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Introduction

Hepatic glycogen synthesis is greatly enhanced in the post 
absorptive state when a large proportion of the absorbed glucose 
is directly converted into glycogen a reserve of carbon and 
energy. This glycogen accumulation is a physiological response in 
mammals to the increase in blood glucose concentration after a 
meal; the liver plays a central role in maintaining blood glucose 
homeostasis [1,2]. 

The mechanism of glycogen synthesis is not yet fully 
understood. In the liver, glycogen synthase (LGS) and glycogen 
phosphorylase (LGP) both are directly involved in glycogen 
metabolism to maintain postprandial blood glucose homeostasis 
[3 – 5]. LGS is the key enzyme controlling glycogen synthesis [6], 
it catalyzes the addition of α-1,4-linked glucose units from uridine 
diphosphate (UDP) glucose to a nascent glycogen chain. [7]. 

LGS is inhibited by phosphorylation at multiple sites mediated 
by protein kinases, such as protein kinase A and glycogen 
synthase kinase 3 (GSK3) [8,9]. In addition, LGS is activated by 
dephosphorylation via glycogen synthase phosphatase (GSP). 
Moreover, It is widely accepted that glucose phosphorylation  

 
as glucose-6-phosphate (G6P) constitutes a key step in hepatic 
glycogen synthesis promoting the covalent activation of LGS 
[10,11].On the other hand, LGP is activated by phosphorylation 
and inhibited by dephosphorylation by protein phosphatase 1 
(PP1) [12], these events converge to activate GS and inhibit GP, 
resulting in accumulation of liver glycogen after a meal. 

We have previously reported in isolated hepatocytes that 
glucose, besides its effect on the activation state of LGS, also 
changes the intracellular distribution of this enzyme. In response 
to glucose, the enzyme moves to the periphery of the cell [13]. This 
change in the subcellular distribution of liver glycogen synthase 
was related to the cell location in which glycogen synthesis begins 
[14]. 

The purpose of this study is to establish the physiological 
relevance of the subcellular distribution of liver glycogen synthase 
in liver glycogen synthesis in vivo. This study presents evidence 
that the translocation of LGS take place during the fasted to 
refeed transition in rats. Finally, translocation of hepatic glycogen 
synthase may then constitute a novel mechanism of regulation of 
liver glycogen synthesis.
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Material and methods

Animals 

Male Wistar rats weighing 200-230 g were used. Two dietary 
groups were selected: A) starved animals (control). All food was 
removed from the cage 24h before the experiments, but drinking 
water was available. B) refeed animals. After the 24-h starved 
rats, they were given access to food for 1, 2 or 4 hours. The 
experimental protocol was approved by the Ethical Committee at 
the Universitat de Barcelona (DAAM-8153). All experiments were 
performed in accordance with the guidelines and regulations 
established by the Universitat de Barcelona.

Preparation of samples

Rats were anaesthetised by inhalation of ethyl ether and 
plasma glucose concentration was measured. Immediately, livers 
were excised and samples were used for several biochemical 
measurements and LGS immune localization. 

Glycogen Synthase activity, glycogen and Glucose-6-
Phosphate determinations

Liver samples were homogenized in 10 volumes of ice-cold 10 
mM Tris/HCl buffer (pH 7.4) containing 150 mM KF, 15 mM EDTA, 
0.6 M sucrose, 1 mM phenylmethyl-sulphonyl fluoride, 1 mM 
benzamidine, 25 µg/mL leupeptin and 50 mM β-mercaptoethanol. 
Homogenates were centrifuged at 10,000 x g for 15 min at 4ºC, 
and supernatants were used for some determinations. 

LGS activity was determined as described [15] using the low 
(0.25 mM)-to-high (10 mM) glucose 6-phosphate concentration. 
Liver glycogen content was determined after ethanol precipitation 
as described in [16], G6P was determined as described in [17], 
and protein was measured as described in [18].

Liver Glycogen synthase immunofluorescence labelling

Liver slices from starved and refeed rats were immediately 
fixed in 3% paraformaldehyde in PBS 0.1 M (pH=7.4) for 60 
min and cryoprotected for 10 h in 2.1 M sucrose Then they were 
mounted on sample carriers and frozen in liquid nitrogen for 
cryosectionning. Cryosections of 1 μm of thickness were obtained 
in a Reichert-Jung ultramicrotome equipped with FL4 system 
for cryosectioning. For immunofluorescence labelling, obtained 
sections were blocked with 20 mM glycine 1% BSA in PBS (buffer 
A) for 10 min and incubated for 1 h at room temperature with 
a polyclonal antibody raised in rabbits against homogeneous rat 
liver glycogen synthase diluted 1:75. [9]. After 3 washes in PBS for 
10 min, sections were incubated for 45 min at room temperature 
with a secondary antibody mixture (anti-rabbit-FITC) and 
phalloidin TRITC diluted in buffer A. After 3 washes in PBS, 
sections were mounted in a hydrosoluble immunofluorescence 
medium (Mowiol) and observed by laser scanning confocal 
microscopy.

Confocal images were obtained with a Leica TCS 4D (Leica 
Lasertechnik GmbH, Heidelberg, Germany) confocal scanning 

laser microscope (CSLM) adapted to an inverted microscope (Leitz 
DMIRB). Images were taken using a 63X (NA 1.4 oil) Leitz Plan-
Apochromatic or a 100 X (NA 1.3 oil) Leitz Plan Fluotar objectives. 
FITC (liver glycogen synthase) and TRITC (actin filaments), were 
simultaneously excited at 488 and 568 nm lines of kripton-argon 
laser, green and red emitted fluorescence were detected in two 
photomultipliers used in parallel.

Each image collected was the average of four-line scans 
at the standard scan rate. The image size was 512x512 pixels. 
Colocalization analysis was performed by the Multi Colour 
software (vers 2.0, Leica Lasertechnik GmbH, Heidelberg). A two-
dimensional confocal cytofluorogram showed the correlation 
of the fluorescence signal from the two channels as a diagram: 
the fluorescence intensities of the green and red channels 
were represented in x-axis and y-axis respectively [19]. The 
coincidence labelling between the two single images was shown 
as the portion of the cytofluorogram located along the diagonal 
of the graph (x=y). The vertical (FITC) and horizontal (TRITC) 
portions of the graph are related to the single labelled regions 
within the two single images. The selected colocalization area in 
the cytofluogram was handily marked with a random window, 
shown in white pixels look-up-table and was directly identified in 
the combined image.

Liver Glycogen Synthase immune localization by 
electron microscopy

Small liver pieces from starved and refed animals were 
washed in PBS and fixed with 2% paraformaldehyde - 0.1% 
glutaraldehyde. Then they were cryoprotected for 10 h with 
2.1 M sucrose, mounted on sample carriers and frozen in liquid 
nitrogen. Cryoultrasections were obtained in a ReichertJung 
ultramicrotome equipped with the FC4 system. Sections were 
transferred to a 100mesh grid with the carbon-coated formvar film. 
For immunolabelling on ultrathin cryosections, we followed the 
procedure described by [20] with slight modifications. Grids were 
washed 3x5 min on drops of 20 mM glycine in PBS and blocked 
with PBSgly 1% BSA for 20 min. Incubation (30 min) with the 
primary antibody rabbit anti-glycogen synthase at 1:75 dilution in 
the blocking solution was performed, followed by 3x5 min washes 
in PBSgly. The grids were incubated for 20 min in a solution of 
Aprotein labelled with 15 nm gold particles at 1:50 dilution. After 
3 washes in PBS of 5 min each and 6 washes in double distilled 
water of 2.5 min each, the sections were contrasted in 0.3% uranyl 
acetate in methyl cellulose for 10 min on ice. Finally, grids were 
examined at the Hitachi 600 AB electron microscope (Hitachi Ltd. 
Tokyo, Japan). For quantitation analysis 15 photographs each 
of starved and refed immunodetected cryosections of 20,000X 
magnification were obtained on a Hitachi AB 600 electron 
microscope. To quantify the distribution of glycogen synthase in 
the interior of the hepatocytes, the cells were arbitrarily divided 
into two radial zones of identical thickness. The first zone was the 
most peripheral and included the plasma membrane, while the 
second was the closest to the nuclear envelope.
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Statistical analyses

Statistical significance of differences was assessed by 
Student’s t-test.

Materials 

Glucose-6-phosphate and UDP-glucose were obtained from 
Sigma Chemical Co. (St. Louis, MO, U.S.A.). Analytical-Grade 
reagents came from Merck (Barcelona, Spain). Protein AGold was 
obtained from Amersham (Madrid, Spain).

Results

Refeeding effects on glycaemia and liver glycogen content 

When 24h starved rats were given access to pellet diet, 
an increase in plasma glucose concentration (glycaemia) was 
detected; in control-starved rats glycaemia was about 110 ± 9 mg/
dL whereas it raised to the maximum value, 188 ± 12 mg/dL after 
2-h of having access to food (Table 1). The content of liver glycogen 
increased during the refeeding period: in starved rat livers It was 
1.4 ± 0.1 mg/g of the liver and in refed rats increased up to 34.2 ± 
1.5 mg/g of the liver after 4-h of restoring food (Table 1). 

Table 1: Effects of refeeding on glycaemia, glycogen, LGS activity ratio and G6P intracellular levels. The plasma glucose concentration of 
starved and refed rats was measured. Glycogen, LGS activity and G6P levels  were measured from starved and refed rats. Results are means 
±SE for 6 independent experiments.

State Serum glucose 
mg/dL

Glycogen 
mg/g

Activity ratio 
(-/+ G6P)

G6P  
nmol/g

Starved 110 ± 9 1.4 ± 0.1 0.18 ± 0.02 148 ± 6

1 h fed 172 ± 10a 6.9 ± 0.5b 0.47 ± 0.04b 210 ± 9a

2 h fed 188 ± 12ª 17.8 ± 1.0b 0.49 ± 0.03b 308 ± 16b

4 h fed 154 ± 10a 34.2 ± 1.5b 0.42 ± 0.03b 296 ± 16b

ap<0.01 versus starved
bp<0.001 versus starved

Effects of refeeding on liver glycogen synthase activity 
and intracellular G6P levels

Refeeding triggered the activation of hepatic glycogen synthase 
as previously observed for glucose in isolated hepatocytes [6]. LGS 
activity (+/-) measured in starved rats was 0.18 ± 0.02, however, 
the LGS activity ratio has the maximum value, 0.49 ± 0.03, at 2 h 
of refeeding (Table 1). Intracellular G6P level measured in starved 
rats was 148 ± 6 nmol/g of liver, whereas the maximum value, 308 
± 14 nmol/g of the liver, was also obtained after 2 h refeeding.

Effects of refeeding on the intracellular localization of 
LGS. Detection by confocal microscopy. 

Liver slices were processed for immunofluorescence 
detection of LGS, and, at the same time, actin filaments were 
stained. In samples from starved rats, LGS was scattered through 
the cytoplasm with no apparent distribution (Figure 1A). After 4 
h refeeding, LGS immunofluorescence was also observed within 
the cytoplasm however, a high fluorescence density was observed 
at the cell periphery (compare Figure 1A and Figure 1B). No 
apparent change in actin filament distribution was observed 
during the refeeding period (Figures 1C and 1D).

The increase of fluorescent signal of LGS at the cell periphery 
was more evident when colocalization analysis between LGS and 
actin fluorescence were performed (Figures 1E and 1F), indicating 

that the change in the distribution of LGS induced by refeeding 
correlated with a marked increase in the co-distribution of both 
proteins at the cell periphery. 

A two-dimensional confocal cytofluorogram shows the 
correlation of the fluorescence intensities of the green (FITC) and 
red (TRITC) channels which were represented in x-axis and y-axis 
respectively. The selected colocalization area in the cytofluogram 
was handily marked with a random window, shown in white 
pixels look-up-table and was directly identified in the combined 
image. Confocal cytofluorogram showed about 40 % of LGS 
translocation after refeeding 4 h. This percentage was calculated 
by fluorescence density measures in LGS staining sections from 
control (starved rats) and in 4 h refeeding rats.

Effects of refeeding on the intracellular localization of 
LGS detected by electron microscopy (EM)

In order to study the intracellular distribution of LGS at higher 
resolution, liver slices were processed by cryoultramicrotomy, LGS 
was immunostained and Protein A-colloidal gold particles were 
detected by EM. Figure 2 shows representative pictures from liver 
slices of starved and refed rats. In Figure 2A (nucleus zone, N) and 
Figure 2B (plasmatic membrane zone, pm) from starved rats, LGS 
was spread into the cytoplasm. However, after 4 h refeeding more 
gold particles appeared towards the periphery of the cell, Figure 
2C (N) and Figure 2D (pm).



004

International Journal of Cell Science & Molecular Biology

How to cite this article: Josep M. Fernández-Novell. Experimental Evidences of Physiological Liver Glycogen Synthase Translocation During the Fasted 
to Refeed Transition in Rats. Int J Cell Sci & Mol Biol. 2025; 8(1): 555729. DOI:10.19080/IJCSMB.2025.08.555729

Figure 1: Intracellular distribution of LGS detected by immunofluorescence. LGS and actin were distinguished by confocal microscopy. A, C 
and E images are from starved rats and B, D, and F images are from 4h refeeding rats. Green LGS was identified in A and B images. Red 
actin was identified in C and D images and colocalization was detected in E and F images. Bar: 5 μm.

Figure 2: LGS cellular distribution detected by EM after refeeding. Electron microscopy images of starved rat livers (Figures 2A, 2B) and 4 
h refed (Figures 2C and 2D) were obtained. N: nucleus, rer: rough endoplasmic reticulum, m: mitochondria, pm: plasma membrane. Arrows 
show glycogen synthase particles and Gly shows glycogen deposits. Bar: 200 nm.

In order to quantify these observations, 15 photographs 
(20,000X; combined area 12.4 μm2) were obtained for each 
sample, the gold particles were counted and the radial distribution 
of these gold particles was plotted in two intervals. In liver from 
starved rats, few particles were present close to the membrane. In 

contrast, in the cell from 4 h refed rats, most of the gold particles 
were found near the membrane, thus confirming that glycogen 
synthase had translocated to the cell cortex in response to 
refeeding.
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Figure 3 shows the total gold particles percentage per 
hepatocyte. From plasma membrane to nuclear membrane 
distances were divided into two halves, the first including the 
plasma membrane and the second one including the nuclear 

membrane. In livers from starved rats, 52% of gold particles are 
spread in the plasma membrane zone and, 48% in the nuclear 
membrane zone. On the other hand, in livers from 4 h refed rats 
68 % of gold particles in the first half and, 32% in the second.

Figure 3: Quantification of LGS distribution. The total gold particles per cell were counted. Percentages in radial distribution were plotted, 
the plasma membrane zone (white columns) and the nuclear membrane zone (black columns). Results are means ± SE for 15 photographs 
obtained for each sample.

Discussion

The regulation of glycogen metabolism is critical for the 
maintenance of glucose homeostasis in mammals, but it is not 
completely understood. The results presented here deepen in 
understanding this part of metabolism and give a new vision. The 
results show a clear correlation between glycaemia, intracellular 
G6P levels, LGS activity and glycogen synthesis during the 
refeeding period. Greatest glycaemia value (2h refeeding) 
correlated with the highest intracellular G6P levels (2h refeeding) 
and also correlated with the highest LGS activity (2h refeeding). 
However, glycogen synthesis is increasing linearly during 4 h of 
refeeding, it is cumulative. 

Blood glucose concentration increases in the post absorptive 
state and intracellular glucose phosphorylation take place [21], 
hepatic glycogen synthesis is very sensitive to changes in glycogen 
synthase activity and correlated more closely with the increase 
in free glucokinase activity, suggesting that glucose-induced 
translocation of glucokinase plays a major role in the control of 
glycogen synthesis. In addition, glucose phosphorylation as G6P 
plays a central role in activating LGS [10, 11, 22]

It has been reported that glucose, in addition to activating 
hepatic glycogen synthase [13, 23], triggers changes in the 
intracellular distribution of the enzyme in isolated hepatocytes 
from starved rats. In skeletal muscle from male Wistar rats, 
observed [24] that the muscle glycogen content and muscle 
glycogen synthase activity and localization were influenced by the 

nutritional animal state in the same way of this study.

The relevance of the LGS translocation in vivo has been 
studied. The enzyme can be found in the cell periphery of whole 
livers from refed rats, and this is precisely the place where 
glycogen synthesis starts [14]. Results obtained by confocal and 
electronic microscopy supports the biochemical observations that 
the subcellular localization of LGS was changing during the refed 
period. 

Finally, this text provides a new approach on the liver glycogen 
metabolism, the glycogen synthase translocation must be 
considered as an additional regulatory mechanism controlling the 
synthesis of glycogen in the liver. The next step should be studying 
the translocation of liver glycogen synthase in diabetic animals.
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