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Abstract

Maternal obesity in women is increasing worldwide. The objective of this study was to evalu-
ate differences in adipose tissue metabolism and function in adult male offspring from
obese and control fed mothers subjected to an ad libitum feeding challenge. We developed
a model in which obese ewes were fed 150% of feed provided for controls from 60 days be-
fore mating to term. All ewes were fed to requirements during lactation. After weaning, F1
male offspring were fed only to maintenance requirements until adulthood (control = 7,
obese = 6), when they were fed ad libitum for 12 weeks with intake monitored. At the end of
the feeding challenge offspring were given an intravenous glucose tolerance test (IVGTT),
necropsied, and adipose tissue collected. During the feeding trial F1obese males con-
sumed more (P < 0.01), gained more weight (P < 0.01) and became heavier (P < 0.05)
than F1control males. During IVGTT, Obese F1 offspring were hyperglycemic and hypoin-
sulinemic (P < 0.01) compared to F1 control F1. At necropsy perirenal and omental adipose
depots weights were 47% and 58% greater respectively and subcutaneous fat thickness
41% greater in F1obese vs Ficontrol males (P < 0.05). Adipocyte diameters were greater
(P < 0.04) in perirenal, omental and subcutaneous adipose depots in F1obese males (11, 8
and 7% increase vs. control, respectively). When adipose tissue was incubated for 2 hrs
with C-14 labeled acetate, subcutaneous, perirenal, and omental adipose tissue of F1
obese males exhibited greater incorporation (290, 83, and 90% increase vs. control, respec-
tively P < 0.05) of acetate into lipids. Expression of fatty acid transporting, binding, and syn-
theses MRNA and protein was increased (P < 0.05) compared to F1 control offspring.
Maternal obesity increased appetite and adiposity associated with increased adipocyte di-
ameters and increased fatty acid synthesis in over-nourished adult male offspring.
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Introduction

Obesity is epidemic in developed and developing countries including a significant number of
women of child-bearing age, including one third of women in the US [1,2,3,4]. In parallel with
increased maternal obesity, the childhood obesity rate in Western societies has increased to
15-20% and is predicted to increase further [5,6]. The prevalence of obesity is greatest among
children of obese mothers [7]. There is an independent association between maternal BMI and
offspring adiposity and insulin resistance [8,9,10]. There is currently much interest in the im-
pacts of in-utero developmental programming during maternal obesity on predisposing oft-
spring to a variety of health problems increased risk of developing metabolic syndrome [8].
Compelling human and animal studies strongly suggest that obesity and other chronic diseases
may be programmed during fetal life [11,12,13,14]. In precocial species (e.g. sheep and hu-
mans) in contrast to altricial rodents adipogenesis and lipogenesis occur predominantly prena-
tally [15].

In our ovine model of pre-pregnancy maternal obesity, weight of fetuses of obese mothers
increased 30% by mid-gestation in combination with increased fetal circulating glucose, insu-
lin, and IGF-1 and greater mid-gestation pancreatic weights compared with fetuses from moth-
ers fed recommendations, [14]. In addition, at both mid- and late gestation, placental fatty acid
transporter expression was upregulated in placentae from obese ewes compared to control
ewes, and was positively associated with increased maternal and fetal circulating lipids [15]. As
a result, late gestation fetuses from obese ewes showed increased adiposity, increased adipocyte
diameters, lipid content, nutrient transporter expression, and fatty acid synthesizing enzymes
compared to control fetuses [16]. Newborn lambs born to obese ewes had similar birth weights
but greater adiposity compared with lambs born to control ewes [14].

Obese offspring exhibited a decreased ability of insulin to dispose of glucose into body tis-
sues compared to control offspring before a feeding challenge [17]. By the end of an ad libitum
feeding trial these differences were markedly increased, with obese offspring exhibited in-
creased insulin resistance and a decrease in first-phase insulin secretion compared to control
offspring. Further, obese offspring exhibited increased feed intake, body weight gain and fat
mass during the feeding trial compared to control offspring. Because dual X-ray absorptiome-
try was used to measure body fat mass it was not possible to determine whether the increase in
body fat after the ad libitum feeding challenge was a result of increased visceral or subcutane-
ous fat depots.

The present study was conducted to evaluate the impact of maternal obesity in altering the
size, structure, mRNA and protein expression and function of omental, perirenal, mesenteric
and subcutaneous fat depots in adult offspring subjected to an ad libitum feeding challenge.

Materials and Methods

All animal procedures were approved by the University of Wyoming IACUC. Beginning 60
days before conception and continuing through parturition, Rambouillet: Columbia cross ewes
(3-5 years of age with 2-3 previous pregnancies) were fed either a highly palatable diet at 100%
of National Research Council (NRC) [18] recommendations (Control, Con) or 150% of NRC’s
recommended (Obese, OB). All ewes were weighed weekly and rations adjusted for metabolic
body weight (BW"”?). Body condition was scored monthly to evaluate changes in fatness. A
body condition score of 1 to 9 was assigned by two trained observers [19].

The animals utilized in this study resulted from 13 ewes with 2 singles and 5 twin pregnan-
cies in the control ewes and 3 singles and 3 twin pregnancies in the OB ewes. No two offspring
were used from the same ewe. During lactation, ewes were fed to NRC requirements. Prior to
two weeks of age, male lambs were tail-docked and castrated as per Federation of Animal
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Science Societies recommendations [20]. Male offspring were generated over 2 consecutive
breeding seasons utilizing a single ram. From weaning until 2 to 3 years of age, depending on
year of birth, male offspring were maintained as a group and fed to NRC maintenance require-
ments. Four 3 year old and three 2 year old male Con males and three 3 year old and three 2
year old OB males were adapted from a hay and grain diet to the experimental ration at main-
tenance levels over a 2 week acclimation period after which they were placed on a 12 week ad li-
bitum feeding trial using the same diet previously described [17]. A body condition score was
determined at the beginning and at the end of the feeding trail. During the feeding trial, weth-
ers were housed in a single group with free access to water and the experimental ration avail-
able via an automated feeding behavior data acquisition system (GrowSafe Systems Ltd.,
Airdrie, Alberta, Canada). Blood samples (~9 mL) were collected every 2 weeks throughout the
feeding trial into heparinized tubes (143 USP units per 9 ml of whole blood) at 0700 hours, and
blood was centrifuged at 2,500 x g and plasma was collected and stored at -80° C. Body weights
were obtained every 2 weeks and at the end of the feeding trial.

To confirm and more fully characterize this significant impact of ad libitum feeding on in-
sulin and glucose dynamics, a jugular venous catheter (Abbocath, 16ga, Abbott Laboratories,
North Chicago, IL) and extension set was placed aseptically at the end of the trial, 24 hours
prior to conducting an intravenous glucose tolerance test IVGTT). The neck and shoulders
were covered with netting (Derma Science Inc, Princeton NJ) to prevent catheter damage. Off-
spring were maintained in adjacent individual pens with free access to water. No feed was pro-
vided for ~ 18 h prior to and during the IVGGT as previously described [13]. Jugular blood
samples (~ 6 ml) were obtained into chilled heparinized tubes at -15, and 0 min relative to infu-
sion of a 0.25 g/kg intravenous glucose bolus (50% dextrose solution; Vedco, St, Joseph, MO)
administered over 5 seconds. Blood samples were collected at 2, 5, 10, 15, 20, 30, 45, 60, 90 and
120 minutes after glucose infusion. All blood samples were immediately placed on ice, then
processed and frozen as previously described. After the IVGGT, the ad libitum experimental
ration was continued for an additional 2 to 3 days until necropsy.

Male offspring were euthanized with an overdose of sodium pentobarbital (Beuthanasia-D
Special; Schering-Plough Animal Health, Union, NJ). Organs and tissue were removed and
weighed. Omental adipose tissue was collected close to the dorsal rumen and the celiac artery,
perirenal adipose tissue from around the left kidney close to the hylus, and mesenteric adipose
tissue was collect between the cecum and the colon. Subcutaneous adipose tissue was collected
from above the 12 rib approximately 4 cm off the midline. All adipose tissue was collected by
the same trained investigator for all animals. All adipose tissue samples were collected within 2
minutes of euthanasia and weights recorded. Adipose tissue samples for molecular analyses
and fatty acid composition were snap frozen in liquid nitrogen and stored at—80°C. The re-
maining visceral adipose depots were dissected by the same trained individual for all animals
and weighed and total depot weights calculated. Subcutaneous adipose tissue thickness was
measured 4 cm off the midline over the 12 rib on the side opposite the analysis sampling site.
The whole heart was weighed and left and right ventricular free wall dissected and weighed.
Ventricular thicknesses were recorded at three random sites across the ventricular wall and
values averaged.

In vitro acetate incorporation into total lipids was performed as previously described [21].
Triplicate 100 mg samples of fresh minced (< 30 min after necropsy) adipose tissue from the
perirenal, omental, mesenteric, and subcutaneous depots were incubated for 120 min in 30.0
mL of Krebs-Ringer bicarbonate buffer containing 10 mM glucose, 5.0 mM acetate and 0.5 uCi
1C-acetate (Perkin Elmer Life Sciences). Incubations were conducted in 150 x 25 mm silicon-
ized screw-cap tubes in an orbital shaker waterbath at 37°C. Reactions were terminated by first
rinsing tissue slices with a mixture of Krebs-Ringer bicarbonate buffer and 2% BSA twice, and
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total lipids were extracted overnight with chloroform:methanol:water (1:2:0.8,vol/vol/vol). Ra-
dioactivity in the total lipid fraction was determined by liquid scintillation spectroscopy. Ace-
tate incorporation rates are expressed as nanomoles acetate converted to total lipid per minute.
To exclude the presence of non-metabolically active tissues, rates are expressed as grams of
lipid extracted from tissue used in the assay. The intraassay CV for this procedure was 10.8%.

Adipose tissue from perirenal, omental, mesenteric and subcutaneous depots were fixed in
4% paraformaldehyde, embedded in paraffin and sectioned at 10 pm using a MICROM
HM310 microtome (MICROM Inc., Walldorf, Germany) to obtain six sections, 100um apart
from each other. Sections were deparaffinized and stained using Harris Modified Hematoxylin
(Fisher Scientific, Fair Lawn, NJ) and Eosin Y (EMD Chemicals, Gibbstown, NJ). Images were
visualized using an Olympus BX50 microscope and captured digitally using a Retiga EXiFast
camera. Pictures at 40x magnification were taken using QED Imaging software (Media Cyber-
netics, Silver Spring, MD). Five randomly chosen fields were selected per section for a total of
30 pictures per depot. Pictures were randomly selected for analysis and two fields per section
were analyzed for cell diameter by one trained investigator blinded to treatment as previously
published using Image J Software (NIH, Bethesda, MD) [16,22]. At least 1000 adipocytes per
adipose depot were measured.

Western blotting analysis was conducted with commercial antibodies as previously pub-
lished [22]. Briefly, protein was extracted from ~ 200 mg of pulverized perirenal, omental,
mesenteric and subcutaneous adipose tissue using ice-cold lysis buffer and a homogenizer
(polytron). Homogenates were sonicated and clarified by centrifugation. The supernatant was
mixed with 2xSDS sample loading buffer and heated to 95° C for 5 min. Protein extracts were
separated on 7.5 to 10% SDS-PAGE gels and transferred to nitrocellulose membranes for im-
munoblotting. Band density was normalized according to the B-actin content.

Total RNA was extracted from ~ 500 mg of pulverized adipose tissue using Trizol reagent
(Invitrogen Corp., Carlsbad, CA) and purified by RNA binding mini column (Omega Bio-tek
Inc., Norcross, GA). One ug of RNA was used to synthesize single-stranded DNA using Quan-
tiTect Reverse Transcription System (QIAGEN, Inc.). Primer sequences for CD36, FATP1,
FATP 4, LPL have been previously published by [15], GLUT 4, and AP2 by [23] and fatty acid
synthase (FASN) and Acetyl-CoA carboxylase (ACC) by [24]. Quantification of gene expres-
sion for the eight genes was expressed relative to 18S rRNA [25]. Expression of 18S rRNA aver-
aged 22.5 + 3.2 vs 22.9 + 3.6 Ct for all adipose tissue from Con and OB offspring.

Fatty acid (FA) composition of adipose depots was determined by gas liquid chromatogra-
phy [26]. Briefly, 1 mL of a 1.0-mg/mL internal standard solution of tril3:0 (glyceryl-tritride-
canoate, Sigma Chemical Co, St. Louis, Mo) in chloroform was added to individual 16 x 125
mm tube and was dried under nitrogen. Then ~ 100-mg samples pulverized adipose tissue
was added to a standardized tube in duplicate. Fatty acid methyl esters were prepared using
direct transesterification with 0.2 N KOH in Methanol [26]. Fatty acid methyl esters were sep-
arated using an Agilent 6890 GLC (Agilent Technologies, Inc, Palo Alto, Calif) equipped with
a 100 m x 0.25 mm fused silica capillary column (SP-2560, 0.2 um film thickness, Supelco,
Bellefonte, Pa) and flame ionization detector. Fatty acid methyl ester peaks were identified by
comparing retention times with fatty acid methyl esters standards (Nu-Check Prep, Inc, Ely-
sian, MN,). Fatty acid methyl esters were evaluated using ChemStation software (Agilent
Technologies, Inc). Total FA and specific FA concentrations were determined according to
Murrieta et al [26].

Glucose was measured colorimetrically in triplicate (Liquid Glucose Hexokinase Reagent,
Pointe Scientific, Inc., Canton, MI) [13]. Mean intra-assay CV was 1.2% and inter-assay CV
was 2.8%. Insulin was measured in duplicate by commercial RIA (Siemens Medical Solutions
Diagnostics, Los Angeles, CA) within a single assay with an intra-assay CV of 9.2% [13]. Leptin

PLOS ONE | DOI:10.1371/journal.pone.0122152  April 15,2015 4/17



&é;”L‘J&;|ONE

Maternal Obesity Programs Offspring Lipogenesis

concentrations at the start and at weeks 6 and 12 of the feeding trial were determined in a single
assay using a commercial RIA (Multispecies RIA. Linco Research, St. Charles MO) previously
validated with an intraassay CV of 5.2% [13].

All maternal body weight and body condition scores and offspring data were analyzed using
the GLM procedure of SAS (SAS Inst. Inc., Cary, NC) with treatment in the final model. Prism
(GraphPad Software Inc, La Jolla, CA) was used to calculate area under the curve (AUC) for
plasma glucose and insulin response curves during the IVGTT. Baseline glucose and insulin
concentrations in all samples before glucose infusion were averaged to give baseline concentra-
tions. Biweekly plasma hormone and metabolite concentrations, weekly body weight measure-
ments, and plasma glucose and insulin during the IVGTT were analyzed as repeated measures
using MIXED procedure of SAS (SAS Inst. Inc., Cary, NC) with treatment and time and their
interaction in the model. Fasting glucose and insulin concentrations and AUC were analyzed
using the GLM procedure of SAS with treatment in the model. Year of birth had no effect on
maternal (P > 0.57) or offspring data (P > 0.27) and was therefore removed from the final
models after being initially included. Data are presented as least square means + SEM, and dif-
ferences considered significant at P < 0.05, with a tendency at P < 0.1.

Results

Ewes on the OB diet increased body weight 31% from diet initiation to mating (72.1 £ 3.7 and
94.7 + 3.9 kg, respectively; P < 0.05) and 47% and 54% from diet initiation to day 75 and day
135 of gestation, respectively (P < 0.05). Control ewes, whose body weight was not different to
that of OB ewes at diet initiation (70.4 + 3.1 kg), exhibited only non-significant body weight
gain from diet initiation to conception (2.7%), day 75 (7.1%) or day 135 (13.1%) gestation. Sim-
ilarly, body condition scores of OB ewes increased (P = 0.02) from diet initiation to mating
(5.0 +0.2and 7.1 £ 0.3, respectively), and further increased (P < 0.05) to 7.9 + 0.2 by day 75,
and 8.7 £ 0.2 by day 135. Con ewe body condition scores remained relatively constant from
diet initiation to day 135 of gestation (5.1 £ 0.5). Gestation length tended to be shorter
(P =0.07) for OB ewes compared to control ewes (145 + 2 vs 149 + 2 d). Birth weight of male
lambs was similar between treatment (5.9 + 0.3 vs 6.3 £ 0.4 kg Con and OB respectively).

Body weights of F1Con and F10B males were similar at the start of the feeding trial
(74.57 £3.93 vs 73.13 £ 4.19). During the feeding trial, F10B males ate more feed (257.7 + 10.2
vs 192.3 + 9.6 kg respectively P < 0.01) and gained more weight (40.6 + 2.2 vs 29.5 + 2.1 kg re-
spectively P < 0.01) than F1Con males (Fig 1). Body condition of F1Con and F1OB males were
similar at the beginning of the study (5.2 + 0.2 vs 5.6 + 0.2 respectively), while at the end of the
feeding trail F10B males had a greater BCS compared to F1Con males (7.3 + 0.1 vs 6.9 £ 0.1 re-
spectively; P < 0.01). Plasma glucose concentrations were increased in the biweekly samples
from week 4 of the feeding trial until necropsy in F1OB males compared to F1Con males (Fig
2A). Plasma insulin in the biweekly samples was decreased (P < 0.05) from week 4 of the feed-
ing trial until necropsy in F10B males compared to F1Con males (Fig 2B). Plasma leptin con-
centrations were increased (P < 0.01) at the beginning and throughout the feeding challenge in
F10B males compared to F1Con males (Fig 2C). The hyperglycemia and hypoinsulinemia of
F10B males compared to F1Con males observed in biweekly samples was also present in fasted
samples taken prior to the IVGTT conducted at the end of the feeding challenge (82.59 + 1.25
vs 71.97 + 1.10 mg/dl; P < 0.0001 and 17.90 + 3.10 vs 30.26 + 2.09 uIU/ml; P < 0.01 glucose
and insulin respectively). During the IVGTT, plasma glucose was elevated (Fig 3A) and plasma
insulin decreased (Fig 3B) in response to glucose infusion in F1OB males compared to
F1Con males.
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Fig 1. Pattern of weight gain during feeding challenge of male offspring of control ewes (o, n = 7) fed
100% of NRC recommendations and obese ewes (®, n = 6) fed 150% of NRC recommendations during
gestation. Values are means + SEM. Trt P = 0.1669, time P < 0.0001, Trt x time P < 0.0001.* Treatment
differences (P < 0.05) and ** Treatment differences (P < 0.01) compared with control.

doi:10.1371/journal.pone.0122152.g001

Body and organs weights and selected measurements obtained at necropsy are given in
Table 1. Offspring born to OB mothers weighed more at necropsy than offspring born to Con
mothers. The weights of the pancreas, liver, heart, kidney and lung were similar between
F1Con and F10B males. However weight of the right ventricle tended (P = 0.08) to be greater
in F10B males than F1Con males. Similarly, thicknesses of both ventricles were greater
(P < 0.05) in F10B males than F1Con males. Perirenal and omental adipose depot weights
were greater (P < 0.04) in F1OB males than F1Con males. The weight of the mesenteric adi-
pose depot tended (P = 0.09) to be greater in F1IOB males than F1Con males. The subcutaneous
adipose tissue depth over the 12 rib was greater (P = 0.008) in F1IOB males than F1Con males.
This corresponds to the perirenal and omental adipose depots weights being 47% and 58% in-
creased respectively and subcutaneous fat thickness 41% increased in Flobese compared to the
Flcontrol males (P < 0.05).

Adipocyte diameters were greater (P < 0.05) in omental, perirenal, and subcutaneous adi-
pose depots in F1OB males than F1Con males (Table 1). There was no treatment difference
(P =0.36) in the mesenteric adipose depot adipocyte diameters (Table 1). Concentrations of
FA in the adipose tissue depots are given in Table 2. In the subcutaneous adipose tissue, con-
centrations of 16:0, 18:1 t11, and total FA content were greater (P < 0.05) in F1OB males than
F1Con males. In the perirenal and omental adipose tissue concentrations of 16:0, 18:0, and
total FA were increased (P < 0.03) in F1OB males compared to F1Con males. In the mesenteric
adipose depot concentrations of 16:0 were increased (P = 0.017) in F10B males compared to
F1Con males.
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Fig 2. Biweekly plasma concentrations of glucose (a), insulin (b) and leptin (c) during a feeding
challenge of male offspring of control ewes (o, n = 7) fed 100% of NRC recommendations and obese
ewes (®, n = 6) fed 150% of NRC recommendations. Values are means + SEM. * Mean differences

(P < 0.05) and ** mean differences (P < 0.01) at a specific time point between control and obese offspring.

doi:10.1371/journal.pone.0122152.g002

Table 1 shows incorporation rates of '*C labeled acetate into total lipids in tissue explants
from the four adipose depots. There was no difference in acetate incorporation, i.e. de-novo
fatty acid synthesis rate in the mesenteric depot in tissue explants from F1Con and F10B
males. Omental, subcutaneous (P < 0.05) and perirenal (P < 0.01) adipose fatty acid synthesis
were all increased in F1OB males compared to F1Con males (Table 1).

Abundance of mRNA for eight selected genes in the four depots is shown in Table 3. All de-
pots showed a similar offspring response to maternal obesity and overnutrition. Abundance of
FASN, ACC, FATP 1 and 4, CD36, AP2, GLUT 4 and LPL mRNA was increased (P < 0.05) in
all adipose tissue of F1IOB males compared to adipose tissue of F1Con males. Protein abun-
dance of CD36, FATP 1 and 4, and GLUT 4 was increased (P < 0.05) in the omental adipose
depot in F10B males compared to F1Con males (Fig 4A). In the perirenal adipose depot pro-
tein abundance of FATP 1 and 4, and GLUT 4 was increased (P < 0.05) in OB males compared
to Con males. In the mesenteric adipose depot, protein abundance of CD36, FATP 1, and
GLUT 4 increased (P < 0.05) in tissue from F1OB males compared to F1Con males (Fig 4C).
In the subcutaneous adipose tissue depot, CD36, FATP 4, and GLUT 4 were all increased
(P < 0.05) in subcutaneous adipose tissue of F1OB males compared to F1Con males (Fig 4D).

Discussion

The F10B male offspring had increased perirenal, omental and subcutaneous adipose depots.
The effects of maternal obesity on individual adipose depots has not been previously reported
to be influenced by maternal obesity beginning before and throughout gestation. In rats mater-
nal obesity did not enhance adipose depots weights at weaning [27] this could be due to the age
of the offspring at necropsy in this study. It also appears that these depots effects reported here
may have originated in fetal life [16]. We have previously shown that maternal obesity in the
ewe results in increased fetal adiposity, increased adipocyte diameters, and decreased fetal mus-
cle mass in late gestation associated with increased mRNA and protein expression of fatty acid
and glucose transporters and enzymes that regulate fatty acid synthesis and altered lipid pro-
files and total lipid in a depot specific manner [16]. Data presented here confirm that the adi-
pose tissue phenotype observed in late gestation fetuses gestated by OB ewes persists until
adulthood in the presence of a short period of ab libitum intake. In this study we report in-
creased adipocyte diameters, and increased expression of fatty acid transporters and associated
proteins, along with glucose transporters. In addition we observed both increased expression of
fatty acid synthesis enzymes and fatty acid synthesis rates. Offspring from OB ewes had in-
creased concentrations of 16:0, at least one C18 isomer, and total FAs in subcutaneous, perire-
nal, and omental adipose depots compared to Con offspring. This altered adipose tissue fatty
acid composition in OB offspring indicates increased rates of fatty acid synthesis since the fatty
acid biosynthesis pathway terminates with a 16-carbon fatty acid which was increased in all ad-
ipose depots. The 16:0 FA can then be elongated to 18-carbon fatty acids and then desaturated
into 18:1 ¢-9 or t-11. It is therefore significant that we found at least one of these 18 carbon FA
increased in adipose depots. It should also be noted that the increased feed intake of the OB oft-
spring is confounded with the maternal effects and could have partially contributed to the
greater adipose tissue FA synthetic activity in addition to the regulatory changes. However, this
is the normal condition for most ad libitum studies.
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Fig 3. Plasma glucose (a) and insulin (b) responses to a glucose tolerance test in male offspring of control ewes (o, n = 7) fed 100% of NRC
recommendations and obese ewes (®, n = 6) fed 150% of NRC recommendations. Area under the curve (AUC) is shown in insert. Values are

means + SEM. a) Trt P < 0.0001, time P < 0.0001, Trt x time P < 0.0001; and b) Trt P = 0.0002, time P < 0.0001, Trt x time P < 0.0001. * Mean differences
(P < 0.05) and ** mean differences (P < 0.01) at a specific time point between control and obese offspring.

doi:10.1371/journal.pone.0122152.g003

To our knowledge, this is the first study in a large precocial animal species demonstrating
that offspring from mothers OB at conception and throughout pregnancy develop pancreatic
insufficiency in adulthood when subjected to an ad libitum feeding bout. Insulin and glucose
homeostasis was significantly altered in F1IOB males in response to the ad libitum feeding chal-
lenge as previously reported [17]. In F1IOB males compared to F1Con males, we observed in-
creased plasma basal fasting glucose from weeks 4 to 12 of the feeding challenge as well as
during the IVGTT. The increased plasma glucose was accompanied by decreased plasma insu-
lin during weeks 4 to12 of the feeding challenge and minimal insulin release during the IVGTT
in F10B males indicating a diet-induced hypofunctional pancreatic insulin response to glu-

cose. In this model of maternal overnutrition and obesity we have previously reported marked-
ly reduced pancreatic B-cell numbers by late gestation in OB fetuses [28]. Additionally, as
offspring became young adults, we found slight increases in insulin resistance in F10B versus

Table 1. Body and organ weights, adipocyte diameters, acetate incorporation of adipose tissue explants of adult male offspring born to control
and Obese mothers at necropsy after an ad libitum feeding challenge.

Control Obese P Value
Body and organ weights n=7 n==6
Body weight, kg 104+ 3 118+ 3 0.047
Empty Body weight, kg 62.1+2.0 65.1 +2.3 0.196
Pancreas wt, g 59.38 + 7.74 56.18 + 8.36 0.778
Liver wt, g 1926 + 69 1825+ 75 0.342
Heart wt, g 4575+ 17.0 462.7 £ 18.3 0.841
Right Ventricle wt, g 106.1 £4.6 115.1£5.0 0.084
Left Ventricle wt, g 1989+ 7.9 205.8 £8.0 0.221
Right Ventricle thickness, mm 5.44 £ 0.22 6.14 £ 0.32 0.049
Left Ventricle thickness, mm 13.23+0.34 14.32 £ 0.39 0.032
Average Kidney wt, g 131.9+5.44 135.8 £7.42 0.344
Average Lung wt, g 434.9 £ 16.6 420.9 £ 20.6 0.301
Perirenal adipose tissue, g 2503 + 356 3663 + 404 0.038
Omental adipose tissue, g 3627 + 439 5738 + 628 0.006
Mesenteric adipose tissue, g 1992 + 221 2489 + 243 0.092
Subcutaneous adipose tissue thickness, mm 9.06 + 0.86 12.83 £ 1.11 0.008
Adipocyte diameters
Perirenal adipose tissue, ym 148.2 £ 8.7 165.1£5.2 0.033
Omental adipose tissue, pm 167.6 £ 3.6 181.0+5.8 0.033
Mesenteric adipose tissue, ym 146.2+5.8 137.6 £ 3.4 0.129
Subcutaneous adipose tissue, pm 116.4+1.9 1245+ 4.0 0.041
Acetate incorporation, Mmole/mg tissue/2 hours
Perirenal adipose tissue 1.55 £ 0.26 2.83+£0.04 0.014
Omental adipose tissue, 3.01 £ 0.66 5.72 £ 0.75 0.041
Mesenteric adipose tissue 1.91+. 41 2.15+0.34 0.329
Subcutaneous adipose tissue 10.04 £ 1.20 29.07 +5.16 0.043
Data are means + SEM.
doi:10.1371/journal.pone.0122152.t001
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Table 2. Fatty Acid composition (mg/g tissue of tissue) from adult male offspring born to control and obese mothers at necropsy after an ad libi-

tum feeding period

Perirenal
14:0
16:0
16:1
18:0
18:1 t11
18:1 c9
18:2
Total FA
Omental
14:0
16:0
16:1
18:0
18:1 t11
18:1 c9
18:2
Total FA
Mesenteric
14:0
16:0
16:1
18:0
18:1 t11
18:1 c9
18:2
Total FA
Subcutaneous
14:0
16:0
16:1
18:0
18:1 t11
18:1 c9
18:2
Total FA

Data are means + SEM.

doi:10.1371/journal.pone.0122152.1002

Control

n=7
21.73+1.85
201.31 £ 6.24
26.18+2.12
22593 +7.71
69.65 + 8.41
229.24 + 9.56
36.66 + 2.65
906.47 + 12.95

20.16 £ 1.08
187.93 + 6.41
26.52 +1.89
182.77 + 8.29
64.19 + 11.79
269.97 +7.78
34.07 £2.72
884.48 £ 17.19

19.04 £+ 0.62
190.10 + 4.98
23.30 £ 1.63
173.51 £+ 11.35
59.09 * 8.71
319.64 £ 9.35
34.80 + 2.58
912.97 + 18.68

9.38 +1.05
102.22 + 6.25
42.84 £2.70
62.53 + 7.56
29.68 £4.18
202.03 +20.76
23.49 £1.37
683.71 £ 15.29

F1Con males with only minor decreases in insulin release to i.v. glucose infusion during

Obese

n==6

22.11 +1.99
226.52 + 6.74
28.73+2.29
262.67 + 8.33
90.91 £ 9.09
233.80 + 10.33
36.38 £ 2.86
966.71 + 13.99

21.27+£1.16
211.74 £ 6.93
28.81+2.04
218.45 + 8.95
98.89 + 12.73
259.52 + 8.40
39.35+2.93
956.38 + 18.57

21.50 £ 0.70
210.67 +5.38
25.08 £ 1.76
178.41 £ 12.26
78.46 + 9.41
312.34 £ 10.10
41.86 £ 2.79
961.21 £20.18

11.21+£1.13
130.27 £ 6.75
42.33 £2.92
70.22 + 8.26
44.66 + 4.52
225.79 +22.42
2453 +£1.48
734.42 £ 16.51

P Value

0.892
0.019
0.432
0.008
0.099
0.752
0.945
0.009

0.497
0.028
0.429
0.014
0.071
0.381
0.214
0.016

0.096
0.017
0.473
0.775
0.159
0.606
0.099
0.097

0.261
0.011
0.901
0.508
0.033
0.453
0.616
0.046

IVGTT [17,29]. These data confirm that even prior to the ad libitum feeding bout, there were

mild alterations in glucose:insulin dynamics, as we have previously reported [17].

Maternal overfeeding in the rat, mouse, and sheep has been shown to lead to altered appetite

in the postnatal offspring [17,30,31,32]. Maternal obesity at conception and throughout gesta-
tion in rodents and sheep leads to increased body weight and adiposity in offspring compared

with offspring from normal weight mothers [17,31,32,33]. Leptin plays a central role in
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Table 3. Messenger RNA abundance of fatty acid synthase and acetyl-CoA carboxylase, nutrient transporters and associated molecules in adi-

pose tissue depots from adult male offspring born to control and obese mothers at necropsy after an ad libitum feeding period

Perirenal

Fatty acid synthase (FASN)

Acetyl-CoA carboxylase (ACC)

Fatty acid transporter 1 (FATP1)

Fatty acid transporter 4 (FATP4)

Fatty acid translocase (CD36)
Insulin-sensitive glucose transporter (GLUT4)
Lipoprotein lipase (LPL)

Fatty acid binding protein 4 (AP2)

Omental

Fatty acid synthase (FASN)

Acetyl-CoA carboxylase (ACC)

Fatty acid transporter 1 (FATP1)

Fatty acid transporter 4 (FATP4)

Fatty acid translocase (CD36)
Insulin-sensitive glucose transporter (GLUT4)
Lipoprotein lipase (LPL)

Fatty acid binding protein 4 (AP2)

Mesenteric

Fatty acid synthase (FASN)

Acetyl-CoA carboxylase (ACC)

Fatty acid transporter 1 (FATP1)

Fatty acid transporter 4 (FATP4)

Fatty acid translocase (CD36)
Insulin-sensitive glucose transporter (GLUT4)
Lipoprotein lipase (LPL)

Fatty acid binding protein 4 (AP2)
Subcutaneous

Fatty acid synthase (FASN)

Acetyl-CoA carboxylase (ACC)

Fatty acid transporter 1 (FATP1)

Fatty acid transporter 4 (FATP4)

Fatty acid translocase (CD36)
Insulin-sensitive glucose transporter (GLUT4)
Lipoprotein lipase (LPL)

Fatty acid binding protein 4 (AP2)

Data are means + SEM.

doi:10.1371/journal.pone.0122152.t003

Control Obese P Value
n=7 n==6

4.29 +0.92 56.25 + 12.53 < 0.001
9.05 + 3.51 124.62 +7.49 0.003
6.52 +2.19 56.74 + 17.64 0.004
23.86 + 7.08 114.12 £ 10.58 0.012
35.06 + 12.93 163.76 + 10.64 0.004
22.21+2.38 110.72 £ 5.39 0.004
18.93 + 1.83 163.51 + 14.57 0.022
11.19+4.23 28.05 + 3.98 0.016
76.81 +4.97 184.20 + 17.94 0.001
33.70 £ 9.94 335.22 + 18.55 0.003
188.89 + 11.95 360.63 + 13.98 0.004
178.57 + 15.96 438.13 + 30.63 0.001
56.17 £ 5.54 122.93 + 14.97 0.026
81.17 + 15.03 151.31 £ 9.35 0.019
15.02 £ 7.33 61.56 + 13.71 0.048
19.12 £ 3.29 43.17 + 8.84 0.008
10.00 + 4.61 52.38 + 13.97 0.017
8.98 + 4.85 47.27 £ 12.63 0.007
15.40 £ 7.20 332.30 + 19.31 0.005
7.43+3.73 29.69 £ 9.43 < 0.001
11.90 £ 4.05 224.83 + 14.80 < 0.001
22.59 + 8.42 371.40 £ 35.81 0.013
7112 £5.76 185.20 + 14.09 0.015
25.79 +2.47 316.37 £ 14.93 0.010
12.58 £ 1.22 66.67 + 6.61 0.014
30.49 + 3.62 238.58 + 23.83 0.032
9.25+3.16 80.39 +5.74 0.005
1878 2 1.8 22.58 +1.42 0.009
39.23 + 3.88 474.67 +20.04 0.009
26.03 £ 2.55 80.45 +7.97 0.009
95.63 £ 9.34 798.3 £ 31.53 0.002
26.88 + 2.60 55.72 £ 5.00 0.004

appetite regulation in rodents and other species [34]. Leptin resistance is one potential mecha-
nism producing obesity and is a key event in the onset of negatively altered energy homeostasis
[34,35]. We observed elevated leptin concentrations in OB offspring compared with Con off-
spring at the beginning and throughout the feeding challenge. Although OB offspring had ele-
vated plasma leptin they showed greater feed intake indicating maternal obesity induced leptin
resistance. The mechanism of this leptin resistance is unknown. Leptin resistance has multiple
causes which can include altered signaling in leptin target neural circuitry, altered transport of

PLOS ONE | DOI:10.1371/journal.pone.0122152  April 15,2015 12/17
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Fig 4. Western blot analysis measurements of fatty acid translocase (CD 36), fatty acid transporter (FATP) 1 and 4, and insulin-sensitive glucose
transporter (GLUT4) protein abundance in perirenal (a), omental (b), mesenteric (c), and subcutaneous (d) adipose tissue of male offspring of
control ewes (open histogram; n = 7) fed 100% of NRC recommendations and obese ewes (closed histograms; n = 6) fed 150% of NRC
recommendations. Values are means + SEM. # means tend to differ (P < 0.10), * treatment differences (P < 0.05) and ** treatment differences (P < 0.01)

doi:10.1371/journal.pone.0122152.g004

leptin into the brain, and even inflammation in the hypothalamus [2,36,37,38,39,40]. Postnatal
lambs from obese ewes fail to exhibit the plasma leptin surge seen in lambs from normal weight
ewes, and exhibit an increased postnatal appetite [17,41]. Because adult offspring from these
obese mothers have increased appetite, they gained more weight during an ab libitum feeding
challenge and this increased weight gain appears to be mostly adipose tissue [17]. A modified
postnatal leptin surge has also been observed in offspring of obese rodents [42,43,44,45,46,47].
Both increased and deceased neonatal leptin concentrations lead to increased feed intake and
bodyweight gain [47,48]. Further, leptin has been reported to have direct effects on glucose me-
tabolism [49] and could be playing a part in the insulin and glucose dysregulation we observed.

In conclusion, these data clearly show that diet-induced maternal obesity during pregnancy
in the ewe leads to metabolic alterations that persist into adult life. More specifically, OB off-
spring have increased appetite, glucose dysregulation and insulin secretion insufficiency, and
leptin resistance that appear to increase as these animals get older as evidence by greater re-
sponses reported here compared to that of these animals than noted before [17]. The limited
numbers of animals and also the two ages of animals although non-significant for any effects
on any of the measurements are limitations to the current study. In addition maternal obesity
results in persistent programming of adipose tissue with increased adipocyte size, increased nu-
trient transporter expression, and increased FA synthesis first observed in late gestation. Ma-
ternal obesity results in offspring with multiple characteristics of metabolic syndrome and
these effects become more marked with advanced age.
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