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Pregnancy-induced metabolic changes are regulated by sig-
nals from an expanded adipose organ. Placental growth factor
(PlGF), acting through vascular endothelial growth factor re-
ceptor-1, may be among those signals. There is a steep rise in
circulating PlGF during normal pregnancy, which is re-
pressed in gravidas who develop preeclampsia. PlGF-defi-
ciency in mice impairs adipose vascularization and develop-
ment. Here we studied young-adult PlGF-deficient (PlGF�/�)
and wild-type mice on a high-fat diet in the nongravid state
and at embryonic day (E) 13.5 or E18.5 of gestation. Litter size
and weight were normal, but E18.5 placentas were smaller in
PlGF�/� pregnancies. PlGF�/� mice showed altered intraadi-
pose dynamics, with the following: 1) less blood vessels and
fewer brown, uncoupling protein (UCP)-1-positive, adipo-
cytes in white sc and perigonadal fat compartments and 2)
white adipocyte hypertrophy. The mRNA expression of �3-
adrenergic receptors, peroxisome proliferator-activated re-
ceptor-� coactivator-1�, and UCP-1 was decreased accord-

ingly. Moreover, PlGF�/� mice showed hyperinsulinemia.
Pregnancy-associated changes were largely comparable in
PlGF�/� and wild-type dams. They included expanded sc fat
compartments and adipocyte hypertrophy, whereas adipose
expression of key angiogenesis/adipogenesis (vascular endo-
thelial growth factor receptor-1, peroxisome proliferator-
activated receptor-�2) and thermogenesis (�3-adrenergic
receptors, peroxisome proliferator-activated receptor-�
coactivator-1�, and UCP-1) genes was down-regulated; circu-
lating insulin levels gradually increased during pregnancy. In
conclusion, reduced adipose vascularization in PlGF�/� mice
impairs adaptive thermogenesis in favor of energy storage,
thereby promoting insulin resistance and hyperinsulinemia.
Pregnancy adds to these changes by PlGF-independent
mechanisms. Disturbed intraadipose dynamics is a novel
mechanism to explain metabolic changes in late pregnancy in
general and preeclamptic pregnancy in particular. (Endocri-
nology 149: 2176–2183, 2008)

THE LARGE MAJORITY of women gain weight and fat
mass during pregnancy. Seventy-six percent of the ges-

tational fat is stored in sc depots and 68% in the trunk (1).
Signals from an expanded adipose organ are believed to
explain in part the physiological insulin resistance and hy-
perinsulinemia of pregnancy (2, 3).

Adipose tissue (AT) expansion is the result of adipocyte
hyperplasia and/or hypertrophy. Neoadipogenesis is pre-
ceded or accompanied by an angiogenic response (endothe-
lial cell proliferation, vessel sprouting) (4–7). It is unknown
whether pregnancy induces angiogenesis and adipogenesis.
However, adipocyte hypertrophy has been documented in
gravid rats (8, 9) and raised circulating leptin and TNF-�
suggest a comparable response in human pregnancy (2).

Placental growth factor (PlGF) is an important angio-
genic factor. PlGF shares homology with vascular endo-
thelial growth factor (VEGF) and binds with high affinity

to VEGF receptor-1 (VEGFR-1/Flt-1) (10). There are at
least three isoforms, but PlGF-2 is the only isoform ex-
pressed in the mouse. Its name is derived from the strong
expression in trophoblast and the putative role in placental
development (11, 12), yet PlGF is expressed in numerous
other cell types including endothelial cells (13) and adi-
pocytes (6). Circulating PlGF increases steeply during
pregnancy, with peak levels attained in the early third
trimester; this increment is dampened in gravidas who
develop preeclampsia, a disease characterized by placen-
tal and endothelial cell dysfunction (14).

Whereas PlGF is not necessary for embryonic angio-
genesis, it is required for the neovascularization that oc-
curs with wound healing, fracture repair, ischemia, and
cancer (15, 16). PlGF is also involved in AT neovascular-
ization because PlGF-deficient (PlGF�/�) mice showed
reduced AT vascularization and were partially resistant
for AT expansion when fed an obesogenic diet (17). Also,
PlGF expression is up-regulated in sc fat depots of obese
mice (6).

These observations led us to hypothesize that PlGF is
one of the proangiogenic factors that regulate AT vascu-
larization and expansion during pregnancy. In the current
study, we assessed the gestational changes in AT mass and
physiology in normal and PlGF�/�mice fed a high-fat diet.
Our a priori hypothesis was that PlGF deficiency would
impair fat mass expansion through its effect on
vascularization.
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Materials and Methods
Animals and procedures

The experiments were approved and supervised by the Ethical Com-
mittee for Animal Experimentation at the Katholieke Universiteit Leu-
ven. Breeding couples of wild-type (wt) and PlGF�/� mice in a 50%
129Sv � 50% Swiss background were obtained from P. Carmeliet (Cen-
ter for Transgene Technology and Gene Therapy, VIB-3, Leuven, Bel-
gium) and maintained as described (15). The animals were housed
individually in temperature-, humidity-, and light-controlled conditions
with ad libitum access to water and a standard diet with a caloric value
of 10.9 kJ/g, 13% fat-derived (KM-04-k12, Muracon; Carfil, Oud-Turn-
hout, Belgium). At the age of 8 wk, wt and PlGF�/� females were mated
overnight with wt and PlGF�/� males, respectively; the presence of a
copulatory plug the next morning indicated successful mating [i.e. em-
bryonic day (E) 0.5 of gestation]. Both successfully (gravid) and non-
successfully (nongravid controls) mated females were weighed at this
time and switched to a Western-style high-fat diet with a caloric value
of 20.1 kJ/g, 42% of which is derived from fat (TD 88137; Harlan Teklad,
Madison, WI). This diet was introduced to promote AT angiogenesis and
fat deposition (6, 17). Food intake was recorded daily by weighing the
pellets to the nearest 0.01 g, and an average was calculated at the end
of the experiment for each mouse; an average was then calculated per
group. Food spillage was minimal and was not taken into account. We
studied gravid mice at gestational ages E13.5 or E18.5; all groups were
weighed 7 d after diet switching, and the E18.5 group and the nongravid
controls at the 14- and 17-d time point as well.

At E13.5 or E18.5, the mice were fasted from 0900 to 1300 h and
weighed. After very brief exposure to diethylether, blood was sampled
from the retroorbital sinus by an uncoated hematocrit capillary tube
(Hirschmann, Eberstadt, Germany) and collected into a heparin-Li/
NaF-coated Eppendorf tube (Analis, Ghent, Belgium). Blood glucose
was measured on the spot using Glucocard strips and a glucometer
(Memory 2; Menarini, Florence, Italy). The remainder was rapidly cen-
trifuged, aliquoted, and stored at �20 C until analysis. In the gravid
mice, a median laparotomy was performed subsequently. To ensure
effective anesthesia for both dam and fetuses during the procedure, the
animals were given pentobarbital (60 mg/kg) ip (Nembutal; Santé Ani-
male, Brussels, Belgium) 5 min before surgery. Blood was sampled from
the axilla of each fetus by a Pasteur pipette and pooled into one hep-
arinized Eppendorf tube per litter; the plasma samples were stored at
�20 C. Individual placentas and fetuses were weighed. All animals were
euthanized by gently elongating the spinal cord. Subcutaneous inguinal
(ing) and trunk fat were exposed and removed after a vertical midline
skin incision from the pelvic bone to the sternum and two 45° oblique
incisions from the lower sternum to the hindlimbs. We defined ing fat
as sc fat below the hindlimb level, and trunk fat as sc fat below the
sternum but above the hindlimbs extending into the dorsal wall of the
trunk. Perigonadal (gon), and mesenteric (mes) fat were removed from
the abdominal cavity. All AT samples were weighed and processed for
histology or snap frozen into liquid nitrogen and stored at �80 C for
quantitative real-time PCR. A small piece of the tail was preserved to
confirm the genotype by PCR, as described (16).

Cold exposure

Nine nongravid PlGF�/� mice (8 wk, high fat diet since 18 d) were
caged individually in a cold room (5 C) for the last 7 d. Rectal temper-
ature was recorded before and daily during cold exposure, using a
Vaseline-coated digital thermometer. Fat depots were obtained as
described.

Plasma assays

Insulin and leptin concentrations were determined using mouse-
specific ELISA kits (Mercodia, Uppsala, Sweden) and Linco Research
(Millipore, Brussels, Belgium), respectively. Free (nonesterified) fatty
acids (FFA) were measured enzymatically using the nonesterified fatty
acid C assay adapted to 96-well microtiter plates (Wako, Neuss, Ger-
many). In the fetuses, glucose was measured enzymatically using the YSI
2300 STAT PLUS glucose analyzer (Ankersmid, Wilrijk, Belgium) and
insulin with the ELISA.

Histological and histochemical analyses

AT biopsies were fixated in Shandon Zinc Formal-Fixx (Anatomical
Pathology International, Chester, UK) for 20 h, washed thrice (10 min
each) in PBS, transferred to 70% ethanol at room temperature (RT), and
embedded in paraffin.

For the measurement of adipocyte area (size), 10-�m sections were
processed onto Superfrost Plus slides (Menzel-Glaser, Braunschweig,
Germany) and hematoxylin-eosin stained. At least seven fields per an-
imal were analyzed using the KS400 image analyzer (Zeiss, Jena, Ger-
many) at magnification �25, thus assessing 617 � 19 (mean � sem)
adipocytes per animal. The estimated adipocyte density was calculated
as the ratio of the number of adipocytes to the total section area. The
results of all histological analyses were averaged per animal and per
group.

For the measurement of AT vascularization, 10-�m sections were
deparaffinized in xylene (VWR, Leuven, Belgium) and dehydrated in a
downgraded series of alcohol solutions. Endogenous peroxidase signals
were quenched by a 3% hydrogen peroxide block (Merck KGaA, Darm-
stadt, Germany) 10 min at RT. Sections were blocked (30 min, RT) with
TNB [0.1 m Tris-HCl (pH 7.5), 0.15 NaCl, 0.5% blocking reagent (TSA
Cyanine 3 System, PerkinElmer, Boston, MA)] and then stained with the
biotinylated version of Bandeiraea (Griffonia) Simplicifolia BSI lectin
(1:50 dilution; Sigma-Aldrich, Bornem, Belgium) to visualize endothelial
cells in blood vessels. The Cy3 tyramide reagent (TSA Cyanine 3) was
applied to amplify the signal. Photographs were taken from eight fields
under fluorescence microscopy at magnification �20 using the Axio
Vision software release 4.5 and 4.6 (Zeiss) and analyzed using the KS400
image analyzer (Zeiss). The total section area was delineated, and the
number of individual blood vessels present in that area was indicated.
The blood vessel density was calculated as the ratio of blood vessel
number to total section area (6).

We noticed, as described by others (18, 19), the variable presence of
brown adipocytes in these white fat depots, characterized by their mul-
tilocular appearance and brown-reddish color owing to a high vascu-
larization pattern. To quantitate the area consisting of brown adipocytes,
we delineated the total section area and subtracted the areas consisting
of identifiable blood vessels or mammary glandular tissue (for the sc fat
depots, particularly in gravid mice) in the hematoxylin-eosin stained
sections. We then delineated the areas (islets) consisting of brown adi-
pocytes and calculated the brown fat fraction (brown adipocyte area/
total fat area, as a percent). To confirm the presence of brown adipocytes,
ing fat sections were processed histochemically for uncoupling protein
(UCP)-1, a brown adipocyte-specific marker (20). Ten-micrometer sec-
tions were deparaffinized in tolyol (Labonord, Rekkem, Belgium) and
dehydrated in 100% ethanol; endogenous peroxidase signals were
blocked as described. The samples were then washed and the epitopes
of the antigen were exposed by digesting the tissues with trypsin (VWR)
for 20 min at RT. To reduce aspecific background, a blocking solution
containing 2% BSA (Sigma-Aldrich), 1% milk powder (Nestlé, Brussels,
Belgium), 0.1% Tween 80 (Merck KGaA), and 0.1% sodium azide (Sigma-
Aldrich) in 1% Tris-buffered saline, supplemented with normal goat
serum (1:30; Dako Cytomation, Heverlee, Belgium), was applied for 30
min at RT. UCP-1 expression was visualized by incubating the sections
overnight at 4 C with a polyclonal rabbit antimouse UCP-1 antiserum
(1:500; Sigma-Aldrich), followed by a horseradish peroxidase-coupled
goat antirabbit second antibody (Dako Cytomation) incubated for 30
min at RT. To obtain negative controls, the primary antibody was omit-
ted. Color development was initiated by incubating sections with 3,3-
diaminobenzidine tetrahydrochloride (Sigma-Aldrich) in the dark and
in a moist environment for 10 min at RT. Finally, sections were quickly
counterstained with Mayer hematoxylin and dehydrated in isopropanol,
followed by xylene baths, and mounted with DEPEX (VWR). The UCP-
1-positive area was measured by image analysis as described for the
brown fat fraction.

Quantitative RT-PCR

All procedures were carried out as described previously (21). Total
RNA was extracted from 50–100 mg homogenized fat using TriPure
Reagent (Roche, Mannheim, Germany), and its concentration was de-
termined spectrophotometrically (ND-1000; Nanodrop Technologies,
Wilmington, DE). The reverse transcription reaction was initiated from
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0.1 �g RNA in a volume of 20 �l containing TaqMan reverse transcrip-
tion reagents (these and all subsequent RT-PCR materials were pur-
chased from Applied Biosystems, Lennik, Belgium) and random hex-
amers. The samples were incubated for 10 min at 25 C, 30 min at 48 C,
and 5 min at 95 C.

We measured the expression of the following genes by RT-PCR using
the ABI 7000 sequence detector (Applied Biosystems): 1) angiogenesis
markers PlGF (TaqMan predeveloped assay Mm00435613-m1) and its
receptor VEGFR-1 (Mm00438980_m1) (6) and angiopoetin-2 (Ang-2,
Mm00545822-m1); 2) peroxisome proliferator-activated receptor
(PPAR)-�2, which is involved in preadipocyte differentiation and AT
angiogenesis (22) (forward primer, 5�-CGCTGATGCACTGCCTATGA-
3�, reverse primer, 5�-AATGGCATCTCTGTGTCAACCA-3�, and probe,
5�-(FAM)-CACTTCACAAGAAATTAC-3�); 3) the adipokines leptin
(Mm00434759-m1), apelin (Mm00443562-m1), and TNF-� (Mm00443259-m1),
which are believed to reflect adipocyte size (21, 23, 24); 4) markers of adaptive
thermogenesis in mitochondria, �3-adrenergic receptors (�3-AR)
(Mm00442669-m1), PPAR� coactivator (PGC)-1� (Mm00447183-m1), and
UCP-1 (Mm00494069-m1) (20, 25); and 5) hypoxia-inducible factor (HIF)-1�
(Mm00468875-m1), a regulator of the adaptive response to tissue hypoxia (26).
18s rRNA primers and Vic-Tamra probe were used as endogenous reference;
a validation experiment was completed for each marker to confirm equal PCR
efficiency for target gene and reference. We also confirmed a comparable
expression of 18s rRNA in gon and ing fat from the four groups.

The RT-PCR consisted of a 1:8 dilution of cDNA, 2� Taqman
universal PCR master mix and 10� primers (unlabeled)/probe (Taq-
man minor groove binder probe, FAM labeled) sets for each target
gene and endogenous control in a final volume of 10 �l. Thermal
cycling conditions were: 50 C for 2 min, 95 C for 10 min, followed by
50 cycles (for PGC-1� 60 cycles) of 15 sec at 95 C and 1 min at 60 C.
Duplicate samples were run and the increase in fluorescence was
monitored using the Sequence Detector 1.1 (Applied Biosystems,
Lennik, Belgium) software. The data were obtained as cycle threshold
(Ct) values and normalized to the reference (�Ct � Cttarget � Ct18s
rRNA). We then calculated the expression of the samples relative to
that of the calibrator (i.e. wt nongravid) group as ��Ct � �Ctsample
� �Ctcalibrator. Finally, the mRNA expression levels of the target genes
were expressed as 2��Ct (�sem), with the numerical values indicating
the n-fold change in expression of the target mRNA relative to the
calibrator and the sem calculated as [2���Ctln2sd(���Ct)/(number
of samples)1/2].

Data analysis

We used the NCSS 2004 software (Kaysville, UT). Two indirect
indices of insulin resistance were calculated: 1) the homeostasis
model assessment of insulin resistance (HOMA-IR) as fasting insulin
(microunits per milliliter�1) � fasting glucose (millimoles)/22.5 and
2) the product of insulin (nanograms per milliliter�1) and FFA (mil-
limoles) (27). All results are presented as means � sem. Differences
between two groups (e.g. fetal insulin concentrations on E18.5) were
analyzed using two-sample t tests and differences between more than
two groups by ANOVA. Because the study contained six groups of
mice with a different genetic background (wt or PlGF�/�) and ges-
tational status (nongravid, E13.5, or E18.5), we first assessed the main
effects of background and gestational status, as well as their possible
interaction, by general linear model (two-factor) ANOVA. If an in-

teraction was detected at P � 0.05, pointing to a heterogeneity effect,
we proceeded to one-way ANOVA, examining the six groups indi-
vidually. If one-way ANOVA confirmed a P � 0.05, we examined the
intergroup differences (PlGF�/� vs. wt of same gestational status,
E13.5 and E18.5 gravid vs. nongravid of same background) by Fisher’s
least significant differences test.

Results
Hyperinsulinemia despite lower placental weight in
PlGF�/� mice

PlGF deficiency did not affect body weight and had no
consistent effects on food intake, blood glucose, or plasma
FFA and leptin concentrations (Table 1). There was, however,
a slight increase in weight gain since diet switching in the
PlGF�/� animals. Moreover, PlGF deficiency clearly in-
creased plasma insulin concentrations, the insulin � FFA
product (Fig. 1), and the HOMA-IR index (data not shown).

As expected, gravid mice consumed more food and
gained more weight than did nongravid mice. Gestation-
induced differences included a rise in circulating insulin
and leptin in both wt and PlGF�/� dams. FFA and insu-
lin � FFA were raised in E18.5 dams. Comparison of wt
and PlGF�/� dams showed no differences on E18.5; on
E13.5, we detected a difference in glucose (decreased, P �
0.05) and leptin (increased, P � 0.005) concentrations be-
tween PlGF�/� and wt dams. Regarding the reproductive
outcome (Table 2), we found a small decrement in indi-
vidual fetal weight in PlGF�/� vs. wt animals but no
difference in total litter weight. Placental weight, however,
was 13% lower (P � 0.01) on E18.5 in PlGF�/� mice. Fetal
plasma glucose and insulin were comparable in E18.5
PlGF�/� and wt fetuses.

Altered intraadipose dynamics in PlGF�/� mice

PlGF deficiency had no unequivocal effect on overall ad-
iposity (Table 3) but was clearly associated with a decrease
in AT blood vessel density and the fraction of AT consisting
of brown adipocytes or UCP-1-positive cells (see also Fig. 2).
PlGF�/� mice showed larger white adipocytes in gon and
ing fat, with a concomitant decrease in estimated adipocyte
density.

Corroborating these histomorphometric data, the mRNA
expression of several mitochondrial markers (�3-AR, PGC-
1�, and UCP-1) was down-regulated in all examined fat pads
of PlGF�/� animals (Table 4). This down-regulation was
most marked for UCP-1 (29–51% of control levels). The ex-

TABLE 1. General parameters of nongravid and gravid (gestational d 13.5 and 18.5) wt and PlGF�/� mice

Nongravid wt
(n � 10)

wt E13.5
(n � 7)

wt E18.5
(n � 10)

Nongravid PlGF�/�

(n � 12)
PlGF�/� E13.5

(n � 8)
PlGF�/� E18.5

(n � 10) Background Gestational
status Interaction

Weight (g) 25.65 � 1.04 30.1 � 1.24 37.54 � 1.04 23.96 � 0.95 32.90 � 1.16 35.48 � 1.09 (9) 0.72 <0.001 0.07
Weight gain (g) 1.89 � 0.71 7.34 � 0.85 14.35 � 0.71 2.37 � 0.65 10.04 � 0.85 (7) 15.20 � 0.71 0.03 <0.001 0.34
Food intake (g/d) 3.24 � 0.08 3.60 � 0.10a 3.65 � 0.10a 2.82 � 0.10b 3.56 � 0.15a 3.74 � 0.12a 0.20 <0.001 0.04
Blood glucose (mM) 6.48 � 0.32 7.36 � 0.38 5.89 � 0.32 6.74 � 0.29 5.52 � 0.38 (7)a,b 5.71 � 0.32a 0.04 0.04 0.01
Plasma FFA (mM) 1,036 � 51 770 � 60 1,139 � 51 910 � 46 755 � 60 (7) 1,178 � 51 0.44 <0.001 0.25
Plasma leptin (ng/ml) 3.34 � 4.37 (9) 12.37 � 4.95 45.79 � 4.14a 4.49 � 3.78 34.56 � 4.63a,b 34.52 � 4.14a 0.26 <0.001 0.002

Statistical analysis was performed as explained in Materials and Methods. Briefly, two-factor ANOVA was used to examine the data. If an
interaction was noted at the P � 0.05 level, we reassessed the data of the six groups by one-way ANOVA and (if P � 0.05) used Fisher’s least
significant differences multiple-comparison test to examine intergroup differences. The number of animals is in parentheses.

a Significant differences in gravid (E13.5 or E18.5) vs. the nongravid mice of the same genetic background.
b Significant differences in PlGF�/� vs. wt mice of the same gestational status.
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pression of HIF-1� was up-regulated in ing fat of PlGF�/�

mice, but the expression of Ang-2 remained within the nor-
mal range (data not shown). The expression of the apelin and
TNF-� (not shown) was normal, whereas the expression of
leptin was up-regulated in nongravid and E13.5 animals.

Cold exposure in PlGF�/� mice lowered their body tem-
perature from 35.8 � 0.2 C to 32.8 � 0.3 C after 24 h (P � 0.001)
and 33.8 � 0.3 C after 7 d (P � 0.05). Compared with mice
at room temperature, the percent of brown adipocytes in fat
was slightly increased in ing fat (11.15 � 4.12%; P � 0.06) and
gon fat (10.02 � 2.87%; P � 0.07) but not trunk fat (11.18 �
2.81%; P � 0.78).

Additive effect of pregnancy (Tables 3 and 4 and Fig. 2)

Gravidity was accompanied by expanded sc trunk and ing
fat compartments; this expansion was already evident on

E13.5 in PlGF�/� dams but only on E18.5 in wt dams. By
contrast, there was no consistent expansion of gon fat or an
expanded mes fat compartment (data not shown). In sc fat,
the adipocytes were larger during gestation with a concom-
itant drop in estimated adipocyte density. AT blood vessel
density did not change appreciably in the course of gestation,
but blood vessel size was lower among gravid animals; for
ing fat, the post hoc test indicated a significant decrease be-
tween nongravid and E13.5 mice. The brown adipocyte frac-
tion was decreased in sc trunk fat of gravid animals. Thus,
the additive effects of PlGF-deficiency and gestation (E18.5)
resulted in a 67% decrement in the brown adipocyte fraction
in this fat depot.

The histomorphometric data were corroborated by gene
expression analysis. During pregnancy, the expression
levels of the adipogenesis marker PPAR-�2 were markedly
down-regulated in sc trunk and ing fat (levels on E18.5
were 8 –31%, compared with nongravid levels). By con-
trast, apelin expression was dramatically up-regulated
(10- to 18-fold) in sc fat and 1.4-fold in gon fat. However,
there was no up-regulation of leptin expression in sc fat,
and leptin mRNA levels were actually suppressed during
gestation in PlGF-null mice. TNF-� mRNA levels did not
change in any fat depot during the course of gestation
(data not shown). The expression of PlGF and VEGFR-1
was not increased during pregnancy; in fact, the expres-
sion of PlGF was 23% lower in gon fat of E18.5 wt dams,
compared with their nongravid counterparts, and the
VEGF-R1 expression was robustly repressed in sc fat. Ges-
tation did not influence Ang-2 mRNA levels (not shown).
The expression of genes regulating mitochondrial biogen-
esis and function (�3-AR, PGC-1�, and UCP-1) in sc fat
were down-regulated during gestation. Again, the effects
of PlGF deficiency and gestation on the mitochondrial
markers were additive so that the expression level of
�3-AR and PGC-1� in sc fat of E18.5 PlGF�/� dams was
less than 20% of that measured in nongravid wt mice and
the expression of UCP-1 less than 1%.

Associations between adipose changes and hyperinsulinemia
(Table 5)

Whereas insulin was not correlated with FFA concentra-
tions (r � �0.12, P � 0.39), insulin, the insulin � FFA prod-
uct, and the HOMA-IR index were positively correlated with
several measures of adiposity (body weight, weight gain,
weight of all sampled fat pads, circulating leptin), adipocyte
size, and apelin gene expression in sc fat. In addition, insulin
and the derived indices were inversely correlated with blood

TABLE 2. Reproductive outcome of wt and PlGF�/� mice

wt E13.5
(n � 7)

wt E18.5
(n � 10)

PlGF�/� E13.5
(n � 8)

PlGF�/� E18.5
(n � 10) Background Gestational

time Interaction

Litter size 9.9 � 0.9 8.0 � 0.7 8.0 � 0.8 7.6 � 0.7 0.15 0.15 0.35
Individual fetal weight (mg) 156 � 14 (49) 1147 � 14 (51) 134 � 13 (53) 1099 � 13 (60) 0.01 <0.001 0.33
Individual placental weight (mg) 65 � 4 (56) 113 � 4 (51) 73 � 4 (53) 98 � 4a (60) 0.34 <0.001 0.006
Litter weight (mg) 1909 � 84 6424 � 70 1445 � 78 7187 � 70 0.84 <0.001 0.42
Fetal plasma glucose (mM) ND 3.40 � 0.36 (8) ND 3.25 � 0.37 (8) 0.77b

Fetal plasma insulin (�g/liter) ND 1.65 � 0.21 ND 2.10 � 0.31 0.23b

Statistical analysis was as explained in Materials and Methods and Table 1. The number of animals is in parentheses. ND, Not determined.
a and b See Table 1 legend.

FIG. 1. Plasma insulin concentrations (A) and the insulin resistance
index [(insulin) � (FFA)] (B) in nongravid and gravid PlGF�/� and wt
mice. Differences according to genetic background and gestational
status were assessed by two-factor ANOVA, and Fisher’s least sig-
nificant differences multiple-comparison test was used to identify
statistically significant between backgrounds of the same gestational
status [�: P � 0.001 (A) and �: P � 0.003 (B)] and differences between
animals with a different gestational status of the same background
[f: P � 0.02 (A) and x: P � � 0.001 (B)]. No interaction between
background and gestational status was found (P � 0.34 for both A
and B).
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vessel density, the brown adipocyte fraction, and the expres-
sion of �3-AR and UCP-1 in sc fat. Blood vessel density was
correlated with the brown adipocyte fraction (r � 0.62 in ing
and gon fat, P � 0.001) and the expression of UCP-1 (r � 0.30
in ing fat, P � 0.03).

Discussion
PlGF deficiency and AT physiology

We documented that PlGF deficiency alters the adipo-
metabolic phenotype of postpubertal mice fed a high-fat diet
for 13–18 d. PlGF�/� mice showed: 1) a lower fraction of
brown adipocytes, which was only slightly increased by cold
exposure, and a reduced AT expression of thermogenic
genes; and 2) larger white adipocytes. These AT changes
were accompanied by hyperinsulinemia. We submit that the
altered adipometabolic phenotype is caused by a reduction
in microvessel density.

Brown adipocytes are more abundant than previously rec-
ognized. Nuclear imaging has identified several active
brown fat depots in adults (28). In rodents, brown adipocytes
are present not only in a separate interscapular depot but also
to a variable degree in white fat depots. The latter depends
on the genetic strain and age of the animals, the presence of
�3-AR in the fat depot, and the dietary fat content (18, 25, 29,
30). In our young-adult wt mice fed a high-fat diet, 16–29%
of AT sections consisted of brown adipocytes with the largest
proportion in sc trunk fat. The role of brown adipocytes is
thermogenesis, i.e. the release of heat through oxidation of fatty
acids, made possible by the abundant mitochondria and UCP-1
expression (20, 25). Their intense substrate and oxygen require-
ment and the release of heat necessitate an intricate microvas-
cular network (7, 31). The thermogenic capacity of brown adi-
pocytes within white fat depots likely constitutes a
physiological mechanism to curb fat accumulation (32).

FIG. 2. Both PlGF deficiency and gestation decreased the UCP-1-positive fraction in ing fat. Arrows point to brown adipocyte islets in
hematoxylin and eosin-stained (A–C) and UCP-1-immunostained sections (D–F) of nongravid wt fat sample (A and D), nongravid PlGF�/� fat
sample (B and E), and gravid E18.5 wt fat sample (C and F). Bar, 100 �m.

TABLE 3. Weight and histology of adipose tissue in nongravid and gravid wt and PlGF�/� mice

Nongravid wt
(n � 10)

wt E13.5
(n � 7)

wt E18.5
(n � 10)

Nongravid PlGF�/�

(n � 12)
PlGF�/� E13.5

(n � 8)
PlGF�/� E18.5

(n � 10) Background Gestational
status Interaction

Weight of individual fat compartment
(mg)

Ing 275 � 60 400 � 71 619 � 60a 275 � 54 801 � 67a,b 591 � 60b 0.02 <0.001 0.003

Trunk 361 � 42 353 � 55 677 � 42a 330 � 39 564 � 47a,b 503 � 42b 0.95 <0.001 <0.001
Gon 529 � 95 423 � 114 616 � 95 587 � 87 929 � 107a,b 478 � 95 0.09 0.40 0.01

Total fat weight (mg) 1390 � 159 1352 � 190 2120 � 159a 1398 � 145 3690 � 177a,b 1720 � 159 <0.001 <0.001 <0.001
Blood vessel density (� 10�6 	�m2
�1) Ing 860 � 88 626 � 105 663 � 88 460 � 80 295 � 98 549 � 88 <0.001 0.11 0.24

Gon 604 � 134 1108 � 112 783 � 112 443 � 102 424 � 125 525 � 112 <0.001 0.10 0.08
Blood vessel size (�m2) Ing 28.66 � 1.56 (9) 21.94 � 1.77 30.20 � 1.48 26.88 � 1.41 (11) 25.28 � 1.66 30.30 � 1.48 0.67 <0.001 0.29

Gon 33.80 � 1.61 22.84 � 1.92a 26.93 � 1.61a 26.72 � 1.53†(11) 23.85 � 1.80 29.74 � 1.61 0.43 <0.001 0.008
Brown fat fraction (%) Ing 16.04 � 3.17 16.38 � 3.79 10.54 � 3.17 3.10 � 3.03 (11) 0.73 � 3.55 2.49 � 3.17 <0.001 0.62 0.52

Trunk 28.73 � 4.53 17.85 � 5.42 8.41 � 4.78 (9) 12.70 � 4.14 2.62 � 5.07 9.38 � 4.53 0.01 0.02 0.13
Gon 15.52 � 2.87 14.58 � 3.43 11.59 � 2.87 3.73 � 2.62 6.54 � 3.43 (7) 7.05 � 2.17 0.002 0.92 0.44

UCP-1-positive fraction (%) Ing 11.44 � 2.25 15.39 � 2.69 6.42 � 2.25 1.60 � 2.15 (11) 0.23 � 2.52 0.81 � 2.38 (9) <0.001 0.21 0.16
Adipocyte size (�m2) Ing 1242 � 137 1441 � 163 1799 � 137 1958 � 125 1881 � 153 2019 � 137 <0.001 0.06 0.19

Trunk 1010 � 119 1042 � 142 1492 � 119 1148 � 108 1211 � 133 1433 � 119 0.42 0.004 0.60
Gon 1470 � 166 1357 � 198 1517 � 166 2209 � 152 1830 � 186 1924 � 166 <0.001 0.38 0.56

Adipocyte density 	� 10�6 (�m2) �1
 Ing 880 � 52 722 � 62 601 � 52a 510 � 49† (11) 542 � 58† 525 � 52 <0.001 0.04 0.02
Trunk 1118 � 88 1062 � 105 729 � 88 902 � 80 891 � 99 775 � 88 0.14 0.01 0.29
Gon 741 � 77 857 � 92 741 � 77 474 � 70 618 � 86 575 � 77 0.001 0.29 0.79

Total fat weight is the combined weight of the sc inguinal and trunk (defined in Materials and Methods) and the intraabdominal gon and
mes (data not shown) fat depots. Statistical analysis was performed as explained in Materials and Methods and Table 1.

a and b See Table 1 legend.
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Norepinephrine and �3-AR activate the thermogenic pro-
cess (25). Upon adrenergic binding, PGC-1� expression is
induced, which stimulates brown adipocyte differentiation
through coactivation of PPAR-� on the UCP-1 promoter (33,
34). Dietary-induced or genetic obesity in mice represses ing
PGC-1� mRNA levels, whereas PPAR-� agonists augment
PGC-1� and UCP-1 expression (20). However, mice with a
disruption of the adipocyte-specific PPAR-�2 gene showed
no (35) or mild (36) changes in brown AT appearance and
gene expression. In PlGF-null mice, the AT expression of
�3-AR, PGC-1�, and UCP-1 was down-regulated, consistent
with impaired thermogenesis, but the expression of the

PPAR-�2 isoform was normal. Although the mes fat depot is
thought to be metabolically important, we found no effects
of PlGF deficiency on mes fat, pointing to a depot-specific
response (37).

VEGF is the dominant angiogenic factor in white AT (5)
and probably also in brown AT (31, 38). But there was no
consistent up-regulation of VEGF-A expression in PlGF�/�

mice (17), and the expression of Ang-2, another angiogenic
factor, was unchanged in this study.

White adipocyte hypertrophy results in adipokine dys-
regulation, mediated in part by impaired AT perfusion and
hypoxia (39, 40). HIF-1� expression was indeed moderately

TABLE 5. Spearman rank correlation coefficients between insulin or insulin resistance indexes (HOMA-IR, insulin � FFA) and adiposity
parameters (n � 52–56)

Insulin HOMA-IR Insulin � FFA

Correlation coefficient P value Correlation coefficient P value Correlation coefficient P value

Body weight (�) 0.27 0.05 (�) 0.31 0.02 (�) 0.49 �0.001
Weight gain (�) 0.24 0.08 (�) 0.20 0.14 (�) 0.39 0.003
Total fat weight (�) 0.35 0.009 (�) 0.33 0.01 (�) 0.35 0.009
Plasma leptin (�) 0.44 �0.001 (�) 0.43 0.001 (�) 0.58 �0.001
Adipocyte size Ing (�) 0.25 0.06 (�) 0.35 0.009 (�) 0.32 0.02

Trunk (�) 0.35 0.008 (�) 0.35 0.008 (�) 0.36 0.007
Blood vessel density Ing (�) 0.30 0.03 (�) 0.19 �0.15 (�) 0.06 �0.15
Brown fat fraction Ing (�) 0.17 �0.15 (�) 0.27 0.05 (�) 0.30 0.02

Trunk (�) 0.36 0.007 (�) 0.30 0.02 (�) 0.24 0.08
Apelin (mRNA) Ing (�) 0.32 0.02 (�) 0.20 �0.15 (�) 0.39 0.003

Trunk (�) 0.21 0.12 (�) 0.10 �0.15 (�) 0.31 0.02
�3-AR (mRNA) Ing (�) 0.15 �0.15 (�) 0.01 �0.15 (�) 0.17 �0.15

Trunk (�) 0.44 �0.001 (�) 0.31 0.02 (�) 0.42 0.001
UCP-1 (mRNA) Ing (�) 0.33 0.01 (�) 0.14 �0.15 (�) 0.36 0.008

Trunk (�) 0.32 0.02 (�) 0.19 �0.15 (�) 0.30 0.03

TABLE 4. Adipose gene expression markers in nongravid and gravid wt and PlGF�/� mice

Nongravid wt
(n � 10)

wt E13.5
(n � 7)

wt E18.5
(n � 10)

Nongravid PlGF�/�

(n � 12)
PlGF�/� E13.5

(n � 8)
PlGF�/� E18.5

(n � 10) Background Gestational
status Interaction

Angiogenesis
PlGF Ing 100 � 28 92 � 24 101 � 27 ND ND ND 0.94c

Trunk 100 � 22 90 � 21 (6) 103 � 22 ND ND ND 0.82c

Gon 100 � 27 43 � 12a 77 � 22 ND ND ND 0.03c

VEGF-R1 Ing 100 � 28 30 � 9 36 � 9 109 � 27 22 � 7 31 � 8 0.43 <0.001 0.61
Trunk 100 � 20 68 � 21 29 � 5 130 � 34 64 � 43 17 � 3 0.64 <0.001 0.33
Gon 100 � 26 (9) 74 � 16 68 � 15 80 � 15 90 � 23 82 � 22 0.67 0.49 0.28

Adipogenesis/angiogenesis
PPAR�2 Ing 100 � 34 42 � 13 19 � 7 134 � 40 42 � 16 10 � 5 (9) 0.62 <0.001 0.22

Trunk 100 � 22 59 � 17 31 � 9a 203 � 69 53 � 14a 16 � 6a 0.92 <0.001 0.04
Gon 100 � 10 183 � 22 89 � 11 120 � 27 153 � 22 93 � 26 0.93 0.007 0.61

Adipokines
Apelin Ing 100 � 57 429 � 217 1374 � 575 183 � 88 456 � 218 2,511 � 1108 (9) 0.09 <0.001 0.60

Trunk 100 � 60 336 � 182 1034 � 467 98 � 55 291 � 151 1775 � 833 0.63 <0.001 0.51
Gon 100 � 47 60 � 30 146 � 73 126 � 60 57 � 23 (7) 179 � 90 0.68 0.03 0.91

Leptin Ing 100 � 37 53 � 19 60 � 23 499 � 169† 168 � 82a,b 50 � 16a <0.001 <0.001 0.003
Trunk 100 � 59 46 � 24 61 � 39 346 � 156† 134 � 76a 46 � 20a 0.02 <0.001 0.02
Gon 100 � 38 86 � 34 175 � 56 214 � 65† 195 � 87b 81 � 25a,b 0.15 0.61 <0.001

Mitochondrial markers
�3-AR Ing 100 � 45 15 � 7 (6) 15 � 6 63 � 22 10 � 6 (8) 18 � 10 (8) 0.40 <0.001 0.56

Trunk 100 � 33 18 � 7a 43 � 15a 90 � 27 10 � 4a 11 � 4a,b 0.003 <0.001 0.04
Gon 100 � 28 107 � 30 85 � 19 82 � 18 48 � 14 (7) 76 � 22 0.01 0.41 0.13

PGC-1� Ing 100 � 40 54 � 31 50 � 19 (9) 62 � 22 55 � 27 17 � 8 (7) 0.06 0.01 0.28
Trunk 100 � 31 89 � 28 34 � 10 57 � 18 46 � 24 (7) 14 � 4 (9) 0.002 <0.001 0.83
Gon 100 � 34 137 � 60 88 � 26 43 � 12 88 � 48 69 � 28 0.03 0.21 0.51

UCP-1 Ing 100 � 34 16 � 16 1 � 1 29 � 14 0.3 � 0.2 0.3 � 0.2 (7) <0.001 <0.001 0.05
Trunk 100 � 43 (9) 10 � 7 2 � 1 30 � 16 0.3 � 0.2 (7) 0.2 � 0.2 (9) <0.001 <0.001 0.14
Gon 100 � 63 47 � 47 23 � 14 (9) 51 � 28 33 � 27 34 � 24 0.61 0.17 0.58

Hypoxia
HIF-1� Ing 100 � 22 ND 98 � 22 183 � 45 ND 171 � 65 0.02 0.84 0.91

Trunk 100 � 25 ND 96 � 24 154 � 46 ND 93 � 27 0.36 0.22 0.30
Gon 100 � 22 ND 72 � 17 99 � 23 ND 110 � 28 0.24 0.50 0.24

Gene expression data were transformed from Ct values to n-fold differences (decrease or increase) in expression of the target mRNA to the
calibrator sample (nongravid wt sample, expression level set at 1.0). The results were then multiplied by 100 to present the data as percentages �
SEM. Statistical analysis was performed as explained in Materials and Methods and Table 1. ND, Not determined.

a and b See Table 1 legend.
c P value obtained by one-way ANOVA (wt mice only).
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up-regulated in ing fat of PlGF�/� animals. A correlation
between adipocyte size and leptin mRNA levels within fat
depots is well established (23). Here we documented ele-
vated leptin mRNA levels in nongravid and E13.5 PlGF�/�

vs. wt mice and higher plasma leptin in E13.5 PlGF�/� dams.
Impaired thermogenesis and white-adipocyte hypertro-

phy are expected to result in higher weight gain and fat
accumulation. A slightly higher weight gain was indeed
observed in PlGF�/� mice, and E13.5 PlGF�/� dams had
a larger total fat mass than wt dams. The PlGF�/� female
mice in the current study were also hyperinsulinemic,
whereas a previous study in PlGF�/� male mice on stan-
dard chow did not reveal differences in glucose or insulin
tolerance (41). It appears from these data that the meta-
bolic effects of PlGF deficiency depend on animal char-
acteristics (sex, age) and the duration of high-fat feeding
(17, 24, 42). Hypoinsulinemia was observed in mice treated
with the angiogenesis inhibitor TNP-470, which sup-
pressed white adipogenesis (27). Thus, different angio-
genic factors appear to interfere differently with adipo-
genesis and insulin metabolism.

Pregnancy-induced changes

We found that pregnancy resulted in an expansion of sc fat
compartments and adipocyte hypertrophy, whereas the ex-
pression of genes regulating angiogenesis, adipogenesis, and
thermogenesis was down-regulated. These changes were as-
sociated with gradual hyperinsulinemia. Comparable
changes occurred in wt and PlGF�/� dams, indicating that
the pregnancy-induced adipometabolic changes are largely
if not completely PlGF independent.

The adipocyte hypertrophy was accompanied by a grad-
ual, robust up-regulation of apelin expression in sc fat. Ape-
lin is oversecreted in obese and hyperinsulinemic states (40,
43). We documented that apelin mRNA levels correlated
with adipocyte size in leptin-resistant mice (21). In rats, the
adipocyte hypertrophy of pregnancy (8, 9) was associated
with reduced adiponectin expression (3).

The observation that adipose vascularization failed to in-
crease during gestation was contrary to our a priori hypoth-
esis. Blood vessel size was decreased in midgestation; the AT
expression of PlGF and Ang-2 was normal or decreased,
whereas VEGFR-1 expression was down-regulated robustly
in sc fat. Adipogenesis appeared to be repressed accordingly,
as suggested by the strong down-regulation of PPAR-�2
mRNA levels in sc and gon fat. The mechanism driving the
inhibition of the angiogenesis-adipogenesis sequence during
pregnancy warrants further investigation.

In rats, pregnancy is accompanied by atrophy of the in-
terscapular brown fat depot (25). Here we confirmed a re-
duced fraction of brown adipocytes, as well as strongly
down-regulated gene expression of �3-AR, PGC-1�, and
UCP-1, in sc fat of gravid mice. It has been proposed that brown
fat atrophy reflects the increased energy use imposed by the
growing fetus (25). However, an impaired neoangiogenic re-
sponse might also have implications for brown adipogenesis.

The effects of pregnancy and PlGF deficiency on insulin
parameters were additive. E18.5 dams showed increased
concentrations of both insulin and FFA concentrations,
confirming data in rats (8). Overall, we found powerful
correlations between white adipocyte size or brown fat

fraction in sc trunk fat and insulin parameters (Table 5),
extending previous observations in humans and animal
models. Indeed, the size of adipocytes in sc trunk fat was
an independent predictor of type 2 diabetes in diabetes-
prone Pima Indians (44). Similarly, studies in mice treated
with PPAR-� modulators showed concordant effects on
adipocyte size and insulin resistance (45). Regarding
brown fat, there is preliminary evidence in man that less
brown fat confers insulin resistance (28); in mice, the ev-
idence that brown fat ablation produces insulin resistance
is quite strong (46, 47).

The present study focused on AT. Yet it is clear that we
need to delineate further the metabolic phenotype of gravid
PlGF�/� mice using insulin tolerance tests, glucose tolerance
tests, and perhaps hyperinsulinemic clamps. Also, we need
to study insulin secretion dynamics.

Human preeclamptic pregnancy is characterized by re-
duced concentrations of proangiogenic factors (PlGF) and
augmented concentrations of antiangiogenic factors (soluble
Flt-1, endoglin) (14). Women with preeclampsia are also
more likely to be obese and hyperinsulinemic (48). Although
preeclamptic pregnancies would be expected to be less in-
sulin resistant than normal pregnancies owing to smaller
placentas (2), there is no evidence that such scenario occurs.
In fact, there is some evidence pointing toward an adverse
adipose phenotype (e.g. increased TNF-� and leptin to adi-
ponectin ratio) related to the overabundance of antiangio-
genic factors (49); this may have implications for insulin
metabolism. Similarly, in PlGF�/� pregnancies, placental
weight was lower at term, whereas the adipose phenotype
was adversely affected.

Conclusions

PlGF-deficient mice fed a high-fat diet showed disturbed
intraadipose dynamics with reduced brown adipocyte ac-
tivity but white adipocyte hypertrophy and hyperinsulin-
emia. These effects were accentuated during pregnancy
through PlGF-independent mechanisms. Our results may be
relevant to explain the hyperinsulinemia of pregnancy and
preeclamptic pregnancy in particular.
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