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Abstract
Objective—Changes in metabolic homeostasis in pregnant diabetic women are potential
determinants of increased adiposity of the fetus. The aim of this study was to characterize
diabetes-induced changes in genes for fetal-placental energy metabolism in relation to fetal
adiposity.

Research Design and Methods—Placentas of women with type 1 diabetes (T1DM),
gestational diabetes (GDM) or no complications were analyzed using microarray profiling. Pattern
of gene expression were assessed in primary placental cell cultures.

Results—Diabetes was associated with 49 alterations in gene expression at key steps in placental
energy metabolism with 67 % related to lipid and 9 % related to glucose pathways. Preferential
activation of lipid genes was observed in pregnancy with GDM. T1DM induced fewer lipid
modifications but an enhancement of glycosylation and acylation pathways. Oleate enhanced
expression of genes for fatty acid esterification and the formation of lipid droplets 3 times as much
as glucose in cultured placental cells.

Conclusions—These results point to fatty acids as preferential lipogenic substrates for placental
cells and, suggest that genes for fetal-placental lipid metabolism are selectively enhanced in GDM.
The recruited genes may be instrumental in increasing transplacental lipid fluxes hence delivery of
lipid substrates for fetal use.
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Background and Objectives
Diabetic macrosomia results from modification of body composition with increased
adiposity at birth rather than changes in lean mass (1). How maternal diabetes translates into
enhanced lipid deposition in adipose tissue of the fetus is not currently understood. The
association between high maternal glucose levels and increased birth weight has long been
documented in diabetic pregnancy (2). However fetal macrosomia is also observed in
diabetic pregnancy with satisfactory glycemic control (3–5) as well as in offspring of obese
women with normal glucose tolerance and only mild or no hyperglycemia (6–8). This
suggests that either modest variation in fetal glycemia or in energy substrates other than
glucose contribute to enhance fat deposition in fetal adipose tissue. Based on the dogma of
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adipocyte biology, enhanced adipogenesis relies on plethora of adipogenic substrates in
association with a hyperinsulinic milieu. The availability of fetal energy substrates is
regulated in the first place by their maternal circulating concentrations and to the extent they
are transported across the placenta. Hence the hyperglycemia and hypertriglyceridemia
facilitated by the insulin resistance of the diabetic mothers are potential factors to enhance
substrate availability to the fetus (9–11). The structural and functional characteristics of the
trophoblast cells, allow flexibility in glucose uptake, metabolism and transfer to adapt to
concentration changes (12). Maternal FFA are also taken up by placental cells for direct fetal
transfer to the fetus (13). However, complex lipids such as triglycerides can only be
transported after hydrolysis by specific trophoblast lipases (14). The subsequent re-
esterification of FFA suggests that interim storage takes place within the placenta as
suggested in rodent model of diabetes (15). However there is only scant information to
assess the regulation of placental-fetal lipid fluxes in pregnancy with abnormal lipid
homeostasis (16).

In a first step towards the characterization of the mechanisms regulating fetal adipogenic
capacity we have characterized the changes in placental glucose and lipid pathways induced
by diabetes. In order to encompass an array of diabetic pathologies and neonatal outcomes,
we have included pregnancies with type 1 diabetes (T1DM) and gestational diabetes
(GDM), a milder diabetic pathology similar in many respects to type 2 diabetes (17). In this
report we show that diabetes induces major alterations of key pathways for feto-placental
lipid fluxes with differential activation in GDM and T1DM.

Subjects, Material and Methods
Study subjects

The protocol was approved by the institutional review boards of MHMC and Hospital
Cochin and volunteers gave informed written consent in accordance with each institution
guidelines. Women with no pregnancy complication (n=5), GDM (n=9) or type 1 diabetes
(n=6) were recruited at the time of delivery in term pregnancy. GDM was defined as an
abnormal glucose tolerance during the third trimester according to the criteria defined by
Carpenter and Coustan (18). All GDM subjects required insulin therapy for glucose control.
Glycemic control of the diabetic women was considered satisfactory based on an average
%HbA1C <6.3 (Table 1). Placenta, maternal and cord blood samples were obtained at time
of term elective C-section. Maternal anthropometrics were recorded at the first antenatal
visit. At term women with T1DM were hyperglycemic and hyperinsulinemic. No significant
hyperlipidemia was noted in mothers or fetuses although there was a tendency to slightly
higher plasma NEFA in women with GDM. Neonatal anthropometric measurements were
performed at delivery. Fetuses of both GDM and type 1 diabetic women were
hyperinsulinemic and macrosomic with increased adiposity at birth based on higher ponderal
index (Table 1).

Analysis of glucose, lipids and insulin
Plasma glucose was measured by the glucose oxidase method with a glucose analyzer
(Yellow Springs Instrument, Yellow Springs, OH). Plasma FFA concentrations were
determined with an enzymatic method (WAKO chemicals, Neuss, Germany). Plasma
triglyceride concentrations were determined with an enzymatic method (Sigma). Plasma
insulin was assayed by radioimmunoassay (Linco, St louis, MO).

Tissue and microarray processing
For each placenta, six biopsies (approximately 1 cm3) were sampled within 5 distinct
cotyledons (30 fragments total) after dissecting out the basal and the chorial plates and snap-

Radaelli et al. Page 2

Am J Obstet Gynecol. Author manuscript; available in PMC 2013 April 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



frozen in liquid nitrogen. Total RNA was prepared from 12 out of 30 randomly selected
tissue samples using CsCl gradient (19) and electrophoresed to verify integrity. Aliquots of
the twelve RNA samples prepared from each placenta were pooled and reversed transcribed
into cDNA using Superscript first strand synthesis (Invitrogen, CA). The pooling strategy
was used to minimize inter and intra-placenta structural variations inherent to human
placental heterogeneity. Biotinylated cRNA where generated by in vitro transcription
(ENZO kit, Affymetrix) and evaluated with test-microarrays (Test-3array, Affymetrix). The
quality of samples was considered satisfactory with the presence of bioC, bioD and cre and a
3’/5’ ratio of the polyA controls < 3. Each cRNA were run on duplicate microarrays (human
U133 Affymetrix) according to manufacturer’s instructions. Signals scanning and analysis
were performed with Affymetrix equipments (Fluidics station, HPgene array scanner, MAS
5.0 microarray suite). Results were scaled to an average signal intensity of 1500 to correct
for hybridization efficiency.

Data analysis
Selection of the significantly modified transcripts was performed by applying the following
filter strategy. All probe sets with intensity signal below the probe pair threshold were
excluded. Among the genes showing an absolute call of present (P- calls) according to MAS
5 algorithm, we selected the genes with a difference in signal detection at least 4.5 times the
average background minus the scaled noise. The genes having satisfied these criteria were
then selected based on a fold change ≥ 1.52 or ≤ −1.52 consistent in at least two
comparisons. The genes who did not meet the fold change criteria were referred to as not
significantly changed (nsc). Genes related to glucose and lipid metabolism were identified
according to the function of their putative encoded proteins from public databases. Fold
changes were validated by real-time PCR measurements on ten selected genes (Table 2).
The hybridization intensities of significantly modified genes were examined by hierarchical
cluster analysis using genespring and treeview.

Isolation of primary placental cells, culture and immunofluorescence
Placental cells were isolated through sequential DNase digestion and percoll gradient
centrifugation as previously described (20). Approximately 30 to 45 g of villous tissue was
dissected within 10 min of delivery, blotted on sterile gauze and washed with saline to
remove excess blood. The tissue was then digested three times at 37°C in a shaking water
bath for 30 min each with 0.25 % trypsin and 300 U/ml DNAse I in Hanks’ balanced salt
solution, pH 7.4. Cytotrophoblasts were separated from mononuclear cells by Percoll
(Amersham Pharmacia Biotech, NJ, USA) gradient centrifugation. Cells were counted and
seeded in Iscove medium supplemented with 10% FCS in 12 well plates at a density of 2.5 ×
106 cells per well.

Cell culture and placental lipid analysis
After overnight incubation non adherent cells were washed twice with serum free standard
DMEM. Cells were cultured with serum free DMEM medium containing 5.5 mM glucose
and 0.15 mM BSA (control) or supplemented with 10 mM glucose or 400 nmol/L oleic acid
complexed to BSA (Sigma, MO) for 48 hours. For RNA extraction, cells were lysed with
0.5 ml Trizol per well. For lipid staining, cells were washed with PBS then fixed in 4%
paraformaldehyde for 30 min at room temperature. Cells were exposed for 30 min to
BODIPY 493/503 (Molecular Probes, CA). Nuclei were counterstained with DAPI
(Millipore, MA). Slides were mounted in permanent aqueous mounting medium (DAKO,
CA) and viewed with a confocal laser scanning microscope (Zeiss, model LSM Meta 510)
and nuclei were counted manually from 6 random fields /slide with 15 nuclei per field. Lipid
droplets were counted and quantified from digital images using MetaMorph imaging
software (Molecular Devices, PA). Each experiment was performed in duplicate.
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Real time PCR
Expression of stearoyl CoA desaturase (SCD), 3-hydroxy-methylglutaryl-CoA reductase
(HMGCR) and 3-hydroxy-methylglutaryl-CoA synthase 1 (HMGCS) was quantified by real
time RT-PCR (Lightcycler, Roche Molecular Diagnosis, IN) in primary cultured trophoblast
cells incubated with glucose and oleate. Results were normalized for beta-actin. SCD
primers: forward: TGTGTCCCAGATGCTGTCAT, reverse;
CCCACCCAATCACAGAAAAG (Genebank accession number NM_005063). HMGCR
primers: forward: TGTTTCAGATTGCAAGGTAATATGT, reverse:
CCTGGCACCCAAAAGTTAAA (Genebank accession number NM_000859). HMGCS
primers: forward: TTAGCTTTCTCAGGGGGTCA, reverse:
CCATGGTTTCCTGGAATGTT (Genebank accession number NM_002130).

Statistical analysis
Data are presented as mean ± SEM. Comparisons between groups were performed using
one-way analysis of variance (ANOVA). Significance for statistical differences was
calculated using a two-tailed Student’s t–test for unpaired data. Differences were considered
significant when p <0.05.

Results
Clusters for metabolic genes in placenta of gestational and type 1 diabetes

Hierarchical cluster analysis showed enhancement of lipid pathways in both GDM and
T1DM (Figure 1). Among the 49 genes related to lipid and glucose energy pathways which
were significantly modified, 45 were up-regulated and 4 down- regulated. Four distinct
categories of genes were identified based on the functional property of their putative
encoded proteins 1- lipid transport and activation, 2- lipid metabolism, 3- glycogen
metabolism and 4- hexosamine pathways (Table 2). The vast majority of the activated genes
(67 %) were implicated in lipid pathways and only 9 % were related to glucose energy
metabolism with a clear dichotomy between T1DM and GDM. Genes at key steps of fatty
acid uptake, transport and activation pathways were similarly up-regulated in pregnancy
with GDM and T1DM (Table 2). However, pathways for triglyceride and cholesterol
biosynthesis were selectively enhanced in GDM and obesity. There were marked differences
in clusters of glucose-related genes with pathways for glycogen turnover primarily enhanced
in GDM and hexosamine pathway and glycosylation reactions essentially recruited in T1DM
(Figure 1, Table 2).

Genes for lipid transport and metabolism
The pattern of genes for fatty transport and activation showed similarities in GDM and
T1DM. FABP4 and FABP5, two isoforms of the fatty acid binding proteins family for
facilitated transport of FFA were up-regulated 2-fold compared to control (Figure 2A). The
three isoforms of the fatty acylcoA ligases (FACL2,3,4) which catalyze the conversion of
fatty acids into fatty acyl-CoA esters to serve as precursors for the synthesis of triglycerides,
cholesterol and membrane phospholipids were also activated. The endothelial lipase LIPG
which hydrolyzes complex lipids into FFA before they can be taken up by the placental cells
was also higher in diabetes (Figure 2B). A robust activation of lipid metabolism essentially
observed in GDM was supported by the up-regulation of several genes in lipid biosynthetic
pathways (Figure 3). The 8-fold increase in stearoylcoA desaturase (SCD) which introduce
double bonds into growing fatty acid chains indicated a recruitment of cellular pathways
leading to triglyceride synthesis. Activation of cholesterol synthesis and steroidogenesis was
suggested by the coordinated up- regulation of 3-hydroxy-methylglutaryl-CoA reductase
(HMGCR), 3-hydroxy-methylglutaryl-CoA synthase 1 (HMGCS), emopamil sterol
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isomerase (EBP), squalene epoxidase (SQLE) and sterol 4 methyl oxidase (SCAMOL). The
link between the up-regulation of lipid pathways and lipid storage capacity of placental cells
was assessed in vitro under conditions of high glucose and lipid availability. The expression
of SCD, HMGCS and HMGCR was activated 1.5 to 2.7-fold (p<0.001) by culture of freshly
isolated trophoblast cells in the presence of 400 nMol/L oleate but not with 10 mMol/L
glucose (Figure 4). The size of the lipid droplets was increased 4-fold (p<0.002) upon
addition of oleate and 1.9-fold (p<0.05) with 10 mMol/L glucose in the culture medium
(Figure 5). The stimulatory effect of oleate was not further enhanced by glucose.

Genes for Glucose metabolism
In contrast to the prominent activation of lipid pathways, genes related to glucose
metabolism represented a smaller proportion (9 vs 67 %) of the recruited genes. The
activation of glycogenin, the protein priming glycogen synthesis from UDPG-glucose, the
glycogen branching enzyme GBE1 and amylo1-6 glucosidase AGL indicated active
glycogen turnover in GDM only (Table 2, Figure 6). Ten genes (22% of diabetes modified
genes) involved in glycosylation, acylation processes and the hexosamine synthetic pathway
were exclusively recruited in placenta of T1DM (Table 2). The 5-fold activation of the
fucosyltransferase FUT5 gene and the hyaluronoglucosaminidase HYAI4 gene were
indicative of modifications in the carbohydrate content of glycoproteins.

Comment
The most significant findings of this study were that diabetes induced an over-
representation of genes implicated in placental lipid pathways compared to genes related to
glucose metabolism. Furthermore there was a clear dichotomy between GDM and T1DM as
regards to lipid and glucose metabolism. Genes for transport and activation of fatty acids
and LDL were up-regulated to similar extent in GDM and T1DM reflecting the increased
availability of lipid substrates at the maternal- placental interface. Pathways for intracellular
lipid biosynthesis were selectively up- regulated in pregnancy with GDM and obesity. The
robust activation of stearoyl-CoA desaturase (SCD) indicates an enhancement in the
anabolic pathways leading to accumulation of triglycerides. High desaturase activities have
also been associated with insulin resistance and dyslipidemia in obese rodents (22). Fatty
acid desaturases are rate-limiting enzymes for triglyceride synthesis which are highly
sensitive to dietary changes (23, 24). The ability of oleate to stimulate the expression of
SCD and lipid droplet formation in vitro delineates fatty acids as lipogenic substrates as
previously suggested (25). The enhanced expression of ADRP and SCP-2, which facilitate
storage of FFA and cholesterol into membrane and neutral lipids further highlights that
coordinated mechanisms are set to favor lipid accumulation in a diabetic environment (26).
Our data support the original hypotheses by Szabo (27) and Shafrir (15, 21) that
accumulation of placental triglycerides represent a regulatory step towards excess fetal
adiposity. Additionally, our results emphasize that glucose plays only a minor role in
triglyceride accumulation through de novo lipid synthesis in agreement with the absence of
acetylcoA carboxylase and fatty acid synthase in placental cells (28).

The second lipid pathway that we found up-regulated in GDM leads to cholesterol synthesis
through activation of HMG-coA reductase and HMGcoA synthetase. This is further
supported by the 2 and 12–fold up-regulation of squalene epoxidase and emopamil binding
protein, which catalyze distal steps of cholesterol biosynthesis (29). As primary constituents
of cell membranes, phospholipids and cholesterol regulate membrane lipid composition and
consequently changes in membrane fluidity. Phosphatidylcholine cytidyltransferase
PCYT1B and sterol carrier protein SCP-2 which enhance the ratio of phospholipids/
cholesterol are classically associated with fluidization and altered functions of membrane
proteins (30). The phospholipid composition of the monolayer profoundly affects droplet
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morphology and lipid utilization (31). Hence, the molecular changes observed may result in
higher membrane fluidity as well as ubiquitous lipid storage, two potential interim steps
towards increased transplacental transfer of lipids.

Our overall concept is that maternal environmental factors contribute to the regulation of
genes for lipid transport and metabolism in placenta of GDM women. Because maternal
FFA and triglyceride plasma concentrations were not modified in lean type 1 diabetic or
obese GDM women this raises the question of whether changes in maternal lipid fluxes
contribute to the observed placental changes. Recent findings in a population of well-
controlled GDM pregnancies in overweight women showing that circulating maternal lipids,
but not glucose, correlate with fetal growth provides strong support to this view (32).
Preliminary studies from our group indicate that obesity in pregnancy, without maternal
hyperlipidemia, enhances expression of similar placental lipid gene clusters (shm
unpublished). This raises the possibility that the environment of obesity may be critical for
the regulation of placental lipid pathways. Whether an excess placental lipids are mobilized
and exported into the fetal circulation is critical information for understanding the regulation
of fetal adiposity and is not yet known with certainty. The positive materno-fetal FFA
concentration gradient in humans reflects FFA taken up by all fetal tissues and not only by
adipose tissue. Hence, fetal FFA concentrations cannot be used as markers of fat deposition
in utero. The up-regulation of the lipid carriers FABP4 and FABP5 suggests an
enhancement of placental fatty acid fluxes. The location of FABPs on both sides of the
bipolar syncytiotrophoblast cells may favor transport of free fatty acids in both directions i.e.
from mother to fetus and vice versa (33). Increased expression of the endothelial lipase
LIPG2 provides additional evidence for mobilization of lipids for export to the fetal
circulation (34, 35). Taken together our findings point to the recruitment of three
coordinated pathways which control the amount of fatty acids available for the fetus in
response to gestational diabetes i.e their rate of uptake from maternal circulation, the
esterification/storage capacity and the mobilizing activity for export.

In addition to lipid genes, our cluster analysis has highlighted that changes in pathways of
glycogen turnover were enhanced in GDM, whereas pathways for glycosylation and
acylation were exclusively recruited in T1DM. The up-regulation of glycogenin, the
glycogen branching enzyme GBE1 and of amylo1-6 glucosidase AGL are molecular
markers for the acceleration of glucose fluxes into glycogen, a well documented feature of
diabetic pregnancy in humans and rodents (36–40). The lack of glucose-6-phosphatase and
the co-localization of glycogen and glycogenin in endothelial cells lining the fetal
circulation were key observations for the concept that it is the excess glucose from the fetus
rather than from the mother which may being stored as glycogen (41, 42). The increased
expression of 10 genes for glycosylation and acylation reactions in T1DM suggested that
hexosamine pathways may be recruited when tissue glycogen storage capacities are
exceeded (43). GLUT10, a facilitative glucose transporter candidate gene for Type 2
diabetes (44) was the only gene related to glucose transfer to be up-regulated in our data set.

Taken together, these data point to a pronounced modification of fetal-placental lipid
pathways and selective activation of transplacental lipid fluxes in pregnancy with gestational
diabetes and obesity. Our findings have potentially important clinical implication in
highlighting the importance of alterations of lipid homeostasis besides glucose changes as
potential contributors to fetal macrosomia.
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Figure 1. Placental metabolic genes differentially regulated in diabetic pregnancy
Unsupervised hierarchical clustering shows expression data for the metabolic genes
modified in pregnancy with GDM and type 1 diabetes. The prominent clusters shown on the
right are based on the putative functional characteristics of the genes. The color tag and
intensity represent the expression level from lowest (blue) to highest (red). Type 1 DM:
Type 1 diabetes mellitus, GDM: gestational diabetes. Shown are data from 6 representative
arrays run in duplicate.
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Figure 2. Changes in pathways for placental lipid transport in diabetes
Upper panel: fold changes of regulated genes related to lipid transport in GDM (first
number) and type 1 diabetes (second number). Lower panel: schematic diagram of the
molecules related to placental lipid transport. The placental barrier is formed by the
syncytiotrophoblast cells (yellow) facing the maternal side and the endothelial cells (red)
lining the fetal vascular system. Panel A: the fatty acid binding proteins FABPs located on
both sides of the syncytial cells bind fatty acids for import from the maternal circulation and
export from the placenta to the fetal circulation. The fatty acylcoA ligases FACL process the
first step of fatty acid elongation towards esterification of FFA into triglycerides. B: The
lipases LIPG and LPL breakdown triglycerides and complex lipids before uptake by
trophoblast cells or export to the fetal circulation. The phospholipases PLA2s contribute to
mobilization of phospholipids. TG: triglycerides, FFA: free (non esterified) fatty acids.
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Figure 3. Changes in placental lipid biosynthetic pathways in diabetes
Fold changes and schematic representation of selected genes in pathways regulating the
synthesis of triglycerides, cholesterol and phospholipids in GDM (first number) and type 1
diabetes (second number).
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Figure 4. In vitro regulation of genes for placental lipid synthesis in primary placental cells
mRNA expression of stearoylcoA desaturase (SCD), 3-hydroxy-methylglutaryl-CoA
reductase (HMGCoAR) and 3-hydroxy-methylglutaryl-CoA synthase (HMGCoAR) limiting
steps for triglyceride and cholesterol synthesis. Freshly isolated trophoblast cells were
cultured for 48 hrs with no addition (control) or addition of glucose (10 mMol/L), oleate
(400 nMol/L) or the combination of both. Results are means ± SE of 4 independent
experiments with duplicate culture wells. * p< 0.005.
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Figure 5. In vitro regulation of lipid accumulation in primary placental cells
Left panel: visualization of lipid droplets in primary term placental cells. Freshly isolated
trophoblast cells were cultured for 48 hrs with no addition (control) or addition of glucose
(10 mMol/L), oleate (400 nMol/L) or the combination of both. Right panel: quantification of
lipid accumulation by scanning densitometry. Results are means ± SE of 4–6 independent
experiments with duplicate culture wells. * p< 0.0001.
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Figure 6. Changes in placental pathways for glycogen turnover in pregnancy with gestational
diabetes
Glycogenin initiates glycogen synthesis by attaching C-1 of a UDP-glucose to a tyrosine
residue on the enzyme. The attached glucose serves as the primer required by glycogen
synthase to attach additional glucose molecules. Expression of glycogen synthase (GS) or
glycogen phosphorylase (GP) was not modified in diabetes.
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Table 1

anthropometrics and metabolic data of the study population Results are means ±SD.

Control (5) GDM (9) T1DM (6)

maternal age at delivery 28.0±2.4 29.7±2.2 31.7±4.3

gestational age (weeks) 38.7±0.7 38.5±1.0 37.3±0.5

maternal pre-gravid BMI 20.7±1.2 42.7±6.0** 21.8±1.6

maternal glucose (mg/dl) 80.8±10.4 90.7±23.7 126±19.4**

maternal insulin (mU/ml) 22.9±1.1 53.7±36.7* 14.0±3.5

maternal HbA1C (%) 5.3±0.1 6.1±0.2* 6.2±0.28*

maternal triglycerides (mg/dl) 184±9 198±21 189±18

maternal NEFA (mM) 0.67±0.03 0.81±0.08 0.68±0.12

placenta weight (g) 568±90 703±107* 658±72

birth weight (g) 3440±340 3679±499* 3840±620*

neonatal ponderal index (g/cm3) 2.62 ± 0.07 3.02±0.4* 3.01±0.4*

umbilical cord insulin (mU/ml) 12.6±2.7 23.2±2.1** 49.6±19.9**

umbilical cord glucose (mg/dl) 77±6.6 87±6.2* 89±10.9*

umbilical cord triglycerides (mg/dl) 34.3±8.5 27.9±1.9 33.5±5.9

umbilical cord NEFA (mM) 0.18±0.01 0.16±0.01 0.17±0.05

*
p<0.01 and

**
p<0.001 vs controls.

GDM: gestational diabetes, T1DM: Type 1 diabetes, NEFA: Non esterified fatty acids.
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