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Abstract Taurine ameliorates changes occurring in newborn skeletal muscle as a 
result of gestational protein restriction in C57BL/6 mice, but taurine supplementa-
tion effects may be exaggerated in C57BL/6 mice due to their inherent excessive 
taurinuria.

We examined if maternal taurine supplementation could ameliorate changes in 
gene expression levels, properties of mitochondria, myogenesis, and nutrient trans-
port and sensing, in male newborn skeletal muscle caused by a maternal low protein 
(LP) diet in Wistar rats.

LP diet resulted in an 11% non-significant decrease in birth weight, which was 
not rescued by taurine supplementation (LP-Tau). LP-Tau offspring had signifi-
cantly lower birth weight compared to controls. Gene expression profiling revealed 
895 significantly changed genes, mainly an LP-induced down-regulation of genes 
involved in protein translation. Taurine fully or partially rescued 32% of these 
changes, but with no distinct pattern as to which genes were rescued.

Skeletal muscle taurine content in LP-Tau offspring was increased, but no 
changes in mRNA levels of the taurine synthesis pathway were observed. Taurine 
transporter mRNA levels, but not protein levels, were increased by LP diet.

Nutrient sensing signaling pathways were largely unaffected in LP or LP-Tau 
groups, although taurine supplementation caused a decrease in total Akt and AMPK 
protein levels. PAT4 amino acid transporter mRNA was increased by LP, and nor-
malized by taurine supplementation.
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In conclusion, gestational protein restriction in rats decreased genes involved in 
protein translation in newborn skeletal muscle and led to changes in nutrient 
 transporters. Taurine partly rescued these changes, hence underscoring the impor-
tance of taurine in development.

Keywords Maternal low protein • Taurine • Low birth weight • Skeletal muscle

Abbreviations

ACTB Beta-actin
ADO Cysteamine dioxygenase
ATF4 Activating transcription factor 4
CDO Cysteine dioxygenase
CK Creatine kinase
CON Control
CS Citrate synthase
CSAD Cysteinesulfinic acid decarboxylase
GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase
gDNA Genomic DNA
GLUT Glucose transporter
IUGR Intrauterine growth restriction
LP Low protein
LP-TAU Low protein diet with taurine supplementation
MEF Myocyte enhancer factor
MHC Myosin heavy chain
mtDNA Mitochondrial DNA
Myf5 Myogenic factor 5
Myo Myosin
MyoD Myogenic differentiation 1
Ndufb6 NADH Dehydrogenase (Ubiquinone) 1 beta subcomplex 6
Ndufs1 NADH Dehydrogenase (Ubiquinone) Fe–S Protein 1
PDK1 Phosphoenolpyruvate carboxykinase 1
PDK4 Pyruvate dehydrogenase kinase 4
PGC-1α Peroxisome proliferator-activated receptor γ, coactivator-1α
PGC-1β Peroxisome proliferator-activated receptor γ, coactivator-1β
PPARα Peroxisome proliferator activated receptor α
PPARγ Peroxisome proliferator activated receptor γ
REDD1 DNA-Damage-Inducible Transcript 4 (DDIT4)
S6K1 Ribosomal Protein S6 Kinase
TauT Taurine transporter
TFAM Transcriptional factor A, mitochondrial
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1  Introduction

Low birth weight is a hallmark of adverse developmental programming (Hales and 
Barker 1992) and is associated with a higher risk of developing metabolic disease in 
later life, including increased risk of impaired insulin secretion (Snoeck et al. 1990; 
Petrik et al. 1999), and insulin resistance in skeletal muscle (Ozanne et al. 2005). A 
clear association between low birth weight and insulin resistance has been observed, 
clearly not with a classical genetic causality, as demonstrated in twin studies 
(Poulsen et al. 1997). However, the exact mechanism by which low birth weight, as 
a result of intrauterine growth restriction (IUGR), leads to an increased risk of type 
2 diabetes and metabolic syndrome later in life, is still largely unknown.

Skeletal muscle is known to play a key role in whole body metabolism, glucose 
clearance, and insulin sensitivity. Therefore, a reduction in skeletal muscle mass, 
and thereby altered muscle myogenesis and function as observed after IUGR, may 
be causally related to the increased risk of developing metabolic disease in later life 
(Abdul-Ghani and DeFronzo 2010).

Several animal models have been used to mimic impaired fetal growth (Armitage 
et al. 2004) including the most studied one, gestational protein restriction. In rats, 
this model displays a low birth weight of the offspring, impaired glucose homeosta-
sis and insulin resistance (Ozanne et al. 1996, 2005), as well as β-cell dysfunction 
later in life (Boujendar et al. 2002; Reusens et al. 2008).

Taurine is a semi-essential amino sulphonic acid, which is not a protein compo-
nent. Taurine is known to be involved in physiological functions such as bile acid 
formation, intracellular volume regulation, heart function, mitochondrial tRNA 
conjugation, and reproduction (Lambert et al. 2015).

Human IUGR fetuses have decreased plasma taurine levels (Economides et al. 
1989; Cetin et al. 1990), which has also been observed in animal models of IUGR 
(Reusens et al. 1995; Wu et al. 1998). Taurine deficiency during development and in 
adult life results in several pathological conditions, including dysfunction of skele-
tal- and heart muscle (Sturman 1993). Furthermore, the taurine transporter (TauT) 
knockout mice have revealed the importance of maintaining normal taurine concen-
trations in tissues, especially in skeletal muscle and heart. In these mice, taurine 
concentration in skeletal muscle and heart are decreased by 98% compared to wild 
type mice (Warskulat et al. 2004; Ito et al. 2008, 2014a, b) and the mice exhibit 
lower body weight, decreased skeletal muscle growth, and lower exercise capacity 
(Heller-Stilb et al. 2002; Warskulat et al. 2004; Ito et al. 2008). These observations 
indicate that taurine is very important during development and that taurine defi-
ciency during gestation may lead to adverse developmental programming in skeletal 
muscle of the offspring.

Maternal taurine supplementation during gestation is, at least partially, able to 
prevent the effects induced by low birth weight in several animal models of low 
birth weight and can also prevent the adverse offspring phenotype seen as a con-
sequence of maternal obesity (Li et al. 2013) as well as a maternal high fructose 
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intake (Li et al. 2015). Maternal taurine supplementation has, in the context of 
gestational protein restriction, been shown to stabilize proliferation and vascular-
ization of the pancreas (Boujendar et al. 2002, 2003) as well as prevent all changes 
in mRNA expression levels in the pancreas of newborn Wistar rats (Reusens et al. 
2008). Likewise, maternal taurine supplementation rescued a large portion of the 
changes in mRNA expression levels caused by gestational protein restriction in 
both skeletal muscle and liver (Mortensen et  al. 2010a) in newborn C57BL/6J 
mice. However, the C57BL/6J mouse strain has a defect in taurine renal reabsorp-
tion (Harris and Searle 1953) that leads to excessive taurinuria (Chesney et  al. 
1976). Therefore, the effects of taurine supplementation may be exaggerated 
when using this animal model.

In the present study, we used gene expression microarrays to examine the effect 
of maternal taurine supplementation on changes in overall gene expression levels, 
in newborn Wistar rat hind leg skeletal muscle subjected to gestational protein 
restriction. Furthermore, we examined if taurine supplementation could ameliorate 
maternal low protein induced changes in taurine biosynthesis, mitochondrial prop-
erties, myogenesis, amino acid transport, and nutrient sensing.

2  Materials and Methods

2.1  Animals and Chemicals

All experimental procedures were approved by The Danish Animal Experiments 
Inspectorate (license: 2008/561-1515) and were performed according to the 
ARRIVE (Animal Research: Reporting In vivo Experiments) guidelines. Female 
Wistar rats (N = 38, 8 weeks of age) were purchased from Taconic Europe A/S 
(Ejby, Denmark) on day 1 of pregnancy. The animals were housed with a 12 h light/
dark cycle, constant temperature (23  °C), and constant humidity (42%) at the 
University of Copenhagen, Faculty of Health and Medical Sciences, Panum 
Institute. Unless otherwise stated, chemicals were from Sigma-Aldrich (St. Louis, 
MO, USA) and were of analytical grade or better.

2.2  Animal Study Design and Diet

The pregnant Wistar dams were randomly assigned to either a low-protein diet 
(LP, N = 15) with a protein content of 5% or a matching control diet containing 
20% protein (CON, N = 15) or an LP diet supplemented with 2% taurine in the 
drinking water (LP-TAU, N = 8) from day 1 of gestation. Dams were weighed on 
day 1 of gestation and on day 20 (the day before giving birth). The animals had ad 
libitum access to food and water. All diets were isocaloric and obtained from Hope 
Farms, catalog #4400.12 and #4400.00 for 5% and 20% protein, respectively 
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(Woerden, NL). Ten rats were not pregnant or gave birth to very small litters (N of 
pups <2) and were removed from the study resulting in CON N = 10, LP N = 10, 
LP-TAU N = 6.

2.3  Animal Sample Collection

At birth, hind leg skeletal muscle was collected from the pups by cutting off the hind 
legs followed by dissection using a stereomicroscope; the skin was peeled off and 
the skeletal muscle tissue dissected free of skin and bone after which it was snap- 
frozen in liquid nitrogen and stored at −80 °C until further analysis. The hind leg 
skeletal muscle from three male pups from the same dam was pooled resulting in an 
N of one per dam. Gender was determined visually before dissection by comparing 
the distance between the anus and the genital papilla (Whishaw and Kolb 2004).

2.4  RNA Purification and Quantitative Real-Time PCR

RNA purification and quantitative real-time PCR were performed as previously 
described (Larsen et al. 2013). GAPDH mRNA levels were used for normalization 
between samples. The primers were designed using the National Center for 
Biotechnology Information “primer design tool” online using Rattus Norvegius 
(organism 10116) Refseq RNA database and were designed according to the MIQE 
guidelines. Primer sequences (gene symbol, genbank acession number: Forward & 
reverse primer 5′-3′): 4f2hc, NM_019283.3: GCTGACATTGTAGCCACCAAA & 
GCAATCAAAAGCCTGTCCTCA.  ADO, NM_001107626.2: CCGGTCACT 
TACATGCACATC & CGTACAGCACCTTGAGCATAC.  ATF4, NM_024403.2: 
TCAGAATGGCTGGCTATGGAT & AAGCTCATCTGGCATGGTTTC.  Cat2a, 
NM_022619.3: CCTTATCAACAAGTCTTCTGGGTT & GGGTGAC 
TGCCTCTTACTCA.  Cat2b, NM_001134686.2: TTCCCAATGCGTCGTGTAATC & 
GCACCCGATGACAAAGTAGC.  CDO, NM_052809.1: GCCTTCACTTGTACA 
GTCCAC & CTCCAGTGAACCTGAAGTTGTAAAT. CS, NM_130755.1: CACTGTGGA 
CATGATGTACGG & ATACTATAGCCTCGGAAGCGG.  CSAD, NM_001134454.1: 
TGGTCATGGAGCCCAAGTTC & CATCATGGTTCCCTTCTTCACC.  GLUT1, 
NM_138827.1: GTGTATCCTGTTGCCCTTCTG & GCTTTTTCAGCACAC 
TCTTGG. GLUT4, NM_012751.1: ATGGGTTTCCAGTATGTTGCG & TAAGAGAG 
AAGGTGTCCGTCG.  LAT1, NM_017353.1: GGGGAACATTGTGTTGGCATT & 
TGGGCAAGGAGATGATGATGG.  Mef2a, NM_001014035.1: CATAAAATCGC 
ACCTGGCTTG & AACTCCCTGGGTTAGTGTACG.  MHCIb, NM_017240.2: 
CGTTCTGTCAATGACCTCACC & TTTCCTCCTCGTACTGTTCCC.  MHCIIa, 
NM_001135157.1: AACCATTCAGAGCAAAGACGC & GCTCCTGCTTCAG 
TTTTCACA.  MHCIIb, NM_019325.1: ATCAGTGTTTGTGGTGGATGC & 
TGCACGGTTGCTTTCACATAG.  MHCIIx, NM_001135158.1: CTTCAAGT 
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TCAGACCCACGG & GGAGAGTCTGCCTTTAGGGATG. MHCemb, NM_012604.1: 
CCACAGTCAGAGGTCCCATAG & ATGCCAAACACTTCCATCTCG.  MHCper, 
NM_001100485.1: GTCCTATGTGAAGAGCGTCATAC & TTAACGGTCACT 
TTCCCTCCT.  Myf5, NM_001106783.1: TCAAACGCATGTGCTTCAGATAA & 
AGATAAGTCTGGAACTGGAGGAC.  Myo5a, NM_022178.1: TCCTGA 
AGAAAAGAGGTGACGA & GGTCAAAATTGGTGAGGCAGT. Myo5b, NM_017083.1: 
CAGACAAACAGCCAGACTGAG & AGCCGAGTTCTCCATCTTCAT.  MyoD1,  
NM_176079.1: GCCTGAGCAAAGTGAACGA & CAGACCTTCAA 
TGTAGCGGATG.  MyoG, NM_017115.2: AGGAAGTCTGTGTCTGTGGAC & 
GCTCAATGTACTGGATGGCAC.  Ndufb6, NM_001106646.1: TGGCACGAA 
GCCCAGAATA & TCTCCAGTCTCCAGAATTGTATC.  Ndufs1, NM_001005550.1: 
GTGGGAAGTAACATTGTGGTTAG & TGCCGTTTCAGTCCATCATAG.  PAT4, 
NM_001108127.1: CTGTGAGAGGAGAAGTGTGGA & CTATCGGAA 
GGTTGTGGGGAT.  PDK1, NM_053826.2: TTGACTGTGAAGATGAGTGACC & 
GCCAATCCGTAACCAAATCCA.  PDK4, NM_053551.1: ACACATAC 
TCCACTGCTCCAA & TAACCAAAACCAGCCAAAGGG.  Pgc1a, NM_031347.1: 
GAGTACAACAATGAGCCCGC & CAATCCGTCTTCATCCACCG.  Pgc1b, 
NM_176075.2: AAGTAAGAGAGGCCAGAAGCA & ATTGCGTTT 
TCTCAGGGTAGC.  PPARa, NM_013196.1: GCGGACTACCAGTACTTAGGG & 
GGAGAGAGGGTGTCTGTGATG.  PPARg, NM_013124.3: AGAGCCTTCAAA 
CTCCCTCAT & CTTCAATCGGATGGTTCTTCGG.  REDD1, NM_080906.2: 
CATCAGTTCGCTCACCCTTC & GGACGAGAAACGATCCCAAAG.  Sirt1, 
XM_003751934.1: TTCAGAACCACCAAAGCGG & CCCACAGGAAA 
CAGAAACCC.  Sirt3, NM_001106313.2: TCTGGTATCCCTGCCTCAAAG & 
ATCACGTCAGCCCGTATGTC.  SNAT1, NM_138832.1: 
AACTCAAAGACGGTGTACGCT & TGCTCTGGTACTTGTGAAGGA.  SNAT2, 
NM_181090.2: CGAAGGAGGGTCTTTATTATACGAAC & 
TGACAATGGGAGAATGAGCAC.  TauT, NM_017206.1: TGGACAGCCAG 
TTTGTTGAAG & GCAATGAAGATTTCCCGACGA.  TFAM, NM_031326.1: 
TGACCTTTTGAGCCTTGACAG & CGCACAGTCTTGATTCCAGTT.

2.5  Affymetrix Gene Expression Microarray

For gene expression profiling using GeneChip Rat Gene 1.0 ST Arrays (Affymetrix 
Inc., Santa Clara, CA, USA), four RNA samples, isolated using Qiazol from hindleg 
skeletal muscle as described above, were chosen at random from each group and 
analyzed as previously described (Mortensen et al. 2014) followed by analysis using 
R 3.2.2 (open source: http://www.r-project.org) and Bioconductor 3.1 (open source: 
http://www.bioconductor.org) with all subsequent calculations carried out on log2 
transformed gene expression values. Raw CEL files were normalized using the 
Robust Multi-array Average method. The expression level threshold (detection 
limit) was set to the median of the antigenomic (negative controls) probeset expres-
sion levels and calculated for each sample and further analyzed as described in the 
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GEO dataset (see below) resulting in 1224 genes changed by the LP diet, of which 
895 were known genes. Out of the 895 changed genes, the changes to 88 genes were 
fully rescued by taurine and the changes to 195 genes were partially rescued by 
taurine (for calculations and data, see the GEO dataset).

Overrepresentation of gene sets were estimated using DAVID v6.7 (Huang et al. 
2009) with probe IDs for the significantly changed genes as input (either all, down- 
regulated or up-regulated by LP diet) compared against the list of detected probes 
examining the categories: GOTERM_BP_FAT, GOTERM_CC_FAT, GOTERM_
MF_FAT, PANTHER_BP_ALL, PANTHER_MF_ALL, KEGG_PATHWAY, and 
PANTHER_PATHWAY.

The raw CEL files as well as the analysis results have been deposited in the 
NCBIs Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo) with 
the GEO accession number GSE89054.

2.6  Biochemical Assays

Biochemical assays measuring citrate synthase (CS) activity, creatine kinase (CK) 
activity as well as the taurine content of skeletal muscle tissues were carried out as 
described previously (Mortensen et al. 2006, 2010b; Larsen et al. 2015)

2.7  Western Blot Analysis

Western blot analysis of skeletal muscle tissue was carried out as previously 
described (Larsen et al. 2013) using antibodies purchased from Cell Signaling 
Technology: total and phosphorylated S6K1 (Thr389) (cat #9234 and #2708); 
and phosphorylated AMPKα (Thr172) (cat #2603 and #2535); total and phos-
phorylated Akt (Thr308 and Ser473) (cat #4691, #2965, and #4060). Protein 
expression of β-actin (ACTB, cat #Sc-47778) and TauT (#166640) were obtained 
from Santa Cruz Biotechnology. The antibody REDD1 (cat #10638-1-AP) was 
obtained from Proteintech, OXPHOS obtained from Abcam (cat#ab-110413). 
Beta-actin (ACTB) protein levels were used for normalization between 
samples.

2.8  mtDNA

The mtDNA:gDNA ratio was determined as previously described (Gam et  al. 
2014) using primers specific for either mitochondrial ND1 (mtDNA) or genomic 
GAPDH (gDNA). The mtDNA:gDNA ratio was calculated as 
2*2^-(CtDloop−CtGAPDH).
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2.9  Statistics

All data were analyzed using ANOVA followed by post-hoc tests correcting for mul-
tiple testing using Tukey-Kramer using SAS 9.4. All mRNA data were log- transformed 
before statistical analysis in order to obtain a normal distribution. Data are presented 
as means ± s.e.m. A p-value less than 0.05 was considered significant. NS denotes 
non-significance, p > 0.1. A p-value between 0.05 and 0.1 was considered a trend.

3  Results

3.1  Birth Weight, Litter Size, Body Weight, and Food Intake

The LP diet group exhibited an 11% decrease in birth weight, but this was not signifi-
cantly different from CON. However, LP-TAU was significantly lighter at birth com-
pared to CON. Litter size was similar between groups, but LP dams ate significantly 
less and also gained 17% less weight during pregnancy compared to CON (Table 1).

3.2  Effect of LP Diet and Taurine Supplementation on Taurine 
Content, Transport, and Synthesis

Taurine content in newborn skeletal muscle increased in the LP-TAU group com-
pared to both CON and LP with 43% and 40% respectively, as seen in Fig.  1a. 
Changes in taurine content may alter the expression levels of the enzymes involved 

Table 1 Birth weight, litter size, dam body weight, and dam food intake

CON LP LP-TAU ANOVA

Birth weight (g) 5.6 ± 0.14 5.0 ± 0.21 4.7 ± 0.29a 0.01
Litter size 11.8 ± 0.7 10.9 ± 0.6 12.8 ± 1.0 NS
Dam start 
weight (g)

203.2 ± 3.1 202.1 ± 3.3 205.3 ± 3.2 NS

Dam end 
weight (g)

325.4 ± 4.6 269.8 ± 4.5a 279.7 ± 3.1a <.0001

Dam weight 
gain

122.2 ± 4.0 67.7 ± 2.8a 74.3 ± 4.8a <.0001

Dam food 
intake (g)

410 ± 9.5 362.9 ± 7.2a 380 ± 11.5 0.003

Dam food 
intake (KJ)

5505.0 ± 127.0 4869.7 ± 97.3a 5102.3 ± 153.8 0.003

Numbers are mean ± SEM
aSignificantly different from CON (p < 0.05)
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in taurine biosynthesis (cysteinesulfinic acid decarboxylase (CSAD), cysteine diox-
ygenase (CDO), and cysteamine dioxygenase (ADO)). However, we found no dif-
ference in the mRNA levels of these genes between groups (Fig. 1b). Although the 
TauT mRNA levels increased 42% in LP compared to CON, the protein levels of 
TauT were similar between groups (Fig. 1b).

3.3  Mitochondrial Properties

The activity of CS tended to increase in LP-TAU compared to CON as shown in 
Fig. 2a. Transcriptional factor A, mitochondrial (TFAM) mRNA levels decreased 
20% in LP-TAU compared to CON (Fig.  2b). LP diet decreased NADH 
Dehydrogenase (Ubiquinone) Fe–S Protein 1 (Ndufs1) mRNA levels with 19% 
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Fig. 1 Taurine concentration, transport and biosynthesis in skeletal muscle of newborn male rats 
subjected to maternal LP diet with 2% taurine in drinking water. (a) Taurine content in newborn 
skeletal muscle (ANOVA p = 0.012). (b) Taurine transport and synthesis: Protein levels of TauT 
(ANOVA NS) and mRNA levels of TauT (ANOVA p = 0.03), CDO (ANOVA NS), CSAD (ANOVA 
NS), ADO (ANOVA NS). Numbers are mean ± SEM. a.u. (arbitrary units). *Denotes a significant 
difference in the Tukey-Kramer post hoc test between the indicated groups
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compared to CON, with no effect on NADH Dehydrogenase (Ubiquinone) 1 beta 
subcomplex, 6 (Ndufb6) as shown in Fig. 2b. In contrast, CS, pyruvate dehydroge-
nase kinase, isozyme 4 (PDK4), peroxisome proliferator-activated receptor gamma, 
coactivator-1α (PGC-1α), PGC-coactivator-1β (PGC-1β), peroxisome proliferator 
activated receptor α (PPARα) and γ (PPARγ) mRNA levels were similar between 
groups (Fig. 2b).

We also measured the protein levels of the complexes in the respiratory chain, 
but did not see any significant differences between groups (Fig. 2c).

mtDNA (ND1) copy number relative to gDNA were significantly increased by 
taurine supplementation compared to LP alone—thereby indicating a possible res-
cue effect of taurine on mtDNA content (Fig. 2d).
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Fig. 2 Mitochondrial properties in skeletal muscle of newborn male rats subjected to maternal LP 
diet with 2% taurine in drinking water. (a) CS activity (ANOVA NS) in newborn skeletal muscle. 
(b) mRNA levels of CS (ANOVA NS), PDK4 (ANOVA NS), NNDUFb6 (ANOVA NS), NDUFs1 
(ANOVA p = 0.02) and TFAM (ANOVA p = 0.03), of PGC-1α (ANOVA NS), PGC-1β (ANOVA  
NS), PPARα (ANOVA NS), PPARγ (ANOVA NS), Sirt1 (ANOVA NS), Sirt3 (ANOVA NS).  
(c) Protein levels of mitochondrial complex I, II, III and V (ANOVA NS for all). (d) mtDNA:gDNA 
levels (ANOVA p = 0.02). Numbers are mean ± SEM. a.u. (arbitrary units). *Denotes a significant 
difference in the Tukey-Kramer post hoc test between the indicated groups
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3.4  Gene Expression Profiling

The LP diet caused changes in gene expression levels in 895 known genes, with 225 
being down-regulated and 670 being up-regulated (Fig. 3a). Taurine supplementa-
tion resulted in a partial or full rescue of the LP-induced changes in gene expression 
levels of 283 known genes (88 fully rescued, 195 partially rescued), corresponding 
to a 32% rescue (Fig. 3b).

When we examined gene-set over-representation in all the genes changed by LP 
diet (e.g. both up- and down-regulated by LP) we found that mainly genes involved in 
protein synthesis were changed (Table 2). When we only examined the genes that 
were down-regulated by the LP diet, we found that besides changes in genes involved 
in protein synthesis, there were also changes in genes involved in the response to glu-
cose stimulus (Table 3). Interestingly, when we only examined the genes up-regulated 
by the LP diet we found no over-representation of genes involved in protein synthesis, 
but instead we observed changes in cell-communication (Table 4). We found no evi-
dence of taurine rescuing any specific gene sets.
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Fig. 3 Skeletal muscle gene expression profiling of newborn male rats subjected to maternal LP 
diet with 2% taurine in drinking water. Hierarchical clustering of genes. (a) Genes changed by 
maternal LP diet (895 known genes). (b) Genes rescued by taurine (283 genes, 88 fully rescued 
and 195 partially rescued)
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Table 2 Gene set over-representation analysis of genes changed by the LP diet in newborn skeletal 
muscle

Category Term Ease score FDR
Fold 
enrichment

PANTHER_MF_ALL MF00075:Ribosomal protein 8.19E−09 1.01E−05 2.66
PANTHER_BP_ALL BP00061:Protein biosynthesis 1.30E−06 1.61E−03 2.11
GOTERM_CC_FAT GO:0005840~ribosome 1.50E−06 2.08E−03 2.64
GOTERM_MF_FAT GO:0003735~structural 

constituent of ribosome
1.48E−05 2.22E−02 2.56

Genes changed by maternal LP diet were examined for over representation of specific gene sets as 
described in materials and methods. The significantly over-represented gene sets are shown (Ease 
score) a modified Fisher exact test describing the probability of gene set enrichment (FDR) False 
discovery rate multiple testing corrected Ease Score (Fold enrichment) a ratio describing the pro-
portional increase in the number of significant genes present in the gene set compared to number 
of genes present in the gene set in the background

Table 3 Gene set over-representation analysis of genes down-regulated by the LP diet in newborn 
skeletal muscle

Category Term Ease score FDR
Fold 
enrichment

PANTHER_
MF_ALL

MF00075:Ribosomal protein 5.67E−−28 6.19E−25 10.09

PANTHER_
BP_ALL

BP00061:Protein biosynthesis 3.94E−24 4.38E−21 7.35

GOTERM_
CC_FAT

GO:0005840~ribosome 7.93E−18 9.48E−15 8.83

GOTERM_
MF_FAT

GO:0003735~structural constituent 
of ribosome

3.74E−17 4.80E−14 9.55

GOTERM_
MF_FAT

GO:0005198~structural molecule 
activity

3.49E−15 4.41E−12 5.53

PANTHER_
MF_ALL

MF00042:Nucleic acid binding 2.72E−14 2.97E−11 2.45

GOTERM_
BP_FAT

GO:0006412~translation 1.59E−13 2.59E−10 6.02

GOTERM_
CC_FAT

GO:0030529~ribonucleoprotein 
complex

1.57E−12 1.87E−09 5.13

GOTERM_
BP_FAT

GO:0006414~translational 
elongation

4.29E−10 6.97E−07 10.60

KEGG_
PATHWAY

rno03010:Ribosome 6.29E−10 6.37E−07 11.09

GOTERM_
CC_FAT

GO:0043228~non-membrane-
bounded organelle

1.97E−07 2.36E−04 2.11

GOTERM_
CC_FAT

GO:0043232~intracellular 
non-membrane bounded organelle

1.97E−07 2.36E−04 2.11

GOTERM_
BP_FAT

GO:0009749~response to glucose 
stimulus

2.74E−05 4.44E−02 8.88

Genes down-regulated maternal LP diet were examined for over representation of specific gene 
sets as described in materials and methods. The significantly over-represented gene sets are shown. 
Ease Score, FDR and Fold Enrichment, see Table 3
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3.5  Changes in System A and PAT Amino Acid Transporters 
Induced by LP and Taurine

As the gene expression profiling pointed towards major changes in protein transla-
tion in newborn skeletal muscle, as an effect of the maternal LP diet, we wondered 
if the LP diet might have affected amino acid- and glucose transporters in newborn 
skeletal muscle and measured mRNA levels of several amino acid and glucose 
transporter systems (System A—sodium-coupled neutral amino acid transporters 
(SNAT), System L—large neutral amino acid transporters (LAT), PAT—proton-
assisted amino acid transporters, CAT—cationic amino acid  transporters, GLUT1, 
and GLUT4—glucose transporters) (Fig. 4).

In system A, SNAT1 tended to decrease with LP-TAU compared to CON. SNAT2 
mRNA levels were significantly lower in the LP-TAU group compared to both LP 
and CON. SNAT4 mRNA levels were similar between groups. In system L, 4f2hc 

Table 4 Gene set over-representation analysis of genes up-regulated by the LP diet in newborn 
skeletal muscle

Category Term Ease score FDR Fold enrichment

PANTHER_BP_ALL BP00274:Cell 
communication

1.35E−06 1.66E−03 1.90

GOTERM_CC_FAT GO:0042995~cell 
projection

8.47E−06 1.16E−02 1.95

Genes up-regulated maternal LP diet were examined for over representation of specific gene sets 
as described in materials and methods. The significantly over-represented gene sets are shown. 
Ease Score, FDR and Fold Enrichment, see Table 3
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Fig. 4 Nutrient transporters in skeletal muscle of newborn male rats subjected to maternal LP diet 
with 2% taurine in drinking water. The graph shows mRNA levels of amino acid and glucose 
transporters: System L; 4F2HC (ANOVA NS), LAT1 (ANOVA NS). System A; SNAT1 (ANOVA 
p = 0.06), SNAT2 (ANOVA p = 0.002), SNAT4 (ANOVA NS). PAT; PAT1 (ANOVA NS), PAT2 
(ANOVA p = 0.07), PAT4 (ANOVA p = 0.0004). CAT; CAT2a (ANOVA NS), CAT2b (ANOVA 
NS). Glucose transporters; GLUT1 (ANOVA NS), GLUT4 (ANOVA NS). Numbers are 
mean ± SEM. a.u. (arbitrary units). *Denotes a significant difference in the Tukey-Kramer post hoc 
test between the indicated groups
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and LAT1 mRNA levels between groups were similar. LAT2 mRNA levels were 
not detectable by qPCR. PAT1 mRNA levels were similar between groups. PAT2 
mRNA levels tended to decrease with LP diet. PAT4 mRNA levels increased 18% 
when comparing LP to CON, whereas taurine ameliorated this effect—indicating 
a rescue effect of taurine. However, Cat2a and Cat2b mRNA levels were similar 
between groups, whereas Cat1 mRNA could not be detected by qPCR. Furthermore, 
both GLUT1 and GLUT4 mRNA levels were similar between groups (Fig. 4).

3.6  Taurine Supplementation Decreased Both Total AKT 
and Total AMPK Protein Levels

Due to the changes in both protein translation and amino acid transporters we 
hypothesized that these changes may be associated with changes in some of the 
major nutrient sensing signaling pathways.

Phosphoenolpyruvate carboxykinase 1 (PDK1) mRNA and activating transcrip-
tion factor 4 (ATF4) levels were similar between groups (Fig. 5a). Phosphorylation 
of AKT p-Thr308 was also similar between groups both when normalized to β-actin 
and total AKT. Phosphorylation of AKT p-Ser473 tended to increase with LP diet 
compared to CON when normalized to β-actin and total AKT. Surprisingly, total 
AKT protein levels decreased in LP-TAU compared to both LP and CON (Fig. 5b).

As shown in Fig.  5b, AMPK p-Thr172 phosphorylation, when normalized to 
β-actin or total AMPK, was similar between groups. However, total AMPK protein 
levels also decreased significantly in LP-TAU compared to both LP and CON.

Both DNA-Damage-Inducible Transcript 4 (REDD1) mRNA levels and protein 
levels were similar between groups (Fig. 5a). Ribosomal Protein S6 Kinase (S6 K1) 
p-Thr389 phosphorylation tended to increase in LP-TAU compared to LP, when 
normalized to both β-actin and total S6k1. Total S6k1 protein levels were similar 
between groups (Fig. 5b).

3.7  Markers of Myogenesis were Unaffected by LP Diet or 
Taurine Supplementation

The previously discovered LP-induced changes, as well as the observed ameliora-
tion by taurine, may have affected changes in skeletal muscle growth and differen-
tiation, therefore, we investigated different markers of myogenesis.

L.H. Larsen et al.
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The activity of CK was similar between groups as shown in Fig. 6a. Different 
markers were measured by qPCR and Myogenin, Myosin heavy chain (MHC) 
IIX, MHCemb, MHCper, MHCIb, MHCIIa, MHCIIb, Myogenic factor 5 
(Myf5), Myosin (Myo5a + 5b), and Myocyte enhancer factor (Mef) 2a mRNA 
levels were all similar between groups (Fig. 6b). However, Myogenic differen-
tiation 1 (MyoD) mRNA levels tended to decrease with LP diet when taurine 
was supplemented—indicating some effect of taurine. Mef2d mRNA levels 
tended to increase with LP diet compared to CON with no effect of taurine 
(Fig. 6b).
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Fig. 5 Nutrient-sensing 
pathways in skeletal 
muscle of newborn male 
rats subjected to maternal 
LP diet with 2% taurine in 
drinking water. (a) PDK1, 
ATF4, and REDD1 mRNA 
levels and REDD1 protein 
levels (ANOVA NS for 
all). (b) Protein levels of 
AKT p-Thr308 (ANOVA 
NS) and p-Ser473 NS 
(ANOVA p = 0.07) and 
total AKT (ANOVA 
p = 0.02), AMPK p-Thr172 
(ANOVA NS), total AMPK 
(ANOVA p = 0.02), S6K1 
p-Thr389 (ANOVA NS) 
and total S6K1 (ANOVA 
NS). Numbers are 
mean ± SEM. a.u. 
(arbitrary units). *Denotes 
a significant difference in 
the Tukey-Kramer post hoc 
test between the indicated 
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4  Discussion

The aim of this study was to evaluate the effects of taurine supplementation during 
maternal protein restriction on skeletal muscle of male newborn offspring, with 
respect to overall gene expression changes, taurine transport and biosynthesis, mito-
chondrial properties, nutrient transporters and signaling sensing pathways, and fetal 
skeletal muscle growth and differentiation.

We found that LP-Tau had a lower birth weight compared to CON. Yet maternal 
protein restriction alone (LP vs. CON) did not lead to a significant decrease in birth 
weight in the male offspring (Table 1).

Low birth weight is a hallmark feature of developmental programming (Hales 
and Barker 1992) and maternal protein restriction induced low birth weight has 
been demonstrated in several animal models (Boujendar et al. 2002; Merezak et al. 
2004; Mortensen et al. 2010a). In the present study, however, the low birth weight 
phenotype was worsened by taurine supplementation. In C57BL/6J mice, maternal 
low protein diet resulted in a 40% lower birth weight compared to control offspring, 
and taurine prevented half of the decrease (Mortensen et al. 2010a). The effect of 
taurine on birth weight in the present study might be caused by differences in tau-
rine homeostasis between species. It is well known, as mentioned, that the mouse 
strain C57BL/6J has a defect in taurine renal reabsorption (Harris and Searle 1953; 
Chesney et al. 1976). The rescue effect of taurine in C57BL/6 mice could possibly 

0

2000

4000

6000

8000
Con
LP
LP-TAU

C
K

 a
ct

iv
ity

 (
m

U
/ m

g 
pr

ot
ei

n)

M
HCem

b

M
HCpe

r

M
HC1b

M
HCIIa

M
HCIIb

M
HCIIX

M
yo

ge
nin

M
yo

D

M
ef

2a

M
ef

2d

M
yo

5a

M
yo

5b
M

yf5
0.0

0.5

1.0

1.5

m
R

N
A

 (
a.

u.
)

a

b

Fig. 6 Myogenesis in 
skeletal muscle of newborn 
male rats subjected to 
maternal LP diet with 2% 
taurine in drinking water. 
(a) Creatine kinase 
enzymatic activity 
(ANOVA NS). (b) mRNA 
levels of markers of 
myogenesis; MHCemb, 
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MHCIIa, MHCIIb, 
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be interpreted as compensation for this renal absorption defect or as a reflection of 
species differences.

In the present study, taurine content increased significantly in skeletal muscles of 
the taurine supplemented group compared to control (Fig. 1c). Furthermore, earlier 
studies have shown that taurine concentration in plasma decreases with intrauterine 
growth restriction (Economides et al. 1989; Cetin et al. 1990; Reusens et al. 1995; 
Wu et al. 1998). However, we saw no effect on taurine content of intrauterine pro-
tein restriction in skeletal muscle. To our knowledge, this is the first study to exam-
ine the taurine level in newborn skeletal muscle, whereas other studies examined the 
taurine levels in newborn plasma. Alterations in taurine biosynthesis and transport 
have been observed with different maternal diet insults (Bagley and Stipanuk 1994; 
Bella et al. 1999; Tsuboyama-Kasaoka et al. 2006; Stipanuk et al. 2009). In the pres-
ent study, we saw no changes in mRNA levels of enzymes from the taurine synthe-
sis pathway. Although TauT mRNA levels were increased by gestational protein 
restriction, the protein levels were unaffected.

Microarray gene expression analysis of newborn skeletal muscle revealed sig-
nificant changes in 895 genes (Fig. 3a). Taurine fully or partially rescued 32% of 
these changes, but with no distinct pattern as to which genes (pathways) were res-
cued (Fig. 3b). In mice, we have previously demonstrated that taurine supplementa-
tion rescued a large portion of the changes in mRNA expression levels in both 
skeletal muscle and liver caused by maternal protein restriction (Mortensen et al. 
2010a). In newborn skeletal muscle, a large fraction of genes involved in amino acid 
metabolism, protein synthesis, TCA cycle, and energy metabolism genes involved 
in both Complex I–IV and ATP synthesis showed decreased expression in mice 
offspring subjected to gestational protein restriction (Mortensen et al. 2010a). In the 
present study, low protein diet also decreased the mRNA levels Ndufs1 in Complex 
I and microarray gene expression revealed a decrease in genes involved in protein 
synthesis, protein translation and genes involved in the response to glucose stimulus 
(Fig. 2 and Tables 2 and 3).

Interestingly, Reusens et al., showed that taurine supplementation prevented all 
changes in mRNA expression levels of tricarboxylic acid (TCA) cycle and ATP 
production in the pancreas in newborn rats caused by gestational protein restriction 
(Reusens et al. 2008).

Taurine is a constituent of mitochondrial tRNA (Suzuki et al. 2002) and might be 
essential for normal mitochondrial function. Thus, studies of fetal gene expression 
profile in pancreas, skeletal muscle and liver suggest that there may be a mitochon-
drial component in the rescue effect of taurine, due to the distinct pattern of genes 
that were rescued by taurine supplementation (Reusens et al. 2008; Mortensen et al. 
2010a). In the present study, we found no evidence of taurine rescuing in any spe-
cific gene sets and we did not see major changes in mitochondrial gene expression 
as an effect of the LP diet. However, we did observe an increase in mtDNA in off-
spring of taurine supplemented rats with gestational protein restriction, compared to 
gestational protein restriction alone, with no difference between CON and 
LP-TAU. Furthermore, we saw no difference between groups in CS activity, which 
can be considered a measure of mitochondrial mass (Larsen et al. 2012). In contrast, 
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Park et  al., reported a decrease in skeletal muscle mtDNA in gestational protein 
restricted 5-week old rats (Park et al. 2004).

The concept that intrauterine growth restriction may impair myogenesis has been 
demonstrated many years ago and has been studied in a variety of species. Effects 
such as impaired or limited myoblast cell cycle activity, reduced number of myonu-
clei, and reduced amount of myofibers in the fetus have been reported (Wilson et al. 
1988; Dwyer and Stickland 1992; Prakash et al. 1993; Dwyer et al. 1995; Greenwood 
et al. 1999; Osgerby et al. 2002; Bayol et al. 2004; Costello et al. 2008). In contrast, 
in the present study, protein restriction throughout gestation had no significant 
impact on the different markers of myogenesis we measured, other than a trend in 
MyoD mRNA level towards a more mature myogenesis with taurine supplementa-
tion. Furthermore, nutrient sensing pathways were largely unaffected by both gesta-
tional protein restriction and taurine supplementation, despite changes seen in 
system A and PAT amino acid transporters. Taurine supplementation, however, did 
cause an unexpected decrease in total Akt and AMPK protein levels indicating a 
possible effect of taurine on growth, insulin signaling, and nutrient sensing.

5  Conclusion

In conclusion, gestational protein restriction in Wistar rats decreased expression of 
genes involved in protein translation in newborn skeletal muscle and led to a decrease 
in nutrient transporters in system A and PAT. Taurine was able to rescue parts of these 
effects, but not as systematic as in C57BL/6J mice. However, the present study further 
solidifies the importance of taurine availability in fetal development.
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