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Preynancy requires adaptation of maternal energy metabolism, including expansion and functional modifications of ad-
ipose tissue. Insulin resistance (IR), predominantly during late gestation, is a physioloygical metabolic adaptation that serves
to support the metabolic demands of fetal growth. The molecular mechanisms underlying these adaptations are not fully
understood and may contribute to gestational diabetes mellitus. Peroxisome proliferator-activated receptor y (PPARy) controls
adipoyenesis, ylucose and lipid metabolism and insulin sensitivity. The PPARy2 isoform is mainly expressed in adipocytes and is
thus likely to contribute to adipose tissue adaptation during late preynancy. In the present study, we investigated the contribu-
tion of PPARy2 to the metabolic adaptations occurring during the late phase of pregnancy in the context of IR. Using a model
of late pregnancy in PPARy2 knockout (KO) mice, we found that deletion of PPARy2 exacerbated IR in association with lower
serum adiponectin levels, increased body weight and enhanced lipid accumulation in the liver. Lack of PPARy2 provoked
changes in the distribution of fat mass and preferentially prevented expansion of the perigonadal depot while af the same
fime exacerbating inflammation. Pregnant PPARy2KO mice presented adipose tissue depot-dependent decreased expression
of genes involved in lipid metabolism. Collectively, these data indicate that PPARy2 is essential in promoting healthy adipose
tissue expansion and immune and metabolic functionality during pregnancy, contributing to the physiological adaptations
that lead gestation to term.
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INTRODUCTION

The second phase is characterized by
A successful pregnancy requires lipolysis and insulin resistance (IR)
adaptations of maternal energy me-
tabolism, including adipose tissue ex-
pansion and changes in functionality.
Two distinct metabolic phases can be
identified during pregnancy: a pre-
dominantly anabolic phase followed
by a predominantly catabolic phase.

facilitates mobilization of fuel to sup-

late fetal growth (1).

in the mother, ultimately leading to

during late stages of pregnancy, which
port the increased energy demands of

Development of IR in late gestation
may induce excessive metabolic stress
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gestational diabetes mellitus (GDM).
The molecular mechanisms promoting
gestational IR are not fully under-
stood. There is evidence for impair-
ment in insulin signaling pathways,
in both muscle and adipose tissue
(2,3). Hormonal changes, inflamma-
tion and/or an increase in circulating
triglycerides may also contribute to
these alterations (4). In addition, a
decrease in adiponectin levels has
been detected during pregnancy, sug-
gesting a potential link with insulin
sensitivity (3).

During early pregnancy, as in obesity,
mechanisms leading to energy storage
and adipose tissue expansion are acti-
vated. However, the fact that some in-
dividuals with morbid obesity maintain
a healthy metabolism (5) in contrast to
the inappropriate excessive IR observed
in overweight individuals with central



fat distribution (6-8) suggests that the
absolute amount of fat is not the main
determinant of the degree of IR. Other
factors, such as fat localization or the
degree of inflammation (9,10), may also
be relevant.

The nuclear receptor peroxisome pro-
liferator-activated receptor y (PPARy)
is a ligand-activated transcription
factor involved in adipogenesis and
glucose-lipid metabolism. Of the two
known PPARy isoforms, PPARy1 is
widely distributed in tissues, whereas
PPARy2 is more specific to adipose
tissues. We previously generated a
mouse model of PPARy2 deficiency
(PPy2KO) (11), which is insulin re-
sistant and presents adipose tissue
dysfunction, particularly when chal-
lenged with positive energy balance
(12). Moreover, PPARy2 seems to be
important for pancreatic p-cell mass
adaptation in murine models of the
metabolic syndrome (13,14). We pre-
viously showed that PPARy agonists
reverse IR associated with late preg-
nancy in rats (3), and there is evidence
that PPAR yexpression in adipose
tissue in obese women with GDM is
lower than in obese women with an
uncomplicated pregnancy (15). Thus
we hypothesize that PPARy may be an
important contributor to the metabolic
adaptations required in adipose tissue
during pregnancy and may regulate
insulin sensitivity. Here we studied the
role of PPARY2 in the metabolic adapta-
tions associated with the last phase of
pregnancy in mice when a state of IR is
established (16).

MATERIALS AND METHODS

Ethical Approval and Animal Care
Animals were housed in a tem-
perature-controlled room with a
12 h light/dark cycle. Food and water
were available ad [ibitum unless other-
wise noted. Mice were fed a standard
chow diet (13% of calories derived
from fat; Envigo). Animal protocols
were approved by the Rey Juan Carlos
University ethics committee.

Pregnancy Studies and
Serum Biochemistry

Female wild-type (WT-C) and PPARy2
knockout (PPy2KO-C) mice (3 months of
age; mixed background 129Sv/C57BL6)
(14) were crossed with WT males.

Serum levels of progesterone were
measured with commercial ELISA
kits (Progesterone EIA kit; Cayman
Chemical). Serum insulin, adipokines
and cytokines were determined with
Bio-Plex assays (Bio-Plex Pro™ Diabetes
Assays, Bio-Rad). Commercial enzymatic
assay kits were used for determination of
free fatty acids (HR series NEFA-HR(2);
Wako) and total triacylglycerides
(Spinreact).

Histology and Immunohistochemistry
Samples of pancreas and white adi-
pose tissue (WAT) were fixed in Bouin's

solution, gradually dehydrated and
embedded in paraffin, cut to 4 um, and
stained with Harris hematoxylin (Sigma
Chemical) or incubated with anti-MCP-1
(Santa Cruz Biotechnology), anti-insulin
or anti-CHOP protein antibodies (Santa
Cruz Biotechnology).

The area of islets from pancreas tail
sections was quantified in four non-
consecutive slides per animal (n = 4
animals/group), leaving at least 80 pm
between consecutive slides. In total,
three to seven different regions were
measured.

Glucose and Insulin Tolerance Tests

Glucose tolerance test (GTT) was per-
formed in the four experimental groups
at d 15 (D15) of gestation, and insulin
tolerance test (ITT) was performed only
in pregnant groups at D16 as previously
described (12).

Insulin Stimulation

Mice that had fasted for 16 h were
injected intraperitoneally with human
insulin (Actrapid, 10 U/kg body weight;
Novo Nordisk) or saline (NaCl, 0.9%).
Adipose tissue and muscle samples were
collected five minutes after injection for
protein extraction.
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RNA Extraction and Real-Time
Quantitative Polymerase Chain
Reaction (RT-PCR)

RNA extraction and quantitative RT-PCR
were performed as reported (14,17). The
input value of the gene of interest was
standardized to a best housekeeper gene
calculated using three different genes,
18S rRNA, B2-microglobulin and S-actin
mRNA, and the BestKeeper software
tool (18). The primers used are listed in
Supplementary Table S1.

Western Blot Analysis

Protein lysates from tissues were
subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-
PAGE) (7.5% or 10% polyacrylamide)
and probed with the following anti-
bodies (17): phosphorylated-Ser473-Akt
(Cell Signaling Technology); total Akt,
phosphorylated-Tyr1162/1136-B-insulin
receptor and total B-insulin receptor (all
from Santa Cruz Biotechnology); PPARy
(E-8; Santa Cruz Biotechnology); and HSL
total and ATGL (both from Cell Signaling
Technology). Membranes were stripped
and reprobed with rabbit anti-B-actin an-
tibody (Sigma-Aldrich) to correct for dif-
ferences in loading. Protein band density
was measured using Image] v1.45 soft-
ware (National Institutes of Health). The
amount of protein in control conditions
was assigned a relative value of 100%.

Liver and Adipose Tissue Total
Lipid Content

Total lipids were extracted and
determined from samples (100 mg tissue)
using the method of Folch ef al. (19) with
modifications (20).

Statistical Analysis

All results are presented as the mean
+ standard error of the mean (SEM). The
data were analyzed using SPSS software
(IBM). Analysis of variance (ANOVA)
followed by post hoc Bonferroni test was
used in statistical comparisons between
four groups. Statistical comparisons
between two groups were performed
using Student ¢ test. When data were not
normally distributed, the nonparametric
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Kruskal-Wallis or Mann Whitney-U test
was applied. The significance level was
set at p < .05.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Gene Expression Analysis of PPARy
Isoforms and Their Target Genes in
WAT Depots During the Late Stages
of a Healthy Pregnancy

Healthy pregnant (WT-P) mice
increased their body weight by 70%
during pregnancy (Figure 1A and
Table 1). Approximately two-thirds of
the weight gain was associated with
the fetus and placenta; the remaining
one-third resulted from the increase in
the weight of the maternal carcass. Food
intake increased progressively from mid-
pregnancy (D10), and the overall food
intake of the pregnant animals increased
by 16% (Figure 1B).

We analyzed the expression of both
PPARy isoforms together with genes
involved in lipid metabolism in different
WAT depots at late pregnancy, when
metabolic changes are associated with
increased lipolysis and IR. PPARy1 and,
to a lesser extent, PPAR 2 showed a ten-
dency toward higher mRNA expression
in perigonadal fat in WI-P mice than in
WT-C mice at late gestation (Figure 2A).
Consistent with this, protein levels of
PPARy1 were unchanged and a nonsig-
nificant increase in PPARy2 protein was
found in WT-P mice (Figure 2B). Adiponectin,
leptin, adipsin and aP2 mRNA expression
mirrored PPARy1 and PPAR y2 expres-
sion in the perigonadal depot (Figure 2A).
The expression levels of genes implicated
in fatty acid synthesis, such as Fas, Scdl
and Acc, were unchanged relative to
their levels in WT-C mice (Figure 3A).
Likewise, the mRNA expression of en-
zymes implicated in synthesis of triacyl-
glycerides (Dgat2) and lipid accumulation
(Lpl) were unchanged in perigonadal
WAT during pregnancy. However, genes
related to lipolysis, such as Atgl, Hsl
and GO0s2, exhibited a tendency toward

higher mRNA expression during late
pregnancy (Figure 3A). Protein expres-
sion of ATGL and HSL was similar to
mRNA expression in perigonadal WAT
during late pregnancy (Figure 3B).

In the subcutaneous depot of WT-C
animals, mRNA expression of PPARy2
significantly decreased during late
pregnancy, whereas PPARy1 expres-
sion remained unchanged (Figure 2C).
Protein levels of both isoforms showed
a similar pattern to that of mRNA ex-
pression (Figure 2D). Moreover, mRNA
expression of PPAR ¢, adiponectin, adipsin
and aP2 in subcutaneous WAT was
lower in WT-P mice than in WT-C mice
(Figure 2C). Similarly Fas, Scd1, Dgat2
and Lpl mRNA levels were lower in
WT-P mice than in WT-C mice. Lipolytic
gene expression in the subcutaneous
depot was lower at the end of pregnancy
in WT-P mice than in WT-C mice, and
was clearly different to that found in the
perigonadal depot (compare Figures 3A
and C). Although not significant, levels
of ATGL protein in subcutaneous WAT
were also lower in WT-P mice than in
WT-C mice (Figure 3D).

Deletion of PPARy2 Leads to Increased
Body Weight in Pregnant Mice During
Late Gestation

Growth rates of PPy2KO-P and WT-P
mice were similar until d 16 (D16) of
pregnancy (Figure 1A). From this point
onward, an unexpected and signifi-
cant increase in the body weight of
PPy2KO-P mice was maintained until
D18. The difference in body weight
remained after removing the conceptus
(Table 1). No differences in placental
or fetal weight, or in the number of
fetuses in each litter, were observed
between pregnant genotypes. Food in-
take was not different between the two
groups; however, discrete and signifi-
cant increases of food intake were ob-
served in PPy2KO-P mice at D3, D4 and
D11 (Figure 1B). No differences in body
weight were found between genotypes
of nonpregnant mice, as previously
reported by us (WT-C = 22.59 + 0.51g;
PPy2KO-C = 23.85 =+ 0.55 g) (12).

726 | VIVAS ET AL. | MOL MED 22:724-736, 2016

The increased body weight of
PPy2KO-P mice during the last term of
gestation was associated with increased
liver and pancreas weight (Table 1). Of
note, despite being heavier, the weight of
perigonadal fat was significantly lower
in PPy2KO-P mice than in WT-P mice
(Table 1). By contrast, no differences were
found in the weight of inguinal subcuta-
neous fat or scapular brown fat between
the PPy2KO-P and WT-P groups.

Deletion of PPARy2 Is Associated with
More Severe Insulin Resistance (IR)
During Late Pregnancy

We hypothesized that PPARy2 might
contribute to the regulation of insulin
sensitivity within a physiological range
during pregnancy, and therefore might
prevent pregnancy-related complica-
tions. At D18, fed glucose levels were
significantly lower in WT-P mice than in
WT controls, as frequently occurs during
the last stage of gestation (Table 2).
Accordingly, insulin levels showed a ten-
dency to be higher in WT-P mice than in
WT-C mice (Table 2). However, whereas
no differences in glycemia were observed
between PPy2KO-P and PPy2KO-C
mice, fed levels of insulin were signifi-
cantly higher in PPy2KO-P mice than in
nonpregnant controls and WT-P mice.
Furthermore, adiponectin levels were
strongly decreased in the PPy2KO-P
group with respect to all the experimen-
tal groups. Although circulating leptin
was significantly increased at d 18 (D 18)
in pregnant animals, no differences were
detected between the PPy2KO-P and
WT-P groups. The leptin/adiponectin
ratio, a potential biomarker of IR (21),
was 4.4-fold higher in PPy2KO-P mice
than in WT-P mice (Table 2). The levels
of triacylglycerides (TGs) were signifi-
cantly higher in PPy2KO-P mice than
in PPy2KO-C mice, and we observed a
tendency toward higher fed TGs and
fasting free fatty acids in the PPy2KO-P
compared to the WI-P group (Table 2).

We next examined whole-body insu-
lin sensitivity. GTTs performed at D15
revealed significantly higher glucose
intolerance in WT-P mice than in WT-C
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Figure 1. Alteration in body weight, food intake and insulin sensitivity in PPARy2KO mice during pregnancy. (A) Evolution of body weight
in pregnant mice with deletion of PPARy2 (PPy2KO-P) and in corresponding pregnant WT (WT-P) animals. (B) Changes in food intake
during pregnancy. Food intake was measured every 24 h. Data from the first, second and third phase of pregnancy are shown. (C) GTT
curves from nonpregnant and pregnant WT mice, (D) from nonpregnant and pregnant PPy2KO mice and (E) from pregnant WT and
PPy2KO mice. All mice were at d 15 of gestation. (F) ITT curves from pregnant WT and PPy2KO mice at d 16 of yestation. Data are ex-
pressed as mean + SEM (A, B: n = 10-15 animals/group; C-F: n = 9-11 animals/yroup). *p < .05.
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Table 1. Body weight, weight of fetuses, body mass distribution and tissue lipid content

during pregnancy in WT and PPARy2KO mice.

WT-P PPy2KO-P
Total body weight (9) 3250 + 1.34 37.62+1.77*
Body weight without conceptus (g) 25.25 + 0.60 30.81 + 0.99***
Placenta (9) 0.11 £0.01 0.11 £0.01
Fetus (9) 0.93 +0.07 0.92 £ 0.04
Litter size (number) 6.44 +0.80 6.66 +1.12
Pancreas (9) 0.38 +0.02 0.45 + 0.02*
Liver (9) 1.51+0.04 1.73 £ 0.05*
Hepatic lipid content (my/y) 51.50 + 1.40 58.50 = 1.70*
Perigonadal adipose fissue (g) 0.21 +0.02 0.14 £ 0.02*
Perigonadal adipose tissue lipid content (my/y) 0.79 + 0.025 0.77 £0.035
Subcutaneous adipose fissue (g) 0.49 +0.02 0.52 +0.04
Subcutaneous adipose tissue lipid content (my/g) 0.61 +0.030 0.64 + 0.044
Brown adipose tissue (9) 0.11£0.01 0.13 £0.01

Data are presented as mean + SEM (n = 8-10 animals/group). *p <.05; **p < .01 ***p <.001,

PPy2KO-P versus WT-P. P: d 18 pregnant mice.

mice, as shown by slower clearance of
glucose (Figure 1C). A similar but non-
significant tendency was observed in
PPy2KO-P mice relative to PPy2KO-C
mice (Figure 1D). No differences in
glucose tolerance were observed be-
tween the two pregnant genotypes
(Figure 1E). Nevertheless, a higher de-
gree of IR was observed in PPy2KO-P
mice relative to WT-P mice, as shown by
impaired glucose disposal in the ITT at
D16 (Figure 1F). To investigate whether
the higher peripheral IR observed in
PPy2KO-P mice was associated with al-
tered insulin signaling in WAT tissue, we
measured phosphorylation of the major
insulin signaling protein Akt in subcuta-
neous and perigonadal WAT depots after
insulin injection. As expected, insulin in-
duced phosphorylation of 473-Ser Akt in
both fat depots of WT-C mice; however,
this response was lost in all pregnant
mice irrespective of fat depot or genotype
(Supplementary Figure S1A and S1B).

We also investigated insulin signaling

in the muscle depot. Basal levels of
B-insulin receptor phosphorylation were
appreciably higher in PPy2KO-P mice
than in the other groups (Supplementary
Figure S1C). Whereas WT-P mice showed
a tendency for B-insulin receptor phos-
phorylation, no stimulation of signaling
was observed in muscle from PPy2KO-P

mice (Supplementary Figure S1C), suggest-
ing a lower response to insulin.

PPARy2 Differentially Regulates Fat
Storage and Mobilization Genes
in Perigonadal and Subcutaneous
WAT Depots During Pregnancy
Histological analysis of subcutaneous
and perigonadal WAT did not reveal
any obvious differences in morphology
or size of adipocytes between PPy2KO-P
and WT-P mice (Supplementary Figure S2).
Although the total lipid content was lower
in subcutaneous than perigonadal WAT
in pregnant animals, no significant dif-
ferences were found between both geno-
types in either WAT depot (Table 1).
Regarding expression in the subcuta-
neous depot, nRNA and protein levels
of PPARy1 were significantly lower in
PPy2KO-P mice than in the other groups
(Figures 2C and D). Adipsin mRNA ex-
pression significantly decreased during
pregnancy, and levels were considerably
lower in PPy2KO-P mice than in WT-P
mice. Moreover, lipogenesis-related
gene expression was significantly lower
in PPy2KO-P mice than in the other
groups. Pro-oxidative genes, such as
PPAR e, also showed lower mRNA ex-
pression in PPy2KO-P, whereas PPARS
mRNA expression remained unchanged
(Figure 2C). The mRNA levels of Atgl
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and Hsl were decreased by pregnancy
in both genotypes, but their levels were
significantly lower in PPy2KO-P mice
than in WT-P mice (Figure 3C). The
same trend, albeit not significant, was
found for ATGL and HSL protein levels
(Figure 3D).

In the perigonadal depot there was a
similar tendency for the expression of
PPARy1 to increase during pregnancy
in both genotypes, without differences
between them (Figure 2A). Nevertheless,
the expression of genes involved in lipid
metabolism was not significantly differ-
ent between PPy2KO-P and WT-P mice
(Figure 3A).

In summary, deletion of PPARy2 is
associated with a decrease in the expres-
sion of PPARy target genes involved in
lipid metabolism in subcutaneous depot,
and this is exacerbated during preg-
nancy.

Deletion of PPARy2 Leads to Increased
Inflammation in Perigonadal but Not
Subcutaneous WAT

The differential expression of lipid
metabolism genes in the WAT depots
of PPy2KO-P mice prompted us to
investigate whether PPARy2 ablation was
associated with depot-specific changes
in WAT inflammation that could be
implicated in IR.

We observed increased levels of the
protease inhibitor PAI-1 in the serum
of pregnant mice of both genotypes at
D18, with a tendency to be higher in the
PPy2KO-P group. No differences in the
levels of IL-6 and MCP-1 were observed
between genotypes of pregnant mice
(Table 2).

Gene expression of the macrophage
markers F4/80, Cd68 and Cd11b increased
with pregnancy in perigonadal WAT,
and this was also found in PPy2KO-C
mice relative to WT-C mice (Figure 4A).
Expression of these markers and also
Tnfaand Mcpl was higher in PPy2KO-P
mice than in WT-P mice, which was as-
sociated with high-level expression of
the anti-apoptotic Bcl-2. No significant
differences in expression of these genes
were found in subcutaneous WAT. In the
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Figure 2. Expression pattern of PPARs and other adipose markers in perigonadal and subcutaneous WAT depots during pregnancy.

(A and C) mRNA levels of adipoyenic markers and other genes in (A) perigonadal and (C) subcutaneous fat depots from pregnant and
nonpregnant WT and PPy2KO mice. Data are expressed as mean + SEM (n = 6-8 animals/group). (B and C) Quantification of PPARy1
and PPARy2 total protein expression in perigonadal (B) and subcutaneous (D) fat depots from pregnant and nonpregnant WT and
PPy2KO mice. Levels of protein were normalized to total g-actin. Data are expressed as mean + SEM (n = 3-5 animals/group). *p < .05;
*** p <.001 PPy2KO-P versus WT-P; # p < .05; ###p < .001 PPy2KO-P versus WT-C; T p < .05; 11 p <.001 pregnant versus non pregnant;

§ p < .05 PPy2KO-C versus WT-C.
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Figure 3. Role of PPARy2 in fat storage and mobilization in perigonadal and subcutaneous WAT depots during pregnancy. (A and C)
MRNA levels of lipogenic and lipolytic yenes in (A) perigyonadal and (C) subcutaneous fat depots from pregnant and nonpreynant WT
and PPy2KO mice. Data are expressed as mean + SEM (n = 6-8 animals/group). Total protein quantification of lipolytic enzymes ATGL
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Levels of protein were normalized to total B-actin. Data are expressed as mean + SEM (n = 3-5 animals/group). *p < .05 PPy2KO-P versus
WT-P; #p < .05; ###p < .001 PPy2KO-P versus WT-C; T p <.05; t1 p < .01 pregnant versus non pregnant; § p < .05 PPy2KO-C versus WT-C.
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Table 2. Serum metabolic parameters measured under fed conditions on d 18 of

pregnancy.

WT-C WT-P PPy2KO-C PPy2KO-P
Glucose (my/dL) 144.90 + 5.21 126.9 + 4,93t 145.50 + 2.52 140.90 + 6.78
Insulin (ng/mL) 0.43 +0.08 0.68 +0.20 0.48 +0.05 1.17 £ 0.221#
Adiponectin (ug/mL) 567 +1.03 4.40+0.34 2.50 + 0.37§§ 1.07 = 0.08t##*
Leptin (ng/mL) 1.12+0.17 6.40 £ 1.321t 1.60 +£0.33 540 + 0.891t##
Leptin/adiponectin - 1.44 - 6.36
Glucagon (py/mL) 117.80 = 16.42 124.1 £ 44.99 215.0 + 60.87 93.75 +40.04
FFA (mM) - 0.43 +0.07 - 0.42 £0.05
Fasting FFA (mM) - 0.67 £0.10 - 1.08 +0.37
TGs (my/dL) 87.10+11.94 117.80+10.24 71.00 +4.89 144.41 + 26.171#
PAI-1 (ng/mL) 3.90+0.98 39.20 +2.42t 1.90 + 0.30§ 47.40 + 6.35¢
IL-6 (py/mL) - 220+0.23 - 2.60+0.22
MCP-1 (pg/mL) - 51.00+7.02 - 49.90 + 6.82
Progesterone (ng/mL) - 120+ 0.17 - 0.50£0.15*

Data are expressed as mean + SEM (n = 6-10 animals/ygroup). T p<.05; 1 p< .01
pregnant versus non-pregnant, #p < .05; ##p < .01 PPy2KO-P versus WT-C. §§p < .01
PPy2KO-C versus WT-C. *p < .05; **p < .01 PPy2KO-P versus WT-P.

case of MCP-1 expression, the difference
in mRNA levels was confirmed by immu-
nohistochemistry (Figure 4B). Moreover,
macrophages surrounding dying/dead
adipocytes, detected as crown-like struc-
tures, were more prevalent in perigonadal
WAT of PPy2KO-P mice than WT-P mice
(Figure 4B). This was associated with a
phenotypic switch in WAT macrophage
polarization, as indicated by higher Cd11c
and II-1 expression in the perigonadal
depot of PPy2KO-P mice than in other
experimental groups. Expression of

the M2 macrophage marker Ym1 was
also increased in perigonadal WAT of
PPy2KO-P mice relative to WT-P mice,
but not expression of Rentla, which was
unchanged between groups. Low Rentla
mRNA expression correlated with preg-
nancy in subcutaneous WAT (Figure 4A).
Moreover, no differences were found in
expression of a second M2 marker, argi-
nase 1, which was very poorly expressed
(data not shown).

Hepatic Lipotoxicity and
Morphological Changes and ER
Stress in the Pancreas of Pregnant
PPy2KO Mice During Gestation

An increase in liver weight in PPy2KO-P
mice (Table 1) suggested accumulation of
lipids. Indeed, measurement of total lipids

in livers revealed a higher lipid content in
PPy2KO-P mice than WT-P mice (Table 1),
concomitant with increased expression in
the liver fatty acid uptake protein (Cd36)
(Figure 5A). Expression of PPARy1 and y2
in the liver was lower during pregnancy
and very low in PPy2KO-P livers. No
differences were found in the expression
of other lipid metabolism genes between
pregnant groups.

Given the IR detected in PPy2KO-P
mice and the altered gene expression of
lipid metabolism in subcutaneous fat
depots, we next examined changes in
pancreas morphology and function. As
expected, pancreatic islet size showed
a tendency to be greater in WI-P mice
than WT-C mice, but no increase in
islet area was found in PPy2KO-P mice
with respect to WT-P mice (Figure 5B).
Additionally, B-cells in PPy2KO-P mice
were particularly susceptible to endo-
plasmic reticulum (ER) stress, leading
to increased perinuclear cytoplasmatic
expression of C/EBP homologous pro-
tein (CHOP), accompanied by its nuclear
translocation (Figure 5C).

DISCUSSION

Given the importance of WAT expan-
sion during gestation and the central role
of PPARy in WAT function, we used the
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PPy2KO murine model to investigate the
role of PPARy2 during the last phase of
pregnancy by examining gene transcrip-
tional circuits in perigonadal and sub-
cutaneous WAT depots. Loss of PPARy2
intensified IR during the last term of
pregnancy, and this was associated with
decreased circulating adiponectin and
increased body weight. The increase in
IR was also associated with enhanced
lipid accumulation in the liver, dimin-
ished islet expansion and increased ER
stress in B-cells. Although we could not
detect differences in the degree of WAT
IR between PPy2KO and WT mice during
the last term of pregnancy, our data re-
vealed significant differences in the tran-
scriptional profile between fat depots of
PPy2KO-P mice. Accordingly, we found
a decrease in the expression of genes
involved in lipid metabolism in subcu-
taneous WAT from PPy2KO-P and an
increase in inflammation in perigonadal
WAT. Thus, subcutaneous WAT function
was compromised in PPy2KO-P mice,
while the homeostasis of perigonadal
depots was dysregulated by decreased
mass and increased inflammation.

The increased body weight of
PPy2KO-P mice is consistent with the
increased liver weight, which was
associated with significantly higher
lipid content. Pancreas weight was also
significantly increased in PPy2KO-P
mice. Differences in the weight of other
tissues cannot be ruled out to explain the
alteration in total body weight between
PPy2KO-P and WT-P mice. With respect
to WAT depots, our results indicate
less WAT expansion in PPy2KO-P mice
during gestation, as suggested by the
lower weight of perigonadal fat despite
higher lipid content, when compared
with subcutaneous WAT. Nevertheless, it
should be considered that subcutaneous
tissue presented lower fat content than
perigonadal fat, likely due to the increas-
ing number of epithelial cells that would
evolve from adipocytes during late preg-
nancy to ensure proper development of
the mammary gland (22). Several studies
have found lower levels of PPARy in
subcutaneous WAT during pregnancy
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and in obese pregnant women (15,23).
This could be associated with IR and a
decreased capacity to store lipids. The
difference in expression of both PPARy
isoforms in the subcutaneous depot of
WT-P could indicate that, in healthy
pregnancy, the decreased storage of lip-
ids in the last phase of gestation would
largely depend on declined expression of
PPARy?2 isoform in this depot.

Human adipose tissue expansion in
pregnancy is impaired in GDM (24). Our
results reveal a decrease in the weight of
perigonadal fat in PPy2KO-P mice, sug-
gesting that this depot would be at the
limit of its capacity of growth and likely
to be dysfunctional. This would be in
agreement with the hypertriglyceridemia
and higher content of lipids in the liver
in PPy2KO-P mice.

A decrease in PPAR y expression, in
both human and murine models, is
associated with failure of the lipolytic
process (25,26). Lipolytic gene expres-
sion was increased in the perigonadal
depot of PPy2KO-P mice, whereas it
was decreased in the subcutaneous
fat, suggesting that during pregnancy
the subcutaneous depot is functionally
compromised. In line with this notion,
previous studies have demonstrated that
perigonadal fat does not increase in mass
and has higher lipolytic capacity than
subcutaneous fat in obese pregnancy
(27,28). According to our study, we spec-
ulate that increased lipolysis together
with the lack of expandability could ex-
plain the decreased mass of perigonadal
WAT in PPy2KO-P mice.

The higher IR in PPy2KO-P mice at
late pregnancy was indicated by results
of the ITT and also by the low level
of plasma adiponectin. Adiponectin
decreases during pregnancy (29-31), and
we previously found that it contributes
to the physiological IR characteristic of
this period (3). Thus pregnancy and the
dependence of adiponectin expression on
PPARy (11,12) may explain the signifi-
cantly lower levels of adiponectin and
the IR in PPy2KO-P mice. The altered
distribution of fat mass is another factor
that could explain the low adiponectin

levels detected in PPy2KO-P mice.

In situations of hypoadiponectinemia in
humans, redistribution of fat in different
depots or in other tissues determines

the existence of low levels of adiponectin,
especially when the fat is deposited in
visceral depots, liver or muscle (32-34).
Furthermore, we speculate that the lack
of insulin stimulation observed in muscle
from PPy2KO-P mice could be related to
alterations in WAT, and could also con-
tribute to the higher degree of peripheral
IR found in these animals.

Despite the aggravated IR, we did
not detect an increase in the size of is-
lets in PPy2KO-P mice. This failure to
expand -cell mass was associated with
increased ER stress, suggesting B-cell
over workload in PPy2KO-P mice due
the high rate of protein synthesis for
adapting to IR and decreased expansion
of islets. This pattern of ER stress has
also been shown in obese patients with
type 2 diabetes (35). Thus, analogous to
our description under obese conditions
(14), PPARy2 could also be involved in
the B-cell adaptation to IR associated
with pregnancy.

The lower expandability of perigo-
nadal tissue and increased IR would
also be in agreement with the increased
inflammatory signals described here in
perigonadal WAT of PPy2KO-P mice.
Gestation coexists with a state of gener-
alized mild chronic inflammation, which
is characterized by increased levels of
circulating inflammatory cytokines,
and locally by an increase in infiltration
of macrophages into adipose tissue
(9,10,36-38). The inflammatory process is
physiological at the end of normal preg-
nancy (36); however, it is pathological in
pregnancy associated with obesity and
GDM (10,37). Given its anatomical loca-
tion close to the fetus and its higher lipo-
lytic capacity, perigonadal WAT has been
proposed as the fat depot that supplies
more nutrients to the fetus (39).

We propose that PPARy2 would be
essential for WAT expansion during
pregnancy as well as for the control
of metabolic processes in perigonadal
and subcutaneous fat depots (Figure 6).
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Other studies in humans suggest that
the difference between pregnant women
with metabolic problems and healthy
women would not be determined only
by a greater amount of accumulated fat,
but also by body fat distribution (28).
Several published cases in pregnancy are
known in relation to the possible fail-
ure of expandability of the perigonadal
depot as a result of inactive PPARY2, in-
cluding one patient with WAT dysfunc-
tion associated with a dominant negative
mutation in PPARy who developed hy-
pertriglyceridemia and severe IR during
pregnancy (39,40). It can be speculated
that the aggravated IR, lower perigo-
nadal WAT expandability and higher
inflammation found in our PPy2KO
mouse model during the first pregnancy
would make subsequent pregnancy
developments more severe.

CONCLUSION

Here we demonstrate that PPARy2 is
essential in regulating energetic metab-
olism during pregnancy, and our data
suggest that failure in adipose tissue
functionality and B-cell adaptation could
severely affect metabolism in pregnancy.
We show that PPARy2 seems to be nec-
essary to allow WAT expansion and
immune and metabolic functionality of
perigonadal WAT during pregnancy, to
ensure the correct contribution of energy
substrates for normal gestation to term.

In summary, this work highlights the
importance of PPARy2 for adipose tissue
function, and specifically subcutaneous
and perigonadal depots, ensuring met-
abolic homeostasis and averting wors-
ening of IR during pregnancy. Further
investigation should address the under-
lying molecular mechanisms involved in
the different fat depots during gestation.
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