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Abstract

Intrauterine growth restriction combined with postnatal accelerated growth (CG-IUGR) Key Words

could lead to long-term detrimental metabolic outcomes characterized by insulin > intrauterine growth
resistance. As an indispensable co-receptor of Wnt signaling, LRP6 plays a critical role restriction

in the susceptibility of metabolic disorders. However, whether LRP6 is involved in the > catch-up growth
metabolic programing is still unknown. We hypothesized that CG-IUGR programed > insulin sensitivity
impaired insulin sensitivity through the impaired LRP6-mediated Wnt signaling in skeletal > LRP6

muscle. A CG-IUGR rat model was employed. The transcriptional and translational > Wntsignaling

alterations of the components of the Wnt and the insulin signaling in the skeletal muscle
of the male CG-IUGR rats were determined. The role of LRP6 on the insulin signaling was
evaluated by shRNA knockdown or Wnt3a stimulation of LRP6. Compared with controls,
the male CG-IUGR rats showed an insulin-resistant phenotype, with impaired insulin
signaling and decreased expression of LRP6/B-catenin in skeletal muscle. LRP6 knockdown
led to reduced expression of the IR-g/IRS-1 in C2C12 cell line, while Wnt3a-mediated LRP6
expression increased the expression of IRS-1 and IGF-1R but not IR-8 in the primary muscle
cells of male CG-IUGR rats. The impaired LRP6/B-catenin/IGF-1R/IRS-1 signaling is probably

one of the critical mechanisms underlying the programed impaired insulin sensitivity in

male CG-IUGR.
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Introduction

Accumulating evidence suggests that a disadvantageous
early-life environment such as intrauterine nutritional
insult is associated with adult chronic non-communicable
diseases such as obesity, type 2 diabetes (T2ZDM),
cardiovascular and cerebrovascular diseases, etc. (1, 2,
3). Intrauterine growth restriction (IUGR), caused by
detrimental intrauterine environment, affects 23.8% or
approximately 30 million newborns per year globally
(4). In a proper environment, most of the IUGR infants
will experience postnatal accelerated growth. Postnatal
accelerated growth (catch-up growth), on the one hand,

leads to short-term (5) and long-term health benefits,
especially in cognition and academic achievement (6,
7), and on the other hand, it may exacerbate the risk of
metabolic diseases in later life (7, 8, 9). A large number
of studies have shown that the incidence of metabolic
abnormalities including T2DM in adults with [UGR
followed by postnatal accelerated growth (CG-IUGR) is
much higher than that in normal people (10, 11). Insulin
resistance has been considered as an early manifestation as
well as a crucial mechanism for metabolic disturbance in
later life of individuals with CG-IUGR (12, 13, 14, 15, 16).
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However, the underlying molecular pathogenesis of insulin
resistance in adult CG-IUGR is still unclear.

The activation of canonical Wnt pathway begins with
the binding to the frizzled receptors and its coreceptor LDL
receptor-related protein 5/6 (LRPS/LRP6), resulting in the
inactivation of GSK3b and the stabilization of cytoplasmic
pool of p-catenin, which then enter nucleus and promote
the expression of a variety of target genes including that
regulate glucose homeostasis (17, 18). As a co-receptor
of Wnt, LRP6 plays a critical role in the Wnt/g-catenin
pathway. Genetic studies have revealed that the variations
of LRP6 genes are associated with the susceptibility of
a plethora of diseases, including metabolic syndrome,
T2DM, cancer, etc. (19, 20, 21). Specially, several mutations
of LRP6 that lead to impaired Wnt/g-catenin signaling were
confirmed to be linked with impaired glucose tolerance
and insulin signaling (22, 23, 24, 25). Interestingly,
whether LRP6 aggravates or ameliorates insulin resistance,
the key pathophysiology of T2DM, is still controversial to
some extent (17, 23, 26). As a nutrient-sensitive regulator
of glucose metabolism (17, 23), LRP6 possibly also plays
an essential role in CG-IUGR, characterized by nutrition
insults in early life. However, currently, the role of LRP6-
mediated Wnt signaling in the insulin resistance of
CG-IUGR is unknown.

Under normal circumstances,
one of the most critical organs for maintaining glucose
homeostasis (27) and is accountable for approximately
80% of insulin-mediated glucose uptake and disposal (28,
29). Thus, insulin resistance of skeletal muscle is essential
for whole-body insulin sensitivity and related metabolic
disorders such as T2DM (30). We previously demonstrated
that rat offspring which were exposed to undernutrition
in utero and postnatal overnutrition (CG-IUGR) develop
aberrant growth trajectories and, as adults, a phenotype
of impaired insulin sensitivity, including impaired insulin
signaling in skeletal muscle (12, 13, 15, 16).

Here, using a well-established rodent model, we
investigated the role of LRP6-mediated canonical Wnt
signaling in the programed impaired insulin sensitivity
in the skeletal muscle of male CG-IUGR rats. The
transcriptional and translational alterations of certain
canonical components of Wnt signaling and the insulin
signaling in the skeletal muscle tissue and cells of the
male CG-IUGR rats were determined. The impact of LRP6
expression, regulated by shRNA knockdown or Wnt3a
stimulation, on the insulin signaling, was evaluated
to further investigate the pathogenesis of metabolic
programing in male CG-UGR. Our findings revealed a
possible molecular mechanism linking the LRP6-mediated

skeletal muscle is
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Wnt signaling to metabolic programming of impaired
insulin sensitivity by CG-IUGR.

Materials and methods
Animal model establishment and sample collection

A CG-IUGR rat model was established by maternal
nutritional restriction and litter size reduction as described
in our previous studies (12, 13, 23, 26). Briefly, 15 female
Sprague-Dawley rats weighing 200-250 g and 5 adult male
rats were bred. Female and male rats were mated together
overnight at a ratio of 2:1, and the presence of sperm in
vagina was designated as day 1 of pregnancy. Pregnant
rats were placed separately and randomly divided into two
groups. The control group was given free access to food
and water whereas the IUGR group was fed 10 g/day of the
same rodent chow (about 33% of normal intake). Mothers
of both groups were fed ad libitum once the rat pups were
delivered. In the experiments, there were seven pregnant
rats in the control group and eight in the IUGR group, and
there were one pregnant rat that did not give birth of each
group, one dam of the control group and two of the [IUGR
group that ate their babies. We excluded the dams those
ate their babies, and finally included five dams in each
group. The average litter size, sex ratio, birth weight and
litter weight in both groups were similar. The litter size was
reduced to five pups/litter at birth in the CG-IUGR group
while eight pups/litter in the control group (dams=>35) to
ensure postnatal accelerated growth of the rats with [TUGR
(dams=35) and thus to establish the model with both
IUGR and catch-up growth. BMI was calculated using the
formula: weight (kg) divided by the square of height in
meters. For measuring the body length of rats, the rat was
put on the surface of fixed iron bars, one person held the
tail of the rat, the rat's body would then be in a straight
line as the rat attempted to pull away, meanwhile, another
person used a ruler to measure the length from the snout
to the hip of the rat. The above procedures were repeated
three times for each measurement and the average value
was calculated.

Considered that the programmed impairments are
generally more common in male offspring than females
with IUGR (31), after weaning at day 21, male rats were
randomly selected as the research objects (2 pups each
litter, >5 male rats for each group) and were placed two
in one cage with free access to food and water. At the 8th
week, the rats were fasted for 16 h, and then intraperitoneal
glucose tolerance test (IPGTT) was performed: blood
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samples were collected from tail-vein before and after
intraperitoneal injection of 20% glucose (2 g/kg) following
standard protocols. After adaptive feeding for 1 week
following IPGTT, rats were fasted overnight; thereafter, rats
were Killed by anesthesia before obtaining skeletal muscle
(quadriceps femoris), which were immediately frozen in
liquid nitrogen and then stored in —80°C freezer. Blood
samples were drawn from the major abdominal vein and
centrifuged at 4°C. Glucose was measured within 2 h of
sample collection, and the other portion of plasma was
stored at —80°C immediately after the centrifugation.
All animal studies were approved by the ethical review
committee of Tongji Medical College, Huazhong University
of Science and Technology, and followed the regulations
of the National Institutes of Health guidelines on the care
and welfare of laboratory animals.

Plasma insulin and glucose measurement

Fasting plasma insulin was measured using an ELISA kit
(CUSABIO, Wuhan, China) according to the manufacturers’
instructions. Glucose was measured using blood glucose
test strips (Byer, Leverkusen, Germany) following the
manufacturers’ instructions. AUCs of IPGTT were
determined by trapezoidal approximation of glucose levels.
Glucose concentrations at x min were defined as G(x), and
AUC was assessed as follows: AUC (mmol/L-min) = (G (0) x
15+G (15) x 30+G (30) x 45+G (60) x 90+ G(120) x 60)/2.
The insulin resistance index (HOMA-IR) was calculated as
fasting blood glucose level (mmol/L) x fasting insulin level
(wIU/mL)/22.5.

C2C12 cell culture and shRNA lentiviral
particles transduction

C2C12 cells were obtained from the American Type
Culture Collection and cultured in DMEM supplemented
with 10% FBS and 100 pg/mL penicillin/streptomycin
following standard protocol. Cells were seeded in a
12-well plate, and after 24 h, the cells were infected at a
confluence of approximately 50% by adding 1 x 10° LRP6
shRNA(m) (sc-37234-v) or control shRNA (sc-108080) with
5 ug/mL polybrene (sc-134220) in 1 mL complete optimal
medium. After incubation for 24 h, the above medium
was removed and replaced with 1 mL of complete medium
without polybrene. Split the cells 1:5 to select stable clones
expressing the shRNA through puromycin dihydrochloride
(6 ug/mL, sc-108071) selection. Replaced the medium with
fresh puromycin-containing medium every 2 days, until

CG-IUGR programs insulin
sensitivity

111 €210203

resistant colonies were identified. The puromycin-resistant
colonies were expanded and assayed for stable shRNA
expression. LRP6 shRNA, control shRNA, polybrene and
puromycin dihydrochloride were purchased from Santa
Cruz Biotechnology Inc (TX).

Primary skeletal muscle cell culture and
wnt3a intervention

Skeletal muscle cells of rats were cultured using tissue
explants adherent method as described in our previous
study (12). Quadriceps femoris samples were sliced into
1 mm? fragments in the cell culture medium, and the
tissues were incubated and dry for 3 h at 37°C in a 5%
humidified CO,-controlled atmosphere.
medium was gently added to prevent the tissue from
floating, and the culture medium was changed every
3 days. After about 5-7 days, the primary skeletal muscle
cells can be observed to climb out of the tissue and basically
fill the culture bottle. Dulbecco’s modified Eagle’s medium
(DMEM; Gibco), 10% heat-inactivated fetal bovine serum
(Every Green, Hangzhou, China), 100 U/mL penicillin and
100 pg/mL streptomycin were added. When cells reached
70-80% confluence, cultures were digested with 2%
trypsin (Gibco) and seeded in six-well plates. After 12 h of
starvation with serum-free medium, cells were stimulated
with recombinant Wnt3a (R&D) of 30 ng/mL for different
time span as described previously (23). Subsequently, the
cells were harvested for analysis.

The culture

Western blot

The proteins of skeletal muscle tissue were extracted with
ice-cold radioimmunoprecipitation assay lysis buffer and
the protein concentrations were measured using BCA assay
kit (Beyotime, Nantong, China). Equal amounts of proteins
were fractionated on a 10% SDS-polyacrylamide gel with
a 5% stacking gel and electroblotted onto polyvinylidene
difluoride (PVDF) membranes (Millipore). The membranes
wereblocked in 5% non-fat milk for 1 h atroom temperature
and then incubated with primary antibodies including
LRP6 (1:1000 dilution; Abcam), p-catenin (1:2000 dilution;
Abcam), P70S6K (1:2000 dilution; Abcam), IGF-1R (1:500
dilution; Abcam), IR (1:1000 dilution; Cell Signaling
Technology), IRS-1 (1:500 dilution; Cell Signaling
Technology) and mTOR (1:500 dilution; Cell Signaling
Technology) overnight at 4°C. The membranes were
washed for 5 min with 0.1% TBS-Tween-20 solution and
repeated for three times. Thereafter, the membranes were
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probed with secondary horseradish-peroxidase-conjugated
IgG (1:10,000 dilution; Aspen, Wuhan, China) for 2 h at
room temperature. The membranes were washed with ECL
solution for 5 min and repeated for five times, followed by
chemiluminescence detection in the dark room.

Real-time PCR

Total RNA was isolated with TRIzol reagent (Invitrogen)
according to the manufactures’ protocol. After the
measurement of RNA quantity and quality on an UV
arectrophotometer (Eppendorf, Hamburg, Germany), RNA
was reverse-transcribed into ¢cDNA using PrimeScriptTM
RT Master Mix (TaKaRa). Relative quantitative PCR
(qPCR) was performed on a CFX96 Touch PCR (Bio-
Rad) using SYBR" Premix Ex TaqTM (TaKaRa) following
standard protocol. Sequence-specific PCR primers were
designed using Primer Premier 5.0 software (PREMIER
Biosoft International, CA) and synthesized by Servicebio
(Wuhan, China). The specificity of primers was checked
in Primer-BLAST. Primers sequences were as follow:
g-actin  sense  5-TGCTATGTTGCCCTAGACTTCG-3’,
antisense 5’-GTTGGCATAGAGGTCTTTACGG-3’;
LRP6  sense  5-ATCGGATAGAAGTGACAAGGCTC-3’,
antisense 5’-CTTGTCTTCCACCAGCACTCG-3’;
p-catenin sense 5’-ATTACGACAGACTGCCTTCAGATC-3’,
antisense  5-GAGCAGACAGACAGCACCTTCA-3’; IR
sense  5’-GTCGCTCCTATGCTCTGGTGT-3),
S’ TTCTGGTTGTCCAAGGCGTAG-3’; IRS-1
5’-GGCGAGTTCTGGATGCAAGTG-3),

antisense
sense
antisense

EE control
W CGIUGR

sk

weight(g)

control

T

[T

20
B ot 1500
—e— control *

—=— CGIUGR
1200

@

©°
S
=3

N
=3
=3

IPGTT Glucose (mmol/L)
I’y >
AUC (mmol/L*min)

w
S
=3

—T— T T T —T
0 15 30 60 120
‘Time (min)

=

CG-IUGR

control

Figure 1

O

insulin (uIU/ml)

CG-IUGR programs insulin
sensitivity

111 e210203

5’-GCGGAGGATTGTTGAGATGGT-3". -actin
amplified as an internal control. Relative gene expression

was

was calculated according to the comparative threshold
cycle (224 method.

Statistical analysis

Data were expressed as mean + S.E.M. The differences
between two groups were ascertained by an independent-
sample f-test using IBM SPSS Statistics Version 22 (SPSS)
and the GraphPad Prism version 7.0 software. The level of
statistical significance was defined as *P < 0.05 (two-tailed).

Results
CG-IUGR model and systemic insulin sensitivity

Consistent with our previous results (12, 13, 15, 16), the
birth weight of the IUGR pups (n =25) was significantly
lower than the control group (n =40) (4.62 £ 0.35 g vs
7.68 £0.93 g, P < 0.01, Fig. 1A). The IUGR pups showed an
accelerated weight gain from postnatal day 7 and caught up
with the control group on day 14, and the weight of male
CG-IUGR rats was significantly higher than the control
group on day 21 (59.74 + 4.48 g vs 51.85 £ 9.08 g, P < 0.01,
Fig. 1A). Thereafter, the weight of the male CG-IUGR rats
kept increasing. The BMI of the male CG-IUGR group was
lower at birth and higher at the 9th week than that of the
control group (n =6 for each group, Fig. 1A).

I control
2501 mm CGAUGR *
= 200 =
) 150 " £
2 100 =
k% ot A
50,
6

CG-IUGR

control

control CG-IUGR

CG-IUGR model and systemic insulin sensitivity. (A) Body weight and BMI between control and CGIUGR rats (n =25 for IUGR and n =40 for the control
group before weaning, n =6 for IUGR and the control group after weaning (two pups each litter)). (B) Blood glucose at 30 min and AUC of IPGTT were
increased in the male CG-IUGR rats (n =6 for each group). (C) Plasma insulin levels and HOMA-IR were elevated in male CG-IUGR rats (n = 6 for each
group). Data are presented as mean + s.e.m. *P < 0.05, **P < 0.01 compared with same-age controls.
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IPGTT performed at the 8th week showed that the
glucose at 30 min was higher in male CG-IUGR rats than
the control group, and no significant differences were
observed at the other time points; besides, glucose AUC
of IPGTT in male CG-IUGR rats was increased than the
normal control (n=6, Fig. 1B), indicating of impaired
glucose tolerance (32). Moreover, fasting plasma insulin
level and HOMA-IR were elevated in male CG-IUGR rats in
comparison with the control group (n =6, Fig. 1C). These
results suggested that the systemic insulin sensitivity of
male CG-IUGR was decreased.

Insulin signaling was impaired in skeletal muscle of
male CG-IUGR

To investigate the insulin signaling in skeletal muscle of
male CG-IUGR, the protein and mRNA level of insulin
receptor (IR)- and insulin receptor substrate (IRS)-1,
two canonical components of insulin signal pathway,
was determined. Similar to our previous studies (12), the
protein levels as well as the mRNA levels of IR-g and IRS-1
were reduced in the male CG-IUGR rats (Fig. 2A and B),
indicating impaired insulin signaling.

The expression of LRP6 was decreased in skeletal
muscle of male CG-IUGR

Meanwhile, the expression of LRP6 and downstream factor
p-catenin in skeletal muscle was assessed. The protein and
mRNA levels of LRP6 and g-catenin in male CG-IUGR
were significantly lower than that of control group
(Fig. 3A and B).
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LRP6 is requisite for normal expression of
the IR-B/IRS-1

To explore the role of LRP6 in insulin signaling, LRP6 was
knocked down by RNA interference in C2C12 cells. LRP6-
specific sShRNA markedly decreased the protein and mRNA
expression of LRP6 (Fig. 4A and B). Correspondingly,
the mRNA and protein levels of IR-g and IRS-1 were
significantly reduced in the LRP6 knockdown group (Fig.
4A and B). These findings suggest that LRP6 is requisite for
normal expression of the IR-g/IRS-1 and may play a critical
role in maintaining intact insulin signaling in muscle cells.

Wnt3a/LRP6 enhanced the expression of IRS-1 and
IGF-1R in muscle cells of male CG-IUGR

LRP6 is the critical mediator of Wnt3a signaling (33).
Since silencing of LRP6 significantly compromised the
expression of IR/IRS-1 in C2C12 cells, to further examine
the impact of Wnt/LRP6 signaling on the insulin signaling
in the skeletal muscle of male CG-IUGR, primary muscle
cells of male CG-IUGR rats were treated with Wnt3a at a
concentration of 30 ng/mL for different time spans as
described previously (27). We observed that the mRNA
expression of LRP6 kept increasing until it reached a
maximum expression at the 12th hour (Fig. 5A). Upon
Wnt3a stimulation for 12 h, the protein expression levels
of LRP6, p-catenin and IRS-1 were significantly increased
in primary muscle cells of male CG-IUGR rats (Fig. 5B
and C). Interestingly, the expression of IR-g was not
altered (Fig. 5C). Considering that the insulin-like growth
factor-1 receptor (IGF-1R) could also be co-activated with
the IR-g by insulin (34), we then analyzed the expression
of IGF-1R and found that the protein levels of IGF-1R

IRS-1 PIRS-1

Figure 2

Insulin signaling was impaired in the skeletal
muscle of male CG-IUGR. The protein (A) and
mMRNA (B) levels of insulin receptor (IR)-8 and
insulin receptor substrate (IRS)-1 in skeletal
muscle were reduced in the male CG-IUGR rats.
Data are presented as mean + s.e.m. (0 =5).

*P <0.05, **P < 0.01 compared with

same-age controls.
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were significantly reduced in the skeletal muscle of male
CG-IUGR (Fig. 5D); moreover, the expression of IGF-1R
was rescued upon Wnt-3a stimulation in the primary
muscle cells of male CG-IUGR (Fig. SE).

Wnt3a/LRP6 increased the expression of mTOR/S6K
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Figure 3
The expression of LRP6 was decreased in the
skeletal muscle of male CG-IUGR. The protein (A)
and mRNA (B) levels of LRP6 and g-catenin in
skeletal muscle were reduced in the male
CG-lUGR rats. Data are presented as mean + s.e.m.
(n =5). *P < 0.05, **P < 0.01 compared with
same-age controls.
mTOR/S6K plays a novel and essential role in the
regulation of cell autonomous insulin/IGF-I sensitivity
through affecting IRS-1 function (35), we also analyzed
the expression of mTOR/S6K in the skeletal muscle of
male CG-IUGR. We found that the protein levels of
mTOR and P70S6K were significantly decreased in the
skeletal muscle of male CG-IUGR (Fig. 6A). Furthermore,
the expression of mTOR and P70S6K was rescued upon
Wnt-3a stimulation in the primary muscle cells of male
CG-IUGR (Fig. 6B).
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Figure 4

LRP6 is requisite for normal expression of the
IR-B/IRS-1. LRP6 specific ShRNA decreased the
protein (A) and mRNA (B) expression of LRP6, IR-f
and IRS-1 in C2C12 cells. Data are presented as
mean ts.e.m. (0 = 3). **P < 0.01 compared with
same-age controls.
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Wnt3a/LRP6 enhanced the expression of IRS-1 and IGF-1R in muscle cells of male CG-IUGR. (A) The curve of LRP6 mRNA expression in primary muscle
cells treated with Wnt3a (30 ng/mL) for different time spans in male CG-IUGR rats. (B and C) Upon Wnt3a stimulation for 12 h, the protein levels of LRP6
(B), B-catenin (B) and IRS-1 (C) were increased in the primary muscle cells of male CG-IUGR rats and the expression of IR-g (C) was not altered. (D) The
expression of IGF-1R was reduced in the skeletal muscle of male CG-IUGR rats. (E) The expression of IGF-1R was increased upon Wnt-3a stimulation in the
primary muscle cells of male CG-IUGR. Data are presented as mean + s.e.m. (n = 3). **P < 0.01 compared with same age controls.

Discussion

The ‘developmental origins of adult disease’ hypothesis
suggests that environmental insults occurring during
the pivotal period of life are detrimental, leading to the

A

mTOR 289kDa pmTOR

P70S6K

70kDa pP70S6K

B-actin 43kDa B-actin

control  CG-IUGR

mTOR 289kDa pmTOR

P70S6K 70kDa

B-actin 43kDa B-actin

vehicle wnt3a

Figure 6

adult onset of diseases (1). Moreover, nutritional insults
occurring during prenatal life combined with early
postnatal life may unmask or amplify the underlying
defects culminating in adult diseases. Numerous studies
have concluded that IUGR individuals, especially those
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Wnt3a/LRP6 increased the expression of mTOR/S6K in skeletal muscle cells of male CG-IUGR rats. (A) The protein levels of mTOR and P70S6K were
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with postnatal accelerated growth, are prone to develop
insulin resistance and T2DM in adulthood (7, 8, 9, 14).
Interestingly, it has been demonstrated that programmed
impairments are more common in male offspring than
females with IUGR. Generally, the male IUGR offspring
will probably develop symptoms in later life despite
living a healthy lifestyle; while the female fetuses could
adapt well to the intrauterine disturbances and modify
their developmental strategy in response to the altered
environment, and the programmed diseases of the female
IUGR could be unmasked in adult life after a ‘second hit’
such as excessive consumption of high-fat die, living a
sedentary lifestyle, etc. (31, 36). This is probably partially
due to the different patterns in regulating placenta growth
in the male and female fetus (36, 37, 38). In the current
study, the male IUGR-CG adult rats presented an impaired
insulin-sensitivite phenotype including higher BMI,
fasting insulin level, HOMA-IR, glucose level of IPGTT
(30 min) and AUC, indicative of impaired systemic insulin
sensitivity. Furthermore, the impaired insulin sensitivity
of skeletal muscle manifested as reduced expression of
canonical components of insulin signaling. These findings
are similar to the previous animal studies that IUGR with
postnatal catch-up growth (CG-IUGR) programs impaired
insulin sensitivity in adulthood (12, 13, 14, 15, 16).

The insulin receptor (IR) and insulin receptor substrate
(IRS) proteins-mediated signaling is responsible for most
of the metabolic actions of insulin (34), and dysregulated
signaling of IRS-1 is a common underlying pathogenesis
of insulin resistance (29, 39). Severe insulin resistance in
skeletal muscle with a compensatory p-cell hyperplasia
can be observed in IR/IRS-1*/-mice (40). And IRS-1-/~ mice
display peripheral insulin resistance that could be ascribed
mainly to a remarkable decrease in insulin-stimulated
glycogen synthesis in skeletal muscle (41). In this study,
the expression of IR-g and IRS-1 in the skeletal muscle of
male CG-IUGR rats was markedly reduced, indicative of
impaired insulin signaling. This probably contributed
to the programming of the whole-body impaired insulin
sensitivity, which was consistent with human studies
that the decreased expression of IRS-1 was a common
underlying mechanism of insulin resistance (29, 42).

The canonical Wnt signaling pathway is highly
conserved in evolution and directly controls the
expression of a large number of genes related to growth
and metabolism (43). LRP6 is an indispensable co-receptor
of canonical Wnt signaling. Genetic studies of kindreds
with severe manifestation of metabolic syndrome have
led to the identification of rare pathogenic mutations in
LRP6 and subsequently revealed that the Wnt/LRP6 axis
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was a regulator of glucose metabolism (22, 23, 24, 25).
For example, Singh et al. found that a loss-of-function
mutation of LRP6 impaired glucose tolerance and the
IR/IRS-1-mediated insulin signaling (23). In the current
study, we found that the expression of LRP6 was decreased
in the skeletal muscle of the impaired insulin-sensitivite
male CG-IUGR rats compared with the normal group.
Moreover, consistent with the previous studies (22, 23),
an RNA
impaired Wnt/g-catenin signaling and strikingly reduced
the expression of IR-g and IRS-1 in C2C12 cells, indicating
that LRP6 mediated Wnt signaling was requisite for normal
expression of the IR-g and IRS-1, as well as maintaining
intact insulin signaling in skeletal muscle. Interestingly,
mice heterozygous for LRP6 are shown to be less
predisposed to diet-induced obesity and insulin resistance
(17), and Li et al. showed that LRP6 knockdown ameliorates
insulin resistance in human LO2 hepatocytes (26). These
studies and our study may collectively implicate that the
appropriate expression levels of LRP6 are substantial for
insulin sensitivity. Furthermore, we observed that the
expression of IRS-1 was rescued upon increased LRP6/g-
catenin expression mediated by Wnt3a stimulation in the
primary muscle cells of male CG-IUGR rats, suggesting
that Wnt/LRP6 signaling could enhance the expression of
IRS-1 to improved insulin sensitivity in the male CG-IUGR
muscle. Intriguingly, Wnt3a stimulation did not alter the
expression of IR-g in the muscle cells of male CG-IUGR,
indicating that the positive effect of enhanced LRP6
expression on IRS-1 may be mediated by other factors
rather than IR-g in the skeletal muscle of male CG-IUGR.
Mechanisms that regulate glucose metabolism are
linked through numerous intricate molecular pathways.
IR and IGF-1R, acting as identical portals in tuning-related
gene expression, play a complementary biological role for
each other (44, 45, 46). Besides, as IR and IGF-1R are both
tyrosine kinases, the IRS-1 with a Src-homolgy 2 (SH2)
domain is one of the most potent molecules attracted to
them. The activation of IRS-1 by IR/IGF-R could trigger
subsequent cascades of insulin signaling, leading to
augmented insulin sensitivity, and ultimately increase
glucose transportand glycogen synthesis (46). Additionally,
skeletal muscle expresses a large amount of IGF-1R, and
deletion of IGF-1R gene in skeletal muscle has been
showed to impair glucose tolerance and eventually lead to
T2DM at an early age (46, 47). Moreover, many studies have
showed that low IGF-1 levels are associated with impaired
insulin sensitivity, glucose intolerance and T2DM, possibly
through IGF-IR-mediated effects on skeletal muscle (44,
45, 48). Given the above-mentioned role of IGF-1R, and
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that the levels of LRP6/g-catenin/IRS-1 were increased
while IR-g was unaltered upon Wnt3a stimulation, we
determined the expression of IGF-1R in the muscle of
male CG-IUGR rats. It showed that the protein levels of
IGF-1R was significantly reduced in the male CG-IUGR
groups, furthermore, the expression of IGF-1R was rescued
upon Wnt-3a stimulation in the primary muscle cells of
male CG-IUGR rats, suggesting LRP6 mediated Wnt/g-
catenin signaling probably promoted IRS-1 expression via
increased the levels of IGF-1R instead of IR-, subsequently
improving insulin sensitivity in CG-IUGR.

The mammalian target of rapamycin complex 1
(mTORC1)-S6K1 signaling severs as one of the main
downstream targets of IRS-1 protein, and active mTORC1-
S6K1 mediates an inhibitory feedback on insulin signaling
by affecting IRS-1 (35). Genetic deletion of S6K1 protects
the high-fat diet-fed mice from obesity and insulin
resistance by reducing IRS-1 to a similar level of that in
regular chow-fed mice (49). However, although operating
a negative feedback, chronic inhibition of mTORC1-S6K1
was associated with an increased risk of impaired glucose
tolerance and T2DM as well as insulin resistance (50,
51), indicating the complexity of the crosstalk between
mTORC1-S6K1 and insulin signaling. In our study, the
level of mTORC1-S6K1 was decreased in the muscle of
male CG-IUGR rats, possibly due to the impaired LRP6/g-
catenin/IRS-1 signaling. Wnt3a stimulation enhanced
the expression of mMTORC1-S6K1 in primary muscle cells
of male CG-IUGR, which could be ascribed to the Wnt3a-
activated LRP6/IRS-1 signaling, consistent with the
previous study which shows that LRP6 regulates glucose
homeostasis by mTOR pathways (17).

Taken together, in this study, we found that the
LRP6-mediated Wnt/g-catenin signaling was impaired in
the skeletal muscle of impaired insulin-sensitivite male
CG-IUGR rats. Furthermore, enhanced LRP6 expression
induced by Wnt3a stimulation could rescue the expression
of components involved in the insulin signaling pathway,
where IGF-1R rather than IR-8 was probably the node
linking insulin signaling with Wnt/LRP6 signaling, in
primary muscle cells of male CG-IUGR. These findings
indicate that the impaired LRP6/g-catenin/IGF-1R/IRS-1
signaling is probably one of the critical mechanisms
that underlie the programed impaired insulin sensitivity
in CG-IUGR. It also provides a potential pathogenesis
connecting early-life nutritional insults to later deleterious
metabolic outcomes. We posit that there might be
important translational implications to target modulation
of LRP6 for therapeutics against insulin resistance in
CG-IUGR individuals.
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