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Abstract. The present study aimed to investigate the response 
of the phosphatidylinositol 3‑kinase (PI3K) signaling pathway 
and gluconeogenic enzymes in intrauterine growth‑restricted 
rats to dietary L‑arginine (L‑Arg) supplementation during 
the lactation period early in life. Pregnant Sprague‑Dawley 
rats were randomly divided into a control group (CON), an 
intrauterine growth restriction group (IUGR) and an L‑Arg 
group (LA). The pregnant rats in the CON group were fed a 21% 
protein diet, and those in the IUGR and LA groups were fed a 
10% low protein diet, and all rats were fed a 21% protein diet 
after delivery. Water was available ad libitum to the pregnant 
rats during the 21‑day lactation period, and the water provided 
to the LA group included 200 mg/kg/day L‑Arg. Blood glucose, 
serum insulin, homeostasis model of assessment for insulin 
resistance (HOMA‑IR), PI3K and protein kinase B (PKB) 
protein expression, and phosphoenolpyruvate carboxykinase 
(PEPCK) and glucose‑6‑phosphatase (G‑6‑Pase) mRNA 
expression in the offspring rats were measured postnatally at 
1, 3 and 8 weeks. No significant difference in blood glucose, 
serum insulin and HOMA‑IR were identified at any time 
point among the three groups. PI3K and PKB expression 
was lower in the IUGR group offspring compared with that 
in the CON group offspring, but both were increased by 
dietary L‑Arg supplementation. PEPCK mRNA and G‑6‑Pase 
mRNA expression levels in the offspring of the IUGR group 
were higher compared with those in the CON group but were 
downregulated following L‑Arg supplementation. These 
results suggest that dietary L‑Arg supplementation during the 
early lactation period promoted catch‑up growth and reversed 

abnormalities in hepatic insulin signaling and gene expression 
of gluconeogenic enzymes in IUGR offspring rats.

Introduction

Intrauterine growth restriction (IUGR) is a common compli-
cation of pregnancy that results in fetal/neonatal morbidity. 
Epidemiological and animal studies have closely linked IUGR 
with adult metabolic syndrome (MS), which includes type 2 
diabetes, central obesity, hypertension and hyperlipemia (1‑3). 
However, the basic mechanism for the later development of 
MS has not been fully uncovered, and insulin resistance (IR) 
is hypothesized to be a key physiopathological process (4). The 
liver is sensitive to insulin, and hepatic IR leads to dysfunction in 
glucose intake and utilization. In hepatic cells, insulin‑binding 
insulin receptor substrate (IRS) proteins produce biological 
effects through the phosphatidylinositol 3‑kinase (PI3K) 
signaling pathway  (5). As a direct target protein of PI3K, 
protein kinase B (PKB) may participate in hepatic growth and 
differentiation and glucose metabolism (6). Gluconeogenesis 
is primarily modulated by phosphoenolpyruvate carboxyki-
nase (PEPCK) and glucose‑6‑phosphatase (G‑6‑Pase)  (7). 
An impaired hepatic insulin signaling pathway reduces the 
inhibitory effect of glucose of the gene transcription of gluco-
neogenic enzymes, including PEPCK and G‑6‑Pase, which 
increases gluconeogenesis and induces IR (8).

Nutrients are important regulators of gene transcription 
and translation, and control metabolic status and metabo-
lites (9). In undernourished mothers, supplementation of the 
maternal diet with L‑arginine (L‑Arg) promotes fetal growth 
and ameliorates IUGR (10,11). In addition, dietary supplemen-
tation with L‑Arg in animal models of diabetes reduces body 
weight and blood glucose levels (12). However, most studies 
of dietary L‑Arg intervention have involved implementation 
during intrauterine life or adult disease models, and very few 
have addressed the question of whether L‑Arg supplementa-
tion in the early postnatal period could be a nutritional strategy 
for combating IUGR, particularly by reversing IR caused by a 
maternal protein‑restricted diet.

A previous study showed that L‑Arg supplementation in 
early pregnancy was able to stimulate PI3K protein expression 
in skeletal muscle and PKB phosphorylation (13). However, it is 
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unclear whether L‑Arg intervention during the early lactation 
period in rats affected by IUGR has a positive effect on later 
hepatic IR. This aim of the present study was to investigate the 
role of PI3K signaling in maternal malnutrition programming 
and determine whether dietary L‑Arg supplementation during 
early life is able to alleviate the negative effects of IR caused 
by IUGR in offspring.

Materials and methods

Rats and experimental design. The experimental protocols 
were approved by the Experimental Animal Center of 
the Second Xiangya Hospital of Central South University 
(Changsha, China). A total of 18  male and 18  female 
3‑month‑old Sprague‑Dawley (SD) rats (weighing 250‑300 g) 
were included in this study. This study was carried out in 
strict accordance with the recommendations in the Guide 
for the Care and Use of Laboratory Animals of the National 
Institutes of Health. The animal use protocol has been 
reviewed and approved by the Institutional Animal Care 
and Use Committee (IACUC) of Central South University. 
The male and female rats were placed in individual cages 
at a ratio of 1:1. When a vaginal plug was observed in the 
female, that day was designated as gestation day 1. Pregnant 
rats were randomly divided into a control group (CON), an 
IUGR group (IUGR) and an L‑Arg group (LA). The estab-
lishment of the IUGR model was conducted as described in 
our previous studies with modifications (14,15). The pregnant 
rats in the CON group were fed a 21% protein diet (normal 
feed) and normal water during pregnancy and lactation. The 
pregnant rats in the IUGR group were fed a 10% protein diet 
(protein‑restricted feed) only during pregnancy and a 21% 
protein diet (normal feed) and normal water during lactation. 
The pregnant rats in the LA group were fed protein‑restricted 
feed during pregnancy, and normal feed and water supple-
mented with L‑Arg 200  mg/kg/day during lactation. At 
weaning on postnatal day 21, the offspring of the three groups 
were all given normal feed and normal water for 8 weeks; 
this time period was specifically selected to represent the 
juvenile‑pubertal period (16). The animals were housed in 
a room with temperature of 21‑22˚C, humidity of 50‑70% 
and a 12 h light/dark cycle. The composition of the diet was 
as previously described (14). There were 8‑10 offspring in 
each nest during lactation, and nests with >14 offspring or 
<8 offspring were excluded. For 6 offspring rats, body weight 
was measured and blood samples and hepatic tissue samples 
were collected at of 1, 3 and 8 weeks of age. Postnatal week 3 
was set as the weaning point and the end of the intervention. 
Liver samples were taken <5 min after sacrifice, separated 
into two parts and snap‑frozen in liquid nitrogen prior to 
being stored at ‑80˚C for later use in western blotting and 
reverse transcription‑ polymerase chain reaction (RT‑PCR) 
assays.

Blood glucose and biochemical measurements. Prior to 
sacrificing the rats at each time point, blood glucose was 
measured after a 1‑h fast using cut tail tips with an Accu‑Chek 
Blood Glucose Meter (Roche Diagnostics GmbH, Mannheim, 
Germany). Serum insulin was measured using a competitive 
radioimmunoassay (INS RIA kit; catalogue number RC‑01‑01; 

3V Bio Engineering Co., Ltd., Weifang, China). IR was calcu-
lated according to the homeostasis model of assessment for 
insulin resistance (HOMA‑IR) (17).

Western blot analysis. Hepatic tissues were homogenized in 
ice‑cold radioimmunoprecipitation assay buffer containing 
protease and phosphatase inhibitor cocktails (EMD Millipore, 
Billerica, MA, USA). The concentration of total protein 
was determined using a Bicinchoninic acid protein assay 
kit according to the manufacturer's protocol (cat. no. P0012, 
Beyotime Institute of Biotechnology, Haimen, China). 
Total protein (20  mg) samples were separated on 10% 
SDS‑polyacrylamide gels and transferred onto polyvinylidene 
difluoride membranes (EMD Millipore). The membranes 
were blocked with l% bovine serum albumin (Fuzhou Maixin 
Biotech Co., Ltd., Fuzhou, China) for 1 h at room tempera-
ture (RT). Blots were incubated with PI3K p85 (19H8) rabbit 
mAb and PKB (11E7) rabbit mAb (catalogue number 4257; 
1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA) 
at 4˚C for 2  h. Anti‑β‑actin antibody (1:1,000, catalogue 
number ab8226, Abcam, Cambridge, MA, USA) was used 
as internal reference. The primary antibodies were detected 
using horseradish peroxidase‑conjugated goat anti‑rabbit IgG 
antibody (catalogue number 95058‑730; 1:1,000; KPL, Inc., 
Gaithersburg, MD, USA) with incubation at 4˚C for 2 h . Bands 
were visualized using enhanced chemiluminescence (KPL, 
Inc.). Bands were scanned and protein expression quantified 
using Quantity One software (v4.62; Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA).

RT‑PCR. Total RNA was isolated from the hepatic tissue of 
the rat pups using TRIzol reagent (Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) according to the user manual 
provided with the reagent. RT was performed using a One Step 
PrimeScript® RT kit (Thermo Fisher Scientific, Inc.). The RT 
reaction condition was 37˚C for 15 min, followed by 85˚C for 
5 sec, and the reaction system (20 µl for each sample) was as 
follows: PrimeScript Buffer (5x), 4 µl; PrimeScript RT Enzyme 
Mix I, 1 µl; Oligo Dt Primer (50 µmol/l), 1 µl; Random 6 mers 
(100 µmol/l), 1 µl; total RNA, 13 µl. The rat PEPCK gene was 
amplified using the forward primer 5'‑GGG​TGG​ACC​TCC​
TGT​GGA​CT‑3' and the reverse primer 5'‑GGC​TTC​AGC​GAG​
TCA​AAG​AGA‑3'. The rat G‑6‑Pase gene was amplified using 
the forward primer 5'‑GCC​CAA​GAT​CTT​CCA​CGT​CA‑3' 
and the reverse primer 5'‑CGA​TCT​CCT​CCA​CCT​CCT​TC‑3'. 
The β‑actin gene was amplified as an internal control using 
the forward primer 5'‑TCC​TCC​CTG​GAG​AAG​AGC​TA‑3' 
and the reverse primer 5'‑TCA​GGA​GGA​GCA​ATG​ATC​
TTG‑3'. The PCR system (15  µl for each sample) was as 
follows: Premix Ex Taq (2x), 7.5 µl; forward primer (10 µmol/l), 
0.25 µl; reverse primer (10 µmol/l), 0.25 µl; cDNA (5 ng/µl), 
3 µl; dH2O, 4 µl. Primers were designed and synthesized by 
Shanghai Invitrogen Biotechnology Co., Ltd. (Shanghai, 
China; Table I). After initial denaturation of 15 min at 95˚C, 
the PCR condition was as follows: for TNF‑α, 50 cycles of 
95˚C for 15 sec, 61˚C for 15 sec, and 72˚C for 15 sec; for VEGF, 
40 cycles of 95˚C for 10 sec, 58˚C for 15 sec, and 72˚C for 
10 sec. PCR products were separated by 5% agarose gel elec-
trophoresis followed by analysis using a LabWork 4.0 image 
analysis system (Labworks Inc., NY, USA). The expressions of 
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PEPCK and G‑6‑Pase mRNA were presented by the ratio of 
optical density of target gene to β‑actin.

Statistical analysis. Data were analyzed using SPSS version 
13.0 (SPSS, Inc., Chicago, IL, USA). All results are shown 
as the mean ± standard deviation. Statistical significance of 
the differences among the three groups was determined by 
analysis of variance, followed by least significant difference 
test. The χ2 test was performed to detect differences in the 
proportions of categorical variables. P<0.05 was considered to 
indicate a statistically significant result.

Results

IUGR model establishment. After continuous mating for 
14 days, 14 female rats became pregnant All pregnant rats went 
into labor on gestation days 21‑23, without miscarriage. Table I 

shows the baseline characteristics of the CON, IUGR and LA 
groups during the perinatal period. There was no difference 
in the average litter size among the groups. The body weight 
of offspring was significantly lower in the IUGR and LA 
groups compared with that in the CON group (P<0.01), which 
was accompanied by a higher incidence of low‑birth‑weight 
(LBW) offspring rats. LBW was defined as less than the 
average birth weight of the offspring rats in the CON group 
minus two standard deviations (18).

Measures of body weight, blood glucose, serum insulin and 
HOMA‑IR after birth. Table II presents a comparison of the 
body weight and blood glucose levels in the three groups at 
postnatal weeks 1, 3 and 8. Compared with the offspring in 
the CON group, body weight was significantly lower in the 
IUGR group at all time points. Body weight in the LA group 
at 1 week was lower than that in the CON group but higher 

Table II. Comparison of body weight, blood glucose, serum insulin and HOMA‑IR of offspring among the three groups.

Variable	 CON	 IUGR	 LA	 F	 P‑value

Body weight, g
  1 week	 14.76±3.46	 10.99±0.44a	 12.46±1.56a,b	 23.190	 <0.001
  3 weeks	 36.58±9.77	 28.53±8.08a	 36.38± 6.62b	 7.194	 0.002
  8 weeks	 162.67±29.64	 99.05±18.83a	 128.42±30.68	 12.554	 <0.001
Blood glucose, mmol/l
  1 week	 5.53±0.51	 5.42±0.69	 5.64±0.52	 1.766	 0.175
  3 weeks	 5.52±1.05	 5.73±1.39	 5.99±0.73	 0.905	 0.410
  8 weeks	 5.40±1.30	 5.43±1.26	 5.17±1.68	 0.002	 0.998
Serum insulin, mIU/l
  1 week	 119.62±21.73	 117.11±42.25	 118.2±36.50	 0.008	 0.992
  3 weeks	 82.75±17.07	 81.52±22.52	 79.80±22.70	 0.030	 0.970
  8 weeks	 38.96±18.77	 39.94±19.28	 36.80±5.60	 0.062	 0.941
HOMA‑IR
  1 week	 3.36±0.17	 3.28±0.46	 3.31±0.40	 0.073	 0.930
  3 weeks	 3.00±0.30	 3.01±0.39	 3.02±0.33	 0.005	 0.995
  8 weeks	 2.12±0.65	 2.18±0.26	 2.07±0.40	 0.078	 0.925

aP<0.05 compared with the CON group, bP<0.05 compared with the IUGR group. CON, control; IUGR, intrauterine growth restriction; LA, 
L‑arginine supplemented IUGR; HOMA‑IR, homeostasis model of assessment for insulin resistance.

Table I. Baseline characteristics of the study groups in the perinatal period.

	 Pregnant	 Total	 Mean offspring 	 Mean birth weight of 	 LBW offspring	 Prenatal
Group	 rats, n	 offspring, n	 per litter, na	 offspring rats, ga	 rats, n (%)b	 mortality, n (%)b

CON	 6	 65	 10.8±1.72	 6.98±0.44	 2 (3.08)	 1 (1.54)
IUGR	 4	 43	 10.7±2.06	 6.09±0.50c	 30 (69.76)c	 4 (9.30)
LA	 4	 44	 11.0±1.41	 5.92±0.61c	 30 (68.18)c	 0 (0)
F (χ2)			   1.213	 5.151	 66.897	 3.530
P‑value			   0.979	 <0.001	 <0.001	 0.113

Comparisons using aF statistics or bChi‑square test. cP<0.01 compared with the CON group. CON, control; IUGR, intrauterine growth restric-
tion; LA, L‑arginine supplemented IUGR; LBW, low birth weight. 
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than that in the IUGR group. Body weight in the LA group 
was not significantly different from that in the CON group at 
3 weeks. There was no significant difference in blood glucose, 
serum insulin and HOMA‑IR at any time point among the 
three groups. Serum insulin decreased gradually with age in 
the three groups.

Hepatic PI3K and PKB protein expression. A comparison of 
hepatic PI3K and PKB protein expression at postnatal weeks 
1, 3 and 8 among the three groups is shown in Table III. PI3K 
expression was significantly lower in the IUGR group compared 
with that in the CON group at all time points. Expression of 
PI3K protein in the LA group at 1 week was higher than that 
in the IUGR group, and there was no difference between the 
CON and LA groups at this time point. At 3 and 8 weeks, PI3K 
expression levels in the LA group were between those of the 
CON and IUGR groups, and there was no significant difference 
between the LA and IUGR groups or between the LA and CON 
groups. PKB protein expression did not differ among the three 
groups at 1 and 3 weeks, while at 8 weeks, expression of PKB 
in the IUGR group was lower than that in the CON group; in 
the LA group, PKB protein expression was higher compared 
with that in the IUGR group and was not different compared 
with that in the CON group (Table III and Fig. 1).

Hepatic PEPCK mRNA and G‑6‑Pase mRNA expression. A 
comparison of hepatic PEPCK and G‑6‑Pase mRNA expression 
at postnatal weeks 1, 3 8 among the three groups is shown in 
Table IV. PEPCK mRNA expression in the IUGR group was 
higher than that in the CON group at 3 and 8 weeks. PEPCK 
mRNA expression at 3 weeks in the LA group was lower than 
that in the IUGR group and was not different from that in the 
CON group. At 8 weeks in the LA group, PEPCK mRNA 
expression remained lower than in the IUGR group but higher 
than in the CON group. G‑6‑Pase mRNA expression was higher 
in the IUGR group than in the CON group at all time points. 
At 1 week, G‑6‑Pase mRNA expression in the LA group was 
higher compared with that in the CON group and was not 
different from that in the IUGR group. At 3 weeks in the LA 
group, G‑6‑Pase mRNA expression was lower compared with 
that in the IUGR group and was not different from that in the 
CON group. At 8 weeks, G‑6‑Pase mRNA expression in the LA 
group was lower than that in the IUGR group but higher than 
that in the CON group (Table IV and Fig. 2).

Discussion

As a strong risk factor of IR, IUGR is associated with an increased 
risk of MS in adulthood (1,19). In the present study, an IUGR rat 

Table IV. Comparison of hepatic PEPCK and G‑6‑Pase mRNA expression among the three groups.

mRNA	 CON	 IUGR	 LA	 F	 P‑value

PEPCK 
  1 week	 0.37±0.09	 0.44±0.08 	 0.42±0.06	 1.255	 0.313
  3 weeks	 0.90±0.04	 1.09±0.13a	 0.94±0.11b	 6.230	 0.011
  8 weeks	 1.29±0.07	 2.40±0.12a	 2.23±0.14a,b	 165.872	 <0.001
G‑6‑Pase 
  1 week	 0.81±0.12	 1.09±0.04a	 1.03±0.08a	 19.003	 <0.001
  3 weeks	 1.23±0.15	 1.85±0.08a	 1.24±0.15b	 43.172	 <0.001
  8 weeks	 1.36±0.04	 2.24±0.14a	 1.89±0.07a,b	 134.742	 <0.001

aP<0.05 compared with the CON group, bP<0.05 compared with the IUGR group. CON, control; IUGR, intrauterine growth restriction; LA, 
L‑arginine supplemented IUGR; PEPCK, phosphoenolpyruvate carboxykinase; G‑6‑Pase, glucose‑6‑phosphatase.  

Table III. Comparison of hepatic PI3K and PKB protein expression in the three groups.

Protein	 CON	 IUGR	  LA	 F	 P‑value

PI3K 
  1 week	 0.647±0.029	 0.586±0.037a	 0.634±0.035b	 9.764	 <0.001
  3 weeks	 0.540± 0.035	 0.493± 0.033a	 0.528±0.028	 7.192	 0.003
  8 weeks	 0.564±0.061	 0.490±0.049a	 0.517±0.063	 4.270	 0.022
PKB
  1 week	 0.758±0.049	 0.725±0.046	 0.730±0.034	 1.506	 0.237
  3 weeks	 0.681±0.051	 0.653±0.040	 0.682±0.062	 1.282	 0.291
  8 weeks	 0.625±0.031	 0.556±0.041a	 0.618±0.050b	 9.334	 0.001

aP<0.05 compared with CON group, bP<0.05 compared with IUGR group. CON, control; IUGR, intrauterine growth restriction; LA, L‑arginine 
supplemented IUGR; PI3K, phosphatidylinositol 3‑kinase; PKB, protein kinase B.
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model was established by restricting maternal protein during 
pregnancy and it was observed that IUGR‑affected pups had a 
consistently lower body weight compared with the CON group 
from birth to postnatal week 8 (considered the pubertal period) 
and did not experience catch‑up growth. The present study 
also showed that IUGR pups had no peripheral signs of obesity 
and diabetes development, such as evident IR, weight gain and 
increased blood glucose, up to 8 weeks. Simmons et al (20) 
also observed no significant difference in blood glucose and 
plasma insulin levels at 1 week but reported mild fasting hyper-
glycemia and hyperinsulinemia between 7 and 10 weeks and 
markedly elevated levels of glucose at 26 weeks in IUGR rats. 
Vo et al (21) demonstrated glucose intolerance in rats with low 
protein‑induced IUGR at 4 months. The reason that catch‑up 
growth, high blood glucose and IR developed at different post-
natal times in the IUGR animal models in the literature may 
be due to different modeling methods, animal species, raising 
conditions and observation times. The distinct biochemical 
abnormality in IUGR often manifests in adulthood, whereas 
IR is already present early in life (22,23), which suggests that 
molecular‑level factors may be the predictors of adult MS.

Although rats with IUGR did not exhibit evident physical 
functional changes in early life, ‘adaptive changes’ at the cell 
or gene level may have already occurred. In the present study, 
hepatic PI3K protein expression in the rats of the IUGR group was 
consistently lower compared with that in CON rats from postnatal 
week 1, and decreased PKB protein expression began at 8 weeks, 
indicating that rats with IUGR had an abnormal insulin signaling 
pathway. Thus, PI3K and PKB protein expression decreased in 
the rats with IUGR, and the abnormality in PI3K preceded that 
in PKB. Moreover, PEPCK mRNA expression was upregulated 
at 3 weeks and G‑6‑Pase mRNA expression was increased at 
1 week, which suggested that abnormal gene transcription of 

gluconeogenic enzymes in pups with IUGR emerged early 
in postnatal life. PI3K and PKB are important proteins in the 
hepatic insulin signaling pathway, and PKB is the direct target 
protein of the insulin receptor and PI3K. The abnormal expres-
sion of PI3K and PKB may influence the normal process of 
hepatic insulin signal transduction and glucose transfer, eventu-
ally resulting in hepatic IR (8,20). PEPCK and G‑6‑Pase are key 
rate‑limiting enzymes of glyconeogenesis and are regulated at the 
transcriptional level. Changes in PEPCK mRNA reflect PEPCK 
activity and the glyconeogenic rate. Studies have shown that 
decreased PKB protein expression in skeletal muscle inhibits the 
transport of glucose transporter 4 and reduces insulin‑mediated 
glucose uptake and glycolysis (24,25). In the present study, PKB 
protein expression was not obviously abnormal until puberty, 
at which time PKB activation became a serious obstacle to 
insulin stimulation and then affected the further transmission of 
insulin signaling. In addition, the downregulation of PI3K and 
PKB proteins may upregulate the gene transcription of PEPCK 
and G‑6‑Pase, increase the expression of PEPCK mRNA and 
G‑6‑Pase mRNA, and result in glyconeogenesis and increased 
blood glucose, further exacerbating IR. However, previous 
studies in rats emphasized that the overexpression of the PEPCK 
gene and altered signal transduction downstream of the insulin 
receptor represented the most likely mechanism of increased 
glycogen production in IR, which was responsible for diabetes. 
Sun et al (26) showed that PEPCK overexpression in transgenic 
mice resulted in a selective reduction in IRS‑2 protein, decreased 
PI3K activity, and reduced the ability of insulin to suppress gluco-
neogenic gene expression. Vuguin et al (27) showed that PEPCK 
and G‑6‑Pase mRNA levels were increased in the livers of rats 
with IUGR, suggesting that insulin signaling is impaired in the 
IUGR liver and that gluconeogenesis is augmented in IUGR rats 
prior to the onset of hyperglycemia, which was consistent with 
the animal model in the present study.

Nutritional programming is the hypothesis that a stimulus 
or insult during a critical or sensitive period of development 
can have long‑term or lifetime effects on an organism (28,29). 
Currently, L‑Arg is used in the treatment of adult diabetes. To 
our knowledge, although the effect of L‑Arg administration 
during pregnancy on fetal growth and development has been 
investigated in previous studies, the effects of exogenous L‑Arg 
are unclear. For example, Satterfield et al (30) indicated that 
L‑Arg administration to nutrient‑restricted maternal sheep 
enhanced fetal pancreatic and brown adipose tissue development. 
Sieroszewski et al (11) demonstrated that L‑Arg administration 
to pregnant women with growth restriction may improve fetal 
growth and increase birth weight. However, the study performed 
by Winer et al (31) indicated that L‑Arg was not an effective 
treatment for severe vascular growth restriction. In the present 
study, the effect of L‑Arg supplementation in early postnatal 
rats on the hepatic PI3K signaling pathway and gluconeogenic 
enzymes was first examined. L‑Arg was administered to rats 
with IUGR in early life during the lactation period, and it was 
observed that L‑Arg promoted body weight gain and catch‑up 
growth in LA rats with no abnormalities in blood glucose, serum 
insulin, HOMA‑IR and peripheral IR. It was also observed 
that after 1 week of L‑Arg supplementation, PI3K protein 
expression in the livers of LA rats increased, and PKB protein 
expression in the livers of LA rats was subsequently upregu-
lated at 8 weeks. Furthermore, PEPCK and G‑6‑Pase mRNA 

Figure 2. Hepatic (A) PEPCK mRNA and (B) G‑6‑Pase mRNA expres-
sion in the three groups. PEPCK, phosphoenolpyruvate carboxykinase; 
G‑6‑Pase, glucose‑6‑phosphatase; IUGR, intrauterine growth restriction; 
LA, L‑arginine supplemented IUGR.

Figure 1. Hepatic (A) PI3K and (B) PKB protein expression in the three 
groups. PI3K, phosphatidylinositol 3‑kinase; PKB, protein kinase B; IUGR, 
intrauterine growth restriction; LA, L‑arginine supplemented IUGR.
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in the LA group decreased from postnatal week 3. Notably, 
L‑Arg supplementation in early life increased hepatic PI3K and 
PKB protein expression, downregulated PEPCK and G‑6‑Pase 
gene transcription, improved insulin signaling and glucose 
metabolism, and reduced gluconeogenesis. L‑Arg administra-
tion was stopped at 3 weeks when the rats were weaned. At 
that time point, body weight gain and PEPCK and G‑6‑Pase 
mRNA expression in the rats that received supplementation had 
changed markedly to approximately the normal levels; however, 
after stopping L‑Arg supplementation, the changes weakened, 
which suggested that the intervention time should be extended 
or the intervention dose increased. Therefore, further studies are 
required to determine the appropriate treatment time and dose 
of L‑Arg supplementation and explore whether L‑Arg has the 
same positive effect on other insulin target organs.

In conclusion, the results of the present study demonstrated 
that decreased hepatic PI3K and PKB protein expression and 
increased PEPCK and G‑6‑Pase mRNA expression occurred 
early in the life of IUGR rats, which may reflect the molecular 
basis of hepatic IR in individuals affected by IUGR. These 
results suggest that dietary L‑Arg supplementation during the 
early lactation period promoted catch‑up growth and reversed 
the abnormalities in hepatic insulin signaling and gene expres-
sion of gluconeogenic enzymes in IUGR offspring rats. This 
study provides insights into approaches to ameliorate the nega-
tive effects of IUGR on offspring using nutritional strategies 
during the early period of life.
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