
Decreased liver triglyceride content in adult rats exposed to 
protein restriction during gestation and lactation: role of hepatic 
triglyceride utilization

Rani J. Qasem*, Jing Li*, Hee Man Tang, Veron Browne, Claudia Mendez, Elizabeth 
Yablonski, Laura Pontiggia, and Anil P. D’mello
Department of Pharmaceutical Sciences, University of the Sciences in Philadelphia, 600 South 
43rd Street, Philadelphia, PA 19104

Abstract

We have previously demonstrated that protein restriction throughout gestation and lactation 

reduced liver triglyceride content in adult rat offspring. The mechanism(s) mediating the decrease 

in liver triglyceride content are not understood. The objective of the current study was to use a 

new group of pregnant animals and their offspring and determine the contribution of increased 

triglyceride utilization via the hepatic fatty acid oxidation and triglyceride secretory pathways to 

the reduction in liver triglyceride content. Pregnant Sprague-Dawley rats received either a control 

or a low protein diet throughout pregnancy and lactation. Pups were weaned onto laboratory chow 

on day 28 and sacrificed on day 65. Liver triglyceride content was reduced in male, but not 

female, low protein offspring both in the fed and fasted states. The reduction was accompanied by 

a trend towards higher liver carnitine palmitoyltransferase-1a activity suggesting increased fatty 

acid transport into the mitochondrial matrix. However, medium chain acyl CoA dehydrogenase 

activity within the mitochondrial matrix, expression of nuclear peroxisome proliferator activated 

receptor-α, and plasma levels of β-hydroxybutyrate were similar between low protein and control 

offspring indicating a lack of change in fatty acid oxidation. Hepatic triglyceride secretion, 

assessed by blocking peripheral triglyceride utilization and measuring serum triglyceride 

accumulation rate, and the activity of microsomal transfer protein were similar between low 

protein and control offspring. Since enhanced triglyceride utilization is not a significant 

contributor, the decrease in liver triglyceride content in male low protein offspring is likely due to 

alterations in liver fatty acid transport or triglyceride biosynthesis.
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INTRODUCTION

The liver plays a central role in whole body lipid homeostasis and the triglyceride (TG) 

content of the liver has important physiological and metabolic functions. Excessive 

accumulation of TG in the liver is a characteristic of several metabolic diseases including 

insulin resistance and non-alcoholic fatty liver disease. Over the past decade there has been 

great interest in identifying factors that affect liver TG content as a possible prelude to the 

development of therapeutic strategies to reduce liver TG accumulation. As reviewed 

recently, a variety of factors are known to affect liver TG content including nutritional 

status, genetics, and chronic inflammation (1).

Rodent studies have now identified the perinatal nutrition environment as a novel factor that 

can imprint long term alterations in hepatic TG content. We have reported that protein 

restriction throughout gestation and lactation decreased liver TG content in 65 day old male, 

but not female, offspring and this decrease persisted at least until day 150, when the study 

was terminated (2). To the best of our knowledge, this is the first study to show that protein 

restriction throughout gestation and lactation can imprint long term reductions in liver TG 

content of the adult offspring. Interestingly, other authors have shown that the paradigm is 

associated with favorable metabolic outcomes in the adult offspring as evidenced in their 

lower body weight, leaner phenotype, improved insulin sensitivity, hypoleptinemia, and 

decreased susceptibility to diet induced obesity (3–7) as a possible result of which they have 

a longer lifespan (8).

The specific mechanisms mediating the decrease in hepatic TG content in adult low protein 

rat offspring are not known. A reduction in liver TG content can occur either due to a 

decrease in TG synthesis or an increase in TG utilization. In adult rats, perinatal (throughout 

gestation and lactation) protein restriction increases sympathetic nervous system (SNS) 

drive (9, 10), which would be expected to increase lipid utilization. Suggestive evidence of 

such an increase in lipid utilization is observed in decreased plasma levels of TG and 

cholesterol (11), decreased epididymal fat pad weight (9), and decreased whole body lipid 

content (6) in perinatally protein restricted offspring. Collectively, these data form the basis 

of our hypothesis that maternal protein restriction decreases liver TG content in the adult 

offspring by increasing lipid utilization. Therefore, the objective of the present study was to 

use a new group of pregnant rats and their offspring and specifically determine the 

contribution of increased hepatic TG utilization to the gender specific decrease in liver TG 

content imprinted by protein restriction throughout gestation and lactation. Hepatic TG 

utilization occurs by two major pathways, namely oxidation of free fatty acids and export of 

hepatic TG to adipose tissue and muscle in the form of very low density lipoprotein (VLDL) 

particles. In this study, the status of fatty acid oxidation was assessed by: i) measuring the 

activities of carnitine palmitoyltransferase-1a (CPT-1a) and medium chain acyl CoA 

dehydrogenase (MCAD), critical enzymes in the fatty acid oxidation pathway, ii) 

quantitating the expression of nuclear peroxisome proliferator activated receptor-α 

(PPARα), the predominant transcription factor regulating the activity of CPT-1a and 

MCAD, and iii) determining the plasma levels of ketone bodies, the end product of fatty 

acid oxidation. The status of TG export from the liver via VLDL particles was assessed by: 

i) measuring the in vivo hepatic TG secretion rate and ii) determining the in vitro activity of 
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microsomal transfer protein (MTP), a key enzyme required for the assembly and secretion of 

VLDL particles. Finally, since alterations in TG homeostasis can also affect carbohydrate 

metabolism, we assessed the status of carbohydrate metabolism by measuring liver glycogen 

content. Since TG and glycogen utilization are low in the fed state and are markedly 

enhanced in the fasted state, we measured most of these parameters both in the fed and 

fasted states.

RESULTS

Protein restriction during gestation decreased birth weight and continued restriction 
during lactation prevented catch up growth in the offspring

Table 1 shows that maternal low protein diet during pregnancy and lactation reduced body 

weight in 65 day old male and female offspring. Absolute liver weight was reduced in low 

protein offspring, although body weight normalized liver weight was not affected by 

maternal diet. We recently reported growth trajectories of offspring in the current study and 

showed that the paradigm lowered birth weight and prevented catch up growth during the 

lactation period (9).

Protein restriction throughout gestation and lactation decreases liver triglyceride content 
in the male, but not in the female, offspring

Figure 1 shows that male low protein offspring exhibited lower liver TG content than their 

controls while liver TG content in the female low protein offspring were similar to controls. 

These results are observed both in the fed state when TG utilization is low and after a 24 

hour fast when TG utilization is high. Fasting increased liver TG content in the female 

offspring but decreased it in the male offspring. Protein restriction did not affect liver 

cholesterol content in the fed or fasted state (Table 1).

Plasma hormone and lipid levels

Table 2 shows that plasma insulin levels in the fed state were similar between the control 

and low protein offspring. However, compared to their corresponding controls, fasting 

insulin levels were 46% and 55% lower in the male and female low protein offspring 

respectively, though the differences were not statistically significant. Plasma leptin levels in 

the fed and fasted states were lower in male low protein offspring and tended to be lower in 

female low protein offspring compared to their respective controls. There were no 

differences in glucagon levels between the control and low protein groups in the fed or 

fasted states. The glucagon to insulin ratio, an indicator of the switch to lipid utilization in 

the fed to fasting transition was similar between the control and low protein offspring in the 

fed state. As expected, fasting produced a marked increase in the ratio. Male, but not female, 

low protein offspring exhibited a higher fasting glucagon to insulin ratio.

To determine if the higher glucagon to insulin ratio in the male low protein offspring 

enhanced lipid utilization, we measured plasma levels of various lipid fuels. Consistent with 

the putative increase of lipid utilization in the male low protein offspring, Table 2 shows that 

male low protein offspring had lower plasma TG levels compared to their controls in the fed 

and fasted states while female low protein offspring exhibited decreases only in the fasted 
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state. Fasting reduced plasma TG levels in all groups consistent with its effect of increasing 

lipid utilization. Plasma free fatty acid and cholesterol levels were similar between low 

protein and control offspring in the fed and fasted states.

Status of hepatic fatty acid oxidation

Figure 2 shows that male low protein offspring tended to exhibit a small increase in CPT-1a 

activity compared to controls (P value for main effect of maternal diet = 0.0535). CPT-1a 

activity in the fed and fasted states was similar between female low protein offspring and 

their controls (P value for main effect of maternal diet = 0.2). However, MCAD activity 

(Figure 3), PPAR-α expression (Figure 4) and plasma levels of β-hydroxybutyrate (Table 2) 

in the fed and fasted states was similar between low protein offspring and their controls.

As expected, in both control and protein restricted groups, fasting produced a 1.7 – 2.3 fold 

increase in PPAR-α expression (Figure 4). Increased expression of this transcription factor 

in the fasted state resulted in increased activity of its downstream targets in the fatty acid 

oxidation pathway, namely CPT-1a (Figure 2) and MCAD (Figure 3), and resulted in a 

marked increase in fasted plasma levels of β-hydroxybutyrate, the functional output of the β 

oxidation pathway (Table 2).

Status of triglyceride export from the liver

To determine the effect of protein restriction throughout gestation and lactation on TG 

utilization via the secretory pathway, we measured the in vivo TG secretion rate in litter 

mates of animals used in the previous experiments. Table 3 shows that basal plasma TG 

levels prior to the administration of tyloxapol tended to be lower in the low protein 

offspring. Serum TG accumulation rates were similar between low protein offspring and 

their respective controls. TG secretion is mediated by microsomal transfer protein. 

Consistent with the similar TG accumulation rates, the activity of MTP was also similar 

between male low protein offspring and controls.

Status of liver glycogen content

Figure 5 shows that liver glycogen content in the fed state was similar between low protein 

offspring and their controls. A 24 hour fast increased glycogen utilization and reduced liver 

glycogen content in all groups. Liver glycogen content in the fasted state was also similar 

between low protein offspring and their controls.

DISCUSSION

Protein restriction throughout gestation and lactation decreases liver TG content selectively 

in the male offspring. The decrease is observed in the fed state when TG utilization is low 

and in the fasted state when TG utilization is high. The paradigm did not affect liver 

cholesterol content either in the male or female offspring. The results of the present study 

conducted in a new group of pregnant animals and their offspring in the fed and fasted states 

is testimony to the robust nature of this lipid and gender specific imprinting. We have 

recently published birth weight and growth curve data for offspring in the current study and 

demonstrated that protein restriction during gestation produces intrauterine growth 
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restriction and continued protein restriction during lactation prevents catch up growth and 

results in long term reductions in body weight due to a decrease in both lean and fat mass 

(9).

Protein restriction throughout gestation and lactation imprints increased SNS drive in the 

adult offspring that would be expected to increase lipid utilization (9, 10). In the current 

study, measurement of plasma hormones revealed that fasting produced a greater increase in 

the glucagon to insulin ratio selectively in the male low protein offspring and thereby 

created a hormonal milieu that is expected to increase their TG utilization. Therefore, we 

determined the contribution of TG utilization to the specific decrease in liver TG content in 

the male low protein offspring. Hepatic TG utilization occurs, in part, via the fatty acid 

oxidation pathway. CPT-1a is a critical enzyme in the pathway that is responsible for 

carnitine dependent shuttling of long chain fatty acyl CoA esters from the cytosol into the 

mitochondrial matrix for subsequent oxidation. The trend towards higher CPT-1a activity in 

the male, but not female, low protein offspring suggested enhanced transport of fatty acids 

into the mitochondrial matrix in male protein restricted offspring and provided a possible 

explanation for their lower liver TG content. Similar to our results, Guzman et al showed 

that protein restriction throughout gestation and lactation increased CPT-1a activity in the 

offspring (12). However, their measurements were conducted in 21 day old offspring and 

did not permit evaluation of the longer term, imprinting effects of perinatal protein 

restriction. We next determined if increased fatty acid transport into the mitochondrial 

matrix was accompanied by elevations in fatty acid oxidation within the mitochondrial 

matrix. MCAD catalyzes the oxidation of medium chain (C6 – C12) fatty acids that are 

formed as a consequence of mitochondrial or peroxisomal β-oxidation of long chain fatty 

acids. Due to its critical importance for complete fatty acid oxidation, MCAD occupies a 

pivotal step in fatty acid oxidation. Interestingly, protein restriction did not alter the activity 

of MCAD. PPARα is a well-established transcriptional regulator of genes involved in 

hepatic fatty acid oxidation including MCAD and CPT-1a (13). Hepatic PPARα expression 

is upregulated during fasting and it plays an important role in the switch from glucose to 

lipid catabolism during the fed to fasting transition (14). In our studies fasting produced the 

expected increase in its expression, however perinatal protein restriction did not alter 

PPARα expression in the fed or fasted state. Consistent with these collective findings, fed 

and fasted plasma levels of β-hydroxybutyrate, the functional output of the fatty acid 

oxidation pathway, were also similar between low protein offspring and their controls. Thus, 

in our study the modest increase in CPT-1a activity is not supported by other indices of 

enhanced fatty acid oxidation leading to the conclusion that the fatty acid oxidation pathway 

cannot account for the decrease in liver TG content in male low protein offspring. While a 

comprehensive evaluation of fatty acid oxidation in this paradigm is not available in the 

literature, there is support for some of our critical findings. Ozanne et al showed that protein 

restriction throughout gestation and lactation produced small decreases in fed and fasted β-

hydroxybutyrate levels in the adult offspring and did not alter their acetoacetate levels (15). 

We also determined CPT-1 and MCAD activity in the two other major lipid utilizing tissues 

namely, skeletal muscle and heart, to determine if preferential utilization in these tissues 

might have diverted lipids away from the liver and contributed to the decrease in liver TG 

content. We observed no changes in the status of fatty acid oxidation in muscle and heart 
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(data not shown). In support of these findings, using a similar low protein paradigm and 

respiratory exchange ratio as an overall whole body marker of fuel metabolism, Lim et al 

recently concluded that there was no preferential utilization of fats in low protein offspring 

(3).

We next determined if enhanced hepatic TG secretion was a possible contributor to the 

decreased liver TG content in the male low protein offspring. Tyloxapol induced TG 

accumulation rate in serum, a measure of in vivo hepatic TG secretion, was similar between 

control and low protein offspring. MTP is a protein responsible for the assembly and 

secretion of VLDL particles. In support of the in vivo findings, MTP activity was also 

similar between the two groups. To the best of our knowledge, this is the first study that has 

evaluated hepatic TG secretion status in adult offspring exposed to protein restriction 

throughout gestation and lactation. The regulation of MTP and hepatic TG secretion is 

multifactorial and complex and includes PPARα and free fatty acids (16). As shown in the 

present study and by other authors (3, 5, 6, 17), protein restriction throughout gestation and 

lactation does not affect these key regulators of MTP activity which likely accounts for the 

similar hepatic TG secretion rate in control and low protein offspring. Thus, hepatic TG 

secretion does not contribute to the decrease in TG content in the male low protein 

offspring. Hepatic TG secretion is a critical regulator of plasma TG levels. Low protein 

offspring exhibit lower fed (male) and fasted (male and female) plasma TG levels despite 

possessing a hepatic TG secretion rate similar to controls. Recent reports show that plasma 

TG clearance is enhanced by elevated SNS activity via increased TG utilization in brown 

adipose tissue (18). Elevated SNS activity increases brown adipose tissue lipoprotein lipase 

activity with the resultant increase in the uptake and oxidation of free fatty acids. Protein 

restriction throughout gestation and lactation enhances SNS activity in the adult offspring as 

evidenced by increased SNS firing rates (19), plasma catecholamine levels (10), beta-

adrenergic receptor expression (10), core body temperature and decreased bone mineral 

density (9). It is therefore conceivable that elevated SNS activity in low protein offspring 

facilitates brown adipose tissue TG utilization and reduces plasma TG levels.

Our results add to the growing body of evidence that firmly establishes a role for the 

perinatal nutritional environment in imprinting long term changes in liver TG content. 

Comparing our results to this literature allow for interesting insights in the area of 

developmental programming. In rats, protein or calorie restriction during gestation followed 

by regular ad libitum diet during lactation produces fetal growth restriction followed by 

catch up growth in the neonatal period and increases liver TG content during adulthood (20, 

21). The increase in liver TG content is partially mediated by decreases in liver PPARα 

expression and consequent decreases in liver CPT-1 and MCAD expression (21–23). These 

offspring also exhibit a range of metabolic abnormalities (4, 6, 17) as a possible 

consequence of which they have a shorter lifespan (8, 24). In contrast, protein restriction 

started at gestation and sustained throughout lactation produces fetal growth restriction but 

does not result in catch up growth. Our results suggest that the paradigm reverses the 

increase in liver TG content produced by intrauterine growth restriction possibly by 

normalizing PPARα, CPT-1, and MCAD expression. Supporting this provocative 

suggestion, several studies in intrauterine growth restricted offspring show that continued 
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calorie or protein restriction during lactation normalizes several hormonal, metabolic and 

physiological indices including whole body adiposity, plasma insulin and leptin levels, and 

life span (3–8). These data suggest that the lactation period represents an opportune period 

for initiating judicious nutritional interventions that can reverse the long term detrimental 

effect of intrauterine growth restriction. Confirmation of the potentially normalizing effects 

of protein restriction during lactation on elevated liver TG content of the intrauterine growth 

restricted offspring will require a more comprehensive experimental design with 

simultaneous inclusion of groups that are exposed to protein restriction during gestation 

alone and protein restriction throughout gestation and lactation.

In our final studies, we determined if the reduction in liver TG content in the male low 

protein offspring was accompanied by alterations in liver carbohydrate metabolism as 

measured by liver glycogen content. Protein restriction throughout gestation and lactation 

did not affect glycogen storage capacity as demonstrated by similar fed state liver glycogen 

content nor did it affect glycogen utilization as shown by similar fasted state liver glycogen 

content in the low protein and control offspring. Liver glycogen content is partially 

regulated by insulin and leptin that act on the liver to stimulate glycogen deposition in the 

fed state and spare glycogen stores during a fast (25, 26). Male low protein offspring 

exhibited lower fed and fasted plasma leptin levels and a trend towards lower plasma insulin 

levels. However, the magnitude of the decrease in plasma levels of these regulators did not 

affect liver glycogen content. Few studies have explored the effect of protein restriction 

throughout gestation and lactation on offspring liver glycogen content. A singular reference 

reported that the paradigm did not affect fed state liver glycogen content in three month old 

offspring but the effect on fasting state content was not examined (27). In contrast, 

intrauterine growth restriction followed by post-natal catch up growth produces increases in 

liver glycogen content in the adult offspring (28, 29), though the mechanism(s) mediating 

the increase are not completely elucidated. Collectively, these results emphasize the critical 

importance of timing of early life growth restriction in programming liver glycogen content.

A final interesting observation in our study was the gender specific imprinting effect of 

perinatal protein restriction on liver TG content. In support of our findings, other studies 

have also reported gender differences in the imprinting of liver TG content. Calorie 

restriction selectively during gestation increases liver TG content only in the male offspring 

(20) while a high unsaturated fat, high protein diet during gestation and lactation imprints 

decreases in liver TG content only in the female offspring (30). As reviewed by Aiken and 

Ozanne, numerous studies in a variety of developmental programming models report gender 

differences in imprinting of blood pressure, nephrogenesis, insulin sensitivity, and 

hypothalamic pituitary adrenal axis responses to stress (31). The reasons for these gender 

differences remain elusive and, as hypothesized by these authors, are likely to result from 

differences in the patterns and timing of development and to the differential pattern of 

hormone exposure during in utero and postnatal life.

In conclusion, our results firmly establish a role for protein restriction throughout gestation 

and lactation in programming long term and gender specific decreases in liver TG content in 

rats. They conclusively demonstrate that the decrease in liver TG content in male low 

protein offspring is not mediated by changes in liver fatty acid oxidation or TG secretion. It 
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is conceivable that the decrease in liver TG content is due to decreased fatty acid transport 

into the liver or decreased de novo fatty acid synthesis and/or TG synthesis within the liver. 

Ongoing studies in our laboratory are exploring these possibilities.

METHODS

Animals and experimental design

The study was approved by the Institutional Animal Care and Use Committee of the 

University of the Sciences in Philadelphia. From day one of pregnancy, rats were randomly 

assigned to be fed a modified version of the AIN 76A purified diet containing 19% protein 

(Control group) or its corresponding isoenergetic low protein formulation AIN M76 A 

containing 8% protein (Low protein group) as described previously (2). Pregnant rats (9–10 

per group) were fed the appropriate diet throughout pregnancy and lactation. At birth, pups 

were weighed, sexed and randomly culled to 12 pups per dam. At 72 hours post-birth, litters 

were randomly culled to 8 pups (4 males and 4 females) to ensure a standard litter size for 

each dam. On day 28 post-birth, offspring were weaned onto normal laboratory chow and 

subsequently kept on this diet for the entire duration of the study. Body weight of the pups 

was periodically measured throughout the duration of the study. Our previous study showed 

that decreases in liver TG content first occurred in 65 day old low protein offspring (2). 

Therefore, in the current study, one male and female offspring from each litter of both 

groups were sacrificed on day 65 by decapitation in the fed state and another set sacrificed 

after a 24 hour fast. Blood was collected into cold aprotinin-lined polypropylene tubes and 

serum stored at −80°C. Liver was dissected, blotted and snap frozen in liquid nitrogen and 

stored at −80°C.

Measurement of triglyceride secretion rate in adult offspring

TG secretion rate in whole animals was measured as described by Huang et al (32). Briefly, 

one male and one female offspring from each litter in both groups were fasted from 7:00 am 

to 1:00 pm in order to minimize the confounding influence of dietary chylomicrons. At 1:00 

pm, 300 mg/kg of triton WR-1339 (tyloxapol), a non-ionic detergent that blocks peripheral 

utilization of TG, was injected through the saphenous vein under brief isoflorane anesthesia. 

Blood samples were collected via tail nicks before and 30 min, 60 min and 90 min after the 

tyloxapol injection and serum stored at −80°C. Serum TG accumulation rate, a quantitative 

measure of hepatic TG secretion, was obtained from the slope of the serum TG 

concentration versus time plot.

Extraction of liver triglycerides and cholesterol

Liver TG and cholesterol were extracted from 50 mg of liver tissue in a chloroform / 

methanol (2:1 by vol) mixture using the Folch method as previously described (2). TG and 

cholesterol content in the extracts were determined using commercial kits from Wako 

Chemicals (Richmond, VA).
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Measurement of liver glycogen levels

Hepatic glycogen content was measured in 50 mg of liver tissue by aminoglycosidase 

mediated digestion of glycogen to free glucose as previously described (2). Glucose content 

was measured using a kit supplied by Cayman Chemicals (Ann Arbor, Michigan).

Measurement of plasma lipids and hormones

Plasma triglycerides, β-hydroxybutyrate, free fatty acids and cholesterol were assayed using 

kits from Wako Chemicals (Richmond, VA). Plasma insulin and leptin levels were 

determined by ELISA (Alpco, Salem, NH) and plasma glucagon levels were measured by 

radioimmunoassay (Linco Research, St. Charles, MO). The inter-day coefficient of variation 

of each assay was less than 5%.

Measurement of carnitine palmitoyl transferase-1a activity

Liver mitochondria were isolated from 200 mg of liver tissue and the activity of CPT-1a was 

measured using a spectrophotometric method (33). The assay measured the rate of formation 

of coenzyme A (CoA) from the reaction of palmitoyl CoA and L-carnitine catalyzed by 

CPT-1a. The assay was conducted at 250C in a vial containing 25 mM Tris-HCl buffer (pH 

6.8), 60mM KCl, 1 mM EDTA, 1.3 mg/mL fatty acid free bovine serum albumin, 0.1 mM 

4,4’-dithiopyridine, and 90 micrograms of mitochondrial protein. The reaction was initiated 

by the addition of palmitoyl CoA and L-carnitine at final concentrations of 100 µM and 0.4 

mM, respectively. The liberated CoA reacts with 4,4’-dithiopyridine to produce 4-

thiopyridone that was quantitated at 325 nm using an extinction coefficient of 19800 

M−1cm−1. The CPT-1a independent formation of CoA was quantified by omitting L-

carnitine from the assay mixture. CPT-1a activity was calculated as the difference in rate of 

formation of CoA in the presence and absence of L-carnitine and expressed as 

nmoles/min/mg protein.

Measurement of medium chain acyl CoA dehydrogenase activity

MCAD activity was determined in liver homogenates as described by Lehman et al (34). 

MCAD catalyzed oxidation of octanoyl CoA results in the formation of reducing equivalents 

that are transferred to ferricenium ion which in turn is reduced to ferrocene. The reduction in 

the absorbance of the ferricenium ion was monitored. The assay was conducted at 37oC in a 

vial containing 100 mM HEPES buffer (pH 7.6), 0.1 mM EDTA, 50 µM octanoyl CoA, 200 

µM ferricenium hexafluorophosphate, and 0.5 mM sodium tetrathionate. The reaction was 

initiated by the addition of 50 µg of homogenate protein. The decrease in absorbance of the 

ferricenium ion at 300 nm was followed for 10 min and the slope used to calculate MCAD 

activity and expressed as nmoles/min/mg protein.

Measurement of peroxisome proliferator activated receptor-α mRNA expression

Total RNA was isolated from liver samples with TRIzol (Invitrogen,Carlsbad, CA) and 

purified using the RNeasy Mini Kit (Qiagen, Valencia, CA). The concentration of RNA was 

determined spectrophotometrically at 260 nm.
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One µg of total RNA was reverse transcribed in a total volume of 20 µL with the High 

Capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA). Real-time 

quantitative PCR was performed with Power SYBR Green PCR MasterMix (Applied 

Biosystems) and a universal thermal cycling condition for 40 cycles on the StepOne Plus 

instrument (Applied Biosystems). The specificity of the assay was verified by performing a 

melting curve analysis.

Expression levels were quantified using the relative standard curve method with β-actin as 

the housekeeping control. Results are expressed as the ratio of mRNA expression of PPARα 

to the mRNA expression of actin. Primer sequences were as follows: PPARα; forward: 

GACAAGGCCTCAGGATACCA and reverse: ACTTGTCGTACGCCAGCTTT; β-actin; 

forward: CTAAGGCCAACCGTGAAAAG and reverse: 

GCATACAGGGACAACACAGC.

Microsomal transfer protein activity assay

MTP activity was measured in supernatants of liver homogenate (100 mg) with an MTP 

assay kit (Chylos, Inc., Woodbury, NY). The assay measures the transfer of lipids between 

donor and acceptor vesicles. The assay was conducted in Microfluor 2, U bottom, black 96 

well microtiter plate (Thermo Scientific, Palm Beach, FL) at 30° C in a solution consisting 

of a 10 µL mixture of donor and acceptor vesicles and 85µL water. Transfer of lipids was 

initiated by the addition of 17 µg of supernatant protein. The extent of transfer was assessed 

at equilibrium conditions by serially measuring fluorescence for 100 min at an excitation 

wavelength of 460 nm and an emission wavelength of 528 nm. MTP activity was calculated 

as fluorescence of the sample divided by total fluorescence and expressed as percent lipid 

transfer.

Statistical analyses

All data are expressed as mean ± SEM. In each experiment, we used one pup of each gender 

from all litters. Consequently the offspring sample size for each group never exceeded the 

number of treated dams for that group. Such a conservative experimental design is 

recommended for experiments in multiparous species since it minimizes inflation of the α 

level and the spurious statistical significance that results as a consequence (35, 36). 

Measurements conducted on more than two groups were analyzed by two-way split plot 

ANOVA using maternal diet (control or low protein) and feed status (fed or fasted) as the 

main factors. Wherever appropriate, multiple comparisons were conducted using the 

Bonferroni post-hoc test. Direct comparisons between two groups were conducted using the 

Student’s t-test. All statistical tests were conducted at a significance level of 0.05.
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Figure 1. 
Liver triglyceride content in 65 day old control and low protein offspring in the fed and 

fasted states. A. Males B. Females. Data were analyzed by two-way split plot ANOVA 

using maternal diet (control or low protein) and feed status (fed or fasted) as the main 

factors followed by Bonferroni multiple comparison test. n = 9 – 10.

* P<0.05 compared to liver triglyceride content in control group within the same feed status.

# P<0.05 compared to liver triglyceride content in the fed state within the same group.
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Figure 2. 
Liver CPT-1a activity in 65 day old control and low protein offspring in the fed and fasted 

states. A. Males B. Females.

For details of statistical analyses refer methods and legend of Figure 1. n = 9 – 10.

# P<0.05 compared to activity in the fed state within the same group.
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Figure 3. 
Liver MCAD activity in 65 day old control and low protein offspring in the fed and fasted 

states. A. Males B. Females.

For details of statistical analyses refer methods and legend of Figure 1. n = 9 – 10.

# P<0.05 compared to activity in the fed state within the same group.
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Figure 4. 
mRNA expression of PPAR-α in 65 day old control and low protein male offspring in the 

fed and fasted states. A. Males B. Females.

For details of statistical analyses refer methods and legend of Figure 1. n = 8 – 10.

# P<0.05 compared to activity in the fed state within the same group.
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Figure 5. 
Liver glycogen content in 65 day old control and low protein offspring in the fed and fasted 

states. A. Males B. Females.

For details of statistical analyses refer methods and legend of Figure 1. n = 9 – 10.

# P<0.05 compared to liver glycogen content in the fed state within the same group.
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