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Abstract

The antioxidant (AOX) defense system is critical for combating whole-body oxidative stress, and 

the present study aimed to determine the consequences of a maternal high-fat (HF) diet on 

neonatal hepatic lipid accumulation, oxidative stress, the expression of AOX genes, as well as 

epigenetic histone modifications within Pon1, an AOX enzyme. Hepatic thiobarbituric acid 

reactive substances were significantly increased and nonesterified fatty acids decreased in 

offspring of HF-fed dams, while triglycerides increased in male but not female HF offspring when 

compared to controls (C). Pon1, Pon2, Pon3 and Sod2 were significantly increased in offspring of 

HF-fed dams when compared to C. However, the increase in Pon1 and Pon3 was only significant 

in male but not female offspring. When compared to C, the hepatic Pon1 promoter of male and 

female HF offspring had significantly more acetylated histone H4 as well as dimethylated histone 

H3 at lysine residue 4, which are both involved in transcriptional activation. Trimethylation of 

histone H3 at lysine residue 9, which is involved in transcriptional repression, was only associated 

with genes in females. Results from the present study reveal that a maternal HF diet affects hepatic 

metabolism in the neonate in a gender-specific manner, and these differences, in association with 

epigenetic modification of histones, may contribute to the known gender differences in oxidative 

balance.
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1. Introduction

The intake of a high-fat (HF) diet during pregnancy impacts fetal development[1–3], and 

specifically, a recent study has demonstrated that markers of antioxidant (AOX) defense 

capacity were decreased in adult offspring of HF-fed dams [4]. Because the liver is 

infiltrated with byproducts of fatty acid oxidation and because altered handling of hepatic 

oxidation products is associated with liver damage and disease [5], the inappropriate 

programming of this crucial protective mechanism by a maternal HF diet may be deleterious 

for hepatic development and health. Additionally, because hepatic oxidative balance is often 

related to systemic antioxidant status [6–8], the altered production of these in the liver will 

likely have numerous consequences for all major organ systems.

The paraoxonase (PON) family of enzymes is critical for whole-system oxidative balance 

[9]. The liver is responsible for the synthesis of these enzymes that protect both itself as well 

as the rest of the body from prooxidant damage. Specifically, the PON1 enzyme, which has 

lactonase and esterase activities and is synthesized in the liver, has been shown to be a 

critical component of the AOX defense system, and its synthesis was altered in patients with 

hepatosteatosis [10]. Therefore, it is not surprising that modulations in PON1 enzyme 

activity in liver as well as serum have been correlated to liver disease and altered lipoprotein 

metabolism [11–14]. Furthermore, studies have suggested that gender differences in the 

response to oxidative stress may contribute to the differential susceptibility of males and 

females to developing chronic diseases [15–20], and the AOX defense system is likely 

responsible for these differences.

While the adult epigenome can be modified by various elements and toxins in the 

environment [21], studies have also shown that in utero exposures can result in significant 

epigenetic modifications, and these epigenetic marks can persist into adulthood to 

permanently control gene expression [22–24]. The covalent modification of histone tails – 

including acetylation (Ac) or methylation (Me) – represents a class of epigenetic changes 

that regulate transcriptional activity of genes by altering the state of the chromatin [25]. In 

primates, the chronic consumption of a maternal HF diet led to an increase in H3K14Ac and 

a trend of increase in H3K9Ac, H3K18Ac, H3K9Me2, trimethylated histone H3 at lysine 

residue 9 (H3K9Me3) and H3K27Me3, and these fetal hepatic tissues had an increase in 

triglycerides and nonalcoholic fatty liver disease [26]. Furthermore, a maternal HF diet in 

rats resulted in decreased association of acetylated histone H3 (H3Ac), dimethylated histone 

H3 at lysine residue 4 (H3K4Me2), H3K9Me3 and H3K27Me3 within the promoter of the 

hepatic gluconeogenic Pck1 gene, along with a decrease in H3K9Me3 and an increase in 

acetylated histone H4 (H4Ac) and H3K4Me2, and all of these modifications were associated 

with increased transcription and transcriptional rate of the Pck1 gene [27]. While studies 

have authenticated the importance of epigenetics in controlling the expression of AOX genes 

[28–30], few data are available showing the effect of gestational diet on this system.

A maternal HF diet in nonhuman primates was shown to increase hepatic oxidative stress in 

the offspring [31], and because the PON1 enzyme is synthesized in the liver and provides 

protection against system-wide oxidative damage [32], the current study aimed to determine 

its transcription, as well as the transcription of several AOX genes, in livers of both male and 
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female offspring in response to a maternal HF diet. Furthermore, we wanted to investigate 

the fetal hepatic epigenome by focusing on Pon1 as a model for gender-specific histone 

modifications that occur in response to a maternal HF diet. In order to accomplish this, the 

present study utilized an obesity-resistant (OR) rat model without the concurrent 

development of gestational obesity. Our results demonstrate that the in utero exposure to an 

HF diet affects fetal hepatic oxidative balance and has a gender-specific effect on the 

expression of AOX genes in association with epigenetic modifications within the tested 

gene.

2. Methods

2.1. Animal and experimental design

Timed-pregnant female rats were obtained from Charles River (Wilmington, MA, USA) on 

embryonic day 2. The OR strain [Crl:OR(CD)] in the current experiment was developed 

from an outbred line of Crl:CD(SD) rats. This model does not become obese when fed HF 

diets. Dams were separated into two dietary treatments: five control (C; 64% carbohydrates, 

20% protein, 16% fat), and five high fat (HF; 35% carbohydrates, 20% protein, 45% fat), 

where the HF diet had approximately 3.3, 3.17 and 1.8 times more saturated, 

monounsaturated and polyunsaturated fat, respectively, per kilocalorie consumed when 

compared to the C diet [27]. Pregnant animals were fed these diets ad libitum until 

embryonic day 20, when they were fasted overnight and underwent cesarean delivery to 

collect livers from offspring. All fetal liver tissue samples were immediately stored in liquid 

nitrogen and kept for further analysis. Fetal weights and gender were also recorded at this 

time.

2.2. Neonatal hepatic triglyceride (TG), nonesterified fatty acid (NEFA) and thiobarbituric 
acid reactive substances (TBARS) analysis

Frozen liver samples (100 mg) were ground using a mortar and pestle with liquid nitrogen 

and mixed with 0.3 ml saline (0.9% w/v NaCl) as previously reported [33]. Homogenized 

samples were quickly frozen in liquid nitrogen and kept in −70 °C. The samples were 

quickly thawed at 37 °C and diluted five times in saline to 1.5 ml. Twenty microliters of the 

diluted samples was incubated with 20 μl 1% deoxycholate at 37 °C for 5 min, and 10 μl of 

the samples was used to analyze either liver TG or NEFA. Hepatic TG was analyzed via the 

Thermo Infinity Triglycerides Liquid Stable Reagent (Thermo Fisher Scientific, Rockford, 

IL, USA) following company protocol and using a commercially available standard 

reference kit (Verichem Laboratories, Providence, RI). Hepatic NEFA concentration was 

determined using a commercially available kit (HR-2 Series, Wako Diagnostics, Richmond, 

VA, USA). TBARS assay (catalog no. 10009055, Cayman Chemical, Ann Arbor, MI, USA) 

was performed per company protocol to determine the concentration of malondialdehyde 

(MDA), a product of lipid peroxidation, within neonatal hepatic tissues. TG, NEFA and 

TBARS data are presented as the amount of TG, NEFA or MDA (in milligrams) per gram of 

liver.
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2.3. RNA isolation and real-time polymerase chain reaction (RT-PCR) analysis

Livers from 10 offspring (5 male and 5 female) from each dietary group were randomly 

chosen for sampling, with all litters being represented. Total RNA was isolated using the 

GenElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich, St Louis, MO, USA), 

treated with DNase I to eliminate any DNA contamination and quantified using Nano Drop 

ND-1000 Spectophotometer while ensuring that the ratio of 260/280 was >1.9. cDNA was 

synthesized from 2 μg of RNA in a 20-μl reaction volume using the High Capacity cDNA 

Reverse Transcription Kit with random primers (Applied Biosystems, Foster City, CA, 

USA) and a thermal cycler (Applied Biosystems 2700, Foster City, CA, USA), with the 

following program: 25 °C for 10 min, 37 °C for 120 min, 85 °C for 5 s and a 4 °C hold. RT-

PCR was performed using 25 ng cDNA as the template, SYBR Green PCR Master Mix 

(Applied Biosystems, Foster City, CA, USA), and 5 μmol/L of each forward and reverse 

primer (Table 1) in the 7300 Real-Time PCR System (Applied Biosystem, Foster City, CA, 

USA), with the following program: 95 °C for 10 min, 95 °C for 15 s, 60 °C for 1 min, 95 °C 

for 15 s, 55 °C for 1 min and 95 °C for 15 s, with 40 cycles of steps 2 and 3. A serial dilution 

was used to create a standard curve for quantification, a dissociation curve was analyzed 

following each reaction, and a no-template control was included with all reactions to ensure 

that no additional products were synthesized during the PCR reaction. mRNA level of 

ribosomal protein L7a was utilized as the internal control.

2.4. Chromatin immunoprecipitation (ChIP) analysis

The ChIP assay was previously reported in great detail and is therefore not described here 

[27]. As previously stated, livers from 10 offspring (5 male and 5 female) from each dietary 

group were randomly chosen for sampling and were the same samples as those used for 

mRNA analysis. Antibody information is listed in Table 2.

2.5. Statistical analysis

Results are reported as means±S.E.M. Neonatal liver TG, TBARS and gene expression data 

were analyzed using two-way analysis of variance (ANOVA) with interactions (SAS 

software, Cary, NC, USA) with diet and gender as main effects. When an interaction was 

found between factors (P<.05), the post hoc Tukey test was used to identify specific 

differences within diet or within gender. For hepatic ChIP analysis in offspring (n=10, 5 

male and 5 female), each gender was analyzed individually to determine the effect of diet on 

each antibody using Student's t test, while the effect of antibody between IgG and H3K9Me3 

was determined using two-way ANOVA with antibody and gender as main effects.

2.6. Statement of ethics

We certify that all applicable institutional and governmental regulations regarding the ethical 

use of animals were followed during this research (University of Illinois Institutional Animal 

Care and Use Committee approval #09112).
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3. Results

3.1. Maternal gestational characteristics

The following has been previously reported [27]; therefore, the data are not shown here. 

Briefly, gestational food intake and body weight did not differ between C and HF dams. 

Dams fed the HF diet gained significantly more weight than C, possibly because the 

offspring of these dams were heavier. However, when fetal and placental weights were 

subtracted from this weight to determine actual mass gained during gestation, the two 

groups did not differ.

3.2. Offspring observations

As previously reported [27], there were no differences in litter size between the two dietary 

groups, and at the time of cesarean delivery on gestational day 21, the offspring of dams fed 

the HF diet were significantly heavier when compared to the offspring of dams that were fed 

the C diet during gestation. At birth, the offspring of HF-fed dams had significantly higher 

(P<.05) hepatic TBARS content when compared to the offspring of C dams, and there was 

no effect of gender or an interaction between diet and gender (Table 3). There was no effect 

of diet or gender on hepatic TG content in offspring at birth; however, there was a significant 

interaction between the factors (P<.05), which was due to the fact that while male offspring 

had a significant (P<.05) increase in hepatic TG in response to a maternal HF diet, female 

offspring did not respond to diet (Table 3). Hepatic NEFA content was significantly lower 

(P<.05) in offspring of HF-fed dams when compared to C, and there was no effect of gender 

or interaction between diet and gender (Table 3). Acox1 mRNA content was measured as a 

marker of fatty acid oxidation and was significantly higher in female than in male offspring 

(P<.05), and there was a significant interaction between diet and gender, which, similarly to 

hepatic TG content, was due to the fact that while male offspring had a significant (P<.05) 

increase in hepatic Acox1 in response to a maternal HF diet, female offspring did not 

respond to diet (Table 3).

3.3. Gene expression

Hepatic Pon1 mRNA content was significantly higher (P<.005) in offspring of HF-fed dams 

when compared to C offspring, and there was a significant (P<.05) interaction between the 

factors, which was due to the fact that male HF offspring had significantly (P<.005) higher 

Pon1 expression than C offspring, while females did not respond to diet. Additionally, HF 

female offspring had significantly (P<.05) lower Pon1 expression than HF males (Table 4). 

Offspring of HF-fed dams had significantly higher (P<.05) Pon2 mRNA content, with no 

effect of gender and no interaction between diet and gender (Table 4). Similar to Pon1 
expression, hepatic Pon3 mRNA content was significantly higher (P<.005) in offspring of 

HF-fed dams when compared to C offspring, and there was a significant (P<.05) interaction 

between the factors, which was due to the fact that male HF offspring had significantly (P<.

005) higher Pon3 expression than C offspring, while females did not respond to diet. 

Additionally, C female offspring had significantly (P<.05) higher Pon3 expression than C 

males (Table 4). There was no effect of diet or gender, or an interaction between the two 

factors on hepatic Sod1 expression (Table 4). However, Sod2 mRNA was significantly (P<.
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05) higher in female than male offspring and significantly (P<.005) higher in offspring of 

HF-fed dams when compared to C offspring (Table 4).

3.4. Histone modifications related to transcription activation

The ChIP assay was performed to investigate the association of modified histones to Pon1 
gene expression. Normal rabbit IgG antibody was used as the negative control, indicating 

nonspecific binding of protein–DNA. Proteins were considered negative for binding if the 

resulting value was equal to or less than the IgG value. At the Pon1 promoter, H3Ac was not 

significantly different between C and HF offspring in males (Fig. 1A) but slightly decreased 

in females (P=.11, Fig. 1B). At the coding region, H3Ac was also not significantly different 

between C and HF offspring in males (Fig. 1C) but slightly decreased in females (P=.11, 

Fig. 1D). At the promoter, H4Ac was significantly higher in both male (P<.05, Fig. 1A) and 

female (P<.01, Fig. 1B) HF offspring when compared to C offspring; whereas there was no 

significant change in H4Ac within the Pon1 coding region in either males (Fig. 1C) or 

females (Fig. 1D). At the promoter, H3K4Me2 was also significantly higher in HF male (P<.

01, Fig. 1A) and female (P<.01, Fig. 1B) offspring when compared to C, and there was no 

significant change in H3K4Me2 within the Pon1 coding region in either male (Fig. 1C) or 

female (Fig. 1D) offspring. The L7a ribosomal protein gene was used as a control to 

normalize all mRNA data because its expression was not affected by either diet or gender, 

and histone modifications within the L7a promoter are also presented to demonstrate any 

histone modifications occurring within the promoter of a gene whose expression was not 

affected by diet or gender. No histone modifications corresponding to transcription 

activation were observed in response to diet within the L7a promoter in male (Fig. 1E) or 

female (Fig. 1F) offspring.

3.5. Histone modifications related to transcription repression

Methylation of lysine 9 of histone H3 (H3K9Me3) is a marker of condensed, inactive 

chromatin. There was no significant difference between H3K9Me3 and IgG in male 

offspring at the promoter (Fig. 2A) and coding region (Fig. 2C) of the Pon1 gene and at the 

promoter (Fig. 2E) of the L7a gene. This indicates that lysine 9 on histone H3 was not 

methylated in male offspring. However, in female offspring, the differences between 

H3K9Me3 and IgG at the promoter (Fig. 2B) and coding region (Fig. 2D) of the Pon1 gene 

and at the promoter (Fig. 2F) of the L7a gene were all significant (P<.05). This indicates that 

histone H3 was modified by methylation of lysine 9 in female offspring to induce a more 

inactive chromatin state. Although H3K9Me3 was significantly reduced in livers of HF 

female offspring when compared to C in a non-gene-specific manner (Fig. 2B, D, F), it was 

still significantly higher than nonspecific IgG binding, indicating a generally condensed 

chromatin state in females.

4. Discussion

Maternal nutrition is a key regulator of fetal growth and development, and our study is the 

first, to our knowledge, to suggest that a maternal HF diet, independent of gestational 

obesity, increases fetal hepatic oxidative stress, and the AOX system that responds to this 

stimulus appears to be regulated epigenetically. In rodents, these phenotypic gender 
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differences have been shown to also exist in adulthood [34,35], and our findings provide the 

first potential mechanistic explanation for these differences. It is likely that the early hit of 

oxidative stress and the premature activation of the AOX system may influence the efficacy 

of this system in the future, thereby regulating the adult offspring's response to stress events.

Previous reports in rats have suggested that males may be more susceptible to the deleterious 

effects of a maternal HF diet, which include their tendency to have increased oxidative stress 

when compared with females [36]. While both males and females in the present study had 

increased hepatic TBARS, a marker of lipid peroxidation, the differential genetic response 

may be an indicator of innate gender differences in the mechanisms that govern both the 

induction and response to oxidative stress. Both male and female offspring had decreased 

hepatic NEFA content, which may result from an increase in hepatic fatty acid oxidation. We 

previously reported that gluconeogenesis was increased in livers of these neonates [27], 

which agrees with the current data, since an increase in gluconeogenesis and fatty acid 

oxidation typically occur concurrently. However, while fatty acids were decreased in both 

genders in response to a maternal HF diet, Acox1, which encodes the enzyme responsible 

for the regulatory step of palmitoyl fatty acid oxidation, was approximately twofold 

increased in male but not female offspring in response to maternal HF feeding. In males, 

hepatic TGs were also significantly increased, but this was not observed in females. An 

increase in TG synthesis occurs in response to excess NEFA availability, suggesting that 

males accumulate and potentially uptake more lipids in response to a maternal HF diet when 

compared to their basal state than do females, which may also explain the increase of Acox1 
expression as an attempt to deal with this excess. Therefore, it appears that the differential 

regulation of the AOX system occurs in direct response to the inherent differences in lipid 

metabolism between males and females exposed to a maternal HF diet.

The PON1 enzyme is synthesized in the liver and acts as a potent antioxidant in circulation, 

especially in atherosclerotic plaques, where lipid peroxidation is increased. Polymorphisms 

in the human PON1 gene are associated with an increase in various diseases, including 

diabetes, heart disease and hyperlipidemia [37–40]. Gender differences in the activity of the 

PON enzymes in response to HF feeding have been previously demonstrated. A study in 

adult animals fed an HF (cafeteria diet, 64% fat) diet showed that males and females had 

gender-specific responses in PON1 serum activity, with no response in the male and a 

significant decrease by HF feeding in females, bringing the level of PON1 activity to that of 

males [41]. However, there was no effect of the HF diet on the expression of Pon1 in the 

liver in either males or females. In adults, PON1's AOX function is most often associated 

with HDL in circulation where it is thought to contribute to the prevention of atherosclerosis 

development [42]. However, in the neonate, circulating HDL has been shown to be quite low 

[43], suggesting that the increase in hepatic Pon1 gene expression in the current study was 

likely a local response to oxidative stress and an appropriate marker of enzyme activity. In 

addition to Pon1, we observed that the expression of the other two PONs (Pon2 and Pon3) as 

well as Sod2 (MnSOD) was also elevated in response to a maternal HF diet, but only Pon3 
followed Pon1's expression pattern – being increased in males but not females in response to 

a maternal HF diet.
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Nonalcoholic fatty liver disease (NAFLD) and cirrhosis are typically accompanied by 

increased hepatic oxidative stress [44], and NAFLD has been associated with decreased 

AOX capacity and a decrease in the expression of AOX genes [45]. Our previous study 

showed that adult offspring of HF-fed mothers had decreased hepatic AOX gene expression, 

which is generally though to signal decreased antioxidant defense capacity [4]. These 

differences were observed in offspring consuming a control postweaning diet, suggesting 

that the in utero environment has the potential to program adult phenotypes, regardless of the 

postnatal diet. Because the current study utilized OR rats to isolate the effects of fat intake 

from those of maternal adiposity typically observed in animal models of diet-induced 

obesity, it is possible that this current study and our previous study using Sprague–Dawley 

rats actually model different pathologies. However, it is also possible that the overexpression 

of the AOX system early on increases the basal expression of these genes and disrupts the 

feedback mechanisms that regulate their transcription in adulthood. Further studies will be 

critical for determining the exact role that maternal diet has in the oxidative balance in 

offspring and whether altered PON expression in livers of neonates corresponds to its 

decreased activity in the plasma of adult animals.

Pon1 was used in the present study as a model for studying histone modifications in a gene 

that had a gender-specific pattern of transcription in response to a maternal HF diet. 

Additionally, unlike the other genes studied, the PON1 enzyme is a known extrahepatic 

AOX, so its expression in liver impacts systemic AOX balance. As previously discussed, the 

essential role of PON1 during AOX defense has been confirmed; the regulation of the PON1 
gene remains poorly understood. Our histone modification analysis of the Pon1 promoter 

and coding region presents a novel mechanism for the in utero activation of this gene by a 

maternal HF diet. Both the male and female promoters showed a histone code that correlates 

to the active transcription of genes. The acetylation of histone H4 and the dimethylation of 

histone H3 at lysine residue 4 are associated with active transcription, and these were both 

significantly increased by a maternal HF diet in the Pon1 promoter of male and female 

offspring. However, the Pon1 gene was only significantly increased by a maternal HF diet in 

male livers but not female, which may be due to the presence of H3K9Me3, a known potent 

inhibitor of transcription, within the female but not male promoter as well as coding regions. 

We observed a similar pattern of H3K9Me3 modification within the L7a promoter, 

indicating a female-specific modification. However, unlike the promoter and coding regions 

of Pon1, there were no transcription activation-associated modifications present within L7a 
in response to diet. These complex histone interactions and patterns are likely responsible 

for differences in the expression of these genes [46]. Future in-depth analyses of gene-wide 

histone modifications, as well as studies of other epigenetic mechanisms, will be essential 

for determining the precise regulation of Pon1, as well as of other AOX genes in response to 

maternal HF diet.

In the current study, we focused on the epigenetic regulation of the Pon1 gene to 

demonstrate the consequence of a maternal HF diet for the histone code of a critical AOX 

gene. However, we observed that other AOX genes were also increased in the livers of 

offspring in response to a maternal HF diet, so it is reasonable to presume that these genes 

are also regulated at the epigenetic level in response to the in utero environment, and in 

some of these genes, the changes may be gender specific. More studies are needed to fully 
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unravel the role of epigenetics in the regulation of the AOX system, but our preliminary 

results suggest that the in utero environment is a potent regulator of AOX genes, which can 

potentially result in the dysregulation of the AOX system in adult offspring. These outcomes 

could result in altered handling of prooxidants in adult offspring whose mothers consumed 

an HF diet and could potentially explain the systemic differences often observed between the 

male and female response to oxidative stress.
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Fig. 1. 
Gender-specific hepatic Pon1 gene-activating histone modifications. Histone modifications 

within the hepatic Pon1 promoter region [male (A) and female (B)] and coding region [male 

(C) and female (D)], as well as the L7a promoter region [male (E) and female (F)] in 

offspring of dams fed the C or HF diet during gestation. Values are means±S.E.M., n=10. 

*Different from C, P<.05 within each gender and modification. **Different from C, P<.01 

within each gender and modification.
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Fig. 2. 
Gender-specific hepatic Pon1 H3K9Me3 association. Comparison between IgG and 

H3K9Me3 binding as well as diet effect within the hepatic Pon1 promoter region [male (A) 

and female (B)] and coding region [male (C) and female (D)] as well as the L7a promoter 

region [male (E) and female (F)] in offspring of dams fed the C or HF diet during gestation. 

Values are means±S.E.M., n=10 (5 male and 5 female). #Different from IgG within each 

gender, P<.01. *Different from C within each gender and modification, P<.05.
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Table 2

ChIP antibody information

Antibody Species Source Catalog number

IgG Rabbit Santa Cruz sc-2027

H3Ac Rabbit Millipore 06-599

H4Ac Rabbit Upstate 06-866

H3K4Me2 Rabbit Millipore 07-030

H3K9Me3 Rabbit Upstate 07-442
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Table 4

Neonatal hepatic antioxidant gene expression (normalized to L7a)

mRNA
(to L7a)

Diet and gender P value

C HF D G D×G

Male Female Male Female

Pon1 3.06±0.29 3.83±0.76 6.89±0.52 * 4.91±0.45
# <.005 NS <.05

Pon2 1.01±0.12 0.98±0.19 1.35±0.10 1.52±0.09 <.05 NS NS

Pon3 1.57±0.04 2.07±0.18
# 2.46±0.09 * 2.25±0.06 <.005 NS <.05

Sod1 1.12±0.06 1.18±0.09 1.07±0.20 1.24±0.14 NS NS NS

Sod2 0.48±0.06 0.72±0.09
# 0.82±0.03 * 0.94±0.07 <.005 <.05 NS

*
P<.005 comparing the within-gender (G) effect of diet (D).

#
P<.05 comparing the within-diet (D) effect of gender (G).
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