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Molecular Cloning and mRNA Expression of the Porcine
Insulin-responsive Glucose Transporter (GLUT4)*
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ABSTRACT : Insulin-responsive glucose transporter 4 (GLUT4) is a member of the glucose transporter family and mainly presents
in skeletal muscle and adipose tissue. To clarify the molecular structure of porcine GLUT4, RACE was used to clone its cDNA. Several
c¢DNA clones cortesponding to different regions of GLUT4 were obtained by amplifying reverse-transcriptase products of total RNA
extracted from Landrace porcine skeletal muscles. Nucleotide sequence analysis of the ¢cDNA clones revealed that porcine GLUT4S
c¢DNA was composed of 2,491 base pairs with a coding region of 309 amino acids. The deduced amino acid sequence was over 9%
identical to human, rabbit and cattle GLUT4. The tissue distribution of GLUT4 was also examined by Real-time RT-PCR. The mRNA
expression abundance of GLUT4 was heart-liver, skeletal muscle and brain>lung, kidney and intestine. The developmental expression
of GLUT4 and insulin receptor (IR) was also examined by Real-tine RT-PCR using total RNA extracted from longissimus dorsi (LM),
semimembranosus (SM), and semitendinosus (SD) muscle of Landrace at the age of 1, 7, 30, 6¢) and 90 d. It was shown that there was
significant difference in the mRNA expression level of GLUT4 in skeletal muscles of Landrace at different ages (p<0.035). The mRNA
expression level of IR also showed significant difference at ditferent ages (p<0.05). The developmental change in the mRNA expression
abundance of GLUT4 was similar to that in IR, and both showed a higher level at birth and 3¢ d than at other ages. However, there was
no significant tissue difference in the mRNA expression of GLUT4 or IR (p>0.05). These results showed that the nucleotide sequence of
the cDNA clones was highly identical with human, rabbit and cattle GLUT4 and the developmental change of GLUT4 mRNA in skeletal
muscles was similar to that of IR, suggesting that porcine GLUT4 might be an insulin-responsive glucose transporter. Moreover, the
tissue distribution of GLUT4 mRNA showed that GLUT4 might be an important nutritional transporter in porcine skeletal muscles.
(Key Words : GLUT4, IR, Skeletal muscle, Porcine)

INTRODUCTION

In mono-gastric animals such as pigs. dietary
carbohydrate is converted to single glucose and absorbed
directly in intestines. Most of glucose is brouglht to skeletal
muscles with constant flow of blood and preserved as
glycogen to provide energy for activity and metabolism of
muscle. Glucose is the main energy source in the porcine
skeletal muscle tissne. Thus. it is very important for the
absorption, transport and metabolism process of glucose. A
recent research further confirmed that there is a positive

* This study was supported by the National Basic Research
Program of China (Project No: 2004CB117501) and joint grants
trom China Natural Research and Guangdong province (Project
No: u0731004),

** Corresponding Author: Dingyuan Feng. Tel: +86-20-852
86090, Fax: +86-20-85286090, E-mail: fengdy(@scau.edu.cn

“ These two authors contribute equally to this study.

Received June 3. 2009; Accepted November 13, 2009

linear association between muscle glycogen concentration
at a slaughter and the rate of pH decline (Ferguson et al.,
2008). Since the rate and extent of pH decline during the
conversion of muscle to meat will significantly impact meat
quality attributes (Scheffler and Gerrard, 2007), glucose
metabolism in skeletal muscle is very important for meat
quality in pigs.

Facilitated diffusion of glucose across the plasma
membrane is mediated by glucose transporter protein. To
date. at least thirteen isoforms of GLUT have been studied
(Joost et al., 2002. Zhao and Keation. 2007). GLUT4
(SLC2AA4, facilitated glucose transporter, member 4) is the
mainly glucose transporter expressed in skeletal muscle.
GLUT4 plays a key role in cellular glucose uptake
stimulated by insulin in these cells, and thereby is called
insulin-responsive  GLUT. In myocytes. GLUT4 is
associated with membrane structure and recycled between
the plasma membrane and the intracellular tubulovesicular
pool. The understanding of signaling pathways utilized by
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insulin has been extensively reviewed (He et al., 2007
Watson and Pessin, 2007). To regulate glucose uptake. the
insnlin  receptor (IR) proteins undergo tryrosine
phosphorylation in response to insulin stimulation and are
known to play key roles in insulin-stimulated glucose
uptake in muscle (Saltiel and Pessin, 2002). It has been
shown that IR was expressed in hamster preimplantation
embryos from the morula stage omwvards while GLUT4 was
not detected at mRNA level (Tonack et al.. 2009). The
development evaluation of GLUT4 and IR allows
assessment of which mechanisms (i.e. insulin sensitivity or
GLUT4 content) are defective in skeletal muscle tissue
from pigs.

Although the structures of GLUT genes in humans and
rats have been widely investigated and well established.
little information is available for pigs. except for the partial
cDNA sequence of porcine GLUT4, In the present study.
porcine GLUT4 ¢cDNA was cloned by RACE method, and
the tissue distribution and developmental expression pattern
of GLUT4 mRNA in Landrace were conducted by Real-
time RT-PCR analysis.

MATERIALS AND METHODS

Animal and sample collection

A total of 25 purebred Landrace gilts were divided into
five groups at the ages of 1, 7, 30, 60 and 90 d, respectively.
The piglets were weaned at the age of 28 d. All procedures
were approved by the Animal Care Committee at the South
China Agricultural University. The animals used in this
experiment were cared for in accordance with the gnidelines
established by University Council of Animal Care. Skeletal
muscle tissue samples (fongissimus dorsi muscle (LM),
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semimembranosus (SM), and semitendinosus (SD) muscle))
were collected from a total of 25 pigs at different ages:
suckling (1. 7 d) and post-weaning (30, 60, 90 d). and 5
pigs were sacrificed at each day. Moreover. heart, liver,
skeletal muscle, brain, lung, kidney and intestine
(duodenum and jejunum) tissue samples were gained from
pigs at the age of 7 d.

¢DNA cloning of porcine GLUT4 by RACE

3°/5° RACE primers were designed as Table 1, based on
the partial cDNA sequence of porcine GLUT4 (Genebank
NO. AF184171).

For 3> RACE., ¢DNA was synthesized from total RNA
isolated from porcine skeletal muscle, with using 3’RACE
CDS primer and MMLYV reverse transcriptase. according to
the manufactor’s instructions of RACE ¢DNA
Amplification kit (Clontech. USA). First PCR was carried
out with the ¢cDNA. GSP2A/B primer and UPM primer.
Second PCR was carried out with the products of the first
PCR. NGSP2A/B primer and NUP primer. For 5’RACE,
c¢DNA was also synthesized from total RNA isolated from
porcine skeletal muscle. with using 5’RACE CDS primer,
SMART II A primer and MMLYV reverse transcriptase. First
PCR was carried out with the ¢cDNA, GSP1 primer and
UPM primer. Second PCR was carried out with the first
PCR products, NGSP1 primer and NUP primer. Those
second PCR products were recovered and purified. Then
they were inserted into pGEM-T vector (Invitrogem),
transformed into DH3c. E. coli and sequenced.

The open reading frame (ORF) PCR was conducted to
improve the reliability of sequencing results of RACE. The
ORF PCR was carmied out with mix ¢DNA of skeletal
muscles. Details of primer design of ORF PCR are

Table 1. Sequences of oligonucleotide primers used for RACE and ORF PCR

Type Sequences

3'RACE CDS primer 5-AAGCAGTGGTATCAACGCAGAGTAC(T)30y.N-3'
(N=A,C,GorT;N-1=A,G or(C)

5'RACE CDS primer S'(ThNN-3(N=A,C,GorT.N-1=A, G orC)

SMARTIT A 5-AAGCAGTGGTATCAACGCAGAGTACGCGGG-¥

Universal primer (UPM) Long: 5-CTAATACGACTCACTATAGGGCAAGC
AGTGGTATCAACGCAGAGT-¥
Short: 5-CTAATACGACTCACTATAGGGC-3'

NUP primer 5-AAGCAGTGGTATCAACGCAGAGT-3'

GSPI primer

NGSP1 primer
GSP2A primer
NGSP2A primer
GSP2B primer
NGSP2B primer
ORF sense primer
ORF antisense primer

5'- GAGGGTGGTGAGGGTGCCTGGTG-3'
5- CGGAGAAGACGGCGAGGACAA -3’
3-CCTACGAGATGCTCATTCTTGGACGG-¥
S'-GTGCCTTGGGGACGCTCAACC-3'
S-CCTGATGACTGTGGCTCTGCTTCTGC-3'
3-GCCCCATCCCCTGGTTCATC-3'
S-ATGCCGTCGGGCTTCCAA-3
S-GCCCCTCAGTCATTCTCATCG-3'
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presented in Table 1. These PCR products were
electrophoresed on a 1% agaroe gel, recovered and purified.
Then they were ingerted into pGEM-T vector (Invitrogen).
transformed into DH3c. E. cofi and sequenced.

DNA sequence analysis

The analysis of cDNA sequence was conducted with the
computer programs of DNAstar and the National Center for
Biotechnology Information (NCBI}) BLAST site. The
multiple sequence alignment was performed with Vector
NTI Suit 5.5. The transmembrane domain was predicted
according to the deduced amino acids of GLUT4 using the
program on the HMMTOP version 2.0
(http:/Awww.enzim hw/hmmtop/).

Real-time RT-PCR analysis

Total RNA was isolated from 100 mg of tissue samples
using TRIZOL reagent (Invitrogen) and purified with
DNase I (Invitrogen) according to the manufacturer's
instructions. The RNA quality was checked using 1.0%
agarose gel electrophoresis and stained with 0.5 pg/ml
ethidium bromide. The RNA had an OD260nm: OD280nm
ratio between 1.8 and 2.0. Synthesis of the first strand of
cDNA was performed with oligo(dt)20 and Superscript 11
reverse transcriptase (Invitrogen).

Real-time PCR was performed using one-step SYBR
Green PCR Mix (Takara. Dalian. China), containing MgCl,.
dNTP, and Hotstar Taq polymerase. Primers were designed
specifically for GLUT4 and IR by using Primers 5.0
software. Amplification and melting curve analysis was
performed by ABI 7500 (Applied BioSystems). Melting
curve analysis was conducted to confirm the specificity of
each product and the size of the product were verified on
ethidium bromide-stained 1.0% agarose gels in Tris acetate-
EDTA buffer. The relative mRNA expression was calculated
by 2% (ACt = Ct of the target gene-Ct of the housekeeping
gene) (Livak and Schmittgen. 2001). and p-actin was taken
as internal reference gene in tlhis study. Real-time PCR
efficiency was acquired by the amplification of serial
dilution of plasmids contained target fragment according to
the equation 10'*°"" and kept consistent between target
genes and [f-actin. Negative controls were performed in
which water was substituted for cDNA. Details of primer
design and nuns of real time RT-PCR are presented in Table 2.

Table 2. Details of primer design and runs of GLUT4, IR and -actin
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Statistical analysis

All the results were processed with SAS V8 (The SAS
Institute, Cary, NC). The influence of ages (1. 7, 30, 60 and
90 d) and skeletal muscle tissues (LM, SM and SD) were
analyzed as 5x3 factor design. Statistical analysis of tissue
distribution of GLUT4 mRNA was performed with a one-
way ANOVA, followed by LSD test. In all cases, p<0.03
was considered to be statistically significant different. The
results were presented as means+SEM.

RESULTS

Cloning of porcine GLUT4

The porcine GLUT4 ¢cDNA was amplified by RACE
and sequenced for the complete mucleotide and deduced
amino acid sequences. As shown in Figure 1. porcine
GLUT4 cDNA consisted of 2,491 bp of nucleotide with 34
bp of 5’ flanking un-translated sequence. followed by 1.530
bp of open reading frame coding 509 amino acids. and 927
bp of 3’ flanking sequence. We further checked our RACE
results by the amplification of open reading frame (ORF),
As shown in Figure 2, the expected bands were gained by
ORF PCR, and the sequencing results of ORF were also
same as these of RACE. which improved the reliability of
amplified sequence of porcine GLUT4 with RACE method.

Sequence analysis of porcine GLUT4

The deduced amino acid sequence of porcine GLUT4
was compared and aligned with that of other three
mammalian species; human (Genebank No. M20747),
rabbit (Genebank No. NMO001089313), and cattle
(Genebank No. D63150). As shown in Table 3, these four
mammalian animals have the same deduced amino acid
number, 309 amino acids. Moreover, the deduced amino
acid sequence was 94.5%, 95.1% and 93.1% identical to
human. rabbit and cattle GLUT4, respectively.

In this study, we compared the deduced transmembrane
domains of porcine GLUT4 with other species such as
human, rabbit and cattle, and the results were shown in
Figure 3. Interestingly, porcine GLUT4 had same
orientation in the plasma membrane as that of other species.
All of them hold 12 transmembrane domains. In addition,
porcine GLUT4 is highly homologous with that of other
species.

Gene Primer sequence Product (bp) Anneal temperature
GLUT4 S: 3-CTTCCTGCTTGGCATCATCT-3' 146 58°C
As 5"-TGAGGAACCGTCCAAGAATG-3
IR S: 3-GGAAACGCCAGGGACAT-3 235 58°C
As 5-GGGAACGCAGGTAACTCTT-3'
[B-actin S:5'-CATCACCATCGGCAACG-3' 152 58°C

AS:5-CCGTGTTGGCGTAGAGGT-3'
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GOTGCECCAACCAGCCTATRCTACCTAMGACAACA TCACC TOGGGCT TOCAMAGATOCC
¥ PSECFOQQTIC
CTCCGAAGATGGGEAGCCOCCTCAGUAGTEAG TCACT GEGACCTTTG TOCF ChOOGTCTT
S EDPDGEPPQOQERY TCTLYLAYTF
CTCCCCTCTECTCEOCTICACT CCACTT TGECTACAACAT TALCLTCATCAA TCOOCCOCA
S5 AYLGSLQFGYNTIGTYI1INA ATPQ
GAAGGTCATTCAACAGALCTACAATEAGAOG FQLCT LA AL AMCEOOC A TRGACC
KR¥1lEQSYRKETSLGCRGQGPYCT
COGCTOCATCOCACCAGGCACOCTCACT AOCCTCTGGECTCTCTODG TE6CCATEI TEIC
$S1PP&L&TLTTITLYALSYAILFS
{CTGCCTCCCATGFICICTIOCT TOCTGLT TIGECATCCTCTCTCAC TOCCTECGANCGAR
¥ 6C ¥ FSS FLLGEIVSQTF¥LGTETE
GAAGGCAATGCTCT TCAATAACALCCT CLCACT COTCLU QL TROOCVCATCOCECTERC
KAMYLFERTLAYILACGALDNGEGIA
CAAGGCGLCT GO T CCTACGAGA TGCTCAT ICTIGGACGGTTOCTCATTGGTGOCTACTC
K A4 A SYEMNLILCRTFLICGCAY
AGGOCTCECATCTGEGCTCLTCCOCATCTACCTCAGLCACATONONCOCACTEACTTCLC
G LASGLYPSYY GCEIAPINLR
GOETGCLTTGGCGACAL TCAAGCACCTCOOCATCOFCATTCLCATTCICATOOC TCAGGT
A LGTLRAOQLATY T CHL LI AGY
GCTGGACT TGGAGTCCATGC TGCOCACIGOCACCCTATGGCCACTACTOCTCOGTATCAC
L GLESNHNLCECYT ALITLYPLLLGIT
AGTGCTCCCTCCACTUCTCCACCTOC NCCICCICCOCTTCTCOCCACAAACOOOOCCCTA
¥LPALLGQLY LLPFCPESEPDRY
CLTCTATATCATCLLCAAGCTACAYOGCOO0G LAGAMUCAC TC TCAM COCCTOACALS
LY1T I RRLEGCPARKS SILEKEESRLTEGESC
CIGGGOCCACT TATCTOOAGCGC TG TGAGCTGAAGGAGGAGANGCTILTAGCTGOAGCA
W ADYSGALAELEKEENKNRQLEHM
TGAGCCLCCACTGRTCOCTCCTOCACCIOCICCOCAGCCCACAL TCACCOLCAGOXCTTCAT
ERPLSLLQLLGSHTHRHRQPLI
CATTUCAATTGTGCTGCAGC TGAGLTAGCAGC 1GTCRGCCATCAMGOGGT N1 TCTACTS
I A1 VLGLSQQAQLSCIXAVFYY
TTCAACCAGCA TCTTCRAGACGGOGGLGGIGGOEC MCCAGCCIAIGOCACCATCGEAGC
BTITSI)IFETAGVYGQPAY AILILGA
COETGTCG TCAACACACTCT TCAOCTICCICTCUCFCT TCCTOLTCCAMCCOCTCOGLC
¢ YV NTYFJTLYSVY LLVYERAGTEK
COOLGACACTOCAT CTCCTGROCCTCOLAGGARTGTGTGCCTOTCOUATOCTGATGACTGT
RTLYHLLEGLAGYCGECAILUWTTY
GOCTCTGCTTOOGCT GRAGCGEG TTOCAGOCATGAGCTATGT CTOCATORF 6GCCATCI T
ALLPLERYPANSYVYSIVA]LEF
TECCTTTCTEECCT TCT TTEAGATTGECOCASECCOCAT OCCCTOC TTCATOCTERCTCA
G FYAFFEIGPGPIPR®F 1V AE

CCTCTTCAGCCAGGRACCCLGCOCAGCAGCCATEGCTCTCGCAGUTTTCTCLAACTGCAC

LFSQGPRPAANAYAGFSNWT
GTOCAACT ICATCATCOGCATGAGT TTOCAGTATCTTCCGCATCCTATOROOULCCTACGT
S NFI1I I GMYYSFQYVYADLDAMNGFYVY
CTTCCTTCTCTTOCCGATCCTCCTOCT IGCCTTCTTCATCT TCACCTT CCTARAAG TCEC
FLLFAYLLLGFPFIIFTFLKVEF
TGAAACCOGAGCCCGRACCTTT GACCAGATCTCAGCCACCTTCOGCOGGATCACCCTCTCT
ETRGRTFDRISATERRT PSS
TTTAGAGCAGGAGCTGAAACCCAGCACACAACTCOACTACTTAGGGOCAGATGAGAATGA
LEQEVKPSTELEYLGTPDEND
CTGAGCGEOCTOGLCAGGGG TCOTAGAGOCAT TTCT LTCLACCT GCOGAGADCCCOTTOL
TTTCCTICTCCACCACT TTAACCCTCTCTTCOCOATTACT TUCAGGA TGUAGAAAACCCCT
GCAGCCTGGOGCCATGGGRAGCTAGAGOGANGGE TGGTCIGAGCACOCCCTCAT TOOOCT
GTGTGACTCTTCGAT TATTIATGTGTTGTGGT TAGGCTCGGGTCATCCGTGGOCCATTCT
CCTCTTCTCCOCTOCTTECTCT GOAGCOCACCCCTACCCCATCTCRGET TGRAAGACT TC
CAGCOCCTGCAGCCAGGGAA COGCCACOOOURCAGGECAGGTICTAGCACT GACTTTTCE
GOGAGGTTCACCGAAGUGGAGAGCAGCACTGCACAGGACAAATCCAGT TUCTCLCACTCG
GGACTCCTOCCTCTCTGGCACT TOCTCTCAATCCTGG! GAL GOTGAANGG
GOGTCTGTCT TGACCCTCCAGGGCAGAGGACGCAGCOCCGGGTCTAACCTCACGTCTCTE
GCTGCAGGCTCAGTCCTCICACTCAGCTT TOCCAGGCAAGAGGGGACAGCGGGC TCUCTT
CTAGACTCAGGGCTCCTGGCOCCACTCOGGCTGCTOORC AAGGCTGOCAGGOTGACOGGE
GOGOOCGECCCAAGAGGGALGACAGACTCTTTOS TOCTCECCCATCCTLUGACGLTCT TG
TOCCCACAGGCTTTGACCAACTAAGGGAMAGAGGGA T TTGAMGGCTGCCTGTGAACAL
GGOCTGGCACGACCCTTCAGATAT T TTTGTATATGT T TGAAMAGAAGGGGOGGGAAGAA
GAAOCCAAGE TCTOCTGTACT AMATGTATAGAGAGAGCTCCGTATATAAAGTCACTGTA
AGACAAAMMMAMAAMASAMAAAAARAAL

The nucleotide sequence and deduced amino acid

sequence of porcine GLUT4. * Indicates stop code.

Distribution of GLUT4 mRNA in porcine tissues

To examine the distribution of GLUT4 in different
porcine tissues. we detected the mRNA expression in heart.

M S S

2000 bp

1539bp

1000 bp
750 bp
500 bp

250 bp
100 bp

Figure 2. The amplication of open reading frame. M: marker, S:
sample of skeletal muscles.

liver, skeletal muscle, brain, lung. kidney and intestine by
Real-time RT-PCR. Figure 4 showed the tissue distribution
pattern of porcine GLUT4. The highest mRNA expression
of GLUT4 was observed in heart and skeletal muscle,
which was significantly higher than that in other tissues
(p>0.05). The liver showed significantly higher level of
GLUT4 mRNA expression than that in brain, lung. kidney
and intestine (p>0.05). The lowest expression of GLUT4
mRNA was detected in kidney. intestine and lung.

Development of GLUT4 and IR mRNA expression in
porcine skeletal muscle

The current study was conducted to examine the
development of GLUT4 mRNA in Landrace skeletal muscle
at the age of 1, 7, 30, 60 and 90 d (Figure 5). It was shown
that there was significant difference in the relative mRNA
expression of GLUT4 in skeletal muscle from Landrace
pigs at different ages (p = 0.016). The relative mRNA
expression of GLUT4 in skeletal muscles was higher at the
age of 1 and 30 d than that at the other ages. The relative
expression level of GLUT4 from LM muscle at the age of
1d was significantly higher than those at the age of 7, 30, 60
and 90 d (p<0.05). Both of SM and SD showed
significantly higher expression of GLUT4 at the age of 30 d
than those at the age of 7 d (p<0.03). However, there was no
significant difference in GLUT4 mRNA expression level
among different skeletal muscle tissues (p>0.05). It also
was not detected significant interaction between age and
tissne for GLUT4 mRNA expression level in this study.

Table 3. Amnio acid identity between porcine GLUT4 and other
mammalian GLUT4

GLUT4 Identity (%) Predicted amnio acid number
Porcine 509
Human 94.5 509
Rabbit 95.1 509
Cattle 93.1 509
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Pig MPSGFQOQIGS EDGEPPQORY [TGTLVLAVFS AVLGSLQFGY NIGVINAPQK 50
Hunan MPSGFQQIGS EDGEPPQQRY [TGTLVLAVFES AVLGSLOFGY NIGVINAPQK 50
Rabbit MPSGFQQIGS EDGEPPQORY [TGTINLAVES AVIGSILOFGY NIGVINAPOK 0
Cattle MPSGFQQIGS EDGEPPRQRY [TGTINLGYFES AVLGSLQFGY NIGYINAPQK 50
Pig VIEQSYNETW LGROQGPNGPG SIPPGTILTTL WALSVAIFSY GGMFSSFLI G 100
Human VIEQSYNETW LGRQGPEGPS SIPPGTLTTL WALSVAIFSY GGMISSFLIG 100
Rabbit VIEQSYNETW LGRQGPEGPG SIPPGTILTTL WALSVAIFS\ GGMISSFLIG 100
Cattle VIEQSYNETW LGROGPEGPG SIPPGTILTTL WALSVAIFSY GGMISSFLIG 100
Pig E\'SQWT_GRI\'I{ AMLFNNTLAV LAGALMGLAIL AAASYEMILIL GRFLIGAYSG| 1%¢
Human [[ISOWLGRKR AMIVNNAVI AV IGGSIMGLAN 33 ASYEMIIL GREFLIGAYSG| 150
Rabbit  [[ISQWLGRER AMLANNVLAY LGGTLMGLAN AAASYEMLIL GRFLIGAYSG| 150
Cattle EISQW'LGRK_R AMIFSNAL AV LGGTLMGLAK AAASYEMILIL GREFFIGAYSG| 150
Pig E-ASG'LKPI\IY\ GEIAPTHLRG ALGTLNQLAI VIGILIAQVL] GLESI\'H.-GT 200
Hunan [LTSGIVPMYY GEIAPTHLRG ALGTLNQLAI VIGILIAQVL GLESLLGTAS 200
Ralbbit CTSGINPMYV GEIAPTHLRG A[LGTLNOQLAI VIGILIAQVL GLIESNL GTAT 200
Cattle ILTSGL\'P]\'IY\-; GEIAPTHLRG [ALGTLNQLAI VTGILIAQVL] GLESMLGT 200
P L\K’PI_LLGIT\' LPALLOINLL PFCOPESPREYL YORNLEGPA PLRSLIERLTGW 250
Hivaan EAWPILILGLTY LPALLQIVLI] PFCPESPRYL YIIQNLEGPA RESLERLTGOW 250
Rabbit EWPLITLGITY LPALLOLILI| PFCPESPRYL YIIRNLEGPA RESLERLTGW 2350
Cattle [WPLLLGIT\ LPALLOMNVLL PLCPESPRYL YIIRNLEGPA RKSLRKRLTGW 250
Pig ADVSGALAEL KEFKRQLEHE RPLSLIQLLG SHTHROPLILT AINLQLSQOL]| 300
Human ADVSGVLAEL KDEKRELERE RPLSLLQLLG SRTHRQPLIT AVVLOLSQQL] 300
Rabbit ADVSGALAEL KDEKRKLERE RPLRILPOLLG SRTHROPLIT AVVLEOLSOOI] 300
Cattle ADVSEVLAEL KFEKRKLERE RSLSIIOLLG SHTHROPINVI ATVIOLSGOI] 300
Pig EGINA\"FX’YS TSIFIETAGOVO QOFAYATIGAG VA NTLVFIIVS VLIVIERAGRE 350
Human BEGINAVFY xS TSIFETAGYG QPAYATIGAG NWNIVETLINVS VLIVIERAGRR 350
Ralbbit BGINAVFY Y3 TSIHETAGVG OPAYATIGAG VWNTVFTIVSE VFINIERAGRR 350
Coattle HOITAVFYYS TSIFESAGVE KPAVATIGAG VANIVEIIVS VFIVIERAGHR 330
Pig TLHLL.GOLAGN CGOCAINLNMTVA LLPLIERVFPAN :‘:{.‘.‘-’l\_,’SI\-'AIFG F\"AFFEICIPa 400
Human TLHLEGLAGN CGCAILMTVYA LLILLERVPAM $YNSIVAIFG FVAFFEIGPG 400
Ralrbit TL: GLAGMK | v ATLNINVA LLLLERVNVPAN SY'{"S!\-’."—\IFG F\'AFFEIGPa 400
Cuattle TLHLILGL AGR CACAILNTVA LLL‘LIER\".PAL-'I SYNSIVAIFG F\"_-\FFEIGPG 400
Pig PIP\WVFIMAEL FYOGPRPAAM AVAGFSNWIS NFOOMSFOY VADBMGPYVE| 420
Human PIPWFINMAEL FSOGPRHAAM AVAGFSNWTS NFOGMGHQY VAEAMGPY VE| 450
Rablbiat PIPWFILVAEL FSOGPRHAAM AVAGEFSNWTIC NFOGMGHOY VADAMGPYNEF 450
Cattle [PIPCFIVIAEL FSQGPRPAAM AVAGFSNWIC NFOGMGHOY VADAMGPY VE| 450
Pis ELFAVLLLGF FIFTFLEVPE TRGRTFDQIS ATFRRTPSLL EQEVKPSTEL 500
Hwua ELFANLLLOF FIFIFLIRVFPE TRORTFDQIS AAFHRTPSLL EQEVRFPSTEL 500
Rabbit [LLFANIIIGE FIFTFLRVPE TRGRTIFDGOIS AAFRRTPRII EQEVEPSTEL 500
Cattle [LLPAVLLLGE FIFTFLKVPE TRGRTFDQIS AVFHRTPSLL EQEVKPSTEL <00
Pig EYLAPDEND 00
Haunan EYLGPDEND 209
Ralbt EYLGPDEND SO0
Cattle EYLGPDEHD S0

Figure 3. Amino acid sequence of GLUT4 from pigs and other three mammalian species. Putative transmembrane domains are indicated
by open box.
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Figure 4. Tissue distribution pattern of porcine GLUT4. All samples were normalized using 3-actin as an internal reference gene in Real-
time RT-PCR. Different characters in bars show that there is significant difference among different tissues (p<t).03).
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Figure 5. Relative expression of GLUT4 mRNA 1n skeletal muscle durmg Landrace development. All samples were analyzed by Real-
time R1-PCR for expression of GLU'T4 and B-actin. Expression levels of GLU T4 were normalized to f-actin. Units represent the relative
expression of GLUT4. LM: Longissimus dorsi muscle; SM: Semimembranosus muscle, SD: Semitendinosus muscle. Different characters

in the bars with same color mean that there is significant difference in the mRNA expression of GLUT4 in skeletal muscle from Landrace
with different ages (p<0.05).
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Figure 6. Relative expression of [R mRNA in skeletal muscle during Landrace development. All samples were analyzed by Real-time
RT-PCR for expression of IR and j-actin. Expression levels of IR were nommalized to [-actin. Units represent the relative expression of
IR. LM: Longissimus dorsi muscle, SM: Semimembranosus muscle; SD: Semitendinosus muscle, Different characters in the bars with

same color mean that there is significant difference in the mRNA expression of IR in skeletal muscle from Landrace with different ages
(p<0.05).
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In comparison with development of GLUT4 mRNA, the
insulin receptor (IR) mRNA was detectable in skeletal
muscle tissue from post-natal Landrace pigs (Figure 6).
There was significant difference in the relative expression
of IR in skeletal muscle from Landrace pigs at different
ages (p = 0.003). Similarly, the relative mRNA expression
of IR in skeletal muscles at the age of 1 and 30 d was also
higher than that at the other ages. The mRNA expression
level of IR from LM and SD at the age of 1 d was
significantly higher than those at the age of 7, 60 and 90 d
(p<0.05). And the mRNA expression level of IR from SM
muscle at the age of 1 d was significantly higher than those
at the age of 60 d from SM muscle (p<0.035). Interestingly,
there was also no significant difference in the relative
expression level of IR mRNA among different skeletal
muscle tissues (p>0.05). Moreover, there was also no
significant interaction between age and tissne for IR mRNA
in this study (p>0.05).

DISSCUSSION

A genome wide GeneBank search indicates that the
GLUTI-12 and HMIT (H+/myo-inositol transporter.
GLUTI13) may represent all facilitative glucose transporter
members in human. Sequence analysis of these 13 family
members shows that the sequences are more conserved in
the putative transmembrane regions (Zhao et al., 2007). In
this study, we have cloned the cDNA of porcine GLUT4.
The porcine GLUT4 encodes a peptide of 509 amino acids
residues that exhibits an over 90% amino acid identity to
the GLUT4 of human, rabbit and cattle. Moreover. the
deduced putative transmembrane regions of porcine GLUT4
were also similar to these of human, rabbit and cattle. These
results indicated that the molecular identity of cDNA in this
study might be porcine GLUTH.

In the present study, we have found that the porcine
GLUT4 mRNA was detected in heart, liver, skeletal muscle,
brain, lung, kidney and intestine. And the heart showed the
highest expression level of GLUT4 among these tissues,
followed by skeletal muscle, liver, brain. but with lower
level in other tissues. The highest GLUT4 mRNA in heart
suggested that piglets may need glucose as an energy source
for heart growth. Similarly, broilers also expressed high
mRNA level of GLUTI in heart at the age of 7 d
(Humphrey et al, 2004). GLUT4 expression in young
porcine liver appears to differ from that in Atlantic cod,
where it is highly expressed for GLUT2 mRNA (Hall et al.,
2006). These reports suggested that it was very important
for glucose transport in liver and it may need enough much
glucose as energy source for liver’s function. The
absorption of free glucoses from the small intestine is
believed to be a two-step process, including a passive
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process and an active process with variation of sodium
gradient. And the mechanisms of glucose re-absorption
across the tubule in kidney are considered to be similar to
these in the small intestine. It has been well reviewed that
the primary glucose transporters in small intestine were
SGLTI1, GLUT2 and GLUTS, and SGLT2 in kidney (Zhao
and Keating, 2007). In the present study. the relatively low
mRNA of GLUT4 in intestine and kidney is consistent with
that reported for GLUT4 in atlantic cod (Hall et al., 2006).
In addition. porcine skeletal muscle tissue expressed
relatively high level of GLUT4 mRNA in this study. The
glucose transport activity in L6 muscle cells was regulated
by the coordinate control of sub-cellular glucose transporter
distribution, biosynthesis, and mRNA transcription (Walker
et al. 1990). The high abundance of GLUT4 mRNA
expression in skeletal muscle may snggest that the
expression of this isoform plays a key role in glucose
metabolism in this tissue.

The glucose transporter GLUT4 is primarily responsible
for the increase in glucose uptake with responsible to
insulin stimulation. Many reports have proved that insulin
conld stimulate glucose uptake (He et al., 2003; Hou and
Pessin, 2007, Manso Filho et al.. 2007). The present study
showed that there was a large decrease in the relative
expression level of GLUT4 and IR mRNA in porcine
skeletal muscle by 1-7 d and a large increase by 7-30 d. The
developmental changes in the mRNA abundance of GLUT4
coincide with these in IR. The number of insulin receptors
is an important determinant of the specificity of insulin
action (Kitamura et al., 2004). Thus it appears that piglets
may increase glucose metabolism by increasing muscle
GLUT4 mRNA and insulin sensitivity at birth and after 2 d
of weaning period. However, the changes in the mRNA
abundance of GLUT4 and IR are not always the same.
Previous study has shown that GLUT4 mRNA was
expressed at low levels at the age of 1-8 d and at 2-3 fold
higher levels during and after weaning (18-40 d) in rat
skeletal muscle while there was little change in IR mRNA
prior to weaning and a reduction in mRNA abundance
between 18 and 40 d (Knott et al., 1992). Recent data have
also shown that the IR was expressed from the morula stage
onwards while the insulin-sensitive isoform GLUT4 was
not expressed (Tonack et al.. 2009). It is likely therefore
that porcine skeletal muscle might be a classic insulin target
model to illustrate the influence of insulin signaling on
GLUT4 by in vivo study.

Previous studies have shown that glucose transporter
expression in muscle is regulated by several factors,
including dietary factors (Le et al.. 2008), hormone (Gray et
al,, 2006), developmental regulation (Humphrey et al.,
2004). and contractile activity (Heled et al., 2005). However,
there is little information to study the influence of multi-
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factors interaction on muscle GLUT4 expression. A recent
published data has found that the regulation of GLUT4 in
brown trout took place predominantly in the red skeletal
muscle by insulin treatment (Diaz et al, 2007). In the
current study, no significant interaction between age and
tissue was found in the mRNA expression of GLUT4 or IR,
but the mRNA expression peak of GLUT4 in different
skeletal muscles differed. We have previously shown that
the proportion of red fibers in porcine LM muscle was
different from that in SD and SM (Unpublished). Thus, it
suggests that the postnatal development of porcine GLUT4
mRNA might be muscle specific. In addition, the study of
GLUTI1 through 5 expression in developing and mature
human skeletal muscle has found that GLUT4 seemed to be
of importance during muscle fiber growth development
(Gaster et al., 2000). In this study. porcine skeletal muscle
always kept high expression of GLUT4 mRNA after
weaning, which indicated that GLUT4 might be an
important glucose transporter in skeletal muscle during the
adult development.

In conclusion, porcine GLUT4 had a similar molecular
structure to the insulin-responsive GLUT4 of human. rabbit
and cattle. with an amino acid identity of over 90%.
Moreover. mRNA expression of GLUT4 in heart. skeletal
muscle and liver from piglets was relatively high. In
Landrace skeletal muscle, the mRNA expression level of
GLUTH4 coincided with those of IR, but the vanation degree
differed in different skeletal muscle tissues. These results
illustrate that porcine GLUT4 may be an insulin-responsive
glucose transporter and play an important role in the
development of skeletal muscle.
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