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In this study, we tested the efficacy of increasing liver glyco-
gen synthase to improve blood glucose homeostasis. The over-
expression of wild-type liver glycogen synthase in rats had no
effect on blood glucose homeostasis in either the fed or the
fasted state. In contrast, the expression of a constitutively active
mutant form of the enzyme caused a significant lowering of
blood glucose in the former but not the latter state.Moreover, it
markedly enhanced the clearance of blood glucose when fasted
rats were challenged with a glucose load. Hepatic glycogen
stores in rats overexpressing the activated mutant form of liver
glycogen synthase were enhanced in the fed state and in
response to an oral glucose load but showed a net decline during
fasting. In order to test whether these effects were maintained
during long term activation of liver glycogen synthase, we gen-
erated liver-specific transgenic mice expressing the constitu-
tively active LGS form. These mice also showed an enhanced
capacity to store glycogen in the fed state and an improved glu-
cose tolerance when challenged with a glucose load. Thus, we
conclude that the activation of liver glycogen synthase improves
glucose tolerance in the fed state without compromising glyco-
genolysis in the postabsorptive state. On the basis of these find-
ings, we propose that the activation of liver glycogen synthase
may provide a potential strategy for improvement of glucose
tolerance in the postprandial state.

The liver responds to an increase in blood glucose concen-
tration in the postprandial state by net uptake of glucose and
conversion to glycogen, which is subsequently mobilized in the
postabsorptive state to maintain blood glucose homeostasis.
Various attempts have been made to improve blood glucose
homeostasis through themodulation of the expression or activ-
ity of proteins involved in the control of liver glycogen metab-
olism. Glucokinase (GK)3 catalyzes the first step in hepatic glu-

cose metabolism and exerts high control on liver glycogen
synthesis (1). Previous studies using either transgenic models
(2, 3) or adenoviral vectors targeting the liver (4) demonstrated
improved glucose tolerance and/or a lowering of blood glucose
in basal conditions. However, GK overexpression also increases
flux through glycolysis, and in some circumstances this leads to
hypertriglyceridemia (4).
An alternative approach tomodulating liver glycogenmetab-

olism without stimulating glycolysis and triglyceride formation
is through modifying the enzymes that are involved exclusively
in glycogen synthesis and degradation or regulatory proteins
that may affect the activity of the former, such as protein tar-
geting to glycogen (PTG) (5). Overexpression of PTG in the
liver by means of an adenoviral vector increases glucose toler-
ancewithout perturbing lipid homeostasis (6). However, a limi-
tation of this experimental model is that it leads to the progres-
sive accumulation of glycogen because PTG promotes the
inactivation of glycogen phosphorylase (GP) also during fast-
ing, and consequently there is negligible depletion of glycogen
in the postabsorptive state and during a prolonged fast. Simi-
larly, GL targeting subunit overexpression in the livers of strep-
tozotocin-induced diabetic rats causes a large increase in liver
glycogen stores but only a transient decrease in blood glucose
levels. The glycemia-reducing effect can be prolonged in time
by using a truncated version of the scaffolding proteins GM and
GL, termedGM�C,which does not compromise the response to
glycogenolytic signals (7–9).
Another approach is the use of inhibitors of GP, which pro-

mote the dephosphorylation of the enzyme (conversion of GPa
to GPb) and the subsequent activation of glycogen synthase
(GS) (10, 11). GP inhibitors reduce blood glucose in animal
models of diabetes and improve glucose tolerance in the post-
prandial state. An alternative strategy has been to selectively
modify the interaction betweenGPa and the glycogen-targeting
protein GL bymutating the terminal GPa binding domain or by
using small molecules that prevent the interaction of GPa with
GL (12). In thisway, the negative control exerted byGPa onLGS
activation is released without altering the activation state of
GPa.
A common end point of all of the above strategies is that they

aim to induce the activation of liver GS (LGS) through indirect
mechanisms. However, to date, the strategy of directly activat-
ing LGS, independently of the rate of glucose phosphorylation
or the activation state of GP, to regulate blood glucose homeo-
stasis has not been addressed.
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To this end, we examined the impact of the adenovirus-me-
diated overexpression of wild-type LGS and a constitutively
active LGS variant (13) on livers of healthy rats. In addition, we
generated liver-specific transgenic mice expressing the acti-
vated mutant LGS. Using these approaches, we have demon-
strated the relevance of the phosphorylation state of LGS in the
control of blood glucose homeostasis and in the regulation of
hepatic glycogen storage.

EXPERIMENTAL PROCEDURES

Preparation of Recombinant Adenoviruses—Recombinant
adenoviruses encoding for the bacterial enzyme �-galactosid-
ase (�-gal), wild-type Rattus norvegicus LGS (WT LGS) (14), or
a constitutively activeRattus norvegicusLGS variantmutated at
phosphorylation sites 2 and 3b (activated mutant LGS) (13)
were amplified and purified for injection into animals, follow-
ing procedures described previously (15).
Animal Studies—All procedures were approved by the Bar-

celona Science Park’s Animal Experimentation Committee and
were carried out in accordance with the European Community
Council Directive and National Institutes of Health guidelines
for the care and use of laboratory animals.
Rat Studies—Male Wistar rats (Charles River Laboratories)

weighing 200–250 g were housed for 1 week before any proce-
dure and were allowed free access to water and standard labo-
ratory chow (Harlan Tekland Laboratory diet 7001). After pro-
cedures, the rats were caged individually under a standard 12-h
light/12-h dark cycle to allow monitoring of food and water
intake. Two experimental protocols were performed. In the
first, rats were anesthetized with 2% isofluorane (Isoba vet,
Schering Plough) and infused with 1 � 1012 particles of acti-
vated mutant LGS-, WT LGS-, or �-gal-encoding purified
adenoviruses. 96 h after adenovirus administration, animals
were either fasted for 18 h or allowed to continue to feed ad
libitum. In the second protocol, animals were infused with the
same titer of adenovirus, and after 96 h, they were fasted for
18 h. This was followed by an intraperitoneal glucose injection
(intraperitoneal glucose tolerance test (IPGTT); 2 g/kg body
weight). Blood samples from the tail vein were collected imme-
diately before administration of the bolus and at the time inter-
vals indicated in order to measure circulating glucose concen-
trations. In all procedures, tissue samples were obtained from
anesthetized animals (sodium thiopental (Tiobarbital Braun),
0.1 g/kg body weight intraperitoneally), rapidly snap-frozen in
liquid nitrogen, and stored at �80 °C for further analysis.
Transgenic Mouse Generation and Studies—The Mus mus-

culus Gys2 cDNA sequence (clone ID 5051685, pCMV-
SPORT6 vector, Invitrogen) previously mutated at sites 2 and
3b (Ser 3 Ala mutations, by site-directed mutagenesis using
the following primers: for site 2, GCCGCTCCTTGCCGGTG-
ACATCCCTTG (sense) and CAAGGGATGTCACCG-
GCAAGGAGCGGC (antisense); site 3b, GCTTTAAGTAT-
CCCAGGCCCTCCGCAGTACCACC (sense) and GGTG-
GTACTGCGGAGGGCCTGGGATACTTAAAGC (antisense),
respectively) was subcloned between the intron II of the rabbit
�-globin gene and the rabbit �-globin and SV40 polyadenyl-
ation signals of the pSG5 plasmid (a generous gift from Dr. P.
Chambon, Université Louis Pasteur). This fragment was then

subcloned into the EcoRV site of the p2335-1 plasmid (a gener-
ous gift fromDr. K. Khono, Nara Institute of Science and Tech-
nology), which contains the mouse albumin enhancer/pro-
moter, generating the palbpSG5MmLGS-2 � 3b vector. A 5-kb
NotI/SalI digestion fragment was excised, microdialyzed, and
microinjected into the pronuclei of fertilized mouse eggs
(C57BL/6J � C57BL/6J) at the Mouse Mutant Core Facility,
Institute for Research in Biomedicine (Barcelona, Spain).
Embryos were implanted into pseudopregnant foster females
(ICR), and transgenic pups were identified. DNA samples from
tail clips of subsequent litters were screened by PCRwith prim-
ers (forward, ATCCCCCGGGCTGCAGGAAT; reverse, GCA-
CGTTGCCCAGGAGCTGT) that amplified a 638-bp frag-
ment of the transgene. The transgene was maintained on
the C57BL/6J background throughout the study. Transgenic
and wild-type mice were allowed free access to a standard
chow diet and water and maintained on a 12-h/12-h light/dark
cycle under specific pathogen-free conditions in the Animal
Research Center at the Barcelona Science Park. After weaning
at 3 weeks of age, tail clippings were taken for genotyping by
PCR. Glucose tolerance tests were carried out using 20-week
male mice after fasting by injecting 2 g/kg glucose intraperito-
neally. Glucose levels weremeasured from tail bleeds at 0, 5, 15,
30, 60, 90, and 120min. For the determination of liver glycogen
content and LGS activity and expression, fed and 18 h-fasted
male mice were given a lethal dose of anesthesia (sodium thio-
pental (Tiobarbital Braun), 0.2 g/kg body weight intraperitone-
ally), and tissues were rapidly snap-frozen in liquid nitrogen
and stored at �80 °C for further analyses.
Enzyme Activity and Metabolite Determination—To mea-

sure GS activity, tissue samples (100 mg) were added to 1 ml of
ice-cold homogenization buffer containing 10 mM Tris-HCl
(pH 7), 150 mM KF, 15 mM EDTA, 15 mM 2-mercaptoethanol,
0.6 M sucrose, 1 mM benzamidine, 1 mM phenylmethanesulfo-
nyl fluoride, 25 nM okadaic acid, 10 �g/ml leupeptin, 10 �g/ml
aprotinin, and 10 �g/ml pepstatin and were then homogenized
(Polytron) at 4 °C. GS activity was measured in whole homoge-
nates in the absence or presence of 6.6 mM glucose 6-phos-
phate, representing active or total activity, respectively (16).
The �/� glucose 6-phosphate activity ratio is an estimation of
the activation state of the enzyme.
Electrophoresis and Immunoblotting—Immunoreactivity

was determined by resolving homogenates (20�g of protein) by
10% SDS-PAGE. The protein was transferred onto a nitrocellu-
lose membrane and probed with the following antibodies: a
rabbit antibody against rat LGS (17), a mouse antibody against
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Sigma),
and a mouse antibody against actin (Sigma). Secondary anti-
bodies conjugated to horseradish peroxidase against rabbit (GE
Healthcare) or mouse (DakoCytomation) immunoglobulins
were used. Immunoreactive bands were visualized using an
ECL Plus kit (GE Healthcare), following the manufacturer’s
instructions.
Blood Parameters—Blood glucose was measured using a

HemoCue glucose analyzer (HemoCueAB, Angelholm, Sweden).
Plasma aspartate-aminotransferase activity was measured spec-
trophotometrically by standard techniques (HORIBA ABX)
adapted to aCOBASMira analyzer (RocheAppliedScience).Only
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animalswith bloodplasma aspartate aminotransferase concentra-
tions lower than 200 units/liter (indicative of the absence of virus-
induced liver damage) were used for further study (18). Plasma
lactate (HORIBA ABX), triglycerides (Sigma), and 3-hydroxybu-
tyrate (BHBA; Sigma) concentrations were measured spectro-
photometrically by standard techniques adapted to a COBAS
Mira analyzer. Plasma non-esterified fatty acids (NEFAs;
Wako) were measured by colorimetric determination adapted
to a Freedom Evo Tekan analyzer. Plasma insulin levels were
measured by immunoassay (Spi Bio).
RNA Purification and Retrotranscription—Total RNA was

isolated from rat liver tissue by homogenizing (Polytron) 100
mg of the sample in 1 ml of TRIzol (Invitrogen). After centrifu-

gation at 12,000 � g for 5 min, 0.2 ml of chloroform was added
to the supernatant, and it was then centrifuged again at
12,000 � g for 15 min at 4 °C to separate it into two phases.
Adding 0.5 ml of isopropyl alcohol to the aqueous phase then
precipitated total RNA. After an incubation of 10 min at room
temperature, samples were centrifuged at 12,000 � g for 10
min at 4 °C. Pellets were washed with 1ml of 70% ethanol and
centrifuged at 7500 � g for 5 min at 4 °C. The desiccated
pellets were resuspended in 100 �l of RNase-free water. 5 �g
of total RNA from each sample was reverse-transcribed for
50 min at 42 °C in a 15-ml reaction volume using 200 units of
SuperScript III reverse transcriptase (SuperScript First-strand
Synthesis System for RT-PCR, Invitrogen) in the presence of
50 ng of random hexamers.
Quantitative Real-time PCR—PCR tests were performed

following the standard real-time PCRprotocol of theABI Prism
7900 Detection System, together with the appropriate ready-
made TaqMan primer/probe sets (Applied Biosystems) at the
Genomic Unit of Core Scientific Services at the University of
Barcelona. Each sample was analyzed from triplicate wells. The
temperature profile consisted of 40 cycles of 15 s at 95 °C and 1
min at 60 °C. Data were analyzed with the 2��Ct method using
18 S rRNA as endogenous control.
Glycogen Analysis—Liver glycogen content was determined

by an amyloglucosidase-based assay (19). To assess glycogen
branching, the method described by Krisman (20) was used.
Electron Microscopy Analysis—Rat liver biopsies were fixed

in 2.5% glutaraldehyde solution for 24 h, rinsed in Sorensen’s
phosphate buffer, and postfixed in 1% osmium tetroxide in
Sorensen’s phosphate buffer. The fixed tissue was dehydrated
in an ascending series of graded ethanol solutions. It was then
rinsed with propylene oxide, embedded in Eponate 12, and
polymerized at 60 °C for more than 48 h. Thin sections were
preparedwith a diamond knife on an Leica Ultracut UCTultra-
tome at the Electron Microscopy Unit of the Core Scientific

FIGURE 1. Effects of the overexpression of WT LGS or activated mutant
LGS on hepatic GS activity in rat liver. A, RT-PCR analysis of LGS mRNA levels
in livers of rats overexpressing �-gal, WT LGS, or a constitutively active mutant
LGS form (mutant LGS). B, total GS activity (units (U)/g of liver) of liver homo-
genates from fasted (white bars) or fed (black bars) rats overexpressing �-gal,
WT LGS, or mutant LGS. C, GS activity (units/g of liver) calculated in the
absence of glucose 6-phosphate. In all cases (A–C), data represent the
mean � S.E. (error bars) of the following: seven fasted and seven fed �-gal-
overexpressing rats; five fasted and six fed WT LGS-overexpressing rats; and
five fasted and five fed mutant LGS-overexpressing rats. * or **, statistical
difference for comparisons with �-gal group at the same metabolic state with
p � 0.05 or p � 0.005, respectively. D, representative Western blot analysis of
three liver extracts of fasted or fed rats with antibodies against LGS or GAPDH
as a load control. In all cases, 20 �g of protein were analyzed per lane.

FIGURE 2. Effects of the overexpression of WT LGS and activated mutant
LGS on glycogen content in rat liver and muscle. A, liver glycogen content
(mg/g of liver) measured in rats overexpressing �-gal, WT LGS, or mutant LGS.
B, muscle glycogen content (mg/g of muscle) determined in the same ani-
mals. In all cases, data represent the mean � S.E. (error bars) of the following:
seven fasted and seven fed �-gal-overexpressing rats; five fasted and six fed
WT LGS-overexpressing rats; and five fasted and five fed mutant LGS-overex-
pressing rats. * or **, statistical difference for comparisons with �-gal group at
the same metabolic state with p � 0.05 or p � 0.005, respectively.
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Services at the University of Barcelona, and sections were then
collected on copper grids. Sections were then stained with 2%
uranyl acetate in water and lead citrate solution. Cell structure
was assessed by transmission electron microscopy JEM-1010
(Jeol).
Immunocytofluorescence—Liver biopsies were fixed in a 4%

paraformaldehyde solution for 24 h. Cryoprotection was done
by increasing saccharose gradients up to 30% in PBS solution.
Liver was then frozen in the presence of water-soluble glycols
and resins (Tissue-Tek O.C.T. compound, Sakura). Cryostat
sections (10 �m, Leica CM1900) were washed with PBS and
permeabilized for 20minwith 0.2% (v/v) TritonX-100 (in PBS).
After 10 min of blocking with 3% BSA (w/v in PBS), incubation
with the primary antibody against rat total LGS (in PBS) was

done for 12 h at 4 °C. After washing
with PBS, sections were incubated
with the secondary antibody (Texas
Red-conjugated donkey and rabbit
IgG, Jackson) for 2 h at room tem-
perature. They were then washed
with PBS and mounted onto glass
slides using Mowiol (Sigma).
Statistical Analysis—Data are ex-

pressed asmean� S.E. Statistical sig-
nificance was determined by un-
pairedStudent’s t testusingMicrosoft
Excel (version XP; Microsoft Corp.,
Redmond, WA). Statistical signifi-
cance was assumed at p � 0.05.

RESULTS

Overexpression of WT LGS and
ActivatedMutant LGS in Rat Liver—
Rats were injected with adenovirus
encoding for either WT LGS or a
constitutively active LGS mutant
form (mutations Ser3 Ala at 2 and
3b phosphorylation sites, activated
mutant LGS), and the control group
was injectedwith adenovirus coding
for �-gal. After 96 h postinjection,
animals were subdivided into two
groups, one of which was submitted
to an 18-h fast while the other was
allowed to feed ad libitum. The effi-
ciency of adenovirus transfection in

liver was confirmed by the significant increase in mRNA
expression (Fig. 1A) and LGS immunoreactivity and total GS
activity (Fig. 1, B and D) in both the WT LGS and activated
mutant LGS groups compared with the control. Active GS
(measured in the absence of glucose 6-phosphate) was only
moderately increased in the group overexpressingWTLGS but
was markedly increased in the activated mutant LGS-overex-
pressing group (Fig. 1C). There was no detectable immunore-
activity to LGS in adipose tissue, pancreas, kidney, testes, lung,
or skeletal muscle (data not shown), thereby confirming pref-
erential transgene delivery to liver, in agreement with previous
studies (21, 22).
Effects on Liver Glycogen in Fasted and Fed Rats—Liver gly-

cogen content in the fed rats was enhanced �2-fold in the acti-
vated mutant LGS group but was unchanged in the WT LGS
one (Fig. 2A), despite similar levels of total GS activity and pro-
tein in the two groups (Fig. 1, B and D). In the fasted state, the
glycogen content of the activated mutant LGS-overexpressing
group was decreased compared with the fed state, thereby indi-
cating net mobilization of liver glycogen. Transmission elec-
tronmicroscopy confirmed a higher cytoplasmic glycogen con-
tent in the livers of rats overexpressing the activated mutant
LGS compared with controls but did not show any other struc-
tural changes (Fig. 3). Furthermore, glycogen isolated from liver
of the former group was normally branched (Table 1). Addi-

FIGURE 3. Effects of activated mutant LGS overexpression on ultracellular structure as shown by electron
microscopy analysis of rat liver sections. Cellular ultrastructure analysis by electron microscopy of liver
biopsies from the rats overexpressing �-gal or the constitutively active mutant form of LGS, fasted for 18 h or
fed ad libitum. Scale bar, 5 �m (fed rats) or 1 �m (fasted rats).

TABLE 1
Degree of branching of liver glycogen isolated from fed rats
Glycogen samples isolated from the livers of fed rats were complexed with iodine,
and spectra were recorded to measure the degree of branching of the accumulated
glycogen. Results are expressed as the mean � S.E. of four �-gal- overexpressing
rats, fourWT LGS-overexpressing rats, four activatedmutant-LGS-overexpressing
rats. Commercial rabbit liver glycogen and commercial corn amylopectin were used
as controls for high and low degree of branching, respectively.

Polysaccharide �max (20)

�-gal liver glycogen 490 � 2
WT LGS liver glycogen 493 � 2
Mutant LGS liver glycogen 502 � 7
Rabbit liver glycogen 491 � 2
Starch amylopectin 563 � 4a

a Statistical difference for comparisons with mutant LGS group with p � 10�6.
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tionally, there was no difference in muscle glycogen content
between the experimental and control groups (Fig. 2B).
Effects on Blood Parameters in Fasted and Fed Rats—We

examined the impact of LGS expression on the concentration
of glucose and other metabolites in the blood. In the fed state,
blood glucose concentrations were slightly decreased in the
activated mutant LGS group but not in the WT LGS group,
whereas plasma triglycerides and other bloodmetabolites were
unchanged (Table 2); nor was plasma insulin altered with
respect to controls. In the fasted state, therewere no differences
in glycemia; however, the concentration of plasma BHBA was
significantly decreased in the activated mutant LGS group.
Expression of GP, GK, PEPCK, and GLUT2 in Fasted and

Fed Rats—We tested whether the overexpression of LGS
and/or the increased accumulation of glycogen caused second-
ary changes in the expression of key players of hepatic glucose
metabolism. ThemRNA levels of GK, GLUT2, PEPCK, and GP
were determined by quantitative real-time PCR. Although
fasting caused the expected decrease in GK expression and
increase in PEPCK expression (23) (Fig. 4A), there were no
further significant differences in the mRNA levels of these
genes caused by activated mutant LGS overexpression when
compared with the other experimental groups in the same
nutritional state (Fig. 4, B and C).
Intraperitoneal Glucose Tolerance Test—To further study

the effects of WT or activated mutant LGS overexpression on
blood glucose homeostasis, we performed an IPGTT to a new
group of rats. 96 h after postadenoviral injection, rats were sub-
jected to an 18-h fast and were then given an intraperitoneal
glucose load (2 g/kg body weight). Blood glucose concentration
determined between 15 min and 3 h after the glucose load was
markedly diminished in the activated mutant LGS group com-
pared with the �-gal and WT LGS groups, with a decrease in
area under the curve of 30% (Fig. 5A). Liver glycogen content of
�-gal or WT LGS-overexpressing rats showed a marked
increase at the final point of the IPGTT (180 min) compared
with that for �-gal-overexpressing fasted rats (Fig. 5B, inset).
Overexpression of activated mutant LGS resulted in a much
larger increase in the storage of this polymer comparedwith the
other groups (Fig. 5B). Similarly, only activated mutant LGS-
overexpressing animals showed significantly improved glucose
tolerance. Several blood parameters were measured upon end-
ing the test. There was no difference in the concentrations of
insulin, lactate, or triglycerides between the experimental
groups and the controls (Table 3).However, plasmaBHBAcon-

centrations were significantly decreased in the activated
mutant LGS group, similar to the changes observed in the
fasted activated mutant LGS-overexpressing rats (Table 2).
Intracellular Distribution of LGS after the IPGTT—Previous in

vitro studies reported that the incubation of isolated hepatocytes

FIGURE 4. Effects of the overexpression of WT LGS and activated mu-
tant LGS on glucokinase, GLUT2, glycogen phosphorylase, and phos-
phoenolpyruvate carboxykinase expression levels in rat liver. A, RT-PCR
analysis of liver GK, GLUT2, GP, and PEPCK mRNA levels in livers of fed and
fasted rats overexpressing �-gal; data are relative to the fed �-gal group.
B, RT-PCR analysis in fasted overexpressing �-gal, WT LGS, or mutant LGS rats;
data are relative to the fasted �-gal group of rats. C, RT-PCR analysis in fed
overexpressing �-gal, WT LGS, or mutant LGS rats; data are relative to the fed
�-gal group of rats. In all cases, relative expression levels were calculated with
the 2��Ct method using 18 S rRNA as endogenous control, and data represent
the mean � S.E. (error bars) of the following: seven fasted and seven fed
�-gal-overexpressing rats; five fasted and six fed WT LGS-overexpressing rats;
and five fasted and five fed mutant LGS-overexpressing rats. In A the asterisk
indicates significant difference, with p � 0.05.

TABLE 2
Blood parameters in rats overexpressing �-gal, WT LGS, or activated mutant LGS
After sacrificing the animals, blood samples were taken to measure the metabolites and hormones indicated. Glucose was measured in whole blood, whereas the rest of the
parameters were determined in plasma. In all cases, data represent themean� S.E. of the following: seven fasted and seven fed �-gal-overexpressing rats; five fasted and six
fed WT LGS-overexpressing rats; and five fasted and five fed mutant LGS-overexpressing rats. ND, not determined; TG, triglycerides.

Fasted Fed
�-gal WT LGS Mutant LGS �-gal WT LGS Mutant LGS

Glucose (mg/dl) 68 � 3 73 � 4 84 � 8 124 � 5 115 � 6 96 � 3a
Insulin (ng/ml) 0.4 � 0.2 ND 0.5 � 0.2 1.4 � 0.3 ND 1.1 � 0.4
TG (mg/dl) 99 � 12 71 � 8 104 � 15 146 � 23 120 � 21 183 � 46
Lactate (mg/dl) 35 � 4 26 � 5 28 � 1 45 � 7 67 � 19 55 � 9
NEFAs (mmol/liter) 0.12 � 0.02 ND 0.10 � 0.01 0.02 � 0.01 ND 0.06 � 0.03
BHBA (mg/dl) 19 � 4 23 � 1 8 � 3a 2.2 � 0.6 4.3 � 0.9 3.3 � 0.3

a Significant differences relative to �-gal-overexpressing rats, with p � 0.05.
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with glucose activates LGS but also causes its translocation from a
homogeneous cytoplasmic distribution to the cell periphery (17,
24). In the present study,we studied the subcellular distribution of
LGS in all of the experimental groups after the IPGTTbymeansof
immunofluorescence (Fig. 5C). There was a clear localization of
LGS in the cell periphery in the activatedmutant LGS group com-
pared with the �-gal-overexpressing rats.
Liver-specific Transgenic Mice Expressing the Activated Mu-

tant LGS—Wewanted to investigate if longer (chronic) expres-
sion of the activated mutant LGS resulted in the loss of the
ability to efficiently reduce blood glucose levels as a conse-
quence of limited glycogen storage capacity. Because experi-
ments using adenovirally transduced rats are time-limited, we
undertook a completely new approach to address the issue of
permanent activation of LGS as a potential strategy to chroni-
cally improve glucose tolerance. Thus, we generated transgenic
mice expressing the activated mutant LGS under the control of
albumin enhancer/promoter (liver-specific). Although trans-
genic animals expressed moderate levels of the recombinant
protein as revealed by Western blot analysis (Fig. 6A; note the
increased mobility due to reduced phosphorylation level), it
was sufficient to drastically increase the LGS activity ratio (Fig.
6B). In addition, fed transgenic mice showed increased liver
glycogen contentwhen comparedwithWTanimals in the same
metabolic state, although this difference disappeared upon 18 h
of fasting (Fig. 6C), indicating that these mice were capable of
fully mobilizing their glycogen stores. Furthermore, activated
mutant LGS liver-specific transgenic mice showed improved
glucose tolerance when challenged with a glucose bolus
(IPGTT; 2 g/kg body weight) (Fig. 6D).

DISCUSSION

The liver plays a major role in the clearance of blood glucose
in the postprandial state (25), and several proteins involved in
the control of hepatic glucose metabolism, including GK, GP,
and glycogen-targeting proteins, have been proposed as poten-
tial targets for antihyperglycemic therapy for type 2 diabetes.
GK overexpression and inhibition of GP activity are both effec-
tive in improving glucose tolerance. However, there are certain
critical issues associated with these strategies. GK overexpres-
sion increases flux through glycolysis, and in some circum-

FIGURE 5. Intraperitoneal glucose tolerance test. A, rats overexpressing
�-gal, WT LGS, or activated mutant LGS were fasted for 18 h before receiving
an intraperitoneal glucose bolus of 2 g/kg body weight. Tail vein blood sam-
ples were taken, and glucose concentrations were measured at the times
indicated after the glucose bolus. The area under the curve was measured for
each experimental group (AUC, inset). B, liver glycogen content (mg/g of liver)
determined at the starting point (�-gal-fasted) and at the end point of
the IPGTT (180 min). The inset shows a lower scale graph. In all cases, data are
mean � S.E. (error bars) for seven fasted �-gal-overexpressing rats and nine
�-gal-, six WT LGS-, and five mutant LGS-overexpressing animals from the
IPGTT. C, liver samples taken after the IPGTT were processed for immunoflu-
orescence analysis with an antibody against LGS. Representative confocal
microscopy images of liver sections from rats overexpressing �-gal, WT LGS,
or activated mutant LGS. Laser intensity was adjusted so that the endogenous
LGS signal (�-gal-overexpressing animals) was hardly observable. Lower right
panel, magnification of the mutant LGS image (area inside the box) to show
the aggregated, peripheral distribution of LGS. Scale bar, 20 �m. In A, the
single or double asterisks indicate those time points at which blood glucose
concentrations were significantly lower in rats overexpressing mutant LGS
than in rats overexpressing �-gal, with p � 0.05 or p � 0.005 respectively; in B

the double asterisk denotes statistical difference for comparisons with the
�-gal IPGTT group with p � 0.005, and the ampersand denotes statistical
difference between the fasted �-gal group and the �-gal IPGTT group, with
p � 0.005.

TABLE 3
Blood parameters after the IPGTT in rats overexpressing �-gal, WT
LGS, or activated mutant LGS
At the end of the IPGTT (180 min), blood samples were taken in order to measure
the metabolites and hormones indicated. Glucose was measured in whole blood,
whereas the rest of the parameterswere determined in plasma.Data are expressed as
the mean� S.E. for nine �-gal-, sixWT LGS-, and five mutant LGS-overexpressing
rats.

�-gal WT LGS Mutant LGS

Glucose (mg/dl) 83 � 6 91 � 6 67 � 4
Insulin (ng/ml) 2.3 � 1 2.7 � 1 2.8 � 1
Triglycerides (mg/dl) 52 � 10 47 � 14 63 � 8
Lactate (mg/dl) 27 � 7 35 � 3 40 � 11
BHBA (mg/dl) 11 � 2 13 � 1 4 � 1a

a Significant differences relative to �-gal-overexpressing rats, with p � 0.05.
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stances, this can lead to an increase in plasma triglycerides (4).
GP inhibition may have potentially negative effects on skeletal
muscle function during exercise (26). Studies using glycogen-
targeting proteins have shown that sustained efficacy in
improving glucose tolerance can be achieved only by enhancing

glycogen synthesis in the postprandial state without compro-
mising glycogenolysis in the postabsorptive state (6, 9). Accord-
ingly, although overexpression of PTGmarkedly enhances gly-
cogen storage in isolated hepatocytes in vitro (27), it is only
mildly effective at improving glucose clearance in fasted glu-
cose-challenged rats, because glycogenolysis is markedly cur-
tailed in the fasted state and hepatic glycogen stores are there-
fore nearly saturated prior to glucose loading (6). A common
feature of all of the above mentioned strategies is that they lead
to secondary activation of LGS. Nevertheless, the direct effects
of activation of this enzyme as the primary target to modulate
blood glucose homeostasis have not been addressed. We have
recently shown that the activity of LGS in primary cultured
hepatocytes can be modulated by expression of constitutively
active forms of the enzyme (13). Thus, our objective was to
determine the effects of the expression of a constitutively active
form of LGS on blood glucose homeostasis in vivo.
Two key findings have emerged from this study. First, the

overexpression of a constitutively active variant of LGS (Ser3
Ala mutations at 2 and 3b phosphorylation sites) lowered
blood glucose in the fed but not in the fasted state, and these
changes were paralleled by corresponding alterations in
hepatic glycogen content. Worthy of note is that the glyco-
gen synthesized showed a normal degree of ramification.
Furthermore, it also markedly enhanced glucose clearance
when fasted animals were challenged with a glucose load.
Importantly, overexpression of the wild-type protein had a
negligible effect on hepatic glycogen storage and on blood
glucose homeostasis. Consequently, this finding indicates
that the amount of LGS in the normal physiological state is
not limiting for hepatic glycogen synthesis and that strate-
gies simply aiming to increase LGS protein are not likely to
improve glucose homeostasis. Second, the overexpression of
a constitutively active form of LGS had no effect on plasma
insulin, lactate, NEFAs, or triglycerides, thereby being free
of some of the negative side effects detected in other
approaches. Furthermore, this strategy also prevents the
increase in ketogenesis because rats expressing an activated
mutant LGS had a lower concentration of BHBA in the fasted
state and after a glucose challenge, when compared with
controls. Changes in the plasma concentration of ketone
bodies generally parallel the plasma concentration of NEFAs.
However, because the NEFA levels of the rats expressing a
constitutively active LGS form were similar to those of con-
trols, we propose that intrahepatic regulation of ketogenesis
by the elevated glycogen content is a plausible explanation
for the lower levels of BHBA. Further experiments would be
necessary to address this hypothesis. Moreover, expression
of LGS (either wild-type or active form) had no effect on the
expression of the main glucose metabolism-related enzymes
and glucose transporters, such as GK, GP, PEPCK, and
GLUT2. Interestingly, although the rats overexpressing a
constitutively active form of LGS showed markedly elevated
GS activity in the fed and fasted states, blood glucose con-
centrations were decreased only in the former state, thereby
indicating that other mechanisms have an overriding role on
glycogen metabolism in the fasted state.

FIGURE 6. Characterization of transgenic mice expressing activated
mutant LGS in liver. A, representative Western blot analysis of liver extracts
of wild type and activated mutant LGS transgenic mice (two samples of each)
with antibodies against LGS or actin as a load control. In all cases, 20 �g of
protein were analyzed per lane. B, GS activity ratio (�glucose 6-phosphate/
�glucose 6-phosphate (�Glc-6-P/�Glc-6-P)) of liver homogenates from wild
type (n � 8) and mutant LGS transgenic (n � 4) mice. Data represent the
mean � S.E. (error bars). C, liver glycogen content (mg/g of liver) measured in
fasted (white bars) or fed (black bars) wild type and mutant LGS transgenic
mice. Data represent the mean � S.E. of six fasted and four fed wild type mice
and five fasted and four fed mutant LGS transgenic mice. D, wild type (n � 9)
and mutant LGS transgenic (n � 6) mice were fasted for 18 h before receiving
an intraperitoneal glucose bolus of 2 g/kg body weight. Tail vein blood sam-
ples were taken, and glucose concentrations were measured at the times
indicated after the glucose bolus. The area under the curve was measured for
each experimental group (AUC, inset). Data represent the mean � S.E. The
single or double asterisks denote statistical difference for comparisons with
WT group at the same metabolic state with p � 0.05 or p � 0.005, respectively.
The double ampersand denotes statistical difference (p � 0.005) between the
fasted and fed states for each group of mice.
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A central result in this study is the marked improvement of
glucose tolerance shown by 18 h-fasted rats when challengedwith
a glucose load,with adecrease in areaunder the curveof 30%.This
can be explained almost entirely by the prominent increase in the
storage of hepatic glycogen in this experimental group. In fact, the
overexpressed activated mutant LGS was located at the cellular
periphery, where glycogen synthesis is initiated (17, 24). Although
the hepatic glycogen accumulation in rats overexpressing the acti-
vated mutant form of LGS was already higher than the other
groups after an 18-h fast, this surplus of glycogen did not limit the
capacity of posterior accumulation of the polysaccharide in liver.
Thus, rats overexpressing this constitutively active LGS mutant
had the capacity to remove the excess of glucose in blood and then
deliver it to glycogen synthesis more efficiently than the other
groups.However, a permanent activationof LGScouldpotentially
cause the saturation of the liver capacity to store glycogen, thus
limiting its glycemia-lowering effects (8). The results obtained
with liver-specific transgenicmice chronically expressing the acti-
vated mutant LGS largely reproduce the observations from the
experiments with rats: increased LGS activity and glycogen accu-
mulation in the fed state, capacity to mobilize glycogen stores
upon fasting, and improved glucose tolerance when these mice
were challenged with a glucose load.
On the basis of our findings, we propose that the direct activa-

tion of LGS is an effectivemethod to improve glucose tolerance in
the postprandial state as a result of its capacity to enhance glucose
storage without affecting other metabolic pathways. Therefore,
our observations may provide the basis for a novel therapeutic
approach to reduce hyperglycemia in diabetes.
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