoate at 412 nm in a reac-
tion mixture containing 100 µM 5,5′-dithio-bis-(2-
nitrobenzoic acid), 100mM Tris HCl (pH 8.1), 300 µM acetyl
CoA, 500 µM oxaloacetate and 0.1% Triton ×100. All reac-
tions were followed for 10min after addition of homogenate
containing ~50 μg protein as determined by the Lowry

Table 1. Composition of the experimental diet

Component Control (g/kg) FeDef (g/kg)

Albumin (egg) 200 200
Sucrose 648 648
CaCO3 15 15
Trace element mixa 5 5
Water soluble vitamin mixa 1 1
Choline HCl 1 1
Arachis oil 100 100
FeSO4 50mg 7.5mg

aWilliams and Mills.42
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method. The rate was calculated from the linear part of the
progress curve in nanomoles per minute per milligram protein.

mtDNA analysis

Samples of liver DNA were extracted using the GenElute
Mammalian genomic DNA miniprep kit (Product No
G1N10; Sigma Chemical Co, Poole Dorset, UK) following the
manufacturer’s instructions. Relative mtDNA copy number
and the common mtDNA deletion in the rat was measured
relative to the genomic β-actin gene by quantitative TaqMan
assay using the protocol and primers described previously.24

Statistical analysis

Data were analysed using Genstat 13th edition (VSN Inter-
national Ltd, Hemel Hempstead, UK) and presented as
mean ± S.E.M. The data were analysed by Student’s t-test,
analysis of variance or linear mixed models (restricted maximum
likelihood), blocked for dam where necessary. Statistical
significance was set at P< 0.05.

Results

Offspring characteristics

The offspring characteristics are shown in Table 3. There were
no differences in the litter sizes of the control and FeD pups. At
weaning, the male FeD pups were ~12% smaller than the
controls (P= 0.005). This difference in body weight persisted,

such that the offspring of the FeD dams remained ~12%
smaller than the controls at 52 weeks of age (Table 3). This
difference was reflected in the lower lean mass of the animals.
There was also a difference in body fat, however, fat as a
percentage of body weight or the ratio of fat to lean was
not different in the two groups of animals.
The body weight of the offspring fed the HF diet from weeks

52 to 64 increased by ~12% when compared with littermates fed
the stock diet over the same period (Table 4). The absolute body
weight at 64 weeks was also different with respect to the prenatal
diet, with the effect of iron deficiency during gestation continuing
to influence the lean mass of the offspring. The absolute amount
of fat in the FeD group was as expected, increased by the HF diet,
however, there was no effect of prenatal diet when fat was
expressed as a percentage of the lean mass.

Lipid metabolism and gene expression

The intrahepatic triglyceride concentration in animals fed the
HF diet was ~60% higher than in the animals fed the stock diet
(Table 5). Prenatal iron deficiency did not change the intra-
hepatic triglyceride concentrations in either group when
compared with its respective control. Whilst there were no
differences in intrahepatic choline concentrations between the
stock and HF fed animals, prenatal iron deficiency tended to
decrease free choline concentrations by ~40% (P= 0.07). The
storage form of choline, phosphocholine was also unaffected
by feeding the HF diet, but was reduced by ~25% (P= 0.04) in
the animals exposed to prenatal iron deficiency.

Table 2a. Primers used for quantitative polymerase chain reaction analysis with SYBR Green chemistry

Gene
name NCBI accession Forward primer Reverse primer

Amplification
efficiency (%)

ACC 1 NM-022193.1 CAACGCCTTCACACCACCTT AGCCCATTACTTCATCAAAGATCCT 102.6
LCPT 1 L077361 CGGTTCAAGAATGGCATCATC TCACACCCACCACCACGATA 102.2
CD36 AF072411 GGAAAGTTATTGCGACATGATTAATG GGAAAGAACCTCAGTGTTTGAGACTTC 81.4
PPAR-α NM_013196 CTATGGAGTCCACGCATGTGA TACGCCAGCTTTAGCCGAAT 95.8
PPAR-γ NM_001127330.2 CACAATGCCATCAGGTTTGG CAGCTTCTCCTTCTCGGCCT 91.8
SREBP1c XM_213329 GGAGCCATGGATTGCACATT CAAATAGGCCAGGGAAGTCAC 89.3
GCCR AB115420.1 AAACAATAGTTCCTGCAGCATTACC CATACAACACCTCGGGTTCAATC 85.2
PGC-1α AB025784 ATGAATGCAGCGGTCTTAGC AACAATGGCAGGGTTTGTTC 101.7

Table 2b. Primers used for quantitative polymerase chain reaction analysis with TaqMan chemistry

Gene name NCBI accession Catalogue number Amplification efficiency (%)

PGC-1β NM_176075.2 Rn00598552_m1 89.9
TFAM NM_031326.1 Rn00580051_m1 90.9
MFN1 NM_138976.1 Rn00594496_m1 80.4
MFN2 NM_130894.3 Rn00500120_m1 94.0
OPA1 NM_133585.3 Rn00592200_m1 84.3
OMA1 NM_001106669.1 Rn01433182_m1 93.9
DNM1L NM_053655.3 Rn00586466_m1 97.9
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The relative abundance of the messenger RNA (mRNA)
coding for Acc-1 and PPAR-α in the liver, was unaffected by
either the prenatal or postnatal diet (Table 6). The HF diet
increased the abundance of mRNAs for L-CPT-1 by ~100%,
the mRNA for CD36 by ~50%, the mRNA for SREBP-1c by
~25% and the mRNA for glucocorticoid receptor (Gccr) by
17% when compared with the stock diet. The relative abun-
dance of the mRNA for PPAR-γ was reduced by ~30% in the
animals fed the HF diet. Prenatal iron deficiency had no effect
on the relative abundance of any of these mRNAs or on the
magnitude of the change induced by the HF diet.

Mitochondrial enzyme activities

The citrate synthase activity of liver homogenates was un-
affected by either the prenatal or postnatal diets (Table 7).

There were no differences in the ratio of activities of the ETC
complexes to citrate synthase.

Mitochondrial numbers and D-loop mutation

The relative mtDNA copy number in the livers of male off-
spring at 64 weeks of age was increased by approximately
fourfold in the animals fed the HF diets when compared with
littermates fed the stock diet (Fig. 1a). There was no effect of
prenatal iron deficiency in either the animals fed the stock diet
or those fed the HF diet. The frequency of the common D-loop
deletion (Fig. 1b) increased from 1.12 ± 0.16 copies per copy
of the genomic β-actin gene in the stock fed animals
to 2.16 ± 0.50 copies per copy of the genomic β-actin gene in
animals the fed high diet. Prenatal iron deficiency did not
change the mtDNA copy number, the response to HF feeding

Table 3. Growth characteristics of the male offspring to 52 weeks of age

Con FeD

Maternal diet Mean S.E.M. Mean S.E.M. P

Number of litters 8 9
Litter size 13.3 1.0 14.0 0.4 ns
Body weight at weaning (g) 37.8 1.0 33.3 0.9 0.005
Total number of animals 18 22
Body weight at 52 weeks (g) 637.1 7.6 575.0 6.4 <0.001
Body fat at 52 weeks (g) 119.9 3.7 107.8 3.5 0.056
Fat (% body weight) 18.8 0.58 18.8 0.57 ns
Lean at 52 weeks (g) 430.0 6.5 388.3 5.1 0.004
Fat:lean ratio at 52 weeks 0.281 0.011 0.279 0.010 ns

All data are presented as mean values with their standard errors of the mean. Data were analysed by analysis of variance
blocked for dam.
ns P> 0.1.

Table 4. Growth characteristics of the male offspring fed the high fat (HF) diet from 52 to 64 weeks of age

Con-Stock FeD-Stock Con-HF FeD-HF
Prenatal
diet

Postnatal
diet Interaction

Mean S.E.M. Mean S.E.M. Mean S.E.M. Mean S.E.M. P P P

Number of litters 8 9
Number of animals 10 10 8 12
Body weight at 52 weeks (g) 644.8a 7.5 576.4b 8.8 626.9a 13.5 571.5b 10.6 <0.001 ns ns
Body weight at 64 weeks (g) 624.8a 6.8 549.6b 13.0 701.3c 12.1 623.1a 12.5 <0.001 <0.001 n.s
Body fat at 64 weeks (g) 106.9a 6.8 97.8a 8.2 208.9c 10.0 165.8b 11.0 ns <0.001 0.089
Fat (% body weight) 17.1a 1.0 17.6a 1.3 29.7b 1.1 26.8b 1.4 ns <0.001 ns
Lean at 64 weeks (g) 431.1a 8.9 379.6b 8.5 406.7c 8.7 379.3b 6.3 0.002 ns 0.057
Lean (% body weight) 69.0a 1.2 69.2a 1.3 58.0b 1.0 61.0b 1.2 ns <0.001 ns
Fat:lean ratio at 64 weeks 0.251a 0.019 0.259a 0.024 0.516b 0.028 0.438b 0.033 ns <0.001 ns

All data are presented as mean values with their standard errors of the mean. Data were analysed by restricted maximum likelihood with
Pre+ Post+ Pre× Post diet as fixed term and Dam No. as the random term.
a,b,cIndicate differences determined by post-hoc testing (P<0.05).
ns P> 0.1.
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or the prevalence of the D-loop deletion. The ratio of citrate
synthase to mtDNA copy number (Fig. 1c) was lower
(P< 0.001) in the animals fed the HF diet compared with the
stock fed controls, but unaffected by prenatal iron deficiency.

Expression of mitochondrial regulators in the offspring

The relative abundance of the mRNAs coding for mitochondrial
transcription factor A (TFAM) and PGC-1β were unchanged by

Table 5. Intrahepatic lipid concentrations in the male offspring at 64 weeks of age

Con-Stock FeD-Stock Con-HF FeD-HF ANOVA

Diet Mean S.E.M. Mean S.E.M. Mean S.E.M. Mean S.E.M. Prenatal diet Postnatal diet Interaction

n 7 6 7 7
Intrahepatic triglyceride
(nmol/mg Prot)

68.11 11.99 58.04 8.32 112.89 20.23 100.71 13.63 ns 0.005 ns

Intrahepatic free choline
(nmol/mg Prot)

0.040 0.007 0.028 0.007 0.040 0.015 0.017 0.005 0.074 ns ns

Intrahepatic phosphocholine
(nmol/mg Prot)

2.380 0.275 2.156 0.229 2.618 0.296 1.756 0.264 0.047 ns ns

HF, high fat.
All data are presented as mean values with their standard errors of the mean. Data were analysed by two-way analysis of variance (ANOVA).
ns P> 0.05.

Table 6. Relative abundance of messenger RNAs (mRNAs) in the liver of male offspring at 64 weeks

Con-Stock FeD-Stock Con-HF FeD-HF Prenatal diet Postnatal diet Interaction

Mean S.E.M. Mean S.E.M. Mean S.E.M. Mean S.E.M. P P P

n 6 6 7 7
ACC 1 3.87 0.64 4.36 0.56 4.55 0.26 4.71 0.51 ns ns ns
LCPT 1 2.13 0.71 2.47 0.49 4.62 0.76 4.56 0.35 ns <0.001 ns
CD36 2.36 0.48 2.77 0.70 4.64 0.81 3.14 0.33 ns 0.034 ns
PPAR-α 3.55 0.53 3.83 0.18 3.90 0.34 4.29 0.23 ns ns ns
PPAR-γ 3.67 0.49 3.59 0.63 2.56 0.28 2.41 0.24 ns 0.01 ns
SREBP1c 2.93 0.34 2.88 0.39 3.81 0.40 3.47 0.26 ns 0.044 ns
GCCR 3.51 0.36 3.54 0.16 4.33 0.24 3.96 0.21 ns 0.018 ns

HF, high fat.
The relative abundance of mRNAs expressed in arbitrary units relative to the 18S ribosomal RNA.
All data are presented as mean values with their standard errors of the mean. Data were analysed by two-way analysis of variance.
ns P> 0.05.

Table 7. Ratios of hepatic mitochondrial electron transport chain activities to citrate synthase (CS) in the liver of male offspring at 64 weeks

Con-Stock FeD-Stock Con-HF FeD-HF Prenatal diet Postnatal diet Interaction

Mean S.E.M. Mean S.E.M. Mean S.E.M. Mean S.E.M. P P P

n 7 6 7 7
CS (nmol/min/mg protein) 19.2 1.6 29.7 7.0 25.8 3.1 20.0 2.5 ns ns ns
C I:CS 15.1 0.8 20.6 6.1 15.7 2.3 22.4 4.9 ns ns ns
C II:CS 7.8 0.7 8.9 2.6 7.7 1.1 9.6 2.3 ns ns ns
C IV:CS 51.6 4.4 51.6 12.0 51.4 8.2 63.4 12.8 ns ns ns

HF, high fat.
All data are presented as mean values with their standard errors of the mean. Data were analysed by two-way analysis of variance.
ns P> 0.05.
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either prenatal iron deficiency or postnatal HF diets (Table 8).
There was, however, an increase of ~25% in the abundance of the
mRNA coding for PPAR-gamma-co-activator-1-alpha (PGC-1α)

in the offspring exposed to prenatal iron deficiency, although
there was no effect of the postnatal HF diets. The mRNAs
associated with mitochondrial fusion were unchanged apart from
Mfn1 which showed and interaction between the prenatal
and postnatal diets. This was the consequence of an increase of
~15% in the abundance of Mfn1 in the control animals fed the
HF diet, whereas there was no change in the FeD animals.
There was a decrease of ~15% in the abundance of the mRNA for
Oma1 which is associated with mitochondrial fission in the
HF diet groups.

Discussion

The present study sought to examine the potential for long-
term effects on mitochondrial dynamics, ETC activity and
D-loop mutation in the aged offspring of iron-deficient dams.
In line with previous studies there was a substantial decrease in
the birthweight of the FeD offspring which persisted into adult
life. However, although the FeD offspring were smaller, the
proportions of fat to lean were similar and there was no evi-
dence that the prenatal diet had any influence on adiposity of
the offspring fed the stock diet. Feeding the HF diet increased
body weight but here also there was no evidence for an effect of
the prenatal diet, with the relative proportions of fat to lean
remaining unchanged. In this respect the present study differs
from previous reports of increased visceral fat in the offspring of
iron-deficient dams fed a HF diet in adult life.25,26

The liver plays a central role in lipid metabolism and the
development of hepatic steatosis in the offspring is a common
feature of many models for the fetal origins of adult disease. In
the present experiment the HF challenge lead to substantial
increases in intrahepatic triglyceride concentrations as well as
increases in the abundance of mRNAs associated with the
oxidation of fatty acids such as L-CPT, CD36 and the tran-
scriptional activators controlling them. However, there was no
evidence that these parameters were affected by prenatal iron
deficiency, in either the stock or HF fed offspring. The only
substantial change in gene expression following prenatal iron
deficiency was an increase in the abundance of the mRNA
coding for PGC-1α, a factor implicated in other models of fetal
programming.27 However, in other models the pattern is of a
decrease in relative abundance. In the offspring of dams fed a
HF diet there is a decrease in mRNA abundance in the liver8

and the protein abundance is reduced in the liver of methyl-
deficient offspring.28,29 Prenatal iron deficiency also reduces
the steady state concentration of phosphocholine and tends to
reduce free choline in the liver. It is tempting to speculate that
these changes may be related to the reduced expression of
PGC-1α, reflecting some hitherto unidentified effect of iron
deficiency on hepatic function in the offspring.
It is not clear why the present study failed to replicate find-

ings of an increase in visceral adipose tissue in the offspring of
iron-deficient dams reported elsewhere.25,30 The degree of
maternal iron deficiency, the composition of the experimental
diet and strain differences could all be factors. Although the

Fig. 1. Mitochondrial DNA (mtDNA) in the liver of the male
offspring of rats fed control (clear) or iron-deficient diets (hatched
bars) during gestation. The male offspring were subsequently fed
stock (white bars) or high fat (HF) diets (grey bars). Data are
presented as mean + S.E.M. (Con-Stock n= 7, Con-HF n= 7,
FeD-Stock n= 6, FeD-HF n= 7). a,bBars with different letter
superscripts are significantly different Fisher’s least significant
difference test (P< 0.05). (a) mtDNA copy number (b) D-loop
deletion copy number. (c) Ratio of citrate synthase to mtDNA
copy number.

Iron deficiency and mitochondria in the offspring 237

https://doi.org/10.1017/S2040174417000721 Published online by Cambridge University Press

https://doi.org/10.1017/S2040174417000721


MRI data does not differentiate between visceral and sub-
cutaneous adipose depots, reciprocal changes in distribution are
unlikely, suggesting that that there was no differential effect on
visceral adiposity. Total body and intrahepatic triglyceride was
increased in animals fed the HF diet, however, even in the HF
group, fat as a proportion of lean tissue mass was unaffected by
prenatal iron deficiency. Increases in the expression of the
glucocorticoid receptor have been reported in the offspring of
rats fed a low protein diet during gestation,31 however,
although HF feeding increases the abundance of the mRNA,
there is no evidence for an effect of prenatal iron deficiency,
suggesting that this endocrine system is unaffected. It is possi-
ble that subtle differences in the prenatal diet composition may
also be a factor. The extent and timing of iron deficiency are
similar and unlikely to be a factor, however, other diet com-
ponents may also be important. The lipid composition of the
diet, a factor which has been shown to be particularly important in
other models of prenatal programming such as dietary protein
restriction32 may also influence the metabolic phenotype of
iron-deficient offspring. Changes in both glucose tolerance and
hepatic gene expression were observed in the offspring of dams fed
a low protein diet prepared with soya oil, whereas there was no
difference when the diet was prepared with corn oil.33 It is pos-
sible that these effects are related to increases in maternal plasma
triglyceride concentrations which are higher in the low protein
soya oil diet compared with the corn oil diet.34 Iron deficiency
also increases triglyceride concentrations in the maternal circula-
tion by 20–40%35 but this is small when compared with the more
than twofold increase seen in animals fed low protein diets. The
present study used arachis oil as the lipid source and as this has a
different fatty acid profile from corn and soy oil, it would be
interesting to see if the fatty acid composition of the maternal
diet also modulates the impact of iron deficiency.

Mitochondria within eukaryotic cells are constantly being
remodelled by biogenesis, fusion, fission and autophagy. These
dynamic processes modify cellular metabolism in response to

changes in the environment such as those produced by feeding
a HF diet.36 The increase in intrahepatic triglyceride con-
centrations in the animals fed the HF diet is accompanied by an
increase in the expression of L-CPT-1, indicative of more fatty
acid being transferred to the mitochondrion for oxidation. The
increase in mtDNA relative to genomic DNA shows that there
has been substantial mitochondrial biogenesis in the HF ani-
mals, however, that there is no evidence for an effect of prenatal
iron deficiency on the mtDNA copy number and hence the
proliferation of hepatic mitochondria.
In other models of fetal programming imbalances in the

maternal diet affect the activities of the mitochondrial ETC
complexes in the offspring. For example; maternal diets high in
fat12 or deficient in methyl donors28 are both associated with a
decrease of more than 50% in the activity of mitochondrial
ETC Complexes I and II in the liver of the offspring. There is
no evidence for similar changes in the hepatic ETC activity in
the offspring of iron-deficient dams. This is the case even in the
animals fed the HF diet which increases the amount of sub-
strate available for oxidation and increases the flow of electrons
through the ETC. However, the response of the mitochondria
to this additional substrate is complex. Although there was a
fourfold increase in mtDNA, citrate synthase activity and the
activities of individual ETC complexes were unchanged when
compared with the stock fed animals. As a result the citrate
synthase and ETC activity per copy of mtDNA was sub-
stantially lower in the animals fed the HF diets. These results
suggest that the individual mitochondria are working less effi-
ciently and that a reduced yield from oxidative phosphorylation
counters the increased number of mitochondria. These results
are consistent with previous studies showing an increased
number of less differentiated mitochondria in the liver of HF
fed animals.16 Although an increase in the overall number of
mitochondria would be expected to enhance any lasting defect
such as mtDNA damage induced by prenatal iron deficiency,
this may be masked by a failure to induce additional ETC

Table 8. Expression of mitochondrial regulators in the liver of male offspring at 64 weeks

Con-Stock FeD-Stock Con-HF FeD-HF Prenatal diet Postnatal diet Interaction

Mean S.E.M. Mean S.E.M. Mean S.E.M. Mean S.E.M. P P P

N 6 6 7 7
PGC-1α 3.81 0.39 5.36 0.70 4.86 0.46 5.64 0.59 0.04 ns ns
PGC-1β 2.58 0.48 2.38 0.33 2.65 0.23 2.80 0.35 ns ns ns
TFAM 2.46 0.30 2.65 0.16 2.53 0.15 2.55 0.25 ns ns ns
Mfn1 2.13 0.25 2.65 0.17 2.61 0.08 2.33 0.18 ns ns 0.03
Mfn2 2.56 0.29 2.84 0.11 2.70 0.13 2.76 0.18 ns ns ns
OPa1 3.29 0.29 3.48 0.12 3.40 0.18 3.37 0.16 ns ns ns
Oma1 2.66 0.36 2.86 0.17 2.24 0.06 2.37 0.22 ns 0.051 ns
Dnml1 2.40 0.32 2.44 0.12 2.74 0.15 2.75 0.21 ns ns ns

HF, high fat.
The relative abundance of messenger RNAs expressed in arbitrary units relative to the 18S ribosomal RNA.
All data are presented as mean values with their standard errors of the mean. Data were analysed by two-way analysis of variance.
ns P>0.05.
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enzyme expression. However, there is no evidence for an effect
of the prenatal diet in either the stock or HF diet groups.

Mitochondrial biogenesis is regulated by nuclear encoded
mitochondrial genes which include the transcriptional activa-
tors PGC-1α and PGC-1β and TFAM.37 The lack of change in
the HF fed animals is probably explained by the transient
changes in the expression of these factors during the first 2 or
3 weeks following the introduction of a HF diet.38 It is likely
that this adaptive phase has passed and a new steady state
has been achieved. Transient changes in gene expression
probably also account for the lack of change in the mRNAs
coding for proteins regulating fusion and fission. The decreases
in the efficiency of oxidative phosphorylation in HF fed
animals is associated with a shift towards mitochondrial fission
(the splitting into two organelles) and is regulated by the
dynamin-like proteins (Dnml1) and the mitochondrial metal-
loproteinase Oma1.39,40 The tendency for a small decrease in
the abundance of Oma1 in the HF fed animals may reflect the
reduced mitochondrial efficiency, however, may also be part of
a mechanism to remove damaged mtDNA (see below). It is
clear, however, that there is no evidence for long-lasting chan-
ges as a result of prenatal iron deficiency on either the abun-
dance of the mRNAs regulating fission or in the ratio of citrate
synthase to mtDNA, suggesting that the mitochondrial net-
work is unaffected by the maternal diet.

The mitochondrial genome is a small circular DNA mole-
cule located within the organelle and is susceptible to damage
because of its proximity to the machinery of oxidation. A
4834 bp sequence in the D-loop of mtDNA is particularly
prone to deletion following oxidative damage. The increased
frequency of this deletion in the liver of animals fed the HF diet
reflects damage caused by the increase in reactive oxygen spe-
cies arising from higher rates of fat oxidation. It is likely that the
small decrease in the abundance of Oma1 mRNA in the HF
group is associated with the removal of these damaged mito-
chondria by mitophagy. Both excesses41 and deficiencies14 of
iron have been shown to increase the damage to mtDNA and
since mtDNA is replicated as cells divide, damage sustained in
the prenatal period may still be present later in life. However,
there is no evidence for changes in the frequency of the D-loop
deletion in the offspring exposed to prenatal iron deficiency.
This is the case even when the hepatic mitochondria are
induced to proliferate by feeding the HF diet. Measurement of
the mtDNA deletion is not a comprehensive analysis and
cannot eliminate the possibility of an increased frequency of
point mutations. However, studies have shown that damage to
mtDNA results in a parallel decline in mitochondrial respira-
tion due to defective synthesis of ETC subunits.41 As there is
no effect of the prenatal diet on ETC activity, our data suggest
that mitochondrial dysfunction is not caused by iron deficiency
during fetal development.

To summarize this study shows that there is no long-term
effect on lipid deposition, hepatic lipid metabolism or mito-
chondrial dynamics, ETC activity and mtDNA mutation in
the offspring of iron-deficient dams even when challenged with

a HF diet. These results suggest that the mechanism and sub-
sequent impact of maternal iron deficiency on metabolism
differs from other models of fetal programming, however, the
final phenotype may still be a product of interactions with other
components of the maternal diet.
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