Effects of dietary methionine restriction on postnatal growth, insulin sensitiv-
ity, and glucose metabolism in intrauterine growth retardation pigs at 49 and
105 d of age!
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ABSTRACT: This study was conducted to inves-
tigate the effects of methionine restriction (MR)
on growth performance, insulin sensitivity, and
hepatic and muscle glucose metabolism in intra-
uterine growth retardation (IUGR) pigs at 49 and
105 d of age. At weaning (day 21), 30 female nor-
mal birth weight (NBW) piglets were fed control
diets with adequate methionine (NBW-CON),
whereas 60 female IUGR piglets were fed either
the control diets (IUGR-CON) or MR diets which
were 30% reduced in methionine (IUGR-MR)
(n = 6 replicates (pens) with five piglets per repli-
cate). At 49 and 105 d of age, one pig with a BW
near to the mean of each replication was selected
for biochemical analysis. Compared with NBW-
CON pigs, IUGR-CON pigs exhibited lower rel-
ative daily gain (RDG) and homeostasis model
assessment of insulin resistance (HOMA-IR)
index at day 49 (P < 0.05), but higher RDG and
HOMA-IR index at day 105 (P < 0.05). Hepatic
phosphoenolpyruvate carboxykinase and glu-
cose-6-phosphatase (G6Pase) activities were

higher in TUGR-CON than NBW-CON pigs at
both days 49 and 105 (P < 0.05), while hepatic gly-
cogen synthase and glycogen phosphorylase activ-
ities were lower in IUGR-CON pigs at both two
ages (P <0.05). In addition, compared with NBW-
CON pigs, [IUGR-CON pigs (105-d old) had lower
protein kinase B phosphorylation (PKB/Akt)
in liver (P < 0.05), but not in muscle (P > 0.05).
Compared with I[UGR-CON pigs, IUGR-MR
pigs had lower RDG at day 49, less blood glu-
cose at day 105, and lower HOMA-IR index at
both days 49 and 105 (P < 0.05). Additionally,
compared with [UGR-CON pigs, MR decreased
IUGR-MR pigs’ hepatic G6Pase activities and
increased their hepatic glycogen contents at day
105 (P < 0.05), as well as increased their hepatic
and muscle PKB/Akt phosphorylation (P < 0.05).
In conclusion, the ability of dietary MR to restrict
IUGR pigs’ growth and to reduce blood glucose
appeared, respectively, in earlier and later period,
but MR improved TUGR pigs’ insulin sensitivity
at both days 49 and 105.
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INTRODUCTION

Intrauterine growth retardation (IUGR) is
usually defined as a failure of the fetus to achieve
the intrinsic growth potential (Rosenberg, 2008),
affecting approximately 7% to 15% of all new-
borns in human (Saleem et al., 2011) and 15% to
20% in pig production (Quiniou et al., 2002; Su
et al., 2007). Individuals born with I[UGR are at
high risks of chronic metabolic diseases because
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of changes in the structures and functions of impor-
tant metabolic organs during fetal period (Barker,
2012). A great number of human epidemiological
investigations and animals researches have demon-
strated that IUGR individuals are prone to the
development of type 2 diabetes mellitus (T2DM),
which was associated with [UGR-induced insulin
resistance, increased hepatic glucose production,
and reduced hepatic and/or muscle glycogen syn-
thesis (Simmons et al., 2001; Selak et al., 2003;
Martin-Gronert and Ozanne, 2007; Whincup et al.,
2008; Li et al., 2010). Additionally, it has been
found that the catch-up growth occurring in post-
natal life was in a close relation with the progress of
insulin resistance and glucose metabolic disorder in
IUGR individuals (Simmons et al., 2001; Morrison
et al., 2010). On the contrary, inhibition of postna-
tal catch-up could help to attenuate [UGR-induced
adverse effects on insulin sensitivity and metabolic
activities (Singhal et al., 2003; Lim et al., 2011).
Dietary methionine restriction (MR) is a nutri-
tional intervention technique, which decreases
methionine content in diets. Besides slowing aging
and improving metabolic health in normal birth
weight (NBW) animals (Ables et al., 2012; Lees
et al., 2014; Stone et al., 2014), our previous study
has also showed that MR decreased BWs, improved
insulin sensitivity, and reversed hyperglycemia in
180-d-old IUGR pigs, which suggested that dietary
MR may be beneficial to lower IUGR-induced high
risk of T2DM (Ying et al., 2017). Early postnatal
stage is a key window where the ITUGR-induced
programming can be reversed (Vickers et al., 2005;
Hochbergetal., 2011), soitis worth further research
about the effects of MR on young TUGR pigs,
especially at different ages. Therefore, this study
was performed to investigate the effects of MR on
growth, blood glucose concentration, insulin sensi-
tivity, and hepatic and muscle glucose metabolism
in [TUGR pigs at 49 and 105 d of age, which can
also investigate potential different effects at these
two ages. Because the high similarity of anatomy
between pigs and human and the suitability of
using pigs as an animal model for human T2DM
(Bellinger et al., 2006), this study may provide some
information for relevant research in human.

METHODS AND MATERIALS

Animals and Treatments

During the preparation, healthy pregnant
sows with similar expected date of confine-
ment (<3 d) and parity (second and third) were

preselected and fed a commercial diet according to
professional production standard. At farrowing,
approximately 90 sows that had similar litter sizes
(11 to 13 piglets) and IUGR offspring were further
selected. The birth weight and sex of each piglet
(Landrace X Yorkshire) were recorded carefully.
In each litter, one female NBW piglet (~1.52 kg)
and two same-sex naturally occurring IUGR lit-
termates (~0.87 kg) were preselected according to
their birth weights (D’inca et al., 2010); specifi-
cally, a newborn piglet with a birth weight near
the mean (within 0.5 SD) was defined as normal
NBW piglet, whereas a 2 SD lower birth weight
was identified as IUGR piglet. At weaning (21 d
of age), 30 female NBW piglets were randomly
selected and fed control diets, whereas their [IUGR
littermates were randomly assigned to the control
diets or MR diets. Thereafter, 30 female NBW pig-
lets and 60 same-sex IUGR piglets were allocated
to three groups: NBW-CON group (~6.55 kg),
IUGR-CON group (~4.85 kg), and ITUGR-MR
(~4.84 kg); each group consisted of six replicates
(pens) with five piglets per replicate. The control
diets were formulated with adequate methionine
according to the NRC (NRC, 2012), and the MR
diets were 30% reduced in methionine. The two
kinds of diets were isonitrogenous by adjusting
with rL-alanine. The composition and nutrient
levels of the diets are given in Supplementary
Table 1. Feed and water were provided ad libi-
tum. The BW and feed consumption of pigs were
recorded approximately every 2 wk on the basis
of pen (including those at 49 and 105 d of age).
Then the relative daily gain (RDG; BW gain (g) -
day (d)™!" starting BW (kg)™!), relative daily feed
intake (RDFI; feed consumption (g) * day (d)™"
mean BW (kg)™"), and G:F (BW gain (g) * feed
consumption (g)') were calculated. All experi-
ments were approved by the Institutional Animal
Care and Use Committee of Nanjing Agricultural
University (NJAU-CAST-2015-098).

Sample Collection

At 49 and 105 d of age, after overnight fasting,
one pig with a BW near to the mean of each rep-
lication was selected. Then approximately 10 mL
heparinized blood samples were taken by jugu-
lar venepuncture, and the pigs were sacrificed by
intramuscular injection of sodium pentobarbital
(50 mg/kg BW). Liver tissues (left lobe) and skeletal
muscle samples (left semitendinosus) were imme-
diately collected and stored in liquid nitrogen for
future biochemical assay. Plasma was obtained by
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centrifuging at 2,000 X g for 10 min at 4 °C and
stored at —80 °C until biochemical assay.

Determinations of Plasma Hormones and Glucose
Concentrations

Plasma glucose concentration was determined
by using a commercial kit (361500; Rongsheng
Biotechnology Company, Shanghai, China).
Plasma insulin and glucagon concentrations were
measured by using Insulin RIA Kit and Glucagon
RIA Kit (Beijing North Institute of Biological
Technology, Beijing, China). Plasma IGF-1 was
determined by using an enzyme-linked immu-
nosorbent kit (CSBE06829p; Cusabio Biotech
Company, Wuhan, China). Insulin sensitivity was
evaluated by using the homeostasis model assess-
ment of insulin resistance (HOMA-IR = [fasting
glucose (mmol/L) X fasting insulin (WU/mL)]/22.5)
(Matthews et al., 1985).

Assessment of Hepatic and Muscle Glucose
Metabolism

The activities of phosphoenolpyruvate car-
boxykinase (PEPCK), glycogen synthase (GYS),
and glycogen phosphorylase (GYP) in liver, and
muscle GYS activity were measured by using
commercial kits based on colorimetric method.
Kits for PEPCK (PEPCK-1-Y), GYS (GCS-
1-Y), and GYP (GPA-1-Y) were purchased
from Suzhou Comin Biotechnology Company,
Suzhou, China).

Hepatic and muscle glycogen contents were
measured by using commercial kits according to the
anthracenone method (A043; Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

Hepatic glucose-6-phosphatase (G6Pase) activ-
ity was assayed according to a previous method
(Jia et al., 2012) with slight modifications. Liver
tissues were homogenized (1:9, w/v) in 0.25 mol/L
sucrose solution, and supernatant were obtained by
centrifuged at 20,000 X g for 10 min at 4 °C. For
determination of enzyme activity, the supernatant
was added into an assay mixture (26.5 mmol/L
glucose-6-phosphate and 1.8 mmol/L EDTA) and
incubated at 37 °C for 10 min, and then the reac-
tion was quenched by a final concentration of 4%
perchloric acid. After that, the inorganic phosphate
content in the supernatant was measured using
a Pi detection kit (C006-3; Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The
Go6Pase activity was calculated as release rate of
inorganic phosphate (nmol'min~!*mg prot™).

Additionally, total protein concentrations used
in the calculation of enzymes’ activities were deter-
mined by commercial kits based on BCA method
(A045-3; Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

Assay of Hepatic and Muscle mRNA Expressions

Total RNA was isolated from approxi-
mately 50 mg snap-frozen samples (9108; Takara
Biotechnology, Japan) and reverse-transcribed
into complementary DNA (RR037A; Takara
Biotechnology, Dalian, China) by using com-
mercial kits. Real-time PCR was carried out on
a QuantStudio 5 real-time PCR system (Applied
Biosystems, Foster City, USA). The SYBR Green
PCR assay system was 20 pL in total, consisted
of 10 pnL SYBR Premix Ex Taq, 0.4 pL of the
forward and reverse primers, 0.4 pL. of ROX ref-
erence dye, 6.8 nL of double-distilled H,O, and
2 pL of cDNA template. The reaction conditions
were as follows: 30 s at 95 °C, 40 cycles of 5 s
at 95 °C, and 30 s at 60 °C. The relative mRNA
expression was calculated using the 2724 method
after normalization to GAPDH (Pfaffl, 2001).
The values of NBW-CON group were used as a
calibrator. The primer sequences are shown in
Supplementary Table 2.

Assay of Hepatic and Muscle Protein Kinase B
(PKBIAkt) Phosphorylation Levels

The procedure of western blot was conducted
according to our previous study (Ying et al., 2017).
Proteins were extracted from approximately 50 mg
tissues by grinding in RIPA lysis containing pro-
tease and phosphatase inhibitors. Equal amounts
of protein (70 pg/lane) were separated by SDS-
PAGE and then transferred to activated polyvi-
nylidene difluoride membranes. The membranes
were blocked using 5% bovine serum albumin dis-
solved in TBST (TBST; 0.1 % Tween-20, 100 mM
Tris-HCI, and 150 mM NaCl, pH 8.0). Primary
antibodies for p-PKB/Akt (ser*’?) (#9271; Cell
Signaling Technology, Boston) and total PKB/Akt
(#9272; Cell Signaling Technology), and goat-an-
ti-rabbit secondary antibody were purchased from
Cell Signaling Technology. The usage of antibod-
ies was according to productions’ instruction. The
blots were developed using a chemiluminescence kit
(Millipore Corporation, Billerica), and the visual-
ized bands were obtained by a Luminescent Image
Analyzer LAS-4000 system (Fujifilm Company,
Tokyo, Japan). After that, the intensity of the bands
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was quantified by Gel-Pro Analyzer 4.0 software
(Media Cybernetics, Rockville).

Statistical Analysis

Data were analyzed by SPSS 20.0 statistical
software (SPSS, Chicago) and presented as means
+ SEs. After analysis of homogeneity test, statis-
tical differences between groups were determined
via one-way ANOVA analysis and Tukey’s post
hoc test for multiple comparisons. Differences were
considered statistically significant at P < 0.05.

RESULTS

Growth Performance

From 21 to49d of age, IUGR decreased (P <0.05)
the RDG and G:F of IUGR-CON group when com-
pared with those of NBW-CON group (Table 1),
but did not cause significant changes in RDFI (P >
0.05). Compared with [IUGR-CON group, dietary
MR decreased IUGR-MR group’ RDG and G:F
(P <0.05), but also did not affect RDFI (P > 0.05).

From 50 to 105 d of age, IUGR increased
(P < 0.05) RDG and RDFI in ITUGR-CON group
when compared with NBW-CON group, but had no
significant effects on G:F (P > 0.05). Compared with
IUGR-CON group, MR did not significantly affect
these three parameters in [IUGR-MR group (P > 0.05).

Plasma Glucose and Hormone Concentrations

At 49 d of age, the levels of plasma insulin,
glucagon, IGF-1, and HOMA-IR index were lower
in IUGR-CON group than NBW-CON group

(P < 0.05), whereas there were no significant dif-
ferences in plasma glucose concentrations between
the two groups (P > 0.05) (Table 2). Compared
with IUGR-CON group, [UGR-MR group had a
decreased plasma IGF-1 concentration and lower
HOMA-IR index (P < 0.05), but similar plasma
glucose, insulin, and glucagon concentrations (P
> 0.05).

At 105 d of age, IUGR dramatically elevated
IUGR-CON group’s plasma IGF-1 concentra-
tion and the HOMA-IR index when compared
with NBW-CON group (P < 0.05), but did not
cause significant changes in plasma glucose, insu-
lin, and glucagon concentrations (P > 0.05).
Compared with IUGR-CON group, MR decreased
IUGR-MR group’s plasma glucose, insulin, IGF-1,
and HOMA-IR levels (P < 0.05), but did not influ-
ence plasma glucagon concentrations (P > 0.05).

Hepatic Gluconeogenic Enzyme Activities

At both 49 and 105 d of age, the activities of
hepatic PEPCK and G6Pase were greater in [IUGR-
CON group than NBW-CON group (P < 0.05)
(Table 3). MR alleviated TUGR-induced increases
in the G6Paes activity at 105 d of age (P <0.05), but
did not affect PEPCK activity at 105 d of age and
Go6Pase activity at 49 and 105 d of age (P > 0.05).

Hepatic Glycogen Metabolism

At 49 d of age, IUGR-CON pigs exhib-
ited decreased hepatic GYS and GYP activities
(P < 0.05), but similar hepatic glycogen contents
(P > 0.05) when compared with NBW-CON pigs
(Table 4). Compared with IUGR-CON pigs, MR

Table 1. Effects of dietary methionine restriction on the growth performance of intrauterine growth

retardation pigs at 49 and 105 d of age

Ttem! NBW-CON IUGR-CON IUGR-MR

Days 21 to 49?

RDG, g'd kg™’ 58.17 £ 1.38* 51.31 £ 1.30° 42.65 £ 1.43¢
RDFI, g'd kg™ 47.83 +£1.18° 50.25 + 1.21% 53.07 £ 1.61*
G:F 0.67 £ 0.02¢ 0.60 £ 0.02° 0.50 £ 0.01¢
Days 50 to 105°

RDG, g'd kg™’ 32.99 +1.53° 4448 £1.59* 45.64 £ 1.68*
RDFI, g'd kg™ 38.04 +0.48° 44.65 £1.22* 45.59 £ 0.67*
G:F 0.45%0.01 0.44 £ 0.01 0.44 +0.01

*Within a row, means with different superscript letters differ, P < 0.05.

'NBW-CON = normal birth weight pigs fed control diets; IUGR-CON = intrauterine growth restriction pigs fed control diets; [UGR-MR = intra-
uterine growth restriction pigs fed methionine restriction diets; RDG = relative daily gain (BW gain (g)- day (d)™! - starting BW (kg)™'); RDFI = rel-
ative daily feed intake (feed consumption (g) - day (d)™' - mean BW (kg)™'); G:F = feed efficiency (BW gain (g) * feed consumption (g)™).

*Results are presented as mean * SE (n = 6 replicates (pens) with five piglets per replicate).

Results are presented as mean + SE (n = 6 replicates (pens) with four piglets per replicate).
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Table 2. Effects of dietary methionine restriction on the plasma glucose and hormone levels of intrauterine

growth retardation pigs at 49 and 105 d of age!

Item? NBW-CON TUGR-CON IUGR-MR
Day 49
Glucose, mmol/L 7.68 £ 0.70 6.72 £ 0.64 6.07+£0.48

Insulin, pmol/L
Glucagon, pg/mL
IGF-1, ng/mL
HOMA-IR

Day 105

Glucose, mmol/L
Insulin, pmol/L
Glucagon, pg/mL
IGF-1, ng/mL

169.47 £ 13.09*
236.27 £12.97*
68.72 £2.92¢
8.06 £ 0.36°

5.09 +0.52¢®
116.69 + 9.56®
135.61 £16.05

30.98 £ 3.14°

119.19 +9.49°
178.96 + 16.02°
53.62 £2.90°
5.06 +0.48°

6.47 £0.45
152.65 £ 13.52*
150.11 £ 18.88

44.96 = 3.08*

83.63 £13.22°
149.88 + 13.87°
39.34 +3.39¢
3.21 £ 0.60¢

443 £0.32°
107.20 + 10.52°
124.83 £ 12.85

32.49 £4.52°

HOMA-IR 3.71 £ 0.36°

6.27 £ 0.68 3.10 £0.52°

“*Within a row, means with different superscript letters differ, P < 0.05.

'Results are presented as mean * SE (n = 6).

“NBW-CON = normal birth weight pigs fed control diets; [IUGR-CON = intrauterine growth restriction pigs fed control diets; [UGR-MR = intra-
uterine growth restriction pigs fed methionine restriction diets; IGF-1 = insulin-like growth factor 1; HOMA-IR = homeostasis model assessment

of insulin resistance.

Table 3. Effects of dietary methionine restriction on the hepatic gluconeogenic enzyme activities of intrau-

terine growth retardation pigs at 49 and 105 d of age!

Item? NBW-CON TUGR-CON IUGR-MR
Day 49

PEPCK, nmol'min~""mg prot™! 28.03 £ 1.62° 48.02 £ 1.92¢ 43.87 £ 1.342
Go6Pase, nmol'min~!"mg prot™ 154.63 + 47.47° 257.43 +33.392 201.58 + 44.04®
Day 105

PEPCK, nmol'min~""mg prot™! 20.16 £ 0.79° 25.15+1.22¢ 2245+ 1.25%®
Go6Pase, nmol'min~!"mg prot™ 118.95 + 15.26° 236.85 £ 25.77% 158.69 + 18.17°

**Within a row, means with different superscript letters differ, P < 0.05.

'Results are presented as mean + SE (n = 6).

*NBW-CON = normal birth weight pigs fed control diets; [IUGR-CON = intrauterine growth restriction pigs fed control diets; [UGR-MR = intra-
uterine growth restriction pigs fed methionine restriction diets; PEPCK = phosphoenolpyruvate carboxykinase; G6Pase = glucose-6-phosphatase.

increased IUGR-MR pigs’ hepatic GYS activities
(P < 0.05), but did not affected their hepatic glyco-
gen contents and GYP activities (P > 0.05).

At 105 d of age, IUGR-CON pigs had
decreased hepatic GYP activities (P < 0.05), but
similar hepatic glycogen contents and GYS activ-
ities (P > 0.05) when compared with NBW-CON
pigs. Compared with IUGR-CON pigs, MR c¢le-
vated ITUGR-MR pigs’ hepatic glycogen contents
and GYS activities (P < 0.05) without affecting
hepatic GYP activities (P > 0.05).

Muscle Glycogen Synthesis

At 49 d of age, IUGR-CON pigs had lower
muscle glycogen contents and GYS activi-
ties (P < 0.05) when compared with NBW-
CON pigs (Table 5). MR enhanced the muscle
GYS activities (P < 0.05) but did not affect

the muscle glycogen contents (P > 0.05) of
IUGR-MR pigs when compared with those of
IUGR-CON pigs.

At 105 d of age, both muscle glycogen contents
and muscle GYS activities were similar between the
three groups (P > 0.05).

Hepatic and Muscle mRNA Expressions

At both 49 and 105 d of age, IUGR-CON
pigs had greater mRNA expressions (P < 0.05)
of hepatic phosphoenolpyruvate carboxykinase
1 (PCKI1), phosphoenolpyruvate carboxykinase
2 (PCK2), and glucose-6-phosphatase catalytic
subunit (G6PC), but lower mRNA expressions
(P < 0.05) of hepatic GYS 2 and GYP, as well as a
similar muscle GYS1 mRNA expression (P > 0.05)
when compared with NBW-CON pigs (Figure 1).
MR had no effects on these mRNA expressions
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Table 4. Effects of dietary methionine restriction on the hepatic glycogen metabolism of intrauterine growth

retardation pigs at 49 and 105 d of age!

Item? NBW-CON IUGR-CON IUGR-MR
Day 49

Glycogen, mg/g tissue 15.84 £3.53 14.49 £3.57 16.93 £3.39
GYS, nmol'min~"'mg prot™ 23.31 £3.94* 17.43 +3.99° 25.93 +2.82¢
GYP, nmol'min~'!"mg prot™! 9.27 £ 0.83¢ 6.39 +0.58° 6.23 £0.79°
Day 105

Glycogen, mg/g tissue 8.23 £ 0.82® 7.12 £0.75° 10.53 £ 0.87°
GYS, nmol'min~"'mg prot™ 16.61 +1.18° 14.36 +0.97° 22.63 £ 1.46°
GYP, nmol'min~'!"mg prot™! 16.73 £ 0.90¢ 11.75 £ 0.76° 14.14 £ 0.47°

**Within a row, means with different superscript letters differ, P < 0.05.

'Results are presented as mean * SE (n = 6).

“NBW-CON = normal birth weight pigs fed control diets; [IUGR-CON = intrauterine growth restriction pigs fed control diets; [UGR-MR = intra-
uterine growth restriction pigs fed methionine restriction diets; GYS = glycogen synthase; GYP = glycogen phosphorylase.

Table 5. Effects of dietary methionine restriction on the muscle glycogen synthesis of intrauterine growth

retardation pigs at 49 and 105 d of age!

Item? NBW-CON IUGR-CON IUGR-MR
Day 49

Glycogen, mg/g tissue 4.50 £0.35° 3.04 +0.33° 3.54 £ 0.44®
GYS, nmol'min~"'mg prot™! 92.48 £ 7.66° 46.45 + 5.66° 71.31 £4.51°
Day 105

Glycogen, mg/g tissue 1.75+£0.18 1.94 +0.21 1.62 £ 0.20
GYS, nmol'min~""'mg prot™! 67.56 £ 3.58 70.56 + 4.42 55.76 + 5.43

“*Within a row, means with different superscript letters differ, P < 0.05.

'Results are presented as mean + SE (n = 6).

INBW-CON = normal birth weight pigs fed control diets; [UGR-CON = intrauterine growth restriction pigs fed control diets; IUGR-MR =intra-
uterine growth restriction pigs fed methionine restriction diets; GYS = glycogen synthase.

when IUGR-CON pigs and IUGR-MR pigs were
compared (P > 0.05).

Hepatic and Muscle PKBI Akt
Phosphorylation Levels

As shown in Figure 2, IUGR-CON pigs had
lower PKB/Akt (ser473) phosphorylation levels in
liver (P < 0.05), but not in muscle (P > 0.05) when
compared with NBW-CON pigs. MR elevated
hepatic and muscle PKB/Akt (ser*’®) phosphoryla-
tion levels when [IUGR-CON pigs and [UGR-MR
pigs were compared (P < 0.05).

DISCUSSION

In the present study, IUGR decreased TUGR-
CON pigs’ growth rates during the period from 21
to 49 d of age, but caused growth rates’ increases
from 50 to 105 d of age, reflected by the data of
RDG. G:F is indicator reflecting the capacity of
utilizing nutrients for body growth. Su et al.’s study
showed that IUGR decreased 49-d-old pigs’ G:F by
impairing their intestinal structure and function,

which consequently reduced these pigs’ growth
rates (Su et al., 2017). Therefore, in our study, the
decreased G:F of IUGR-CON pigs from days 21 to
49 may be responsible for the reduced growth rates
during this period and the recovered G:F together
with the increased feed intake (reflected by increased
RDFI) of IUGR-CON pigs from days 50 to 105
were important reasons for the increased growth
rates of these elder IUGR-CON pigs. In parallel
with the contradictory changes in TUGR-CON
pigs’ growth rates at different ages, [UGR-CON
pigs’ also exhibited a decreased plasma IGF-1 level
at 49 d of age, but an increased one at 105 d of age.
IGF-1 is an important hormone, which is closely
related with pre- and postnatal growth (Cianfarani
et al., 2006). Previous studies showed that [UGR
lowered fetal arterial IGF-1 levels (Thorn et al.,
2009) and that postnatal catch-up growth was asso-
ciated with increased blood IGF-1 (Ozkan et al.,
1999; Cianfarani et al., 2002). Therefore, it was
likely that the decreased IGF-1 of 49-d-old IUGR-
CON pigs derived from fetal defects and that the
increased IGF-1 of 105-d-old TUGR-CON pigs
was associated with accelerated growth of these
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Figure 1. Effects of dietary methionine restriction on the hepatic and muscle mRNA expressions of intrauterine growth retardation pigs at 49
(A) and 105 (B) d of age. The column and its bar represented mean and SE (n = 6), respectively. Means without a common letter differ, P < 0.05.
NBW-CON = normal birth weight pigs fed control diets; [UGR-CON = intrauterine growth restriction pigs fed control diets; [IUGR-MR = intra-
uterine growth restriction pigs fed methionine restriction diets; PCK1 = phosphoenolpyruvate carboxykinase 1; PCK2 = phosphoenolpyruvate
carboxykinase 2; G6PC = glucose-6-phosphatase catalytic subunit; GYS2 = glycogen synthase 2 (liver); PYGL = liver glycogen phosphorylase;

GYS2 = glycogen synthase 1 (muscle).

A

NBW-CON IUGR-CON IUGR-MR
P-AKL—> - —

Akt

150+

-
o
o

s

g
Hio

Akt phosphorylation
at ser"”®(% of NBW-CON)

o

IUGR-CON

IUGR-MR

NBW-CON

NBW-CON IUGR-CON IUGR-MR

200-

z
c O
-% Q 150
g § b b

T

£ & 1005 T T
8 < T
2
2§ 501
< 5
< 3

T 9 : :

NBW-CON IUGR-CON IUGR-MR

Figure 2. Effects of dietary methionine restriction on the phosphorylation levels of hepatic (A) and muscle (B) protein kinase B (PKB/Akt) of
intrauterine growth retardation pigs at 105 d of age. The column and its bar represented mean and SE (n = 6), respectively. Means without a com-
mon letter differ, P < 0.05. NBW-CON = normal birth weight pigs fed control diets; [UGR-CON = intrauterine growth restriction pigs fed control
diets; IUGR-MR = intrauterine growth restriction pigs fed methionine restriction diets.

pigs. However, further researches are needed to
investigate the mechanism for the relation between
increased IGF-1 and accelerated growth in IUGR
individuals. Similarly, the inconsistent changes in
the plasma insulin and glucagon concentrations
between 49- and 105-d-old IUGR-CON pigs may
be also related with their changed growth rates.
Blood glucose homeostasis is a result of an
intricate balance, which is mainly controlled by
exogenous glucose uptake, endogenous glucose

production, and glucose removal from the blood.
Hepatic glucose production (gluconeogenesis and
glycogen hydrolysis) and hepatic and muscle gly-
cogen storage are the important pathways for
endogenous glucose production and blood glucose
removal, respectively (Sharabi et al., 2015). Our pre-
vious study found that the combination of increased
hepatic gluconeogenesis (reflected by increased glu-
coneogenic enzymes’ activities) and decreased mus-
cle glycogen contents resulted in hyperglycemia in
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180-d-old ITUGR pigs (Ying et al., 2017). However,
in the present study, the same combination found
in 49-d-old ITUGR-CON pigs did not affect blood
glucose concentrations. These contradictory find-
ings made us further notice the decreased G:F of
the 49-d-old IUGR-CON pigs, which may suggest
reduced absorption of exogenous nutrients (i.e.,
glucose). Therefore, the reason why the 49-d-old
IUGR-CON pigs could maintain normal blood
glucose concentrations despite of increased hepatic
gluconeogenesis and decreased muscle glycogen
may be related to the reduced absorption of exoge-
nous glucose, and such reduced absorption of exog-
enous glucose could also partly explain why muscle
glycogen was only reduced in the 49-d-old IUGR-
CON pigs, but not in 105-d-old TUGR-CON
pigs. In addition, blood glucose concentrations of
IUGR-CON pigs were also unchanged at 105 d
of age. Such age-related changes in blood glucose
concentrations were also found in Simmons et al.
(2001) study and Poore and Fowden (2002) study
where IUGR animals only developed hyperglyce-
mia at old ages but not at young ages.

Despite the effects of IUGR on TUGR-CON
pigs’ the growth rates and blood glucose concen-
trations were different between days 49 and 105,
IUGR consistently increased these pigs’ hepatic
PEPCK and G6Pase activities at the two ages. Such
increased hepatic PEPCK and Go6Pase activities
were also found in newborn TUGR pigs (Jia et al.,
2012) and adult IUGR pigs (Ying et al., 2017) and
rats (Nyirenda et al., 1998). Therefore, all these
results suggested that ITUGR-induced effects on
hepatic gluconeogenic enzymes’ activities were con-
sistent irrespective of different ages. Real-time PCR
data showed the mRNA expressions of PEPCK-
encoding gene (i.e., PCK1 and PCK2) and G6Pase-
encoding gene (i.e., G6PC) were increased in the
IUGR-CON pigs of both ages, which may be,
respectively, responsible for the increased PEPCK
and G6Pase activities of these pigs. Insulin-induced
down-regulation of gene expression is a major
pathway to reduce hepatic gluconeogenic enzymes’
amount and activities, in which PKB/Akt phospho-
rylation is a key step (Barthel and Schmoll, 2003).
Although this study only measured the PKB/Akt
phosphorylation at day 105, the found decreases in
the hepatic PKB/Akt phosphorylation of ITUGR-
CON pigs could partly explain the up-regulated
mRNA expressions of the hepatic PCK1, PCK2,
and G6PC in these pigs, which were also previously
proved in 180-d-old TUGR pigs (Ying et al., 2017).
Interestingly, although ITUGR decreased ITUGR-
CON pigs’ hepatic PKB/Akt phosphorylation, it

did not change these pigs’ muscle PKB/Akt phos-
phorylation levels, which may be because that liver
was more susceptible to insulin resistance than skel-
etal muscle (Kraegen et al., 1991).

Besides the age-related changes in the growth
rates and blood glucose concentrations of TUGR-
CON pigs, IUGR even caused completely oppo-
site effects on insulin sensitivity between 49- and
105-d-old IUGR-CON pigs, reflected by data of
HOMA-IR index (Matthewset al., 1985); namely, the
insulin sensitivity of [UGR-CON pigs was improved
at 49 d of age but decreased at 105 d of age. During
intrauterine period, IUGR fetal had less access to
nutrients and therefore they developed selective
adaptations, including enhanced insulin sensitivity
to achieve a greater nutrient storage (Thorn et al.,
2009). Therefore, we presumed that this selective
adaptation could persist until early postnatal stage
and resulted in the improved insulin sensitivity of
TUGR-CON pigs at 49 d of age; however, with age,
catch-up growth and excessive feed intake, [UGR-
CON pigs eventually turned from insulin hypersen-
sitivity to insulin resistance in late life.

Similar with the effects of MR on NBW ani-
mals (Ables et al., 2012; Stone et al., 2014), MR
decreased the RDG and G:F of IUGR-CON pigs
during the period from 21 to 49 d of age, which may
be associated with increased energy expenditure
caused by MR (Malloy et al., 2006). However, such
an ability of MR to inhibit IUGR pigs’ growth dis-
appeared during the period from 50 to 105 d and
the period from 106 to 180 d (RDG of IUGR-CON
pigs: 17.27 £ 0.79 vs. RDG of IUGR-MR pigs:
17.91 £0.57; P> 0.05; unpublished) of age. Because
the period from 50 to 105 d and the period from 106
to 180 d (RDG of NBW-CON pigs: 13.72 + 0.38 vs.
RDG of ITUGR-CON pigs: 17.27 £ 0.79; P < 0.05;
unpublished) of age were the times when TUGR-
CON pigs developed postnatal catch-up growth, it
was likely that the inhibition of MR in the post-
natal growth of ITUGR pigs was eliminated by the
effect of catch-up growth.

In the present study, MR decreased IUGR-MR
pigs’ blood glucose concentrations at 105 d of age,
but did not affect this parameter at day 49. The
decreased blood glucose of 105-d-old IUGR-MR
pigs may be associated with the increased hepatic
glycogen contents of these pigs, which may be
caused by the enhanced hepatic GYS activity,
because GYS is a rate-limiting enzyme of glycogen
synthesis. Insulin signal is an important regulator
of GYS activity, in which PKB/Akt phosphoryla-
tion is a pivotal trigger (Barthel and Schmoll, 2003).
Therefore, the increased PKB/Akt phosphorylation
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of the 105-d-old IUGR-MR pigs may be the main
reason for the increased hepatic GYS activities of
these pigs when the hepatic GYS-encoding gene
(i.e., GYS 2) was not affected by MR. In addition
to the increased hepatic glycogen contents of the
105-d-old IUGR-MR pigs, the decreased hepatic
Go6Pase activity may also play a role in decreasing
the blood glucose of these 105-d-old IUGR-MR
pigs by reducing hepatic gluconeogenesis, because
G6Pase is the rate-limiting enzyme catalyzing the
final step of gluconeogenesis (Barthel and Schmoll,
2003). However, although 49-d-old ITUGR-MR
pigs also had increased hepatic GYS activities as
the 105-d-old TUGR-MR pigs, such increased
GYS activities did not result in increased hepatic
glycogen contents in the 49-d-old IUGR-MR pigs.
This unchanged hepatic glycogen content of the
49-d-old TUGR-MR pigs may be associated with
the unchanged hepatic G6Pase activities of these
pigs, because as the last enzyme of hepatic gluco-
neogenesis (Barthel and Schmoll, 2003), a decrease
in G6Pase activity may stimulate hepatic glycogen
synthesis by increasing hepatic glucose-6-phos-
phate which is the substrate of glycogen synthesis
(Ferrer et al., 2003). Meanwhile, increased con-
sumption of glucose-6-phosphorate via glycogen
synthesis could in return reduce G6Pase activity by
decreasing G6Pase’s access to this substrate, which
could be the reason for the different changes in
the Go6Pase activities between the 49- and 105-d-
old IUGR-MR pigs especially when MR did not
affect the mRNA expression of G6Pase encod-
ing gene. In addition to decreasing blood glucose
concentrations of 105-d-old IUGR-MR pigs, MR
also decreased blood glucose, increased hepatic gly-
cogen, and inhibited hepatic G6Pase activities in
180-d-old IUGR pigs (Ying et al., 2017). All these
results together may imply time-dependent effects
of MR on IUGR pigs’ glucose metabolism and that
the occurrence of these effects may somehow have
a relationship with catch-up growth of ITUGR pigs.

Although MR caused different effects on [UGR
pigs’ growth and glucose metabolism at different
ages, MR consistently improved IUGR pigs’ capac-
ity to control blood glucose concentration, reflected
by the decreased HOMA-IR index of IUGR-MR
pigs (Matthews et al., 1985). Additionally, MR
produced no effect on the IUGR pigs® mRNA
expressions of different enzymes involved in gluco-
neogenesis and glycogen metabolism no matter the
ages of these, which suggested that the effects of
MR glucose metabolic enzymes did not involve in
gene regulation.

In conclusion, dietary MR caused differ-
ent effects on the growth rates and the glucose

homeostasis between 49- and 105-d-old ITUGR pigs;
namely, MR did not affect IUGR pigs’ blood glu-
cose concentrations at 49 d of age, but it lowered this
parameter in 105-d-old IUGR pigs, which was asso-
ciated with increased hepatic glycogen synthesis and
decreased hepatic gluconeogenesis. Additionally,
MR improved IUGR pigs’ insulin sensitivity at both
days 49 and 105. It was also worthwhile to men-
tion ITUGR-induced different changes that TUGR
decreased growth rates and improved insulin sensi-
tivity in 49-d-old IUGR-CON pigs, but resulted in
opposite results in 105-d-old IUGR-CON pigs.
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