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Abstract Transgenerational inheritance of various dis-

eases and phenotypes has been demonstrated in diverse

species and involves various epigenetic markers. Obesity

and malnourishment are nutritional stresses that have

effects on offspring through increasing their risk of dia-

betes and/or obesity. Obesity and malnourishment both

affect glucose metabolism and alter oxidative stress

parameters in key organs. We induced obesity and mal-

nutrition in F0 female rats by the use of obesogenic diet

and protein-deficient diet, respectively. F0 obese and

malnourished females were mated with control males and

their offspring (F1 generation) were maintained on control

diets. The male and female F1 offspring were mated with

controls and the resultant offspring (F2 generation) were

maintained on control diet. Glucose-sensing markers, glu-

cose metabolism, indicators of insulin resistance and

oxidative stress parameters were assessed during fetal

development and till the adulthood of the offspring. Glu-

cose-sensing genes were significantly over-expressed in

distinct fetal tissues of F2 offspring of malnourished F1

females (F2-MF1F), specifically in fetal pancreas, liver,

and adipose tissue. Nuclear and mitochondrial 8-oxo-dG

DNA content was significantly elevated in F2-MF1F fetal

pancreas. Maternal FBG was significantly elevated in F2-

MF1F and F2 offspring of obese F1 females (F2-OF1F)

during pregnancy. Males and females offspring of F2-OF1

exhibited significantly elevated FBG and impaired OGTT.

Offspring of F2-MF1F showed similar results, while that of

F2-MF1M did not significantly deviate from controls. F2-

OF1F and F2-MF1F offspring exhibited significant devia-

tion in insulin levels and HOMA-IR levels from controls.

Malnourishment has a stronger transgenerational effect

through maternal line compared to obesity and malnour-

ishment through paternal line in increasing risk of diabetes

in F2 generation.
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Abbreviations

CD Control diets

CF1 Control F1 generation

FBG Fasting blood glucose

F2-CF1 F2 offspring of control pregnancy

F2-OF1M F2 offspring of OF1 males

F2-OF1F F2 offspring of OF1 females

F2-MF1M F2 offspring of MF1 males

F2-MF1F F2 offspring of MF1 females

GLUT2 Glucose transporter 2

GK Glucokinase

HOMA-IR Homeostatic model assessment of insulin

resistance

IGF-II Insulin-like growth factor II

MF1 Malnourished F1 generation

mtTFA Mitochondrial transcription factor A

mtDNA Mitochondrial DNA

OF1 Obese F1 generation

OGTT Oral glucose tolerance test

8-Oxo-dG 8-Oxo-deoxy guanine
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PND Postnatal day

UCP2 Uncoupling protein 2

Introduction

Transgenerational inheritance of diseases and phenotypes

has been demonstrated across diverse species and organ-

isms of various evolutionary backgrounds [1]. Diabetes

risk is not only determined by genetic and environmental

factors, but in utero environment plays a significant role in

the risk of diabetes as well [2]. Barker and Hales proposed

the ‘‘thrifty phenotype’’ hypothesis, which maintains that

the fetus responds to maternal malnutrition by decreasing

insulin secretion and sensitivity. When these offspring are

faced by surplus of nutrients, they fail to adapt efficiently

leading to catchup growth and obesity, which increase the

risk of adult-onset diabetes [3]. Manifold mechanisms have

been suggested to mediate fetal programming effects

observed in epidemiological studies, such as tissue

remodeling [4], feto-placental endocrine exchange [5], and

epigenetic mechanisms [6].

Nutritional stress during gestation—manifested as mal-

nourishment or obesity—is correlated with increased risk

of obesity in offspring. Epidemiological studies showed

that obesity increases the risk of diabetes in the affected

organism and in its offspring [7]. Total weight gain during

pregnancy should not exceed 20 pounds for obese females

regardless of their ethnicity or age [8]. Obesity during

pregnancy is a major risk factor for diabetes in offspring

and increases the risk of distinct pregnancy complications

[9]. Malnourishment effects are pronounced and their

transgenerational effect has been demonstrated in numer-

ous studies conducted on humans [10, 11].

Obesity and malnourishment (protein-deficient diet)

affect glucose metabolism and alter its homeostasis [12,

13]. Maternal glucose concentration during gestation

affects various aspects of pregnancy as well as fetal growth

in humans [14]. Obesity and malnourishment both affect

glucose metabolism during gestation in rats [15], and a

number of parameters were exploited to evaluate this

effect. Glucose transporter 2 (GLUT2) is a major glucose

transporter expressed in various tissues most notably liver

and pancreas, and plays an important role in glucose

sensing. GLUT2 plays a seminal role in controlling insulin

secretion by pancreatic b-cells in mice [16]. Glucose uti-

lization by cells is initiated by its phosphorylation by the

enzyme glucokinase (GK), which is the rate-limiting step

in glycolysis [17]. The impairment in glucose metabolism

and the subsequent hyperglycemia may mediate the

increased oxidative stress and its associated cellular dam-

age. Moreover, defined parameters are used to evaluate

oxidative stress by assessing oxidized protein and nucleic

acid content. Increased oxidative stress can damage DNA

through modification of bases such as formation of 8-oxo-

guanine [18].

Mitochondria are the major source of ATP in most cell

types. Mitochondria generate reactive oxygen species

through oxidative phosphorylation reactions that play a

significant role in increasing cellular oxidative stress [19].

Biogenesis of mitochondria is independent of cellular

replication. Mitochondrial Transcription factor A (mtTFA)

is a nuclear protein that binds mitochondrial DNA

(mtDNA) and mediates its replication. mtTFA is expressed

in response to various cellular milieus such as glucose level

and oxidative stress in human cells and rats [20]. mtDNA

Table 1 Composition of

obesogenic, protein-deficient,

and chow diets

Macronutrients (g/kg

diet)

Control diet

(CD)

Low-protein

diet (LPD)

Obesogenic

diet (OD)

High-caloric

diet (HCD)

Protein 220 90 300 244

Carbohydrates

Dextrose 105

Corn starch 631 106 593

Sucrose 761 140

Fat

Lard 195 48

Corn oil 43 43 70 20

Cellulose 54 54 – 50

Vitamin mix 10 10 30 10

Mineral mix 40 40 40 35

Total energy (kcal/g diet) 3.8 3.8 5.4 4.7
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copy number changes spatially and temporally depending

on the type of tissue involved. Although the exact mech-

anism of mtDNA copy number regulation is unknown,

mild cellular damage as well as glucose levels may affect

mtDNA copy number in mammalian cells [21]. Mito-

chondrial uncoupling protein 2 (UCP2) is a mitochondrial

glucose-sensing molecule that is expressed in diverse tis-

sues in humans and has a role in controlling insulin

secretion by pancreatic b-cells as well [22]. UCP2

expression is also associated with increased oxidative stress

and has a role in mediating mice pancreatic b-cell dys-
function [23].

Previously, we documented that maternal obesity and

malnutrition affect glucose sensing and tolerance, mtDNA

copy number, and the expression of genes involved in the

mitochondrial biogenesis and function in the muscles and

adipose tissues of the F1 offspring. Also, we found that

male F1 offspring appear to be more sensitive for fetal

diabetogenic programming than female rat offspring [24].

In this study, we investigate the transgenerational effects of

parental diet of three groups of rats (obese on obesogenic

diet, malnourished on protein-deficient diet, and controls

on chow diet) on glucose-sensing genes, glucose metabo-

lism parameters, insulin levels, and pancreatic b-cell
development in F2 generation of rats. In addition, we

investigate the impact of paternal and maternal line on this

transgenerational effect.

Materials and methods

Animals

The Institutional Animal Care and Use Committee at the

Medical Research Institute—Alexandria University has

approved the animal protocol. Female Wistar rats were

divided into three groups: obese, malnourished, and con-

trols. Obesity and malnourishment were induced through

maintaining neonate rats on obesogenic and low-protein

diets, respectively, for 2 months after weaning. The details

of diet composition are shown in Table 1 and methods of

induction were previously published [24]. We sampled 10

male and 10 female rats for each group that developed

obesity or malnourishment. The female rats belonging to

each group were mated with healthy males to generate the

F1 generation. The F1 generation males of each group (F1

control CF1, F1 obese OF1, and F1 malnourished MF1)

were mated with healthy control females, and the females

of each group were mated with healthy control males.

Pregnancy was confirmed by the presence of vaginal mucus

plug next morning. Following mating, all pregnant female

rats received control diets (CD). Body weights and fasting

blood glucose (FBG) levels were monitored three times a

week. All pregnancies (except 10 of each group used for

prenatal experiments) were allowed to give birth naturally.

Numbers and sex of pups, birth weight, and nasoanal

length were measured for each pup on postnatal day (PND)

1. Pups remained with dams until they were weaned and all

dams were fed CD ad libitum during lactation. Pups were

divided into 5 groups according to the group of the F1 that

generated it: F2 offspring of control pregnancy (F2-CF1),

F2 offspring of OF1 males (F2-OF1M), F2 offspring of

OF1 females (F2-OF1F), F2 offspring of MF1 males (F2-

MF1M), and F2 offspring of MF1 females (F2-MF1F).

Body weights of the F2 offspring were monitored weekly

until PND 210 (30 weeks). The glucose tolerance curve

was constructed for each subgroup at 30 weeks postnatally.

Eight pups (4 males and 4 females) of each subgroup were

used for the construction of OGTT. The plasma was

obtained for the assessment of glucose, insulin, and

HOMA-IR.

Methods

Isolation of pancreatic b-cells

Pancreas was isolated and placed in a sterile ice-cold HBSS

under aseptic conditions followed by removal of gut and

spleen residues. The pancreas was chopped into fine pieces

and washed twice with HBSS supplemented with penicillin

(100 U/ml), streptomycin (0.1 mg/ml), and 5 % HEPES,

and digested in 4 ml collagenase solution (2.5 mg/ml in

10 mM HEPES, 7.5 CaCl2, 5 % (v/v) glycerol, pH 7.5) for

40 min at 37 �C. Then, adding 10 ml of ice-cold HBSS

Table 2 Sequences of the

primers used in PCR
Gene Forward primer Reverse primer

mtTFA 50-GCTTCCAGGAGGCTAAGGAT-30 50-CCCAATCCCAATGACAACTC-30

GLUT2 50-GAAGAGTGGTTCGGCCCC-30 50-TCACACAGTCTCTGATGACCCC-30

GK 50-CAGATCCTGGCAGAGTTCCAG-30 50-CGGTCCATCTCCTTCTGCAT-30

UCP2 50-CAAACAGTTCTACACCAA-30 50-CGAAGGCAGAAGTGAAGTTGG-30

GAPDH 50-AATGTGTCCGTCGTGGATCTGA-30 50-GATGCCTGCTTCACCACCTTCT-30

mtDNA 50-ACACCAAAAGGACGAACCTG-30 50-ATGGGGAAGAAGCCCTAGAA-30

PGC1a 50-ATGAATGCAGCGGTCTTAGC-30 50-AACAATGGCAGGGTTTGTTC-30
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stopped the digestion. Digested tissue was filtered through

stainless-steel tea strainer (0.5 mm mesh pore size) after

washing with ice-cold HBSS. The sample was centrifuged

for 2 min at 4 �C at 3009g. The supernatant was discarded

and the pellet was re-suspended in Ficoll 25 % with

10 mM HEPES. This was layered over by various con-

centrations of Ficoll 23, 20.5, and 11 % to form a density

gradient. After centrifugation at 3009g for 15 min, the

islets were collected at the interface between density 11

and 20.5 %. The islets were separated by centrifugation

and then washed three times with HBSS. Then, cells were

suspended in RPMI 1640 medium. The purity of the islets

was examined by staining with dithoizone [25].

ELISA measurements

ELISA kit (Mercodia, Sweden) was used to measure

insulin concentration in plasma.

Nuclear DNA isolation

The nuclear DNA was isolated from fetal tissues using

GenJet genomic DNA isolation kit (Fermentas, EU),

according to the manufacturer instructions.

Mitochondrial DNA isolation

The mitochondrial DNA was isolated from the pancreatic

islets using mitochondrial DNA isolation kit (Bio-Vision,

Canada), according to the manufacturer instructions.

Total RNA isolation

Total RNA was isolated from different tissues using GenJet

RNA isolation kit (Fermentas, EU) according to the man-

ufacturer’s instructions.

Assay of 8-oxo-deoxy guanine content in nuclear

and mitochondrial DNA

Isolated DNA was washed twice with 70 % ethanol, dried,

and dissolved in 200 ll of 10 mM Tris/HCl, 0.1 mM

EDTA, and 100 mM NaCl (pH 7.0). For enzymatic

digestion, 100 units of DNase I was added per 200 lg
DNA at 37 �C for 1 h. Thereafter, 5 units of nuclease P1

and 30 ll of 10 mM ZnSO4 were added, and the mixture

was incubated for 1 h. After re-adjusting the pH with

100 ll of 0.4 M Tris/HCl (pH 7.8) followed by the addition

of 3 units of alkaline phosphatase, the samples were

incubated for 30 min. Enzymes were precipitated with

acetone, the precipitates were removed by centrifugation,

and the supernatant was evaporated to dryness. The DNA

hydrolysates were assessed for 8-oxo-dG content using HT

8-oxo-dG ELISA Kit II (Trevigen, USA).

RT-PCR analysis

Gene expression of mtTFA [26], GLUT2, Glucokinase

[27], and UCP2 [28] was determined semi-quantitatively

by the One-step RT-PCR Master Mix Gold Beads (Bioron,

Germany). Primers of UCP2, GLUT2, glucokinase, and

mtTFA were purchased from Bioneer Co (Bioneer, USA)

(Table 2).

To standardize the amount of mRNA in each sample,

RT-PCR of glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) was performed in parallel (Table 2). Thereafter,

the PCR reaction product was run on 1.5 % agarose and

stained with ethidium bromide. The bands were visualized

using a UV plate. The bands were scanned, and the data

were analyzed via UVP DOC-ITLSTM Image Acquisition

and Analysis software (Ultra-Violet product, Ltd. Cam-

bridge, UK) that analyzes the band density relative to the

GAPDH band (as internal control).

Mitochondrial DNA copy number

mtDNA content relative to the nuclear gene, peroxisome

proliferator-activated receptor-c coactivator 1a (PGC1a),
was measured using real-time PCR as described previously

[29] (Table 2). Reactions were carried out using SYBR

Green PCR Master Mix (Applied Biosystems), 0.5 lM of

each forward and reverse primer, and 50 ng genomic DNA

with the following conditions: 95 �C for 10 min followed

by 40 cycles of 95 �C for 15 s, 60 �C for 30 s, and 72 �C
for 30 s. The relative mtDNA copy number was calculated

using the DDCt method as fully described previously [30].

Statistical analysis

All statistical analyses were performed using SPSS statis-

tical software version 18 (SPSS, Chicago, IL). All data are

presented as mean ± SD or SEM. The Kolmogorov–

Smirnov test was used to verify the normal distribution of

the studied variables. One-way analysis of variance

(ANOVA) with post hoc test (LSD) was performed on each

normally distributed variable to compare the mean values

from the offspring of obese and malnourished mothers with

the offspring of control mothers. Mann–Whitney U test

was used to evaluate the statistical significance of not

normally distributed variables (mTFA and UCP2 gene

expression and mtDNA copy number) between the differ-

ent groups. t test was used to compare the mean values of
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females and males of the same group at the same age.

Differences were considered significant at p\ 0.05.

Results

FBG level during gestation

The pregnancies of female F1 offspring of maternal obesity

(OF1F) and of female F1 offspring of maternal malnutri-

tion (MF1F) mated with control males have a significantly

elevated FBG during gestation (Fig. 1). On the other hand,

the pregnancies of control females mated with males of F1

offspring of maternal obesity (OF1M) and with males of F1

offspring of maternal malnutrition (MF1M) showed no

significant changes in FBG. The number of pregnancy that

developed hyperglycemia was null in all groups except the

MF1F pregnancies in which 6 out of 15 pregnancies have

developed hyperglycemia (Table 3).

Pregnancy outcome

The number of pups per litter was 12 ± 1 for pregnancies

of control F1 offspring (CF1), 12 ± 2 for OF1M

pregnancies, 11 ± 1 for OF1F pregnancies, 11 ± 2 for

MF1M pregnancies, and 10 ± 2 for MF1F pregnancies

(Table 3). We did not detect malformations in the offspring

of all groups.

Prenatally, fetal glucose-sensing gene expression

and 8-oxo-dG DNA content are significantly elevated

in F2-MF1F

Fetal pancreas expression of GLUT2 was not changed from

controls in F2-OF1M and F2-OF1F fetuses. Moreover, F2-

MF1M fetuses did not exhibit significant deviation from

GLUT2 expression levels in F2-CF1. However, in F2-

MF1F fetuses, GLUT2 was significantly over-expressed. A

similar pattern was observed in fetal liver expression of

GLUT2, which was significantly upregulated in F2-MF1F

fetuses solely (Fig. 2). GK and UCP2 expression results

mirror those observed for GLUT2 expression. GK and

UCP2 were significantly over-expressed in fetal pancreas

of F2-MF1F fetuses. GK upregulation was also observed in

fetal liver, while UCP2 over-expression was observed in

fetal adipose tissue of F2-MF1F fetuses. In addition,

mtTFA and mtDNA copy numbers were not affected in F2-

MF1M and F2-OF1M as well as F2-OF1F fetuses.

Fig. 1 Fasting blood glucose

(FBG) level during gestation in

different study groups (n = 15).

*Significant difference from F2-

CF1 by ANOVA (p\ 0.05)

Table 3 Outcomes of different

pregnancies in the study groups
F2-CF1 F2-OF1M F2-OF1F F2-MF1M F2-MF1F

No. of litters 15 15 15 15 15

No. of gestational diabetes 0 0 0 0 6

No. of viable pups(M/F) 176 (95/81) 175 (90/85) 161 (80/81) 172 (83/89) 152 (74/78)

No. of pups/litter 12 ± 1 12 ± 2 11 ± 1 11 ± 2 10 ± 2

Pup weight (gm) 5.7 ± 0.1 5.3 ± 0.21 5.5 ± 0.32 5.5 ± 0.24 5.2 ± 0.1

Data are presented as Mean ± SD
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However, mtTFA expression and mtDNA copy number

were significantly reduced in fetal pancreas of F2-MF1F

fetuses, while in fetal liver and muscle only mtTFA

expression was reduced significantly (Fig. 3). Nuclear and

mitochondrial 8-oxo-dG levels were significantly increased

in fetal pancreas of F2-MF1 fetuses (Fig. 3).

Postnatally, F2-MF1F and F2-OF1F offspring have

significantly elevated FBG and impaired OGTT

The body weight of the offspring was significantly heavier

in males compared to females of the same group, but this

effect was evident in rats of all age groups of F2-OF1M

Fig. 2 Glucose-sensing gene

expression. Data presented as

mean ± SEM (n = 10).

*Significant difference from F2-

CF1 by ANOVA (p\ 0.05).

Gene expression was assessed

semi-quantitatively relative to

house-keeping gene GAPDH.

a Bar chart showing GLUT2

gene expression in fetal

pancreas and fetal liver, b bar

chart showing GK gene

expression in fetal liver and

pancreas of different rat groups,

and c bar chart showing UCP2

gene expression in certain fetal

tissues
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and from the age of 10–30 weeks in F2-OF1F as well as

F2-MF1F. Moreover, in F2-MF1M males were signifi-

cantly heavier than females from the age of 20–30 weeks.

The only group that showed a significant increase in body

weight compared to control regardless of age and gender

was the F2-MF1F offspring (Fig. 4).

FBG levels were elevated in F2-OF1M and F2-OF1F

offspring, but it did not reach statistical significance except

in female F2-OF1F offspring at the age of 20 weeks.

Moreover, in F2-MF1F FBG was significantly elevated in

both male and female rats from the age of 20 weeks till the

last measurement (30 weeks) (Table 4). OGTT results

measured at the age of 30 weeks were significantly ele-

vated from controls in F2-OF1M, F2-OF1F, and F2-MF1F.

However, the deviation from control OGTT values was

maintained even at 120 min after glucose administration in

F2-OF1F and F2-MF1F, but in F2-OF1M OGTT values

were significantly elevated only in male offspring from 30

to 90 min after glucose administration (Fig. 5).

F2-OF1F and F2-MF1F offspring have high insulin

levels and are insulin resistant

Insulin levels were significantly elevated in females com-

pared to males F2-OF1F, an effect that was observed in all

age categories of this group and in some age categories (5,

15, and 25 weeks) in F2-MF1F. Moreover, insulin levels

were significantly reduced in male F2-OF1M (age 15 and

20 weeks) and female F2-OF1M (age 10 and 15 weeks).

However, in male F2-MF1F insulin levels were signifi-

cantly elevated from the age of 10 weeks onwards to age of

30 weeks and in female F2-MF1F from the age of

25 weeks till the last measurement (30 weeks) (Table 4).

As expected, HOMA-IR levels did not differ between male

and female rats of the same group in most offspring cate-

gories studied. However, female F2-OF1F had HOMA-IR

levels that were significantly higher compared to their male

counterparts and F2-CF1 of the same gender. In F2-MF1F,

both male and female rats had significantly higher HOMA-

Fig. 3 Oxidative stress parameters in various fetal tissues. Data

presented as mean ± SEM (n = 15). *Significant difference from F2-

CF1 by ANOVA (p\ 0.05). a Bar chart showing mtTFA expression

in fetal liver, pancreas, skeletal muscle, and adipose tissue of fetuses

of the several rat groups, b bar chart showing mtDNA copy number

in fetal pancreas of gestation from different rat groups, c bar chart

showing nuclear and mitochondrial 8-oxo-dG content per million dG

base in fetal pancreas across the different study groups, and d bar

chart showing nuclear 8-oxo-dG content per million dG bases in fetal

liver, muscle, and adipose tissue in different study groups
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IR compared to F2-CF1 at the age of 10 and 15 weeks,

respectively. F2-OF1M and F2-MF1M HOMA-IR levels

did not exhibit any particular pattern of increase or

decrease compared to controls in the majority of mea-

surements (Table 4).

Discussion

Our results indicate that in utero programming effects of

maternal diet are transmitted mainly through maternal line

rather than paternal line. The effect of maternal malnutri-

tion seems to elicit more profound effect on several glucose

sensing and oxidative stress parameters. Although we

cannot extend the results of this study to humans, these

ideas could be used to guide further clinical studies. Pre-

natally, the glucose-sensing genes GLUT2, GK, and UCP2

were significantly upregulated in fetal pancreas of F2-

MF1F, which indicates impaired glucose levels in gesta-

tion. In fact, studies conducted on cultured pancreatic cells

have shown that high glucose concentrations induce

expression of GLUT2 [31], GK [32], and UCP2 [33] genes.

We previously demonstrated similar changes in the F1

offspring of both maternal malnutrition and obesity [24].

The observed prenatal changes in gene expression could be

explained by different mechanisms. First, intra-uterine

malnutrition or obesity microenvironment during the

embryonic development of F1 mothers may induce

Fig. 4 Changes in body weight

with age. Each data point

represents mean ± SEM

(n = 50). *Significant

difference from corresponding

rats in F2-CF1 offspring group

by ANOVA (p\ 0.05). All data

points in each curve are

significantly different from the

opposite sex in the same group

by t test (p\ 0.05) except if the

symbol (#) is present. a Curve

showing change in body weight

in male and female offspring of

F2-CF1 rats, b curve showing

change in body weight in male

and female offspring of F2-

OF1M rats, c curve showing

change in body weight in male

and female offspring of F2-

OF1F rats, d curve showing

change in body weight in male

and female offspring of F2-

MF1M rats, and e curve

showing change in body weight

in male and female offspring of

F2-MF1F rats
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epigenetic modifications of these genes that pass through

ova into the next generation (F2). Second, the gestational

diabetes observed in the pregnancies of female F1 off-

spring of maternal malnutrition and obesity (MF1F and

OF1F) could induce these changes in gene expression of

glucose-sensing genes. Similar pattern of changes were

observed in the F1 fetuses of maternal diabetes [15]. Third,

oxidative stress observed in the fetal pancreas (as increased

Table 4 Parameters of glucose homeostasis in male and female offspring of F2 over 30 weeks of follow-up

Age (week) Sex F2-CF1 F2-OF1M F2-OF1F F2-MF1M F2-MF1F

FBG (mg/dl)

5 Male 78 ± 11 81 ± 9 76 ± 10 74 ± 12 79 ± 11

Female 81 ± 9 74 ± 12 82 ± 13 75 ± 8 77 ± 9

10 Male 83 ± 10 87 ± 10 84 ± 14 82 ± 15 85 ± 14

Female 85 ± 8 83 ± 11 87 ± 14 82 ± 9 83 ± 8

15 Male 86 ± 10 95 ± 12 93 ± 10 81 ± 14 93 ± 12

Female 88 ± 11 91 ± 12 94 ± 10 92 ± 12 95 ± 10

20 Male 84 ± 11 92 ± 10 88 ± 16 95 ± 18 97 ± 12*

Female 86 ± 9 94 ± 10 98 ± 11* 96 ± 13 97 ± 11*

25 Male 88 ± 8 96 ± 11 97 ± 15 94 ± 14 112 ± 18*

Female 89 ± 8 96 ± 11 96 ± 12 95 ± 10 107 ± 14*

30 Male 91 ± 10 93 ± 14 102 ± 16 100 ± 14 121 ± 16*

Female 96 ± 10 93 ± 13 106 ± 16 97 ± 11 116 ± 15*

Insulin (ng/ml)

5 Male 0.2 ± 0.02 0.19 ± 0.012 0.21 ± 0.020 0.19 ± 0.012 0.21 ± 0.020

Female 0.23 ± 0.011# 0.2 ± 0.011 0.25 ± 0.020*# 0.22 ± 0.020# 0.24 ± 0.014#

10 Male 0.23 ± 0.02 0.22 ± 0.012 0.24 ± 0.030 0.22 ± 0.020 0.25 ± 0.021*

Female 0.25 ± 0.018 0.22 ± 0.020* 0.27 ± 0.030# 0.24 ± 0.021 0.26 ± 0.014

15 Male 0.28 ± 0.01 0.3 ± 0.016* 0.26 ± 0.021* 0.25 ± 0.021* 0.31 ± 0.020*

Female 0.29 ± 0.019 0.27 ± 0.013*# 0.3 ± 0.030# 0.26 ± 0.023* 0.31 ± 0.021#

20 Male 0.33 ± 0.018 0.31 ± 0.021* 0.32 ± 0.024 0.3 ± 0.020* 0.35 ± 0.019*

Female 0.35 ± 0.021# 0.33 ± 0.030 0.35 ± 0.024# 0.31 ± 0.023 0.36 ± 0.030

25 Male 0.32 ± 0.015 0.33 ± 0.024 0.32 ± 0.023 0.31 ± 0.030 0.35 ± 0.020*

Female 0.35 ± 0.022# 0.33 ± 0.021 0.36 ± 0.025# 0.32 ± 0.024 0.38 ± 0.035*#

30 Male 0.34 ± 0.02 0.33 ± 0.020 0.33 ± 0.024 0.31 ± 0.020 0.37 ± 0.028*

Female 0.36 ± 0.021# 0.35 ± 0.024 0.38 ± 0.040# 0.33 ± 0.024 0.39 ± 0.035*

HOMA-IR

5 Male 0.9 ± 0.1 0.9 ± 0.10 0.9 ± 0.11 0.8 ± 0.10 1.0 ± 0.12

Female 1.1 ± 0.09# 0.9 ± 0.11* 1.2 ± 0.08*# 1.0 ± 0.12# 1.1 ± 0.10#

10 Male 1.1 ± 0.12 1.1 ± 0.12 1.2 ± 0.10 1.1 ± 0.12 1.3 ± 0.13*

Female 1.3 ± 0.09# 1.1 ± 0.12* 1.4 ± 0.09*# 1.2 ± 0.14 1.3 ± 0.11

15 Male 1.4 ± 0.14 1.7 ± 0.14* 1.4 ± 0.12 1.2 ± 0.10* 1.7 ± 0.13*

Female 1.5 ± 0.08 1.5 ± 0.10# 1.7 ± 0.11*# 1.4 ± 0.12# 1.7 ± 0.14*

20 Male 1.6 ± 0.11 1.7 ± 0.12 1.8 ± 0.15* 1.7 ± 0.16 2.0 ± 0.15*

Female 1.8 ± 0.11# 1.8 ± 0.12 2.0 ± 0.09*# 1.8 ± 0.15 2.1 ± 0.16*

25 Male 1.7 ± 0.11 1.9 ± 0.14* 1.8 ± 0.14 1.7 ± 0.14 2.3 ± 0.11*

Female 1.8 ± 0.09 1.9 ± 0.10 2.0 ± 0.11*# 1.8 ± 0.16 2.4 ± 0.19*

30 Male 1.8 ± 0.15 1.8 ± 0.16 2.0 ± 0.19* 1.8 ± 0.15 2.6 ± 0.13*

Female 2.0 ± 0.09# 1.9 ± 0.11 2.4 ± 0.11*# 1.9 ± 0.12 2.7 ± 0.16*

Data presented as mean ± SD except insulin results are presented as mean ± SEM (n = 10)

* Significantly different from F2-CF1 by ANOVA (p\ 0.05)
# Significantly different from male value at each age by t test (p\ 0.05)
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level of 8-oxo-dG) may be a consequence of increased

gestational glucose level and may play a role in the dis-

turbed epigenetic regulation.

Female offspring of F2-OF1F exhibited significantly

elevated FBG during gestation, which suggests that the

transgenerational effect was subtle, and under appropriate

stress—such as gestation—impairment of glucose meta-

bolism is observed. Moreover, markers of oxidative stress

(nuclear and mitochondrial 8-oxo-dG) were significantly

elevated in fetal pancreas of F2-MF1F indicating increased

oxidative stress in fetal pancreas. The increase in oxidative

stress is known to reduce mtTFA expression [20], which

was observed in fetal pancreas of F2-MF1F. mtTFA is

involved in mitochondrial DNA replication [21], and thus

reduction in mtTFA expression may explain the reduction

in mitochondrial DNA copy number. Intriguingly, insulin

levels were elevated in F2-MF1F male and female off-

spring, which suggests that the pancreas was not severely

affected in adult rats despite the increased oxidative stress

observed during gestation.

In peripheral fetal tissues, similar pattern was observed.

Glucose-sensing genes GK and GLUT2 were over-ex-

pressed in fetal liver, and UCP2 was over-expressed in fetal

adipose tissue of F2-MF1F; both findings indicate that the

abnormal intra-uterine environment had an effect on

peripheral tissues and might predispose to diabetes. Studies

conducted on cultured rat hepatocytes have shown that

glucose induces GLUT2 expression in hepatocytes [34]. In

addition, UCP2 expression in adipose tissue is induced by

an increase in free fatty acids [35] and some studies have

shown that UCP2 expression in adipose tissue is instru-

mental for the metabolic abnormalities observed in dia-

betes [36]. Liver and adipose tissues play a major role in

insulin resistance [37]. In adult F2-MF1F offspring, indi-

cators of insulin resistance were significantly elevated in

both males and females. Also insulin levels were signifi-

cantly elevated in both male and female F2-MF1F

offspring.

Our results are in concordance with results of retro-

spective studies in humans [38]. Maternal malnourishment

was correlated with increased mortality from diabetes in

grandsons and granddaughters. Moreover, in studies con-

ducted on rats, similar results were observed, where mal-

nutrition during gestation and/or lactation resulted in

impaired glucose metabolism and induced insulin resis-

tance in F2 generation [39]. However, other studies have

shown that obesity in F1 causes abnormal pancreatic

function and insulin resistance in F2 generation [40].

Possible reason for this discrepancy is that in our experi-

ments obesity was induced by a different obesogenic diet

Fig. 5 OGTT results in F2 offspring of different study groups

conducted at the age of 30 weeks. Each data point represents

mean ± SEM (n = 10). *Color coded and indicates significant

difference from corresponding rats in F2-CF1 by ANOVA

(p\ 0.05). a OGTT curve of F2-CF1 male and female offspring,

b OGTT curve of F2-OF1M male and female offspring, c OGTT

curve of F2-OF1F male and female offspring, d OGTT curve of F2-

MF1F male and female offspring, and e OGTT curve of F2-MF1F

male and female offspring
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fed through a different regimen [24]. High-fat diet per se is

a known inducer of diabetes in mice [41], and thus diabetes

may confound the effects of obesity alone.

Transgenerational inheritance observed in this study was

mainly evident through the maternal and not the paternal

line. A possible explanation for this is that a defect may

have occurred in mitochondrial DNA of primordial germ

cells of the females during pregnancy due to the abnormal

intra-uterine environment. Subsequently, this will lead to an

alteration in the oocytes leading to an abnormal phenotype

in offspring. To confirm this hypothesis, further analysis

must be done on mitochondrial DNA changes and their

subsequent effects. Another possible hypothesis is that the

fetal reprogramming of primordial germ cells that starts in

utero may be altered in the female in a manner that prevents

insulin-like growth factor II (IGF-II) normal imprinting and

causes IGF-II over-expression, which is known to be a

major contributor to diabetes acquisition later on in adult-

hood [42].

Our observations suggest that maternal malnourishment

has a stronger transgenerational effect on F2 generation.

Maternal malnourishment significantly alters glucose

homeostasis in F2 generation. Obesity transgenerational

effect was subtle and was observed mainly through

maternal line as elevated FBG during gestation, low insulin

level, and increased insulin resistance.
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