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Abstract

To begin to understand the contributions of maternal obesity and over-nutrition to human development and the early
origins of obesity, we utilized a non-human primate model to investigate the effects of maternal high-fat feeding and
obesity on breast milk, maternal and fetal plasma fatty acid composition and fetal hepatic development. While the high-fat
diet (HFD) contained equivalent levels of n-3 fatty acids (FA’s) and higher levels of n-6 FA's than the control diet (CTR), we
found significant decreases in docosahexaenoic acid (DHA) and total n-3 FA’s in HFD maternal and fetal plasma.
Furthermore, the HFD fetal plasma n-6:n-3 ratio was elevated and was significantly correlated to the maternal plasma n-6:
n-3 ratio and maternal hyperinsulinemia. Hepatic apoptosis was also increased in the HFD fetal liver. Switching HFD females to
a CTR diet during a subsequent pregnancy normalized fetal DHA, n-3 FA's and fetal hepatic apoptosis to CTR levels. Breast milk
from HFD dams contained lower levels of eicosopentanoic acid (EPA) and DHA and lower levels of total protein than CTR
breast milk. This study links chronic maternal consumption of a HFD with fetal hepatic apoptosis and suggests that a
potentially pathological maternal fatty acid milieu is replicated in the developing fetal circulation in the nonhuman primate.
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conserving, or ‘thrifty’ genotype, with a prevalent imbalance of
nutrient intake and expenditure in the developed world. An
emerging body of evidence also suggests that our ability to respond

Introduction

Over the last twenty years, obesity has dramatically increased in

the United States across every ethnic group studied [1,2]. Women of
childbearing age have not been spared from this upsurge, as nearly
50% of all women of childbearing age are either overweight or obese
and one-third have body mass indexes (BMI) of 30 or higher [3,4]. A
particularly concerning part of the emerging epidemic of obesity is
the increasing rise in the percentage of children and adolescents that
are either overweight or at risk for overweight [1,2,5]. In addition,
diseases once only found in adults are occurring with greater
frequency in pediatric populations. Type 2 diabetes mellitus as well
as secondary co-morbidities such as hypertension, non-alcoholic
fatty liver disease, hyperlipidemia, and metabolic syndrome are now
becoming increasingly common in children [6,7].

The increasing prevalence of metabolic diseases and obesity in
children is most often attributed to a combination of an energy
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to metabolic challenges during postnatal life is modified by
environmental influences during fetal development. Fetal devel-
opment is a critical period when exposure to environmental insults
in-utero has lifelong effects on the structure and function of organs,
tissues and body systems in the offspring.

There is strong evidence in humans that maternal nutrient
deprivation during pregnancy can program adipocyte metabolism
and fat mass towards a propensity for obesity, and lead to a wide
range of developmental effects in the offspring [8-15]. In addition,
maternal obesity and gestational diabetes mellitus (GDM) during
pregnancy has also been implicated in the development of
metabolic disorders in offspring, including macrosomia, impaired
glucose tolerance, and a higher risk of developing obesity and
diabetes as adults [16-25]. While epidemiological evidence has

February 2011 | Volume 6 | Issue 2 | 17261



shown that the intrauterine environment has profound effects on
fetal growth and the programming of childhood weight, the
mechanisms underlying metabolic programming are poorly
understood, particularly in humans.

Rodent studies have demonstrated that a maternal high fat diet
during gestation and lactation, or overfeeding during the postnatal
period, alters the development of the pancreas and liver as well
as central and peripheral nervous systems involved in energy
homeostasis [26-40]. While extremely valuable, these rodent
studies do not address the fact that there are critical developmental
differences between rodents and primates, including both humans
and nonhuman primates (NHP). For example, the development of
important central circuits regulating appetite and metabolism
occurs prenatally in humans and NHP, while rodent maturation of
these systems primarily occurs postnatally [41-45]. Furthermore,
the macro- and micro-architecture of the placenta is markedly
different between rodents and humans, and this has important
implications for fetal nutrient transfer during development
(reviewed in [46]). Therefore, studies designed to provide
mechanistic links between the maternal gestational metabolic
environment and fetal metabolic programming, in support of
previous human epidemiological observations, requires animal
models that closely resemble human development.

To this end, we have utilized a unique non-human primate
model of maternal high fat/calorie diet-induced obesity (in the
absence of gestational diabetes) to address the impact that chronic
maternal consumption of a high-fat diet (HFD) may have on
metabolic programming [47]. We acknowledge that ‘high-fat’ is a
phrase that simplifies the complex nature of our dietary
intervention and therefore have supplied a detailed analysis of
the dietary constituents. Nonetheless, this model utilizes chronic
high fat feeding, and the level and composition of dietary fat are
not outside the norms for a modern western diet [48].

Our group has previously shown that a maternal HFD alters
fetal development and expression of hypothalamic neuropeptides
in the context of hypothalamic inflammation, as well as inducing
changes in the central serotonergic system [49,50]. In the liver,
HFD fetuses had premature gluconeogenic gene expression,
steatosis, elevated triglyceride content, and oxidative stress. In
addition, epigenetic changes and altered circadian gene expression
has been shown in the HFD fetal liver [51,52]. HFD fetal plasma
contained elevated levels of inflammatory cytokines, and elevated
triglycerides and glycerol that were highly correlated to maternal
levels. Other work with this model has shown that alterations in
serum metabolite profiles are present in HFD fetuses [53]. The
majority of these changes were observed irrespective of maternal
obesity or maternal insulin resistance status and persisted into the
early postnatal period. Importantly, switching HFD mothers to a
control diet during pregnancy alone (diet-reversal; REV) reversed
a number of the observed fetal hepatic pathologies towards control
levels [47,52].

In the present study, we further characterize our NHP model of
maternal HFD induced obesity [47], by a detailed analysis of fatty
acids in the diet, maternal plasma, breastmilk, and fetal plasma. In
addition, we extend previous findings by evaluating the effects that
a maternal HFD has on inflammation and apoptosis in the fetal
liver. Our results show that the experimental maternal HFD leads
to increased apoptosis in the developing fetal liver. In addition,
maternal and fetal HFD plasma have reduced levels of circulating
n-3 fatty acids when compared to CTR. Importantly, we
demonstrate that a maternal dietary intervention during pregnan-
cy (REV) normalized fetal hepatic apoptosis and returned plasma
n-3 fatty acids to CTR levels in dams and fetuses. These data
support the idea that the placenta does not protect the developing
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fetus from a pro-inflammatory maternal lipid milieu. Because
these effects are associated with maternal diet during gestation and
lactation, and some are reversed with dietary manipulation limited
to these intervals, these data have critical public health
implications.

Materials and Methods

Macaque model of maternal overnutrition

All animal procedures have undergone an extensive review
process and were in accordance with the guidelines of Institutional
Animal Care and Use Committee of the Oregon National Primate
Research Center (ONPRC) and Oregon Health & Science
University. Protocols involved in this study were developed to
ameliorate suffering and have been approved under IACUC ID
number: IS00000224 (0622 for internal purposes). The Animal
Care and Use Program at the ONPRC abides by the Animal
Welfare Act and Regulations (CFR 9, Ch 1, Subchapter A)
enforced by the USDA, the Public Health Service Policy on
Humane Care and Use of Laboratory Animals, in accordance
with the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health, and the recommendations of the
Weatherall report; The Use of Non-human Primates in Research.

Japanese macaques matched for age (5-7 years at start) and
weight (7-9 Kg) were randomly assigned to two dietary groups in
the fall of 2002: 1: Control diet (CTR; 13% of calories from fat;
Monkey Diet no. 5052, Lab Diet, Richmond, IN, USA) or 2:
High-fat diet (HFD; 35.2% of calories from fat; Custom Diet
S5AI1F, Test Diet, Richmond, IN, USA). The HFD also included
calorically dense treats made with peanut butter. Both diets are
sufficient in vitamin, mineral, and protein content for normal
growth. Prior to this study, all animals were maintained on
standard monkey chow in large outdoor enclosures and were naive
to any experimental protocols.

Manufacturers specifications provided for both diets show that
the total metabolizable energy content of the CTR chow was
2.87 kcal/g and was apportioned at 26.8% energy from protein,
58.5% energy from carbohydrate, and 14.7% energy from fat.
The main source of fat in the C'TR diet was soybean oil. The total
energy content of the maternal HFD chow was 4.2 kcal/g and was
apportioned at 16.7% energy from protein, 51.5% energy from
carbohydrate, and 31.8% energy from fat. The main sources of fat
in the HFD were lard, animal fat, butter and safflower oil.

The animals were group housed and had ad lbitum access to
food and water. The group housing is important as it provides for
normal social behavior and exercise, which contribute to the
psychological well being of the animals and more closely resembles
the human condition. However, because the animals are group
housed it is not possible to determine individual food/calorie
intake. For maternal plasma studies, 11 C'TR, 6 HFD, and 7 REV
dams were used.

Each maternal group was housed with two males so that
pregnancies would occur during the yearly breeding season
(November—February). The females were checked each successive
year for pregnancies starting in November by ultrasound, which
allows an estimate of gestational age =5 days. Twice a year the
animals underwent IV glucose tolerance tests IVGTT) (Methods
Sla), once during the late summer (nonpregnant state) and once
during the early 3rd trimester of pregnancy. All of the above
procedures were done under ketamine sedation (5-10 mg/kg).

For our studies, ONPRC veterinarians terminated singleton
pregnancies from dams by cesarean section at gestational day 130
(G130), as determined by ultrasound. Pregnant dams were fasted
overnight for approximately 16 hours prior to surgical procedure.
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Females were initially sedated with ketamine hydrochloride
(100 mg/ml) at a dose of 10-15 mg/kg. Once animals were
sedated they were delivered to the surgical area and placed on
isoflurane gas; induced at 3%, then maintained at 1.0-1.5%.
Cesarean sections were performed by trained ONPRC veterinar-
1ans and their staff, and occurred on scheduled days between 10:00
and 10:30 am.

Pre and post-operative care was maintained by the ONPRC
veterinary staff. Immediately prior to the cesarean section animals
received an intravenous dose of hydromorphone (0.5 mg if under
10 kg, 1.0 mg if over 10 kg). An additional intravenous dose of
hydromorphone was administered post-operatively, usually within
an hour after the start of the procedure. For the remainder of the
day following the cesarean section, intravenous hydromorphone
was given at 4:00 pm and again at 8:00 pm in combination with
buprenorphine (0.3 mg IM). The following day, hydromorphone
was administered at 8:00 am, 12:00 pm, 4:00 pm and then again
with buprenorphine at 8:00 pm. Animals remained in the surgical
ICU area for approximately 7 days under close veterinary
observation and were then released back into their group.

After cesarean section, fetuses were deeply anesthetized with
sodium pentobarbital (>30 mg/kg i.v.) and exsanguinated. All
peripheral tissues and brain were removed, weighed and stored for
subsequent protein and RNA extractions or for histological
analyses. All surgical procedures used in this study, were
performed each scheduled day in an identical manner, following
an a priort defined protocol in both technique and timing. Thus for
plasma analyses, blood draws were taken at approximately the
same time of day for dams and fetuses. Maternal blood was taken
during c-section from the femoral artery, and fetal blood samples
were taken from the abdominal aorta during necropsy.

Fetal studies were performed with 11 CTR, 7 HFD and 6 REV
animals. Normal full-term pregnancies for Japanese macaques is
175 days, thus G130 is in the early 3™ trimester. G130 was chosen
after preliminary studies determined that this gestational age
represented a critical period for the development of several
metabolic systems: 1) hypothalamic circuits have started to
develop, 2) there is widespread pancreatic B-cell development, 3)
there is a full functioning placenta that is not at near term, and 4)
there is very little white adipose tissue (WAT).

Previous work with this model has demonstrated significant
increases in maternal leptin levels, decreases in maternal insulin
sensitivity, and increases in maternal weight gain starting with the
second year of maternal HFD exposure, and these changes persist
and become greater through year four [47]. For our fetal studies,
we are reporting differences in HFD fetuses whose mothers were
exposed to the maternal diet for at least four consecutive years. In
the fifth year of our studies, a diet-reversal protocol (REV) was
initiated to assess dietary impact independent of maternal obesity.
This protocol entailed switching a subgroup of adult females that
had been exposed to a high-fat diet for four consecutive years, to a
control diet 1-3 months before becoming pregnant and through-
out the pregnancy.

Maternal breast milk for fatty acid analysis was obtained at
postnatal day 30 (postnatal day 29.5* 3 days, (mean = SD)) from 6
CTR and 16 HFD dams giving birth to full term infants. The
breast milk was collected during routine postnatal day 30 dual-
emission X-ray absorptiometry (DEXA) procedures for the
offspring. The DEXA procedure followed an a priori defined
protocol and breast milk was obtained at approximately the same
time of day for each animal. At 9:00 am, the mother was sedated
with ketamine (15 mg/kg) or telazol, if ketamine resistant. The
baby was separated from the mother for DEXA scanning. Two
hours later, 0.5 mL oxytocin was injected intravenously into the
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mother to stimulate milk let down. The breast and nipple were
massaged and milk was collected into a 15 mL conical vial. The
milk sample was immediately stored on ice until centrifugation to
separate aqueous milk and cream layers.

Due to study design parameters in which the focus of the REV
group was on fetal effects, breast milk from the REV dams was not
available. In addition, during the two-year period that the breast
milk study encompassed, there were fewer pregnancies in CTR
dams (15) than in the HFD dams (23). The volume of milk
collected was highly variable and dependent on whether nursing
had occurred immediately prior to our procedures. Visual
inspection of the breast-milk was also used to identify and exclude
samples that were discolored or contaminated with maternal
blood. Thus, to obtain enough breast milk for the insulin, total
protein, leptin and cytokine assays we performed, and to provide
sufficient power for analysis, we sampled additional lactating C'TR
Japanese macaque dams. Milking of these additional C'TR dams
was performed during bi-annual colony health examinations and
included milk that was older than 30 days post-partum (post-natal
day 160%=34 (mean = SEM)). No differences were observed in the
CTR group between the older milk and the 30 days post-partum
milk for the insulin (12 CTR, 18 HFD dams) total protein (11
CTR, 8 HFD dams), leptin (20 CTR, 13 HFD dams) and cytokine
assays (14 C'TR, 18 HFD dams), so they were grouped for analysis.
Detailed protocols for the insulin, total protein, leptin and cytokine
assays are described in Methods S1b.

Fatty acid profiles

The fatty acids present in each maternal diet, fasting maternal
plasma breast milk and fetal plasma were analyzed by a modification
of the methods described by Langerstedt et al. [54]. Deuterated fatty
acids including d3C10:0, d3C14:0, d3C16:0, d3C18:0, d3C20:0 and
d4C22:0 were added to samples prior to extraction as internal
standards. Following hydrolysis and extraction, fatty acids were
derivatized to the pentafluorobenzyl (PFB)-esters. The fatty acid-
esters were analyzed by gas chromatography-mass spectroscopy
(GC-MS) on a Trace DSQ (Thermoelectron) operating in the
negative ion chemical ionization mode with methane as the reagent
gas. The fatty acid-PFB esters were separated on a DB-5 ms capillary
column (30 mx0.25 mmx0.25 um) with helium as the carrier gas at
a flow rate of 1 ml/min. Individual fatty acids were monitored with
selected ion monitoring and a dwell time of 50 ms for each ion
species. Each fatty acid was matched to the deuterated internal
standard closest in length and retention time. Peak area ratios of
known amounts of standard fatty acids and the internal standards
were used to generate calibration curves to quantify unknowns using
Xcalibur software.

Dynamic range and efficiency curves for Real-Time PCR

Macaque specific primer sets were evaluated to determine the
efficiency of our primer sets within a working range of cDNA
concentrations and identify an optimum concentration of cDNA
to use in Real-time PCR assays. A cDNA dilution series was made
from four random samples from each dietary group. The cDNA
was diluted based on initial RNA concentration and the
assumption of 100% reverse transcription efficiency. The dilution
series was designed so that each primer set started at an upper
limit of 50 ng total cDNA/reaction and decreased in 10 ng
increments to a minimum of 1 ng/reaction [55].

Primer validation Real-Time PCR reactions were run on an
Applied Biosystems 7300 as relative quantification plates with
SYBR master mix used at a 2x dilution. Following automatic
thresholding and standard baseline adjustments after each run, Ct
values were plotted as a function of the log (10) of the cDNA
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concentration and a linear slope was calculated [56]. Efficiency
was calculated as 107(—1/slope) and was used for our experimen-
tal quantification [55]. For experimental assays we chose a cDNA
concentration that gave us Ct threshold values across all dietary
groups of between 20 and 32 cycles. In cases where we could not
detect the target of interest in any diet group; threshold Ct values
>35, or SYBR fluorescence not rising above background at all, we
confirmed the presence of the target and the specificity of our
target primers on fetal spleen processed in an identical manner as
our liver samples. Additional protocols describing liver tissue RNA
extractions (Methods Slc) and primer design (Methods S1d)
are included as supporting information.

Real-Time PCR

Experimental Real-Time PCR reactions were run on an
Applied Biosystems 7300 as relative quantification plates. Target
and endogenous control primers were used at a final concentration
of 471 nM in a 21 pl reaction. SYBR master mix was used at the
manufacturer’s recommended 2x dilution. Dissociation curves
were produced for every well to monitor primer amplification of a
single target. Alg9 was used as an endogenous control for all our
experiments. The Alg9 primer set was designed by core facilities at
the Oregon National Regional Primate Center as an endogenous
control for macaque gene expression analysis, and subjected to
extensive gene stability validation in our model by use of the
geNorm VBA applet [57,58]. Primer sequences used for Real-
Time PCR are described in Table S1.

Relative quantification of target gene expression was calculated
across each dietary group using empirically derived efficiency
values for each primer set and calculating an efficiency-corrected
fold by the following formula:

ACt(target control-target sample
Fold= (Etarget) (targ € P )/

ACt(endo control-endo sample
(Eendo) ¢ ple)

where E is the respective primer efficiency. The ACtggec Was
calculated by choosing one calibrator sample from the control diet
group and subtracting subsequent target Ct values from that
calibrator across all groups. In addition, ACt.,q, was calculated by
using endogenous control Cit values for the same calibrator sample
as above, and subtracting subsequent endo Ct values from that
calibrator [55]. In situations where the optimum cDNA concen-
tration of our endogenous control differed from our target, we
produced ¢cDNA dilutions for the endogenous control and target
from the same reverse-transcriptase reaction. Following the Real-
Time PCR reaction random target well reactions from each diet
group were run on a 2% agarose gel to verify amplicon singularity
and size. Bands of the expected size were excised, gel purified
(Qiaquick gel extraction kit, Qiagen #28706) and sequenced.
Target specificity was confirmed by BLAST and comparing
amplicon sequence with the NCBI macaque database.

TUNEL assay

We used an ApopTag® Peroxidase Iz-Situ TdT end-labeling
apoptosis detection kit (Chemicon S7100) on fetal CTR, HFD,
and REV paraffin embedded fetal liver sections (Right lobe,
5 microns thick) as per manufacturers instructions. Tissue was
deparaffinized in 3 washes of xylene, followed by graded alcohol
(100%, 95% and 70%) rehydration. Proteinase K (20 ug/ml)
digestion for 15 min at room temperature was followed by 2
washes in ddH,O. Endogenous peroxidases were quenched for
5 minutes in 3.0% hydrogen peroxide in 1x PBS. Following
application of proprietary equilibration buffer, the TdT enzyme
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was incubated for one hour at 37°C. The TdT reaction was
stopped by immersion into wash buffer and the anti-digoxigenin
conjugate was applied and incubated at room temperature for
30 minutes. Following 4 washes in 1x PBS, the peroxidase
substrate was developed for 6 minutes at room temperature.
Samples were then washed in ddH,O and counterstained with
methyl green.

TUNEL imaging and quantification

Imaging was performed on a Marianas Digital Imaging
workstation equipped with a Zeiss Axiovert 200 M inverted
microscope (Zeiss Microimaging, Thornwood, NY) and a Cool-
snap camera (Roper Scientific, Tucson, AZ) by a blinded observer.
A montage of each liver section was created with the Marianas
Digital Imaging workstation using a 2x objective. Stereological
analysis of the 2 X montage was performed by masking the hepatic
arca and placing 500 umx500 um regions with spacings of
1000 umx1000 um and a random offset of 69.4 (x-coordinate)
and 513.4 (y-coordinate), on the image (SlideBook, Intelligent
Imaging Innovations, Denver, CO). Coordinates of each region
were recorded and then each region was imaged using a 10x
objective. Following acquisition of between 20 to 40 10 x images
per section, masking was used to threshold and calculate the total
hepatic parenchyma area. An additional mask was used to
threshold TUNEL positive cells. Within the stereology program
we excluded TUNEL positive debris under 5 microns in width.

Following these adjustments, the number of TUNEL positive
stained cells (“‘events”) was automatically counted and the total
hepatic area was recorded. The number of events was converted to
a rate, defined as rate = (# events + 0.5)/ hepatic area, with the
overall rate for each animal being summarized as the median rate
among all animal-specific measurements. These rates were then
log transformed (base 10) for analysis, with the log transformation
aiding to stabilize variance and make the distribution of rates more
symmetric. (The addition of 0.5 in the initial rate calculation was
necessary to avoid taking the log of zero; among the 646
measurement only 7.6% were 0 counts). Analysis of variance
was then used to determine whether the median rate differed
according to diet.

Other analyses based on summarizing individual measurements
in terms of mean rate, as well as non-parametric analysis (Kruskal-
Wallis) applied to the current median-rate summary led to similar
conclusions and are not reported. Similarly, a linear mixed effect
model with count distributed according to a Poisson distribution
(and area treated as an offset) found similar conclusions to our
earlier and more simple approaches based on all summarizing
forms (median/mean) of the log transformed rates; consequently,
we present only results of the simpler analysis. All analyses
performed using R version 2.6.1 (R Development Core Team
(2007), R Foundation for Statistical Computing, Vienna, Austria.
ISBN 3-900051-07-0, URL: http://www.R-project.org.) Graphs
were produced with Prism software (GraphPad Software, Inc., La
Jolla, CA).

Data analysis

Data for all analyses not explicitly described above, were first
compiled and tested for normality by Shapiro-Wilk with STATA
(College Station, Texas) statistical software. Data were trans-
formed to fit Gaussian distributions and tested for significance by
ANOVA with a Bonferroni post-hoc analysis. Groups that did not
attain a Gaussian distribution by transformation were first tested
for overall significance by Kruskal-Wallis rank sum, followed by a
Wilcoxon rank sum test with a Bonferroni adjusted alpha to
determine significance between diet groups. Pair-wise analysis of
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the fatty acid association between each dam and their respective
offspring was performed using pairwise correlation in STATA. We
are reporting an overall Pearson correlation coefficient across our
three diet groups for each analysis. In addition, maternal and fetal
fatty acid samples were also tested by pairwise correlation in
STATA for an overall association with maternal insulin resistance
and glucose clearance. All graphs were made with Prism software
(GraphPad Software, Inc., La Jolla, CA).

Results

Maternal diet nutritional analysis

To initiate our analysis of the impact that maternal HFD has on
the developing NHP fetus, we chose to first examine differences in
fatty acid composition between the CTR and HFD diets. Using
gas chromatography-mass spectroscopy, we found that compared
to the CTR diet, the maternal HFD has higher levels of myristic
(C14:0), myristoleic (C14:1), palmitic (C16:0), palmitoleic (C16:1),
stearic (C18:0), oleic (C18:1, n-9), linoleic (LA, C18:2, n-6), o-
linolenic (ALA, C18:3, n-3), and arachidonic (AA, C20:4, n-6)
fatty acids. In addition, the HFD had lower levels of eicosopenta-
noic acid (EPA; C20:5, n-3) and docosahexacnoic acid (DHA,
(22:6, n-3) than the C'TR diet. When fatty acid subtypes were
combined into groups, the HFD contained much higher levels of
total fatty acids, saturated, monounsaturated, polyunsaturated,
essential fatty acids (EFA, sum of C18:2 and C18:3) and total n-6
fatty acids (sum of C18:2 and C20:4) than in the CTR diet. Total
n-3 fatty acids (sum of C18:3, C20:5 and (C22:6) were similar
between HFD and CTR maternal diets; however, a greater than
2-fold increase in HFD total n-6 fatty acids resulted in an n-6:n-3
ratio of 20:1 compared to the 9:1 n-6:n-3 ratio in the CTR diet
(Table 1). Thus, the HFD has an n-6:n-3 ratio that is reflective of
current trends in the Western diet [59].

Maternal plasma lipid profiles

Lipid analysis of maternal plasma total fatty acids revealed that
fasting levels of total fatty acids, total n-6, saturated, monounsat-
urated, polyunsaturated, and EFA’s were not significantly different
between the CTR, HFD and REV maternal diet groups (Table 2).
However, total n-3 fatty acids were significantly reduced in the
HFD group when compared to CTR and REV diet groups.
Comprising the reduction of total n-3 fatty acids were significant
decreases in EPA (n-3) and DHA (n-3) in the HFD group when
compared to both the C'TR and REV dietary groups. There was
no change in DHA between CTR and REV; however, EPA was
higher in the REV group when compared to CTR. There were no
significant differences observed in o-linolenic acid (n-3) and
linoleic (n-6) across the three dietary groups. A trend was observed
for lower levels of arachidonic acid (n-6) in HFD maternal plasma,
but this did not reach statistical significance (p = 0.06).

No significant changes were observed in total circulating n-6 fatty
acids between the three dietary groups. However, decreases in EPA
and DHA in the HFD group were large enough to significantly
lower total n-3 levels in maternal plasma. Consequently, the HFD
maternal plasma had a significantly higher n-6:n3 ratio (20:1) when
compared to CTR (5:1) or REV plasma (6:1).

Fetal plasma lipid profiles

Lipid analysis of fetal plasma also revealed that total fatty acids,
saturated, EFA’s and total n-6 fatty acid levels were not
significantly different between the CTR, HFD and REV diet
groups (Table 3). A significant increase in total polyunsaturated
fatty acids was found in the REV group when compared to the
HFD group but no statistical differences were observed when the
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Table 1. Gas chromatography- mass spectrometry analysis of
maternal chow.'

DIET GROUP
Fatty Common
Acid Name (Type) CTR HFD

HFD/CTR

Mean SEM Mean SEM Ratio
C 14:0 Myristic 0.5 0.1 15.0 13 30
C 141 Myristoleic 0.004 0.001 04 0.1 100
C 16:0 Palmitic 6.1 2.0 247 5.7 4.1
c16:1 Palmitoleic 0.2 0.0 34 0.5 17
C 180 Stearic 29 1.0 20.2 1.9 7
c 181 Oleic (N9) 9.5 2.1 529 154 56
C18:2 Linoleic (N6) 18.9 5.0 40.6 146 2.1
Cc18:3 Linolenic (N3) 0.5 0.1 1.2 0.4 24
C 20:4 Arachidonic (N6) 0.04 0.02 04 0.1 10
C 20:5 EPA (N3) 0.8 0.2 0.3 0.1 0.4
C 22:6 DHA (N3) 1.0 0.5 0.6 0.2 0.6
Total Fatty Acids 40.3 4.8 169.6 394 4.2
Total Saturated 9.4 3.0 59.9 8.8 6.4
Total Monounsaturated 9.7 2.0 56.6 159 58
Total Polyunsaturated 21.2 5.8 52.6 205 25
Total Essential Fatty Acids 194 5.1 41.8 150 2.2
Total N6 19.0 5.0 50.2 197 22
Total N3 22 0.8 24 0.8 0.9
N6:N3 Ratio 8.8 1 19.9 0.9 23
TAll values are mean = SEM and expressed as mg/g of dry chow.
doi:10.1371/journal.pone.0017261.t001

CTR group was compared to either the HFD or REV diet groups.
An increase in total monounsaturated fatty acids was observed in
the HFD fetal plasma compared to the C'TR and REV groups.
The increase in monounsaturated fatty acids in the HFD group
was due to higher levels of the major monounsaturated, oleic acid
(C18:1, n-9), but the differences in oleic acid only reached
statistical significance when the HFD was compared to the REV
diet group.

As observed in the maternal circulation, total n-3 fatty acids
were significantly lower in the HFD group when compared to
CTR and REV. This decrease was due to significantly lower levels
of DHA in the HFD fetal plasma when compared to CTR and
REV. Again, due to the decreases in HFD circulating total n-3
fatty acids, a significant increase in the n-6:n-3 ratio was found
between CTR (4:1) and the HFD group (9:1). In the REV diet
group DHA and total n-3 fatty acids were normalized to C'TR
levels. However, due to an increase in REV plasma n-6 fatty acids,
which was not itself significantly higher when compared to the
CTR and HFD diet groups, the REV n-6:n-3 ratio (7:1) was only
partially normalized to the C'TR ratio. Thus, the reduced levels of
n-3 fatty acids and elevated n-6:n-3 fatty acid ratio found in the
HFD maternal plasma were also observed in the HFD fetal
plasma.

Plasma n-6:n-3 ratios are correlated between maternal
and fetal circulation

The fasting levels of total fatty acids, saturated, monounsatu-
rated and n-6 fatty acids are not different in the maternal plasma
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between dietary groups. Except for a small but significant increase
in monounsaturated fatty acids, these findings are also observed in
fetal plasma. However, we observed significant decreases in DHA
and total n-3 fatty acids in both maternal and fetal HFD
circulation that were normalized with maternal diet reversal.
These findings suggest that circulating n-3 fatty acids, as essential
fatty acids, are dependent on dietary supply and availability in
both mother and fetus across our three dietary groups.

Our model provides us with the ability to perform pair-wise
analysis of circulating lipids between individual dams and their
offspring to investigate associations between maternal and fetal
parameters. Thus, we performed a pairwise correlation analysis
and found that there was a significant correlation (Figure 1A)
between the maternal n-6:n-3 ratio and the n-6:n-3 ratio found in
the fetus (Ryyeran = .63, p=.002). In addition, we found a weaker
but statistically significant association (Figure 1B) between
maternal EPA and fetal EPA (R = .43 ¢, p=.045). However,
we did not find a statistically significant association between
maternal and fetal plasma DHA.

Maternal obesity versus maternal consumption of a high-
fat diet

Previous work with this model has shown that following chronic
maternal consumption of a HFD two maternal phenotypes emerge
[47]. Compared to C'TR animals, diet-sensitive HFD dams are
obese, hyperleptinemic, and insulin resistant. In contrast, the diet-
resistant HFD dams had normal insulin secretion during glucose

@ PLoS ONE | www.plosone.org

Table 2. Gas chromatography- mass spectrometry analysis of maternal plasma lipids.'

DIET GROUP
Fatty Acid Common Name (Type) CTR HFD REV

Mean SEM Mean SEM Mean SEM p-value?
C 140 Myristic 290.7 61.8 347.5 84.8 226.1 35.6 0.68
C 141 Myristoleic 4.7 1.0 33 0.4 4.7 0.9 0.52
C 16:0 Palmitic 2456.2 239.4 2187.7 209.8 22394 194.2 0.67
C 16:1 Palmitoleic 192.2 50.6 1135 17.3 90.4 1.1 0.54
C 18:0 Stearic 796.7 60.1 1013.4 65.7 860.4 55.2 0.07
c 181 Oleic (N9) 828.7 129.0 1084.7 101.8 859.5 85.8 033
C18:2 Linoleic (N6) 1167.9 150.6 1122.6 72.6 1395.6 231.8 0.73
c183 Linolenic (N3) 27.8 4.0 28.6 2.1 313 45 0.81
C 20:4 Arachidonic (N6) 484.5 55.8 366.6 29.8 570.2 48.1 0.06
C 20:5 EPA (N3) 72.85¢ 9.4 5.2%¢ 0.8 122.0*° 131 0.0001
C 22:6 DHA (N3) 219.4° 33.8 39.8°¢ 24 177.5° 21.2 0.0001
Total Fatty Acids 6541.5 632.3 6312.8 469.4 6377.7 568.6 0.9718
Total Saturated 3543.6 310.6 3548.6 310.8 3325.9 264.7 0.89
Total Monounsaturated 1025.5 170.5 1201.4 117.6 954.6 90.7 0.58
Total Polyunsaturated 1972.5 238.6 1562.8 81.8 2270.2 308.0 033
Total Essential Fatty Acids 1195.7 154.5 1151.2 74.7 1426.5 237.1 0.61
Total N6 1652.5 203.0 1489.2 80.3 1951.5 280.1 0.53
Total N3 320° 374 73.7°¢ 27 330.8° 302 0.0001
N6:N3 Ratio 5.2° 02 20.2°¢ 0.9 6.1° 0.5 0.0009
'All values are means = SEM and are expressed as umol/L. (n=11 for CTR, n=6 for HFD, n=6 for REV).
20verall significance as determined by ANOVA or Kruskal-Wallis rank sum test.
Significantly different from CTR, p<.0167, Bonferroni adjusted o.
bSignificantly different from HFD, p<.0167, Bonferroni adjusted o.
“Significantly different from REV, p<.0167, Bonferroni adjusted o.
doi:10.1371/journal.pone.0017261.t002

tolerance tests, similar body weights, body fat and circulating
leptin levels relative to the maternal CTR diet group even after
four years on the high-fat diet. To date, the majority of findings
regarding fetal development with this model have been indepen-
dent of maternal obesity and diabetes.

We tested whether maternal sensitivity to the HFD is associated
with either maternal or fetal fatty acid levels by pairwise
correlation. We found that the maternal insulin secretion (insulin
AUC) and maternal glucose clearance (glucose AUC), as
determined by third trimester maternal iv. glucose tolerance
testing, were not correlated with fasting plasma levels of any
maternal fatty acids acquired at time of cesarean section (G130).

Interestingly, we found that the fetal plasma n-6:n-3 ratio was
positively correlated with maternal insulin AUC (Ryveran = .61,
p=.002, Figure 2A). No other fetal plasma fatty acids assayed
were correlated with the maternal insulin AUC. Additionally, we
found that the total fetal plasma levels of saturated fatty acids
Roveran =.54, p=.007, Figure 2B) were correlated with the
maternal glucose AUC, as were the individual saturated fatty acids
C14:0 (myristic acid; Royeran = .43, p=.04), C16:0 (palmitic acid;
Roveran = 45, p=.04). In addition, C18:1 (oleic acid; Ryyeran = .43,
p=.04) and C18:3 (a-linolenic acid ( n-3); Roveran = .50, p=.01)
were also positively correlated with maternal glucose AUC
(Figure S1). These data extend previous associations found
between maternal diet sensitivity and fetal outcomes in our model
[53]. Our findings suggest that while maternal diet has been the
primary predictor of fetal outcomes thus far, other maternal
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factors (e.g. obesity, hyperinsulinemia, etc.) may also play
important roles in determining the fatty acid milieu of the
developing fetus.

Inflammation in the high-fat fetal liver

Recent work with this model suggested that non-alcoholic fatty
liver disease (NAFLD) is present in the HFD fetal liver. McCurdy
et al. demonstrated that oxidative damage, hepatic steatosis, and
upregulation of phospho-JNKI1 that was highly correlated with
levels of fetal liver triglycerides were present in the HFD fetal livers
[47]. To extend these findings, we investigated whether inflam-
mation and consequent evidence of non-alcoholic steato-hepatitis
(NASH) was present in the HFD fetal liver. We used Real-time
PCR to evaluate the expression of inflammatory markers between
CTR, HFD and REV fetal livers (Table 4). We found that the
expression of interleukin-10 (IL-10) was significantly different
across the three dietary groups and lower in the REV group, but
post hoc tests did not show statistical significance when compared
to the CTR and HFD diet groups. Unexpectedly, the expression of
Arginase-1 in the REV diet group, a marker of Thy macrophage
activation [60,61], was significantly decreased when compared to
the C'TR and HFD groups. No differences were observed in the
expression of any of the other inflammatory markers we assayed
between the CTR, HFD and REV maternal diet groups. These
data suggest that the fetal liver is not the origin of the increased
levels of pro-inflammatory cytokines found in fetal circulation in
previous work with this model [47].

@ PLoS ONE | www.plosone.org

Table 3. Gas chromatography- mass spectrometry analysis of fetal plasma lipids.’

DIET GROUP
Fatty Acid Common Name (Type) CTR HFD REV

Mean SEM Mean SEM Mean SEM p-value?
C 140 Myristic 125.1 18.2 164.0 345 127.2 329 0.57
C 141 Myristoleic 4.4 1.0 6.3 1.9 55 1.9 0.8
C 16:0 Palmitic 708.3 108.3 647.5 98.4 737.4 146.3 0.88
C 16:1 Palmitoleic 146.1 19.7 118.8 10.7 115.2 15.6 0.49
C 18:0 Stearic 455.0 377 419.1 63.9 385.7 223 0.6
c 181 Oleic (N9) 473.2 56.5 724.7°¢ 739 390.2° 103.1 0.02
C18:2 Linoleic (N6) 498.6 73.0 450.0 31.9 976.9 293.5 0.17
c183 Linolenic (N3) 13.9 1.8 13.7 15 14.2 1.9 0.98
C 20:4 Arachidonic (N6) 572.6 152.4 417.3 11.7 675.6 2293 0.4
C 20:5 EPA (N3) 42.6 9.1 30.9 54 67.9 20.3 0.29
C 22:6 DHA (N3) 273.9° 78.7 52.2° 6.0 259.4 119.3 0.01
Total Fatty Acids 33137 404.9 3044.4 243.2 3755.1 566.3 0.65
Total Saturated 1288.4 134.8 1230.5 1754 1250.2 164.9 0.96
Total Monounsaturated 623.7 70.5 849.8 82.1 510.8 117 0.05
Total Polyunsaturated 1401.7 279.8 964.1¢ 118.7 1994.0° 3724 0.047
Total Essential Fatty Acids 512.5 74.8 463.7 324 991.1 294.3 0.19
Total N6 1071.2 201.1 867.3 114.1 1652.5 310.9 0.09
Total N3 330.5° 80.1 96.8°¢ 6.8 34152 110.1 0.001
N6:N3 Ratio 3.6° 0.2 8.9° 0.9 6.7 1.7 0.007
'All values are means = SEM and are expressed as umol/L. (n=11 for CTR, n=7 for HFD, n=6 for REV).
20verall significance as determined by ANOVA or Kruskal-Wallis rank sum test.
Significantly different from CTR, p<.0167, Bonferroni adjusted o.
bSignificantly different from HFD, p<.0167, Bonferroni adjusted o.
“Significantly different from REV, p<.0167, Bonferroni adjusted o.
doi:10.1371/journal.pone.0017261.t003

Apoptosis in high-fat fetal liver

During gestation the fetal liver directly receives about 50% of
maternal blood flow via the branch of the umbilical vein that
connects to the portal vein [62]. Thus, the fetal liver, and
particularly the right lobe of the fetal liver, is anatomically
positioned to be directly affected by factors that are present in the
umbilical circulation. Given the increases in pro-inflammatory
cytokines found in the fetal umbilical circulation and the evidence
of NAFLD reported in previous work [47], we performed a
TUNEL assay to examine whether evidence of increased hepatic
apoptosis was present in fetal livers exposed to a maternal HFD.
We found that there is a significant increase in the number of
apoptotic cells in the HFD fetal liver compared to CTR when
normalized to hepatic area (2.14 fold increase, p<<.05). Impor-
tantly, by switching a subgroup of HFD mothers to a control diet
during a subsequent pregnancy (REV), apoptosis in the fetal liver
was completely normalized to baseline (Figure 3).

Postnatal Studies

To begin to understand the long-term metabolic programming
effects that a maternal high-fat diet has on the offspring, it is
necessary to separate effects that occur m-utero from changes that
occur after parturition. Lactation is a critical period of develop-
ment for the offspring that may be sensitive to maternal obesity
and consumption of a high-fat diet. To begin to address the effects
that maternal obesity and overnutrition may have during lactation,
we performed gas chromatograph mass spectroscopy on maternal
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Figure 1. Correlation of fetal plasma fatty acids with maternal
plasma fatty acids. Pair-wise correlation analysis of the plasma N6:N3
fatty acid ratio (A), and plasma EPA levels (B), between CTR, HFD and
REV Japanese macaque dams and their respective third trimester
fetuses (n =22 maternal/fetal pairs). Both the plasma N6:N3 FA ratio and
plasma EPA levels are correlated between maternal and fetal circulation.
(CTR: white squares, HFD: dark grey circles, REV: grey diamonds).
doi:10.1371/journal.pone.0017261.g001

breast milk to characterize postnatal exposure of the offspring to
maternal fatty acids. In addition, we assayed levels of insulin, total
protein, and leptin as well as interleukin-1p present in maternal
breast milk.

Maternal breast milk lipid profiles

In the breast milk we found no changes in total fatty acids in the
HFD group versus CTR. C14:0 (myristic), C16:0 (palmitic), CG18:0
(stearic) and total saturated fatty acids were not higher in the HFD
group when compared to control (Table 5). There were no
differences in total levels of monounsaturated fatty acids as well as
C16:1 (palmitoleic) and C18:1 (oleic). Total polyunsaturated fatty
acids were unchanged in HFD breast milk when compared to
CTR. Total n-6 fatty acids, as well as C18:2 (linoleic) and C20:4
(arachidonic), were unchanged in the HFD breast milk when
compared to CTR. Total n-3 fatty acids were also unchanged
between the C'TR and HFD diet groups. However, C20:5 (EPA,
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Figure 2. Correlation of fetal plasma fatty acids with maternal
insulin resistance and glucose clearance. Pair-wise correlation
analysis of fetal plasma N6:N3 fatty acid ratio with respective maternal
insulin AUC (A), across CTR, HFD and REV maternal diet groups. Pair-
wise correlation analysis of total fetal plasma saturated FA's with
respective maternal glucose AUC (B), across CTR, HFD and REV maternal
diet groups. (n =23 maternal/fetal pairs). Fetal N6:N3 ratio is positively
correlated with maternal insulin AUC. Total fetal plasma saturated FA’s
are correlated with maternal glucose AUC. (CTR: white squares, HFD:
dark grey circles, REV: grey diamonds).

doi:10.1371/journal.pone.0017261.g002

n-3) and C22:6 (DHA, n-3) were significantly lower in the HFD
breast milk when compared to CTR breast milk. C118:3 (linolenic,
n-3) was the largest component of total n-3 fatty acids assayed and
was unchanged between the CTR and HFD diet groups. Thus,
the observed decreases in EPA and DHA were not large enough to
significantly lower the total levels of breast milk n-3 fatty acids.
The mean n-6:n-3 ratio was higher in the HFD (19:1) breast milk
than C'TR breast milk (9:1). However, a large variance in both
groups prevented the increased HFD n-6:n-3 ratio from attaining
significance. Overall, the significant decreases in EPA and DHA in
HFD breast milk reflect what was also observed in maternal and
fetal plasma.

To further characterize the effects that maternal HFD had on
breast milk, we performed radio-immunoassays for insulin and
leptin. We found that insulin levels in maternal breast milk are
significantly higher (2-fold) in HFD mothers versus CTR
(Figure 4A). We found no changes in the levels of leptin in
maternal breast milk between C'TR and HFD, although the levels
were quite low in both groups (data not shown). We also found no
differences in the levels of the inflammatory cytokine IL-1B

February 2011 | Volume 6 | Issue 2 | 17261



Table 4. Inflammatory marker mRNA expression in fetal
liver.'

DIET GROUP
Target CTR HFD REV value?
Mean SEM Mean SEM Mean SEM
Interferon-y 042 0.1 038 0.11 032 006 087

Interleukin-1 095 026 105 024 089 011 082

Interleukin-4 undetected  undetected undetected n/a
Interleukin-6 undetected  undetected undetected n/a
Interleukin-10 097 0.06 119 0.18 069 0.11 0.045
I-TAC (CXCL11) 093 012 1.06 008 082 0.15 0.1
Lymphotoxin-o 076 011 079 0.08 0.77 005 0.59
MCP-1 (CCL2) 078 0.1 0.81 0.14 0.75 0.06 0091
Tumor Necrosis Factor-o. 0.82 0.16 0.71 0.07 053 0.08 028
Arginase-1 1.01 009 100 007 65* 004 0.009
C-Reactive protein 193 032 148 022 219 041 0.1

"All values are means *+ SEM and are expressed as relative fold to CTR calibrator
sample. (n=7 for CTR, n=8 for HFD, n=7 for REV).

20verall significance as determined by Kruskal-Wallis rank sum test.
?Significantly different from CTR, p<.0167, Bonferroni adjusted o.
bSignificantly different from HFD, p<.0167, Bonferroni adjusted .
“Significantly different from REV, p<.0167, Bonferroni adjusted o.
doi:10.1371/journal.pone.0017261.t004

between CTR and HFD breast milk (data not shown). Total
protein levels in HFD breast milk are significantly lower than in
the CTR breast milk (Figure 4B).

Postnatal phenotype

Given the proinflammatory environment our cohort of HFD
animals were exposed to in-utero, combined with increased
apoptosis in the fetal liver and the significant changes in breast
milk composition, we examined the offspring from CTR and HFD
dams to determine if phenotype differences were apparent in the
postnatal period. Previous work with this model demonstrated that
the offspring of HFD dams had similar bodyweights at postnatal
day 30 (P30) and post-natal day 90 (P90) as C'TR offspring, and
higher levels of body-fat at P90 [47]. The current results again
showed that body weights were similar between the CTR and
HFD offspring at the P30 and P90 time points (Figure 5A) and
that the HFD offspring had higher body fat at P90 than CTR
offspring, as determined by DEXA scanning (Figure 5B). In
addition, HFD offspring had significantly lower lean body mass
than CTR offspring at P90 (figure 5C). We measured bone
mineral content as well and found no differences at either P30 or
P90 offspring between the two diet groups (Figure 5D). Thus,
while total body weights are similar at P90 between CTR and
HFD offspring, the HFD offspring have higher body fat and lower
lean body mass than CTR offspring.

Discussion

While much work has been done in the NHP to highlight the
effects that maternal nutrient deprivation has on development of
metabolic systems in the offspring [63-67], there is a fundamental
gap in understanding the contributions that maternal obesity and
maternal nutrient excess provide to metabolic programming.
Previous work with this model has demonstrated that a maternal
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Figure 3. Fetal hepatic apoptosis. Quantification of TUNEL positive
cells normalized to hepatic parenchyma area in G130 macaque fetal
liver for CTR, HFD, and REV maternal diet groups (A). Data are expressed
as fold increase over CTR of the median rate * standard error (CTR;
n=6, HFD; n=7, REV; n=6, "P<.05 versus CTR, ANOVA). Representative
brightfield images for TUNEL staining in CTR (B) and HFD (C) G130 fetal
liver. TUNEL staining was returned to CTR levels following maternal diet
reversal (REV), thus representative REV image is not pictured. Scale bar,
50um.

doi:10.1371/journal.pone.0017261.9g003

HFD altered fetal development and expression of key hypotha-
lamic neuropeptides in the context of hypothalamic inflammation
[49]. Furthermore, HFD fetal plasma contained elevated levels of
inflammatory cytokines, and elevated triglycerides and glycerol
that were highly correlated with maternal levels. In the liver, HFD
fetuses had premature gluconeogenic gene expression, steatosis,
elevated triglyceride content, and oxidative stress. The majority of
these changes were observed irrespective of maternal obesity or
maternal insulin resistance status and persisted into the early
postnatal period. Importantly, switching HFD mothers to a
control diet during pregnancy alone (diet-reversal; REV) normal-
ized a number of the observed fetal hepatic pathologies towards
control levels [47].

In the present study, we report in the nonhuman primate that
chronic maternal HFD consumption, independent of maternal
obesity or diabetes, leads to significantly reduced plasma levels of
n-3 fatty acids in fasted HFD pregnant dams and third trimester
fetuses. Our dietary model was designed to mimic the typical
Western diet being consumed by a majority of pregnant women in
the developed world. Whether the pathology is induced by
elevated dietary fat content per se or is instead due to a change in
dietary fatty acid composition (e.g. elevated n-6:n-3 ratio) was not
addressed by this experimental design. IFurthermore, we cannot
draw conclusions regarding whether specific fatty acid manipula-
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Table 5. Gas chromatography- mass spectrometry analysis of
maternal breast milk lipids.'
DIET GROUP
Fatty Common
Acid Name (Type) CTR HFD p-value?
Mean SEM Mean SEM
C 14:.0 Myristic 258 16.1 49.8 124 0.18
C 141 Myristoleic 24.6 1.3 337 1.7 0.51
C 16:0 Palmitic 60.1 18.7 87.7 133 0.42
c16:1 Palmitoleic 64.0 240 524 171 0.42
C 180 Stearic 279 83 46.4 6.8 0.10
C 181 Oleic (N9) 43.2 237 67.5 155 0.18
C 18:2 Linoleic (N6) 64.6 215 56.1 55 0.51
c18:3 Linolenic (N3) 13.2 5.0 154 53 0.61
C 20:4 Arachidonic (N6) 17 0.5 19 0.3 0.48
C 20:5 EPA (N3) 0.6 0.2 0.2 0.1 0.012
C 22:6 DHA (N3) 23 0.6 0.3 0.0 0.0007
Total Fatty Acids 3281 615 4116 325 0.30
Total Saturated 1139 412 1839 299 0.21
Total Monounsaturated 131.8 241 1537 186 0.61
Total Polyunsaturated 824 20.2 74.0 7.0 0.71
Total Essential Fatty Acids 77.8 19.0 71.5 6.7 0.71
Total N6 66.3 219 58.0 5.7 0.51
Total N3 16.1 4.9 16.0 54 0.51
N6:N3 Ratio 9.1 3.6 18.9 35 0.16
TAll values are means = SEM and are expressed as umol/L. (n=6 for CTR, n=16
for HFD).
20verall significance as determined by Student’s T-test or Wilcoxon rank sum
dtjif:.OJ371/journa|.pone.0017261.t005

tions (e.g. n-3 supplementation) would have beneficial effects on
the developing fetus.

In HFD dams we observed significantly reduced fasting plasma
levels of DHA, EPA and total n-3 fatty acids. In the HFD fetal
circulation, plasma levels of DHA and total n-3 fatty acids were
also significantly reduced when compared to the CTR diet
animals. HFD breast milk contained lower levels of EPA and
DHA than CTR breast milk, however total n-3 fatty acids were
not different between CTR and HFD breast milk. We also
observed that apoptosis was significantly increased in the HFD
fetal liver. Importantly, we found that returning HFD dams to a
CTR diet during pregnancy normalized plasma n-3 fatty acids in
pregnant dams and fetuses and returned fetal hepatic apoptosis to
control levels.

The maternal HFD diet had by definition a much higher total
fat content than the C'TR diet including much higher levels of
saturated, monounsaturated and polyunsaturated fats. Among the
essential fatty acids, the HFD also contained slightly higher levels
of linolenic acid (C18:3 n-3) but double the levels of the more
abundant linoleic acid (C18:2 n—6) and total n-6 fatty acids.
Consequently the HFD chow n-6:n-3 ratio was 2-fold higher than
the CTR n-6:n-3 ratio. The high saturated and monounsaturated
fatty acids in the HFD reflect that its fat largely came from animal
sources (lard, animal fat, and butter), versus the C'TR diet (grains
and soybean oil). Also included in the maternal HFD were daily
calorie-dense treats made from peanut butter.
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Figure 4. Maternal breast milk insulin and protein. Analysis of
insulin (A) and total protein levels (B) in breast milk from macaque dams
in CTR (white bars) and HFD (black bars) maternal diet groups. A. Insulin
was assayed by a commercially available primate RIA kit. HFD dams
have significantly higher levels of insulin in their breast milk than CTR
dams (CTR; n=11, HFD; n=17, “P<.01 versus CTR, Wilcoxon rank sum
test). B. Macaque breast milk total protein levels were measured from
the aqueous layer using a BCA™ Protein Assay kit across CTR (white
bars) and HFD (black bars) maternal diet groups. HFD breast milk
contains significantly lower levels of total protein when compared to
CTR ( CTR; n=13, HFD; n=17, "P<.05 versus CTR, Student's t-test).
doi:10.1371/journal.pone.0017261.g004

In humans, a recent report showed that low-nutrient-density
foods, consisting of refined carbohydrates and animal products
high in saturated fat, were the major contributors to the total
energy intake for a cohort of pregnant women [68]. While this
study was small in scope, the consumption of a diet that is high in
calories and saturated fats is similar to findings from nationally
representative studies of children and non-pregnant women
[69,70]. Thus, our NHP HFD has strikingly similar characteristics
to what is known about human dietary choices during pregnancy.

The present data are particularly relevant in light of the fact that
over the last 100 years dietary n-6:n-3 ratios have gone from being
close to 1:1 to approximately 20:1 [71]. There is strong evidence
suggesting that cellular membrane long chain polyunsaturated fatty
acid composition is largely determined by dietary ratios [72]. Thus,
the maternal and fetal plasma n-6:n-3 ratio mirrored the n-6:n-3
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Figure 5. Offspring body composition. DEXA analysis of macaque offspring at post-natal day 30 (P30) and post-natal day 90 (P90) from CTR
(white bars) and HFD (black bars) diet groups. A. Total weight of macaque offspring at P30 and P90. B. Normalized fat mass of macaque offspring
between CTR and HFD diet groups at P30 and P90 ("P<.05 versus CTR, Student’s t-test). C. Normalized lean body mass (LBM) of macaque offspring
between CTR and HFD diet groups at P30 and P90 ("P<.05 versus CTR, Student’s t-test). D. Normalized bone mineral content (BMC) of macaque
offspring between CTR and HFD diet groups at P30 and P90. All data is expressed as mean = standard error (P30 CTR; n=15, P30 HFD; n=17, P90

CTR; n=13, P90 HFD; n=19).
doi:10.1371/journal.pone.0017261.g005

ratio of the diet in each diet group. The elevated n-6:n-3 ratio found
in the HFD chow was a result of increases in n-6 fatty acids. Notably,
the maternal and fetal HFD plasma n-6:n-3 ratio was driven by
significant decreases in n-3 fatty acids when compared to CTR
plasma. In particular, DHA was significantly decreased in both the
maternal and fetal HFD circulation. Furthermore, significant
decreases in EPA and DHA were observed in breast milk. Thus,
the HFD offspring are provided with decreased levels of EPA, DHA
and n-3 fatty acids during both fetal and early postnatal life,
developmental periods that are dependent solely on maternal
transfer of nutritional substrates for normal growth.

The n-3 and n-6 long chain polyunsaturated fatty acids,
particularly DHA and AA, are critical for proper infant growth
and neurodevelopment (reviewed in [73]). DHA and AA are both
highly enriched in neural tissue while DHA is the major
component of retinal photoreceptor membranes [74-76]. While
only non-esterified fatty acids (NEFA) can be transferred from
mother to fetus directly, other mechanisms, including hydrolysis of
triglycerides and receptor mediated transfer, allow fatty acids
including docosahexaenoic acid (DHA, 22:6 n-3), eicosapentae-
noic acid (EPA, 20:5 n-3) and arachidonic acid (AA, 20:4 n-6), to
be transferred through the placenta to the fetus [77-81].

In the human fetus, there is limited capacity for de novo lipogenesis
and the precursors for fetal fat accretion are primarily supplied
trans-placentally and consist of maternal substrates derived from
lipids rather than from glucose [81-83]. It has also been shown in
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baboons that while the fetus has the capacity to synthesize DHA
from its EFA precursor, a-linolenic acid, preformed maternal DHA
1s preferentially used for DHA accretion in the fetal brain [84-86].
Thus, the composition of the fatty acid supply to the fetus is mainly
determined by maternal lipid profile and suggests that modifica-
tions of maternal diet or metabolic homeostasis will affect delivery
of lipid substrates to the fetus [87,88]. Our results support these
findings and demonstrate that decreased circulating levels of DHA,
total n-3 fatty acids, and an elevated n-6:n-3 ratio was recapitulated
in both maternal and fetal circulation.

Previous work in nonhuman primates demonstrated that dietary
deprivation of n-3 fatty acids, and consequent decreases in plasma
n-3 fatty acids during the prenatal and postnatal periods, had
profound effects on brain and visual system fatty acid composition
and retinal function of fetuses and infants [89,90]. Decreased levels
of n-3 fatty acids during development have also been associated
with altered acetylcholine and dopamine release in rodents
[91,92]. Recently it was reported in our model, that fetuses
exposed to a maternal HFD displayed significant changes in
central serotonergic systems and nearly 78% of the HFD offspring
displayed increased anxious or aggressive behavior during
behavioral tests at postnatal day 130 [50]. Our work demonstrates
that circulating levels of DHA and total n-3 fatty acids are
significantly reduced in the HFD maternal and fetal plasma. Thus
while the changes in fetal brain development previously reported
in our model are likely to be multifactorial, our data suggests that
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the lower levels of plasma DHA and n-3 fatty acids found in the
HFD fetal circulation may be partly responsible.

While the maternal HFD chow has decreased levels of EPA and
DHA when compared to the C'TR chow, the levels of total n-3
fatty acids were not different between two diets. In addition, the
maternal HFD has much higher levels of a-linolenic acid (C18:3,
n-3), an essential fatty acid precursor necessary for DHA synthesis,
than the CTR chow. Neuringer et al. [90] demonstrated in the
NHP that plasma levels of DHA could be maintained in pregnant
dams fed a diet containing 8% o-linolenic acid despite
undetectable levels of pre-formed DHA. It has been well
established that the desaturases responsible for synthesis of DHA
from o-linolenic acid are subject to regulation from dietary and
hormonal factors [93-98]; in particular, n—3 and n—6 fatty acids
compete as substrates for these desaturases as well as for uptake
into tissues. Thus it is reasonable to conclude that the decreased
levels of maternal plasma DHA and total n-3 fatty acids we
observed are due to the high n—6:n-3 ratio of the HFD.

The present study expands upon previous findings that suggest
that maternal diet can lead to severe inflammatory and oxidative
stress in the fetal liver. McCurdy et al. explored the effects of
maternal HFD in this model and demonstrated evidence of fetal
hepatic steatosis, oxidative stress, upregulation of heat-shock
proteins, and increased phosphorylation of ¢-Jun NHy-terminal
kinase (p-JNK), and increased inflammatory cytokines in the fetal
circulation [47]. While our data does not show that the HFD fetal
liver is the primary site of cytokine synthesis (at least at a
transcriptional level), the circulating inflammatory insult to the
developing fetal liver in our model is nonetheless quite significant.

Hepatocyte apoptosis is a marker of disease severity in numerous
hepatic disease states [99-101]. In fact, the severity of hepatocyte
apoptosis 1s significantly correlated with histopathological and
biochemical markers of NASH and hepatic fibrosis [102]. There is
evidence that there are connections between fatty acids, hepatic
steatosis and hepatic apoptosis. For example, incubation of HepG2
cells wm-vitro with saturated and monounsaturated fatty acids
produced steatosis and p-JNK-dependent apoptosis that was more
pronounced with saturated fatty acids [103]. In primary rat
hepatocytes, treatment with oleic and stearic acid induced steatosis
and sensitized hepatocytes to cytotoxicity mediated by tumor
necrosis factor related apoptosis inducing ligand (TRAIL) [104].
Our data show a significant increase in the numbers of apoptotic cells
in fetal livers exposed to a maternal high-fat diet. Previous findings of
severe hepatic steatosis, increases in p-JNK, and high circulating
levels of inflammatory cytokines [47], as well as our current findings
of increased oleic acid in the fetal circulation are consistent with
previously described mechanisms of hepatic apoptosis. To our
knowledge, the increased apoptosis in the HFD fetal liver is a novel
finding that reinforces the extent of damage occurring within the
developing fetal liver. However, the regenerative capacity of the liver
1s formidable and studies already in progress will determine whether
permanent hepatic damage is evident in these animals.

References

1. Mokdad AH, Ford ES, Bowman BA, Dietz WH, Vinicor F, et al. (2003)
Prevalence of obesity, diabetes, and obesity-related health risk factors, 2001.
Jama 289: 76-79.

2. Mokdad AH, Serdula MK, Dietz WH, Bowman BA, Marks JS, et al. (1999)
The spread of the obesity epidemic in the United States, 1991-1998. Jama 282:
1519-1522.

3. Vahratian A (2008) Prevalence of Overweight and Obesity Among Women of
Childbearing Age: Results from the 2002 National Survey of Family Growth.
Matern Child Health J.

4. Hedley AA, Ogden CL, Johnson CL, Carroll MD, Curtin LR, et al. (2004)
Prevalence of overweight and obesity among US children, adolescents, and
adults, 1999-2002. Jama 291: 2847-2850.

@ PLoS ONE | www.plosone.org

12

Maternal Diet and Fetal Hepatic Apoptosis

Our NHP model is a sophisticated and effective tool that makes it
possible to quickly translate our findings into human clinical
research studies. In addition to our findings, previous work with this
model highlights the complex relationship between maternal diet
and obesity. It has been shown that fetal serum metabolites are
reduced under maternal high fat diet conditions. In agreement with
our fatty acid findings, changes in specific fetal serum metabolites
were associated with maternal diet, while others were associated
with maternal obesity and insulin resistance [53]. Future studies are
needed to untangle the contribution of maternal phenotype from
maternal diet and their combined effects on fetal development
before comprehensive interventions are employed. Within the midst
of the present childhood obesity epidemic, it is critical that we move
our findings forward into human studies and potentially into the
realm of public health policy and clinical practice.

Supporting Information

Figure S1 Correlation of fetal plasma fatty acids with
maternal glucose clearance. Pair-wise correlation analysis of
fetal plasma Myristic; C 14:0 (A), Palmitic; G 16:0 (B), Oleic; G
18:1 (C), and Linolenic; C 18:3 (D) FA’s with respective maternal
glucose AUC across CTR, HFD and REV maternal diet groups
(n=22-23 maternal/fetal pairs). (CTR: white squares, HFD: dark
grey circles, REV: grey diamonds).

(TIF)

Table S1 Macaque primer sequences. Primer sequences
used in this study for Real-time PCR amplification of macaque
inflammatory markers. Genbank accession numbers are also
provided. Definition of abbreviations: F, forward primer; R,
reverse primer.

(DOC)

Methods S1 Additional methods used in this study.
(DOC)

Acknowledgments

The authors would like to thank Dr. Martha Neuringer for providing a
critical reading of this manuscript. The authors would like to acknowledge
the technical assistance of Mike Lasarev, Christopher Osman, Lindsay
Pranger, Ashley Kostrba, Sarah R. Lindsey, Carolyn Gendron, Cara
Poage, Peter Levasseur, Xin Xia Zhu, Dimitri Boss and the Division of
Animal Resources and Veterinary staff of the ONPRC. We would also like
to acknowledge Dr. Anda Cornea and the ONPRC microscopy core.

Author Contributions

Conceived and designed the experiments: WFG MBG AKB NMF KLG
JEF DLM. Performed the experiments: WFG MBG AKB NMF SMC DT
TPB. Analyzed the data: WFG MBG AKB NMF. Contributed reagents/
materials/analysis tools: KLG JEF. Wrote the paper: WFG DLM.

5. Ogden CL, Carroll MD, Curtin LR, McDowell MA, Tabak CJ, et al. (2006)
Prevalence of overweight and obesity in the United States, 1999-2004. Jama
295: 1549-1555.

6. Pinhas-Hamiel O, Zeitler P (2005) The global spread of type 2 diabetes mellitus
in children and adolescents. J Pediatr 146: 693-700.

7. Pinhas-Hamiel O, Zeitler P (2007) Acute and chronic complications of type 2
diabetes mellitus in children and adolescents. Lancet 369: 1823-1831.

8. Bispham J, Gardner DS, Gnanalingham MG, Stephenson T, Symonds ME,
et al. (2005) Maternal nutritional programming of fetal adipose tissue
development: differential effects on messenger ribonucleic acid abundance for
uncoupling proteins and peroxisome proliferator-activated and prolactin
receptors. Endocrinology 146: 3943-3949.

February 2011 | Volume 6 | Issue 2 | 17261



20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

. Budge H, Gnanalingham MG, Gardner DS, Mostyn A, Stephenson T, et al.

(2005) Maternal nutritional programming of fetal adipose tissue development:
long-term consequences for later obesity. Birth Defects Res C Embryo Today
75: 193-199.

. Oken E, Taveras EM, Kleinman KP, Rich-Edwards JW, Gillman MW (2007)

Gestational weight gain and child adiposity at age 3 years. Am J Obstet
Gynecol 196: 322 ¢321-328.

. Painter RC, de Rooij SR, Bossuyt PM, de Groot E, Stok W], et al. (2007)

Maternal nutrition during gestation and carotid arterial compliance in the adult
offspring: the Dutch famine birth cohort. ] Hypertens 25: 533-540.

. Stein AD, Ravelli AC, Lumey LH (1995) Famine, third-trimester pregnancy

weight gain, and intrauterine growth: the Dutch Famine Birth Cohort Study.
Hum Biol 67: 135-150.

. Stein AD, Zybert PA, van de Bor M, Lumey LH (2004) Intrauterine famine

exposure and body proportions at birth: the Dutch Hunger Winter.
Int J Epidemiol 33: 831-836.

. Stein Z, Susser M (1975) The Dutch famine, 19441945, and the reproductive

process. II. Interrelations of caloric rations and six indices at birth. Pediatr Res
9: 76-83.

. Stocker CJ, Arch JR, Cawthorne MA (2005) Fetal origins of insulin resistance

and obesity. Proc Nutr Soc 64: 143-151.

. Boney CM, Verma A, Tucker R, Vohr BR (2005) Metabolic syndrome in

childhood: association with birth weight, maternal obesity, and gestational
diabetes mellitus. Pediatrics 115: €290-296.

. Dabelea D, Hanson RL, Lindsay RS, Pettitt DJ, Imperatore G, et al. (2000)

Intrauterine exposure to diabetes conveys risks for type 2 diabetes and obesity:
a study of discordant sibships. Diabetes 49: 2208-2211.

. Dabelea D, Pettitt DJ, Hanson RL, Imperatore G, Bennett PH, et al. (1999)

Birth weight, type 2 diabetes, and insulin resistance in Pima Indian children
and young adults. Diabetes Care 22: 944-950.

. Garcia Carrapato MR (2003) The offspring of gestational diabetes. ] Perinat

Med 31: 5-11.

Plagemann A, Harder T, Kohlhoff R, Rohde W, Dorner G (1997) Overweight
and obesity in infants of mothers with long-term insulin-dependent diabetes or
gestational diabetes. Int J] Obes Relat Metab Disord 21: 451-456.

Plagemann A, Harder T, Kohlhoff R, Rohde W, Dorner G (1997) Glucose
tolerance and insulin secretion in children of mothers with pregestational
IDDM or gestational diabetes. Diabetologia 40: 1094-1100.

Silverman BL, Landsberg L, Metzger BE (1993) Fetal hyperinsulinism in
offspring of diabetic mothers. Association with the subsequent development of
childhood obesity. Ann N 'Y Acad Sci 699: 36-45.

Van Assche FA, Holemans K, Aerts L (2001) Long-term consequences for
offspring of diabetes during pregnancy. Br Med Bull 60: 173-182.

Whitaker RC (2004) Predicting preschooler obesity at birth: the role of
maternal obesity in early pregnancy. Pediatrics 114: ¢29-36.

. Yogev Y, Langer O (2008) Pregnancy outcome in obese and morbidly obese

gestational diabetic women. Eur J Obstet Gynecol Reprod Biol 137: 21-26.
Anguita RM, Sigulem DM, Sawaya AL (1993) Intrauterine food restriction is
associated with obesity in young rats. J Nutr 123: 1421-1428.

Chang GQ, Gaysinskaya V, Karatayev O, Leibowitz SF (2008) Maternal high-
fat diet and fetal programming: increased proliferation of hypothalamic
peptide-producing neurons that increase risk for overeating and obesity.
J Neurosci 28: 12107-12119.

Davidowa H, Heidel E, Plagemann A (2002) Differential involvement of
dopamine D1 and D2 receptors and inhibition by dopamine of hypothalamic
VMN neurons in early postnatally overfed juvenile rats. Nutr Neurosci 5:
27-36.

Davidowa H, Li Y, Plagemann A (2002) Hypothalamic ventromedial and
arcuate neurons of normal and postnatally overnourished rats differ in their
responses to melanin-concentrating hormone. Regul Pept 108: 103-111.
Davidowa H, Li Y, Plagemann A (2003) Altered responses to orexigenic
(AGRP, MCH) and anorexigenic (alpha-MSH, CART) neuropeptides of
paraventricular hypothalamic neurons in early postnatally overfed rats.
Eur J Neurosci 18: 613-621.

Davidowa H, Plagemann A (2000) Different responses of ventromedial
hypothalamic neurons to leptin in normal and early postnatally overfed rats.
Neurosci Lett 293: 21-24.

Davidowa H, Plagemann A (2000) Decreased inhibition by leptin of
hypothalamic arcuate neurons in neonatally overfed young rats. Neuroreport
11: 2795-2798.

Davidowa H, Plagemann A (2001) Inhibition by insulin of hypothalamic VMN
neurons in rats overweight due to postnatal overfeeding. Neuroreport 12:
3201-3204.

Davidowa H, Plagemann A (2004) Hypothalamic neurons of postnatally
overfed, overweight rats respond differentially to corticotropin-releasing
hormones. Neurosci Lett 371: 64-68.

Levin BE, Govek E (1998) Gestational obesity accentuates obesity in obesity-
prone progeny. Am J Physiol 275: R1374-1379.

Ozanne SE, Hales CN (1999) The long-term consequences of intra-uterine
protein malnutrition for glucose metabolism. Proc Nutr Soc 58: 615-619.
Srinivasan M, Aalinkeel R, Song F, Mitrani P, Pandya JD, et al. (2006)
Maternal hyperinsulinemia predisposes rat fetuses for hyperinsulinemia, and
adult-onset obesity and maternal mild food restriction reverses this phenotype.

Am ] Physiol Endocrinol Metab 290: E129-E134.

@ PLoS ONE | www.plosone.org

13

38.

40.

41.

42.

46.

47.

48.
49.

50.

52.

53.

54.

55.

56.

57.

58.

60.

61.

62.

63.

64.

65.

66.

Maternal Diet and Fetal Hepatic Apoptosis

Srinivasan M, Katewa SD, Palaniyappan A, Pandya JD, Patel MS (2006)
Maternal high-fat diet consumption results in fetal malprogramming
predisposing to the onset of metabolic syndrome-like phenotype in adulthood.
Am ] Physiol Endocrinol Metab 291: E792-799.

. Thone-Reineke C, Kalk P, Dorn M, Klaus S, Simon K, et al. (2006) High-

protein nutrition during pregnancy and lactation programs blood pressure,
food efficiency, and body weight of the offspring in a sex-dependent manner.
Am J Physiol Regul Integr Comp Physiol 291: R1025-1030.

Xiao XQ, Williams SM, Grayson BE, Glavas MM, Cowley MA, et al. (2007)
Excess weight gain during the early postnatal period is associated with
permanent reprogramming of brown adipose tissue adaptive thermogenesis.
Endocrinology 148: 4150-4159.

Bouret SG, Draper SJ, Simerly RB (2004) Formation of projection pathways
from the arcuate nucleus of the hypothalamus to hypothalamic regions
implicated in the neural control of feeding behavior in mice. J Neurosci 24:
2797-2805.

Koutcherov Y, Mai JK, Ashwell KW, Paxinos G (2002) Organization of
human hypothalamus in fetal development. J] Comp Neurol 446: 301-324.

. Grayson BE, Allen SE, Billes SK, Williams SM, Smith MS, et al. (2006)

Prenatal development of hypothalamic neuropeptide systems in the nonhuman
primate. Neuroscience 143: 975-986.

. Grove KL, Allen S, Grayson BE, Smith MS (2003) Postnatal development of

the hypothalamic neuropeptide Y system. Neuroscience 116: 393-406.

. Grove KL, Smith MS (2003) Ontogeny of the hypothalamic neuropeptide Y

system. Physiol Behav 79: 47-63.

Maltepe E, Bakardjiev Al Fisher SJ () The placenta: transcriptional, epigenetic,
and physiological integration during development. J Clin Invest 120:
1016-1025.

McCurdy CE, Bishop JM, Williams SM, Grayson BE, Smith SM, et al. (2009)
Maternal high-fat diet triggers lipotoxicity in the fetal livers of nonhuman
primates. The Journal of Clinical Investigation 119: 323-335.

Peters JC (2003) Dietary fat and body weight control. Lipids 38: 123-127.
Grayson BE, LeVasseur P, Williams SM, Smith SM, Marks DL, et al. (2007)
Changes in Melanocortin Expression and Inflammatory Pathways in Fetal
Offspring of Nonhuman Primates Fed a High Fat Diet. in preparation.
Sullivan EL, Grayson B, Takahashi D, Robertson N, Maier A, et al. Chronic
consumption of a high-fat diet during pregnancy causes perturbations in the
serotonergic system and increased anxiety-like behavior in nonhuman primate
offspring. J Neurosci 30: 3826-3830.

. Aagaard-Tillery KM, Grove K, Bishop J, Ke X, Fu Q, et al. (2008)

Developmental origins of disease and determinants of chromatin structure:
maternal diet modifies the primate fetal epigenome. J Mol Endocrinol 41:
91-102.

Suter M, Bocock P, Showalter L, Hu M, Shope C, et al. Epigenomics: maternal
high-fat diet exposure in utero disrupts peripheral circadian gene expression in
nonhuman primates. Faseb J.

Cox J, Williams S, Grove K, Lane RH, Aagaard-Tillery KM (2009) A maternal
high-fat diet is accompanied by alterations in the fetal primate metabolome.
Am J Obstet Gynecol 201: 281 ¢281-289.

Lagerstedt SA, Hinrichs DR, Batt SM, Magera M]J, Rinaldo P, et al. (2001)
Quantitative determination of plasma c¢8-c26 total fatty acids for the
biochemical diagnosis of nutritional and metabolic disorders. Mol Genet
Metab 73: 38-45.

Pfaffl MW (2001) A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res 29: e45.

ABI (2006) Amplification Efficiency of Tagman Expression Assays.

Kidd M, Nadler B, Mane S, Eick G, Malfertheiner M, et al. (2007) GeneChip,
geNorm, and gastrointestinal tumors: novel reference genes for real-time PCR.
Physiol Genomics 30: 363-370.

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, et al. (2002)
Accurate normalization of real-time quantitative RT-PCR data by geometric
averaging of multiple internal control genes. Genome Biol 3: RE-
SEARCHO0034.

. Yacoubian S, Serhan CN (2007) New endogenous anti-inflammatory and

proresolving lipid mediators: implications for rheumatic diseases. Nat Clin
Pract Rheumatol 3: 570-579; quiz 571 p following 589.

Gordon S (2003) Alternative activation of macrophages. Nat Rev Immunol 3:
23-35.

Lumeng CN, Bodzin JL, Saltiel AR (2007) Obesity induces a phenotypic switch
in adipose tissue macrophage polarization. J Clin Invest 117: 175-184.
Beckmann CRB (2006) Obstetrics and gynecology. 5th ed. PhiladelphiaPA:
Lippincott Williams & Wilkins. pp xvii, 813 p.

Cox LA, Nijland MJ, Gilbert JS, Schlabritz-Loutsevitch NE, Hubbard GB, et
al. (2006) Effect of 30 per cent maternal nutrient restriction from 0.16 to 0.5
gestation on fetal baboon kidney gene expression. J Physiol 572: 67-85.

Li C, Levitz M, Hubbard GB, Jenkins SL, Han V, et al. (2007) The IGF axis in
baboon pregnancy: placental and systemic responses to feeding 70% global ad
libitum diet. Placenta 28: 1200-1210.

Nijland M]J, Schlabritz-Loutsevitch NE, Hubbard GB, Nathanielsz PW,
Cox LA (2007) Non-human primate fetal kidney transcriptome analysis
indicates mammalian target of rapamycin (mTOR) is a central nutrient-
responsive pathway. J Physiol 579: 643-656.

Schlabritz-Loutsevitch N, Ballesteros B, Dudley C, Jenkins S, Hubbard G, et al.

(2007) Moderate maternal nutrient restriction, but not glucocorticoid

February 2011 | Volume 6 | Issue 2 | 17261



67.

68.

69.

70.

71.

72.

73.

75.

76.

77.

78.

80.

81.

82.

83.

84.

85.

administration, leads to placental morphological changes in the baboon (Papio
sp.). Placenta 28: 783-793.

Schlabritz-Loutsevitch NE, Dudley CJ, Gomez JJ, Nevill CH, Smith BK, et al.
(2007) Metabolic adjustments to moderate maternal nutrient restriction.
Br J Nutr 98: 276-284.

Siega-Riz AM, Bodnar LM, Savitz DA (2002) What are pregnant women
eating? Nutrient and food group differences by race. Am J Obstet Gynecol 186:
480-486.

Block G, Dresser CM, Hartman AM, Carroll MD (1985) Nutrient sources in
the American diet: quantitative data from the NHANES II survey. I
Macronutrients and fats. Am J Epidemiol 122: 27-40.

Subar AF, Krebs-Smith SM, Cook A, Kahle LL (1998) Dietary sources of

nutrients among US children, 1989-1991. Pediatrics 102: 913-923.
Simopoulos AP (1999) Essential fatty acids in health and chronic disease.
Am J Clin Nutr 70: 560S-569S.

Simopoulos AP (1991) Omega-3 fatty acids in health and disease and in growth
and development. Am J Clin Nutr 54: 438-463.

Innis SM (1991) Essential fatty acids in growth and development. Prog Lipid
Res 30: 39-103.

. Clandinin MT, Chappell JE, Leong S, Heim T, Swyer PR, et al. (1980)

Extrauterine fatty acid accretion in infant brain: implications for fatty acid
requirements. Early Hum Dev 4: 131-138.

Clandinin MT, Chappell JE, Leong S, Heim T, Swyer PR, et al. (1980)
Intrauterine fatty acid accretion rates in human brain: implications for fatty
acid requirements. Early Hum Dev 4: 121-129.

Martinez M (1992) Tissue levels of polyunsaturated fatty acids during early
human development. J Pediatr 120: S129-138.

Crabtree JT, Gordon MJ, Campbell FM, Dutta-Roy AK (1998) Differential
distribution and metabolism of arachidonic acid and docosahexaenoic acid by
human placental choriocarcinoma (BeWo) cells. Mol Cell Biochem 185:
191-198.

Diamant YZ, Metzger BE, Freinkel N, Shafrir E (1982) Placental lipid and
glycogen content in human and experimental diabetes mellitus. Am J Obstet
Gynecol 144: 5-11.

. Hudson DG, Elphick MC, Hull D (1977) Distribution of label in maternal

plasma, placenta, fetal plasma and tissues after injection of 14C-palmitate into
the circulation of 21- and 28-day-pregnant rabbits. Biol Neonate 32: 290-295.
Ruyle M, Connor WE, Anderson GJ, Lowensohn RI (1990) Placental transfer
of essential fatty acids in humans: venous-arterial difference for docosahex-
aenoic acid in fetal umbilical erythrocytes. Proc Natl Acad Sci U S A 87:
7902-7906.

Herrera E, Amusquivar E, Lopez-Soldado I, Ortega H (2006) Maternal lipid
metabolism and placental lipid transfer. Horm Res 65 Suppl 3: 59-64.
Haggarty P (2002) Placental regulation of fatty acid delivery and its effect on
fetal growth—a review. Placenta 23 Suppl A: S28-38.

Herrera E, Amusquivar E (2000) Lipid metabolism in the fetus and the
newborn. Diabetes Metab Res Rev 16: 202-210.

Su HM, Bernardo L, Mirmiran M, Ma XH, Corso TN, et al. (1999)
Bioequivalence of dietary alpha-linolenic and docosahexaenoic acids as sources
of docosahexaenoate accretion in brain and associated organs of neonatal
baboons. Pediatr Res 45: 87-93.

Su HM, Corso TN, Nathanielsz PW, Brenna JT (1999) Linoleic acid kinetics
and conversion to arachidonic acid in the pregnant and fetal baboon. J Lipid

Res 40: 1304-1312.

@ PLoS ONE | www.plosone.org

14

86.

87.

88.

89.

90.

91.

92.

93.

94.

97.

98.

99.

100.

101.

102.

103.

104.

Maternal Diet and Fetal Hepatic Apoptosis

Su HM, Huang MC, Saad NM, Nathanielsz PW, Brenna JT (2001) Fetal
baboons convert 18:3n-3 to 22:6n-3 in vivo. A stable isotope tracer study.
J Lipid Res 42: 581-586.

Carlson SE, Cooke R]J, Rhodes PG, Peeples JM, Werkman SH (1992) Effect of
vegetable and marine oils in preterm infant formulas on blood arachidonic and
docosahexaenoic acids. J Pediatr 120: S159-167.

Olsen SF, Secher NJ, Tabor A, Weber T, Walker ]], et al. (2000) Randomised
clinical trials of fish oil supplementation in high risk pregnancies. Fish Oil Trials
In Pregnancy (FOTIP) Team. Bjog 107: 382-395.

Neuringer M, Connor WE, Lin DS, Barstad L, Luck S (1986) Biochemical and
functional effects of prenatal and postnatal omega 3 fatty acid deficiency on
retina and brain in rhesus monkeys. Proc Natl Acad Sci U S A 83: 4021-4025.
Neuringer M, Connor WE, Van Petten C, Barstad L (1984) Dietary omega-3
fatty acid deficiency and visual loss in infant rhesus monkeys. J Clin Invest 73:
272-276.

Aid S, Vancassel S, Poumes-Ballihaut C, Chalon S, Guesnet P, et al. (2003)
Effect of a diet-induced n-3 PUFA depletion on cholinergic parameters in the
rat hippocampus. J Lipid Res 44: 1545-1551.

Kodas E, Vancassel S, Lejeune B, Guilloteau D, Chalon S (2002) Reversibility
of n-3 fatty acid deficiency-induced changes in dopaminergic neurotransmis-
sion in rats: critical role of developmental stage. J Lipid Res 43: 1209-1219.
Brenner RR (1981) Nutritional and hormonal factors influencing desaturation
of essential fatty acids. Prog Lipid Res 20: 41-47.

Castuma JC, Catala A, Brenner RR (1972) Oxidative desaturation of eicosa-
8,11-dienoic acid to eicosa-5,8,11-trienoic acid: comparison of different diets on
oxidative desaturation at the 5,6 and 6,7 positions. J Lipid Res 13: 783-789.

. Eck MG, Wynn JO, Carter WJ, Faas FH (1979) Fatty acid desaturation in

experimental diabetes mellitus. Diabetes 28: 479-485.

. Inkpen CA, Harris RA, Quackenbush FW (1969) Differential responses to

fasting and subsequent feeding by microsomal systems of rat liver: 6- and 9-
desaturation of fatty acids. J Lipid Res 10: 277-282.

Rosenthal MD (1987) Apparent specificity of the thrombin-stimulated
deacylation of endothelial glycerolipids for polyunsaturated fatty acids with a
delta-5 desaturation. Biochim Biophys Acta 917: 279-289.

Sprecher H (1981) Biochemistry of essential fatty acids. Prog Lipid Res 20:
13-22.

Hatano E (2007) Tumor necrosis factor signaling in hepatocyte apoptosis.
J Gastroenterol Hepatol 22 Suppl 1: S43-44.

Ishii H, Adachi M, Fernandez-Checa JC, Cederbaum Al, Deaciuc IV, et al.
(2003) Role of apoptosis in alcoholic liver injury. Alcohol Clin Exp Res 27:
1207-1212.

Rudiger HA, Clavien PA (2002) Tumor necrosis factor alpha, but not Fas,
mediates hepatocellular apoptosis in the murine ischemic liver. Gastroenter-
ology 122: 202-210.

Feldstein AE, Canbay A, Angulo P, Taniai M, Burgart L], et al. (2003)
Hepatocyte apoptosis and fas expression are prominent features of human
nonalcoholic steatohepatitis. Gastroenterology 125: 437-443.

Malhi H, Bronk SF, Werneburg NW, Gores GJ (2006) Free fatty acids induce
JNK-dependent hepatocyte lipoapoptosis. J Biol Chem 281: 12093-12101.
Malhi H, Barreyro FJ, Isomoto H, Bronk SF, Gores GJ (2007) Free fatty acids
sensitise hepatocytes to TRAIL mediated cytotoxicity. Gut 56: 1124-1131.

February 2011 | Volume 6 | Issue 2 | 17261



