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Abstract

The aim of the present study was to investigate the mechanistic basis of protein deficiency during pregnancy in mother that is transduced to

offspring. To this end, timed-pregnant Sprague–Dawley rats were fed either a control (20 % of energy from protein) or low-protein (LP, 8 % of

energy from protein) diet during gestation. Tissues were collected after delivery from rat dams, and skeletal muscle was collected at postnatal

day 38 from the offspring. Quantitative RT-PCR and Western blot analyses were performed to determine mRNA and protein levels. Histological

analysis was performed to evaluate myofibre size. LP dams gained significantly less weight during pregnancy, developed muscle atrophy, and

had significantly lower circulating threonine and histidine levels than control dams. The mRNA expression of the well-known amino acid

response (AAR) pathway-related target genes was increased only in the skeletal muscle of LP dams, as well as the protein expression levels

of activating transcription factor 4 (ATF4) and phosphorylated eukaryotic translation initiation factor 2a (p-eIF2a). The mRNA expression

of autophagy-related genes was significantly increased in the skeletal muscle of LP dams. Moreover, the mRNA expression of genes involved

in both AAR and autophagy pathways remained elevated and was memorised in the muscle of LP offspring that consumed a post-weaning

control diet. Additionally, the LP diet increased an autophagy marker, microtubule-associated proteins 1A/1B light chain 3B (LC3B) protein

expression in the skeletal muscle of rat dams, consistent with the initiation of autophagy. The LP diet further increased ATF4 binding at the

predicted regions of AAR and autophagy pathway-related genes. Increased binding of ATF4 unveils the crucial role of ATF4 in the activation

of autophagy in response to protein restriction. Our data suggest that molecular changes in maternal muscle are memorised in the offspring

long after gestational protein restriction, reinforcing the role of maternal signalling in programming offspring health.
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During pregnancy, maternal macronutrient metabolism

changes to adapt to the needs of the developing fetus(1).

Although changes in glucose metabolism occur in parallel

with increasing energy demands, adaptation of protein metab-

olism – through the accumulation and breakdown of protein

stores – is an essential component of maternal adaptation to

pregnancy(2). Pregnancy is often associated with hypoaminoa-

cidaemia and urinary N losses during fasting, which is evident

early in gestation and persists throughout pregnancy(3,4). The

major source of urea N during pregnancy is peripheral
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(muscle) release of amino acids(2), and Kalkhoff et al.(5)

showed a positive correlation between total circulating

amino acid concentrations and neonatal birth weight. The

role of maternal protein balance in both maternal health and

gestational outcomes highlights the importance of the

maternal diet. Because of this, the low-protein (LP) rodent

model is one of the best-characterised developmental pro-

gramming models, demonstrating that even a marginal protein

restriction (8 % of energy from protein) during pregnancy has

physiological impacts on both the mother and the offspring(6).

Dietary protein restriction in experimental animals and cell-

culture models produces numerous metabolic responses,

including the activation of the amino acid response (AAR)

pathway(7). AAR pathway activation in response to amino acid

limitation occurs largely through the signal transduction-

mediated altered transcriptional activity of specific genes

including Asns (asparagine synthetase)(8), Atf3 (activating tran-

scription factor 3)(9) and Chop (C/EBP homology protein)(10,11).

The activation of the AAR pathway requires the phosphory-

lation of eukaryotic translation initiation factor 2a (eIF2a) by

general control non-derepressible 2 (GCN2) kinase, leading to

a decrease in global protein synthesis(12) but an increase in the

synthesis of activating transcription factor 4 (ATF4) pro-

tein(12–14), which activates multiple stress-induced genes,

including genes containing an AAR element(15). Therefore,

ATF4 appears to serve as a master regulator of the AAR path-

way, further supported by observations that ATF4 binds at the

promoter regions of Asns (16) and Atf3 (17).

Due to the well-characterised and direct relationship

between protein restriction (even marginally) and the acti-

vation of ATF4 target genes, the AAR pathway has served as

a hallmark marker of dietary protein deficiency. However,

skeletal muscle accounts for over 40 % of body protein and

is a critical site for labile protein in response to nutritional

stress, and the autophagic/lysosomal pathway has also been

associated with protein mobilisation in skeletal muscle(18).

Therefore, autophagy could potentially serve as an additional

nutrient-sensing mechanism in response to protein deficiency.

Autophagy, primarily known as macroautophagy in cellular

metabolism, involves cell degradation of unnecessary or

dysfunctional cellular components through the lysosomal

machinery, and has been highly associated with myopa-

thy(19,20). LC3 and BNIP3 have been shown to be key

proteins during the process of autophagy(21), and ATF4, the

key regulatory protein within the AAR pathway that has a

role in muscle dystrophy induced by fasting(22,23), has also

recently been associated with autophagy(22,24).

Gestational protein restriction activates the placental AAR

pathway, which is associated with long-term growth restric-

tion in the offspring(25). However, the response and potential

contribution of maternal metabolism in this process is

unknown. Therefore, the purpose of the present study was

to investigate the molecular response of maternal tissues to

gestational protein restriction. Specifically, we first focused

on the AAR pathway as the classic marker of protein restric-

tion, and then investigated the potential role of ATF4 within

the autophagy pathway, as a potential physiological conse-

quence of gestational protein deficiency. We also relied on

our study in which gestationally LP diet-exposed offspring

were growth-restricted adults, despite consuming a control

diet after weaning, to determine whether gestational protein

restriction was still evident at the molecular level in the

muscle of these offspring at postnatal day 38. Understanding

the adaptations that occur within maternal metabolism in

response to protein restriction would provide valuable insight

into our understanding of how the maternal tissue/placental/

fetal axis contributes to the programming of chronic diseases

in response to maternal protein deficiency.

Experimental methods

Animals and diets

Timed-pregnant Sprague–Dawley rats were obtained from

Charles River Laboratories and randomly assigned to one

(n 6) of two isoenergetic, modified AIN-93 diets(26) (Research

Diet, Inc.; Table 1). Study 1 included the following diets: con-

trol diet (20 % of energy from protein, 64 % of energy from

carbohydrate and 16 % of energy from fat) or low-protein

diet (LP; 8 % of energy from protein, 76 % of energy from

carbohydrate and 16 % of energy from fat) from day 2 of

gestation until the end of gestation. Study 2 included the fol-

lowing diets: control diet (18 % of energy from protein, 66 %

of energy from carbohydrate and 16 % of energy from fat) or

LP diet (9 % of energy from protein, 75 % of energy from

carbohydrate and 16 % of energy from fat) from day 2 of

gestation until the end of gestation(25). Rat dams in study

2 consumed a control diet during lactation(25,27), and all

offspring consumed the same control diet after weaning (post-

natal day 21) until postnatal day 38. The rats were housed

individually in standard polycarbonate cages in a humidity-

and temperature-controlled environment at a 12 h light–12 h

dark cycle. Body weights and food intake were recorded

every other day.

Post-delivery dams were fasted for 8 h and then euthanised

by CO2 for 20 s before decapitation to collect blood for plasma

and serum preparation. Visceral adipose tissue, gastrocnemius

muscle and liver samples from dams in study 1 were harvested

Table 1. Composition of the experimental diets*

Ingredients (g/kg)

Control
(20 % of
energy)

Low protein
(9 % of
energy)

Low protein
(8 % of
energy)

Casein 200 90 80
L-Cys 3 1·2 1·2
Maize starch 397 509 519
Maltodextrin 10 132 132 132
Sucrose 100 100 100
Cellulose, BW200 50 50 50
Soyabean oil 70 70 70
Mineral mix S10026† 35 35 35
Vitamin mix V10001† 10 10 10
Choline bitartrate 2·5 2·5 2·5
TBHQ 0·014 0·014 0·014
Total 1000 1000 1000

TBHQ, tertiary butylhydroquinone.
* Modified AIN-93 G diet.
† Vitamin mix V10001 and mineral mix S10026 were obtained from Dyets, Inc.

H. Wang et al.520

B
ri

ti
sh

Jo
u
rn

al
o
f

N
u
tr

it
io

n
https://doi.org/10.1017/S0007114515002172  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1017/S0007114515002172


and snap-frozen in liquid N2 and stored at 2808C for future

analyses. Skeletal muscle from the offspring was collected

on 38 d after birth in study 2. All experiments were conducted

in accordance with the National Institutes of Health Guide for

the Care and Use of Laboratory Animals(28), and approved by

the University of Illinois at Urbana-Champaign Institutional

Animal Care and Use Committee.

Plasma measurements

Maternal plasma obtained from trunk blood was immediately

centrifuged at 800 g for 20 min at 48C. Plasma samples were

stored at 2708C until further analysis. Plasma free amino

acid concentrations were measured by HPLC using a Waters

2475 fluorescence detector (Waters)(29). Amino acid hydroly-

sate standard was purchased from the same company

(WAT088122). Analyses included essential amino acids (Leu,

Ile, Lys, Met, Val and Thr) and non-essential amino acids

(His, Glu, Asp, Pro, Tyr, Ala, Arg, Ser and Gly).

Muscle fibre diameter

From each treatment group, six frozen muscle samples were

embedded in Tissue-Tek OCT compound (VWR) and cut

into 5mm thickness cross-sectionally using a Leica CM3050 S

cryostat (Leica Microsystems, Inc.) at 2208C, as reported pre-

viously(30,31). All sections were fixed in 70 % ethanol and

stained with haematoxylin and eosin (Newcomer Supply).

Histopathological examination was performed blindly using

light microscopy by a certified pathologist (S. L.). Slides

were scanned using a NanoZoomer Digital Pathology System

with a magnification of 20 £ (Hamamatsu Photonics K.K.),

and image analysis was performed using ImageJ software.

From each section, three independent regions were selected

for quantification. The diameters of at least sixty myofibres

per independent region were measured using the lesser dia-

meter method, as described previously(23).

RNA isolation and two-step real-time quantitative PCR

Total RNA was isolated from the visceral adipose tissue, gastro-

cnemius muscle, liver and blood of dams, and from the

gastrocnemius muscle of the offspring using TRI-Reagent

(Sigma-Aldrich), according to the manufacturer’s instructions.

RNA concentration was analysed by a Bio-Rad spectropho-

tometer (Bio-Rad Laboratories, Inc.) at 260 nm. Total mRNA

(2mg) was used for complementary DNA synthesis by the

High Capacity cDNA Reverse transcription Kit (Applied Biosys-

tems) with a DNA 2720 Thermal Cycler (Applied Biosystems).

The programme was as follows: 258C for 10 min, 378C for

120 min and 858C for 5 s. After synthesis, 25 ng of complemen-

tary DNA were analysed using real-time quantitative PCR, and

gene expression was assessed using the 2£ Perfecta SYBR

Green Fast Master Mix (Quanta BioSciences, www.vwr.com)

with a 7300 Real-Time PCR System (Applied Biosystems).

Primer sequences used in the experiment are listed in online

Supplementary Table S1, and were designed by Vector NTI soft-

ware (Invitrogen Corporation) and synthesised by Integrated

DNA Technologies (www.idtdna.com). The reaction was as fol-

lows: 958C for 15 min, 958C for 15 s and 608C for 60 s in forty

cycles. After amplification, dissociation curves were generated

by stepwise increases from 55 to 958C to ensure that a specific

product was amplified in the reaction. Standard curves with

a slope of 23·30 (SEM 0·20) and R 2 $ 0·99 were accepted.

The following tissue-specific housekeeping genes whose

expression was not affected by the treatment were used to nor-

malise all mRNA data: 60S ribosomal protein (L7a) in rat dams’

adipose tissue and in offspring skeletal muscle; TATA-binding

protein (Tbp) in rat dams’ liver and blood; b-actin (Actb) in rat

dams’ skeletal muscle.

Protein isolation and Western blotting

Frozen gastrocnemius muscle (200 mg) was ground in liquid

N2 and suspended in 500ml of protein lysis buffer (0·125 M-

Tris–HCl, pH 6·8, 1 % SDS, 0·04 % bromophenol blue and

20 % glycerol, v/v) with 1£ proteinase inhibitor (Roche

Applied Science) and phosphatase inhibitor cocktail 1 and 2

(Sigma-Aldrich). Samples were then sonicated with twenty-

five pulses at a power setting of 2 (Fisher Scientific Model

100 Sonic Dismembrator). Diluted protein samples (20mg)

were size-fractionated on a 12 % Tris–HCl polyacrylamide

gel and transferred onto a polyvinyl difluoride (PVDF) mem-

brane (Bio-Rad Laboratories, Inc.) at 0·3 A, according to the

wet transfer protocol. To investigate ATF4 (CAMP response

element-binding protein 2; CREB2) protein expression, the

PVDF membrane was incubated with blocking solution

(10 % (w/v) non-fat dry milk (NFDM)) in TBS/T (20 mM-

Tris–HCl, pH 7·6, 137 mM-NaCl and 0·1 % (v/v) Tween-20)

for 1 h at room temperature. A rabbit polyclonal antibody against

ATF4 (sc-200; Santa Cruz) was diluted at 1:1500 in the blocking

solution with 10 % NFDM and incubated with the membrane

for 3 h at room temperature before washing (5£) with 5 %

NFDM in TBS/T for 5 min. A goat anti-rabbit HRP-conjugated

secondary antibody (Kirkegaard&Perry Laboratories) was

diluted at 1:10 000 in the blocking solution containing 5 %

NFDM and incubated with the membrane for 1 h at room tem-

perature. After washing for 5 min in the blocking solution (5£)

containing 3 % (w/v) NFDM, the membrane was exposed to

the enhanced chemiluminescence reagent Super Signal West

Dura (Thermo Fisher Scientific). Signals from the membrane

were detected and quantified by the ChemiDoc XRS Imaging

System (Bio-Rad). b-Actin (SC-1616-R; Santa Cruz) was used

as a loading control for the protein expression of ATF4.

Total eIF2a (9722S; Cell Signaling Technology, Inc.) was

used as a loading control for phosphorylated eukaryotic trans-

lation initiation factor 2a (p-eIF2a) (9721L; Cell Signaling

Technology, Inc.). The condition for detecting the p-eIF2a

protein was as follows: 5 % NFDM in TBS/T solution for 1 h

of blocking and 1:1000 diluted primary antibody against

p-eIF2a for 3 h of incubation at room temperature. A blocking

buffer of 1 % NFDM in TBS/T solution was used for washing

(5£) for 5 min followed by incubation with a secondary

monoclonal goat-anti-rabbit antibody (Cell Signaling Technol-

ogy, Inc.) for 1 h. Furthermore, 1 % NFDM in TBS/T solution

was used for the subsequent 5 min washing (5£).
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Chromatin immunoprecipitation

Chromatin immunoprecipitation analysis was performed

according to a modified protocol(16). In brief, 200 mg frozen

gastrocnemius muscle was ground in liquid N2 and suspended

in PBS. Protein–DNA cross-linking was performed by 1 % for-

maldehyde in PBS solution for 10 min, and the reaction was

stopped by 2 M-glycine to a final concentration of 0·125 M.

Nuclei were collected after nuclei swelling buffer treatment

(5 mM-piperazine-N,N0-bis, 2-ethanesulfonic acid (PIPES), pH

8·0, 85 mM-KCl, 0·5 % NP40) and lysed in SDS lysis buffer

(50 mM-Tris–HCl, pH 8·1, 10 mM-EDTA, 1 % SDS) containing

protease inhibitor and phosphatase inhibitor cocktails. Cross-

linked chromatin was sheered and homogenised on ice by a

Sonic Dismembrator (Model F100; Fisher Scientific) for 40 s

at a power setting of 5 with a 2 min cooling interval between

each burst, with a total of five bursts. The average length of

sonicated chromatin was approximately 500 bp, and cell

debris was removed by centrifugation at 13 000 g for 10 min

at 48C. Sheared chromatin was diluted to 10 ml with chromatin

immunoprecipitation dilution buffer. A solution of 1 ml diluted

chromatin was incubated overnight with 2mg antibody at 48C.

The chromatin–antibody complex was precipitated with

60ml of 50 % slurry of pre-blocked protein G-agarose beads

(Millipore) for 2 h at 48C. A normal rabbit IgG was used as a

negative control. The supernatant from the incubated IgG

was used as the input DNA for each sample. The protein

G-agarose beads were sequentially washed with 1 ml each

of the following solutions: low salt (20 mM-Tris–HCl, pH 8·0,

0·1 % SDS, 2 mM-EDTA, 150 mM-NaCl, 1 % Triton X-100), high

salt (20 mM-Tris–HCl, pH 8·0, 0·1 % SDS, 2 mM-EDTA,

500mM-NaCl, 1% Triton X-100), LiCl (10mM-Tris–HCl, pH 8·0,

0·25mM-LiCl, 1% NP40, 1mM-EDTA, 1% sodium deoxycholate);

twice with Tris–EDTA (pH 8·0). The antibody/protein/DNA

complexes were eluted twice by the addition of 250 ml elution

buffer (1 % SDS and 50 mM-NaHCO3) at 378C for 15 min

each time. Reverse cross-linking was performed with 20ml

of 5 M-NaCl and 1mg of RNase A at 658C for 5 h. Chromatin

DNA was purified using the QIAPrep Miniprep Kit (Qiagen)

after proteinase K digestion. Results are expressed as the aver-

age ratio of IgG to input DNA. The antibodies are listed in

online Supplementary Table S2.

Bioinformatics

Transcription factor binding sites were identified by TFSE-

ARCH(32) and MatInspector(33) programs. All sequences were

derived from the promoter sequence retrieval database EIDor-

ado 02-2010 (Genomatix). The motif of the AAR element and

CAMP response element-binding protein (CREB) was scanned

with the Gene2Promoter large-scale program in the Genoma-

tix software suite GEMS Launcher version 2.7 to evaluate any

genes containing AAR element and CREB binding motifs

within the rat genome(33). The promoter sequences were
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defined as those predicted in EIDorado and elongated at the 30

end of the promoter (downstream) by 150 bp. Position weight

and matrices were used according to the Matrix Family Library

version 8.2 (Genomatix, January 2010) for promoter analysis

(Fig. 4(a)).

Statistical analysis

Data are presented as means and standard deviations. Food

intake and body weight were analysed by repeated-

measures one-way ANOVA (SAS Institute, Inc.). Two-way

ANOVA was used for chromatin immunoprecipitation data

with a Tukey post hoc comparison. Student’s t test was

used for two-group comparisons (control v. LP), including

plasma amino acid concentrations, mRNA expression and

protein expression. Differences were considered significant

at P,0·05 and P,0·01. Sample size was calculated by stat-

istical power analysis based on 95 % CI using Statistical

Solutions, LLC.

Results

Gestational low-protein diet reduces weight gain
in rat dams

Pregnant rats consuming a LP diet weighed significantly less

than the control group at days 17, 19 and 21 of gestation

(P,0·01; Fig. 1(a)), but food intake was not significantly

different in LP rat dams compared with the control group

(Fig. 1(b)). Gestational weight gain was significantly lower

in the LP group than in the control group (P,0·01,

Fig. 1(c)). Litter sizes were not different between the control

and LP groups. The birth weight of LP offspring was signifi-

cantly lower (P,0·05, Fig. 1(d)) than that of the control

group. However, even after taking offspring birth weight

into consideration, net gestational weight gain (after subtract-

ing pup birth weight) remained significantly lower in LP dams

when compared with the control group (P,0·01, Fig. 1(e)).

Gestational low-protein diet alters the plasma amino acid
profile in rat dams

At the end of pregnancy, circulating Thr and His levels were

significantly lower (P,0·05) in LP dams than in the control

group (Table 2). Lys, Ala and Ser were significantly higher

(P,0·05) in the LP group, while Leu, Ile, Lys, Met, Val, Glu,

Asp, Pro, Tyr, Arg and Gly did not differ between the

groups (see online Supplementary Table S3).

Gestational low-protein diet induces skeletal muscle
atrophy in rat dams

Muscle consists of bundles of multinucleated cells, called

muscle fibres or myofibres, which were assessed in rat dams

after delivery using haematoxylin and eosin. A gestational LP

diet has been reported to alter the mechanical properties

of skeletal muscle in male offspring(34); however, the conse-

quences for the dam have not been reported. After delivery,

we observed more varied sizes of muscle fibres, splitting

muscle fibres and clustered basophilic fibres in the skeletal

muscle of the LP group when compared with the control

group (Fig. 2(a)). Fibres in the size range of 46–65mm were

decreased in the LP group when compared with the control

group (P,0·05), whereas the LP group had more fibres in

the size range of 66–91mm when than the control group

(Fig. 2(b)). Overall, the gestational LP diet caused a more

varied distribution of fibre diameters than the control diet

(Fig. 2(c)) in the skeletal muscle of dams. Furthermore, the

gestational LP diet significantly decreased the overall average

skeletal muscle fibre size in rat dams (Fig. 2(d)), which has

previously been associated with myopathy(22,23,35).

Gestational low-protein diet induces amino acid response
pathway-related target genes in the skeletal muscle
of rat dams

The impact of gestational protein restriction on the AAR path-

way was assessed by investigating the mRNA expression of

AAR downstream genes (Asns, Atf3 and Chop) in the visceral

adipose tissue, gastrocnemius (skeletal) muscle, liver and

blood of rat dams after delivery. The gestational LP diet

induced the mRNA expression of Asns (2-fold, P,0·05), Atf3

(1-fold, P,0·05) and Chop (1·5-fold, P,0·05) when compared

with the control diet in skeletal muscle (Fig. 3(a)) but not in

other tissues (liver Atf3 expression: P¼0·08 for the LP diet;

Fig. 3(b)). These results show that the gestational LP diet

induces a tissue-specific response of AAR downstream genes

in rat dams.

Gestational low-protein diet increases activating
transcription factor 4 protein expression and
phosphorylation of eukaryotic translation initiation factor
2a as well as activating transcription factor 4 binding at
the promoter regions of amino acid response genes in the
skeletal muscle of rat dams

To confirm the activation of the AAR pathway, the protein

abundance of whole-cell p-eIF2a and ATF4 was analysed in

the skeletal muscle of dams after delivery (Fig. 4(a) and (b)).

Phosphorylation of eIF2a on Ser 51, an upstream event

required for the activation of the AAR pathway, was higher

Table 2. Plasma amino acid profile of rat dams in study 1

(Mean values with their standard errors; n 6)

Control (20 % of
energy) LP (8 % of energy)

Amino acids (mmol/l) Mean SEM Mean SEM

Ala 692 22 1020* 61
Lys 1440 49 1830* 55
Ser 741 32 1140* 135
His 961 56 598*† 61
Thr 973 60 604*† 85

* Mean value was significantly different from that of the control group (P,0·05).
† Indicates decreased values.
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in the skeletal muscle of the LP group compared with the con-

trol group (Fig. 4(a) and (b)), and muscle ATF4 protein

expression was significantly higher in the LP group than in

the control group (Fig. 4(a) and (b)). Based on the observed

increased mRNA expression of ATF4 target genes, we investi-

gated the binding of ATF4 at the promoter regions of these

genes in the skeletal muscle of dams after delivery. Overall,

ATF4 binding was significantly induced by the gestational LP

diet at the predicted regions of the genes examined, including

Asns (3-fold, P,0·05), Atf3 (1·5-fold, P¼0·06) and Chop (4·5-

fold, P,0·05) (Fig. 4(c)), thus confirming the ATF4-induced

activation of the AAR pathway in the muscle of rat dams at

the end of gestation.

Gestational low-protein diet increases the mRNA
expression of autophagy pathway-related genes and LC3B
protein expression in the skeletal muscle of rat dams

The proposed process of cellular autophagy and its relation-

ship with the AAR pathway is described in Fig. 5(a) (adapted

from the literature(21,24,36)). The mRNA expression of

autophagy-related genes, including LC3a (1·5-fold, P,0·05,),
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Fig. 2. Haematoxylin and eosin (H&E) staining (a), quantification (b, d) and distribution analysis (c) of the skeletal muscle fibres of rat dams consuming a control

or low-protein (LP) diet throughout gestation in study 1. H&E staining was used to investigate the structural changes in the skeletal muscle of rat dams after a

gestational LP diet. Two representative images were chosen to show the structural differences in skeletal muscle between the control and LP groups at a magnifi-

cation of 20£ . , Clustered basophilic fibres; , varied sizes of muscle fibres and splitting muscle fibres. For quantification of muscle fibre percentage by different

diameter ranges, each bar comprises the percentage distribution of fibre number in four different ranges of muscle fibre diameters, including 0–45 (A), 46–65

( ), 66–91 ( ) and 92–140mm (B). The X-axis represents the treatment group, while the Y-axis shows the percentage of fibre number in each diameter range.

Values are means (n 6), with their standard errors represented by vertical bars. * Mean value was significantly different from that of the control group (P,0·05).

(c) –D–, Control group; –B–, LP group. The X-axis shows a series of fibre diameters and the Y-axis shows the percentage of fibre number. (d) , Control

group; X, LP group. (A colour version of this figure can be found online at http://www.journals.cambridge.org/bjn).
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LC3b (2-fold, P,0·05), Bnip3 (2·5-fold, P,0·05) and Atg4b

(1·4-fold, P,0·05), was significantly induced in dams fed the

gestational LP diet (Fig. 5(b)). Furthermore, to confirm the

observed activation of autophagy, the protein abundance of

whole-cell LC3B was analysed in the skeletal muscle of

dams. The protein expression of LC3B, which was used as

the primary indicator of autophagy, was higher in the skeletal

muscle of LP dams when compared with the control group

(2-fold, P,0·05; Fig. 5(c)).

Gestational low-protein diet induces activating
transcription factor 4 binding at the regions of autophagy
pathway-related genes predicted by bioinformatics
analysis in the skeletal muscle of rat dams

Based on the increased mRNA expression of autophagy-

related genes and the proposed relationship between

autophagy and AAR, we investigated ATF4 binding at the pre-

dicted regions of downstream autophagy pathway-related

genes in the skeletal muscle of dams (Fig. 6(a)). When

compared with the control, the gestational LP diet in dams

increased ATF4 binding at the predicted regions of the

autophagy-related genes examined, including LC3a (2-fold,

P,0·01), LC3b (2-fold, P,0·05), Atg4b (2·5-fold, P,0·01)

and Bnip3 (1·5-fold, P,0·05) (Fig. 6(b)).

Gestational low-protein diet induces amino acid response
pathway- and autophagy pathway-related genes in the
skeletal muscle of male offspring

Our previous study showed that the placenta may sense gesta-

tional protein limitation, which is associated with growth

restriction in the offspring(25). To investigate whether these

previous observations and the observation of the present

study that maternal skeletal muscle is potentially involved in

response to gestational protein limitation, we investigated

the mRNA expression of both AAR- and autophagy-related

genes in the skeletal muscle of offspring in our previously

described study. Similar to what was observed in dams at

delivery, the gestational LP diet significantly induced the

mRNA expression of Asns (2-fold, P,0·01), Atf3 (5-fold,

P,0·05) and Chop (2-fold, P,0·01) in male, but not in

female, offspring skeletal muscle (Fig. 7(a)). Furthermore,

and also similar to that observed in the dam, the mRNA
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Fig. 3. mRNA expression of Asns (asparagine synthetase), Atf3 (activating transcription factor 3) and Chop (C/EBP homology protein) in the muscle (a), liver (b),

adipose (b) and blood (b) of rat dams consuming a control (A) or low-protein (LP, B) diet throughout gestation in study 1. To detect the activation of the amino

acid response (AAR) pathway, mRNA expression was analysed by two-step real-time RT-PCR in skeletal muscle. All data were normalised to the expression

level of the housekeeping gene b-actin (Actb) (muscle) or 60S ribosomal protein (L7a) (liver, adipose and blood), and data from the LP group were further normal-

ised to that of the control group. Values are means (n 6), with their standard errors represented by vertical bars. Mean value was significantly different from that of

the control group: * P,0·05.
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expression of autophagy-related genes, including LC3a

(3-fold, P,0·05), LC3b (5-fold, P,0·01), Atg2a (2-fold,

P,0·05) and Atg4b (4-fold, P,0·05), was significantly

induced by the gestational LP diet in male, but not in

female, offspring skeletal muscle (Fig. 7(b)).

Discussion

To our knowledge, the present study is the first to demonstrate

the following novel mechanisms: first, a gestational LP

diet alters the maternal plasma amino acid profile, together

with decreased maternal and pup body weights and apparent

muscle dystrophy in the dam at delivery in an in vivo rat preg-

nancy model. Second, the LP diet produced tissue-specific

activation of AAR and autophagy pathway-related genes

only in maternal skeletal muscle, but not in the liver, blood

or adipose tissue. Third, the LP diet increased ATF4 binding

within specific autophagy-related target genes, confirming a

molecular link between the activation of the AAR signal and

the autophagy pathway. Together, these data, as well as the

follow-up data showing that in the skeletal muscle of male off-

spring fed a gestation LP diet, AAR- and autophagy-related

genes remain elevated, provide insight into the transduction

of the gestational amino acid limitation signal from maternal

muscle, to the placenta(25), and to the offspring. A proposed

schematic diagram highlights the mechanism that a gestational

LP diet programmed offspring growth capacity through signal

transduction from the skeletal muscle of the rat dam (Fig. 8).

Furthermore, the molecular mechanisms described in the

present study offer novel insight into the role of ATF4 in acti-

vating critical autophagy-related genes in the skeletal muscle

of pregnant dams, providing specific molecular changes that

could be memorised in the offspring long after gestational

protein restriction.

The present study demonstrates that consumption of a LP

diet throughout pregnancy altered multiple physiological out-

comes in rat dams. Gestational weight gain was decreased in

LP dams (after accounting for cumulative offspring birth

weight), as were the birth weight of the LP offspring. It has

been reported that exposure of the pregnant rat to a LP diet

(8 % of energy from protein) causes a decrease in maternal

body weight without a significant difference in food

intake(37), which is consistent with the findings from the pre-

sent study. Fasting blood glucose levels of LP rat dams

(3·53 mmol/l) tended to be lower (P¼0·06) than the control

group (6·28 mmol/l; data not shown), which is in agreement

with the findings of Wapnir & Lifshitz(38) showing that a LP

diet can cause a decrease in fasted blood glucose concen-

tration in rats. Furthermore, muscle fibre perimeter was overall

significantly different in LP dams when compared with the

control group. Previous studies have demonstrated that

decreased fibre size is linked to myopathy(35), and our find-

ings suggest that gestationally protein-restricted dams adapt

to the growing protein needs of pregnancy through the break-

down of maternal muscle.

We observed that a gestational LP diet was associated with

significant decreases in maternal plasma Thr concentration,

consistent with the findings from a previous study showing

that protein limitation decreases circulating Thr concentration

in pregnant rats(39). There were also changes in Lys, Ala and

Ser concentrations in the LP group, consistent with other

studies reporting increased mobilisation of maternal protein

stores during dietary restriction(40). The increased plasma con-

centration of the essential amino acid Lys cannot be explained

by de novo synthesis, and can only result from increased

protein breakdown or reduced hepatic catabolism. The break-

down of maternal protein stores by a gestational LP diet is

further confirmed by the observed increase in Ala concen-

tration, which has a central role in gluconeogenesis and

serves to remove N and recycle glucose carbon as part of

the ‘alanine cycle’ associated with branched-chain amino

acid oxidation in skeletal muscle(41). Increased Ala and Lys

concentrations have also been previously observed in a

pregnant pig model of protein restriction(41).

At the end of gestation, the LP diet induced the activation of

AAR and autophagy pathways in maternal skeletal muscle.

The mechanism of AAR pathway activation in response

to amino acid deprivation has been well documented in
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Fig. 4. Protein expression of phosphorylated eukaryotic translation initiation

factor 2a (p-eIF2a) (a, b), activating transcription factor 4 (ATF4) (c, d), and

ATF4 binding at the promoter regions of Asns (asparagine synthetase), Atf3

(activating transcription factor 3) and Chop (C/EBP homology protein) (d) in

rat dams consuming a control (A) or low-protein (LP, B) diet throughout ges-

tation in study 1. Total eIF2a was used to normalise the phosphorylation of

eIF2a, and b-actin was used to normalise the protein expression of ATF4.

The immunoblots shown are representative of the total sample size. Values

are means (n 6), with their standard errors represented by vertical bars.

Mean value was significantly different from that of the control group:

* P,0·05, ** P,0·01. AAR, amino acid response.
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in vitro studies(7,42), but remains poorly characterised in

animals. Decreased Thr concentration has been previously

shown to activate the AAR pathway in HepG2 cells(43). In

another study, a Thr-deficient diet has been found to activate

the AAR pathway in an animal model(44,45). The present study

demonstrates that decreases in plasma Thr and His concen-

trations are primary indicators of protein limitation in maternal

plasma after gestation, consistent with in vitro data for the

activation of the AAR pathway(43). Our results show that a

robust activation of the AAR pathway occurred only in skeletal

muscle following a gestational LP diet, which was illustrated

by the increased mRNA expression of the AAR-responsive

genes and ATF4 and p-eIF2a protein expression. Previous

research has shown that increased ATF4 expression promoted

skeletal myofibre atrophy during fasting(23). Moreover, Naismith

& Morgan(46) found that protein redistribution occurs during

pregnancy, and it has also been shown that muscle has the

greatest role during this period of active protein metab-

olism(46–48). While amino acid availability is associated with

the regulation of autophagy in yeast and mammalian

cells(49), in vivo data are scarce. In the present study,

we showed that the LP diet induced the activation of the

autophagy pathway in the skeletal muscle of rat dams.

Macroautophagy is highly associated with cellular metabolism,

and autophagy in skeletal muscle has both beneficial and

detrimental roles, depending on the stage of protein metab-

olism(50). It has been reported that starvation can induce

autophagy in the muscle of mice(51). Furthermore, It has
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Fig. 5. Schematic diagram of cellular autophagy (a), autophagy gene expression (b) and LC3B protein expression (c) in the skeletal muscle of rat dams consum-

ing a control (A) or low-protein (LP, B) diet throughout gestation in study 1. To detect the activation of the autophagy pathway, mRNA expression was analysed

by two-step real-time RT-PCR in skeletal muscle. All data were normalised to the expression level of the housekeeping gene b-actin (Actb), and data from the LP

group were further normalised to that of the control group. b-Actin was used to normalise the protein expression of LC3B. The immunoblots shown are representa-

tive of the total sample size. Values are means (n 6), with their standard errors represented by vertical bars. Mean value was significantly different from that of the

control group: * P,0·05. p-eIF2a, phophorylated eukaryotic translation initiation factor 2a; ATF4, activating transcription factor 4; Asns, asparagine synthetase;

Chop, C/EBP homology protein; LC3a, microtubule-associated protein 1 light chain 3a; LC3b, microtubule-associated protein 1 light chain 3b; Bnip3, BCL2/adeno-

virus E1B-interacting protein 3; Atg4b, cysteine protease ATG4b.
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been shown that eIF2a/ATF4 plays an important role

in activating stress-induced autophagy gene expression

in vitro (24), and data from the present study demonstrate

that autophagy is also activated in the skeletal muscle of preg-

nant rats consuming a protein-deficient diet.

In support of the ATF4-induced gene expression in muscle,

the binding of the ATF4 transcription factor was consistently

increased at the promoter regions of both AAR and autophagy

pathway-related genes in response to the LP diet. We observed

the binding of ATF4 at the promoter regions of Asns, Atf3 and

Chop, which was associated with the induction of mRNA

expression similar to the ATF4-mediated activation of the

AAR pathway in vitro in hepatoma cells(7). Increased ATF4

binding also occurred at the promoter regions of LC3a, LC3b,

Atg4b and Bnip3 along with increased mRNA expression of

these autophagy pathway-related genes. ATF4 is known to

regulate the hypoxia-inducible factor-1 (HIF-1) target gene

carbonic anhydrase 9. Here, we show that another HIF-1

target gene, Bnip3 (52,53), can also be regulated by ATF4. Fur-

thermore, we observed increased LC3B protein expression,

which has been used as a biomarker for the activation of

autophagy in muscle(54). These data demonstrate that in

addition to the role of ATF4 in the activation of the AAR path-

way in response to protein restriction, this transcription factor

also activates autophagy pathway-related genes in the muscle

of protein-deficient pregnant dams. Furthermore, while gesta-

tional protein restriction has previously been shown to affect

the skeletal muscle of offspring(55,56), we further demonstrate

that both AAR and autophagy pathways remain activated in

male offspring long after the exposure to a gestational LP

diet, suggesting that the induction of autophagy through the

activation of the ATF4-dependent AAR pathway in the

mother may act as the molecular memory of the forthcoming

expected environment in the offspring. A LP diet during preg-

nancy could be memorised in the offspring in different ways.

From physiological point of view, during pregnancy, the fetus

obtains amino acid resource through the umbilical cord from
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Fig. 6. Binding of activating transcription factor 4 (ATF4) to autophagy-

related genes (a, b) in rat dams consuming a control (A) or low-protein (LP, B)

diet throughout gestation in study 1. The binding sites of the ATF4 transcrip-

tion factor at the promoter regions of LC3a (microtubule-associated protein 1

light chain 3a), LC3b (microtubule-associated protein 1 light chain 3b), Atg4b

(cysteine protease ATG4b) and Bnip3 (BCL2/adenovirus E1B-interacting pro-

tein 3) were predicted by Genomatix software. Values are means (n 6), with

their standard errors represented by vertical bars. Mean value was signifi-

cantly different from that of the control group: * P,0·05, ** P,0·01.
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Fig. 7. mRNA expression of amino acid response (AAR) pathway-related

genes (a) and autophagy pathway-related genes (b) in the skeletal muscle of

offspring whose dams consumed a control (A) or low-protein (LP, B) diet

throughout gestation in study 2. To detect the activation of the AAR pathway

and autophagy in the offspring, mRNA expression was analysed by two-step

real-time RT-PCR in skeletal muscle. All data were normalised to the

expression level of the housekeeping gene 60S ribosomal protein (L7a), and

data from the maternal LP group were further normalised to that of the con-

trol group. Values are means (n 6), with their standard errors represented by

vertical bars. Mean value was significantly different from that of the control

group: * P,0·05, ** P,0·01. Asns, asparagine synthetase; Atf3, activating

transcription factor 3; Chop, C/EBP homology protein; Atg2a, cysteine

protease ATG2a; Atg4b, cysteine protease ATG4b.
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the placenta. Therefore, an altered amino acid profile in

mother has a direct influence on the amino acid profile in

the fetus. It has been shown that amino acid profile was

altered in the fetus on pregnancy day 19 by maternal LP

diet(39). From molecular point of view, altered amino acid

supply triggers subsequential signalling pathways in embryo-

nic development. A LP diet during pregnancy can programme

blastocyst development, which is potentially due to the

activation of the mammalian target of rapamycin (mTOR) sig-

nalling pathway triggered by altered maternal serum amino

acids in mice(57). Moreover, epigenetics may be the key to

explain the ‘memory’. The maternal programming model has

been well established in a gestational LP diet to investigate

epigenetic regulation including histone modification and

DNA methylation. The effect of epigenetics is tissue- and

sex-dependent. Histone acetylation of glucose transporter

type 4 (Glut4) was induced by a gestational LP diet in the

skeletal muscle of female offspring(58), and the diet decreased

histone H3 acetylation and methylation of cyclin-dependent

kinase inhibitor 1A (p21) in the mammary gland of the

offspring(59). Also, increased hepatic DNA methylation of

insulin-like growth factor 2 (Igf2) could be caused by a LP

diet during pregnancy(60). It appears that the effects of the

maternal LP diet may be memorised in the offspring through

multiple epigenetic mechanisms.

Sex dimorphism of fetal programming has been studied

intensively over the years. It potentially originates from the

placenta through sex-specific epigenetic regulations(61).

Therefore, male and female respond differently to maternal

protein restriction depending on the type of metabolic path-

ways and tissues. A LP diet during gestation can induce

Glut4 expression in the skeletal muscle of female offspring(58),

but no effect in male offspring. However, AAR and autophagy

pathway-related genes are only up-regulated in the skeletal

muscle of male offspring, possibly involve hormonal

regulation. The development of male skeletal muscle is related

to male hormones(62). Moreover, it has been shown that a pro-

tein restriction diet during pregnancy and lactation impairs

male testosterone levels(63). This may explain the differentia-

ted transcriptional regulation of AAR and autophagy pathways

in the skeletal muscle of male and female offspring.

The present study demonstrates that maternal protein

restriction results in decreased Thr and His concentrations in

plasma together with the activation of the ATF4-dependent

AAR pathway, which may initiate autophagy in the skeletal

muscle of rat dams. We showed that the transcriptional acti-

vation of target genes was associated with the binding of the

ATF4 transcription factor at the promoter regions of these

genes in AAR and autophagy pathways. Furthermore, a

follow-up analysis of gestational protein restriction in the off-

spring confirmed that both pathways remained activated in the

skeletal muscle of the offspring long after birth. Imbalanced

and inadequate protein intake in women during pregnancy is

an epidemic problem in developing countries(64,65). Recently,

a new cohort in Canada showed that the requirement for

protein intake is actually higher than the current recommen-

dations in healthy pregnant women during early and late

gestation(66). However, few epidemiological studies have

focused on the response to maternal protein restriction in

the mother. Not only the offspring, but also the mother has

detrimental effects in response to protein restriction, and the

present study sheds light on maternal healthcare for both

women and babies. Classifying these protein-sensing mechan-

isms in the mother may help to diagnose potential muscle-

associated diseases in response to LP intake during pregnancy,

as well as to further investigate the precise role of maternal

signalling in the growth restriction observed in the offspring

in response to maternal protein deficiency.
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Offspring (control diet)

Classic AAR pathway
and autophagy

Classic AAR pathway
and autophagy

Maternal body weight

Gestational weight gain

Altered plasma AA profile

Skeletal muscle atrophy
Growth capacity(26)

Birth weight

Classic AAR pathway

Placenta(26)

Asns

Atf3

Chop

LC3a/b

Atg2a

Atg4b

Asns

Atf3 Asns

Atf3

Snat2
Chop

LC3a/b

Bnip3

Atg4b

Fig. 8. Diagram of the proposed maternal programming mechanism by a gestational low-protein diet in rat dams. The results highlight that a gestational low-

protein diet activates the amino acid response (AAR) pathway and potentially initiates autophagy in the skeletal muscle of the rat dam. The signal is potentially

transduced to the placenta and further to the skeletal muscle of male offspring, which may potentially link to the stunted growth in the offspring. Asns, asparagine

synthetase; Atf3, activating transcription factor 3; Snat2, sodium-coupled neutral amino acid transporter 2; Chop, C/EBP homology protein; LC3a/b, microtubule-

associated protein 1A/1B light chain 3a/b; Bnip3, BCL2/adenovirus E1B-interacting protein 3; Atg4b, cysteine protease ATG4b; AA, amino acids.
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