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the use of PAS reaction with Schiff's reagents of different colours and FRET (Förster 
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NPYD³H  mice with 

prediabetic phenotype corresponds to the normal values, being 28.53±0.97 and 30.87±0.98 

different from that of mice of wild type (WT) phenotype: 0.62±0.02 standard units and 

1.63±0.02 standard units, respectively, p<0.001. Glycogen synthesis and accumulation in 

NPYD³H mice occurs predominantly v
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3250×10

Sage et al., 1999; Arias et al., 2020), while in rats 1 g of liver contains from 1.96×10

(Knox, 1976) to 2.62×10
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01 µM. Shou

level by transport across the placenta from the mother9s body (Mota
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forms ³

4

best known glucosidase is ³ amylase of the pancreas and the salivary glands, which cleaves ³



of the lysosomal ³

called <particle 

fraction= (Green et al., 2004).

(³

n before the ³
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are irreversible, gluconeogenesis also involves some 8bypass9 reactions of its own. One of the 
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percent (Stöcker et al., 1972). As the proliferative activity of hepatocytes declines, they 

3

classes: 2c, 2c×2, 4c, 4c×2 and 8c (Brodsky, Uryvaeva, 1
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4
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<aerobic=, have a larger mitochondrial volume (20% v/v) and the area of the cristae (33 000 

µm

, 23 000 µm



Häussinger, 2003). Rapid changes in the size of hepatocytes caused by swelling or dehydration 



4

Curtino, Aon, 2019). The best known of these are von Gierke9s disease (type I) and Cori's 

glycogen but their nuclei containing large amounts thereof. Cori9s disease results in the loss of 
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3

3
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4

2c×2 



1981; Kudryavtseva, 1987; Krähenbühl et al., 2003; Kudryavtseva et al., 1992). On the one 

content in the cirrhotic liver was found to be lower than in the normal one (Krähenbühl et al., 

have shown a decrease in GS activity in experimental LC (Giardina et al., 1994; Krähenbüh

does not differ from the norm or is slightly lower (Krähenbühl et al., 1991; Kudryavtseva et al., 

1992; Krähenbühl et al., 2003). Data on the rate of glycoge

cirrhotic liver than in the normal one (Krähenbühl et al., 1991), while in some other studies it 
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3

precursors ³ G6P ³ 

glycogen) as compared to the direct pathway (glucose ³ G6P ³ glycogen) was found in the 

227±6 275±10 

131±20 282±60
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GP and GS, are restored faster and more completely after cessation of exposure of rats to %%
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of its molecules (³

types of granules: ³ particles (molecules) and ³ particles consisting of several dozens of ³



4

individual ³

for ³ 3

bound ³

.14). The diameter of ³ 3

). Molluscan glycogen mostly consists of ³
particles with a diameter of about 20 nm, while rat liver glycogen mostly consists of ³



The presence or absence of ³

in the liver, where there are many ³

present in the form of ³

The nature of the bonds holding ³ ng the formation of ³

Nakamura believed that ³ particles were linked together by ³

shape of the particles, which means that proteins do not seem to be responsible for holding ³

glycogen ³

the formation of ³

(Sullivan et al., 2010). It has recently been suggested that ³

4 Hypothetical model of assembly of ³
in the core of all ³
bind the terminal ³ (1³4) glucose on the surface of the ³
³ particles and making ³



ber of ³ and ³

(early and late synthesis stages) of ³ ³

³

iate into individual ³

³

slow released into the blood. This process is controlled by means of the aggregation of ³

into larger ³

stages) mostly affects relatively small ³ particles, while larger ³

4



metabolic rate of larger particles is lower than that of small particles. Degradation of ³

f ³

4

The characteristics of ³

of various diseases. For example, the ability to form ³

the control animals. At the same time, ³

³



on the size of ³

glucose residues linked by ³ (1³4) 

of ³ (1³6) bonds. Analyses 

esence of <hidden= A

same, but no <hidden= A

4
molecule (³



of the ³

3

£

chains in the outer tier of the ³

out a third (50% × 9/13 = 34.6

f the ³

³

<fuel= as quickly as possible.



4 residues in ³

<polished= by evolution for hundreds of millions of years, and, on the other hand, that the 

molecule (³

3

3

connected by ³ and ³

3



4 Å per residue (Goldsmith et al., 1982), while a cyclic polymer of 26 

³

It has been suggested that the ³



4 Proteins of ³ 4

4
4 4

Under normal conditions, the pool of proteins comprising the ³

³

³

%



different proteins on the surface of the ³ 3

here is evidence that the ³



the use of alkali. The authors suggested that it would be more correct to speak of <easily= and 

<poorly= extractable glycogen fraction (Rosenfeld, Popova, 1989). 

amount of glycogen from tissues. Besides, the conclusion about <easily= and <poorly= 

proteins and polysaccharides. One form was a <classical= macromolecular glycogen containing 



weight (~4×10

3

3

3

mechanism, since the content of the <fuel= in the

the number of tiers in ³



4

The first pathway assumes that the number of ³

3

3



mainly based on the results of chemical analysis, the data on the size of ³ and ³

general idea about the structure of the ³

makes it possible to study ³ and ³

obtain information on their geometrical parameters but not to <look inside= the particles. 



3

3

3

Rats were obtained from the <Rappolovo= animal breeding station (Leningrad Region, 



the toxic effect of %%l

During 3 months after the last session of %%l

3



4



(Ruohonen et al., 2008; Vähätalo et al., 2015) with the metabolic phenotype of 

hepatosteatosis and prediabetic state (Vähätalo et al., 2015; Ailanen et al., 2017) were 

body mass (Vähätalo et al., 2015) and then were 



4

44.0±3.6

42.1±4.9 5.7±1.2

49.9±5.1 6.8±1.3

54.5±4.0

49.6±7.5

min with a buffer (pH 7.4) heated to 37°C containing 8.3 g/L NaCl, 0.5 g/L KCl, 2.

gelatine for 1 day in Eagle medium with rhodamine 123 (10 µg/ml) (Sigma, USA) for 30 min 

at 37°C (Johnson et al., 1980). 



3

322 °C and embedded in paraffin blocks. Histological 

sections ~5 ½m thick were cut using a Reichert microtome (Austria).



(10×/0.30, 20×/0.50 objectives) equipped with a Leica DFC420C digital camera (Leica 

4°C 

3

microscope (LOMO, Russia) in monochromatic light using an interference light filter ¼

550 nm and an objective 40×/0.65. 



ý = ý×��ÿÿ×ÿ
· 3 ³ 

4 4 4
adjusted to dark object. 40×/0.65 objective.

ý = ÿ�2ÿ�ÿ × ý
· 3 Ç , Ç

» = 180°.

Then, the cell area (in ½m

3



ð ð ð

4

NEOFLUAR 20×/0.50 



322ºC for 8 min. After hydrolysis, the preparations were rinsed 

4°C for 1.5 h. Then the preparations were rinsed thrice in distilled 

water cooled to 4°C, passed through sulphur water cooled to 4°C (3 changes, 3 min each), 

ð ð ð

NEOFLUAR 40×/0.75 objective) equipped with a 

þ() = 3�� × ��
3



about 1 mm² was cut on 

0×/0

4 4
4

4

20×/0

%��



4
4 4

3



4 4 4
4

scanning confocal microscope (Leica Microsystems Inc., Germany). HCX PL APO 40×/1.25 Oil 

APO 40×/1.25 Oil lens was used in the measurements. Immersol 518F was used as immersion 

� = �ÿ × :�2ýþ�ý�ýþ�ý�ý

ýþ�ý� = �(�+( ��ÿ)ý)



(¼ j 526 nm) and the absorption 

(¼ j 540 nm) overlap.

tier ³

that the Förster interaction involves Don (Au) molecules bound to glucose residues of the 7th 

and the 8th internal tiers of the ³

he ³

http://www.photochemcad.com/


4
between which energy transfer is possible. The distance between each tier in the ³

cycle were centrifuged at 3500 rpm for 10 min at 4ÚC. The 



3

kits. Glycogen concentration was expressed in ½M glucose units per g of raw liver mass (Lo et 

4) containing 5mM EDTA, 200mM sucrose, 0.01M ³

e homogenate was centrifuged at 1000g, 4ÚC, for 10 min. The resulting 

supernatant was centrifuged at 14000g, 4ÚC, for 10 min. The newly obtained supernatant was 

he supernatant was additionally centrifuged at 106000g, 4ÚC, for 60 min to isolate the 

substrate (Vardanis, 1992). We added 40 ½l of the sample to 75 ½l of 10 mM Tris

phosphate at 30ÚC for 10 min to determine the activity of the D

filters (Whatman 3 mm) containing 50 µl of 



M AMP. Incubation was carried out at 37ÚC for 5 min after 

addition of 35 µl of the sample. The subsequent operations for impulse counting were 

USA) as a substrate. For this purpose, 20 ½l of the microsomal suspension and 80 ½l of the 

phosphate (30000 imp/min) were incubated for 20 min at 30ÚC. After incubation, 50 µl of 

340 nm wavelength after adding 1 ml of the reaction mixture and 20 µl of the homogenate 



glucose phosphate isomerase. A cuvette containing 1 ml of incubation mixture and 20 µl of the 

incubated at 37ÚC for 5 min. After that, NADPH content was measure

The data obtained by photometry of different amounts of BSA (¼ = 595 nm) were used to 

using a <VideoTest= 

image analyser equipped with a 10×/0.30 objective lens and an interference light filter ¼

3

� = �.�.��.!.2��.
4 4

view of the microscope (½m 4 area of the connective tissue (½m 4

of vessels and ruptures in tissues (½m

þ =  ÿ × ý × ÿý
3 3 3

3

3



Using the <VideoTest= image analyser, the perimeters of mitochondria and the length of 

MIMC = (� + ��) × �
3 3

3

�� = ý×(ÿ� ÿ�d )2�ý2�  �� = ý×��×(��2��)(ý2�)×ÿ�  �� = ý×��×(��2��)(ý2�)×ÿ�  
4

the level of parenchyma necrotisation during repeated exposure to %%l

4 dry mass of hepatocyte before the beginning of poisoning of rats with %%l

4



4

value and its error (X ± Sx). Reliability of differences between values was assessed using 

#�" = � + � ; "� 4 ? = 3W ; 3 V2 2 3V ; 3 WVL ; 3 V2 2 (3V)2� 4 @ = L ; 3 VW 2 3V ; 3 WL ; 3 V2 2 (3V)2� 4



Carrié, Nahon, 2019).



4 3 3
3



It is believed that L% in rats caused by prolonged repeated exposure to CCl

4



of rat liver during LC development increases from 9.72±0.37 g to 11.56±0.55 g (p < 0.05). 

4
ñ

9.72±0.37 11.56±0.55 

3.00±0.06 4.33±0.09 

88.0±1.1 79.2±1.3 

0.84±0.07 7.31±0.27 

2.52±0.15×10 1.81±0.21×10

4
ñ

90.6±0.9 54.0±2.5

1.79±0.08 36.5±3.3

4.81±0.27×10 2.32±0.29×10



3

3

3

3



4



ñ

time, MVD in the liver parenchyma of the entire liver of the control rats was 1.667±0.136 

4

but causes an increase in MVD: on average, up to 25.0±1.



4
ñ



authors (Krähenbühl, Reichen, 

1992; Krähenbühl et al., 2000; Welt et al., 2004; Shami et al., 2021). Studies of the activity of 

, 1993; Liu et al., 1996; Krähenbühl et al., 2000; Huang et al., 

and %%l



4

other authors (Krähenbühl, Reichen, 1992; Welt et al., 2004; Young et al., 2006;





their number varies from 1.29×10 to 2.64×10

According to our data, the number of hepatocytes in 1 g of the normal rat liver is 2.52×10

of hepatocytes to 1.81×10

normal human liver is 4.81×10 2.32×10

3



4
% ñ

binucleate hepatocytes with diploid nuclei (2c×2

with two octaploid nuclei (8c×2

iver reach a ploidy of 16c and even 32c (16c×2). As a 

ñ

2E 2E×2 4E 4E×2 8E 8E×2

0.63±0.24 3.62±0.48 81.84±3.14 9.38±2.90 3.53±1.79 4.46±0.15

% 2.86±0.91 2.13±1.45 68.51±3.95 12.68±2.94 12.37±2.82 1.45±0.62 5.12±0.17



4
% ñ

2E 2E×2 4E 4E×2 8E

89.57±2.28 4.70±1.47 5.73±1.38 2.21±0.05

76.90±4.83 15.46±2.96 6.82±1.65 0.82±0.36 2.50±0.11

% 75.19±5.23 16.22±3.81 7.07±1.89 1.07±0.58 0.45±0.17 ñ

and 2c×2

never as great as in rats and mice. In addition, in contrast to rats and mice, the ratio of 2c×2



3



943±21 

1184±56 

0±29.

4±41

4±22. 0±49





ñ
4 4

4 4

3



4
ñ

3.24±0.28 3.16±0.14

Glycogen concentration in liver, µmol glucosyl units/g raw 15.4±0.2 10.4±0.5

2.09±0.06 1.87±0.02

44.2±0.6 43.4±1.3

11.2±0.2 1.9±0.1

0.19±0.01 0.20±0.01

99.0±2.4 44.1±1.6

162.4±3.1 158.9±1.5

4



3

3



3

of hepatocytes in the liver (Krähenbühl et al., 1996). On the other hand, it was found that 

norm (Krähenbühl et al., 1991). 



½M/l, in the blood of control rats 90 min after 

an increase in blood glucose concentration up to 9 ½M/ml in 10 min and up to 12 

½M/ml in 20 min (Niewoehner et al., 1984). 



4

3 3 3

3



4

4

in the liver of the experimental and the control rats (LC/C) was only ¼, indicating an 



4

4



the normal liver of adult rats contains ~ 2.5×10

months would be about 10×10



Krähenbühl, Reichen, 1993; Bugianesi et al., 1998; Petersen et al., 1999



3



4





glycogen synthesis (GK³G6P³GS³glycogen) also functions in the cirrhotic liver, but its 

3

3



4



4

ñ

2E 2E×2 4E 4E×2 8E 8E×2

ñ ñ ñ ñ ñ

ñ ñ ñ ñ ñ

ñ ñ ñ ñ ñ

ñ ñ ñ ñ ñ ñ

ñ ñ ñ ñ ñ ñ

ñ ñ ñ ñ ñ ñ

4 4 4
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4



3



4



4



4



4



4



3

by about 36% as compared to the norm (Krähenbühl et al., 

glycogen content in the cirrhotic liver was due to <intrinsic=

hepatocytes was reduced by approximately 61% (Krähenbühl et al., 1996). The authors 

content was 25.8±3.5 mg/g of crude mass, while in two healthy people it was higher, 32.0 and 

3

by an increase in the proportion of fibrous tissue, which was 41±3% in the liver parenchyma of 



will actually be not 25.8±3.5 mg/g, as noted in Owen et al., 1981, but 52.6±7.1 mg/g.  This 

human liver, 43.7±1.8 mg/g, reported 

hepatocyte is about 50% lower than in the norm (Krähenbühl et 

�

ñ ñ



4

4
4 4

4



4



4
4 4

4



Krähenbühl



the <direct= pathway (glucose³G6P³glycogen) are low.

3

3

3



4



D³H 

(Ruohonen et al., 2008; Vähätalo et al. 2015). C57BL/6N mice were used as wild

D³H 

D³H 

D³H



D³H

D³H

precursors³G6P³glycogen), whereas in t

(glucose³G6P³glycogen) is mainly used for glycogen synthesis (Ailanen et al., 2018). This 

4
D³H 

ñ

28.67±0.71 1.46±0.07

25.64±0.76 1.37±0.08

30.74±0.71 0.64±0.03

16.58±0.49 1.61±0.09



4

ñ E

ñ ñ ñ ñ



mechanisms of formation and degradation of glycogen molecules (³

(³

3100 µg 

350 µg (Delaval et 



FRET (Förster Resonance Energy Transfer) method. This state

Förster resonance energy transfer typically 

9s

3
3



but also as Don and Ac in FRET analysis; 3) calculation of Förster distance R

4

¼ ¼

(Böhm, Sprenger, 

3



¼ ¼

3

3

3

(Böhm, Sprenger, 3

³

the preparations were not oxidised with iodic acid before being placed in the Schiff9s reagent. 

, the intensity of the cells9 ow



4

objective 40E.

(¼ (¼

pararosaniline as a <red= stain, too, but 



in Schiff9s reagent. Taking into account these data, the dependence of 

4
4

3

3



4 4

4

4 4
4

beginning of staining in Schiff9s reagent corresponds to the fraction easily extractable with 



4
PAS reaction using Schiff9s reagents Au

³ Au 224±12
³ EtBr 198±15
³ Au 159±8

³ EtBr 147±11
10% TCA ³ KIO ³ Au 66±5
10% TCA ³ KIO ³ EtBr 54±4
30% KOH ³ KIO ³ Au 5.9±0.4
30% KOH ³ KIO ³ EtBr 3±0.3

O ³ Au 9.7±0.5
O ³ EtBr 8.4±0.5

³ amylase ³ KIO ³ Au 6.4±0.4
³ amylase ³ KIO ³ EtBr 4.8±0.2

Cell autofluorescence in the <green= part of the 
spectrum (¼ 7.0±0.4

the <red= part of the 
spectrum (¼ 5.1±0.3

gen in hepatocytes (224±12 and 198±15 arbitrary units, respectively); 

glycogen extractable by treatment of preparations with 10% TCA (159±8 and 147±11 arbitrary 

3

the glycogen fraction which can be completely extracted only by treatment with KOH (66±5 

and 54±4, respectively), i.e. glycogen fraction associated with proteins, or proglycogen (PG) 



only 24 h (Hyyppä, 2007). Another important difference in glycogen metabolism in equine 

324 h) (Bröjer et al., 2006). Differences in the rates of PG and MG 

3

3

e cell, we used Schiff9s reagents with stains 

<red= part of the spectrum when excited with green light (¼

fluoresce in the <green= part of the spectrum when excited with blue light (¼



4



4

4

4



4

3

3



4

þÿ = � × ÿ �ÿd , at k f 1þ�ÿ = (� × ÿ 2 �ÿ) ��ÿd , at 1 < k f 3þ�� = (� × ÿ 2 �ÿ 2 ��ÿ) ���d , at 3 < k f 7þ�� = (� × ÿ 2 �ÿ 2 ��ÿ 2 ���) ���d , at 7 < k f 15



3

3

4

4
4 4 4



4



4



). Based on this, we can conclude that the number of ³

microscopy (EM) techniques. EM analysis of ³

3

al., 1982). EM studies of cultured myotubules showed that the size of ³

slightly during glycogenesis, from 24.9 to 28.1 nm (tiers 7³9th) (Elsner et al., 2002). The 

3

tier ³



3

³

Förster Resonance Energy Transfer (FRET) method is one of the possible approaches to 

Förster distance (



4

spherical ³

and 8th tiers of PG can participate in Förster interaction. Au on glucose residues located on 

participate in the Förster interaction due to the excess 

Au cannot be transferred to EtBr. Therefore, the presence in cells of a large number of ³



%
%

4
4

3



4
3



4
3

normal liver during rat refeeding averaged 4.401±0.004 nm, while hepatocytes of the cirrhotic 

cells it averaged 5.447±0.009 nm 



% %

4 4

decreases by 1.08±0.18 nm during refeeding of rats with 

by 0.64±0.21 nm in the hepatocytes of rats with LC (

�r 

�r 



4
3



4
3

4

3



4

blue³green³orange³red.



4

4

the zones in the cytoplasm of hepatocytes are <green=. Only the areas closest to the nucleus are 

<blue=. During CH, all areas in which energy transfer occurs, except <green= loci, contain 

numerous orange dots. In the cytoplasm of hepatocytes of the cirrhotic liver, a few <green= 

areas are observed, but much more space is occupied by <orange= and even <crimson= areas.



energy transfer from donor to acceptor takes place changes as follows: blue³green³orange³red

that in hepatocytes of the normal human liver it is, on average, 6.14±0.05 nm, in hepatocytes 

during CH, 5.69±0.04 nm, and in hepatocytes during LC, 4.88±0.02 nm (

4

4
4

does not exceed the Förster interaction increases with increasing severity of the disease. 



4

) does not exceed the Förster 
interaction. ¾ 4



within the Förster interaction interval.

3

proglycogen part of the glycogen molecule serve as a <platform= during further formation of 



4
3

3



3

3

eriod the number of glucose residues in ³

normal liver. During LC, glucose residues in ³





E ³ 2E×2 ³ 4E 

³ 4E×2 ³ 8E, etc. The details of this process may differ in different mammali



f rats with %%l , DM of cells was 812±17 pg. In 6 months after 

exposed to %%l ) were 943±21 pg, while those of rats with LC were 1184±56 pg. DM of 

e normal liver of adult humans averaged 546.0±29.6 pg, and in cirrhotic 

patients, 675.4±41.3 pg. The increase in hepatocyte mass during cirrhosis development, which 



it makes up 90.6±0.9 LC it is only 54.0±2.5% (Table 3

4

3 3



an9s lobular structure (Fig. 3

3 3
3

3



4 4 4
4 4



4 4 4 4

Functional indices of the liver after cessation of exposure of animals to %%l

3

4







4

ñ

39±0 1.93±0 0.38±0 0.77±0.03
73±0 4.53±0 3.05±0 0.20±0.08

2.94±0 1.99±0 0.62±0 0.59±0



4
ñ

3.4±0.1 6.5±0.1 6.0±0.3 5.6±0.1 8.9±0.2 9.4±0.4 8.1±0.2

2.9±0.1 5.2±0.1 4.4 ±0.1 4.3±0.1 6.0±0.1 6.7±0.1 6.5±0.1

0.4±0.1 1.4±0 1.6±0.3 1.0±0.1 2.9±0.2 3.1±0.5 1.5±0.2

4 4 4 4
4 4

4
3

4

ñ

9.3±0.8 6.1±0.3 3.2±0.9 6.1±0.2 5.0±0.2 1.1±0.3
4±0 5.1±0.3 1.3±0.5 5.2±0.1 4.3±0.2 0.9±0.2

4.5±0.3 3.5±0.2 1.0±0.4 4.0±0.3 3.1±0.1 9±0
6.6±0.8 4.6±0.3 2.0±0.6 4.9±0.5 4.1±0.2 0.8±0.3
9.0±0.9 6.8±0.2 2.2±0.9 8.1±0.6 6.6±0.3 1.6±0.6
6.7±0.3 4.8±0.5 1.9±0.6 5.1±0.4 4.1±0.3 1.0±0.5
8.1±0.4 6.3±0.5 9±0 7.1±0.4 5.9±0.4 1.2±0.6
9.0±0.8 6.8±0.3 2.3±0.9 7.0±0.4 5.9±0.3 1.1±0.5
7.6±0.8 5.0±0.2 6±0 6.2±0.2 5.3±0.2 9±0



4

ñ

3

4

5±0. 5.8±0.4 2.7±0.6 7.8±0.3 6.5±0.2 3±0.
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