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Abstract

Purpose To investigate the accumulation of glycogen in

cirrhotic rat liver at several time intervals after per os

administration of glucose to fasted animals.

Methods Liver cirrhosis was produced by inhalation of the

hepatotropic poison CCl4. Glycogen concentration in the

liver was determined biochemically. Glycogen content in

hepatocytes was measured cytofluorimetrically in the smears

stained with a fluorescent PAS reaction. Glycogen content in

the hepatocytes of the portal and the central zone of the liver

lobule was determined by absorption cytophotometry.

Results Rats poisoned with CCl4 for 6 months developed

typical liver cirrhosis characterized by a fourfold (p \ 0.001)

increase in the proportion of the connective tissue. In the

cirrhotic rats fasted for 48 h, glycogen concentration in the

liver and glycogen content in hepatocytes were lower as

compared with the control by 36 and 27 % (p \ 0.01),

respectively. According to data obtained by different meth-

ods, the control animals accumulated glycogen at a high rate.

In particular, the glycogen content in hepatocytes increased by

34 % after 10 min (p \ 0.01). In the cirrhotic rats, glycogen

content remained at the same level for 20 min. In both groups

of animals, hepatocytes of the portal zone accumulated more

glycogen than those of the central zone.

Conclusions Glycogen accumulation in cirrhotic rats starts

after a delay and proceeds at a lower rate than in the norm.

Keywords Glycogen �Hepatocytes �Liver cirrhosis �
Glucose

Introduction

Carbohydrate metabolism in cirrhotic patients is impaired [1,

2]. An indication of this impairment is hyperglycemia observed

in most such patients after a meal [3–5]. It may be caused by

various reasons such as the resistance of skeletal muscles and

fat tissue to insulin, the slackened suppression of glucose pro-

duction and/or the reduction of glucose utilization by the liver

[5, 6]. As the liver plays a key role in maintaining the glucose

level balance in the blood (by glycogenogenesis and glyco-

genolysis), the impairment of glucose uptake and its accumu-

lation in hepatocytes as glycogen may be an important factor

for the development of hyperglycemia in cirrhotic patients.

Information about glycogen synthesis in the cirrhotic

liver is scanty and controversial. On the one hand, it has

been established that the synthesis of glycogen in the cir-

rhotic liver does not differ from that in the normal one [5,

7]. On the other hand, glycogen content in the cirrhotic

liver of humans and rats after a meal has been shown to be

lower than in normal ones [8, 9].

In this work, we studied, using biochemical, cytofluo-

rimetric and cytophotometric methods, glycogen content in

the normal and cirrhotic rat liver at several time intervals

after glucose administration to fasted animals.
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Materials and methods

Animals and procedures

We used outbred male white rats obtained from ‘‘Rappo-

lovo’’ animal nursery. The rats, weighing ca. 150 g at the

start of the experiment, were housed under a 12-h light–

dark cycle, with food and water ad libitum.

The animals were separated into two groups. Liver cir-

rhosis in rats from the first group (n = 27) was produced

by chronic exposure to carbon tetrachloride (CCl4). The

animals were poisoned for 6 months three times weekly for

15 min, the CCl4 concentration being 0.05 g/l. The rats

from the second group (n = 27) were not exposed and

served as control.

A week after the termination of poisoning, rats from

both groups were fasted for 48 h (water ad libitum) and

then given 30 % glucose orally (4 g/kg of body weight).

Rats were decapitated immediately after the termination of

fasting (0 min) and at 10, 20, 30, 45, 60, 75, 90 and

120 min after the administration of glucose. Three rats

were killed at each time point.

Histological methods

Pieces of rat liver were fixed in 10 % neutral formalin and

embedded in paraffin blocks. The tissue sections were

stained with hematoxylin-eosin and picrofucsin after Van

Gieson [10].

The relative volume of the connective tissue and the

parenchyma of the rat liver in the sections was determined

according to Weibel [11] using the eyepiece reticule

(16 9 16), a 25 9 0.50 objective and an 89 eyepiece.

Biochemical methods

The hepatic glycogen concentration was determined

according to Lo et al. [12], with some modifications. Liver

samples were weighed and digested in 1 ml of hot 30 %

KOH (for 60 min at 100 �C), after which 70 % ethanol was

added to precipitate the glycogen from the alkaline digests.

The samples were centrifuged for 30 min at 1,000 g,

washed successively with 80 and 96 % ethanol, and then

centrifuged again. The pellets were hydrolyzed in 3 ml of

2 N H2SO4 for 2.5 h in a boiling water bath. The results

were expressed as micromol glucosyl units per g wet

weight of liver.

Cytofluorimetry

Smears of isolated hepatocytes were prepared as previously

described and stained with the fluorescent variant of PAS

reaction [13]. Glycogen content in hepatocytes (100 cells

from each rat) was then measured using a LUMAM IUF-3

cytofluorimeter (LOMO Co., St. Petersburg, Russia). To

exclude the effect of the cell size, the glycogen amount in

the isolated hepatocytes was related to the total protein

content in the cells.

Cells stained with the fluorescent variant of PAS reac-

tion were photographed under an Axiovert 200 M micro-

scope (Carl Zeiss, Jena, Germany) using 20 9 0.50 or

20 9 0.40 objectives.

Absorption cytophotometry

To determine total protein content in isolated hepatocytes,

the smears were stained with naphthol yellow S [14] and

then measured by scanning absorption cytophotometry

(k = 475 nm, 25 9 0.50 objective, probe 0.8) using the

microscopic complex ‘‘Morphoquant’’ (Carl Zeiss, Jena,

Germany).

Glycogen in the hepatocytes of the portal and central

liver lobules was revealed using a quantitative variant of

the routine PAS reaction on the tissue sections [15]. Gly-

cogen content was determined by the television cytopho-

tometry method, using a Videotest image analyzer (Ista-

Videotest Ltd., St. Petersburg, Russia) [15]. One hundred

cells in both liver lobule zones were analyzed in each rat

with the use of the 40 9 0.6 objective. The obtained data

were expressed as the mean optical density units per cell.

The data, analyzed by SigmaPlot 9.0 for MS Windows, were

given as mean ± standard error of the mean (SEM) (Systat

Software Inc., Chicago, IL, USA). Differences between the

mean values were detected using Student’s t-criterion.

Results

Structure of the liver parenchyma

Histological examination revealed that rats poisoned with

CCl4 for 6 months developed typical liver cirrhosis. The

proportion of connective tissue increased by a factor of 4

(p \ 0.001) as compared with the normal liver, and the

lobular structure of the liver was disturbed (Fig. 1a, b).

Large leukocyte infiltrates and numerous Kupffer cells

could be seen in the parenchyma (Fig. 1c, d).

Biochemical study of glycogen concentration

in the normal and the cirrhotic rat liver

Glycogen concentration in the liver of rats fasted for 48 h was

an order of magnitude lower than in fed rats (Fig. 2), in both

the experimental and the control group. At the same time,
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glycogen concentration in the liver of fasted rats was higher in

the normal animals than in cirrhotic ones (p \ 0.01).

Glucose administration stimulated glycogen synthesis in

the liver. Glycogen concentration in the normal liver was

higher in fed rats than fasting ones as early as after 10 min

(94 %, p \ 0.01). A noticeable increase in the glycogen

concentration in the cirrhotic liver was observed only

20 min after glucose administration.

After that, the glycogen concentration continued to grow in

the liver of rats from both groups. However, while the gly-

cogen concentration in the cirrhotic liver increased continu-

ously, in the normal liver periods of rapid increase in glycogen

concentration alternated with periods of its decrease (Fig. 2).

Nevertheless, at all times after glucose administration except

120 min, the glycogen concentration in the normal liver was

higher than in the cirrhotic one. At the end of the experiment,

the glycogen concentration in the normal and the cirrhotic

liver was increased, respectively, 3.5-fold and 7.4-fold in

comparison with the glycogen level in fasted rats (p \ 0.001).

Cytofluorimetric study of glycogen content

in hepatocytes of the normal and cirrhotic rat liver

Luminescent microscopic examination of hepatocytes

stained by the fluorescent PAS reaction showed that normal

hepatocytes had a rather fine structure and distinct contours

of the nucleus and cytoplasm (Fig. 3a). On the contrary,

hepatocytes in the cirrhotic liver were polymorphic in size

as well as shape; many of them were vacuolated, and the

contours of the nucleus and the cytoplasm were indistinct

(Fig. 3b).

Glycogen content in hepatocytes of the cirrhotic liver

after 48 h of fasting was 1.4 times lower than in the

hepatocytes of the normal one (p \ 0.01) (Fig. 4). After

administration of glucose, the glycogen content in hepa-

tocytes of the cirrhotic liver remained at the same level for

20 min. On the contrary, the glycogen content in the

Fig. 1 a Normal rat liver

samples were stained with VG.

No fibrosis (1 9 20). b Liver

samples from rats with CCl4-

induced cirrhosis were stained

with VG. Fibrosis was found

(1 9 20). c, d Liver samples

from rats with CCl4-induced

cirrhosis were stained with HE.

Inflammatory cell infiltration

and steatosis were found

(1 9 20)
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Fig. 2 Glycogen concentration in the normal (control) and cirrhotic

(LC) rat liver at different time intervals after glucose administration

to fasted animals. *p \ 0.001, **p \ 0.01; mean values were signif-

icantly different from control
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hepatocytes of the normal liver was higher (p \ 0.01) in

fed animals than in fasted ones at 10 min after refeeding.

At all times of the experiment except 45 and 120 min, the

glycogen content in hepatocytes of the normal liver was

higher than in the hepatocytes of the cirrhotic one (Fig. 4).

Cytophotometric study of glycogen content

in hepatocytes of the portal and central lobule zones

of the normal and the cirrhotic rat liver

Analysis of liver sections after PAS reaction showed that

all cirrhotic rats had a small number of lobules with an

almost normal structure. Glycogen content could be mea-

sured in the portal and the central zones of these lobules

(Fig. 5).

Glycogen content in hepatocytes of the portal and the

central zones of the normal and the cirrhotic rat liver after

48 h of fasting was low (Fig. 5a, b; Table 1). At the same

time, it was higher in the cells of the portal zone than in

cells of the central zone.

In the normal liver the administration of glucose resulted

in a rapid accumulation of glycogen in the cells of both

these zones. As a result, after 120 min the hepatocytes of

these zones contained approximately three times as much

glycogen as hepatocytes of fasted rats (Fig. 5a, c; Table 1).

In the cirrhotic liver glycogen accumulation in the cells

of both zones could be discerned only 30 min after glucose

administration to fasted animals (Table 1). After that,

however, glycogen was accumulating in the hepatocytes of

these zones rather intensively, so that at 120 min the cells

of the portal and the central zones of the lobule contained

3–3.5 times more glycogen than the cells of the fasting rats

(p \ 0.001).

Discussion

Glycogen content in both the normal and the cirrhotic liver

after fasting was at an equally low level, which agrees with

the literature data obtained on rats and humans [8, 9].

As shown by different methods, glycogen was accumu-

lated in the liver of the control animals at a high rate. An

intensive accumulation of glycogen in the liver after oral

administration of similar doses of glucose has been reported

before [16]. Whereas in the control rats the glycogen content

in the liver increased significantly as early as 10 min after

glucose administration, in the cirrhotic rats a 20–30 min

delay in glycogen accumulation was recorded (Figs. 2, 4;

Table 1). Previously [17], a 40-min lag in the increase of the

Fig. 3 a Hepatocytes from a normal rat were stained by the

fluorescent periodic acid-Schiff reaction (1 9 20). b Hepatocytes

from a rat with CCl4-induced cirrhosis were stained by the fluorescent

periodic acid-Schiff reaction (1 9 20)
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Fig. 4 Glycogen content in hepatocytes of the normal (control) and

cirrhotic (LC) rat liver at different time intervals after glucose

administration to fasting animals. *p \ 0.001, **p \ 0.01; mean

values were significantly different from control
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glycogen concentration was observed in the liver of the rats

with alloxan diabetes after administration of insulin. The

authors attributed this lag to the delay in the synthesis of

glycogen synthase in the liver of diabetic animals.

According to the data of the biochemical analysis, the

intensity of glycogen accumulation in the cirrhotic liver was,

on average, 26 % (p \ 0.05) lower than in the normal one.

As the development of cirrhosis is accompanied by a

considerable increase in the proportion of the connective tis-

sue in the liver and, respectively, by the decrease in the pro-

portion of the parenchyma, it is believed that these factors may

confound the results of the determination of the glycogen

content in this organ [5]. To exclude the possible influence of

these factors, we also used quantitative cytochemistry. The

results of the cytofluorimetric determination of the glycogen

content in the hepatocytes of the normal and the cirrhotic liver

confirmed the data obtained with the use of the biochemical

method (Fig. 4). Hepatocytes of the cirrhotic liver were

shown to accumulate, on average, 21 % (p \ 0.01) less gly-

cogen than the hepatocytes of the normal one.

In fasted and fed rats glycogen content in the hepato-

cytes of the portal zone in both the normal and the cirrhotic

liver was higher than in the hepatocytes of the central zone

of the liver lobule (Table 1). These data confirm our pre-

vious results [18].

The available data on the site where glycogen synthesis

starts and the order in which it is accumulated are contra-

dictory. It is not entirely clear in which zone of the liver

lobule glycogen synthesis starts after feeding of fasted

animals [19, 20]. A study of Babcock and Cardell [19]

showed that after refeeding glycogen begins to accumulate

in the hepatocytes of the central zone of the liver lobule.

However, Babcock and Cardell did not measure the gly-

cogen content in the cells, drawing their conclusions from

visual observations. They also did not study the early

stages of glycogen accumulation in the liver lobule.

We cannot unambiguously answer the question of where

exactly the glycogen synthesis starts in the liver. It cannot

be ruled out that it begins in the cells of both zones of the

liver lobule, although more intensively in the cells of the

portal one. The greater intensity of glycogenesis in the

portal zone cells (Table 1) may be associated with the fact

that in the liver glycogen is mostly produced along an

indirect pathway by gluconeogenesis [21], whose rate is

considerably higher in cells of the portal zone [22].

Our data demonstrate that glycogen accumulation in the

normal liver is a rhythmic process with a period of about

1 h. Such circahoralian rhythms have previously been

demonstrated for protein synthesis, enzyme activity and

some other processes. They are determined by cell junc-

tions, reflecting the synchronisation of functionally con-

nected cells [23]. In the cirrhotic liver, a distinct lobular

structure is almost absent, and cell junctions are impaired.

This is possibly the reason why the rhythms of glycogen

accumulation in the hepatocytes can no longer be observed.

On the average, according to the data obtained by dif-

ferent methods, at every time interval after glucose

Fig. 5 Glycogen distribution in histological sections of the rat liver

shown with the use of PAS reaction. a Normal rat liver after 48 hours of

fasting (1 9 10). b Normal rat liver 120 min after glucose administra-

tion (1 9 20). c Cirrhotic rat liver after 120 min after glucose

administration (the area of an unimpaired lobule) (1 9 10)
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administration, the normal liver accumulated *22 % more

glycogen than the cirrhotic one. Glycogen content in the

liver is known to be determined by the ratio of synthesis

(S) and degradation (D) rates. Regardless of the absolute S

and D rates, when S [ D, glycogen is accumulating; when

S \ D, glycogen is being depleted; when S = D, the gly-

cogen content is unchanged. If, following Schneiter [7],

one accepts that glycogen synthesis in the cirrhotic liver

does not differ from that in the normal one, the reduced rate

of glycogen accumulation in the cirrhotic liver should be

explained by a more intensive glycogen degradation.

However, this is not what we observed.

The available data indicate that the rate of glycogenol-

ysis in the cirrhotic liver is considerably lower than in the

normal one [9, 24]. Lower glycogen degradation in the

cirrhotic liver as compared to the normal one can also be

inferred from the literature data on weak glycogen phos-

phorylase activity [13, 25].

Glycogen degradation appears to be decreased to a

greater extent than glycogen synthesis. It is this decrease in

glycogen degradation that results in a slow but sure accu-

mulation of glycogen in the cirrhotic liver, that is, control

S/D [ cirrhotic S/D [ 1.

Thus, the glycogen accumulation in the cirrhotic liver

after oral administration of glucose to fasted rats starts after

a 20–30-min delay and proceeds at a lower rate than in the

normal liver. It is possible that the reduced rate of glycogen

accumulation is attributed to a lower rate of the glycogen

degradation in the pathologically changed organ. As gly-

cogen levels in the liver are closely associated with the

organism’s capacity to respond quickly and adequately to

external factors, decreased rates of glycogen degradation in

cirrhotic patients may indicate their lower resistance to

harmful impact.
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