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Hypoxia-Induced Intrauterine Growth Restriction
Increases the Susceptibility of Rats to High-Fat
Diet—Induced Metabolic Syndrome

Christian F. Rueda-Clausen,*?* Vernon W. Dolinsky,>®*%% Jude S. Morton,>*"
Spencer D. Proctor,*%® Jason R.B. Dyck,2?*%% and Sandra T. Davidge!?>%"

OBJECTIVE—It is recognized that there is a remarkable vari-
ability in the systemic response to high-fat (HF) diets that cannot
be completely explained by genetic factors. In addition, pregnancy
complications leading to intrauterine growth restriction (IUGR)
have been associated with an increased risk of developing
metabolic syndrome (MetS) later in life. Thus, we hypothesized
that offspring born with IUGR exhibit permanent metabolic
changes that make them more susceptible to HF diet-induced
MetS.

RESEARCH DESIGN AND METHODS—SD rats born normal
(control) or with hypoxia-induced IUGR were randomized to low-
fat (10% fat) or HF (45% fat) diets. After 9 weeks of feeding,
physiological and molecular pathways involved in the MetS were
evaluated.

RESULTS—IUGR offspring exhibited decreased energy intake
and physical activity relative to controls. In offspring fed a HF
diet, IUGR was associated with decreased total body fat content,
a relative increase in intra-abdominal fat deposition and adipo-
cyte size, an increase in fasting plasma concentrations of leptin,
triglyceride and free fatty acids, and an increased concentration
of triglycerides and ceramides in both liver and skeletal muscle.
These changes in lipid homeostasis were accompanied by in vivo
insulin resistance and impaired glucose tolerance and associated
with increased phosphorylation of protein kinase C 6, inhibition
of insulin receptor substrate 1, and a decreased activation of
protein kinase B (PKB; also known as Akt) in liver and skeletal
muscle in response to insulin.

CONCLUSIONS—IUGR enhances specific deleterious meta-
bolic responses to a HF diet. Our results suggest that offspring
born with IUGR may require special attention and follow-up
to prevent the early onset of MetS. Diabetes 60:507-516,
2011
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he proportion of young adults with obesity has

increased dramatically in recent decades. More-

over, several obesity-related pathologies are

reaching record prevalence among youth and are
resulting in substantial costs for the health care system (1).
Although most elements of metabolic syndrome (MetS)
have a complex pathophysiology, characterized by both
a strong influence of inherited factors (2) and environ-
mental variables (3), it is clear that behaviors such as de-
creased physical activity and consuming high-fat (HF) and
hypercaloric Western diets also play a major role in their
pathophysiology (4). Interestingly, there is a tremendous
variability in the responses of different individuals to
similar environmental, nutritional, and behavioral con-
ditions (5) that have primarily been attributed to genetic
differences (6). However, a growing body of evidence
suggests that adverse environmental conditions during
crucial periods of development may also predispose
individuals to exhibit different components of the MetS in
adulthood (7).

Intrauterine growth restriction (IUGR) is a condition in
which the fetus does not reach its growth potential for
a given gestational age (8). IUGR constitutes one of the
most common pathological conditions diagnosed during
pregnancy, affecting over 15% of all pregnancies in the U.S.
(9). Beyond the well-described association between IUGR
and higher rates of perinatal morbidity and mortality, be-
ing born with IUGR has also been associated with the
development of most components of MetS in adulthood
(10). Although the etiology of IUGR is considered multi-
factorial, in most instances, fetal growth is constrained by
a limitation of oxygen and nutrient delivery (11). A sub-
stantial body of epidemiological and basic fundamental
evidence supporting the effect of prenatal environment on
the future development of obesity and other components
of the MetS are based on epidemiological observations
made in subjects exposed to nutritional restriction during
pregnancy (12-15). Given the limitations of studying the
developmental origins of MetS with clinical or epidemio-
logical approaches, several animal models using a variety
of prenatal nutritional insults (such as global food re-
striction, protein restriction, micronutrient restriction, and
excess fat feeding) have been used (14-17). Interestingly,
a recent study, in which IUGR was induced in rats by
surgical ligation of the uterine arteries, demonstrated that
prenatal reduction in the uterine blood supply caused in-
sulin resistance and hyperleptinemia in offspring at 8 weeks
of age (18). However, the impact of fetal hypoxia spe-
cifically on the future susceptibility to develop metabolic
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alterations is still unknown. This prenatal insult is relevant
because many conditions that are associated with fetal
hypoxia, such as placental insufficiency, preeclampsia,
maternal anemia, asthma, chronic obstructive pulmonary
disease, and smoking, are highly prevalent in Western
societies, are strongly associated with IUGR (19), and could
have fundamentally different programming mechanisms and
effects.

Using a well-characterized experimental murine model
of hypoxia-induced IUGR that mimics complications com-
monly observed during human pregnancy, we previously
showed that adult IUGR offspring born from a hypoxic
environment have impaired vascular function (20,21), have
increased cardiac susceptibility to ischemia/reperfusion
injury (22), and develop left ventricular hypertrophy (only
in males) and diastolic dysfunction (both in males and
females) as the rats age (20,23). Taken together, these
results suggest that aging itself constitutes a stressor that
affects offspring born with IUGR with higher severity (23).
Moreover, during a pilot study using the hypoxia-induced
IUGR model, we observed that during aging, male ITUGR
offspring tended to accumulate more pericardial and intra-
abdominal fat relative to sex- and age-matched controls.
To study potential long-term effects of prenatal fetal hyp-
oxia, the objectives of this study were to investigate
whether hypoxia-induced IUGR increases susceptibility to
obesity, dyslipidemia, and insulin resistance in young adult
rats exposed to a HF diet and to examine signal trans-
duction pathways that may contribute to the long-term
metabolic effects of being born from pregnancies compli-
cated with IUGR.

RESEARCH DESIGN AND METHODS

Hypoxia-induced IUGR model. Female SD rats were obtained at 3 months of
age (Charles River, Quebec, Canada), acclimatized, and then mated within the
animal facility. Throughout pregnancy, rats were given ad libitum access to
water and standard laboratory murine food (LabDiet Ref. 5001; 3.02 kcal/mg,
23% protein, 4.5% fat, 6% fiber). On day 15 of pregnancy, rats were randomized
to continue in normal environmental conditions (controls, n = 6) or placed
inside a chamber continuously infused with nitrogen to maintain an oxygen
concentration of 11.5% during the last 6 days of pregnancy (IUGR, n = 6)
(20,23,24). As previously described (22), dams exposed to hypoxic environ-
ments exhibit a decrease in food intake (~40%); however, they also exhibit
a substantial decrease in physical activity. At the time of birth, litters were
reduced to eight male pups, which were then weaned at 3 weeks of age and
housed two per cage. All procedures in this study were approved by the
University of Alberta Animal Welfare Committee.

Diet-induced obesity and MetS. After weaning, male offspring from each
experimental group (controls, n = 36; IUGR, n = 36) were randomly allocated
to receive either a low-fat (LF) diet (10% fat, Research Diets D12450B) or
a HF diet (45% fat, Research Diets D12451) as we and other groups (25,26)
have previously described (detailed diet compositions are given in
Supplementary Table 1). Therefore, four different experimental groups were
created: control offspring receiving LF diet (n = 18 from six litters), control
offspring receiving HF diet (n = 18 from six litters), IUGR offspring receiving
LF diet (n = 18 from six litters), and IUGR offspring receiving HF diet (n = 18
from six litters). Rats were then randomly assigned to three possible experi-
mental subgroups (designated A, B, or C) that determined the measurements
performed on these animals. Because all rats included in each experimental
group belonged to a different litter, we used the offspring as the unit of
analysis. Rats were given ad libitum access to either diet. Nine weeks after
weaning, experimental analyses were performed. The length of the nutritional
intervention was selected based on previous studies in rodents that demon-
strated the induction of several metabolic changes using similar nutritional
insults (27).

Food intake, body weight, and body composition analyses. After weaning,
food intake and body weight were measured for all animals twice per week.
After 9 weeks of nutritional intervention, body composition was determined in
offspring from subgroup C using a Minispec whole-body composition analyzer
(Burker Minispec LF90 II, Hamilton, Ontario, Canada).
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Physical activity, oxygen consumption, and respiratory exchange ratio
(subgroup A). Oxygen consumption (Vos), CO, production (Vcoy), and heat
production were obtained by indirect calorimetry using the Comprehensive
Laboratory Animal Monitoring System (Metabolic cage; Oxymax/CLAMS;
Columbus Instruments, Columbus, OH). Physical activity was monitored by
dual-axis detection (X, Z) using infrared photocell technology. Total physical
activity was calculated by adding Z counts (rearing) to total counts associated
with ambulatory movement and typical behavior.

Determination of circulating factors (subgroups B and C). After a fasting
period of 3 h, rats were anesthetized using inhaled isoflourane and killed by
exsanguination. Blood samples were collected and serum was then separated
by centrifugation and stored at —80°C. Circulating concentrations of insulin
were determined using a radioimmunoassay kit for murine insulin (Cat. No.
EZRMI-13K; Linco, St. Charles, MO). The lowest detectable level of insulin
using this assay was 0.2 ng/mL. The intra-assay variability was <10%. The
homeostasis model assessment (HOMA) index was determined as previously
described (28). Millipore’s Biomarker Services performed a multiple adipokine
determination using an Adipokine Panel 5-plex (Milliplex System, Millipore, St.
Charles, MO) on a Luminex 100 machine (Millipore). The reported minimal
detectable concentrations for this technique are 9.7 pg/mL leptin, 6.1 pg/mL
adiponectin, 1.2 pg/mL interleukin (IL)-1B, pg/mL IL-6 8.8, and 3.2 pg/mL tumor
necrosis factor (TNF)-a. The reported intra-assay variability for these deter-
minations was <4%. All measurements were performed in duplicate in one
single assay.

Pancreas insulin content (subgroup C). After a fasting period of 3 h, rats
were anesthetized as described above. The pancreas was surgically extracted,
weighed, and minced in 1.0 mL acidified ethanol (756% ethanol, 1.5% 12 mmoVl/L
HCI, and 23.5% H,0) and incubated for 24 h at 4°C to extract insulin from the
tissue as previously described (29). Insulin was measured using a radioim-
munoassay kit for murine insulin (Cat. No. EZRMI-13K).

Intra-abdominal fat content (subgroup C). Intra-abdominal fat pads
(mesenteric-epiploic, epididymal, retroperitoneal, and subdiaphragmatic)
were surgically extracted and weighed. The left tibia was excised and
measured.

Adipocyte morphometry (subgroup C). Samples of abdominal adipose
tissue from the major momentum were collected and fixed in 10% formalin.
Histopathological preparations and hematoxylin/eosin staining were per-
formed at the Alberta Diabetes Institute Histology Core (Edmonton, Canada).
Under light microscopy, the internal diameters of 10 consecutive adipocytes
from 10 randomly selected fields on each slide were measured using a digital
micrometer under 40X magnification and averaged.

Glucose and insulin tolerance tests (subgroup B). In a set of animals in
which no other determinations/experiments were performed and after a 5-h
fast, rats were injected intraperitoneally with a 50% glucose solution (2 g/kg) for
the glucose tolerance test. Glucose plasma concentrations were determined
using an ACCU-CHEK Advantage glucose meter (Roche Diagnostics) using
blood collected from the tail in fasting conditions and after glucose injection (at
15, 30, 60, 90, and 120 min). For the insulin tolerance test, human recombinant
insulin (Novolin) was used to prepare an insulin-saline solution that was
injected intraperitoneally (1 mU/kg) after a 2-h fast. As described above, blood
glucose from the tail was measured at baseline and after insulin injection (at 15,
30, 60, 90, and 120 min).

Determination of liver, muscle, and plasma free fatty acids;
triacylglycerol; cholesterol; and cholesterol esters (subgroup B).
Plasma from nonfasted rats or from rats after a 16-h fast was collected in
the presence of EDTA and immediately stored on ice to inhibit lipase activity
without the use of chemical inhibition. Lipids were extracted from 200 pL
plasma by the method of Folch et al. (30). Triacylglycerol, cholesterol, cho-
lesterol ester, and free fatty acids were separated by fast protein liquid
chromatography as previously described (31).

Liver and skeletal muscle tissues from nonfasted rats or from rats after a 16-h
fast were homogenized, and the amount of triacylglycerol, cholesterol ester,
cholesterol, and ceramides was determined by fast protein liquid chroma-
tography as previously described (32).

Tissue homogenization and immunoblotting (subgroup B). Rats were
fasted overnight, injected with insulin (1 mU/g), and 15 min later killed as
described above. Tissues were collected and frozen in liquid nitrogen and
homogenated. Subsequently, frozen tissue homogenates were prepared in ice-
cold sucrose homogenation buffer as previously described (32). All primary
antibodies used in this study were purchased either from Cell Signaling
Technology or Santa Cruz Biotechnology.

Statistical analysis. Data are presented as mean = SEM. Comparisons be-
tween two groups were evaluated using an unpaired ¢ test or a Mann-Whitney
test depending on the data distribution. Differences in measurements per-
formed among four groups were analyzed using two-way ANOVA and a
Bonferroni post hoc test with both diet and IUGR as sources of variation.
P < 0.05 was considered statistically significant.
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RESULTS

Birth characteristics, body weight gain, energy
intake, and physical activity. Consistent with our pre-
vious findings (20,23), the murine model of prenatal expo-
sure to hypoxia caused a significant decrease in birth weight
(control 7.06 = 0.15 g vs. IUGR 6.46 = 0.1 g, P < 0.01).
Using our historical records including over 100 control
litters, we calculated that the average birth weight of
IUGR offspring was below the 15th percentile of sex-
matched controls. However, the prenatal hypoxic insult had
no effect on litter size (P = 0.8) or sex distribution (P = 0.6).
At weaning and the start of our feeding protocol, IUGR pups
had comparable weights to control pups (control 59 + 0.5 g
vs. IUGR 60.3 = 1.1 g, P = 0.2). As expected, after 9 weeks
of feeding, offspring on the HF diet gained more weight

A | O Control-LF
600 -®- [UGR-LF T
—_ 11 Control-HF
) -B- [UGR-HF
= 4501
=
on
k)
= 300
>
=
&
150

ANOVA p<0.0001
0 T T T T T T T
20 30 40 50 60 70 80

Age (Days)
= 300 - %* [ Control
.%D e Il IUGR
2~
<9 200 1 L
2y
<
E 2100
>} N’
]
5
=
=
0 . :
LF HF
*
400 -
[ Control
300 A M 1UGR

(Counts per minute)
— )
= (=3
= [—J

Total physical activity [Tl

i

than those on the LF diet (Fig. 1A). Exposure to prenatal
hypoxia had no effect on body weight gain (Fig. 1A) or body
weight/tibia length ratio of the offspring (Fig. 1B). In-
terestingly, despite similar body weights, food intake was
decreased in IUGR offspring independently of the diet re-
ceived after 9 weeks of feeding (Fig. 1C and D). However, at
this time, physical activity was modestly but significantly
reduced in IUGR offspring independent of the diet rodents
received (Fig. 1F and F). Together, these two findings could
account for the lack of differences in weight gain compared
with controls despite decreased energy intake.

Additional assessments of physical activity and energy
consumption were performed after 4 weeks of nutritional
intervention; however, at this point, no statistically signif-
icant differences were observed (Supplementary Table 2).
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FIG. 1. Effect of IUGR and diet on change in body weight over time (A), body weight measured under anesthesia adjusted by tibia length (B),
absolute energy intake adjusted by body weight (C), absolute energy intake adjusted by body lean tissue weight calculated by Minispec (D), and
total physical activity during the light (E) and dark (F) cycles. LF diet: 10% fat, 3.85 kcal/g; HF diet: 45% fat, 4.73 kcal/g. *P values next to each
label represent the significance in the effect for each source of variation (diet or IUGR) as calculated by ANOVA. P < 0.05 in Bonferroni post hoc
test comparing IUGR and control offspring receiving the same diet (n = 6 by group).
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Rats receiving HF diet had a significant decrease in the
respiratory exchange ratio, indicative of greater fatty acid
use for energy; however, differences were not associated
with IUGR when compared with controls receiving the
same diet (Supplementary Table 3). To further investigate
the potential interaction between diet, IUGR, physical
activity, and energy metabolism, we also measured the
expression of peroxisome proliferator—-activated re-
ceptor vy coactivator 1-a (PGC1l-a) and 5" AMP-activated
protein kinase (AMPK) in skeletal muscle. However, no dif-
ferences were observed among the groups (Supplementary
Fig. 1).

Effects of IUGR and HF diet on body composition and
fat distribution. As predicted, both control and IUGR
offspring that received the HF diet had a higher proportion
of total body fat mass relative to those receiving LF diet
(Fig. 2A). In the LF diet group, we did not observe differ-
ences in body composition between IUGR and control
offspring. Interestingly, the proportion of total body fat in
the HF diet group was lower in IUGR offspring with
a corresponding increase in the proportion of total lean
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body mass relative to controls (Fig. 2A). Despite the re-
duction in the proportion of body fat, IUGR offspring
exhibited an increased intra-abdominal body fat (Fig. 2B
and C) and a significant increase in the intra-abdominal
adipocyte diameter (Fig. 2D and E).

Effects of IUGR and HF on circulating adipokines and
inflammatory markers. Corresponding to the increased
fat mass in the HF-fed groups, plasma concentrations of
leptin were elevated in both control and IUGR offspring
compared with their respective LF-fed controls (Table 1).
Moreover, the increase in plasma leptin was more substantial
in ITUGR offspring fed a HF diet (1.42-fold) compared
with HF-fed controls (Table 1). This finding is consistent
with previous studies showing that intra-abdominal fat
may be the most important source of adipokines and
cytokines associated with metabolic comorbidities (33).
Interestingly, no differences in circulating concentrations
of adiponectin, IL-13, and IL-6 were observed among the
experimental groups (Table 1). Plasma concentrations of
TNF-a were below the detectable range in most animals
(data not shown).
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FIG. 2. Effect of IUGR and diet on body composition after 9 weeks of diet determined by Minispec (A), total intra-abdominal fat adjusted by body
weight (B), and total fat weight estimated by Minispec (C). Representative pictures of omental fat tissue (magnification 40x) (D) and average
intra-abdominal adipocyte diameter (E). LF diet: 10% fat, 3.85 kcal/g; HF diet: 45% fat, 4.73 kcal/g. *P values next to each label represent the
significance in the effect for each source of variation (diet or IUGR) as calculated by ANOVA. P < 0.05 in Bonferroni post hoc test comparing

IUGR and control offspring receiving the same diet (n = 6 by group).
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TABLE 1
Circulating concentrations of glucose and adipokine in control and IUGR rats fed LF and HF diets
LF diet HF diet Two-way ANOVA

Control IUGR Control IUGR IUGR Diet Int
Glucose (mmol/L) 51 = 0.24 52 = 0.18 54 = 0.17 5.6 = 0.24
Insulin (mIU/L) 48.1 = 54 42.0 = 4.9 59.6 = 6.5 90.5 = 7.3 * * *
HOMA index 11.0 £ 1.2 104 = 14 14.0 £ 1.2 22.7 = 2.3 * * *
Leptin (pg/mL) 4.03 = 041 4.36 = 0.65 9.10 = 1.3 12.9 = 1.2¢ * *
Adiponectin (pg/mL) 2.74 = 0.22 2.90 = 0.17 3.06 = 0.18 3.10 = 0.17
IL-18 (pg/mL) 145.0 = 43.9 112.7 = 47.2 230.8 = 45.9 181.6 * 56.2
IL-6 (pg/mL) 46.2 £ 75 472 = 7.8 47.7 = 6.2 35.2 = 8.6

Data are means = SEM. Int, interaction. *P < 0.05 for the respective sources of variation (IUGR, diet, or their interaction) using two-way
ANOVA. P < 0.05 vs. controls on the same diet after a Bonferroni post hoc test (n = 6 for glucose and n = 10 for hormone and adipokine

determinations).

Effects of IUGR and HF diet on circulating and tissue
lipids. As expected, HF diet increased plasma and tissue
lipid concentrations in both control and IUGR rats (Table 2).
However, IUGR rats displayed more severe hyperlipidemia
than control rats. In addition, HF-fed IUGR rats also
exhibited higher concentrations of triacylglycerol and
ceramides in their livers and gastrocnemius muscles than
HF-fed control offspring (Table 2).
Effects of IUGR and HF diet on glucose homeostasis.
Although 9 weeks of HF diet did not result in fasting hy-
perglycemia in any of the experimental groups, offspring
receiving a HF diet had higher fasted plasma insulin con-
centrations and HOMA indexes than rats fed a LF diet
(Table 1). Consistent with the normal fasting plasma glu-
cose and insulin concentrations, whole-body glucose dis-
posal and insulin tolerance were similar in both groups of
rats receiving a LF diet (Fig. 34 and C). In contrast, HF diet
reduced glucose tolerance and impaired the response to
insulin in both groups of rats relative to those fed a LF diet.
However, it is interesting to note that impaired glucose
disposal and insulin sensitivity were significantly more
pronounced in rat offspring born with IUGR and receiving
HF diet than in controls under similar dietary conditions
(Fig. 3B and D).

Although [3-cell insulin content can play a role in whole-
body glucose homeostasis, it is unlikely that this pathway

contributed substantially in the IUGR model, since differ-
ences in the pancreas weight and insulin content were not
observed among the groups (Fig. 3£ and F)).
Effects of IUGR and HF diet on insulin signaling. Al-
though the precise signaling pathways involved in the in-
duction of insulin resistance are incompletely understood,
the major effects appear to be mediated through dysre-
gulation of the insulin-signaling cascade (34). In agreement
with the interpretation of data from glucose tolerance test
and insulin tolerance test experiments, feeding a HF diet
to IUGR rats but not to control rats impaired insulin-
stimulated Akt phosphorylation at Serd73 (activation site)
in both liver and gastrocnemius muscle (Fig. 4A and B). To
further characterize the source of the signaling defect, we
measured phosphorylation of upstream regulators of Akt.
Because phosphorylation of insulin receptor substrate 1
(IRS-1) at Ser1101 inhibits the ability of IRS-1 to activate
phosphatidylinositol 3-kinase and subsequently Akt, we
measured phosphorylation at this site. Consistent with our
hypothesis, phosphorylation of IRS-1 at Ser1101 in both
liver and skeletal muscle was significantly higher in IUGR
rats compared with control rats only when receiving HF
diet (Fig. 4C and D).

Because phosphorylation of IRS-1 at Serl1101 was
known to be directly caused by protein kinase C 6 (PKC0)
(35), we measured the phosphorylation of PKC6 at Thr538,

TABLE 2
Circulating and tissue lipid concentrations of control and IUGR rats fed LF and HF diets
LF diet HF diet Two-way ANOVA
Control IUGR Control IUGR IUGR Diet Int
Plasma
Triglycerides (mg/dL) 86.7 = 184 86.7 = 14.6 196.1 £ 25.2 298.7 £ 31.7t * *
Cholesterol esters (mg/dL) 484 + 89 55.7 = 3.9 71.6 = 4.2 72.9 = 3.1 *
Cholesterol (mg/dL) 29.0 = 2.6 30.0 = 1.2 415 + 4.2 43.6 + 5.6 *
Free fatty acid (mmol/L) 0.563 = 0.01 0.51 = 0.01 0.60 = 0.01 0.69 = 0.02 * * *
Liver
Triglycerides (p.g/mg protein) 47.7 = 144 154.6 + 26.3 158.2 + 20.0* 249.0 = 32.1t * *
Cholesterol esters (pug/mg protein) 80.8 = 10.2 86.7 = 2.3 86.2 * 4.6 84.1 £ 6.3
Cholesterol (pg/mg protein) 225 = 3.3 27.0 = 24 20.0 = 2.0 27.1 = 2.1 *
Ceramides (pmol/g protein) 2749 = 14.3 2719 = 16.1 334.5 = 21.6 394.4 + 16.3+ *
Gastrocnemius muscle
Triglycerides (g/mg protein) 15.1 = 3.6 295 £ 7.1 974 * 18.7 132.2 = 33.17 * * *
Cholesterol esters (jpg/mg protein) 22.0 = 3.3 26.1 £ 6.7 39.1 £ 76 453 = 104 *
Cholesterol (pg/mg protein) 44 + 04 6.98 £ 2.7 89 = 0.5 81+ 13
Ceramides (pmol/g protein) 60.5 = 4.3 62.2 £ 3.1 68.1 = 4.6 86.5 = 6.0 ® *

Data are means = SEM. Int, interaction. *P < 0.05 for the respective sources of variation (IUGR, diet, or their interaction) using two-way
ANOVA. P < 0.05 vs. controls on the same diet after a Bonferroni post hoc test (n = 4-6 by group).
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FIG. 3. Effect of IUGR on glucose tolerance test (A and B) and insulin tolerance test (C and D) in offspring fed a LF diet (10% fat, 3.85 kcal/g) or
HF diet (45% fat, 4.73 kcal/g). Pancreas weight (E) and pancreas insulin content (F) are shown. *P values next to each label represent the sig-
nificance in the effect for each source of variation (diet or IUGR) as calculated by ANOVA. 1P < 0.05 in Bonferroni post hoc test comparing IUGR

and control offspring receiving the same diet (n = 6 by group).

which is a requirement for PKC6 activation (36). We ob-
served that liver and muscle levels of phosphorylated PKC6
(P-PKC6) were increased in HF-fed IUGR rats compared
with HF-fed control rats, but remained unaltered in the LF
diet groups (Fig. 4F and F).

DISCUSSION

This is the first study showing that a hypoxic fetal insult
resulting in IUGR can affect the postnatal response to a
HF diet. Specifically, we demonstrated that hypoxia-induced
IUGR increases the susceptibility to HF diet-induced alter-
ations of fat distribution, lipid metabolism, and insulin-
signaling pathways. The data presented herein provide
four important findings. These include 1) IUGR signifi-
cantly influences fat deposition, with HF-fed IUGR rats
having significantly elevated amounts of intra-abdominal
fat and larger adipocyte diameters than control rats in
the absence of changes in whole-body adipose tissue
mass; 2) IUGR results in a significant increase in plasma
and tissue lipid concentrations in response to a HF diet
compared with HF-fed controls; 3) IUGR contributes to an
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increased susceptibility to HF diet-induced insulin resis-
tance by altering skeletal muscle and liver insulin-signaling
pathways; and 4) IUGR results in decreased physical ac-
tivity relative to control rats independent of diet.
Collectively, our findings highlight the importance of
IUGR in the development of MetS and provide consider-
able insight into why subjects in the Western world born
with IUGR may require closer clinical monitoring and
could obtain greater benefit from nutritional interventions
designed to reduce the prevalence of cardiovascular risk
factors. The important clinical implications of these find-
ings are discussed below.
IUGR, HF diet, fat distribution, and lipid metabolism.
Contrary to the results reported by other groups using
nutritional restriction to induce IUGR (16), offspring ex-
posed to hypoxia did not exhibit an exacerbated weight
gain after birth. Moreover, feeding a HF diet to offspring
born with IUGR did not cause rats to gain more weight or
increase total body fat content during the early stages of
their lifespan. However, relative to all other groups, rats
born growth restricted exhibited a notable increase in the
proportion of fat located in the intra-abdominal cavity and

diabetes.diabetesjournals.org



C.F. RUEDA-CLAUSEN AND ASSOCIATES

Liver
A
Control IUGR

P-Akt
(s473) [
Akt
P-Akt
(5473 ) P ———
Ak &

2.0 E Control

= IUGR
;:‘ 1.5
5 10 t
<
- i

0.0+ T T
LF HF
*

C Control [UGR
P-IRS

(S1101) NS N % ¥ 1 -
rRs il &= — ¥ --
P-IRS

(S1101)

[RS e i s m— ——
5 * ECogtrol
IUGR
2 4
=)
~ 3
n
& 2
-
= ! ﬁ i ﬂ
0-
*

E Control IUGR
oy R S |
(T543) -
P-PKCO e "
(T543) -
Tubulin A —— |

4
% [ Control
23 M IUGR
=
= 2
g
“.' 1
a~

*

Gastrocnemius muscle

Control IUGR

2.0 E] Control
= - IUGR
%15
< 10
<
- [
0.0+
*
D Control IUGR
P-IRS
(S1101) -
IRS — g ev-e N SR e ™
P-IRS
(S1101) T
IRS A —— _-,-—-n
2.0 [] Control
wn B IUGR
& 15
~
@»n 1.0
=
% s ﬂ
0.0 -
F Control IUGR
T IR
(T543) -
PPKCO ws il i O BB B
(T543) W S - =
Tubulin === = —— a
£ 4 % | Control
=
g 3
[
= 2
g
9 1
=~ 0-

FIG. 4. Effect of IUGR and either LF or HF diets on hepatic and skeletal muscle insulin-signaling elements including phosphorylation of Akt (ratio
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test (n = 6 by group).
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had a larger adipocyte diameter when fed a HF diet. In-
terestingly, these changes in fat distribution and mor-
phology were associated with a significant impairment in
lipid profile and glucose homeostasis, which suggests that
special attention should be paid to the distribution of fat
rather than body weight or total body fat content when
evaluating cardiovascular and metabolic risks. Most
efforts toward understanding the regulation of adipo-
genesis and adipose differentiation have been made ex
vivo using cultures of preadipocytes (37). Based on pre-
vious studies, it was suggested that adipocyte differentia-
tion is a complex process that can be modulated by
multiple stimuli including transcription factors and hor-
monal signals (38). Although little is known about the
mechanisms that determine adipose tissue distribution or
the differential development of fat deposits (39), our data
highlight the potential involvement of prenatal growth as
one of the regulators of this process.

Previous studies in rats also demonstrated that, at the
time of weaning, the majority of body fat is located in
subcutaneous deposits, but as rats age (2 months later),
the majority of body fat is located in the abdominal cavity
(40). Although subcutaneous fat weight increases 6-fold
between weaning and adulthood, intra-abdominal fat
increases 116-fold during the same period of time (40).
Because intra-abdominal fat has such a dramatic rate of
increase during postnatal stages, it is possible that the
catch-up growth of IUGR pups after their birth may con-
tribute to the greater accumulation of abdominal fat and
favor a later-stage metabolic dysfunction in IUGR rats. In
addition, IUGR rats exposed to a hypercaloric HF diet (but
not a LF diet) developed high circulating concentrations of
triacylglycerol and free fatty acids, as well as an accumu-
lation of triacylglycerols and ceramides in the liver and
skeletal muscles (41). These observations demonstrate
that the synergistic effects of both IUGR and diet are as-
sociated with an early onset of dyslipidemia in this model.
Effects of IUGR and HF diet on feeding behavior and
physical activity. Previous studies that evaluated the as-
sociation between IUGR and the development of obesity
concluded that exposure to prenatal insults that lead to
IUGR and early postnatal catch-up growth produce per-
manent changes in neuro-endocrine appetite regulation
(42). Interestingly, our study also describes an increase in
circulating concentrations of leptin and reduced calorie
intake in offspring born IUGR. These results suggested
that, in our IUGR model, at 12 weeks of age, the appetite
regulatory system and the central effects of leptin were at
least partially preserved. Despite the reduced consumption
of food, abdominal adiposity was still increased in HF-fed
IUGR rats, together with elevated tissue and circulating
levels of lipids.

Another interesting finding was that IUGR offspring had
a modest decrease in physical activity relative to controls
independent of the diet they were receiving. The reduced
physical activity was associated with decreased oxygen
consumption (Vos). Because energy consumption was
also diminished in IUGR rats, the development of intra-
abdominal adiposity and other metabolic changes cannot be
entirely attributed to reduced energy expenditure. However,
it is well known that exercise can improve dyslipidemia
and glucose tolerance (43), and it is plausible that decreased
physical activity could be associated with accumulation of
lipids in the tissues and impaired glucose homeostasis in
IUGR offspring fed a HF diet. Although increased adiposity
and reduced physical activity in adult IUGR rats may be
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perceived as a pathological response to the hypoxic insult, it
is also reasonable to consider that these adaptations could
represent compensatory mechanisms programmed during
fetal growth. These compensatory mechanisms may be an
adaptation aimed to prepare the developing organism to
survive in an oxygen-depleted environment after birth by
increasing the ability to accumulate energy and reduce
energy demand through decreased physical activity. Con-
sistent with this observation, it has been reported that
teenagers born with extremely low birth weight participate
much less in sports and are more sedentary than normal
birth weight teenagers, despite reporting equal enjoyment
of physical activity (44). Whether or not the compensatory
adaptation to a growth-restricting environment could also
determine the site of adipose tissue deposition is currently
unknown.

IUGR, HF diet, and impaired glucose metabolism. In-
sulin resistance has previously been associated with both
the consumption of a HF diet (45) and being born with
IUGR (46). However, in the current study, we clearly
identified an interaction between these two factors by
showing that IUGR increases the severity of the hyper-
insulinemia and insulin resistance that resulted from the
challenge of a HF diet. We also show that the changes in
glucose homeostasis cannot be attributed to long-term
effects of a hypoxic insult on pancreatic development,
since pancreas size and pancreatic insulin content were
comparable among all experimental groups. In the ab-
sence of changes in pancreatic insulin content, the in-
crease in circulating levels of insulin could be attributed to
an increase in the secretary activity of the pancreatic
B-cells. Moreover, the data presented herein identified
defects in the insulin-signaling cascade in relevant organs
that play pivotal roles in the development of insulin re-
sistance, such as liver and skeletal muscle. As such, these
data suggest that nutritional interventions that decrease
the consumption of foods high in fat and sucrose, com-
bined with increased physical activity, could be even more
beneficial in preventing or ameliorating the detrimental
long-term effects of IUGR on lipid and glucose homeo-
stasis.

Considering that inflammation has been identified as
a potential mediator of obesity-induced insulin resistance
(47), it is interesting that no differences were observed in
inflammatory markers among the groups. Because these
parameters were measured early in life after a short nu-
tritional intervention (9 weeks of diet), it is possible that
a proinflammatory phenotype had not yet been established
in these animals. Interestingly, changes in insulin homeo-
stasis were notable at this point, which suggests that the
major synergistic effects of [UGR and HF diet on glucose
homeostasis may not be mediated via inflammatory path-
ways.

One limitation of our hypoxia-induced IUGR murine
model is that the hypoxic insult affects not only the
fetuses, but also the dam; therefore, the potential in-
teraction between fetal and maternal responses to hypoxia
should also be considered. Despite these potential con-
founding variables, the hypoxia-induced IUGR murine
model used in this study was extensively characterized
(20,22,23,48) and is the only noninvasive technique avail-
able to induce isobaric fetal hypoxia in rodents.

In conclusion, our study provides strong evidence to
support the programming effects of hypoxia-induced IUGR
on metabolic function by causing a change in the adipose
tissue response to a HF diet and increased the severity of
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diet-induced adipocyte dysfunction and insulin resistance.
Our results suggest that prenatal insults causing IUGR
could play a fundamental role in determining the long-term
systemic response to HF diets. Indeed, our results suggest
that early metabolic programming could contribute to the
observed variability in the response to nutritional inter-
ventions and could further the development of cardiovas-
cular and metabolic diseases later in life, particularly in
environments where HF diets are prevalent (49).
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