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Role of Insulin Receptor Substrate-1 Serine 307
Phosphorylation and Adiponectin in Adipose Tissue
Insulin Resistance in Late Pregnancy

Julio Sevillano,* Javier de Castro,* Carlos Bocos, Emilio Herrera, and M. Pilar Ramos
Facultad de Farmacia, Universidad CEU San Pablo, E-28668 Madrid, Spain

Insulin resistance is a hallmark of late pregnancy both in
human and rat. Adipose tissue is one of the tissues that most
actively contributes to this reduced insulin sensitivity. The
aim of the present study was to characterize the molecular
mechanisms of insulin resistance in adipose tissue at late
pregnancy. To this end, we analyzed the insulin signaling
cascade in lumbar adipose tissue of nonpregnant and preg-
nant (d 20) rats both under basal and insulin-stimulated con-
ditions. We found that the levels of relevant signaling pro-
teins, such as insulin receptor (IR), IR substrate-1 (IRS-1),
phosphatidylinositol 3-kinase, 3-phosphoinositide-dependent
kinase-1, ERK1/2, and phosphatase and tensin homolog
(PTEN) did not change at late pregnancy. However, insulin-
stimulated tyrosine phosphorylation of both IR and IRS-1
were significantly decreased, coincident with decreased IRS-
1/p85 association and impaired phosphorylation of AKR
mouse thymoma viral protooncogene (Akt) and ERK1/2. This

impaired activation of IRS-1 occurred together with an in-
crease of IRS-1 phosphorylation at serine 307 and a decrease
in adiponectin levels. To corroborate the role of IRS-1 in ad-
ipose tissue insulin resistance during pregnancy, we treated
pregnant rats with the antidiabetic drug englitazone. Engli-
tazone improved glucose tolerance, and this pharmacological
reversal of insulin resistance was paralleled by an increase of
adiponectin levels in adipose tissue as well as by a reduction
of IRS-1 serine phosphorylation. Furthermore, the impaired
insulin-stimulated tyrosine phosphorylation of IRS-1 in adi-
pose tissue of pregnant animals could be restored ex vivo by
treating isolated adipocytes with adiponectin. Together, our
findings support a role for adiponectin and serine phosphor-
ylation of IRS-1 in the modulation of insulin resistance in
adipose tissue at late pregnancy. (Endocrinology 148:
5933-5942, 2007)

ATE PREGNANCY IS characterized by the develop-
ment of insulin resistance in both human (1-3) and rat

(4, 5). Decreased insulin responsiveness, which provides ad-
equate glucose and other nutrients for the development of
the fetus, might be responsible for several of the metabolic
changes taking place during this late stage of gestation (5-7).
The molecular mechanisms of insulin resistance during preg-
nancy are not completely understood. Insulin initiates its
metabolic effects, including glucose transport (8, 9), by bind-
ing to the a-subunits of its receptor, which causes a confor-
mational change, activating the intrinsic tyrosine kinase ac-
tivity of the B-subunit of the receptor. This event initiates a
cascade of cell-signaling responses, including autophosphor-
ylation of the insulin receptor (IR) and phosphorylation of
the IR substrate (IRS) 1-4 proteins (8) that act as docking
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proteins for a number of downstream effector molecules
bearing the Src homology-2 (Sh2) domain, such as the p85
regulatory subunit of phosphatidylinositol 3-kinase (PI3K)
or growth factor receptor-bound protein 2 (Grb2) (10). In
particular, tyrosine phosphorylation of IRS-1 permits its as-
sociation with p85, which in turn activates PI3K. Through
this mechanism, insulin signaling is coupled to the activation
of the PI3K effector AKR mouse thymoma viral protoonco-
gene (Akt)/protein kinase B (PKB), a putative mediator of the
effects of insulin on glucose transport (11, 12). On the other
hand, tyrosine-phosphorylated IRS-1 binds to Grb2, thereby
activating the Ras/MAPK pathway, which triggers most of
the transcriptional and mitogenic effects of insulin. In addi-
tion to tyrosine phosphorylation, the IR and IRS proteins are
susceptible to serine phosphorylation, an event that attenu-
ates insulin signaling (13-17).

The question of whether the impaired action of insulin in
adipose tissue during pregnancy is due to an impaired bind-
ing of insulin to its receptor or, alternatively, occurs at the
postreceptor level, is a matter of ongoing debate. Although
some investigators did not find any change, or even an in-
crease, in binding of insulin to its receptor (18) and IR number
(19), others report a decrease in IR number (20). Previous
studies, performed in rat and in obese women, show that
both phosphorylation and expression of IRS-1 are dimin-
ished at late pregnancy (21-23). Although the impact of im-
paired IRS-1 signaling on other proteins of the insulin sig-
naling cascade, such as IRS-2 or Akt, has not been explored,
these data suggest that insulin resistance of adipose tissue at
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late pregnancy may take place at the postreceptor level, sim-
ilar to what has been reported for other situations of insulin
resistance such as obesity or type 2 diabetes (24).

The present study was designed to shed light on the mo-
lecular mechanisms underlying the insulin resistance state of
adipose tissue at late pregnancy. To this end, we compared
levels of insulin signaling proteins in adipose tissue of virgin
and pregnant rats at 20 d of gestation and explored insulin-
stimulated phosphorylation of IR and IRS-1 in these tissues.
These experiments revealed that in adipose tissue of late
pregnant rats, there is an increased phosphorylation of IRS-1
at serine 307 and that this event may be involved in the
establishment of reduced glucose tolerance in these animals.
In addition, we treated pregnant rats with englitazone and
show that this antidiabetic drug restored impaired insulin
responsiveness in adipose tissue, which was paralleled by an
increase of adiponectin levels in adipose tissue as well as by
a reduction of IRS-1 serine 307 phosphorylation. Further-
more, the impaired insulin-stimulated tyrosine phosphory-
lation of IRS-1 in adipose tissue of pregnant animals could be
restored ex vivo by treating isolated adipocytes with adi-
ponectin. Together, these findings point to a role for adi-
ponectin and IRS-1 serine phosphorylation in the modulation
of insulin resistance in adipose tissue at late pregnancy.

Materials and Methods
Animals and sample collection

Female Sprague Dawley rats were housed at 22-24 C with 12-h light
cycles (0800—2000 h) and free access to water and chow diet (Panlab,
Barcelona, Spain). Animals were mated when they weighed between 180
and 210 g. Day zero of pregnancy was determined by the presence of
spermatozoids in vaginal smears. Experimental groups were composed
by short-term fasted (4—6h) virgin rats and rats at 20 d of gestation. After
CO, anesthesia, animals were decapitated, and lumbar adipose pads
were rapidly dissected and either placed in liquid nitrogen and stored
at —80 C until further analysis or immediately placed in 0.9% NaCl at
30 C for collagenase preparation of primary adipocytes (see Isolation of
adipocytes and incubation with adiponectin below). Blood was collected
from the neck wound in EDTA tubes for immediate separation of plasma
at4 C. The experimental protocol was approved by the Animal Research
Committee of the Faculty of Pharmacy, University CEU San Pablo (Ma-
drid, Spain).

Insulin treatment for insulin signaling studies

For in vivo stimulation of the insulin signaling cascade, 16-h fasted
nonpregnant and 20-d pregnant rats were anesthetized with sodium
pentobarbital (40 mg/kg body weight ip). After the abdominal cavity
was opened, saline (0.9% NaCl) with or without insulin (4 IU Humulin
NPH/kg body weight; Lilly, Madrid, Spain) was injected via the portal
vein. After 90 sec, lumbar adipose tissue was removed, placed in liquid
nitrogen, and stored at —80 C.

Englitazone treatment

Englitazone (kindly supplied by Pfizer, Groton, CT) was suspended
in 2% Tween 80. Starting at d 16 of gestation, rats were treated daily at
0900 h by oral gavage of a single dose of 50 mg englitazone/kg body
weight or vehicle (2% Tween 80). On the morning of d 20 of pregnancy,
rats were killed as described above.

Plasma analysis and estimates of insulin resistance

Enzymatic colorimetric tests were used to determine in EDTA-plasma
samples glucose (GOD-PAP, from Roche Diagnostics, Barcelona, Spain),
triglycerides (LPL/GPO-Trinder from Roche Diagnostics), glycerol
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(GPO-Trinder; Sigma-Aldrich, Madrid, Spain), and nonesterified fatty
acids (NEFA) (ACS-ACOD; Wako Chemicals GmbH, Neuss, Germany).
Insulin (detection limit 0.07 ug/liter, 1.8% intraassay variation, 3.2%
interassay variation) and adiponectin (detection limit 50 pg/ml, 4.0%
intraassay variation, 6,4% interassay variation) were determined in
plasma samples using a specific enzyme immunoassay (EIA) kit for rats
(Mercodia, Uppsala, Denmark, and Komed Co., Ltd., Sungnam City,
Kyunggi-Do, Korea, respectively). From the short-term fasting plasma
glucose and insulin values, the following indexes were calculated as
estimates of insulin sensitivity: homeostasis model assessment of insulin
resistance (HOMA-IR), quantitative insulin sensitivity check index
(QUICKI), and fasting glucose to insulin ratio (FGIR). Recently, we have
validated the use of these indexes in rats by comparison with the hy-
perinsulinemic-euglycemic clamp technique (unpublished results). The
HOMA-IR was calculated as the product of the fasting plasma glucose
(FPG) and insulin (FPI) divided by a constant, assuming that control
young adults rats have an average HOMA-IR of 1, analogous to the
assumptions applied in the development of HOMA-IR in humans (25).
The equation was as follows HOMA-IR = (FPG X FPI)/2430, FPI was
in micro-units per milliliter and FPG in milligrams per deciliter. The
QUICKI was calculated according to the original formula (26) as the
inverse log sum of fasting insulin in micro-units per milliliter and fasting
glucose in milligrams per deciliter. QUICKI = 1/[log(FPG) + log(FPI)].
Finally, the FGIR was calculated as the ratio of fasting plasma glucose
divided by fasting plasma insulin (27). FGIR = FPG/FPI, where FPG was
in milligrams per deciliter and FPI in micro-units per milliliter.

Oral glucose tolerance tests (OGTT)

Where indicated, 20-d pregnant control and englitazone-treated-rats
were subjected to an OGTT in fasted conditions (16 h fasting). After a
basal blood sample from the tail vein was drawn, a bolus of glucose (2
g/kg) was administered orally to the animals. Subsequently, blood
samples were collected into EDTA tubes at 7.5, 15, 20, 30, 45, and 60 min
after glucose administration and placed on ice. Subsequently, samples
were centrifuged, and plasma was stored at —20 C until processed for
glucose and insulin determinations as described above. The areas under
the curve for glucose and insulin were calculated using the Kaleida-
Graph software package (version 4.03; Synergy Software, Reading, PA).

Materials for immunodetection and immunoprecipitation

For immunoprecipitation and immunodetection by Western blot, the
following antibodies were used: monoclonal anti-phosphotyrosine
(PY20) from Transduction Laboratories (Lexington, KY); rabbit anti-IR-3
antibodies from Santa Cruz Biotechnology (Santa Cruz, CA); rabbit
polyclonal antibodies against IRS-1, IRS-2, phospho-IRS-1 (Ser307), p85
subunit of PI3K, ERK1/2, and sheep polyclonal Akt (recognizes Akt-1,
Akt-2, and Akt-3 isoforms) from Upstate Biotechnology (Lake Placid,
NY); anti-PTEN and anti-PDK rabbit polyclonal antibodies from Cell
Signaling Technology (Beverly, MA); rabbit polyclonal antiadiponectin
from Chemicon (Temecula, CA); rabbit polyclonal anti-phospho-IRS-1
(Tyr612) and monoclonal anti-B-actin antibodies from Sigma-Aldrich;
and total Akt (sensitivity <0.1 ng/ml, 7.7% intraassay variation, 9.3%
interassay variation) and Ser-473/Thr-308 phosphorylated Akt (sensi-
tivity <0.8 U/ml, 6.8% intraassay variation, 8.3% interassay variation)
ELISA kits and phospho-Tyr187/Thr185 ERK1/2 antibodies from Bio-
source International (Camarillo, CA). Protein A/G-agarose was from
Santa Cruz Biotechnology. All other reagents for immunoblotting were
from standard suppliers (Sigma-Aldrich or Amersham Biosciences, Bar-
celona, Spain).

Immunoprecipitation

For immunoprecipitation, 800 mg frozen adipose tissue was lysed in
an ice-cold RIPA buffer containing 30 mm HEPES (pH 7.4), 5 mm EDTA,
1% Nonidet P-40, 1% Triton X-100, 0.5% sodium deoxycholate, 8 mm
NazVO,, 1 mm NaF, and 2 mm protease inhibitor (Pefablock; Roche).
Tissue homogenates were incubated with anti-IR or IRS-1 antibodies for
2hat 4 C, followed by incubation with protein A /G-agarose for another
2 h at 4 C. Immunoprecipitates were separated using spin-collection
filters (Cytosignal, Irvine, CA) and washed once with RIPA buffer (0.15
mm NaCl, 10 mm phosphate, 1% Nonidet P-40, 0.5% sodium deoxy-
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cholate, 0.1% SDS) and three times with PBS. Immunoprecipitated pro-
teins were eluted from the spin-collection filters by addition of 40 ul
Laemmli buffer [0.125 m Tris-HCl (pH 6.8), 4% SDS, 10% 2-mercapto-
ethanol, 20% glycerol, 0.02% bromphenol blue].

Protein extraction and immunoblotting

Frozen lumbar adipose tissue (200 mg) was powdered in liquid ni-
trogen using a mortar precooled to —80 C and lysed by incubation for
30 min in an ice-cold 30 mm HEPES buffer (pH 7.4) containing 5 mm
EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, and 2 mMm protease
inhibitor (Pefablock; Roche). Cellular debris was pelleted by centrifu-
gation at 17,000 X g for 30 min at 4 C. The supernatant was collected,
and protein concentration was determined using the bicinchoninic acid
protein assay from Pierce (Rockford, IL).

Twenty-five micrograms of protein extract from each experimental
condition or, where indicated, immunoprecipitates were subjected to
SDS-PAGE and electrotransferred to polyvinylidene difluoride mem-
branes. Membranes were blocked for 1 h at room temperature with 5%
nonfat dry milk or, for the detection of tyrosine-phosphorylated pro-
teins, with 2.5% BSA. Membranes were incubated at 4 C overnight with
the indicated antibodies. After washing, the membranes were incubated
at room temperature with either antimouse or antirabbit horseradish
peroxidase-conjugated secondary antibodies as appropriate. To quan-
tify tyrosine-phosphorylated IR or IRS-1 in the immunoprecipitates,
membranes were incubated overnight at 4 C with a primary antibody
against phosphotyrosine, conjugated with horseradish peroxidase
(PY20). To analyze PI3K association with IRS-1, coimmunoprecipitation
of p85 regulatory subunit of PI3K was detected by immunodetection
with anti-PI3K p85 antibody in the IRS-1 immunoprecipitates. Immu-
noreactive bands were visualized using the enhanced chemilumines-
cence system and quantified by densitometry. The intensity of each
protein was corrected by the values obtained from the immunodetection
of B-actin.

Isolation of adipocytes and incubation with adiponectin

Adipocytes were prepared from white lumbar adipose tissue of 20-d
pregnant rats as described previously (7). Briefly, freshly isolated adi-
pose pads were digested with collagenase A (1 mg/ml) (Roche; activity
0.21 U/mg) in Krebs-Ringer bicarbonate (KRB) buffer (pH 7.4) contain-
ing 4% (wt/vol) BSA (fatty acid free, fraction V; Sigma-Aldrich) and 5.5
mM glucose for 30 min at 37 C in an O,/CO, atmosphere (19:1, vol/vol)
under constant shaking (60 cycles/min). After filtering and washing
with KRB buffer to eliminate collagenase, cells were resuspended in the
same buffer at a concentration of about 0.5 X 10° cells/ml, and 0.25 ml
of the adipocyte suspension was incubated for 30 min in the absence or
presence of 1 ug adiponectin/ml (recombinant rat gAcrp30; Biovision
Research, Mountain View, CA). Subsequently, cells were incubated for
another 5 min in the absence or presence of 100 nm insulin. Then, cells
were lysed in an ice-cold RIPA buffer containing 30 mm HEPES (pH 7.4),
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5 mm EDTA, 1% Nonidet P-40, 1% Triton X-100, 0.5% sodium deoxy-
cholate, 8 mm Naz;VO,, 1 mm NaF, and 2 mm protease inhibitor (Pefa-
block; Roche) and processed for the analysis of tyrosine phosphorylation
of IRS-1 by Western blot as described in Protein extraction and
immunoblotting.

Phosphotyrosine phosphatase activity

Phosphotyrosine phosphatase activity was determined in homoge-
nates from adipose tissue, using the protein tyrosine phosphatase assay
kit (Sigma-Aldrich), following the instructions of the manufacturer.

Expression of the results and statistical evaluation

Results are expressed as mean * sem of four to 17 animals per group.
Regarding the log-normal distribution of the insulin concentration, the
statistical analyses were done on the logarithm of this parameter. As
indicated in table and figure legends, statistical comparisons between
two groups were made with the Student’s ¢ test and between three or
more groups by ANOVA with 95% confidence limits.

Results and Discussion

Changes of body weight and metabolic parameters at
late pregnancy

As shown in Table 1, both lumbar adipose tissue and
maternal body weight increased at late pregnancy and, as
expected, late pregnant rats (d 20) had significantly lower
plasma glucose levels in the presence of hyperinsulinemia
(Table 1). Plasma concentrations of triglycerides, glycerol,
and NEFA in the 20-d pregnant rats were significantly higher
than those in nonpregnant animals, confirming the well
known hyperlipemia and enhanced adipose tissue lipolytic
activity at late pregnancy (28). The significantly higher
HOMA-IR as well as the significantly lower QUICKI and
FGIR indexes in the 20-d pregnant animals compared with
nonpregnant rats (Table 1) further confirmed the insulin-
resistant state associated with late pregnancy. Together,
these data reflect the characteristic metabolic changes at late
pregnancy (29). As also shown in Table 1, circulating plasma
adiponectin was significantly lower in late pregnant than
virgin rats.

TABLE 1. Effect of late pregnancy on body and adipose tissue weight and on biochemical parameters and insulin sensitivity indexes

Virgin rats 20-d pregnant rats P
Body weight (g) 223.5 = 4.7 (n = 12) 340.0 79 (n=19) <0.001
Lumbar adipose tissue weight (g) 1.21 £0.10 (n = 8) 204 +020(n="17) 0.002
Plasma glucose (mg/dl) 1259 +6.5(n =9) 93.5 +10.2 (n = 6) 0.014
Plasma insulin (pg/liter) 0.85 = 0.16 (n = 8) 217 +0.62(n="17) 0.012
Plasma triglycerides (mg/dl) 83.5 +10.1(n =8) 2677+331n="17) <0.001
Plasma glycerol (um) 281.1+229(m =9) 552.9 = 48.6 (n = 6) <0.001
Plasma NEFA (um) 562.1 = 68.9 (n = 8) 1299.6 = 150.9 (n = 8) <0.001
Plasma adiponectin (ug/ml) 183+ 0.9(n=5) 146 = 1.2(n=25) 0.046
HOMA-IR 0.97 £ 0.29 (n = 6) 2.07 £ 0.36 (n = 5) 0.040
QUICKI 0.305 = 0.009 (n = 6) 0.272 = 0.008 (n = 5) 0.033
FGIR (mg/10~* U) 7.80 = 1.49 (n = 6) 2.23 £ 0.67(n =5) 0.011

Enzymatic colorimetric tests were used to determine in EDTA-plasma samples glucose (GOD-PAP; Roche), triglycerides (LPL/GPO-Trinder;
Roche), glycerol (GPO-Trinder; Sigma-Aldrich), and NEFA (ACS-ACOD; Wako). Insulin and adiponectin were determined in plasma samples
using a specific ETA kit for rats (Mercodia and Komed, respectively). Insulin sensitivity indexes HOMA-IR, QUICKI, and FGIR were calculated
from short-term fasting plasma glucose and insulin values as described in Materials and Methods. Data are mean values = SEM. Values of plasma
insulin were log-transformed to equalize the variance between conditions. Comparisons were made by Student’s ¢ test for unpaired data with

equal or unequal variance as appropriate.
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Insulin-stimulated tyrosine phosphorylation of IR and IRS-
1 are impaired in adipose tissue of late pregnant rats

Itis well known that insulin resistance develops in adipose
tissue at late pregnancy. To further investigate the molecular
changes underlying impaired insulin signaling at late ges-
tation, we analyzed the expression of some cardinal proteins
of the insulin signaling cascade in lumbar adipose tissue.
Western blot analysis revealed that there was no difference
in the total amount of the signaling proteins IR, IRS-1, PI3K,
3-phosphoinositide-dependent kinase-1 (PDK-1), ERK1/2
(or p42/p44 MAPK), and phosphatase and tensin homolog
(PTEN) in 20-d pregnant rats as compared with nonpregnant
animals (Fig. 1A). These data fit well with the observation
that the amount of IR protein does not change in the skeletal
muscle of pregnant women (30) and support the hypothesis
that, similar to other situations of insulin resistance like obe-
sity or type 2 diabetes (24), postbinding receptor defects play
a major role on development of peripheral insulin resistance
at late pregnancy.

Upon binding to its receptor, insulin induces the activation
and autophosphorylation of the IR. We analyzed whether
decreased IR phosphorylation was involved in the blunted
response of adipose tissue to insulin in late pregnant animals.
To this end, virgin and 20-d pregnant rats were treated iv
with insulin or saline, and homogenates of the lumbar ad-
ipose tissue were immunoprecipitated with anti-IR antibod-
ies. As shown in Fig. 1B, upon in vivo stimulation with in-
sulin, IR became significantly tyrosine phosphorylated in
both groups of animals. However, insulin-stimulated IR
phosphorylation was much higher in adipose tissue from
virgin than from 20-d pregnant rats (12.9 = 0.6-fold and 5.7 =
0.6-fold for virgin and 20-d pregnant animals, respectively,
P < 0.001).

Tyrosine phosphorylation of the IR is a prerequisite for the
recruitment and subsequent phosphorylation of IRS-1. Pre-

ern blot analysis of IR, IRS-1, PI3K, PDK-1, ERK1/2, and PTEN in the
adipose tissue homogenates reveals that there is no difference in the
total amount of these cardinal proteins of the insulin signaling cas-
cade at late gestation. B and C, Insulin-stimulated phosphorylation
of the IR (B) as well as IRS-1 levels and association of IRS-1 with PI3K
(C) in the adipose tissue of nonpregnant and late pregnant rats. After
16 h fasting, virgin and 20-d pregnant rats were anesthetized with
sodium pentobarbital (40 mg/kg body weight ip), and then saline
(0.9% NaCl) (light gray bars) or insulin (4 IU Humulin NPH/kg body
weight) (dark gray bars) was injected via the portal vein. After 90 sec,
lumbar adipose tissue was removed, and after lysis in ice-cold RIPA
buffer containing 30 mm HEPES (pH 7.4), 5 mMm EDTA, 1% Nonidet
P-40, 1% Triton X-100, 0.5% sodium deoxycholate, 8 mm Na;VO,, 1
mM NaF, and 2 mM protease inhibitor (Pefablock), tissue homogenates
were incubated with anti-B-subunit of the IR (B) or IRS-1 antibodies
(C) for 2 h at 4 C, followed by incubation with protein A/G-agarose for
another 2 h at 4 C. Immunoprecipitated proteins were subjected to
Western blot analysis and immunodetected with anti-phosphoty-
rosine antibodies (pTyr) and then with anti-IR or -IRS-1 antibodies.
Association of PI3K with IRS-1 was monitored by coimmunoprecipi-
tation experiments, detecting the p85 regulatory subunit of PISK by
Western blot in IRS-1 immunoprecipitates (C). Representative im-
munoblots (IB) for phosphorylated and total proteins as well as for
coimmunoprecipitated PI3K are shown above the graphs. The graphs
show the levels of tyrosine-phosphorylated IR (B) and IRS-1 (C) nor-
malized to the total amount of IR and IRS-1 protein, respectively, of
five (IR) or four (IRS-1) independent experiments. **, P < 0.01; ***
P < 0.001 for insulin- vs. saline-treated animals.
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vious studies in skeletal muscle of both obese women and
rats show that IRS-1 phosphorylation is diminished at late
pregnancy (21-23), suggesting a main role of IRS-1 regulation
in the insulin resistance state. To explore the role of IRS-1 in
the blunted response of adipose tissue to insulin in late
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Fia. 2. Insulin-stimulated phosphorylation of Akt and ERK1/2 are im-
paired in the adipose tissue of late pregnant rats. After 16 h fasting,
virgin and 20-d pregnant rats were anesthetized with sodium pento-
barbital (40 mg/kg body weight ip), and then saline (0.9% NaCl) (light
gray bars) or insulin (4 IU Humulin NPH/kg body weight) (dark gray
bars) was injected via the portal vein. After 90 sec, lumbar adipose tissue
was removed and lysed in an ice-cold 30 mm HEPES buffer (pH 7.4)
containing 5 mm EDTA, 1% Triton X-100, 0.5% sodium deoxycholate,
and 2 mM protease inhibitor (Pefablock). A, Total Akt and Ser-473/Thr-
308-phosphorylated Akt were quantified by ELISA kits in the adipose
tissue homogenates. The graph shows the levels of phosphorylated Akt,
normalized to the total amount of Akt protein, of three independent
experiments performed in duplicate. B, Phospho-Tyr187/Thr185
ERK1/2 and ERK1/2 were immunodetected by Western blot analysis in
adipose tissue homogenates. The graph shows the levels of phosphory-
lated ERK1/2, normalized to the total amount of ERK1/2 protein, of three
independent experiments. A representative immunoblot (IB) for phos-
phorylated and total protein is shown above the graph. *, P < 0.05; #¥*
P < 0.001 for insulin- vs. saline-treated animals.

Endocrinology, December 2007, 148(12):5933-5942 5937

pregnant animals, we determined the amount of tyrosine-
phosphorylated IRS-1 in virgin and 20-d pregnant rats that
had been acutely treated with insulin or saline. As shown in
Fig. 1C, although tyrosine phosphorylation of IRS-1 was
stimulated almost 4-fold by insulin in adipose tissue of non-
pregnant animals (P < 0.01), insulin did not induce any
significant phosphorylation of IRS-1 in the 20-d pregnant rats
(P = 0.1). Together, these data show that insulin-stimulated
tyrosine phosphorylation of both IR and IRS-1 is greatly
impaired in adipose tissue at late pregnancy.

Once activated by tyrosine phosphorylation, IRS-1 serves
as a docking protein for downstream effector molecules. In
particular, p85 binding to tyrosine-phosphorylated IRS-1
stimulates PI3K. To confirm the impact of impaired tyrosine
phosphorylation of IR and IRS-1 on the insulin signaling
cascade, we next analyzed PI3K (p85 subunit) association
with IRS-1 by immunodetection of p85 in adipose tissue
extracts that had been immunoprecipitated previously with
anti-IRS-1. As shown in Fig. 1C (inset), upon stimulation with
insulin, a band with the expected molecular mass of the
regulatory subunit of PI3K (85 kDa) was detected in the IRS-1
immunoprecipitates of both groups of animals, pointing to
the formation of a stable complex between IRS-1 and PI3K.
Of note, the amount of this complex was more than 2-fold
lower in the 20-d pregnant rats compared with nonpregnant
animals, supporting the notion that decreased tyrosine phos-
phorylation of IRS-1 in adipose tissue of pregnant rats in fact
impairs insulin signaling in this tissue.

We next analyzed Akt/PKB, an enzyme downstream of
PI3K, which is known to mediate a number of metabolic and
mitogenic actions of insulin (10). In response to insulin, Akt

1B
1

pSer(307)-IRS-1
IRS-1

10

pSer-IRS-1/IRS-1 protein
(arbitrary units)

virgin

20-d pregnant

Fic. 3. Serine 307 phosphorylation of IRS-1 is increased in adipose
tissue at late gestation. Lumbar adipose tissue of virgin and 20-d
pregnant rats was homogenized in an ice-cold 30 mm HEPES buffer
(pH 7.4) containing 5 mM EDTA, 1% Triton X-100, 0.5% sodium
deoxycholate, and 2 mMm protease inhibitor (Pefablock). Phospho-
IRS-1 (Ser307) and IRS-1 were immunodetected by Western blot
analysis in adipose tissue homogenates. The graph shows the levels
of serine 307-phosphorylated IRS-1, normalized to the total amount
of IRS-1 protein, of five virgin and four 20-d pregnant rats. A repre-
sentative immunoblot (IB) for phosphorylated and total protein is
shown above the graph. ** P < 0.01, pregnant vs. nonpregnant
animals.
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becomes activated by serine phosphorylation (31). We found
that, in line with the reduction observed in insulin-stimu-
lated tyrosine phosphorylation of IR and IRS-1 protein (see
above), insulin significantly stimulated serine phosphoryla-
tion of Akt in adipose tissue of virgin rats but had only a
minor and nonsignificant effect on Akt phosphorylation in
pregnant animals (Fig. 2A). Similarly, we found that insulin
significantly stimulated tyrosine/threonine phosphoryla-
tion of the ERK1/2 in adipose tissue of virgin rats but failed
to induce significant changes in late pregnant rats (Fig. 2B).
These data indicate that impaired IR and IRS-1 tyrosine phos-
phorylation are hallmarks of the insulin resistance state in
adipose tissue during late gestation.

Serine 307 phosphorylation of IRS-1 is increased in adipose
tissue at late gestation

One mechanism that may account for decreased tyrosine
phosphorylation of IRS-1 is the activation of protein tyrosine
phosphatases (PTPs), such as PTP1B, which would result in
the rapid dephosphorylation of IRS-1 (32). However, we did
not detect any increment of phosphotyrosine phosphatase
activity in the adipose tissue of late pregnant rats compared
with nonpregnant animals (12.7 * 3.3 and 10.3 = 1.2 nmol
phosphate/mg protein'min for virgin and 20-d pregnant
rats, respectively, P > 0.1), thus excluding PTPs as negative
regulators of insulin signaling in our experimental system.

Alternatively, IRS-1 activation may be impaired through
inhibitory modifications of the protein, such as the phos-
phorylation of serine residues, in particular serine 307, which
is known to ablate the ability of IRS-1 to activate downstream
PI3K-dependent pathways (33). Here, we analyzed the serine
307 phosphorylation state of IRS-1 in virgin and late pregnant
rats. As shown in Fig. 3, serine phosphorylation of IRS-1 at
serine 307 was markedly higher (~7-fold, P < 0.001) in ad-
ipose tissue of late pregnant rats compared with virgin con-
trols. These data implicate, for the first time, increased serine
307 phosphorylation of IRS-1 in insulin resistance in adipose
tissue during pregnancy. Interestingly, serine phosphoryla-
tion of IRS-1 has also been observed in other conditions of
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insulin resistance, such as obesity (34) and type 2 diabetes
(10, 35). IRS-1 contains numerous serine/threonine phos-
phorylation sites in amino acid sequence motifs, including
serine 307 analyzed in the present study. This amino acid is
potentially recognized by different kinases, including pro-
tein kinase C (PKC), c-Jun-N-terminal kinase (JNK), mam-
malian target of rapamycin (mTOR), or inhibitor of k-light
polypeptide gene enhancer in B cells, kinase 8 (IKKp) (36).
The question of whether one or several of these kinases are
involved in the IRS-1 serine phosphorylation in adipose tis-
sue at late pregnancy remains to be investigated.

Pharmacological reversal of insulin resistance at late
pregnancy is paralleled by decreased IRS-1 serine 307
phosphorylation in adipose tissue

To confirm the role of serine 307-phosphorylated IRS-1 in
the modulation of insulin responsiveness during pregnancy,
we established a model of reversal of insulin resistance. To
this end, pregnant rats were treated from d 1620 of gestation
with the antidiabetic drug englitazone. Englitazone belongs
to the class of thiazolidinediones (TZDs) that act as ligands
of peroxisome proliferator-activated receptor y (PPARYy).
These drugs are known insulin sensitizers, and they are
clinically used in oral antidiabetic therapy (37). As shown in
Table 2, maternal body weight was unaffected by the treat-
ment, although a reduction in the lumbar adipose tissue
weight was observed. Importantly, englitazone-treated ani-
mals exhibited a marked reduction of maternal hyperlipid-
emia, as evidenced by a significant decrease of triglycerides,
glycerol, and NEFA (Table 2). In addition, the treated animals
had significantly lower insulin concentrations in the pres-
ence of normoglycemia and had significantly higher plasma
adiponectin concentrations, values similar to those of the
nonpregnant condition (Table 1). To further investigate the
insulin-glucose relationships after treatment with englita-
zone, an OGTT was performed. Figure 4, A and C, shows the
glucose and insulin curves during the OGTT in the control
and englitazone-treated pregnant rats. Pregnant rats that had
been treated with englitazone clearly showed alower glucose

TABLE 2. Effects of englitazone (EZ) treatment on body and adipose tissue weight, biochemical parameters, and insulin sensitivity

indexes in 20-d pregnant rats

Control pregnant rats EZ-treated pregnant rats P
Body weight (g) 351.0 =54 (n=11) 346.6 = 4.7 (n = 8) NS
Lumbar adipose tissue weight (g) 2.23 £ 0.15(n = 13) 1.74 = 0.09 (n = 11) 0.015
Plasma glucose (mg/dl) 108.0 39 (n =17 104.7 £ 4.9 (n = 10) NS

Plasma insulin (ug/liter) 1.66 = 0.16 (n = 19) 0.89 = 0.12 (n = 12) 0.002
Plasma triglycerides (mg/dl) 268.3 = 28.9 (n = 10) 875+151(n="17 <0.001
Plasma glycerol (um) 630.3 = 58.2 (n = 13) 3742 +344(n=9) 0.003
Plasma NEFA (um) 1082.2 + 128.8 (n = 17) 650.0 £ 946 (n=9) 0.03

Plasma adiponectin (pg/ml) 158 0.8 (n=11) 19.7 £ 1.0 (n = 10) 0.008
HOMA-IR 1.89 £ 0.23 (n = 14) 0.99 = 0.21 (n = 8) 0.016
QUICKI 0.276 = 0.004 (n = 14) 0.304 = 0.009 (n = 8) 0.018
FGIR (mg/10™* U) 3.01 = 0.30 (n = 14) 544 + 262 (n = 8) 0.037

From d 16 of gestation, rats were treated daily, by oral gavage, with a dose of 50 mg englitazone (kindly supply by Pfizer) suspended in 2%
Tween 80/kg body weight, or vehicle (2% Tween 80). On the morning of the 20th day of pregnancy, animals were killed and blood collected in
EDTA-containing tubes. Enzymatic colorimetric tests were used to determine in EDTA-plasma samples glucose (GOD-PAP; Roche), triglycerides
(LPL/GPO-Trinder; Roche), glycerol (GPO-Trinder; Sigma-Aldrich), and NEFA (ACS-ACOD; Wako). Insulin and adiponectin were determined
in plasma samples using a specific EIA kit for rats (Mercodia and Komed, respectively). Insulin sensitivity indexes HOMA-IR, QUICKI, and
FGIR were calculated from short-term fasting plasma glucose and insulin values as described in Materials and Methods. Data are mean values =
SEM. Values of plasma insulin were log-transformed to equalize the variance between conditions. Comparisons were made by Student’s ¢ test

for unpaired data with equal or unequal variance as appropriate.
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and insulin increase after the oral glucose load. Thus, the
areas under the curves for both glucose (Fig. 4B) and insulin
(Fig. 4D) were significantly lower (more than a 50% decrease)
in the englitazone-treated animals. These findings, together
with decreased HOMA-IR and increased QUICKI and FGIR
indexes (Table 2), indicate that englitazone treatment in late
pregnant rat reverses their insulin-resistant condition.
Although the detailed mechanisms of TDZ-mediated in-
sulin sensitization are still unclear, there is increasing evi-
dence that these drugs exert their insulin-sensitizing effects,
at least in part, by activating (38) or modulating the expres-
sion (39) of proteins of the insulin signaling cascade. We
therefore analyzed the insulin signaling proteins in the ad-
ipose tissue of englitazone-treated animals. As shown in Fig.
5A, we did not detect any change of the total amount of IR,
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Fig. 4. Englitazone improves insulin resistance of late pregnant rats.
From d 16 of gestation, rats were treated daily, by oral gavage, with one
dose of 50 mg englitazone (kindly supplied by Pfizer) suspended in 2%
Tween 80/kg body weight or vehicle (2% Tween 80). On the morning of
the 20th day of pregnancy, animals were subjected to an OGTT in fasted
conditions (16 h fasting). After a basal blood sample from the tail vein
was drawn, a bolus of glucose (2 g/kg) was administered orally to the
animals. Subsequently, blood samples were collected at 7.5, 15, 20, 30,
45, and 60 min after glucose administration, and after the plasma anal-
ysis of glucose and insulin was performed, the area under the curve for
both parameters was calculated. A, Plasma glucose of control (gray
circles) and englitazone-treated (black circles) 20-d pregnant rats during
the OGGT; B, area under the curve for glucose of control (gray bar) and
englitazone-treated (black bar) 20-d pregnant rats during the OGGT; C,
plasma insulin of control (gray circles) and englitazone-treated (black
circles) 20-d pregnant rats during the OGGT; D, area under the curve for
insulin of control (gray bar) and englitazone-treated (black bar) 20-d
pregnant rats during the OGGT. *, P < 0.05, englitazone-treated vs.
untreated control animals.
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Fic. 5. Englitazone decreases IRS-1 serine 307 phosphorylation in ad-
ipose tissue of late pregnant rats. From d 16 of gestation, rats were
treated daily, by oral gavage, with a dose of 50 mg englitazone (kindly
supplied by Pfizer) suspended in 2% Tween 80/kg body weight or vehicle
(2% Tween 80). On the morning of the 20th day of pregnancy, animals
were killed, and adipose tissue was dissected and subsequently homog-
enized in an ice-cold 30 mmM HEPES buffer (pH 7.4), containing 5 mM
EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, and 2 mM protease
inhibitor (Pefablock) for Western blot analysis. A, Immunodetection of
insulin signaling proteins. Western blot analysis of IR, IRS-1, IRS-2,
PI3K, PDK-1, Akt, ERK1/2, and PTEN in the adipose tissue homoge-
nates reveals that englitazone does not affect the total amount of these
cardinal proteins of the insulin signaling cascade at late gestation; B,
phospho-IRS-1 (Ser307) and IRS-1 were immunodetected by Western
blot analysis in the adipose tissue homogenates of control (gray bar) and
englitazone-treated (black bar) 20-d pregnant rats. The graph shows the
levels of serine 307-phosphorylated IRS-1 protein, normalized to the
total amount of IRS-1, of seven control and five englitazone-treated 20-d
pregnant rats. A representative immunoblot (IB) for phosphorylated and
total protein is shown above the graph. * P < 0.05, englitazone-treated
vs. untreated control animals.

IRS-1, IRS-2, PI3K, PDK-1, Akt/PKB, ERK1/2, and PTEN in
response to the drug. As discussed above, our data point to
the involvement of IRS-1 serine 307 phosphorylation in the
insulin-resistant condition of adipose tissue in late preg-
nancy. This would imply that the antidiabetic action of en-
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glitazone during gestation should be reflected in a reduction
of IRS-1 phosphorylation at serine 307. In line with this
hypothesis, we found that englitazone-treated pregnant rats
had significantly lower levels of serine 307-phosphorylated
IRS-1 in lumbar adipose tissue than untreated control ani-
mals (Fig. 5B). These findings therefore indicate that the
treatment of pregnant rats with the antidiabetic drug appar-
ently reverses the impairment of IRS-1 signaling by restoring
the dephosphorylated state of serine 307 and that this re-
versal correlates with the improvement of insulin respon-
siveness. Together, these data support a role for enhanced
serine 307 phosphorylation of IRS-1 in the development of
adipose tissue insulin resistance at late pregnancy and sug-
gest that this modification of IRS-1 is relevant to the phar-
macological treatment of insulin resistance with TZDs. This
is also supported by previous studies showing that TZDs
potentiate insulin-stimulated PI3K and Akt activation in cul-
tured cells (40), that long-term treatment with troglitazone
increases insulin-stimulated Akt phosphorylation in skeletal
muscle (38), and that the TZD rosiglitazone interferes with
serine phosphorylation of IRS-1 in vitro and in an animal
model of obesity (34).

Pharmacological restoration of insulin responsiveness and serine
307 dephosphorylation of IRS-1 in adipose tissue are
accompanied by an increase of circulating and tissue adiponectin

Different mechanisms might account for the ability of en-
glitazone to reduce IRS-1 serine phosphorylation and pro-
mote insulin sensitization in adipose tissue at late pregnancy.
First, at the molecular level, pharmacological activation of
PPARvy by TZD causes body-wide lipid redistribution, low-
ering free fatty acids and triglyceride in the circulation and
thereby improving insulin sensitivity (41). Second, PPARvy
agonists stimulate the production of adiponectin, a highly
expressed protein in white adipose tissue and one of the most
abundant plasma proteins (42). Adiponectin promotes fatty
acid oxidation and insulin sensitivity (43). In fact, hypoadi-
ponectinemia is a hallmark of conditions of insulin resis-
tance, including obesity (44), type 2 diabetes (45), and ges-
tational diabetes (46). Furthermore, a low maternal plasma
adiponectin concentration has been found to be an indepen-
dent predictor of gestational diabetes (47). Recently, it has
been shown that late pregnancy in humans is associated with
a significant decrease in adiponectin both in plasma (48) and
in adipose tissue (49). Moreover, the observed reductions in
adiponectin levels correlate with decreased insulin sensitiv-
ity of glucose disposal in muscle during pregnancy (49).
Interestingly, a very recent study shows that adiponectin
sensitizes insulin signaling by reducing p70 S6 kinase-me-
diated serine phosphorylation of IRS-1 (50). According to this
observation, it is tempting to speculate that the observed
decrease of IRS-1 serine 307 phosphorylation in adipose tis-
sue of englitazone-treated pregnant rats (see above) may be
related to an increase of adiponectin. In agreement with this
possibility, we found that circulating adiponectin levels were
significantly higher in englitazone-treated pregnant rats than
in control animals (Table 2), being similar to those detected
in the nonpregnant condition (Table 1). We further analyzed
adiponectin expression in adipose tissue of these animals. As
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shown in Fig. 6, adiponectin was significantly decreased at
late pregnancy (P < 0.05). Treatment with englitazone mark-
edly augmented the amount of the adipokine (P < 0.001) to
levels that were even higher than in the nonpregnant con-
dition (P < 0.001). These data demonstrate that englitazone
reverses the decrease of both circulating and tissue adiponec-
tin at late pregnancy and support the role of decreased adi-
ponectin levels in the low responsiveness of adipose tissue
to insulin during late pregnancy. However, it has been sug-
gested that changes in systemic adiponectin specifically pre-
dicts the reduced insulin sensitivity for glucose but not for
lipid metabolism in human pregnancy (49).

Impaired insulin-stimulated tyrosine phosphorylation of
IRS-1 in adipose tissue of late pregnant rats can be restored
ex vivo by treating isolated adipocytes with adiponectin

In adipose tissue of virgin rats, insulin increased tyrosine
phosphorylation of IRS-1 about 4-fold, whereas in pregnant
animals, the stimulatory effect of insulin was approximately
2-fold (see Fig. 1C). As discussed above, decreased adiponec-
tin levels during pregnancy might account for such an im-
paired response to insulin. To substantiate this hypothesis,
we investigated whether the insulin-stimulated tyrosine
phosphorylation of IRS-1 in adipose tissue of pregnant rats
could be restored ex vivo upon treatment of isolated adipo-
cytes with adiponectin. As shown in Fig. 7, insulin-stimu-
lated tyrosine phosphorylation of IRS-1 in adipocytes from
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Fia. 6. Decreased adipose tissue adiponectin levels at late pregnancy
are normalized by englitazone treatment. Adipose tissue from non-
pregnant (white bar) and 20-d pregnant rats treated with saline (gray
bar) or englitazone (black bar) was homogenized in an ice-cold 30 mMm
HEPES buffer (pH 7.4), containing 5 mM EDTA, 1% Triton X-100,
0.5% sodium deoxycholate, and 2 mMm protease inhibitor (Pefablock).
Western blot analysis of adiponectin reveals that at late pregnancy
the amount of the adipokine in adipose tissue is decreased and that
englitazone (EZ) treatment augmented the amount of the adipokine
to levels even higher than in the nonpregnant condition. The graph
shows the levels of adiponectin, normalized to B-actin, of virgin (n =
5), control 20-d pregnant (n = 8), and englitazone-treated (n = 6) 20-d
pregnant rats. A representative immunoblot (IB) for adiponectin and
B-actin is shown above the graph. Statistical analysis was performed
by ANOVA followed by Student-Newman Keuls post hoc test. Signif-
icance is shown by letters: different letters indicate significant differ-
ences (P < 0.05) between the groups.
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Fic. 7. Adiponectin (AdipoQ) enhances the impaired insulin-stimu-
lated tyrosine phosphorylation of IRS-1 in adipocytes from late preg-
nant rats. Adipocytes isolated from lumbar adipose tissue of 20-d
pregnant rats were incubated in KRB buffer for 30 min in the absence
or presence of 1 ug/ml recombinant AdipoQ. Subsequently, cells were
incubated for another 5 min in the absence (light gray bars) and
presence (dark gray bars) of 100 nM insulin. Protein extracts were
obtained by lysis of the cells in RIPA buffer containing 30 mm HEPES
(pH 7.4),5 mM EDTA, 1% Nonidet P-40, 1% Triton X-100, 0.5% sodium
deoxycholate, 8 mM Na;VO,, 1 mM NaF, and 2 mM protease inhibitor
(Pefablock) and subjected to Western blot analysis for anti-phospho-
IRS-1 (Tyr612) and anti-IRS-1. The graphs show the level of tyrosine-
phosphorylated IRS-1 normalized to the total amount of IRS-1 in each
sample. Representative immunoblots (IB) for phosphorylated and
total IRS-1 are shown above the graph. *, P < 0.05; **, P < 0.01, 100
vs. 0 nM insulin.

pregnant rats was only 2.15 + 0.13-fold. In the presence of
adiponectin, this response to insulin was significantly (P =
0.003) enhanced as evidenced by a 4.78 = 0.08-fold increase
of IRS-1 tyrosine phosphorylation. These data further sup-
port the hypothesis that decreased adiponectin levels might
account at least partially for impaired insulin signaling at late
gestation.

Although our findings point to role for adiponectin in the
modulation of insulin signaling in adipose tissue of pregnant
rats, we cannot discard that other potential mediators could
be implicated in the initiation of insulin resistance during
pregnancy. Pregnancy can be considered a condition of mod-
erate inflammation (51, 52), in which adipose tissue together
with placenta contributes to the local and systemic increase
of inflammatory molecules such as TNF-q, leptin, IL-18, IL-6,
IL-10, monocyte chemotactic protein 1 (MCP-1), and resistin
(53). The physiological role of this low-grade inflammation
is uncertain. It has been proposed that activation of some
inflammatory pathways is implicated in the development of
insulin resistance at late pregnancy and that when this phys-
iological adaptation is decompensated, the mother is at a
major risk of gestational diabetes (54). Indeed, it has been
shown in human pregnancy that circulating concentrations
of TNF-a correlate significantly with insulin resistance (55).
Thus, we speculate that inflammatory molecules, via acti-
vation of Ser/Thr kinases, together with low adiponectin
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levels, could be implicated in the development of insulin
resistance during pregnancy.

In conclusion, here we present experimental data that sup-
port a role for increased serine 307 phosphorylation of IRS-1,
paralleled by a reduction of circulating and tissue adiponec-
tin, in the modulation of insulin resistance in adipose tissue
during late pregnancy. We anticipate that the identification
of the protein kinases involved in IRS-1 serine phosphory-
lation, as well as future studies on the regulation of these
kinases by circulating mediators such as adiponectin, will
provide novel targets for pharmacological interventions de-
signed to reduce the risk of adverse outcomes related to
exaggerated insulin resistance in pregnancy, which is the
main responsible factor for the development of gestational
diabetes in women.
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