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Abstract

Background There is mounting evidence that an imbal-

ance in oxidant/antioxidant activities plays a pivotal role in

fetal development.

Aim of the study To determine the effects of maternal

intake of fat and fiber on fetal intrauterine development and

antioxidant defense systems of rats.

Methods Virgin female Sprague–Dawley rats were ran-

domly assigned to 4 groups according to diet: the low-fat,

low-fiber group (LL); the low-fat, high-fiber group (LH);

the high-fat, low-fiber group (HL); and the high-fat, high-

fiber group (HH). The diets were fed 4 weeks prior to

breeding through day 17.5 of pregnancy. Dietary intakes of

fiber (wheat bran and oat) and fat were quantitatively

varied, while intakes of energy and essential nutrients were

kept constant among the diets.

Results Rats fed a fiber-rich diet had significantly

improved fetal numbers, as well as enhanced activity of

superoxide dismutase (SOD) and capacity of scavenging

free radicals (p \ 0.05). Meanwhile, the placental mal-

ondialdehyde and protein carbonyl levels were affected by

the diet fat and fiber levels (p \ 0.05). Compared with the

LL group, the mRNA abundance of hypoxia-inducible

factor 1a (HIF-1a) and thioredoxin-2 (Trx2) in the mater-

nal liver and glutathione peroxidase 1 (GPx1) in the pla-

centa and fetus were significantly downregulated in the HL

group (p \ 0.05). Furthermore, rats fed a fiber-rich diet had

significantly upregulated mRNA expressions of Cu,Zn-

SOD, Mn-SOD, and HIF-1a in the maternal liver

(p \ 0.05); Cu,Zn-SOD and Mn-SOD in the placenta

(p \ 0.05); and Cu,Zn-SOD in the fetus (p \ 0.05).

Conclusion When energy intakes are equivalent, con-

sumption of fiber in high- or low-fat diets benefits fetal

development and growth, through improvements in maternal,

placental, and fetal antioxidant defense capacities.

Keywords Dietary fiber � Redox state � Antioxidant

defense

Introduction

The oxidative stress programming hypothesis was proposed

by Luo et al. [1]. This hypothesis suggests that oxidative

stress could be a key to fetus or development programming

of disease. The cell redox status varies based on embryonic

development processes, and there are critical set points

for the redox status at critical periods of development.

An excessively oxidative status could be detrimental to

embryonic development [2]. The cell redox status acts as a

primary or secondary messenger of embryonic development

through regulation of key transcription factors that influ-

ence cell signaling pathways, affecting cell proliferation

and differentiation [3, 4].

Human diets high in fat are characteristic of many

Western nations. When these diets predominate during

pregnancy and lactation, they have long-term physiological

effects on adult offspring [5]. Diets high in fat induce

oxidative stress in mice [6]; furthermore, they disturb the

balance of the oxidative and antioxidant defense systems in

the mother, placenta, and embryo, which can retard

embryonic progression, cause embryonic toxicity and

miscarriages [4, 7], and increase oxidative stress in the
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offspring brain [8]. In addition, abnormal intrauterine

development of an embryo caused by oxidative damage

may program the risk of the offspring to develop metabolic

diseases later in life [5, 9]. Oxidative damage to the tro-

phoblast and placental tissues induced by the disorganized

and early onset of maternal blood to the placenta is

reportedly a key factor in early fetal loss [7, 10]. This

indicates that maternal oxidative stress can transfer to the

fetus through the placenta, and fetal growth retardation and

metabolic syndromes later in life can be associated with

placental dysfunction during pregnancy [9, 11].

It is generally accepted that fiber may interfere with fat

digestion and absorption and facilitate the excretion of

dietary fat into the feces [12, 13]. The products of short-

chain fatty acids during fermentation of dietary fiber in the

gut could provide energy to colonocytes and other tissues

[14]. Epidemiologic studies indicated that increased con-

sumption of dietary fiber was inversely associated with the

risk of metabolic syndromes later in life [15], suggesting

that diets supplemented with fiber may reduce the oxidative

stress of the organism [16]. It is therefore plausible to

hypothesize that dietary fiber added to a high- or low-fat

diet has beneficial effects on maternal as well as fetal

health. However, few studies have elucidated whether

maternal fiber intake in combination with a high- or low-fat

diet affects fetal development and the redox state. The aim

of the present study was to determine whether fiber sup-

plementation in a high- or low-fat diet effectively ame-

liorates maternal and placenta oxidative stress, maintaining

an appropriate fetal redox environment and improving fetal

development.

Methods

Animal protocol

All protocols were in accordance with the National

Research Council’s Guide for the Care and Use of Labo-

ratory Animals. Eighty 90-day virgin female Sprague–

Dawley rats weighing 260 ± 10 g were purchased from

Sichuan Academy of Medical Sciences, Sichuan Provincial

People’s Hospital Experimental Animal Research Institute.

The rats were housed individually in galvanized steel cages

and maintained at a controlled temperature (22 �C) with a

12-h light/dark cycle. One week later, each rat was ran-

domly assigned to 1 of 4 groups: the low-fat, low-fiber

group (LL); low-fat, high-fiber group (LH); high-fat, low-

fiber group (HL); or high-fat, high-fiber group (HH). The

diets were fed 4 weeks prior to breeding through day 17.5 of

pregnancy according to a 2 9 2 factorial experimental

design. Pregnancy was confirmed by the observation of

vaginal plugs. Experimental diets were formulated as

described by Malville-Shipan & Fleming [17]. The com-

position of the experimental diets is presented in Table 1.

Insoluble fiber concentrations were determined with neutral

and acid detergent methods after treatment with amylase

[18]. Total soluble fiber was determined gravimetrically

after base treatment [19], a-amylase digestion of starch, and

dialysis [20]. Dietary intakes of fiber and fat by rats were

quantitatively varied, while intakes of energy and essential

nutrients were kept constant by controlling the feed intake.

The rats were killed on day 17.5 of pregnancy. Maternal

blood was collected and centrifuged at 4,000g for 10 min at

4 �C for serum collection. The fetus and placenta were

rapidly removed, weighed, frozen in liquid nitrogen, and

stored at -70 �C until analysis.

Placenta histology

Small 0.5 9 0.5 cm segments were cut and rinsed in ice-

cold PBS. Placental tissues were fixed in 10% neutral

buffered formalin, processed routinely for histological

examination, cut to 5- to 6-lm-thick sections, and stained

with hematoxylin and eosin.

Blood sample biochemical assay

Glucose, triglyceride, and total cholesterol serum concen-

trations were determined using a BMD/Hitachi 705 auto-

analyzer (Japan). The kit was provided by Leadmanbio

(Beijing, China). Concentrations of free fatty acids were

determined based on ELISA analysis using a kit provided

by RD (USA).

Total superoxide dismutase, copper-zinc superoxide

dismutase, and manganese superoxide dismutase

activity assay

Methods for the measurements of the total superoxide dis-

mutase (T-SOD), copper-zinc superoxide dismutase (Cu,Zn-

SOD), and manganese superoxide dismutase (Mn-SOD)

activities in the serum and placenta were based on the inhi-

bition of nitroblue tetrazolium (NBT) reduction by O2
- gen-

erated by the xanthine/xanthine oxidase system, according to

the procedures described by Sun et al. [21] and Spitz and

Oberley [22]. Activity units were determined by defining 1

unit of SOD activity as that amount of sample protein capable

of inhibiting the reduction of NBT by 50% of maximum

inhibition. The data were normalized by basing them on

protein content as measured by the Bradford method.

Hydroxyl radical and superoxide anion assay

The ability of the serum and placenta to scavenge hydroxyl

radicals was determined as described by Halliwell [23]
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with a slight modification. The ability of serum and pla-

centa to scavenge superoxide anion was measured by the

reduction of NBT according to a previously reported

method [24]. Placentas (0.5 g) were homogenized in ice-

cold 0.25 M Trizma base buffer with a pH of 7.4 (con-

taining 0.2 M sucrose and 5 mM dithiothreitol) using a

Teflon glass homogenizer. After centrifugation (12,000g,

10 min, 4 �C), supernatants were collected for analysis. All

tests were performed 5 times, and the percentage of relative

inhibition was evaluated by comparing the 4 groups.

Assay of malondialdehyde and protein carbonyl

concentrations

The malondialdehyde (MDA) concentrations in the serum

and placenta were determined by the TBA method using a

commercial kit (LPO Assay Kit, Colorimetric) [25], which

is based on the reaction of MDA with thiobarbituric acid to

form a pink chromogen. Results were expressed as nmol/

mL. The level of protein carbonyl formation in the placenta

was determined using an OxiselectTM protein carbonyl

ELISA kit purchased from Cell Biolabs (San Diego, CA)

according to the manufacturer’s instructions. The carbonyl

content (nmol/mg protein) was calculated using a molar

extinction coefficient of 22 000 M/cm at 370 nm after

subtraction of the blank absorbance.

RNA reparation and determination of mRNA level

of antioxidant-related genes

The maternal liver, placental, and whole fetus samples in

each litter (n = 6 per treatment group) were used for RNA

extraction in TRIzol reagent (Invitrogen, Carlsbad, CA,

USA) according to the manufacturer’s instructions. Deter-

mination of the ratio of the absorbance at 260 and 280 nm

(A260/280) and agarose gel electrophoresis were per-

formed to facilitate quantitative and qualitative analyses of

the isolated RNA. Total RNA (5 lg) was used as a tem-

plate to synthesize the cDNA. Aliquots of the cDNA were

used as a template for the subsequent quantitative real-time

PCR according to manufacturer’s instructions. Real-time

PCR was performed to analyze the expression of the genes

listed in Table 2 using SYBR Green PCR Mix (TaKaRa,

Japan) and the BioRad Research DNA Engine Opticon

System as follows: 95 �C for 10 s, 40 cycles of 95 �C for

5 s, and 60 �C for 25 s. The relative levels of gene

expression were normalized to the amount of the eukary-

otic housekeeping gene b-actin mRNA.

Statistical analysis

Data were presented as means and their standard devia-

tions. Only 52 pregnant rats were included in the analysis;

Table 1 Composition of experimental diets

Ingredient (g/kg) Low fat High fat

Low fiber (LL) High fiber (LH) Low fiber (HL) High fiber (HH)

Corn starch 669.691 280.492 414.417 34.947

Wheat bran 250 250

Oat 250 250

Casein 227.5 121.5 267 158.5

Soybean oil 50 50 50 50

Lard 100 100

Rapeseed oil 100 100

Vitamin mixturea 11 10 14.286 11.78

Mineral mixtureb 38.5 35 50 41.23

Choline bitartrate 1.1 1 1.429 1.178

L-Cysteine 2.2 2 2.857 2.356

t-BHQ2 0.009 0.008 0.011 0.009

Fat (%) 5 5 25 25

Soluble fiber (%) 0.17 2.46 0.17 2.46

Insoluble fiber (%) 2.29 10.94 2.29 10.94

Food intake level (%) 90 100 70 85

a Provided per kg of diet: Calcium 5,000 mg; Phosphorus 1,561 mg; Kalium 3,600 mg; Natrium 1,019 mg; Chlorine 1,517 mg; Magnesium

510 mg; Ferrum 35 mg; Zinc 30 mg; Manganese 10 mg; Copper 6 mg; I 0.2 mg; Selenium 0.15 mg
b Provided per kg of diet: VD3 1,000 IU; VK3 0.75 mg; VB1 6.0 mg; VB2 7.0 mg; VB6 6.0 mg; VB12 0.02 mg; nicotinic acid 30.0 mg;

D-calcium pantothenate 15.3 mg; folic acid 2.0 mg; biotin 0.2 mg
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28 rats were found to be non-pregnant or had spontaneous

abortions. The average fetal and placental weights within

litters were used in the analysis.

Data were analyzed by LSD multiple comparison for the

2 9 2 factorial experimental design using the General

Linear Model (GLM) procedure of the SAS software

package (1990) based on the following model: yijk =

l ? ai ? bj ? (ab)ij ? eijk (i = 1, 2, 3, j = 1, 2, k = 1,

2,…, nij), where yijk is the dependent variable; l is the

overall mean; ai is the fat level; bj is the fiber level; (ab)ij

is the interaction between the fat and fiber levels; and eijk

is the error term.

Results

Effect of the different diets on reproduction

performance and metabolism

There were 4, 4, 5, and 3 rats in the LL, LH, HL, and HH

groups, respectively, that were not pregnant in the detec-

tion progress (8 days) because of different diets or other

uncertain reasons. At the end of the experiment, 4, 4, 3, and

1 pregnant rats in the LL, LH, HL, and HH groups,

respectively, had abortions; these results suggest that the

HH group had a lower abortion rate than that of the other

groups.

As presented in Table 3, fetal weight was affected by fat

level 9 fiber level interaction, and was significantly lower

in the LL group than in the HH group (p \ 0.05). However,

placental weight was not affected (p [ 0.05) by fat level,

fiber level, or fat level 9 fiber level interaction. The

presence of fiber in LH or HH diets significantly increased

the fetal number (p \ 0.05). At the end of the experiment,

the triglyceride and total cholesterol contents were not

affected by maternal diet intake (p [ 0.05), while the

serum glucose level was significantly affected by fat level

(p \ 0.05) and tended (p = 0.08) to be affected by fat

level 9 fiber level interaction.

Effect of the different diets on placental histology

Consumption of the HH diet had a deleterious effect on

placental tissue integrity (Fig. 1c). The placental tropho-

blasts exhibited an evident malformation, and were even

partly necrotic in the HL group. However, dietary fiber

supplementation alleviated the phenomenon (Fig. 1d).

There was no obvious change in the LL or LH groups

(Fig. 1a, b).

Effect of the different diets on antioxidant-related

parameters

In the present study, activities of T-SOD, Cu,Zn-SOD, and

Mn-SOD in maternal serum were significantly affected by

dietary fiber (p \ 0.05; Table 4). Compared with the LL

group, activities of T-SOD in maternal serum and Cu,Zn-

SOD in placenta were increased significantly in the LH

group (p \ 0.05). Similarly, the activities of T-SOD and

Mn-SOD in maternal serum, as well as T-SOD in placenta,

were significantly elevated in the HH group compared with

those in the HL group (p \ 0.05). However, T-SOD,

Cu,Zn-SOD, and Mn-SOD in maternal serum and placenta,

were not affected (p [ 0.05) by fat level 9 fiber level

interaction with the exception of the Mn-SOD activity in

placenta (p \ 0.05). Furthermore, the levels of MDA in

maternal serum were significantly affected by dietary

fiber (p \ 0.05) and fat level 9 fiber level interaction

Table 2 Sequences of primers

for PCR amplifications

GPx1 glutathione peroxidase 1,

Cu,Zn-SOD Cu,Zn superoxide

dismutase, Mn-SOD Mn

superoxide dismutase, Trx1
thioredoxin-1, Trx2 thioredoxin-

2, HIF-1a hypoxia-inducible

factor 1 alpha, b-actin beta-

actin

Gene Primers Length Gene Bank

GPx1 F: 50 -GGCTCCCTGCGGGGCAAGGT -30

R: 50-TGTACTTGGGGTCGGTCATG-30
112 NM_030826.3

SOD1 F: 50-GAACCAGTTGTGGTGTCAGGA-30

R: 50-CTCCAACATGCCTCTCTTCATC-30
169 NM_017050

SOD2 F: 50-AGAGTTGCTGGAGGCTATCAAG-30

R: 50-CAGTGGGTCCTGATTAGAGCA-30
166 NM_017051

Trx1 F: 50-CCCTTCTTTCATTCCCTCTGTG-30

R: 50-GAACTCCCCAACCTTTTGACC-30
150 NM_053800

Trx2 F: 50-CGTACAATGCTGGTGGTCTAAC-30

R: 50-GTCTTGAAAGTCAGGTCCATCC-30
110 NM_053331.2

HIF-1a F: 50-CATCTCCACCTTCTACCCAAGT-30

R: 50-GACTCTCTTTCCTGCTCTGTCTG-30
110 AF057308

b-actin F: 50-CAC AGC TGA GAG GGA AAT-30

R: 50-TCA GCA ATG CCT GGG TAC-30
155 NM_031144
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(p \ 0.05), and the levels of MDA and protein carbonyl in

placenta were affected by the dietary fat and fiber levels

(p \ 0.05). As shown in Fig. 2a and b, the superoxide

anion and hydroxyl radical scavenging capacities of the

maternal serum in the LH and HH groups were signifi-

cantly higher than those in the LL and HL groups

(p \ 0.05). The regulations for the placenta were very

similar to those found in the maternal serum, in that the

superoxide anion and hydroxyl radical scavenging capaci-

ties were improved in the HH group compared with those

in the HL group (p \ 0.05).

Effect of the different diets on critical gene expressions

related to redox regulation

To further confirm the action of the treatment diets on the

antioxidant defense capacity, we performed quantitative

PCR analysis on key gene expressions in redox regulation.

The mRNA expressions of Cu,Zn-SOD, Mn-SOD, and

HIF-1a in maternal liver were affected by dietary fat and

fiber levels (p \ 0.05; Fig. 3a), while glutathione peroxi-

dase 1 (GPx1) expression was affected only by dietary fiber

level (p \ 0.05). Furthermore, mRNA expressions of

Table 3 Effects of experimental diets on reproductive performance and metabolism

Treatment p value

LL LH HL HH Fat Fiber Fat 9 fiber

No. of rats 12 12 12 16

Fetal weight (g) 0.714 ± 0.043a 0.864 ± 0.052b 0.913 ± 0.210b 0.815 ± 0.080ab 0.103 0.562 0.010

Placental weight (g) 0.340 ± 0.069 0.366 ± 0.026 0.347 ± 0.046 0.351 ± 0.032 0.802 0.404 0.526

Fetal number 9.83 ± 1.83a 11.82 ± 1.40bc 10.14 ± 1.46ab 12.00 ± 1.58c 0.684 0.004 0.916

Glucose1 4.40 ± 0.91b 5.50 ± 0.52b 7.50 ± 0.97a 4.75 ± 0.99b 0.020 0.108 0.078

Triglyceride1 1.88 ± 0.42a 1.93 ± 0.40a 2.54 ± 0.77b 2.39 ± 0.46a 0.042 0.864 0.701

Total cholesterol1 1.79 ± 0.38 1.59 ± 0.32 2.13 ± 0.59 1.66 ± 0.17 0.312 0.089 0.502

LL low-fat and low-fiber diet, LH low-fat and high-fiber diet, HL high-fat and low-fiber diet, HH high-fat and high-fiber diet

Data are presented as means ± standard deviation, and means in the same row with different letters are different at (p \ 0.05)
1 mmol/L

Fig. 1 Effects of experimental

diets on placental structure

(magnification 9 200). a Low-

fat, low-fiber diet; b low-fat,

high-fiber diet; c high-fat, low-

fiber diet; d high-fat, high-fiber

diet. The histological findings in

the LL group were typical of

normal placenta; pronounced

placental pathology could be

seen in the HL group and aided

restoration after fiber

supplement. Placental

morphological changes are

identified by black arrows
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Cu,Zn-SOD, thioredoxin-1 (Trx1), and HIF-1a were

affected by fat level 9 fiber level interaction (p \ 0.05).

Conversely, when energy intakes were equivalent, there

was no significant effect on mRNA expression of Mn-SOD,

Trx1, Trx2, or GPx1 in maternal liver. Meanwhile, the HH

group showed significant upregulations in the mRNA lev-

els of Cu,Zn-SOD, Trx1, and GPx1 compared with the HL

group (p \ 0.05).

As shown in Fig. 3b, the mRNA expressions of GPx1

and HIF-1a in placenta were affected by dietary fat and

fiber levels (p \ 0.05). Rats fed a fiber-rich diet signifi-

cantly upregulated the mRNA expressions of Cu,Zn-SOD

and Mn-SOD (p \ 0.05) and tended to upregulate the

mRNA expressions of Trx1 and Trx2 (p [ 0.05). Com-

pared with the LL group, mRNA expressions of GPx1 and

Cu,Zn-SOD were significantly upregulated in the LH group

(p \ 0.05). Compared with the HL group, the HH group

showed significant upregulations in the mRNA levels of

HIF-1a, Cu,Zn-SOD, and Mn-SOD (p \ 0.05).

The mRNA expression of GPx1 in the fetus was signifi-

cantly affected by dietary fat level (p \ 0.05; Fig. 3c),

whereas the dietary fiber level significantly upregulated the

mRNA expression of Cu,Zn-SOD (p \ 0.05) and tended to

increase the mRNA expression of HIF-1a (p = 0.08).

However, the mRNA expressions of detected genes were not

affected by fat level 9 fiber level interaction (p [ 0.05).

Compared with the LL group, the LH group showed signif-

icant upregulations in the mRNA levels of HIF-1a, GPx1,

and Cu,Zn-SOD (p \ 0.05). When compared with the HL

group, the HH group also exhibited significant upregulations

in the mRNA levels of HIF-1a, Mn-SOD, and Trx2 in the

fetus.

Discussion

Prenatal nutritional programming of postnatal physiologi-

cal functions has been experimentally demonstrated in a

wide variety of laboratory and farm animals. Previous

reports have shown the consequences for the progeny of

feeding high-fat diets during gestation only or during both

gestation and lactation [26, 27]; thus, our study focused on

the effect of fiber supplementation in high- or low-fat diets

on fetal development and the antioxidant defense capacity

of the rat. Our results showed that maternal intake of a fat-

rich diet increased fetal weight, while fiber supplementa-

tion in both low- and high-fat diets enhanced litter size

when energy intake was equivalent. Other studies have

indicated that high-fat diets increase the concentrations of

circulating glucose, by elevating the tolerance of peripheral

tissues to circulating insulin and preventing entrance of the

circulating glucose to peripheral tissue cells [28, 29, 29],

which may lead to fetal overgrowth.

It is well known that reactive oxygen species (ROS),

such as the superoxide radical and hydroxyl radical, are

inevitable byproducts of embryonic development and

metabolism; they have been implicated in impaired

embryonic development in vitro by inducing lipid and

protein peroxidation [30]. The present study showed that

maternal and placental radical scavenging capacities

decreased and the end products of lipid and protein per-

oxidation increased in the HL group, which was in accor-

dance with the results of Milagro et al. [31]; thus, structural

membrane damage occurred, as evidenced by the placental

tissue slice. Fetal numbers and SOD activity were mark-

edly increased by inclusion of fiber in the diet, as

Table 4 Effects of experimental diets on antioxidant-related parameters in maternal serum and placenta

Parameters Treatment p value

LL LH HL HH Fat Fiber Fat 9 fiber

Serum

T-SOD1 25.00 ± 1.26a 30.13 ± 1.04b 26.48 ± 3.34a 30.39 ± 0.74b 0.387 0.001 0.542

Cu,Zn-SOD1 16.29 ± 0.57a 18.94 ± 0.50bc 17.40 ± 1.30ab 18.18 ± 0.68b 0.703 0.004 0.065

Mn-SOD1 8.72 ± 0.71a 11.10 ± 1.45ab 9.09 ± 2.24a 12.21 ± 1.12b 0.366 0.006 0.645

MDA2 58.01 ± 2.39b 27.06 ± 3.02a 62.93 ± 3.87c 23.27 ± 0.73a 0.723 0.000 0.018

Placenta

T-SOD1 34.26 ± 4.36ab 37.28 ± 1.16b 31.35 ± 2.13a 37.16 ± 1.34b 0.337 0.018 0.377

Cu,Zn-SOD1 23.62 ± 3.27a 30.57 ± 0.63b 22.57 ± 1.90a 26.64 ± 1.76ab 0.075 0.002 0.272

Mn-SOD1 10.64 ± 2.27 6.71 ± 0.64 8.78 ± 2.65 10.51 ± 2.27 0.449 0.393 0.048

MDA2 3.58 ± 0.57b 2.35 ± 0.26a 4.84 ± 0.36c 2.97 ± 0.58ab 0.008 0.000 0.268

Protein carbonyl2 34.91 ± 1.39b 26.58 ± 3.13a 60.29 ± 1.46d 42.02 ± 1.54c 0.000 0.000 0.003

Data are presented as means ± standard deviation, and means in the same row with different letters are different at (p \ 0.05)

LL low-fat and low-fiber diet, LH low-fat and high-fiber diet, HL high-fat and low-fiber diet, HH high-fat and high-fiber diet
1 U/mg protein
2 nmol/mg protein
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evidenced by the lower levels of lipid and protein peroxi-

dation products in maternal serum and placenta. Other

studies demonstrated that diets supplemented with cocoa or

soluble cocoa fiber products had significantly decreased

serum MDA levels [18, 32] and diminished DEN-induced

hepatic protein carbonyl contents [33], revealing the pro-

tective role of fiber against oxidative stress.

Extensive human epidemiological findings have pro-

vided support for the hypothesis that oxidative stress may

be a common link underlying the superficial programming

associations between fetal growth and elevated risks of

certain adult metabolic diseases [1]. Maternal/embryonic

redox-homeostasis is of major importance; dysregulation in

the equilibrium of pro- and antioxidative processes retards

embryo development, leading to organ malformation, and

embryo lethality [34]. In the present study, the similar

changes in antioxidant-related gene expressions in the

maternal liver and the fetus suggest that maternal nutrition

may affect oxidative stress of the pregnant female, and

subsequently change the redox status of fetus. It was

recently reported that maternal high-fat, protein- and cal-

orie-restricted diets induced oxidative stress in the off-

spring [34, 35]. Dietary fiber decreased oxidative stress

[18], and whole bran could effectively reduce the damage

derived from H2O2 to human lymphocyte DNA molecules

Fig. 2 Effects of experimental diets on superoxide anion (a) and

hydroxyl radical (b) scavenging capacities in maternal serum and

placenta. LL low-fat, low-fiber diet; LH low-fat, high-fiber diet; HL
high-fat, low-fiber diet; HH high-fat, high-fiber diet. The data

represent the percent of relative inhibition compared with the LH

group. Means (6 rats per group) with standard deviations are depicted

by vertical bars. Means with different letters are significantly

different (p \ 0.05)

Fig. 3 Effects of experimental diets on the mRNA levels of

antioxidant-related genes in the maternal liver. a Maternal liver;

b placenta; c fetus. LL low-fat, low-fiber diet; LH low-fat, high-fiber

diet; HL high-fat, low-fiber diet; HH high-fat, high-fiber diet. HIF-1a
hypoxia-inducible factor 1 alpha; Cu,Zn-SOD Cu,Zn superoxide

dismutase; Mn-SOD Mn superoxide dismutase; Trx1 thioredoxin-1;

Trx2 thioredoxin-2; GPx1 glutathione peroxidase 1. Means (6 rats per

group) with standard deviations are depicted by vertical bars. Means

with different letters are significantly different (p \ 0.05)
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[36]; this suggests that dietary fiber protects DNA mole-

cules against H2O2-induced oxidative damage. Meanwhile,

it was reported that the products of short-chain fatty acids

during fermentation of dietary fiber in the gut, such as

butyrate and acetate, could prevent DNA and cell damage

induced by H2O2 [37], and that butyrate could induce the

activity of glutathione S-transferase [38], resulting in an

enhanced antioxidant capacity of the organism. In addition,

antioxidant supplements such as vitamin C and E reduced

oxidative stress-induced mouse embryo toxicity and

improved the blastocyst in vitro culture [39]. More impor-

tantly, the maternal oxidative status is closely related to the

fetal redox status [40]. Taken together, diets supplemented

with fiber appear to alleviate high-fat-diet-induced oxidative

stress by regulating the mRNA expressions of antioxidant-

related genes in the maternal liver and fetus, maintaining an

anti-prooxidant balance.

The placenta is both the target of maternal oxidative

stress and a modulator of fetal oxidative stress [41]. There

is increasing experimental evidence to indicate that the

oxidative stress in placental tissue is involved in fetal

development and miscarriage [7, 10]. Furthermore, pla-

cental and/or systemic antioxidant systems may regulate

placental development and function with consequential

effects on fetal programming [42]. Our results were the first

to demonstrate that maternal exposure to a high-fat diet

downregulated SOD activities and antioxidant-related gene

expressions of the placenta, while fiber supplementation

upregulated antioxidant-related gene expressions; this

suggests that maternal nutrition may affect oxidative stress

of the placenta, and thus affect the redox status of the fetus.

Placental cells are reportedly sensitive to oxidative stress

because of their extensive cell divisions and the concomi-

tant exposure of their DNA [43], but the concentrations of

the principal antioxidant enzymes in the placenta are very

low [44]. Indeed, placental oxidative damage has a close

relationship with fetal growth retardation and metabolic

syndromes of later life [9, 45]. Therefore, the placental

redox state plays an important role in embryonic devel-

opment. Although additional studies are needed, we sug-

gest that there might be close relationships among redox

states for maternal, placental, and fetal tissues, and a high

degree of correlation between dietary fiber and oxidative

stress.

HIF-1a plays important roles in redox regulation [46],

which is essential for normal embryonic development [47].

Compared with the LL group, the HL diet tended

to downregulate the mRNA level of placental HIF-1a,

whereas fiber supplementation elevated the mRNA

expressions of HIF-1a in maternal liver, placental, and fetal

tissues. ROS enhanced HIF-1 protein and mRNA levels

[48], while treatment with the antioxidant GSH ethyl ester

and N-acetylcysteine inhibited HIF-1a mRNA and protein

expressions [49]. In addition, it is known that HIF-1a is

involved in glucose transport [50] and placental develop-

ment and function [51], which may affect fetal develop-

ment. However, if and how dietary fiber affects placental

development and function needs to be researched.

In conclusion, maternal intake of a fat-rich diet

increased the oxidative stress states of maternal, placental,

and fetal tissues, while dietary fiber appeared to enhance

the antioxidant defense capacity of maternal, placental, and

fetal tissues, alleviating oxidative stress derived from a

high-fat diet, therefore improving fetal development when

energy intakes were equivalent.
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