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Early Dietary Restriction in Rats Alters Skeletal Muscle Tuberous
Sclerosis Complex, Ribosomal s6 and Mitogen-Activated Protein
Kinase
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Sherin U. Devaskar®”

aDepartment of Pediatrics, Division of Neonatology & Developmental Biology, Neonatal Research
Center of the UCLA Children’s Discovery and Innovation Institute, David Geffen School of
Medicine UCLA, 10833 Le Conte Avenue, Los Angeles, CA 90095-1752

bDepartment of Pathobiology, Lerner Research Institute, Cleveland Clinic, 9620 Carnegie Avenue,
Cleveland, Ohio 44106

Abstract

Intra-uterine growth restriction is linked to decreased lean body mass and insulin resistance. The
mammalian target of rapamycin (MTOR) regulates muscle mass and glucose metabolism;
however, little is known about maternal dietary restriction and skeletal muscle mTOR in offspring.
We hypothesized that early dietary restriction would decrease skeletal muscle mass and mTOR in
the suckling rat. To test this hypothesis, ab /ibitum access to food or dietary restriction during
gestation followed by postnatal cross-fostering to a dietary restricted or ad /ibitum fed rat dam
during lactation, generated four groups: control (CON), intra-uterine dietary restricted (IUDR),
postnatal dietary restricted (PNDR), and IUDR+PNDR (IPDR). At day 21, when compared to
CON, the IUDR group demonstrated “catch-up” growth but no changes were observed in the
mTOR pathway. Despite having less muscle mass than CON and IUDR (p<0.001), IPDR and
PNDR mTOR rats remained unchanged. IPDR and PNDR (p)-tuberous sclerosis complex (TSC) 2
was less than the IUDR group (p<0.05). Downstream, IPDR and PNDR’s phosphorylated (p)-
ribosomal s6 (rs6)/rs6 was less than CON (p<0.05). However, male IPDR and PNDR’s p-mitogen
activated protein kinase MAPK/MAPK were greater than CON (p<0.05) without a change in p90
ribosomal s6 kinase (p9ORSK). In contrast, in females, MAPK was unchanged but IPDR p-
pP90RSK/p90RSK was less than CON (p=0.01). In conclusion, IPDR and PNDR reduced skeletal
muscle mass but did not decrease mTOR. In IPDR and PNDR, a reduction in TSC2 may explain
why mTOR was unchanged; whereas, in males, an increase in MAPK with a decrease in rs6 may
suggest a block in MAPK signaling.
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1. Introduction

Intra-uterine and postnatal growth restriction due to inadequate dietary intake is a world-
wide problem which results in growth stunting and early childhood mortality [1, 2]. With the
increased survival of growth restricted infants, the development of non-communicable
chronic conditions such as diabetes, obesity, hypertension, dyslipidemia, and coronary artery
disease have increased [1-5]. Stunted growth during infancy and childhood predicts the later
onset of the metabolic syndrome [1-5]. We and others have employed animal models
mimicking this situation by exposure to prenatal and postnatal dietary restriction [6-12]. We
have shown that the adult male rat and mouse offspring subjected to this insult develop
glucose intolerance, central adiposity, and dyslipidemia [8-10]. In contrast, the female
offspring expresses glucose intolerance during pregnancy [11]. During prenatal dietary
restriction, placental transfer of branched chain amino acids and other nutrients are reduced
providing a mechanism by which fetal growth restriction occurs [12-15]. Similarly, maternal
postnatal protein restriction causes a reduction in the offspring’s amino acid profiles and
postnatal growth restriction [15]. These dietary insults disrupt myogenesis and reduce lean
body mass [1,4,5]. Since skeletal muscle is the principal tissue for insulin-mediated whole-
body glucose disposal, understanding how intra-uterine and postnatal growth restriction alter
skeletal muscle development is clinically relevant [1,4,5].

The mammalian target of rapamycin (mTOR) plays a crucial role in mediating muscle
growth and metabolic disease [16-21]. mTOR acts as an energy sensor that is highly
responsive to circulating amino acids, growth factors, glucose, and adenosine
monophosphate-activated protein (AMP) kinase [19,20]. mTOR regulates the cell cycle,
ribosomal biogenesis, mMRNA translation, autophagy, and cell growth and differentiation
[19,20]. Perturbed mTOR signaling has been linked to adult onset sarcopenia, intramuscular
lipid accumulation, and the metabolic syndrome [16-20]. mTOR has two downstream
mediators: 1) p70S6kinase 1 (S6K1) and 2) 4E binding protein-1 (4EBP1). S6K1 mediates
ribosomal biogenesis by regulating ribosomal S6 (rs6) protein. 4EBP1, when
phosphorylated, releases the eukaryotic translational initiation factor-4E (elF4E). EIF4E, in
turn, regulates the 7-methyl-guanosine 5’-cap structure, m7GpppX (where X is any
nucleotide) mediated MRNA translation. This is a rate-limiting component of the eukaryotic
translation apparatus, which is involved in the mRNA-ribosome binding step of eukaryotic
protein synthesis that is required for translating mRNAs into polypeptides. Upstream,
tuberous sclerosis complex (TSC) 1 (encodes hamartin) and TSC 2 (encodes tuberin) hetero-
dimerize to negatively regulate mTOR. TSC complexes are inactivated by the insulin/
insulin-like growth factor (IGF) related signaling molecules. This inactivation of the TSC
complex activates the mTOR signaling pathway, thereby mediating the growth promoting
effect of insulin and IGF.
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Another pathway stimulated by growth factors is the intracellular mitogen activated protein
kinase (MAPK) pathway, which includes upstream MAP3K and MAP2K and downstream
p90 ribosomal S6 kinase (p90RSK) followed by rs6 protein [22]. These proteins facilitate
skeletal muscle ribosomal biogenesis, cellular proliferation, differentiation, survival and
death [22]. Activated MAPK inhibits TSC2 activation releasing inhibition on the mTOR
pathway.

To date, little is known about the effect of intra-uterine and postnatal dietary restriction on
skeletal muscle mTOR signaling. Accordingly, this study’s objective was to investigate the
effect of maternal dietary restriction on the offspring’s skeletal muscle mass and mTOR. In
21-day (d) old rats, we hypothesized that maternal dietary restriction would decrease skeletal
mass and downregulate mTOR in comparison to offspring born to mothers who received a
standard diet. This hypothesis is based on the fact that mTOR is highly responsive to
nutrient intake and plays a major role in controlling muscle mass [16—21]. To test this
hypothesis, we used a prenatal and postnatal dietary restricted rat model and employed four
experimental groups, control with ad /ibitum exposure to diet and water (CON), intra-uterine
dietary restriction (IUDR), postnatal dietary restriction (PNDR) and a combination of
prenatal and postnatal dietary restriction (IPDR). We then examined the early stage hind
limb skeletal muscle of males and females. This research will help advance our
understanding of how dietary restriction during periods of critical development alter skeletal
muscle development and why fetal growth restriction is associated with adult-onset insulin
resistance [1-5].

2. Methods and Materials

2.1 Animals

Sprague-Dawley rats (Charles River Laboratories, Hollister, CA) were housed in individual
cages, exposed to 12-hour light-dark cycles at 21-23°C, and allowed ad /ibitum access to
standard rat chow (Diet 7013, Envigo, Madison WI) [23]. The diet contained the following:
energy 3.1 kcal/kg, (calories from protein 23%, from fat 18%, and from carbohydrate 59%),
crude protein 18%, fat (ether extract) 6.2%, carbohydrate (available) 45%, crude fiber 4%,
neutral detergent fiber 13.6%, and ash 6.2%. The National Institutes of Health guidelines
were followed. All protocols were approved by the Animal Research Committee at the
University of California, Los Angeles (protocol no. 1999-104-53E).

2.2 Maternal dietary restriction model

One group of pregnant rats received approximately 50% of their daily food intake (11 g/d)
from gestational d11 through d21, constituting the period of mid- to late gestation. In
contrast, the age-matched control pregnant rats received ad /ibitum access to standard rat
chow (approximately 22 g/d) [8-11,24]. Both these groups had free access to drinking water.
The rats were monitored on a daily basis to ensure against excessive (>10%) maternal
weight loss during pregnancy.
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2.3 Postnatal animal maintenance

Pups were randomly selected from a group of 60-80 pups (6-8 different litters). At birth, the
litter size was culled to six. Each pup in a group came from a different litter. The newborn
rats born to the prenatally dietary restricted mothers were cross-fostered to be reared by
either a dam that continued to be dietary restricted (approximately 20 g/d) during lactation
(IPDR) or a control mother with ad /ibitum access to standard rat chow (IUDR). Similarly,
newborn pups born to control dams were cross-fostered to be reared by either a mother who
was dietary restricted (PNDR) through lactation (approximately 20 g/d) or a control dam
with ad libitum access to standard rat chow (CON) (approximately 40 g/d) [8-11,24]. This
study design led to four groups, CON, IUDR, IPDR and PNDR of rat pups reared by the
dams.

2.4 Anthropometric measurements

Body weights at postnatal d2 and d21 were recorded. At postnatal d21, nose-tail lengths
were measured. Pups were then anesthetized with inhaled isoflurane, and organ, adipose
tissue, and hind limb skeletal muscle (gastrocnemius and soleus) were harvested and
weighed.

2.5 Plasma Analyses

Intra-cardiac blood was collected and blood cells were separated from plasma. Glucose was
measured by HemoCue Glucose 201 (HemoCue America, Brea CA). Plasma was frozen at
—70°C for future analyses. Plasma insulin-like growth factor (IGF)-1 concentrations were
assessed by a validated, “in-house” enzyme-linked immunosorbent kit developed at the
University of California, Los Angeles [25]. The amino acid profile was measured by gas
chromatography-mass spectrometric analysis, as previously described [26].

2.6 Antibodies

Rabbit polyclonal anti-mTOR, anti-phosphorylated (p) mTORSE2448  anti-S6K 1, anti-p-
S6K 1389 anti-rSe, anti-p-rS6er235/236 anti-4EBP1, anti-p-4EBP1%¢785, anti-EIFAE, anti-
p-EIF4ESer209 anti-TSC1, anti-TSC2, anti-p-TSC2%¢r1462 anti-p44/42 MAPK, anti-p-
MAPKhr202/tyr204 antj-RSK1/RSK2/RSK3, and anti-p-p90RSKe"380 were obtained from
Cell Signaling (Beverly, MA). Anti-vinculin antibody was purchased from Sigma Chemical
(St. Louis, MO).

2.7 Western Blot Analysis

Postnatal rat skeletal muscle was separated from surrounding tissues, snap-frozen in liquid
nitrogen, and stored at —70°C. As previously described, skeletal muscle was powdered under
liquid nitrogen and suspended in three volumes of cell lysis buffer (Cell Signaling
Technology, Beverly, MA) [24]. Samples were sonicated with a hand-held homogenizer for
1-2 minutes and then homogenized with a tight-fitting Potter Elvenjhem homogenizer [24].
Finally, samples were centrifuged at 10,000 rpm at 4°C for ten minutes and stored at =70°C
for future analysis [24].
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Fifty-100 pg of skeletal muscle protein homogenates were separated by SDS-PAGE and
transferred to nitrocellulose membranes. As previously described, membranes were treated
with 5% nonfat dry milk in phosphate-buffered saline containing 0.1% Tween 20 for one
hour and then incubated with primary antibodies (1:500 for anti-p-p90RSKSe"3€0 and 1:1000
dilution for remaining antibodies) at room temperature for either one hour or overnight at
4°C. Vinculin (1:4000-1:7000 dilution) served as the internal control to overcome inter-lane
loading variability [24]. The membranes were then washed three times with 0.1% Tween 20
and probed with the appropriate secondary horseradish peroxidase-conjugated antibody
(1:2500) for one hour at room temperature [24]. Membrane protein bands were visualized
with the enhanced chemiluminescence method (Amersham Biosciences, Piscataway, NJ)
after extensive washing. Quantification of protein bands was performed using the Image
Quant System.

2.8 Skeletal muscle morphology

Animals were perfused with 4% formaldehyde solution via a syringe pump (KD Scientific,
Holliston, MA). The soleus was collected, paraffin embedded and sectioned (8-um
thickness) using a Leica RM 2235 vibratome (Nussloch, Germany). Hematoxylin/eosin
staining was performed, and sections were mounted and visualized using a Nikon Eclipse
E-600 microscope (Nikon, Melville, NY) (20x magnification) that was equipped with a
cooled, charge-coupled device camera (CoolSNAP HQ Monochrome; Roper Scientific,
Tucson, AZ). Images were taken using the Metamorph Meta-imaging analysis software
(Molecular Devices, Sunnyvale, CA). Muscle bundle and fiber cross-sectional area were
assessed by using ImageQuant TL Software (GE Healthcare Life Sciences, Pittsburgh, PA);
the cross-sectional areas for at least two-six bundles and fibers for three different animals
were measured and then averaged for comparison between groups. Oil Red staining was also
performed for descriptive analysis. Images were acquired using the same microscope (40x
magnification).

2.9 Statistical Analyses

Day 2 CON and IUDR body weights were compared using the Student t-test. For
comparisons at d21, the four experimental groups and two genders were compared using a
two-way analysis of variance model with a post-hoc Tukey test. Aspartic and glutamic acid
values were log transformed for normality. For the analysis of proteins only, the four groups
(CON, IUDR, IPDR, and PNDR) for each sex were compared using a one-way analysis of
variance model with a post-hoc Tukey test. Using a one-way ANOVA and assuming a
standard deviation of 13 and means of 100 (CON), 95 (IUDR), 75 (IPDR), and 85 (PNDR);
a sample size of 24 (n=6 per group) provided 80% power, assuming a two-sided alpha of
0.05, to detect a difference among the group means. We believed these assumptions and
differences were reasonable based on our previous work [24]. P<0.05 was considered
statistically significant to reject the null hypothesis. All results are presented as means +
SEM.

Nutr Res. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Calkins et al. Page 6

3. Results

3.1 Body Weights

At postnatal d2, male and female IUDR body weights were less than CON (p<0.001 for
each) (Figure 1). At postnatal d21, while the male IUDR demonstrated some “catch-up
growth,” IUDR weighed less than CON (p<0.001). The body weights of the female IUDR
group were comparable to CON. In contrast, both male and female IPDR and PNDR groups
weighed approximately 60—70% less than CON and IUDR (p<0.001 for all) (Figure 2).

3.2 Anthropometric Measurements

Postnatal d21 IUDR males and females experienced “brain sparing” when compared to
CON, as noted by similar brain weights. While male IUDR nose-tail length and organ
weights (liver, kidney, pancreas, gastrocnemius) weighed less than CON males (p<0.05 all),
adipose tissue and soleus were comparable to CON males. Female IUDR nose-tail lengths
were comparable to CON, but IPDR and PNDR nose-tail lengths were less than CON and
IUDR (p<0.05 for all). Most female IUDR organ weights were either comparable to female
CON or greater than male IUDR (liver, kidney, pancreas, white adipose tissue and
gastrocnemius) (p<0.05 all). Specifically, female IUDR liver was 40% and 30% heavier
when compared to female CON (p<0.001) and male IUDR (p=0.002). Female IUDR white
adipose tissue was 150% heavier than male IUDR (p<0.001) (Table 1).

When expressed as a fraction of body weight, no difference was seen overall in all male
IUDR organ weights and most IUDR female organ weights compared to their respective
CON groups. However, female IUDR liver was greater than female CON and male IUDR
(p<0.001 for each). Female white adipose tissue was 40% heavier than male IUDR
(p=0.001) (Table 1).

In contrast to IUDR, both IPDR and PNDR’s nose-tail lengths and organ weights were less
than CON and IUDR (p<0.05 for all). Analyses of sex differences revealed that the female
PNDR brown adipose tissue and gastrocneumius were greater than male PNDR (p<0.05).
However, when organ weights were expressed as a fraction of the respective body weights,
most IPDR and PNDR measurements were less than, with the exception of an increase in
nose-tail length and brain weight, their respective sex-matched CON and IUDR groups. In
both groups, white adipose tissue was difficult to detect, making quantification unattainable
(Table 1).

3.3 Metabolites and Growth Factors

While plasma glucose was not different in either male or female IUDR versus CON, plasma
IPDR and PNDR glucose was less than CON and IUDR (p<0.05 for all). Male IUDR IGF-1
was 38% less than male CON (p<0.001). Male and female IPDR and PNDR IGF-1 was 90%
less than their respective CON and IUDR groups (p<0.001 for each). Female IPDR valine
and isoleucine was 30% and 37% less than CON (p<0.007 and 0.002, respectively). While
there were no differences in valine and isoleucine in the other male groups, leucine in male
PNDR was 28% less than IUDR (p=0.03). Examination of the rest of the amino acid profile
revealed lower concentrations in the IPDR and PNDR groups when compared to CON,
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being more pronounced in the females than in males in certain cases. The exception was
threonine and aspartic acid in males and females, where no changes were observed in any
groups (Table 2).

3.4 Skeletal Muscle Morphology

The postnatal d21 skeletal muscle morphology in both sexes of all four groups (Figure 3)
and the quantification of the cross-sectional area of muscle bundles and fibers (Figure 4) are
depicted. A significant diminution of at least 50% of both the cross-sectional areas of the
bundles and fibers in IPDR and PNDR male (53%-67%) and female (53-68%) was observed
when compared to CON and IUDR groups (p<0.001 for each). The female IUDR skeletal
muscle bundle was smaller than male IUDR by about 11% (p=0.01), while the female CON
muscle fiber was 29% bigger than male CON (p=0.004). Visual assessment demonstrated
intra-muscular fat deposition in IUDR and IPDR female muscle when compared to CON
(Figure 5).

3.5 mTOR Signaling Pathway

No inter-group change was seen in total and p-mTOR and S6K1 concentrations in either
males and females except for female IPDR total S6K1, which was 23% less than CON
(p=0.02) (Figures 6 and 7 A—B). Upstream to mTOR, phosphorylated (p)-TSC2 in male and
female IPDR and PNDR groups was less than IUDR, contributing to the diminution of p-
TSC2/total TSC2 ratio. Specifically, male IPDR and PNDR p-TSC2 was approximately 60%
less than IUDR (p<0.05 each) leading to a reduction in the p-TSC2/total TSC2 ratio in
PNDR versus IUDR (p<0.05). Female IPDR and PNDR p-TSC2 was 50% less than CON
and IUDR (p<0.001 each). Again, a significant reduction in the p-TSC2/total TSC2 ratio
was observed. Female IPDR p-TSC2/total TSC2 was less than CON (p=0.009) and IUDR
(p<0.001). Following this trend, female PNDR p-TSC2/total TSC2 ratio was less than IUDR
(p<0.001) (Figures 6 and 7 C-D).

Despite the findings that mTOR remained unchanged when the four groups were compared,
downstream to mTOR, p-rS6 was 52-80% less in male IPDR and PNDR when compared to
CON and IUDR (p<0.05 each). Male IPDR and PNDR p-rS6/total rS6 ratio was also less
than CON by 82% and 70%, respectively (p=0.001 and 0.005, respectively). This decrease
was less notable in the females where the ratio was 51% less in PNDR when compared to
CON (p=0.01) (Figures 6 and 7E).

In contrast, while male IPDR and PNDR total 4EBP1 concentrations were greater than
IUDR (p<0.05, respectively), no inter-group differences were observed with the p form or p
to total protein ratio. Likewise, female IPDR total 4EPB1 was greater when compared than
CON and IUDR (p=0.008 and 0.04, respectively) (Figures 6 and 7F). No changes were seen
with total and p-elF4E in males and females (Figures 6 and 7G).

Examination of p-MAPK and p-MAPK/MAPK revealed a significant increase in males, but
no change in downstream p90RSK. In contrast, in females, MAPK was similar in all groups,
but p-p90RSK and p-p90RSK/p90RSK revealed a significant decrease.
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Specifically, male IPDR and PNDR p-MAPK demonstrated a 1.1-1.5-fold increase versus
CON (p=0.01 and 0.04, respectively). This led to a 1.1-1.3-fold increase in male IPDR and
PNDR p-MAPK/MAPK versus CON (p=0.02 and 0.04, respectively) (Figure 6H and I).
Female MAPK was unchanged, but IPDR p-p90RSK was 28-43% less than CON and IUDR
(p=0.01 and 0.04, respectively). This led a 43% reduction in IPDR p-p90RSK/total p90RSK
versus CON (p=0.01) (Figure 7H and I).

A summary of the data are presented in Table 3 and Figure 8. The findings for plasma
glucose and amino acids are shown in Table 3. A graphic presentation of changes induced by
postnatal dietary restriction in hindlimb skeletal muscle is presented in Figure 8.

4. Discussion

In a rat model, we investigated the effects of early dietary restriction on skeletal muscle
morphology and mTOR. Prenatal dietary restriction led to growth restriction surmised by
postnatal d2 body weights. In the IUDR group, post-parturient access to an ad /ibitum diet
led to postnatal catch up growth by d21. When compared to CON, IUDR had comparable
skeletal muscle mass. Moreover, we did not observe any significant changes in the mTOR
signaling pathway when IUDR was compared to CON. However, post-parturient diet
restriction, either alone or superimposed on prenatal diet restriction (PNDR and IPDR),
culminated in postnatal growth restriction in both sexes. When compared to CON and
IUDR, IPDR and PNDR exhibited a reduction in d21 body weights; diminution of skeletal
muscle mass and most organ weights; and reduction in circulating glucose, IGF-1, and
amino acid concentrations. We hypothesized that the offspring of mothers who were
subjected to this type of dietary restriction would have reduced skeletal muscle mass and an
attenuation in skeletal muscle mTOR when compared to control animals. However, despite a
reduction in skeletal muscle mass, mTOR signaling remained intact in IPDR and PNDR
when compared to CON.

While our results refute our hypothesis, the effects of dietary restriction on mTOR signaling
are complex [16-20,27-29]. An important mTOR regulatory pathway is the low energy
activated AMP kinase, which phosphorylates TSC2, which then complexes with TSC1,
inhibiting mTOR [19,20,29]. Our investigation demonstrated a consistent reduction in p-
TSC2 in males and females. This imbalance in the TSC1/TSC2 complex may have reduced
inhibition of MTOR in the IPDR and PNDR groups. We were unable to measure p-AMP
kinase in our studies. We speculate this may be secondary to low levels of p-AMP kinase in
postnatal muscle. It remains unclear if we would detect a difference in p-AMP kinase if the
animals were subjected to insulin or another stimulus [8,9,17,18]. Another important mTOR
regulatory pathway is PI-3-kinase/Akt [19,20]. Activated Akt inhibits TSC2
phosphorylation, which in turn prevents formation of the inhibitory TSC1/TSC2 heterodimer
activating mTOR. We have previously demonstrated enhanced post-insulin receptor
signaling which included activation of Akt, a downstream target of insulin and growth
factors in adult IPDR and PNDR [24]. For these reasons, we speculate that mTOR remained
unchanged in IPDR and PNDR, escaping the expected inhibition in response to dietary
restriction.
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Downstream to mTOR are two signaling pathways, the S6K1, which is responsible for
ribosomal biogenesis, and 4EBP1, which releases elFAE thereby promoting 5°-cap
dependent mRNA translation. Both these pathways also remained relatively unchanged,
supporting the impact of the reduction of TSC2 not only on mTOR, but on the kinase-
dependent and independent downstream mTOR signaling pathways. Despite this, a
reduction in rS6 in IPDR and PNDR, more so in males than females, was observed. This
observation may be secondary to a non-mTOR related mechanism independent of S6K1
[22,27]. Thus, while rS6 protein mediated ribosomal biogenesis may be negatively affected
by dietary restriction, the mTOR pathway remained largely intact.

Ribsomal S6 protein activation is affected by other mechanisms besides S6K1 [21,22,27].
These pathways include the MAPK/ERK pathways, both regulated by insulin and/or IGFs
involved in cell growth [22,27]. In the case of skeletal muscle, myogenesis consists of
myoblast proliferation and myotube differentiation. While the mTOR pathway regulates the
myotube maturation rather than myoblast proliferation, MAPK is intricately involved in
myoblast proliferation [21]. Given this, in our present study, it is quite possible that other
pathways in response to decreased IGFs may be responsible for rS6 protein suppression in
the PNDR and IPDR groups. Examination of the MAPK pathway revealed enhanced
activation of MAPK in male PNDR and IPDR when compared to CON, despite a decrease
in glucose and IGF-1 concentrations. Regardless, this activation failed to reveal a change in
the downstream activation of p90RSK, which is responsible for activating rs6é protein. Thus,
in males, it appears that MAPK induction may represent a compensatory change in response
to decreased nutrient provisions. Moreover, there may be a signaling disconnect at the level
of MAPK and downstream p90RSK. A similar block at the level of PKCC downstream of
activated Akt was previously reported in adult PNDR and IPDR [24]. In contrast, upstream,
activated MAPK is known to inhibit TSC2 activation. Thus, activated MAPK in PNDR and
IPDR males may contribute towards the inhibition of TSC2 and explain why mTOR
remained unchanged despite dietary restriction.

Downstream, reduction in rS6 protein mediated ribosomal biogenesis ultimately has a
negative impact on protein synthesis and skeletal muscle health [21,30]. A compensatory
increase in the total 4EBP1 protein amounts was seen in PNDR and IPDR. However, no
change in the phosphorylation of 4EBP1 resulted in a lack of change in total and
phosphorylated amounts of elF4E.

Our detection of intramyocte fat deposition in female IUDR and IPDR is suggestive of a
depletion of satellite cells in replenishing the damaged myofibers necessary for the required
tensile strength of skeletal muscle [5,17]. We also observed a reduction in the cross-sectional
area of muscle bundles and fibers in IPDR and PNDR. Lack of lean body mass has
detrimental consequences. Besides contributing to muscle weakness, poor muscle
development has the propensity of promoting the subsequent development of insulin
resistance. When nutrients are re-routed away from skeletal muscle to white adipose tissue
and other organs, central adiposity and the metabolic syndrome develop [1-5,30]. In this
study, we observed that female IUDR white adipose tissue weighed more than their male
counterparts, and female ITUDR liver weighed more than CON. Longitudinal studies have
demonstrated that fetal growth restriction followed by rapid weight gain during childhood is
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associated with the development of non-alcoholic fatty liver disease and the metabolic
syndrome [1,31]. It remains unknown how sex affects these outcomes.

Our study has demonstrated that postnatal dietary restriction (PNDR), alone or in
combination with prenatal dietary restriction (IPDR), has detrimental effects on the growth
trajectory and muscle development of the male and female offspring. With respect to mTOR
signaling, dietary restriction did not decrease mTOR. However, a decrease in TSC2 and
increase in MAPK may explain these findings.

This study has some limitations. The effects of nutrient deprivation may be muscle specific
[28]. In these experiments, we studied soleus and gastrocnemius. As a result, it remains
unclear if our results would be different if we examined slow twitch and fast twitch fibers
separately [28]. Our polynutrient dietary restriction model may also be a limitation.
However, polynutrient restriction is commonly encountered in the neonatal clinical setting
where appropriate for gestational age and IUDR neonates are subjected to dietary restriction
secondary to critical illness. These dietary restrictions can increase one’s risk for the
metabolic syndrome [1-5]. In our study, the prenatal dietary restriction induced insult
(IUDR) was easily reversed by the postnatal introduction of sufficient nutrition. However,
this detriment persists in the IPDR group, which mimics the PNDR phenotype. In this
model, it remains unknown how the muscle phenotype would evolve if the IPDR and PNDR
groups were given specific supplements (i.e., protein or micronutrients) during or after
dietary restriction or ad /ibitum access to food after 21 days [32]. Our previous investigation
reveals that both IPDR and PNDR adult offspring remain stunted in growth at 17 months
even though the skeletal muscle morphology was not explored [9]. Because this study’s
nutritional deprivation occurred during a critical phase of development, we speculate that
there could be long-term changes in skeletal muscle. In medicine, this could have potentially
far-reaching health consequences—such as the metabolic syndrome—uwhich can begin to
manifest in childhood and then fully unravel in the adult years [1-7]. Further investigation of
the TSC2, MAPK, and rS6 proteins offers possibilities for future therapeutic targeting to
overcome poor muscle development seen with postnatal stunting, and its potential
contribution towards the later development of insulin resistance.
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Highlights
In rat skeletal muscle, postnatal dietary restriction reduces muscle mass, but

does not alter the mammalian target of rapamyacin (mTOR).

Postnatal dietary restriction reduces TSC2, which may explain why mTOR
remains unchanged.

In males subjected to postnatal dietary restriction, an increase in mitogen-
activated protein kinase (MAPK) and decrease in ribosomal (rs6) suggests a
possible block in MAPK signaling.
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Figure 1. Rat day 2 body weights for control and dietary restricted males and females
Values are means=SEM, n=72 pups for male control group, n=77 pups for male intra-uterine

dietary restricted group, n=63 pups for female control group, and n=63 female intra-uterine
dietary restricted group. *p<0.001 (Student t-test).
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Figure 2. Rat day 21 body weights for control and dietary restricted males and females
Values are means=SEM. n=6 pups/group, *p<0.001 vs. control, Tp<0.001 vs. intra-uterine

dietary restricted (two-way analysis of variance model with a post-hoc Tukey test).
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Figure 3. Soleus muscle morphology for day 21 control and dietary restricted male (A-D) and

female (E-H) rats
Magnification, 20x.
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Figure 4. Cross-sectional area of muscle bundle (A) and fiber (B) for day 21 control and dietary
restricted male and female rats

Values are means+SEM. n=3 pups (2—6 measurements per pup). *p<0.001 vs. control,
Tp<0.001 vs. intra-uterine dietary restricted, *p<0.05 vs. male (two-way analysis of variance
model with a post-hoc Tukey test).
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Figure 5. Soleus fat deposition in day 21 control and dietary restricted male (A-D) and female
(E-H) rats
Fat deposits are shown with arrows. Scale bar shows magnification. Magnification, 40x.
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Figure 6. Skeletal muscle mTOR signaling pathway in day 21 control and dietary restricted male

Values are means=SEM. All data is presented as a % of control. n=6 pups/group, *p<0.05
vs. CON, Tp<0.05 vs. IUDR (one-way analysis of variance model with a post-hoc Tukey
test). Western blots depicted in the insets demonstrate total protein (top panel),
phosphorylated (p) protein (middle panel) and internal loading control, viniculin (vin)
(bottom panel). The bar graphs below show quantification of the proteins. Mammalian target
of rapamyacin (mTOR) (A), p70S6K1 (S6K1) (B), tuberous sclerosis complex (TSC)-1 (C),
TSC2 (D), ribosomal s6 (rS6) (E), 4E-binding protein- 1 (4EBP1) (F) and elongation
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initation factor-4E (elF4E) (G), mitogen activated protein kinase (MAPK) (H), p90
ribosomal S6 kinase (p90RSK) (1) total and p-protein along with the p-protein/total protein
ratios are shown for control (CON), intra-uterine dietary restricted (IUDR), intra-uterine and
postnatal dietary restricted (IPDR) and postnatal dietary restricted (PNDR) groups.
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Figure 7. Skeletal muscle mTOR signaling pathway in day 21 control and dietary restricted

female rats

Values are means=SEM. All data is presented as a % of control. n=6 pups/group, *p<0.05
vs. CON, Tp<0.05 vs. IUDR (one-way analysis of variance model with a post-hoc Tukey
test). Western blots depicted in the insets demonstrate total protein (top panel),

phosphorylated (p) protein (middle panel) and internal loading control, viniculin (vin)

(bottom panel). The bar graphs below show quantification of the proteins. Mammalian target
of rapamyacin (mTOR) (A), p70S6K1 (S6K1) (B), tuberous sclerosis complex (TSC)-1 (C),

TSC2 (D), ribosomal s6 (rS6) (E), 4E-binding protein- 1 (4EBP1) (F) and elongation
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initation factor-4E (elF4E) (G), mitogen activated protein kinase (MAPK) (H), p90
ribosomal S6 kinase (p90RSK) (1) total and p-protein along with the p-protein/total protein
ratios are shown for control (CON), intra-uterine dietary restricted (IUDR), intra-uterine and
postnatal dietary restricted (IPDR) and postnatal dietary restricted (PNDR) groups.
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Figure 8. Summary of changes induced by postnatal dietary restriction in hindlimb skeletal
muscle of day 21 rats

IGF, insulin-like growth factor; mTOR, mammalian target of rapamyacin; TSC, tuberous
sclerosis complex; S6K1, p70S6kinase-1; rs6; ribosomal s6; 4EBP1, 4E binding protein-1;
elF4E, eukaryotic translational initiation factor-4E; MAPK, mitogen-activated protein
kinase; p, phosphorylated. *sex-specific changes noted.
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Table 3

Results showing the degree of changes in glucose, IGF-1, amino acids, and proteins resulting from in intra-
uterine and postnatal dietary restricted rats

Intra-uterine + Postnatal

Dietary Restricted Postnatal Dietary Restricted

Male Female Male Female
Glucose s V¥t V¥ V¥t
IGF-1 vt W Vot o
Amino acids V¥t ¥t V¥t V7
mTOR NC NC NC NC
p-mTOR NC NC NC NC
p-mTOR/mTOR NC NC NC NC
S6K1 NC e NC NC
p-S6K1 NC NC NC NC
p-S6K1/S6K1 NC NC NC NC
TSC1 NC NC NC NC
TSC2 NC NC NC NC
p-TSC2 17 s 1t L *t
p-TSC2/TSC1 NC s s 7
rsé NC NC NC NC
p-rs6 Vt NC Vit NC
p-rs6/rs6 ¥ NC ¥ ¥
4EBP1 rt ¥ rt NC
p-4EBP1 NC NC NC NC
p-4EBP1/4EBP1 NC NC NC NC
elF4E NC NC NC NC
p-elF4E NC NC NC NC
p-elFAE/elFAE NC NC NC NC
MAPK NC NC NC NC
p-MAPK N NC N NC
p-MAPK/MAPK I NC 1 NC
P9ORSK NC NC NC NC
p-pIORSK NC s NC NC
p-p90RSK/pIORSK NC i NC NC

NC: no change
*
p<0.05 vs. control

Tp<0.05 vs. intra-uterine dietary restricted.
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