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Background/Aims: To study the effect of short-term cholestasis on glycogen metabolism.
Methods: Rats were bile duct ligated (BDL) for 4 or 8 days and compared to sham-operated control rats pair-fed to

BDL (pair-fed CON) or fed ad libitum (ad libitum-fed CON).
Results: Four days after surgery, the hepatic glycogen content was 21.6 ^ 7.6 mg/g in BDL, 21.2 ^ 8.5 mg/g in pair-

fed CON and 72.9 ^ 7.7 mg/g in ad libitum-fed CON, respectively. Eight days after surgery, the hepatic glycogen
content was reduced in BDL as compared to pair-fed (31.2 ^ 8.9 vs. 59.1 ^ 5.4 mg/g) or ad libitum-fed CON (58.3 ^ 4.7
mg/g). Similar findings were obtained with the glycogen content expressed per ml hepatocytes or per liver. Histological
analysis of BDL livers showed that most hepatocytes were affected. As compared to CON, activities and mRNA levels of
glycogen synthase and phosphorylase were reduced in BDL, whereas plasma glucagon and endotoxin levels were
increased at both time points. In contrast to liver, skeletal muscle glycogen metabolism remained unaffected.

Conclusions: While reduced intake of food explains the decrease in the hepatic glycogen stores in BDL and pair-fed
CON 4 days after surgery, reduced glycogen synthesis, possibly related to endotoxinemia, is the most probable cause of
the decrease in the hepatic glycogen content in BDL 8 days after surgery.
q 2002 European Association for the Study of the Liver. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Hepatic and muscle glycogen metabolism are essential

for glucose homeostasis and they represent important

energy sources during early starvation and physical exercise

[1–3]. Glycogen synthesis and breakdown are regulated by

two key enzymes, glycogen synthase and glycogen phos-

phorylase [1,4,5]. The activity of these enzymes is

controlled by phosphorylation and dephosphorylation,

respectively [1,6]. Glycogen synthase, the rate limiting

enzyme for glycogen synthesis, is activated either by meta-

bolites such as glucose [3,7,8], AMP [9] or glucose-6-phos-

phate [10] or by insulin via stimulation of protein

phosphatase 1-G [1,11–15]. Glycogen synthase is inacti-

vated by various protein kinases that are activated by

hormones such as glucagon, adrenalin or vasopressin

[1,13,16–18]. The key enzyme for glycogen breakdown is

glycogen phosphorylase, which is activated by phosphory-

lation [4,19,20]. The corresponding protein kinase is acti-

vated by hormones like glucagon, vasopressin or adrenalin

by phosphorylation [1,17,21–24]. Endotoxins or acute phase

proteins such as interleukin (IL)-1b stimulate glycogenoly-

sis either by inducing secretion of prostaglandin D2 by

Kupffer cells [25,26] or by affecting glycogen phosphory-

lase directly [27]. Glycogenolysis is inhibited by insulin

either via a cAMP- or a calcium-dependent pathway.

Bile duct ligation (BDL) for 2–4 weeks leads to progres-

sive fibrosis and eventually cirrhosis in rats, similar to
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secondary biliary cirrhosis in humans [28–30]. We were

recently able to demonstrate a progressive reduction in the

hepatic glycogen content per g liver and per ml of hepato-

cytes [31], and a decrease in activity and expression of both

glycogen synthase and phosphorylase [32] in rats with bile

duct ligation for 2–4 weeks. These findings indicate that

reduced glycogen synthesis is the major mechanism for

reduced hepatic glycogen stores in rats with long-term

cholestasis. However, whether cirrhosis or cholestasis is

responsible for reduced glycogen stores in the liver is so

far not clear investigated.

We therefore aimed to assess the effect of short-term

cholestasis on hepatic and skeletal muscle glycogen meta-

bolism in liver and skeletal muscle. The study should

answer the following questions: (1) are the hepatic and

skeletal glycogen contents reduced in rats with bile duct

ligation for 4 or 8 days without cirrhosis? (2) if so, what

are the potential mechanisms leading to alterations in glyco-

gen metabolism?

2. Materials and methods

2.1. Animals

Male Sprague–Dawley rats (BRL, CH-4414 Füllinsdorf, Switzerland)

were housed individually on a 12:12-h dark/light cycle and were fed a

standard rat chow with tap water ad libitum. All the animal experiments

were approved by the State Animal Ethics Board and were performed

according to these guidelines.

2.2. Surgical procedures

All surgical procedures were performed as described previously [31].

There was no mortality in the BDL rats studied 4 days after surgery or in

either control group, whereas the mortality in the BDL group 8 days after

surgery was 25%.

2.3. Study design

Six different groups of animals were investigated with all animals in the

fed state. Animals were either bile duct ligated (BDL rats) for 4 (n ¼ 12) or

8 (n ¼ 9) days, or sham-operated on and pair-fed to BDL rats (pair-fed

CON rats) for 4 (n ¼ 8) or 8 (n ¼ 8) days. Two other control groups were

sham-operated and fed ad libitum for 4 (n ¼ 5) or 8 (n ¼ 5) days (ad

libitum-fed CON rats).

2.4. Characterization of the animals

The rats were characterized by their body and spleen weights, activities

of alkaline phosphatase and aspartate aminotransferase (AST) in plasma

and by the plasma concentrations of glucose and bilirubin (analyzed on a

COBAS analyzer, Hoffmann-La Roche Diagnostics, Basel, Switzerland),

insulin and glucagon (by a radioimmunoassay, Linco Research Inc., St.

Louis, MO, USA), bile acids (by a radioimmunoassay, Becton Dickinson,

Orangeburg, SC, USA), and endotoxin (Limulus amebocyte lysate pyrogen

test, Kinetic-QCL, Biowhittaker, Santa Clara, CA, USA).

2.5. Sample preparation

The rats were decapitated at the time points indicated above and two

mixed venous/arterial blood samples were collected in heparinized tubes,

or, for the determination of insulin or glucagon, in tubes containing the

protease inhibitor Trasylol (Bayer Pharma, Zürich, Switzerland). The abdo-

men was opened quickly and freeze-clamped samples were obtained from

liver and skeletal muscle (triceps femoris). All liver and muscle biopsy

specimens were kept at 280 8C until analysis.

For the determination of portal and systemic endotoxin levels, additional

rats (BDL rats for 4 and 8 days and pair-fed control rats for 8 days, n ¼ 6

per group) were studied. Rats were kept in ether anesthesia and a systemic

and portal blood sample were obtained under sterile conditions and imme-

diately analyzed for endotoxin after heating to 75 8C for 10 min to denature

endotoxin-binding proteins [25].

From the remainder of the liver, additional samples were obtained in 4%

buffered formaldehyde for stereological analysis and in alcohol for histo-

logical analysis of glycogen.

2.6. Tissue glycogen content

The glycogen content in liver and skeletal muscle was determined enzy-

matically as glucose using a COBAS analyzer (Hoffmann-La Roche Diag-

nostics) after alkaline destruction of free glucose and enzymatic hydrolysis

of glycogen as described by Lust et al. [33] with the modifications reported

previously [31].

2.7. Enzyme assays

Glycogen synthase activity (active form and total activity) was deter-

mined as described originally by Thomas et al. [34] and modified by Guino-

vart et al. [35]. Total activity of glycogen phosphorylase was determined

according to Gilboe et al. [36], and the active form according to Theen et al.

[37].

2.8. Northern blotting

Total liver RNA was prepared according to Chomoczynski and Sacchi

[38], and mRNA was isolated using the PolyAtract system (Promega, Madi-

son, WI, USA). Two micrograms of mRNA were separated by electrophor-

esis on a 1% agarose/formaldehyde gel, transferred to a nylon membrane

(Hybond N, Amersham, Little Chalfont, Bucks, UK) and hybridized after

UV crosslinking. The cDNA probes obtained by reverse transcriptase–poly-

merase chain reaction and confirmed by sequencing corresponded to base

pairs (bp) 192–621 of rat glycogen synthase (J05446) and bp 1307–1768 of

rat glycogen phosphorylase (X63515). A 1.3 kb GAPDH cDNA was used as

a control. The probes were labeled with [a-32P]dCTP according to the

general protocol of Sambrook et al. [52]. After a 2-h prehybridization

period, the blots were hybridized overnight with 2 £ 106 cpm/ml hybridiza-

tion solution at 65 8C according to the general protocol of Sambrook et al.

[52]. After washing (three times for 30 min with 2£ SSC containing 0.5%

SDS at 65 8C) the blots were exposed to an autoradiographic film (Kodak,

X-Omat, Rochester, NY, USA) at 270 8C. Relative abundance of mRNA

levels was determined by densitometric analysis of the film with a Sharp

Scanner JX 325.

2.9. Stereological and histological analysis of the livers

The histological sections of the liver samples obtained randomly from all

bile duct ligated and pair-fed control rats [39] were analyzed by stereolo-

gical methods using the point-counting procedure described by Weibel

[40]. Each point was classified as overlying either hepatocytes, connective

tissue or ’other structures‘. In Section 3, only the volume densities (Vv) and

volumes per liver (V) of hepatocytes (hc) and connective tissue (ct) are

reported.

Other liver samples were fixed in alcohol and stained with PAS to visua-

lize tissue glycogen. Stains pretreated with diastase served as a negative

control.

2.10. Statistical methods

All results are expressed as mean ^ standard deviation (SD). Means
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were compared by ANOVA, followed by Scheffé‘s test. P , 0:05 was

considered to be statistically significant.

3. Results

The body weights are given in Fig. 1 and Table 1. Both

BDL and pair-fed CON rats showed an initial drop in body

weight which reached its maximum two to three days after

surgery (Fig. 1), whereas such a drop was not observed in ad

libitum-fed CON rats. The spleen weights did not differ

between BDL and CON rats 4 days after surgery, but

were increased in BDL rats after 8 days (Table 1). The

activities of alkaline phosphatase, AST and the plasma

concentrations of bilirubin and bile acids all showed signif-

icant increases in BDL rats 4 and 8 days after surgery in

comparison to CON rats. Endotoxin levels were elevated in

BDL rats at both time points in plasma from portal and

peripheral blood.

The stereological analysis of the livers revealed a

decrease in the volume fraction of hepatocytes and a corre-

sponding increase in the volume fraction of collagen in BDL

C. Lang et al. / Journal of Hepatology 36 (2002) 22–2924

Fig. 1. Body weights and food intake. Body weights are expressed as the percentage of the initial body weights. All rats studied were included in the

analysis. The initial body weights were 312 ^ 6 g for BDL rats, 293 ^ 11 g for pair-fed and 277 ^ 8 g for ad libitum-fed CON rats. Data are given as

mean ^ SD.

Table 1

Characterization of the animalsa

BDL Pair-fed CON Ad libitum-fed CON

4 days (n ¼ 12) 8 days (n ¼ 9) 4 days (n ¼ 8) 8 days (n ¼ 8) 4 days (n ¼ 5) 8 days (n ¼ 5)

Body weight (bw, g) 293 ^ 11a 304 ^ 24 268 ^ 11c 283 ^ 22c 292 ^ 8 314 ^ 17

Liver weight (g/100 g bw) 5.06 ^ 0.36ab 5.23 ^ 0.47ab 3.33 ^ 0.30c 3.63 ^ 0.36c 4.49 ^ 0.23 4.28 ^ 0.23

Spleen weight (g/100 g bw) 0.26 ^ 0.04 0.30 ^ 0.05ab 0.27 ^ 0.02 0.24 ^ 0.002 0.23 ^ 0.05 0.24 ^ 0.02

Plasma AST (U/l) 556 ^ 178ab 509 ^ 173ab 154 ^ 40 175 ^ 33 174 ^ 41 261 ^ 170

Plasma alkaline phosphatase (U/l) 486 ^ 84ab 418 ^ 100ab 172 ^ 12 223 ^ 28 208 ^ 59 287 ^ 124

Plasma bile acids (mmol/l) 89 ^ 37ab 74 ^ 54ab 0.9 ^ 0.5c 1.0 ^ 0.3c 1.8 ^ 0.7 2.5 ^ 0.7

Plasma bilirubin (mmol/l) 148 ^ 25ab 145 ^ 53ab 0.3 ^ 0.1 0.3 ^ 0.2 0.2 ^ 0.1 0.3 ^ 0.2

Plasma endotoxin (systemic, pg/ml) 41.9 ^ 20.9a 78.5 ^ 18.9a n.d. 10.6 ^ 4.6 n.d. n.d.

Plasma endotoxin (portal, pg/ml) 57.8 ^ 20.6a 95.2 ^ 20.4a n.d. 9.7 ^ 3.9 n.d. n.d.

a Rats studied were either bile duct ligated (BDL), sham-operated control rats pair-fed to BDL rats (pair-fed CON) or control rats fed ad libitum (ad libitum-

fed CON). Data are given as mean ^ SD. For endotoxin determinations, n ¼ 6 animals for each group were studied. n.d., not determined. Significance:
aP , 0:05, BDL vs. pair-fed CON; bP , 0:05, BDL vs. ad libitum-fed CON; cP , 0:05, pair-fed CON vs. ad libitum-fed CON.



as compared to pair-fed CON rats (Table 2). Due to the

increase in liver weight mentioned above, both the volume

of hepatocytes and the volume of collagen per liver were

increased in BDL rats.

Four days after surgery, the hepatic glycogen content

expressed per g liver or ml hepatocytes was not different

between BDL and pair-fed CON rats, but was decreased in

BDL compared to ad libitum-fed CON rats (Table 3). When

expressed per liver, both BDL and pair-fed CON rats had a

lower glycogen content than ad libitum-fed CON rats. Eight

days after surgery, the glycogen content per g liver or per ml

hepatocytes was lower in BDL rats than in both CON

groups. Also, when expressed per liver, the glycogen

content was lowest in BDL rats, but the difference reached

statistical significance only in comparison to ad libitum-fed

CON rats. The histological analysis of the livers shows that

the loss of glycogen in BDL rats has no zonal distribution

and affects the hepatocytes evenly (Fig. 2). In contrast to the

liver, the glycogen content in skeletal muscle showed no

significant difference between BDL and pair-fed or ad libi-

tum-fed CON rats at both time points.

The plasma glucagon concentrations were increased in

BDL compared to pair-fed CON rats by approximately

50% at both time points. In contrast, the plasma insulin

concentration was decreased by 50% in BDL rats 4 days

after surgery, whereas after 8 days no difference between

BDL and pair-fed CON rats could be detected.

In comparison to pair-fed or ad libitum-fed CON rats, the

total activity and also the active part (a-form) of both glyco-

gen synthase and phosphorylase was reduced in livers from

BDL rats Table 4. There was no difference in the active

fraction (a-form divided by total activity) between BDL

and CON rats at both time points for both enzymes. In

contrast to liver, the activity of both enzymes was not differ-

ent between BDL and pair-fed CON rats in skeletal muscle.

To explain further the mechanism leading to the observed

reduction in the activities of glycogen synthase and phos-

phorylase in BDL rats, Northern blots for both enzymes

were prepared. As shown in Table 5, the hepatic mRNA

levels were reduced in BDL as compared to pair-fed CON

rats for both glycogen synthase and phosphorylase at both

time points investigated.
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Table 2

Stereological analysis of the liversa

BDL Pair-fed CON

4 days (n ¼ 12) 8 days (n ¼ 9) 4 days (n ¼ 8) 8 days (n ¼ 8)

Hepatocytes (hc)

Vv (hc, liver) (ml hc per ml liver) 0.87 ^ 0.04a 0.85 ^ 0.04a 0.94 ^ 0.03 0.95 ^ 0.02

V (hc) (ml hc per liver) 12.9 ^ 0.9a 13.9 ^ 1.4a 8.3 ^ 0.8 10.7 ^ 1.2

Connective tissue (ct)

Vv (ct, liver) (ml ct per ml liver) 0.09 ^ 0.03a 0.06 ^ 0.03a 0.04 ^ 0.02 0.02 ^ 0.01

V (ct) (ml ct per liver) 1.26 ^ 0.09a 1.01 ^ 0.10a 0.32 ^ 0.03 0.23 ^ 0.02

a Rats studied were either bile duct ligated (BDL) or sham-operated control rats pair-fed to BDL rats (pair-fed CON). Stereological analysis was performed

by the point-counting procedure as described in Section 2. Vv stands for volume fraction, V for volume, hc for hepatocytes and ct for connective tissue. Data are

given as mean ^ SD. Significance: aP , 0:05 BDL vs. pair-fed CON.

Table 3

Metabolic characterization of the animalsa

BDL Pair-fed CON Ad libitum-fed CON

4 days (n ¼ 12) 8 days (n ¼ 9) 4 days (n ¼ 8) 8 days (n ¼ 8) 4 days (n ¼ 5) 8 days (n ¼ 5)

Tissue glycogen content

mg/g liver 21.6 ^ 7.6b 31.2 ^ 8.9ab 21.2 ^ 8.5c 59.1 ^ 5.4 73.0 ^ 7.7 58.4 ^ 4.7

mg/ml hepatocytes 24.8 ^ 8.7 36.9 ^ 10.6a 22.7 ^ 9.1 62.2 ^ 5.8 n.d. n.d.

mg/liver 324 ^ 124ab 517 ^ 160b 191 ^ 81c 670 ^ 122 960 ^ 134 783 ^ 72

mg/g skeletal muscle 5.2 ^ 1.4 6.0 ^ 1.9 5.2 ^ 0.8 5.8 ^ 1.4 n.d. n.d.

Plasma metabolites and hormones

Glucose (mmol/l) 7.4 ^ 0.3b 7.6 ^ 0.7 8.1 ^ 0.7 7.7 ^ 0.7 8.5 ^ 0.9 8.2 ^ 0.4

Insulin (ng/l) 923 ^ 371a 1613 ^ 669 1819 ^ 499 1804 ^ 466 n.d. n.d.

Glucagon (ng/l) 142 ^ 31a 147 ^ 66a 74 ^ 24 62 ^ 14 n.d. n.d.

a Rats studied were either bile duct ligated (BDL), sham-operated control rats pair-fed to BDL rats (pair-fed CON) or control rats fed ad libitum (ad libitum-

fed CON). Tissue glycogen was determined as glucose after enzymatic hydrolysis and hormone concentrations by a RIA as described in Section 2. Data are

given as mean ^ SD. Significance: aP , 0:05, BDL vs. pair-fed CON; bP , 0:05, BDL vs. ad libitum-fed CON; cP , 0:05, pair-fed CON vs. ad libitum-fed

CON.



4. Discussion

Our study shows that the hepatic glycogen content is

decreased in rats with acute cholestasis as a consequence

of both reduced food intake and cholestasis. In contrast to

liver, skeletal muscle glycogen content is not affected.

Four days after surgery, the glycogen content expressed

per ml hepatocytes or g liver was not different between BDL

and pair-fed CON rats. However, in comparison to ad libi-

tum-fed CON rats, both BDL and pair-fed CON rats had a

significantly decreased hepatic glycogen content. Since the

only difference between pair-fed and ad libitum-fed CON

rats is the amount of food ingested (the surgical procedure

was the same), reduced food intake has to explain the differ-
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Fig. 2. Histological analysis of the hepatic distribution of glycogen. Liver tissue was fixed in alcohol and stained with PAS. Sections pretreated with

diastase served as controls and showed no difference between livers from BDL and CON rats. (A) Liver tissue from a pair-fed CON animal 8 days after

surgery. PAS reactivity for glycogen is diffuse (no zonal distribution) and equal for most hepatocytes. (B) Liver tissue from a BDL rat 8 days after

surgery. PAS staining for glycogen in the parenchymal areas (center of the figure) is reduced in comparison to the control rat in (A). The adjacent non-

hepatocyte tissue consists of fibrosed portal tracts and septa showing marked ductular proliferation.



ences in the hepatic glycogen content 4 days after surgery.

The question remains why BDL rats ingest less food than ad

libitum-fed control rats. This is not a consequence of

anesthesia or laparotomy, since the CON rats had undergone

exactly the same procedures as the BDL rats. Reduced food

intake in BDL rats is therefore likely to be due to the specific

surgical procedure (ligation of the common bile duct) and/or

cholestasis.

Already 4 days after surgery, the hepatic mRNA expres-

sion and activity of glycogen synthase and phosphorylase

were decreased in BDL as compared to CON rats. Since, as

discussed above, the hepatic glycogen content per g liver

was not different between BDL and pair-fed CON rats at this

time point, the decreased activity of glycogen synthase was

not associated with a significant decrease in the hepatic

glycogen stores in BDL rats. It is possible that such a

decrease was prevented by the contemporary decrease in

the activity of glycogen phosphorylase, or, more likely,

that it was overridden by the effect of the reduction in

food intake.

The activity of glycogen synthase and phosphorylase is

regulated short-term by phosphorylation and long-term by

altered expression [1,6]. Since the active fractions of both

glycogen synthase and phosphorylase were not altered in

BDL as compared to CON rats, decreased expression but

not acute changes in the phosphorylation state of these

enzymes is the likely cause of reduced activity. This expla-

nation is in agreement with the results of the Northern blots,

which revealed reduced hepatic mRNA levels of both

enzymes at 4 and 8 days after surgery in BDL rats. These

findings are in agreement with those from rats with long-

term cholestasis [32] and indicate that cholestasis and not

secondary biliary cirrhosis is the primary cause of decreased

expression of these enzymes. Interestingly, contrary to

hormonal short-term regulation, which increases the activity

of one and decreases the activity of the other enzyme [1],

cholestasis decreases mRNA expression and activity of both

glycogen synthase and phosphatase at the same time,

suggesting a common regulatory pathway.

Similar to humans [41,42] and rats [31] with liver cirrho-

sis, acute cholestasis was associated with increased plasma

concentrations of glucagon in BDL rats, whereas the plasma

insulin levels were either decreased or unchanged. Since

glucagon accelerates glycogen breakdown in the liver

[1,13,16], increased plasma concentrations of this hormone

could theoretically explain a decrease in the hepatic glyco-

gen content. If this were the case, however, an increase in

the active fraction of glycogen phosphorylase and a corre-

sponding decrease of glycogen synthase would have been

expected in BDL rats [1], which was not the case. Further

studies are needed to explain why glycogen phosphorylase

is irresponsive to glucagon in livers of cholestatic rats. Inter-

estingly, glucagon failed to stimulate glucose production in

perfused livers from rats with long-term cholestasis [43].

Eight days after surgery, the glycogen content per ml of

hepatocytes or per g liver was clearly decreased in BDL rats

if compared to pair-fed or ad libitum fed CON rats, but not
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Table 4

Glycogen synthase and phosphorylase activity in liver and skeletal musclea

BDL Pair-fed CON Ad libitum-fed CON

4 days (n ¼ 12) 8 days (n ¼ 9) 4 days (n ¼ 8) 8 days (n ¼ 8) 4 days (n ¼ 5) 8 days (n ¼ 5)

Glycogen synthase

Active (a) form (U/g liver) 0.036 ^ 0.006ab 0.028 ^ 0.013ab 0.062 ^ 0.014 0.063 ^ 0.010 0.061 ^ 0.017 0.070 ^ 0.007

Total (a 1 b) activity (U/g liver) 0.11 ^ 0.02ab 0.10 ^ 0.03ab 0.21 ^ 0.03 0.21 ^ 0.02 0.20 ^ 0.02 0.21 ^ 0.01

Active (a) form (U/g muscle) 0.075 ^ 0.042 0.094 ^ 0.043 0.089 ^ 0.05 0.086 ^ 0.037 n.d. n.d.

Total (a 1 b) activity (U/g muscle) 0.25 ^ 0.10 0.26 ^ 0.08 0.25 ^ 0.09 0.26 ^ 0.10 n.d. n.d.

Glycogen phosphorylase

Active (a) form (U/g liver) 18.2 ^ 2.5ab 13.3 ^ 4.6ab 25.0 ^ 3.6 25.4 ^ 3.0 26.6 ^ 3.9 28.8 ^ 3.6

Total (a 1 b) activity (U/g liver) 19.7 ^ 2.0ab 15.6 ^ 4.3ab 28.5 ^ 3.2 27.3 ^ 2.8 31.3 ^ 4.3 32.6 ^ 3.1

Active (a) form (U/g muscle) 49.4 ^ 22.6 47.0 ^ 21.7 46.4 ^ 19.8 56.8 ^ 18.6 n.d. n.d.

Total (a 1 b) activity (U/g muscle) 84.4 ^ 28.7 86.2 ^ 30.4 82.4 ^ 25.7 91.4 ^ 29.1 n.d. n.d.

a Rats studied were either bile duct ligated (BDL), sham-operated control rats pair-fed to BDL rats (pair-fed CON) or control rats fed ad libitum (ad libitum-

fed CON). Enzyme activities were determined using radioactive substrates as described in Section 2. Data are given as mean ^ SD. Significance: aP , 0:05,

BDL vs. pair-fed CON; bP , 0:05, BDL vs. ad libitum-fed CON.

Table 5

Hepatic mRNA content of glycogen synthase and phosphorylasea

BDL Pair-fed CON

4 days (n ¼ 3) 8 days (n ¼ 3) 4 days (n ¼ 8)

Glycogen synthase

Relative density 0.15 ^ 0.13a 0.22 ^ 0.12a 0.67 ^ 0.39

Glycogen phosphorylase

Relative density 0.24 ^ 0.06a 0.37 ^ 0.05a 2.05 ^ 0.72

a Rats studied were either bile duct ligated (BDL) or sham-operated

control rats pair-fed to BDL rats (pair-fed CON). The values shown are

the densities (unitless) of the bands on the Northern blots prepared as

described in Section 2. Values were normalized to the values obtained

for GAPDH. The control groups (4 days and 8 days after surgery) were

pooled since the values were not different for the two time points. Data are

given as mean ^ SD. Significance: aP , 0:05, BDL vs. pair-fed CON.



different between the two control groups. Since the intake of

food (and also body weight) was not different between BDL

and pair-fed CON rats at this time point, this decrease in the

hepatic glycogen content is due to cholestasis, which

impairs expression and activity of glycogen synthase and

phosphorylase. In accordance with these findings and inter-

pretation, our studies in rats with bile duct ligation for 2–4

weeks showed a progressive decrease in the hepatic glyco-

gen content with prolonged duration of cholestasis [31]. A

possible explanation for reduced hepatic glycogen stores in

BDL rats is endotoxinemia, which has been described in

BDL rats also in other studies [44], and which is known

to impair hepatic glycogen synthesis [25,45]. Since prosta-

glandins produced from Kupffer cells mediate the hypogly-

cogenic effect of endotoxins in the liver [25], the skeletal

muscle glycogen stores in BDL rats are maintained despite

elevation of endotoxins in peripheral blood.

Physiologically more important than the glycogen content

per g liver or ml of hepatocytes, is the glycogen content per

whole liver. When the hepatic glycogen stores are exhausted,

the body glucose needs must be met by gluconeogenesis,

which depends on amino acids mainly from skeletal muscle

[46]. Since long-term cholestasis and/or liver cirrhosis are

associated with low hepatic glycogen stores [47,48], this may

be one of the mechanisms leading to muscle wasting in

patients with chronic liver disease [49,50]. Four days after

surgery, both pair-fed and BDL rats had a lower total liver

glycogen content than ad libitum-fed CON rats, whereas 8

days after surgery, total liver glycogen was equal in both

CON groups but lower in BDL rats. Due to an increase in

liver weight, the reduction in glycogen per liver was less

pronounced than the reduction per g liver tissue or volume

of hepatocytes in BDL rats. An increase in the volume of

hepatocytes per liver at least partially compensates for loss

of hepatic glycogen stores during the early phase of bile duct

ligation in rats, and may therefore be regarded as a way for the

liver to compensate for reduced function.

In contrast to liver, the skeletal muscle glycogen content

and the activities of glycogen synthase and phosphorylase

did not differ between BDL and CON rats at both time points.

These findings are in contrast to patients with alcoholic liver

cirrhosis [51] or rats with long-term bile duct ligation [31]

where the activity of glycogen synthase or the glycogen

content, respectively, have been found to be reduced. This

finding indicates that local rather than systemic factors

contribute to the alterations in hepatic glycogen metabolism

in rats with acute cholestasis. As suggested by the histologi-

cal pattern, showing that the glycogen content of most hepa-

tocytes was reduced, such factors affect the whole liver and

may therefore include high hepatic concentrations of bile

acids and/or of endotoxin.

Acknowledgements

The studies were supported by grants from the Swiss

National Science Foundation to L.K. (32-51127.97) and

S.K. (31-59812.99).

References

[1] Bollen M, Keppens S, Stalmans W. Specific features of glycogen

metabolism in the liver. Biochem J 1998;336:19–31.

[2] Gannon MC, Nuttall FQ. Effect of feeding, fasting, and diabetes on

liver glycogen synthase activity, protein, and mRNA in rats. Diabe-

tologia 1997;40:758–763.

[3] Talmadge RJ, Silverman H. Glucose uptake and glycogen synthesis in

normal and chronically active muscles. Am J Physiol

1993;264:E328–E333.

[4] Newgard CB, Hwang PK, Fletterick RJ. The family of glycogen

phosphorylases: structure and function. Crit Rev Biochem Mol Biol

1989;24:69–99.

[5] Kruszynska YT, Home PD, Alberti KG. In vivo regulation of liver and

skeletal muscle glycogen synthase activity by glucose and insulin.

Diabetes 1986;35:662–667.

[6] Brau L, Ferreira LD, Nikolovski S, Raja G, Palmer TN, Fournier PA.

Regulation of glycogen synthase and phosphorylase during recovery

from high-intensity exercise in the rat. Biochem J 1997;322:303–308.

[7] Garrido G, Guzman M, Odriozola JM. Effect of different types of high

carbohydrate diets on glycogen metabolism in liver and skeletal

muscle of endurance-trained rats. Eur J Appl Physiol 1996;74:91–99.

[8] Lang CH, Bagby GJ, Blakesley HL, Johnson JL, Spitzer JJ. Plasma

glucose concentration determines direct versus indirect liver glycogen

synthesis. Am J Physiol 1986;251:E584–E590.

[9] Carabaza A, Ricart MD, Mor A, Guinovart JJ, Ciudad CJ. Role of

AMP on the activation of glycogen synthase and phosphorylase by

adenosine, fructose, and glutamine in rat hepatocytes. J Biol Chem

1990;265:2724–2732.

[10] Ciudad CJ, Carabaza A, Guinovart JJ. Glucose 6-phosphate plays a

central role in the activation of glycogen synthase by glucose in

hepatocytes. Biochem Biophys Res Commun 1986;141:1195–1200.

[11] Beynen AC, Geelen MJ. Control of glycogen metabolism by insulin

in isolated hepatocytes. Horm Metab Res 1981;13:376–378.

[12] Margolis RN, Curnow RT. The role of insulin and glucocorticoids in

the regulation of hepatic glycogen metabolism: effect of fasting,

refeeding, and adrenalectomy. Endocrinology 1983;113:2113–2119.

[13] Roden M, Perseghin G, Petersen KF, Hwang JH, Cline GW, Gerow K,

et al. The roles of insulin and glucagon in the regulation of hepatic

glycogen synthesis and turnover in humans. J Clin Invest

1996;97:642–648.

[14] Storer GB, Topping DL, Trimble RP. Direct stimulation by glucose

and insulin of glycogen synthesis in perfused rat liver. FEBS Lett

1981;136:135–137.

[15] Witters LA, Avruch J. Insulin regulation of hepatic glycogen synthase

and phosphorylase. Biochemistry 1978;17:406–410.

[16] Ercan N, Gannon MC, Nuttall FQ. Effects of glucagon with or without

insulin administration on liver glycogen metabolism. Am J Physiol

1995;269:E231–E238.

[17] Weber CA, Kletzien RF. Hormonal and nutritional factors influencing

glycogen deposition in primary cultures of rat liver parenchymal cells.

J Cell Physiol 1982;110:300–303.

[18] Salhanick AI, Chang CL, Amatruda JM. Hormone and substrate regu-

lation of glycogen accumulation in primary cultures of rat hepato-

cytes. Biochem J 1989;261:985–992.

[19] Barford D, Hu SH, Johnson LN. Structural mechanism for glycogen

phosphorylase control by phosphorylation and AMP. J Mol Biol

1991;218:233–260.

[20] Johnson LN, Barford D. Glycogen phosphorylase. The structural basis

of the allosteric response and comparison with other allosteric

proteins. J Biol Chem 1990;265:2409–2412.

C. Lang et al. / Journal of Hepatology 36 (2002) 22–2928



[21] Keppens S, De Wulf H. P2-purinergic control of liver glycogenolysis.

Biochem J 1985;231:797–799.

[22] Keppens S, Vandekerckhove A, Moshage H, Yap SH, Aerts R, De

Wulf H. Regulation of glycogen phosphorylase activity in isolated

human hepatocytes. Hepatology 1993;17:610–614.

[23] Hue L, Feliu JE. Hormonal regulation of glycogenolysis and gluco-

neogenesis in isolated rat hepatocytes. Biochem Soc Trans

1978;6:29–33.

[24] van de Werve G, Hue L, Hers HG. Hormonal and ionic control of the

glycogenolytic cascade in rat liver. Biochem J 1977;162:135–142.

[25] Casteleijn E, Kuiper J, Van Rooij HC, Kamps JA, Koster JF, Van

Berkel TJ. Endotoxin stimulates glycogenolysis in the liver by means

of intercellular communication. J Biol Chem 1988;263:6953–6955.

[26] Goto M, Zeller WP, Picken M, Goto MP, Hurley RM. Lipopolysac-

charide alters suckling rat liver glycogenolysis. Circ Shock

1993;40:53–60.

[27] Lee JD, Cho SW, Hwang O. Interleukin 1 beta regulates glycogen

metabolism in primary cultured rat hepatocytes. Biochem Biophys

Res Commun 1993;191:515–522.

[28] Cameron GR, Oakley CL. Ligation of the common bile duct. J Pathol

Bacteriol 1932;3:759–798.

[29] Zimmermann H, Reichen J, Zimmermann A, Sagesser H, Thenisch B,

Hoflin F. Reversibility of secondary biliary fibrosis by biliodigestive

anastomosis in the rat. Gastroenterology 1992;103:579–589.

[30] Ludwig J. New concepts in biliary cirrhosis. Semin Liver Dis

1987;7:293–301.

[31] Krahenbuhl L, Talos C, Reichen J, Krahenbuhl S. Progressive

decrease in tissue glycogen content in rats with long-term cholestasis.

Hepatology 1996;24:902–907.

[32] Krahenbuhl L, Hagenbuch B, Berardi S, Schafer M, Krahenbuhl S.

Rapid normalization of hepatic glycogen metabolism in rats with

long-term bile duct ligation after biliodigestive anastomosis. J Hepa-

tol. 1999;31:656–663.

[33] Lust WD, Passonneau JV, Crites SK. The measurement of glycogen

in tissues by amylo-alpha-1,4-alpha-1,6-glucosidase after the destruc-

tion of preexisting glucose. Anal Biochem 1975;68:328–331.

[34] Thomas JA, Schlender KK, Larner J. A rapid filter paper assay for

UDPglucose-glycogen glucosyltransferase, including an improved

biosynthesis of UDP-14C-glucose. Anal Biochem 1968;25:486–499.

[35] Guinovart JJ, Salavert A, Massague J, Ciudad CJ, Salsas E, Itarte E.

Glycogen synthase: a new activity ratio assay expressing a high sensi-

tivity to the phosphorylation state. FEBS Lett 1979;106:284–288.

[36] Gilboe DP, Larson KL, Nuttall FQ. Radioactive method for the assay

of glycogen phosphorylases. Anal Biochem 1972;47:20–27.

[37] Theen J, Gilboe DP, Nuttall FQ. Liver glycogen synthase and phos-

phorylase changes in vivo with hypoxia and anesthetics. Am J Physiol

1982;243:E182–E187.

[38] Chomczynski P, Sacchi N. Single-step method of RNA isolation by

acid guanidinium thiocyanate- phenol-chloroform extraction. Anal

Biochem 1987;162:156–159.

[39] Weber ER. Stereological methods. London: Academic Press, 1979.

[40] Cruz-Orive LM, Weibel ER. Sampling design for stereology. J

Microsc 1981;122:235–257.

[41] Kabadi UM, Eisenstein AB, Tucci J, Pellicone J. Hyperglucagonemia

in hepatic cirrhosis: its relation to hepatocellular dysfunction and

normalization on recovery. Am J Gastroenterol 1984;79:143–149.

[42] Smith-Laing G, Orskov H, Gore MBR, Sherlock S. Hyperglucagone-

mia in cirrhosis. Diabetologia 1980;19:103–108.

[43] Krahenbuhl S, Krahenbuhl-Glauser S, Stucki J, Gehr P, Reichen J.

Stereological and functional analysis of liver mitochondria from rats

with secondary biliary cirrhosis: impaired mitochondrial metabolism

and increased mitochondrial content per hepatocyte. Hepatology

1992;15:1167–1172.

[44] Diamond T, Dolan S, Thompson RL, Rowlands BJ. Development of

reversal endotoxinemia and endotoxin-related death in obstructive

jaundice. Surgery 1990;108:370–375.

[45] Buday AZ, Lang CH, Bagby GJ, Spitzer JJ. Glycogen synthase and

phosphorylase activities during glycogen repletion in endotoxinemic

rats. Circ Shock 1986;19:149–163.

[46] Cahill GF, Herrera MG, Morgan AP, Soeldner JS, Steinke J, Levy PL,

et al. Hormone-fuel interaction during fasting. J Clin Invest

1966;45:1751–1769.

[47] Owen OE, Reichle FA, Mozzoli MA, Kreulen T, Patel MS, Elfenbein

IB, et al. Hepatic, gut, and renal substrate flux rates in patients with

hepatic cirrhosis. J Clin Invest 1981;68:240–252.

[48] Lang C, Seiler CA, Zimmermann A, Krähenbühl S, Krähenbühl L.
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