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Abstract A methyl-deficient diet (MD) lacking folic acid

and the associated methyl donors choline and methionine,

fed to the laboratory rat during the periods of oocyte and

embryo development, has been shown to programme glu-

cose metabolism in the offspring. The hepatic proteome of

the male offspring of female rats fed MD diets for 3 weeks

prior to mating and for the first 5 days of gestation has been

examined by 2-dimensional gel electrophoresis. Three

groups of differentially abundant proteins associated with

energy metabolism, amino acid metabolism and antioxi-

dant defence were identified in the soluble proteins

extracted from the liver from the MD offspring at both 6

and 12 months of age. Altered mitochondrial activity in

other programming models leads to a similar pattern of

differential protein abundance. Two of the differentially

abundant proteins were identified as GAPDH and PGK-1

by mass spectrometry. Western blotting showed that there

were multiple isoforms of both proteins with similar

molecular weights but different isoelectric points. The

differentially abundant spots reduced in the MD offspring

corresponded to minor isoforms of GAPDH and PGK-1.

The levels of PPAR-alpha, SREBP and glucocorticoid

receptor mRNAs associated with other models of prenatal

programming were unchanged in the MD offspring. The

data suggest that a diet deficient in folic acid and associated

methyl donors fed during the peri-conception and early

preimplantation periods of mammalian development

affects mitochondrial function in the offspring and that the

posttranslational modification of proteins may be

important.
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Abbreviations

ACC-1 Acetyl-CoA carboxylase

HOMA Homoeostasis model

L-CPT-1 Carnitine palmitoyl transferase

GAPDH Glyceraldehyde-3-phosphate

dehydrogenase

MD Methyl deficient

PEPCK Phosphoenolpyruvate

carboxykinase

PGC-1a PPAR-c co-activator-1a
PGK1 Phosphoglycerate kinase

PPAR-a and PPAR-c Peroxisome proliferator-activated

receptors alpha and gamma

SREBP-1c Sterol response element binding

protein

Udpgdh UDP-glucose dehydrogenase

GccR Glucocorticoid receptor

oGTT Oral glucose tolerance test
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Introduction

There is a growing body of evidence to show that an

imbalance in the maternal diet during the peri-conception

and early preimplantation periods of mammalian devel-

opment permanently programmes the metabolism of the

offspring. The substrates and cofactors involved in methyl

metabolism are believed to be especially important during

these very early stages of development (Fernandez-Gonz-

alez et al. 2004; Sinclair et al. 2007b; Hochberg et al.

2010). Studies of animals from several diverse species have

shown that methyl-deficient (MD) diets, that is, deficient in

folic acid, choline, methionine and vitamins in the B group

(folic acid and B12), fed around the time of conception

programme the insulin axis and hence glucose metabolism

in the offspring. Sheep embryos derived from ewes fed MD

diets develop into adults that are heavier, fatter and are

insulin–resistant (Sinclair et al. 2007a). A similar change in

the insulin axis has also been observed in the male off-

spring of the laboratory rat exposed to MD diets during

oocyte maturation and early development (Maloney et al.

2011). In this model, the Homoeostasis Model Assessment

(HOMA) index and peak insulin during an oral glucose

tolerance test (oGTT) were increased at 6 months of age,

and this change in glucose homoeostasis persisted so that

by 12 months of age the peak glucose concentration during

oGTT was higher, despite higher peak insulin concentra-

tions. Other treatments that perturb the preimplantation

embryo such as assisted reproductive technologies (Scott

et al. 2010) and somatic cell nuclear transfer (Tamashiro

et al. 2003) have also been reported to change insulin

action, producing a similar phenotype to the MD offspring.

However, the mechanism underlying the peri-conception

programming of glucose metabolism and insulin action is

unknown.

The liver has been shown to be an important target

organ for metabolic programming in many of the animal

models used to demonstrate the developmental origins of

health and disease. For example, the expression of key

hepatic enzymes such as phosphoenolpyruvate carboxy-

kinase (PEPCK), acyl-CoA carboxylase-1 (ACC-1) and

liver carnitine palmitoyl transferase-1 (L-CPT-1) is

modified in the offspring of rats fed a low-protein diet

during pregnancy (Desai et al. 1997; Zhang and Byrne

2000; Maloney et al. 2003; Rees et al. 2006; Maloney

et al. 2007). This programming of the liver extends to

the preimplantation period, with a twofold increase in

hepatic PEPCK expression in male foetuses of mice fed

a low-protein diet during the first 5 days following

conception (Kwong et al. 2007). Because the liver has

such a central role in metabolic homoeostasis, it is a

promising target tissue for programming by early MD

diet exposure.

Early preimplantation development is characterised by

precise, persistent changes in epigenetic marks that com-

pletely reprogramme the mammalian genome by methyl-

ation of cytosine residues close to a number of important

genes (Santos and Dean 2004). A growing number of

studies have associated changes in the methylation of

regulatory DNA sequences with developmental program-

ming of offspring metabolism. These sequences include

those for integrated viral sequences (Waterland and Jirtle

2003), PPAR-alpha, glucocorticoid receptor (Lillycrop

et al. 2005), angiotensin receptor (Bogdarina et al. 2007,

2010), liver X receptor (van Straten et al. 2010) and

hepatocyte nuclear factor Hnf4a (Sandovici et al. 2011).

Critically, evidence from studies in both sheep and rodents

shows that inappropriate methyl nutrition specifically

imposed during peri-conception and early preimplantation

development persistently modifies the patterns of DNA

methylation in adult tissues (Waterland and Michels 2007;

Sinclair et al. 2007b). Methylation reactions are also

important for the posttranslational modification of proteins;

for example, an MD diet fed during dam gestation and

lactation has been shown to alter fatty acid oxidation and

energy metabolism in the myocardium of rat offspring

through imbalanced methylation/acetylation of PGC-1

alpha (Garcia et al. 2011).

In this study, we have compared the proteomic profiles

of soluble proteins from the male offspring of rats fed MD

diets during the pre- and postconception period with those

of control animals. This gives a broad picture of the

changes in proteins associated with a wide range of cell

function. We have also measured the expression of some of

the candidate genes associated with altered epigenetic

regulation in other models of prenatal programming to test

the possibility that epigenetic marks acquired during the

peri-conception and immediate preimplantation stages of

development modify hepatic gene expression.

Methods

Animals

All experimental procedures were approved by the Ethical

Review Committee of the Rowett Research Institute and

conducted in accordance with the UK Animals (Scientific

Procedures) Act, 1986. The experiment to produce the

offspring and their physiological phenotype has been

described previously (Maloney et al. 2011). Briefly, female

rats were allocated into two groups fed either a complete

semi-synthetic diet (CON) or a methyl-deficient diet (MD)

with no folic acid, 0.05 % choline and approximately half

the recommended content of methionine for 3 weeks prior

to mating and for the first 5 days of gestation. From day 5,
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both groups received a complete semi-purified diet until

birth, and thereafter, dams and offspring were fed non-

purified diet for the remainder of the experiment (CRM

(P) breeder and grower diet 801722, Special Diet Services,

Witham Essex UK). Offspring were killed at 6 and

12 months of age, 3 h after being subjected to an oral

glucose tolerance test (see Maloney et al. 2011 for details),

and samples of the liver were removed, rapidly frozen and

stored at -80 �C.

Proteomics

Analysis of the soluble proteome was carried out as

described previously (McNeil et al. 2008). Liver samples

were chosen randomly from eight male offspring (one per

litter) of either the CON or MD groups. Pieces of frozen

liver (±125 mg) were homogenised in 500 ll extraction

buffer (pH 7.1) containing 50 mM Tris, 100 mM KCl,

20 % glycerol, 1.4 lM pepstatin A, 1.0 mM PMSF and

CompleteTM protease inhibitor cocktail (Boehringer

Mannheim). The homogenate was centrifuged for 30 min

at 100,0009g at 4 �C (Beckman TL-100 centrifuge). Pro-

teins in the supernatant (300 lg from each extract) were

separated in the first dimension on immobilised pH gradi-

ent strips (pI 3–10; BioRad, Hemel Hempstead, UK) and in

the second dimension on an 18 9 18-cm SDS polyacryl-

amide gel at 200 V for 9.5 h. Molecular weights were

determined with a Bio-Rad Precision Plus Protein Mr

standard. Gels were stained with colloidal coomassie bril-

liant blue, washed, scanned and analysed using PDQuest v7

software (BioRad.). Spots corresponding to differentially

abundant proteins were excised from the gels using a

robotic spot cutter (BioRad), and following trypsin diges-

tion, protein identities were determined by mass spec-

trometry using either MALDI-TOF (Voyager-DE PRO,

Applied Biosystems, Warrington, Cheshire, UK) or LC/

MS/MS (Q-trap Applied Biosystems). The mass spectra

were corrected for isotope abundance, and the resulting

peptide mass list profiles were analysed using the Matrix

Science ‘Mascot’ web tool (http://www.matrixscience.com

). The Mascot database search criteria allowed 1 missed

cleavage, carbamidomethyl modification of cysteine; par-

tial oxidation of methionine, a charged state of MH? and

positive identities of at least 20 % matched peptides cov-

ering at least 10 % of the protein sequence. Positive mat-

ches with proteins in the database were assigned at a

probability value of P \ 0.05.

Western blotting

Protein samples (200 lg of each extract) were separated by

two-dimensional gel electrophoresis (pI 3–10 in the first

dimension and in the second dimension on Criterion AnyKd

gels (Biorad)) and blotted using the Criterion wet blot system

(Biorad). Antibodies were obtained from R&D Systems

(Abingdon, Oxfordshire, UK), and conditions for Western

blotting were as recommended by the manufacturer. The

primary antibodies PGK1 (Cat No AF5455) and GAPDH

(Cat No AF5718) were used at a concentration of 0.8 lg/ml

and 0.25 lg/ml, respectively, and secondary antibody (Cat

No HAF109) was used at 0.1 lg/ml. The blots were visual-

ised by ECL (Imobilon Western Chemiluminescent HRP

substrate Cat No WBKLSO500, Millipore, Watford UK) and

imaged with a Fuji Imager LAS3000.

Real-time PCR

Total RNA was extracted from samples of liver using the

Trizol reagent (Sigma, Poole, Dorset, UK) as described

previously (Maloney et al. 2005). Samples of 50 ng total

RNA were reverse transcribed using the TaqMan Reverse

Transcription Reagents Kit (Applied Biosystems, War-

rington, Cheshire, UK) primed with random hexamers. The

levels of PPAR-alpha, PPAR-gamma, SREBP-1c, ACC-1,

L-CPT-1 and GccR cDNA were measured using the SYBR

Green real-time PCR kit (Applied Biosystems) using the

primer sequences described previously (Watts et al. 2005;

McNeil et al. 2008). The levels of the remaining cDNAs

were measured using the TaqMan gene expression

assay (PEPCK Assay ID Rn01529009_g1; GAPDH

(G3PDH) Assay ID Rn99999916_s1; UGDH Assay ID

Rn00580047_m1 from Applied Biosystems). Relative tar-

get quantity was calculated from the standard curve, and

the results expressed as the ratio of the product relative to

the 18S rRNA.

PEPCK assay

PEPCK activity was estimated by the method of (Petrescu

et al. 1979) modified for a 96-well plate format. Briefly,

samples of liver were homogenised in 10 volumes of ice-

cold buffer (0.25 M Sucrose, 5 mM Hepes (pH 7.4)) and

centrifuged at 100,0009g for 30 min. The assay was

conducted in a final volume of 0.25 ml containing; 25 mM

Tris–HCl (pH 7.4), 20 mM NaHCO3, 1 mM MgCl2,

0.1 mM NADH, 0.5 mM Phosphoenol pyruvate, 2U malate

dehydrogenase and 0.025 ml of the homogenate. The

reaction was initiated by the addition of 0.15 mM dGTP

and monitored by the change in absorption at 340 nm. The

background rate was determined in a duplicate set of wells

where NaHCO3 was omitted from the reaction mixture.

GAPDH assay

Glyceraldehyde-3-phosphate-dehydrogenase activity was

assayed by the method described in the Worthington
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Biochemical Corporation Enzymes manual (www.worthington-

biochem.com/GAPD/assay.html) modified for a 96-well

plate format. Briefly, the assay was conducted in a final

volume of 0.25 ml containing 9 mM sodium pyrophos-

phate (pH 8.5), 18 mM sodium arsenate, 0.25 mM NAD,

3.3 mM DTT and 0.025 ml of the enzyme extract used for

the PEPCK assay. The reaction was started by the addition

of 0.5 mM Glyceraldehyde-3-phosphate and monitored by

the change in absorption at 340 nm.

Statistical analysis

Data are presented as mean ± SEM. Scans of the proteo-

mic gels were normalised using the PDQuest software to

determine the mean corrected spot density. The spot den-

sity for each discrete protein on the control gels was

compared with the density of the corresponding spot on the

MD gels using Student’s t test. The gene expression data

and enzyme activities were analysed by one-way ANOVA

followed by Fisher’s multiple comparison test (Genstat 7

statistical package, Lawes Agricultural Trust, Rothamsted

Experimental Station, Harpenden, Herts, UK).

Results

Proteomics

Soluble proteins prepared from the livers of the male off-

spring killed at 6 months of age and where possible their

male siblings killed at 12 months of age were separated by

two-dimensional electrophoresis. Approximately 900 dis-

crete spots were resolved from both sets of samples. Rep-

resentative gels from 6-month-old offspring are shown in

Fig. 1a, b.

Analysis of the spot densities in the liver samples from

animals at 6 months of age identified 41 differentially

abundant proteins (P \ 0.05), 18 upregulated and 23

downregulated in MD compared to CON. These differen-

tially abundant proteins were sequenced by mass spec-

trometry and are shown grouped by function, in Table 1.

The proteins can be classified into three principal groups

associated with energy metabolism, antioxidant defence,

and amino acid and peptide metabolism. Additionally there

were a small number of proteins with no clear functional

relationships.

To validate the protein identification by mass spec-

trometry, duplicate samples were run on similar gels,

blotted onto membranes and probed with antibodies spe-

cific to two of the differentially abundant proteins PGK-1

(Fig. 1c, d) and GAPDH (Fig. 1e, f). In both cases, these

Western blots revealed a number of isoforms of similar

molecular weight but differing in their isoelectric points.

The differentially abundant spots identified as PGK-1 and

GAPDH on the coomassie stained gels both correspond

closely to one of the minor isoforms, but because of slight

distortions during processing, it was not possible to

unambiguously align the differentially expressed proteins

with particular spots on the Western blot.

In the samples derived from the livers of the 12-month-

old animals, 15 differentially abundant proteins were

identified, 7 upregulated and 8 downregulated in MD

compared to CON (P \ 0.05). These proteins were

sequenced by mass spectrometry and are shown grouped by

function in Table 2. The proteins can be classified into

three principal groups of proteins associated with energy

metabolism, antioxidant defence and amino acid and pep-

tide metabolism.

Gene expression

The relative expression of the mRNAs coding for three of

the differentially abundant proteins, namely PEPCK, gly-

ceraldehyde-3-phosphate dehydrogenase (GAPDH) and

UDP-glucose dehydrogenase (Udpgdh) in the livers of

6 month male offspring is shown in Table 3. The mRNAs

were unchanged despite changes in the protein levels.

There were also no differences in the levels of the mRNAs

for PPAR-alpha, PPAR-gamma, SREBP-1c or glucocorti-

coid receptor (GccR), all of which have been associated

with the development of postnatal phenotypes in other

animal models of programming. There were also no

changes in the levels of mRNA coding for Acc-1 and

L-CPT-1 also associated with other programming models.

Enzyme activities

The activity of PEPCK and GAPDH in homogenates pre-

pared from the livers of the male offspring at 6 months of

age is shown in Table 4. The activity of both enzymes was

unchanged by the maternal diet.

Discussion

This study shows that the abundance of proteins in three

different functional groups is changed in the offspring of

dams exposed to a methyl-deficient diet during the pre-

conception and preimplantation stages of development. At

both 6 and 12 months of age, proteins involved in the

processes of energy metabolism, antioxidant defence and

amino acid and peptide metabolism are differentially

expressed, suggesting that life-long changes in these pro-

cesses are programmed by exposure to a nutritional insult

during the initial cell divisions. The change in proteins

associated with energy metabolism is consistent with the
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findings of physiological studies conducted whilst these

animals were alive, which showed alterations in insulin

action and glucose metabolism (Maloney et al. 2011).

Despite changes in the relative abundance of a protein

identified as GAPDH in the livers of 6-month-old MD

offspring, there was no change in either the mRNA levels

or the total enzyme activity. The Western blots show that

there are a number of GAPDH isoforms which differ only

in their isoelectric points. These are probably caused by

modifications, such as acetylation, methylation or phos-

phorylation, which alter the overall electric charge but have

little effect on the apparent molecular weight. The minor

GAPDH isoforms located in the region of the spot identi-

fied as GAPDH on the gels stained with coomassie blue

accounted for between 3 and 5 % of the total antibody

binding. This suggests that the differentially abundant

protein represents only a small part of the total activity

within the cell, whereas the mRNA and enzyme activity

reflects the sum of all isoforms of the enzyme. A similar

situation probably applies to PGK1, another differentially

abundant protein with multiple isoforms. Posttranslational

modifications may well underlie the differential abundance

of other proteins although this remains to be tested. Spe-

cific posttranscriptional modifications of proteins within

particular pools or intracellular structures are a critical

factor in metabolic channelling and regulation (Guan and

Xiong 2011). Although GAPDH is mainly known for its

role in glycolysis, there is a growing body of evidence to

suggest that this is a multifunctional protein participating in

the control of proliferation, apoptosis and transcription

(Nicholls et al. 2011). Whilst these differentially abundant

protein isoforms may be a relatively small part of the total

activity, changes in them may result in much larger effects

on metabolism within specific compartments or organelles

and may be particularly important in the developmental

origins of health and disease.

The mRNA for PEPCK, one of the differentially abun-

dant proteins at 6 months of age, is increased in the foetal

liver when animals are exposed to low-protein diet during

preimplantation development (Kwong et al. 2007). This

enzyme is also changed in the offspring of animals exposed

to maternal diets low in protein (LP) or high in fat (HF)

throughout gestation. This suggests that modifications of

PEPCK may be a common feature of programming models,

although there appear to be at least two mechanisms. In the

case of the LP model, the changes in PEPCK activity are

the result of programmed glucocorticoid signalling (Nyir-

enda et al. 2001). In the present study, we have been unable

to detect a change in the expression of the glucocorticoid

receptor (GccR) mRNA (Nyirenda et al. 1998), an obser-

vation that would tend to rule out a possible role for glu-

cocorticoids in the early MD model. In the offspring of

dams fed the HF diet, there is evidence for a second

mechanism involving modifications in the histone code in

the livers of the offspring which increase transcription of

the PEPCK gene (Strakovsky et al. 2011). However, it is

Fig. 1 Typical 2-D gels of

soluble proteins from the liver

of 6-month-old male offspring

from dams fed complete (CON)

or methyl-deficient (MD) diets.

Panels (a) and (b) show gels

stained with coomassie blue,

with the arrows indicating the

approximate location of the

differentially abundant proteins

identified as PGK1 and

GAPDH. Panels (c) and

(d) show corresponding

Western blots with primary

antibody specific to PGK1, and

panels (e) and (f) show the

Western blot with primary

antibody specific to GAPDH.

The pI range is shown across the

top, and the location of

molecular weight markers

(BioRad) are shown on the

right-hand side
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Table 1 Hepatic proteome of the male offspring at 6 months of age

Spot ID no Protein identity NCBI CON MD P

Mean SEM Mean SEM

Energy metabolism

7301 Glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12). P04797 62.3 6.5 26.1 4.8 0.000

6605 UDP-glucose dehydrogenase O70199 32.3 3.3 17.8 2.7 0.002

7601 UDP-glucose 6-dehydrogenase O70199 8.4 2.0 3.1 1.0 0.015

5714 PEPCK cytosolic P07379 23.2 8.9 3.9 1.1 0.026

8401 Phosphoglycerate kinase P16617 262.3 16.1 163.5 46.3 0.035

5702 Phosphoglucomutase Q499Q4 43.2 14.1 13.8 4.1 0.036

8315 Fructose-bisphosphate aldolase P00884 684.0 107.9 383.1 113.2 0.043

6507 UDP-glucose pyrophosphorylase 2 Q4V8I9 94.5 6.5 68.8 8.0 0.012

4305 Pyridoxal kinase O35331 8.3 1.0 13.5 2.0 0.019

8602 Methyl-malonate semi-aldehyde dehydrogenase Q02253 30.2 7.2 59.9 9.7 0.013

7404 Fumarate hydratase precursor, mitochondrial Q5M964 73.7 10.5 47.4 5.5 0.023

5408 Fumarylacetoacetase P25093 27.2 6.6 13.6 2.1 0.040

6001 Nucleoside diphosphate kinase P19804 35.8 2.8 28.4 2.5 0.040

2404 50-bisphosphate nucleotidase Q9Z1N4 9.2 1.8 15.2 2.6 0.044

6708 Glucokinase regulatory protein Q07071 14.7 5.2 2.4 0.4 0.016

Antioxidant defence

7702 Catalase P04762 67.1 8.4 128.2 19.8 0.005

7602 Catalase P04762 418.1 59.1 270.3 19.1 0.016

6703 Catalase P04762 115.0 9.4 91.8 6.6 0.035

7103 Glutathione transferase cytosolic P04906 11.2 2.5 24.2 4.2 0.008

7104 Glutathione-S transferase P08009 18.8 4.9 5.7 2.0 0.013

7004 Thioredoxin reductase (peroxiredoxin-4) Q9Z0V5 55.1 5.3 33.9 7.5 0.019

4504 Selenium binding protein Q8VIF7 149.7 8.7 200.2 25.3 0.047

4106 Peroxiredoxin-6 (EC 1.11.1.15) O35244 19.0 2.7 27.9 2.8 0.019

Amino acid and peptide metabolism

6602 Cysteine sulphinic acid decarboxylase Q64611 15.4 2.6 8.7 2.4 0.048

2206 3-hydroxyanthranilate 3,4-dioxygenase P46953 9.0 2.1 18.2 3.0 0.013

7901 Carbamoyl-phosphate synthetase P07756 8.1 1.3 30.3 9.4 0.018

5902 Carbamoyl-phosphate synthetase P07756 7.5 1.8 15.0 2.9 0.023

908 Carbamoyl-phosphate synthetase P07756 8.0 3.9 0.5 0.3 0.044

2608 Dipeptidase 3 (rat) Q5U2X4 6.4 0.7 8.6 0.4 0.006

5302 Arginase P07824 69.5 9.0 41.6 9.6 0.028

6504 Homogentisate 1,2-dioxygenase Q6AYR0 12.4 2.6 21.7 3.7 0.032

Miscellaneous

1007 BAB24222 (Mus musculus) UNK 4.8 0.7 7.8 1.2 0.020

1203 Annexin IV (36-kDa zymogen granule membrane) Q5U362 15.1 2.2 20.2 1.3 0.038

2706 Choline dehydrogenase Q6UPE0 5.6 0.5 8.6 1.1 0.016

3005 Bendless protein (Ubiquitin-conjugating enezyme E2) Q9EQX9 4.2 0.4 5.9 0.8 0.047

4810 Formyltetrahydrofolate dehydrogenase (EC 1.5.1.6) P28037 3.8 0.6 6.2 1.0 0.035

5308 3-alpha-hydroxysteroid dehydrogenase P23457 69.6 4.0 58.0 4.8 0.048

6209 Thyroid hormone sulphotransferase P52847 39.8 4.9 27.1 2.5 0.018

6802 Serotransferrin, Liver regeneration related protein LLRG03 P12346 51.6 7.1 34.8 4.2 0.034

7302 Dynamin-1-like protein O35303 23.3 3.7 10.7 2.0 0.004

8508 Betaine–homocysteine S-methyltransferase 1 O09171 47.7 21.5 132.8 37.2 0.038

Offspring were from dams fed complete (CON) or methyl-deficient (MD) diets. Data are mean pixel density ± SEM, n = 8 in each group. Data

compared by Student’s t test
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important to note that the tissues used in the present study

were derived from animals that had been subjected to a

glucose tolerance test 3 h earlier. As a result, the liver will

have been insulin stimulated in vivo, and since insulin

specifically inhibits transcription of the PEPCK gene

(Granner et al. 1983), changes in the rate of transcription

may be masked.

There is no evidence for changes in the abundance of

proteins associated with lipid metabolism in the early MD

offspring, unlike those of dams exposed to HF or LP diets.

This is also apparent in the expression of mRNAs for both

key enzymes and regulators. For example, HF diets fed

throughout gestation upregulate the expression of PPAR-

alpha and L-CPT-1 in the liver (Zhang et al. 2009). The

Table 2 Hepatic proteome of the male offspring at 12 months of age

Spot ID no ID NCBI CON MD P

Mean SEM Mean SEM

Energy metabolism

8302 L-lactate dehydrogenase (EC 1.1.1.27) chain M P04642 426.3 52.5 264.4 28.7 0.022

2009 Cytidylate kinase Q4KM73 58.2 5.0 43.9 3.5 0.049

6606 UDP-glucose pyrophosphorylase 2. Q4V8I9 158.6 18.9 104.2 13.8 0.045

4207 Electron transfer flavoprotein subunit beta (beta-ETF) Q68FU3 145.2 5.7 178.8 13.5 0.026

Antioxidant defence

7604 Catalase (EC 1.11.1.6). P04762 142.6 9.4 85.4 17.9 0.009

4213 HAGH (Hydroxyacylglutathione hydrolase) protein O35952 10.8 2.6 20.9 3.1 0.023

3606 Selenium binding protein 2. Q8VIF7 235.9 23.1 341.8 41.6 0.031

3801 5-oxoprolinase (ATP-hydrolysing) (EC 3.5.2.9) P97608 9.4 1.6 5.2 0.8 0.046

Amino acid and peptide metabolism

5307 Ornithine carbamoyltransferase (EC 2.1.3.3) precursor P00481 102.2 8.5 69.5 3.5 0.006

2811 Acylaminoacyl peptidase (EC 3.4.19.1) P13676 8.8 1.9 16.9 3.0 0.033

6402 Aspartate transaminase (EC 2.6.1.1), cytosolic P13221 288.6 26.7 209.5 18.5 0.038

Miscellaneous

2515 Aldehyde dehydrogenase 9 family, member A1 Q9JLJ3 318.0 29.6 502.1 63.7 0.012

3808 Mannosidase, alpha, class 2C, member 1. Q5M9I2 4.3 0.7 7.6 1.0 0.015

5305 3-oxo-5-beta-steroid 4-dehydrogenase (EC 1.3.99.6) P31210 56.4 10.3 125.6 27.1 0.020

4303 3-oxo-5-beta-steroid 4-dehydrogenase (EC 1.3.99.6) P31210 408.9 54.8 604.9 54.5 0.026

Offspring were from dams fed complete (CON) or methyl-deficient (MD) diets. Data are mean pixel density ± SEM, n = 9 for CON and n = 7

for MD. Data compared by Student’s t test

Table 3 Gene expression in the liver of male offspring at 6 months of age

Gene n CON MD P

Mean SEM Mean SEM

PEPCK(T) 16 3.39 0.31 4.07 0.35 0.157

GAPDH(T) 16 2.80 0.10 3.03 0.13 0.162

UGDH(T) 8 5.69 0.14 6.03 0.28 0.298

PPAR-alpha 8 5.39 0.26 5.90 0.45 0.340

PPAR-gamma 16 6.06 0.61 6.36 0.47 0.704

SREBP-1c 16 1.48 0.13 1.61 0.12 0.461

GccR 16 3.69 0.13 3.76 0.17 0.719

ACC-1 8 5.88 0.40 6.06 0.07 0.817

L-CPT 16 2.53 0.15 2.68 0.17 0.521

Offspring were from dams fed complete (CON) or methyl-deficient (MD) diets. All data are expressed in arbitrary units as relative expression

corrected for 18S rRNA. n = number of animals, 1 per litter chosen at random from the total pool of 18 litters (CON) and 17 litters (MD). Data

compared by Student’s t test

Genes Nutr (2013) 8:181–190 187

123



expression of both ACC-1 and L-CPT-1 is also increased in

LP offspring (Maloney et al. 2003, 2007) possibly medi-

ated by an increase in PPAR-alpha expression (Lillycrop

et al. 2005). In the LP model, there are also increases in

SREBP-1c expression mediated by glucocorticoid signal-

ling (Erhuma et al. 2009). However, in the early MD

model, there is no evidence for changes in expression of

ACC-1 and L-CPT-1 mRNAs or in the mRNAs for PPAR-

alpha, SREBP-1c or glucocorticoid receptor. This impor-

tant difference suggests that the events programming

hepatic fat metabolism through PPAR isoforms or SREBP-

1c occur later in foetal development.

In addition to proteins involved in carbohydrate

metabolism and the management of glycogen reserves, the

list of differentially expressed proteins associated with

energy metabolism also includes proteins with functions in

oxidative metabolism. These include proteins that transfer

substrates to the mitochondria, suggesting that the change

in metabolism extends beyond carbohydrates to include

oxidative metabolism by the mitochondrion. Further evi-

dence for a change in oxidative metabolism comes from the

differential abundance of a group of proteins associated

with antioxidant defence. These proteins are produced in

response to free radicals, an unwanted and harmful by-

product of metabolic activity, and correlate with changes in

mitochondrial activity (Aiken et al. 2008). The products of

oxidative damage include proteins and lipids, and the

processes that remove them are represented in the group of

proteins associated with amino acid and peptide metabo-

lism. Denatured proteins are rapidly degraded by the pro-

teosome (Breusing and Grune 2008), and the resulting

peptides are hydrolysed to amino acids by acylaminoacyl

peptidase (Shimizu et al. 2004). Peroxiredoxin-6 (Prdx6)

also has an important role in antioxidant defence through

the metabolism of peroxidised membrane phospholipids

(Roede et al. 2009). These results suggest that the differ-

ential abundance of proteins associated with antioxidant

defence, amino acid and peptide metabolism is probably

linked by changes in oxidative metabolism and the pro-

duction of free radicals. Changes in antioxidant defence are

a common feature in the proteome of many animal models

of both insulin resistance (Schmid et al. 2004) and meta-

bolic programming (Lillycrop et al. 2010; Mortensen et al.

2010a, b). In these models, alterations in mitochondrial

function underlie the change in metabolic activity. There is

also direct evidence for programming of mitochondrial

function by methyl deficiency during development. The

offspring of dams subjected to methyl-deficient diets dur-

ing gestation and lactation also exhibit changes in oxidative

metabolism of the myocardium, mediated through imbal-

anced methylation/acetylation of PGC-1a (Garcia et al.

2011). These changes in both the methylation and acety-

lation of the PGC-1a protein are strikingly similar to the

present findings where low molecular weight modifications

influence the abundance of both PGK1 and GAPDH iso-

forms. These cumulative data suggest that the mitochondria

may be a major target in the early MD model of metabolic

programming.

The mitochondria of the developing foetus are derived

exclusively from the oocyte. Having established the full

complement of mitochondria in the fully grown oocyte,

there is no further increase in the mitochondrial population

during early development (Dumollard et al. 2007). Chan-

ges in maternal metabolism such as those produced by

maternal diabetes have been shown to modify mitochon-

drial function in the oocyte (Wang and Moley 2010).

Maternal diet also modifies mitochondrial potential. In the

case of mice fed high-fat diets, there was a fall in mito-

chondrial DNA content and biogenesis in the preimplan-

tation embryo, and the obese dams were less able to

support blastocyst formation (Igosheva et al. 2010). A

reduction in the litter size was also a feature of the early

MD dams (CON 12.9 vs. MD 10.7 pups per litter) (Ma-

loney et al. 2011), and it is possible that the extensive

changes in lipid metabolism in the maternal liver of dams

fed the MD diet (McNeil et al. 2008) may be affecting

oocyte quality and mitochondria in the same way as the

high-fat diets. The MD diet may be selecting those

embryos with a higher mitochondrial density leading to

long-term changes in metabolism with the posttranslational

modification of proteins acting as a possible regulatory

mechanism.
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