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Prenatal Exposure to a Maternal High Fat Diet Increases Hepatic Cholesterol Accumulation in Intrauterine Growth Restricted Rats in Part Through MicroRNA-122 Inhibition of Cyp7a1
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Intrauterine growth restriction (IUGR) and consumption of a high saturated fat diet (HFD) increase the risk of hypercholesterolemia, a leading cause of morbidity and mortality. The mechanism through which the cumulative impact of IUGR and in utero exposure to a maternal HFD increase cholesterol levels remains unknown. Cholesterol 7α hydroxylase (Cyp7a1) initiates catabolism of cholesterol to bile acids for elimination from the body, and is regulated by microRNA-122 (miR-122). We hypothesized that IUGR rats exposed to a maternal HFD would have increased cholesterol and decreased Cyp7a1 protein levels in juvenile rats, findings which would be normalized by administration of a miR-122 inhibitor. To test our hypothesis we used a rat model of surgically induced IUGR and fed the dams a regular diet or a HFD from prior to conception through lactation. At the time of weaning, IUGR female rats exposed to a maternal HFD had increased hepatic cholesterol, decreased hepatic Cyp7a1 protein and hepatic bile acids, and increased hepatic miR-122 compared to non-IUGR rats exposed to the same HFD. In vivo inhibition of miR-122 increased hepatic Cyp7a1 protein and decreased hepatic cholesterol. Our findings suggest that IUGR combined with a maternal HFD decreased cholesterol catabolism to bile acids, in part, via miR-122 inhibition of Cyp7a1.
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INTRODUCTION

Intrauterine growth restriction (IUGR) results from inadequate fetal nutrition during gestation and increases the risk of hypercholesterolemia in adulthood (Forsdahl, 1978; Barker et al., 1989, 1993). IUGR individuals that consume a high fat diet have higher serum cholesterol levels compared to non-IUGR individuals also consuming a high fat diet (Robinson et al., 2006). Thus IUGR may increase the susceptibility of an individual to high fat diet-induced hypercholesterolemia. The average American, including women during pregnancy, consumes approximately 23–33 g of saturated fat and up to 400 mg cholesterol daily, both of which exceed the recommended fat and cholesterol intake of approximately 16 g saturated fat and 200 mg cholesterol (Wright et al., 2003; Reynolds et al., 2013). Thus IUGR infants can be exposed in utero to a maternal high fat diet.

The liver contributes significantly to the regulation of serum cholesterol levels. The liver regulates hepatic cholesterol levels through multiple pathways. One of these pathways involves catabolism of cholesterol to bile acids and excretion from the body via cholesterol 7 alpha-hydroxylase (Cyp7a1). Cyp7a1 is regulated by the oxysterol-binding transcription factor Liver X Receptor α (Lxrα). In addition to transcriptional regulation of Cyp7a1 by transcription factor Lxrα, Cyp7a1 is also regulated by microRNA-122 (miR-122), a small RNA that destabilizes Cyp7a1 mRNA thus decreasing Cyp7a1 translation and bile acid synthesis (Song et al., 2010). Other pathways regulating liver sterol metabolism include the following: transcriptional regulation of de novo cholesterol production by Sterol regulatory element binding protein 2 (Srebp2), multistep regulation of the rate-limiting enzyme of sterol synthesis 3-hydroxy-3-methylglutaryl-CoA reductase (Hmgcr), import of cholesterol from the plasma via the low density lipoprotein (LDL) receptor (Ldlr), export of high density lipoprotein (HDL) cholesterol to the plasma via ATP binding cassette transporters g1 (Abcg1) and Abca1, and export of very-low density lipoprotein (VLDL) cholesterol to the plasma by Fatty acid synthase (Fasn) and Microsomal transferase protein (Mtp).

We previously demonstrated that adult IUGR rats fed a HFD from weaning through adulthood had increased cholesterol, decreased Cyp7a1 protein, and decreased hepatic bile acids (Zinkhan et al., 2014). Using a rat model of surgically induced IUGR and in utero exposure to maternal HFD consumption, we hypothesized that weanling IUGR rats exposed to a maternal HFD in utero would have increased cholesterol, decreased Cyp7a1 protein, increased hepatic bile acids, and increased miR-122 compared to non-IUGR rats exposed to the same maternal HFD. Further, we hypothesized that inhibiting miR-122 would normalize the IUGR- and maternal HFD-induced increase in cholesterol and decrease in Cyp7a1 protein.

MATERIALS AND METHODS

Animal Husbandry and Study Design

This study was carried out in accordance with the recommendations of the University of Utah Animal Care Committee. The protocol was approved by the University of Utah Animal Care Committee. Male and non-pregnant female 50-day old Sprague Dawley rats were obtained from Charles River Laboratories, Inc. (Wilmington, MA, United States). Male rats used for mating were kept on a regular rat chow (Reg, Harlan-Teklad, TD.8640, Madison, WI) throughout the study. Non-pregnant female rats were placed either on a regular rat chow (TD.8640) or a high fat diet rat chow (Harlan Teklad, TD.110526) for 5 weeks prior to mating through the end of lactation on postnatal day (P) 21. The regular chow contained 17% kcals from fat, 54% kcals carbohydrate, and 29% kcals from protein. Soybean oil was the fat source in the regular diet at 60 g/kg food, and the regular diet contained 0.03% w.w cholesterol. The HFD contained 44% kcals from fat, 40% kcals from carbohydrate, and 16% kcals from protein. A mixture of soybean oil at 10 g/kg and milk fat comprised the fat source in the HFD, for a total of 65% saturated fat. The HFD also contained 1% w.w cholesterol and 0.5% cholic acid to aid in fat absorption. The protein content of the HFD was lower than the protein content of the regular diet. The protein content of the HFD was chosen to be similar to protein consumption in the United States today (Wright et al., 2003) and was sufficient for normal mammalian growth (FAO/WHO, 1973). The protein content in the HFD prevents severe decreases in carbohydrate intake and was significantly greater than the protein content used in low protein diet studies (Boujendar et al., 2002).

After 5 weeks, males were placed in the female’s cage overnight for mating. Embryonic day 0.5 (E0.5) was determined either by presence of a plug, or in the absence of a plug, by the presence of sperm on a vaginal swab. To generate IUGR rats, bilateral uterine artery ligation was performed on E19.5 of a 21.5 day gestation, as previously described (Fu et al., 2006). Dams were allowed to deliver naturally and litters were culled to 6 at birth for rearing consistency. Our study design resulted in four offspring groups per sex: maternal regular diet-fed non-IUGR control rats (Con+Reg), maternal regular diet-fed IUGR rats (IUGR+Reg), maternal HFD-fed non-IUGR control rats (Con+HFD), and maternal HFD-fed IUGR rats (IUGR+HFD) (Figure 1).
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FIGURE 1. Schematic of study design. Rat dams were fed either a regular, standard rat chow or a high fat diet from 5 weeks prior to conception through the end of lactation. Pregnant dams underwent bilateral uterine artery ligation to produce IUGR offspring or anesthesia as a control. At P 21, offspring were either harvested after an overnight fast (black lines) or weaned from the dam to an HFD (gray lines). HFD fed IUGR and control offspring were injected with a microRNA-122 mimic, inhibitor, or scrambled sequence to test the function of miR-122 in hepatic cholesterol accumulation in this model.



At P 21, the standard time for weaning, rats were fasted overnight for 12 h prior to administration of 8 mg/kg xylazine and 40 mg/kg ketamine for anesthesia followed by decapitation. The left anterior lobe of the liver was flash-frozen and stored at -80°C until further analysis.

Serum Lipid Analysis

Offspring blood was collected at the time of necropsy in serum separator tubes (BD Vacutainer, BD, Franklin Lakes, NJ). Blood was allowed to separate at room temperature for 30 min prior to centrifugal serum separation. Serum aliquots were frozen at -80°C immediately after separation. Serum lipid panels, aspartate aminotransferase (AST), alanine aminotransferase (ALT), and bicarbonate were analyzed at ARUP laboratories within 1 week of collection. Serum was analyzed from ten offspring per sex per group.

Hepatic Cholesterol and Triglyceride Quantification

Hepatic lipids were isolated from frozen liver tissue based on the method developed by Folch et al. (1957) and as previously described (Zinkhan et al., 2014). Total hepatic cholesterol was measured using a colorimetric kit (BioVision HDL-C and LDL-C/VLDL-C Cholesterol Quantification Kit, Mountain View, CA, United States) according to manufacturer’s protocol. Hepatic triglyceride was measured using a colorimetric kit (BioVision Triglyceride Quantification Kit) according to manufacturer’s protocol. Data was calculated as mg cholesterol or mg triglyceride /100 g liver weight and compared to reference data. Lipids were isolated and cholesterol and triglycerides were analyzed from six offspring per sex per group.

Hepatic Bile Acid Quantification

Hepatic bile acids were measured as a surrogate marker for bile acid levels in bile because rats do not have gall bladders. Hepatic bile acids were extracted from 100 mg frozen liver tissue crushed over liquid nitrogen as per a user supplied protocol from Crystal Chem, Inc. (Downers Grove, IL, United States). Crushed tissue was resuspended in 1 mL 75% ethanol for 2 h at 50°C. Twenty microliters of supernatant was used in a Rat Total Bile Acids kit (Crystal Chem, Inc.) per manufacturer’s instructions. Male and female bile acid samples were run on separate plates and thus not directly comparable. Bile acid samples were analyzed from six offspring per sex per group.

Hepatic Protein Quantification

Hepatic protein was isolated using whole cell lysates in buffer (150 mM NaCl, 50 mM Tris pH 7.4, 1 mM EDTA, 0.25% Na-deoxycholate, 1% Igepal CA-630). Bicinchoninic acid assay, with bovine serum albumin as the standard, was used to measure protein concentrations. A total of 50 μg protein per sample was run on a 10% SDS–PAGE gel (Bio-Rad, Hercules, CA, United States). The protein was transferred to a PVDF membrane and blocked with 5% milk. Hypoxanthine phosphoribosyltransferase 1 (Hprt1) (15059-1-AP rabbit polyclonal antibody, Proteintech, Chicago, IL, United States) was used as a loading control, since Hprt1 did not differ by intrauterine environmental conditions or diet. Antibodies used in this study included Lxrα (LS-C172075, rabbit polyclonal antibody, LifeSpan BioSciences, Inc.), Cyp7a1 (sc-25536, RRID:AB_2088578, rabbit polyclonal antibody, Santa Cruz Biotechnology, Inc.), Srebp2 (ab28482, RRID:AB_778070, rabbit polyclonal antibody, Abcam, Cambridge, MA, United States), Hmgcr (NBP1-50713, rabbit polyclonal antibody, Novus Biologicals, Littleton, CO, United States), Ldlr (3839, RRID:AB_2281168, rabbit polyclonal antibody, BioVision), Abca1 (NB400-105, rabbit polyclonal antibody, Novus Biologicals), Abcg1 (sc-11150, RRID:AB_2220188, goat polyclonal antibody, SantaCruz Biotechnology), Fasn (610962, mouse monoclonal antibody, BD Transduction Laboratories, Santa Cruz, CA, United States), Mtp (612022, RRID:AB_399417, mouse monoclonal antibody, BD Transduction Laboratories). Western Lightning enhanced chemiluminescence (ECL) (PerkinElmer Life Sciences) was used to detect protein using either goat anti-rabbit or anti-mouse (for Fasn and Mtp) horseradish peroxidase conjugated secondary antibody (Cell Signaling Technology). A Kodak Image Station 2000ER (Eastman Kodak/SIS, Rochester, NY, United States) was used to visualize and quantify protein. Hepatic protein levels were analyzed from six offspring per sex per group.

Hepatic RNA Isolation

Total hepatic RNA was isolated from the frozen left anterior lobe of liver as previously described using the RNeasy Lipid Tissue Mini Kit (Qiagen, Valencia, CA, United States) (Joss-Moore et al., 2010). A spectrophotometer was used to quantify total RNA. One μg hepatic RNA was used to synthesize cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) per manufacturers’ protocol.

Hepatic mRNA Quantification

Semi-quantitative real-time reverse-transcriptase PCR was performed on hepatic cDNA using Hprt1 message (Proteintech) as an internal control, since Ct values of hepatic Hprt1 did not differ between intrauterine conditions. Relative quantification of target gene RT-PCR products was based on differences between Hprt1 and the target gene using the comparative Ct method (TaqMan Gold RT-PCR manual; PE Biosystems, Foster City, CA, United States) (Livak and Schmittgen, 2001). Cyp7a1, Adipocyte differentiation-related protein (Adrp), Carbohydrate responsive element binding protein (ChREBP), Peroxisome proliferator activated receptor alpha (Pparα), Pparγ, Sterol response element binding factor 1 (Srebf1), Srebf1c, Farnesoid X receptor (Fxr), and Retinoid X receptor (Rxr) messages were quantified using Taqman Gene Expression Assays (Applied Biosystems, Carlsbad, CA, United States).

Hepatic miRNA Isolation

Total hepatic miRNA was isolated using mirVana miRNA Isolation Kit with phenol (Life Technologies, Ambion, Grand Island, NY, United States) per manufacturer’s protocol. Total miRNA was quantified using a spectrophotometer. The micro-cDNA was synthesized from 50 ng miRNA using the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems) per manufacturer’s protocol, using miRNA specific primers for miR-122 and miR-103 as a control from TaqMan microRNA Assays (Applied Biosystems). Hepatic miRNA was isolated from six offspring per sex per group.

Hepatic miRNA Quantification

Semi-quantitative Real-time RT PCR quantification was performed using miR-103 as an internal control, since Ct values of miR-103 did not differ between intrauterine conditions or after administration of miR-122 inhibitor, mimic, or scrambled sequence. Relative quantification of PCR products was based on differences between miR-103 and the target using the comparative Ct method (TaqMan Gold RT-PCR manual; PE Biosystems, Foster City, CA, United States) (Livak and Schmittgen, 2001). Assays were performed with TaqMan microRNA Assays (Applied Biosystems) for miR-122 and miR-103. Hepatic miRNA was analyzed from six offspring per sex per group.

Hepatic Oil Red O Staining

A small piece of the left lobe of the liver was embedded in Optimal Cutting Temperature (VWR, Radnor, PA) and frozen. Embedded frozen liver was sliced to 6 μm thick slices, washed with 100% propylene glycol (ACROS Organics, Thermo Fisher Scientific, Fair Lawn, NJ, United States), stained with Oil Red O (Amresco, Solon, OH, United States), counterstained with Gill #2 modified haematoxylin, and mounted with Aquamount (Thermo Fisher Scientific). All slides were stained at the same time. Slides were visualized using a light microscope at 80× magnification. The bars in Supplementary Figure S3 represent 50 μm.

In Vivo miR-122 Experiments

The miR-122 mimic is a double-stranded oligonucleotide that mimics the function of endogenous miR-122 (Applied Biosystems). The miR-122 inhibitor is a single-stranded oligonucleotide designed to inhibit the endogenous miR-122 function (Applied Biosystems). A scrambled sequence of miR-122 was used as a negative control, designed with the same oligonucleotides as the miR-122 mimic but in a different order, and is thus unable to inhibit or mimic the function of miR-122 (Applied Biosystems). Con+HFD rats were injected with a miR-122 mimic to test the function of miR-122 in developing the IUGR+HFD phenotype or with a miR-122 scrambled sequence as a control. IUGR+HFD rats were injected with a miR-122 inhibitor to test the ability to normalize the IUGR+HFD phenotype or with a scrambled sequence as a control. Our study design resulted in 4 groups: Con+HFD rats injected with a scrambled sequence as a control (CH+Scr), Con+HFD rats injected with a miR-122 mimic (CH+Mim), IUGR+HFD rats injected with a scrambled sequence as a control (IH+Scr), and IUGR+HFD rats injected with a miR-122 inhibitor (IH+Inh).

At P 21, female rats were weaned to the same HFD as provided to the pregnant dams. MicroRNA-122 mimic, inhibitor, or scrambled sequence were administered via a single injection into a betadine and ethanol sterilized tail vein for a total dose of 2.5 mg/kg body weight. All rats had ad libitum access to HFD food and water through P 36. On P 36, the time of necropsy, rats were fasted overnight for 12 h followed by anesthesia administration of 8 mg/kg xylazine and 40 mg/kg ketamine for decapitation. Tissue collection and analysis was performed as described above.

Statistics

Data tables and figures were expressed as scatter plots of individual rats with mean ± standard deviation (SD) shown. One-way ANOVA (with Fisher’s protected least-significant difference) was used for data analysis. A p-value of ≤ 0.05 was considered to be statistically significant. Male and female data were analyzed separately. Analysis was performed with GraphPad Prism version 7.01 (GraphPad Software, Inc., La Jolla, CA, United States).

RESULTS

A Maternal HFD Increased Serum Cholesterol and Triglyceride Levels in IUGR and Control Rats

Serum total cholesterol was increased in both Con+HFD and IUGR+HFD male and female rats compared to sex-matched Con+Reg rats (Figure 2A). Serum HDL cholesterol was increased in Con+HFD rats compared to sex-matched Con+Reg rats, but IUGR+HFD rats had decreased HDL cholesterol compared to Con+HFD rats. Compared to sex-matched Con+Reg rats, IUGR+Reg rats did not have changes in serum cholesterol levels measured in this study. Serum triglycerides were increased in male and female IUGR+HFD rats compared to sex-matched Con+Reg rats and Con+HFD rats (Figure 2B). Maternal HFD feeding and IUGR qualitatively increased hepatic oil red o stain intensity in Con+HFD and IUGR+HFD male and female rats (Supplementary Figure S3).
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FIGURE 2. IUGR+HFD female rats had decreased serum HDL (A) compared to Con+HFD female rats, increased hepatic triglycerides (B) and cholesterol (C), decreased hepatic bile acids (C), decreased Cyp7a1 protein, and increased miR-122 (D) compared to Con+Reg female rats. A maternal HFD increased cholesterol and hepatic Cyp7a1 mRNA and protein in both sexes in IUGR and control rats (D). Data shown as scatter plots of individual rats with mean ± SD with a minimum n = 6 rats per sex, per intrauterine environment, each from separate litters. Data from male rats is shown on the left of the figure, and from female rats is shown on the right. Groups are denoted as follows: Con+Reg data are shown in black, Con+HFD data are shown in yellow, IUGR+Reg data are shown in blue, and IUGR+HFD data are shown in red, with group names listed below the graphs on the bottom of the figure. Western blot images of Lxrα, Cyp7a1, and Hprt1 protein are shown above the graphical representation of band densitometry. The kilodalton (kDa) marker is shown on the left lane of the western blot image; the 50 kDa marker is shown in the Lxrα blot, the 60 kDa marker is shown in the Cyp7a1 blot, and the 30 kDa marker is shown in the Hprt1 blot and the Hprt1 image was obtained from the blot with Cyp7a1. A p-value ≤ 0.05 is denoted with an asterisk (∗) for any group data compared to sex-matched Con+Reg, and a p-value ≤ 0.05 is denoted with a hatched line (†) for IUGR+HFD data compared to sex-matched Con+HFD.



IUGR Combined With a Maternal HFD Increased Hepatic Cholesterol and Triglycerides in Female Rats

Female IUGR+HFD rats had increased hepatic cholesterol compared to both Con+Reg and Con+HFD female rats (Figure 2C). Male Con+HFD and IUGR+HFD rats had increased hepatic cholesterol compared to Con+Reg male rats, with no difference between IUGR+HFD and Con+HFD hepatic cholesterol levels. IUGR+Reg rats did not have increased hepatic cholesterol compared to Con+Reg rats. Male and female IUGR+HFD rats had increased hepatic triglyceride compared to sex-matched Con+Reg and Con+HFD rats (Figure 2B). IUGR+Reg male and female rats had increased hepatic triglyceride compared to Con+Reg rats.

IUGR Combined With a Maternal HFD Increased Hepatic Bile Acids in Female Rats

Female Con+HFD rats had increased hepatic bile acids compared to Con+Reg rats, and IUGR+HFD rats had decreased hepatic bile acids compared to Con+HFD rats (Figure 2C). There was no difference in hepatic bile acids between any of the male rat groups.

IUGR Combined With a Maternal HFD Decreased Hepatic Cyp7a1 Protein in Female Rats

Despite increased hepatic cholesterol accumulation in IUGR+HFD female rats, IUGR+HFD female rats had decreased protein levels of Cyp7a1 (Figure 2D). This was surprising because IUGR+HFD female rats had increased levels of Lxrα protein (Figure 2D). IUGR+HFD female rats also had decreased Abca1, Abcg1 (Supplementary Figure S1A), Fasn, and Mtp protein levels (Supplementary Figure S1B), and had increased protein levels of Srebp2 compared to Con+HFD female rats (Supplementary Figure S1C). There was no difference between IUGR+HFD and Con+HFD female rats for hepatic protein levels of Hmgcr and Ldlr (Supplementary Figure S1C). Without increased hepatic cholesterol levels, Con+HFD female rats had increased hepatic protein levels of Cyp7a1 (Figure 2D), Abca1, Abcg1 (Supplementary Figure S1A), and Fasn (Supplementary Figure S1B) compared to Con+Reg female rats.

Male rats, male Con+HFD and IUGR+HFD rats had increased protein levels of Lxrα, Cyp7a1 (Figure 2D), Abca1, Abcg1 (Supplementary Figure S1A), and Ldlr (Supplementary Figure S1C), decreased protein levels of Fasn and Mtp (Supplementary Figure S1B). IUGR+HFD male rats had further increased hepatic protein levels of Abca1 (Supplementary Figure S1A) and Srebp2 (Supplementary Figure 1C) compared to both Con+HFD and Con+Reg male rats.

IUGR Combined With a Maternal HFD Increased Hepatic Cyp7a1 Messenger RNA and MicroRNA-122 in Female Rats

Cyp7a1 mRNA levels were increased in Con+HFD and IUGR+HFD male and female rats compared to sex-matched Con+Reg rats (Figure 2D). IUGR+Reg rats did not have increased Cyp7a1 mRNA levels.

IUGR+HFD female but not male rats had increased miR-122 levels compared to Con+HFD rats (Figure 2D). IUGR+Reg male and female rats had increased miR-122 levels compared to Con+Reg rats.

Lipogenic genes Adrp and ChREBP were increased in IUGR+Reg, Con+HFD, and IUGR+HFD female rats compared to Con+Reg rats (Supplementary Figure S2). Adrp was increased in male IUGR+Reg and IUGR+HFD rats compared to Con+Reg and Con+HFD rats. There was no difference between groups for Pparα, Pparγ, Srebf1, Srebf1c, Fxr, or Rxr mRNA levels.

Inhibition of MicroRNA-122 Increased Cyp7a1 Protein and Decreased Hepatic Cholesterol in IUGR Rats Exposed to a Maternal HFD

Compared to injection of miR-122 scrambled sequence as a control, injection of a miR-122 mimic to Con+HFD female rats increased hepatic miR-122 levels and administration of a miR-122 inhibitor to IUGR+HFD female rats decreased miR-122 levels (Figure 3A). Injection of a miR-122 inhibitor increased hepatic Cyp7a1 protein levels (Figure 3B) and decreased hepatic cholesterol levels (Figure 3C) in IUGR+HFD female rats. Injection of a miR-122 mimic to Con+HFD female rats did not increase hepatic cholesterol or decrease hepatic Cyp7a1 protein. None of the injections altered serum total or HDL cholesterol compared to injection of the miR-122 scrambled sequence (Figure 3D).
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FIGURE 3. Injection of a miR-122 inhibitor into IUGR+HFD female rats decreased hepatic miR-122 (A), increased Cyp7a1 protein (B), and decreased hepatic cholesterol (C). Injections did not change serum total or HDL cholesterol (D). Data shown as scatter plots of individual rats with mean ± SD with a minimum n = 6 rats per sex, per intrauterine environment, per type of injection, each from separate litters. Groups are denoted as follows: CH+Scr data are shown in black, CH+Mim data are shown in yellow, IH+Scr data are shown in blue, and IH+Inh data are shown in red. Western blot images of Cyp7a1 and Hprt1 protein are shown above the graphical representation of band densitometry. The kilodalton (kDa) marker is shown on the left lane of the western blot image; the 60 kDa marker is shown in the Cyp7a1 blot, and the 30 kDa marker is shown in the Hprt1 blot. A p-value ≤ 0.05 is denoted with an asterisk (∗) for any group data that differed as noted by the line above the graph.



DISCUSSION

The primary finding in this study is that female rats subjected to IUGR and a maternal HFD had increased hepatic cholesterol, decreased hepatic Cyp7a1 protein and bile acids, and increased miR-122. Inhibition of miR-122 in IUGR+HFD female rats increased Cyp7a1 protein and decreased hepatic cholesterol in IUGR+HFD rats. These findings suggest that one pathway through which IUGR induces hepatic cholesterol accumulation may be via increased miR-122 inhibition of Cyp7a1, causing decreased cholesterol catabolism to bile acids.

Cholesterol catabolism to bile acids via Cyp7a1 eliminates approximately 50–70% of cholesterol undergoing elimination (Vlahcevic et al., 1999). The most highly regulated and rate limiting step in cholesterol catabolism to bile acids is regulation of Cyp7a1. Cyp7a1 overexpression in cell culture increases bile acid synthesis and decreases cholesterol levels (Spady et al., 1995; Pandak et al., 2001). Increasing Cyp7a1 expression has been postulated as a potential treatment for hypercholesterolemia. Deficiency in Cyp7a1 in mice leads to high serum and hepatic cholesterol levels and decreased bile acid formation (Erickson et al., 2003). Interestingly, in Cyp7a1 knockout mice, decreased Cyp7a1 was not accompanied by increases in the minor bile acid metabolizing enzymes (Schwarz et al., 2001). The perinatal environment also influences Cyp7a1 expression. Protein-restriction induced IUGR rats have decreased Cyp7a1 and increased cholesterol in adult males (Sohi et al., 2011a). Similarly, our previous study demonstrated decreased Cyp7a1 protein and increased serum and hepatic cholesterol in adult IUGR rats weaned to a HFD (Zinkhan et al., 2014). Together, these findings suggest that cholesterol catabolism to bile acids via Cyp7a1 is susceptible to the in utero nutritional environment. The susceptibility of Cyp7a1 expression to the perinatal environment can result in persistent decreases in Cyp7a1 and increases in cholesterol accumulation in the liver.

Alteration of Cyp7a1 levels may be via several mechanisms. First, transcriptional regulation of Cyp7a1 occurs via transcription factors such as Lxrα. Lxrα responds to lipid overload by binding to lipids, leading to increased transcription of effector genes such as Cyp7a1 and promoting cholesterol excretion in bile acids (Ide et al., 2003; Yoshikawa et al., 2003). In this study, both Lxrα protein and Cyp7a1 mRNA were increased in IUGR+HFD female rat livers, but not Cyp7a1 protein levels. The difference between Cyp7a1 mRNA and protein levels suggests that the decreased Cyp7a1 protein occurred via a different pathway than transcriptional regulation. Regulation of Cyp7a1 also occurs via post-transcriptional regulation by microRNAs such as miR-122 (Song et al., 2010). MicroRNA-122 regulates Cyp7a1 via inhibition of mRNA translation, and may explain the difference between increased mRNA and decreased protein levels of Cyp7a1 in IUGR+HFD female rats (Song et al., 2010). Inhibition of miR-122 in IUGR+HFD rats partially increased Cyp7a1 protein and decreased hepatic cholesterol levels, suggesting that miR-122 plays a role in hepatic cholesterol accumulation in our rat model. However, we were unable to replicate IUGR+HFD rat cholesterol pathology with administration of a miR-122 mimic, suggesting the role of other pathways in inducing hepatic cholesterol accumulation in IUGR+HFD rats. These other pathways may include regulation of Cyp7a1 via other microRNAs such as miR-422, extra-hepatic regulation of Cyp7a1 through intestinal Fibroblast growth factor 15, reduction of Cyp7a1 mRNA stability by bile acids, or alteration of other enzymes involved in hepatic cholesterol accumulation (Agellon and Cheema, 1997; Song et al., 2010; Out et al., 2011). Unlike microRNA inhibitors, microRNA mimics cannot be extensively modified to enhance stability and function (as reviewed in Thakral and Ghoshal, 2015). While a 2.5 mg/kg dose of a miR-122 inhibitor was able to normalize Cyp7a1 protein, a larger dose of the miR-122 mimic may have been needed to replicate IUGR+HFD pathophysiology in our rat model.

High density lipoprotein cholesterol returns cholesterol from the blood and vasculature to the liver through reverse cholesterol transport and delivers cholesterol to enterocytes for direct elimination. The liver regulates HDL cholesterol levels in part via Abca1 and Abcg1, proteins that allow for HDL export from the liver into circulation. Little is known regarding the susceptibility of Abca1 and Abcg1 to the perinatal environment. In humans, fetal IUGR and maternal preeclampsia decrease Abca1 and Abcg1 expression (Baumann et al., 2013). In our study, IUGR+HFD female rats had decreased Abca1 and Abcg1 protein abundance and decreased HDL cholesterol. Decreased Abca1 and Abcg1 protein abundance may suggest that expression of these proteins is susceptible to the perinatal environment.

Intrauterine growth restriction induces sex-specific increases in cholesterol levels in humans and rodents (Forsdahl, 1978; Sohi et al., 2011b). In humans, IUGR men have an increased LDL-C to HDL-C ratio compared to IUGR women (Robinson et al., 2006). In rodents, dietary supplementation with cholesterol induces sex-specific responses in Cyp7a1 expression. Cyp7a1 knock-out female mice demonstrate increased cholesterol absorption and cholesterol levels, while Cyp7a1 knock-out male mice demonstrate minimal increase in cholesterol absorption and cholesterol levels (Schwarz et al., 2001). When fed a healthy diet, Ldlr knock-out female mice had higher cholesterol compared to male Ldlr knock-out mice (Hatch et al., 2012). In our previous study female IUGR rats fed a HFD in adulthood had higher serum cholesterol levels than male IUGR rats fed the same diet even when IUGR decreased Cyp7a1 protein in both sexes (Zinkhan et al., 2014). Sex steroids may impact regulation of cholesterol levels. Ovariectomy did not increase cholesterol in females, but orchidectomy increased cholesterol in males (Hatch et al., 2012). Cumulatively, these findings suggest that androgen levels may protect against hypercholesterolemia, and consumption of a HFD may interact with sex steroids to impact cholesterol metabolism (Hatch et al., 2012).

Intrauterine growth restriction also induced an increase in serum and hepatic triglycerides and hepatic oil red o staining in our rat model, particularly when combined with a high fat diet. Human studies indicate a correlation between birthweight and serum triglyceride levels in adulthood. The highest triglycerides in adulthood were found in those born at the lowest birthweight both in the Hertfordshire cohort consisting of 297 women (Fall et al., 1995) and a separate Hertfordshire cohort consisting of 370 men (Phillips et al., 1998). Many studies have also shown increased triglycerides in a variety of IUGR animal models. IUGR female baboons have increased LDL cholesterol and a trend for increased triglycerides in adulthood (Kuo et al., 2018). Male and female IUGR Yucatan miniature pigs had increase serum and hepatic triglycerides in adulthood (Myrie et al., 2017). IUGR rats had increased serum and hepatic triglycerides in early adulthood (Chen et al., 2016). In our study, increased serum and hepatic triglycerides were associated with increased hepatic expression of Adrp mRNA in male and female IUGR+Reg and IUGR+HFD rats and ChREBP mRNA in female IUGR+Reg and IUGR+HFD rats. Adrp and ChREBP have been shown to be affected by the intrauterine environment. Bone marrow mesenchymal stem cells from IUGR rats showed an increased adipogenic profile including increased Adrp mRNA and protein (Gong et al., 2016). Increased hepatic lipids were associated with increased ChREBP in a mouse model of maternal magnesium deficiency (Gupta et al., 2014). These findings suggest that genes involved in lipid metabolism are sensitive to the intrauterine environment and may play a role in the increased risk for high triglycerides later in life.

A limitation of this study is that unlike in humans, the HFD fed rats in this study consumed the same total kilocalories per day as regular diet fed rats. Self-regulation of food intake benefited interpretation of the results of this study as caloric intake was similar between the HFD fed rats and regular diet fed rats, and thus unlikely to have a significant impact on the difference between the regular diet and HFD fed rats. Further, the protein content of the HFD is lower than the regular diet. The protein content in the HFD was chosen to mimic protein consumption in the United States today (Wright et al., 2003) and is sufficient for normal mammalian growth (FAO/WHO, 1973). This protein content is significantly higher than protein content used in low protein dietary studies (Boujendar et al., 2002). Lastly, as with all animal studies, caution should be taken with correlating findings from this study to the human condition.

In conclusion, female IUGR rats exposed to a maternal HFD had increased hepatic cholesterol accumulation, decreased hepatic Cyp7a1 protein, decreased hepatic bile acids, and increased hepatic miR-122. Inhibition of miR-122 decreased hepatic cholesterol and increased Cyp7a1 protein levels in IUGR+HFD female rats, suggesting that IUGR and maternal HFD-induced hepatic cholesterol accumulation occurs in part through increased hepatic miR-122.
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FIGURE S1 | IUGR+HFD female rats had decreased Abca1, Abcg1 (A), Fasn, and Mtp protein (B), and did not change Srebp2, Ldlr, or Hmgcr protein (C). Data shown as scatter plots of individual rats with mean ± SD for n = 6 rats per sex, per intrauterine environment, each from separate litters. Data from male rats is shown on the left of the figure, and from female rats is shown on the right. Groups are denoted as follows: Con+Reg data are shown in black, Con+HFD data are shown in yellow, IUGR+Reg data are shown in blue, and IUGR+HFD data are shown in red, with group names listed below the graphs on the bottom of the figure. Western blot images are shown above the graphical representation of band densitometry. The kilodalton (kDa) marker is shown on the left lane of the western blot image; the 220 kDa marker is shown in the Abca1 blot, the 80 and 100 kDa markers are shown in the Abcg1 blot, the 220 kDa marker is shown in the Fasn blot, the 80 and 100 kDa markers are shown in the Mtp blot, the 50 and 60 kDa markers are shown in the Srebp2 blot with no precursor band visualized for Srebp2 protein, The 80 and 100 kDa markers are shown in the Ldlr blot, the 80 and 100 kDa markers are shown in the top Hmgcr blot and 50 kDa band is shown in the bottom Hmgcr blot, and the 30 kDa marker is shown in the Hprt1 blot and the Hprt1 image was obtained from the blot with Hmgcr. A p-value ≤ 0.05 is denoted with an asterisk (∗) for any group data compared to sex-matched Con+Reg, and a p-value ≤ 0.05 is denoted with a hatched line (†) for IUGR+HFD data compared to sex-matched Con+HFD.

FIGURE S2 | IUGR+Reg and IUGR+HFD male and female rats had increased Adrp mRNA, and IUGR+Reg and IUGR+HFD female rats had increased ChREBP mRNA. There were no differences in Pparα, Pparγ, Srebf1, Srebf1c, Fxr, or Rxr mRNA levels. Data shown as scatter plots of individual rats with mean ± SD for n = 6 rats per sex, per intrauterine environment, each from separate litters. Data from male rats is shown on the left of the figure, and from female rats is shown on the right. Groups are denoted as follows: Con+Reg data are shown in black, Con+HFD data are shown in yellow, IUGR+Reg data are shown in blue, and IUGR+HFD data are shown in red, with group names listed below the graphs on the bottom of the figure.

FIGURE S3 | Images of left lobe of the liver stained with Oil Red O and hematoxylin. Bar represents 50 μm.
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