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Abstract

Developmental programming by reduced maternal nutrition alters function in multiple offspring 

physiological systems, including lipid metabolism. We have shown that intrauterine growth 

restriction (IUGR) leads to offspring cardiovascular dysfunction with an accelerated aging 

phenotype in our nonhuman primate, baboon model. We hypothesized age-advanced pericardial 

fat and blood lipid changes. In pregnancy and lactation, pregnant baboons ate ad lib (control) or 

70% ad lib diet (IUGR). We studied baboon offspring pericardial lipid deposition with MRI at 5-6 

years (human equivalent 20-24 years), skinfold thickness, and serum lipid profile at 8-9 years 

(human equivalent 32-36 years), comparing values with a normative life-course baboon cohort, 

4-23 years. Increased pericardial fat deposition occurred in IUGR males but not females. Female 

but not male total cholesterol, low-density lipoprotein, and subcutaneous fat were increased with a 

trend of triglycerides increase. When comparing IUGR changes to values in normal older baboons, 

the increase in male apical pericardial fat was equivalent to advancing age by 6 years and the 

increase in female LDL to an increase of 3 years. We conclude that reduced maternal diet 

accelerates offspring lipid changes in a sex-dimorphic manner. The interaction between 

programming and accelerated lipogenesis warrants further investigation.
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Introduction

Human and animal studies indicate nutritional challenges in pregnancy result in lifelong 

changes in offspring physiology, termed “developmental programming.” Intrauterine growth 

restriction (IUGR) leads to multi-system offspring changes, including metabolic alterations.1 

Even though the overall body size and body mass index (BMI) are often not overtly 

increased, an obesogenic phenotype is frequently suggested by abnormal circulatory lipid 

concentrations and increased regional fat deposition. In the Dutch Hunger Winter study, 

female but not male offspring of mothers pregnant during the famine had elevated total and 

low-density lipoprotein (LDL) cholesterol.2 Increased epicardial fat thickness, recently 

identified as a cardiovascular risk factor, has been documented in extremely low birth weight 

preterm human young adults, suggestive of altered lipid metabolism originating from early 

development.4 Epigenetic studies in very young children revealed association between total 

and high-density lipoprotein (HDL) cholesterol concentrations and DNA methylation of key 

metabolic regulatory foci, such as tumor necrosis factor alpha (TNF-α) and leptin (LEP), 

lending further support for roles of perinatal development in later life metabolic health.3 We 

have established a model of developmental programming by moderate maternal nutrition 

reduction (MNR, 30% reduction from ad lib) during pregnancy and lactation in baboons,5 

which leads to IUGR offspring with biventricular cardiac programming changes by 5-6 

years.6,7 A subset of these animals demonstrated signs of metabolic derangement as 

evidenced by decreased glucose disposal rate by hyperinsulinemic euglycemic clamp by 3 

years of age.8 We hypothesized that MNR induced IUGR in our primate model accelerates 

offspring pericardial fat deposition, increases subcutaneous fat, and elevates serum lipids, 

thereby contributing to cardiovascular dysfunction.

Materials and Methods

Ethical Approval

All procedures were approved by the Texas Biomedical Research Institute Institutional 

Animal Care and Use Committee (IACUC) and conducted in facilities approved by the 

Association for Assessment and Accreditation of Laboratory Animal Care.

Animal Model

Baboons (Papio species) were housed and maintained in a group social environment and fed 

using an individual feeding system. Healthy gravid female baboons of similar age and 

weight were randomized to an ad lib diet during pregnancy and lactation (control) or MNR 

by reducing diet to 70% globally of feed eaten by controls from 0.16 gestation to end of 

lactation.9 Offspring baboons were fully weaned at 9 months of age and moved to juvenile 

group housing, where ad lib diet was given. Feed was Monkey Diet 5038 (Purina LabDiets, 

St Louis, MO), containing 13% calories from fat, 18% calories from protein, 69% calories 

from carbohydrates, mineral and vitamin additives, and a metabolizable energy content of 

3.22 kcal/g.
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Morphometric Measurements, Magnetic Resonance Imaging, and Serum Lipid Assessment

Morphometric measurements of the IUGR (8M/8F, age = 7.7 ± 1.2 yrs; mean ± SD) and 

control (CTL) baboons (12M/12F, age = 8.0 ± 1.4 yrs) were obtained. Body weight and 

length were measured as well as skinfold thickness at the biceps and triceps at mid humerus, 

anterior quadriceps at the level of the mid femur, and lateral abdomen in the suprailiac 

region in a blinded fashion.

Magnetic resonance imaging was performed on the IUGR baboons (8M/8F, age = 5.7 ± 1.3 

yrs) and age-matched controls (8M/8F, age = 5.6 ± 1.3 yrs) using a 3.0 Tesla MRI scanner 

(TIM Trio, Siemens Healthcare, Malvern, PA). T1 weighted inversion recovery long-axis 

cardiac images were obtained through the ventricular apex (TE/TR/TI 1.75/934/480 ms). 

MRI studies were conducted under anesthesia, induced by ketamine hydrochloride (10 mg 

kg -1, I.M.) and maintained by isoflurane (0.8–1.0%, INH).

To remove potential diurnal and prandial effects, all studies were conducted in the morning 

(9 am-11 am) after an overnight fast. Blood samples were taken from the IUGR (8M/8F, age 

= 8.8 ± 1.2 yrs) and CTL baboons (10M/9F, age = 9.0 ± 1.6 yrs). Serum total cholesterol, 

HDL, triglyceride, glucose, and whole blood hemoglobin A1c (HbA1c) concentrations were 

measured using an ACE™ Chemistry Analyzer (Alfa Wassermann, Woerden, Netherlands) 

in a blinded fashion.

Data Processing and Analysis

The body mass index (BMI) was calculated as

BMI = weight[kg]
(length[m])2

.

The CMR42 image analysis package (Circle Cardiovascular, Calgary, AB) was used for 

assessment of pericardial fat with blinding during the analysis. Using long axis images, the 

thickness of apical pericardial fat was measured. Normalization to body surface area (BSA) 

was performed, with BSA estimated using previously established formulas.10 For females,

BSA[m2] = 0.078 · (weight[kg])0.664

and in males,

BSA[m2] = 0.083 · (weight[kg])0.639 .

Serum LDL was estimated using the formula,

LDL mg
dL =∼ total cholesterol mg

dL − HDL mg
dL −

triglyceride mg
dL

5 .
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Data were analyzed using GraphPad Prism 7 (GraphPad Software, La Jolla, CA). Grubbs’ 

test (extreme Studentized deviate) was used to evaluate for statistical outliers. Normality of 

distribution is assessed by the d’Agostino-Pearson test. One tailed Student’s t-test of equal 

variance was used for comparison between groups in a sex-specific manner. The measured 

male pericardial fat deposit thickness and female serum LDL concentration were compared 

to similar measurements of the life-course cohort (LC, age = 4-23 yrs) to enable calculation 

of biological age against control chronological age.

Results

The obtained data are shown in Table 1.

Morphometric Measurements

There was a near significant decrease in weight of the IUGR male baboons (p = 0.07) with 

concurrent decrease in body length (p = 0.02) and no difference in BMI (p = 0.47). The 

female IUGR baboons were similar in weight (p = 0.44), length (p = 0.48), and BMI (p = 

0.42) compared to CTL. The IUGR male baboons had similar skinfold thickness at biceps (p 

= 0.18), quadriceps (p = 0.46), and suprailiac region (p = 0.44) with near significant increase 

in triceps skinfold thickness (p = 0.07). The IUGR female baboons had increased skinfold 

thickness at triceps (p = 0.03), quadriceps (p = 0.02), and suprailiac region (p = 0.04) 

without change in biceps skinfold thickness (p = 0.19).

Apical Pericardial Fat Deposition

Apical pericardial fat thickness adjusted for BSA was increased in male IUGR baboons vs. 

CTL (Figure 1 A, p = 0.04), but not in females (p = 0.32). Similar changes were noted prior 

to normalization to BSA (male p = 0.02, female p = 0.42). Sex-specific regression analysis 

of the life-course cohort (LC) revealed positive correlation between age and normalized 

apical pericardial fat thickness in both males (Figure 1B, p < 0.01, r = 0.66) and females 

(Figure 1C, p < 0.01, r = 0.65). Overlay of the IUGR data visually demonstrated increased 

apical pericardial fat thickness in the IUGR males but not females. Using the regression data 

obtained from the life-course cohort, the effect of IUGR is equivalent to advancing male 

baboon age by approximately 6 years.

Serum Lipid Assessments

Increased total cholesterol concentration was seen in IUGR females compared to CTL (p = 

0.04), but not in males (p = 0.29). LDL cholesterol was higher in IUGR females compared to 

CTL (Figure 1 D, p = 0.01) while male values were similar (p = 0.25). HDL cholesterol was 

not different between groups in males (p = 0.50) or females (p = 0.27). A trend of increased 

triglyceride was seen in females (p = 0.08) but not in males (p = 0.23). Glucose 

concentrations were not different between groups in males (p = 0.27) or females (p = 0.18). 

HbA1c concentrations were not different between groups in males (p = 0.29) or females (p = 

0.26). When female serum LDL concentration was compared against the life-course cohort, 

LDL was increased by an amount equivalent to approximately 3 years (Figure 1 F).
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Discussion

In this study, we show sexually-dimorphic changes in lipid metabolism in young adult IUGR 

offspring of baboon mothers that received 70% ad lib diet during pregnancy and lactation. 

We detected an increase in IUGR male but not female pericardial adiposity at 5-6 years 

(human equivalent 20 yrs), which prompted investigation into serum lipids. An increase in 

IUGR female but not male serum total cholesterol was observed at 8-9 years (human 

equivalent 35 yrs) accompanied by an increase in LDL and a trend of increase in serum 

triglyceride. Serum HDL, glucose, and HbA1c (a long-term marker of serum glucose 

concentration) were similar in both groups and in both sexes. Increased skinfold thickness in 

the triceps, quadriceps, and suprailiac region in the females is indicative of increased 

subcutaneous fat deposition, not seen in the males. While BMI is unchanged in both sexes, 

these changes advocate a change in body composition and a phenotype akin to obesity with 

IUGR, contributing to the early cardiac dysfunction that we have previously reported.6,7 A 

recent systemic review of studies in humans found a significant association between 

epicardial fat accumulation and metabolic syndrome.11 Increased cardiac fat deposition was 

reported in MNR induced IUGR male sheep12 and protein restriction induced IUGR rats.13

The aberrant lipid changes seen in this study may be a result of programming of key 

endocrine systems during development.1 For example, early-life stressors can result in 

lasting changes of the hypothalamic-pituitary-adrenal axis, leading to glucocorticoid 

signaling dysregulation and altered lipid handling and metabolic homeostasis.14 In a 

nutrient-deprived environment, these altered processes ensure adequate substrate uptake in 

critical organs. However, when nutrient availability is no longer limited postnatally, 

persistence of these adaptations in conjunction with abnormal energy utilization likely 

results in over-accumulation of fat.

Glucose is the principal energy substrate for the placenta and the fetal myocardium, whereas 

the adult myocardium primarily relies on fatty acids.15 A report of overexpression of the 

fatty acid transporters in IUGR rat myocardium suggests a metabolic shift in utero, which 

may have consequences in adult life.16 Similarly, increased serum cholesterol concentration 

has been reported in IUGR rats induced by MNR17 and protein restriction.18 Increased 

concentrations of total and LDL cholesterols are established risk factors of cardiovascular 

mortality.19

Altogether, our findings indicate while metabolism is altered in both sexes with IUGR, 

underlying pathophysiology is likely sexually dimorphic. Sex-dimorphic lipid handling is a 

well-documented phenomenon, with prior reports showing subcutaneous predominant 

storage of fat in females versus visceral fat deposition in males,20 which may partially 

explain our findings. Our results show the need for future studies in both sexes on the 

programming of altered metabolism and cardiovascular function in this cohort of nonhuman 

primates to enable comparison with information from rodents.
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MNR maternal nutrient reduction
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NS not significant
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Figure 1. Apical Pericardial Adiposity and Serum Lipid Measurements
(A) Apical pericardial fat normalized for BSA at 5-6 years, mean + SEM, * p < 0.05. One 

statistical outlier was removed from the male CTL group and one from the female IUGR 

group. (B) Normalized apical pericardial fat thickness of the IUGR males (closed squares, N 

= 8) against the life course cohort (open circle, N = 18) with solid regression line for the life 

course cohort and dotted 95% confidence interval bands. (C) Corresponding graph for 

females with life course cohort (open circle, N = 18) and female IUGR group (closed 

squares, N = 7). (D) LDL concentration at 8-9 years, mean + SEM, * p < 0.05. (E) IUGR 

male baboon (closed squares, N = 8) LDL concentration against the life course cohort (open 

circle, N = 17) with solid regression line for the life course cohort and dotted 95% 

confidence interval bands. (F) Female IUGR (closed squares, N = 8) LDL concentration 

against life course cohort (open circle, N = 32) with solid regression line for the life course 

cohort and dotted 95% confidence interval bands.
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