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One of the major liver functions is the ability of reticulum, which are supported by transporters for
hepatocytes to store glucose in the form of glycogen the permeation of substrates and products. On the
for various purposes. Beside glucose production basis of the close morphological and functional
and secretion, the synthesis of glucuronides and proximity of glycogen, glycogen-dependent path-
ascorbate has been reported to be dependent on the ways and the (smooth) endoplasmic reticulum we
extent of the glycogen stores and on the rate of propose to use the term "glycogenoreticular sys-
glycogenolysis in the liver. It is common that the tern" for the description of this export-orientated
final steps of these pathways are catalysed by intra- hepatocyte-specific metabolic unit. (Pathology
luminally orientated enzymes of the endoplasmic Oncology Research Vol 7, No 2,107-110,2001)
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Introduction

One of the most important functions of tile liver is tile
export of various molecules for utilisation by other organs
or the whole organism. Among otilers, the liver is tile pri­
mary source of plasma proteins, lipoproteins, glucose,
ketone bodies, conjugated xeno- and endobiotics, ascor­
bate, bile acids and cholesterol. Till now attention has
been focused mainly on the secretory mechanism of
macromolecules, which is tightly linked to the endomem­
brane system of the hepatocyte (for reviews see 1). Recent
findings suggest that the synthesis and export of smaller,
glycogen-derived compounds (ascorbate and glu­
curonides) are also related to the endoplasmic reticulum.
In tile present paper we would like to outline the connec­
tions between glycogen metabolism and the synthesis of
these molecules as well as the endoplasmic reticulum­
dependent machinery of their export.
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Glycogen-dependent biosynthetic pathways in the liver

Hepatic glycogen is known to playa primary role in the
maintenance of blood glucose level by glycogenolysis
during the early phase of starvation.2

,3 Recently the
glycogenolysis dependence of two other processes, glu­
curonidation 1,5 and ascorbate synthesis6 has also been
described in tile liver. Both the inhibition of glycogenoly­
sis by various agents (insulin, fructose, glucose) in glyco­
gen-containing isolated hepatocytes from fed mice and
glycogen depletion during starvation decreased the capac­
ity of glucuronidationYs Similarly, ascorbate production
(in mice, Le. in a species which is able to synthesize this
compound) was also dependent on the extent of hepatic
carbohydrate reserves. The stimulation of glycogenolysis
increased, while its inhibition decreased the rate of ascor­
bate synthesis.6 The known glutathione depletion depen­
dent stimulation of glycogenolysis9 resulted in the
increased capacity of glucuronidation1o and ascorbate syn­
thesis. ll It has been concluded that UDP-glucuronic acid,
the cofactor for glucuronidation and the precursor of
ascorbate synthesis, is predominantly originated from
glycogen breakdown. 12 In accordance with this conclu­
sion, addition of UDP-glucose or UDP-glucuronic acid to
permeabilised hepatocytes restored the capacity of both
processes decreased by glycogen depletion/glycogenoly­
sis inhibition. 10, 11,13
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Glycogen and endoplasmic reticulum: spatial
and temporal coincidences

On the basis of the above mentioned observations a cru­
cial question has emerged: why are the other pathways of
carbohydrate metabolism (i.e. glucose uptake or gluconeo­
genesis) are unable to maintain the capacity of glucuroni­
dation and ascorbate production? The underlying mecha­
nism may be the sub-compartmentation of the cytosolic
glucose-6-phosphate pool which has been described in
hepatocytes; one pool is linked to glycogenolysis and the
other to gluconeogenesis. 14

,15 The autllOrs suggested that
this phenomenon could be caused by the organisation of
multienzyme complexes of a specific pathway, e.g.
glycogenolysis can be associated with the glucose-6-phos­
phatase activity of the (smooth) endoplasmic reticulum.
The recent observations strengthen this view demonstrat­
ing other glycogenolysis-dependent pathways. Further-

more, the new observations can help to understand the
morphological basis of the phenomenon, since UDP-glu­
curonosyltransferases and gulonolactone oxidase (similar­
ly to glucose-6-phosphatase) are integral membrane pro­
teins of the endoplasmic reticulum. 1617

The close association between glycogen particles and
the vesicles and tubules of smooth endoplasmic reticulum
was already described in an early study on the subcellular
structure of hepatocytes. '8 Newly formed glycogen
appears primarily in endoplasmic reticulum-rich regions
of liver cells and remains associated with it during glyco­
gen deposition and depletion '9,2o indicating that tllis sub­
cellular structure is suitable for both glycogenesis or
glycogenolysis, according to the actual demands.

In addition to colocalisation, a temporal arrangement of
glycogen synthesis/breakdown and endoplasmic reticulum
proliferation/degradation can also be observed. In the fetal
life the activity of glucose-6-phosphatase,2o UDP-glu-
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Figure 1. Scheme of the glycogenoreticular system of hepatocytes. The enzymes of the endoplasmic reticulum with intraluminal
active site are indicated with oval symbols. the transporters are shown as circles. For the sake of clarity the antiport mechanisms in
case of transport processes in glucuronidation are not represented. Abbreviations: Ti, T2 and T3 are the glucose-6-phosphate, plJOs­
phate and glucose transporters of the glucose-6-plJOsphatase system, respectively. AA, ascorbic acid, DHAA, dehydroascorbic acid,
Pi, inorganic phosphate.
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curonosyltransferase22 and gulonolactone oxidase (unpub­
lished observation) is very low in the liver. Glycogenoly­
sis and the glycogenolysis-dependent pathways seem to be
activated together in the early postnatal period. 23 During
pregnancy large glycogen stores accumulate in the fetal
liver, which is rapidly mobilised and exhausted after the
birth. At the same time, the smooth endoplasmic reticulum
proliferates24 and its enzymes (glucose-6-phosphatase, the
majority of UDP-glucuronosyltransferase isoenzymes,
gulonolactone oxidase) are induced. A similar phenome­
non appears during the fasting-refeeding cycle: at maximal
glycogen accumulation the proportion of the smooth endo­
plasmic reticulum is very low in the hepatocyte, while
intensive glycogenolysis is associated with the prolifera­
tion of the smooth fraction of endoplasmic reticulum. 19,25

The machinery ofexport: intraluminal enzyme activities
supported by transporters for the permeation
ofsubstrates andproducts

One of the most striking features of several endoplasmic
reticulum enzymes is their latency: their activity is low in
intact microsomal vesicles and the elimination of the mem­
brane barrier (by detergents, pore-forming agents etc.)
increases the activity. The compartmentational or substrate­
transport model of latency3,16,26 suggests that the active site
of these enzymes is intraluminal and the permeation of
hydrophilic substrate(s) and product(s) is mediated by spe­
cific transporters. The velocity of the transport is rate limit­
ing in the overall enzymatic process. Recent models for the
membrane topology of glucose-6-phosphatase27 ,28 and
UDP-glucuronosyltransferases16

,<2 verify the intraluminal
positioning of the catalytic sites. The corresponding trans­
port activities have been less explored, however, their exis­
tence has been proved. The demonstration of a metabolical­
ly active, intraluminal glucose-6-phosphate pool in micro­
somal vesicles gives an evidence for the transport of glu­
cose-6-phosphate.29 The sequence of a glucose 6-phosphate
translocase, mutated in glycogen storage disease type Ib,
has also been described.30 For the inward transport of UDP­
glucuronic acid various antiport mechanisms have been
suggested with the participation of UMP, UDP-N-acetyl­
glucosamine or phenol glucuronides as counteranions.26,31,32
The rapid permeation of gulonolactone through the micro­
somal membrane and the intraluminal accumulation of the
products (ascorbate, hydrogen peroxide) of gulonolactone
oxidase33 suggests that this enzyme shares the orientation of
glucose-6-phosphatase and UDP-glucuronosyltransferases.
Therefore, the final products of these glycogen-dependent
pathways are formed in the lumen of endoplasmic reticu­
lum, which is continuous in time with the extracellular envi­
ronment. There are two possibilities for the export of these
compounds: they can reach the plasma membrane by vesic­
ular transport or can be secreted after two consecutive trans-
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port steps through the endoplasmic reticulum and plasma
membranes. These molecules of smaller molecular mass
seem to follow the second path, however, especially in the
case of more charged and/or bulky compounds the partici­
pation of the vesicular transport cannot be excluded. Recent
observations indicate that glucose34 and ascorbate35 exit
from the hepatocyte, at least partially, by this mechanism.

The existence of endoplasmic reticulum transporters for
the exit of products has been demonstrated. The permeation
of the products of glucose-6-phosphatase, phosphate and
glucose is mediated by T2 and T3 (transporter 2 and 3), com­
ponents of the glucose-6-phosphatase system.3Glucuronides
and UMP, the end products of glucuronidation, exit by
means of the above mentioned antiports. The product of
gulonolactone oxidase can leave as ascorbate or as its oxi­
dised derivative dehydroascorbate by newly described dis­
tinct transport mechanisms.36 (The transport of dehy­
droascorbate is preferred, which is presumably mediated by
the glucose transporter T3). Finally, the products intended
for being used by other cells/organs should leave the hepa­
tocyte by means ofvarious transporters (multispecific organ­
ic anion transporter, GLUT2, organic anion transporting
polypeptide 1, novel liver-secific transport protein etc.) on
the canalicular or sinusoidal surface of the cell. (Figure l.)

What is the reason for the intraluminal organisation of
these enzyme activities in the endoplasmic reticulum? A
plausible explanation can be that tile compartmentation of
the hepatocellular substrate pool into a cytosolic and an
intraluminal sub-pool (the latter is tightly connected to the
pool in the glycogen particle by transporters) allows their
independent regulation.

Summary

Glucuronidation, ascorbate synthesis and glucose pro­
duction are dependent on hepatic glycogen reserves and
are connected to the endoplasmic reticulum of hepato­
cytes. They have similar features: an intraluminal enzy­
matic activity (glucose-6-phosphatase, UDP-glucurono­
syltransferases and gulonolactone oxidase) is supported by
transporters for the membrane permeation of substrates
(glucose-6-phosphate, UDP-glucuronate, gulonolactone)
and products (glucose, glucuronides, ascorbate/dehy­
droascorbate). The final intended purpose of these liver­
specific pathways is tile export of tile end products. In this
context the glycogen particle can be regarded as the 'ribo­
some' of the smooth endoplasmic reticulum. On the basis
of morphological and functional connections between
hepatic glycogen and the (smooth) endoplasmic reticulum
we propose to use the term "glycogenoreticular system"
for the description of this export-orientated metabolic unit.

The actual function of this" unit" is related to the current
physiological/pathological state of the organism. The normal
balance between these metabolic pathways is determined
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mainly by the complex regulation of glycogen metabolism,
which ensures the priority of glycemic control and prevents
those processes, which occur only under pathological cir­
cumstances and in diseases. Well known phenomena, such
as the depletion of glycogen stores caused by xenobiotics or
increased glycogenolysis due to the altered reduced/oxidised
glutathione ratio changed by oxidant drugs, can be explained
and interpreted this way. Defective expression of the com­
ponents of the "unit" - subunits of the glucose-6-phosphatase
system in the various subtypes of the von Gierke's disease,
bilirubin UDP-glucuronosyl transferase in Gilbert syndrome
- alters the balance and coordination of glycogen metabolism
and the connected pathways. The complex approach of the
hepatic glycogenoreticular system may promote the better
understanding of pathophysiological states in which redox
homeostasis, glucose metabolism and biotransformation are
equally involved.

References

1,2Subcellular Biochemistry, Volume 21. Endoplasmic reticulum.
(Eds. Borgese M and Harris JR), Plenum Press, New York and
London, 1993.

VNordlie RC, jorgenson RA: Glucose-6-phosphatase. In: The
Enzymes of Biological Membranes (Ed: Martonosi A), Plenum
Press, New York, 1976, Vol. 2., pp. 465-491.

3. 2CiJen rr BurciJell A: Glycogen storage diseases. In: The meta­
bolic basis of inherited disease. (Eds. Scriver CR, Beaudet AL,
Sly WS, Valle 0) McGraw-Hili, New York, 1995, pp. 935-965.

4. 2TiJuI7I1an RG, Kauflinan FC: Factors regulating drug metabolism
in intact hepatocytes, Pharmacol Rev 31 :229-251, 1980,

5. 2BaniJegyi G, Garza r Antoni F, et al: Glycogenolysis - and not
gluconeogenesis - is the source of UOP-glucuronic acid for glu­
curonidation. Biochim Biophys Acta 967:429-435, 1988.

6.2Braun L, Garza r Mandl l, et al: Ascorbic acid synthesis is stim­
ulated by enhanced glycogenolysis in murine liver. FEBS Lett.
352:4-6, 1994.

7.2BaniJegyi G, Puskas R, Garza ret al: High amounts of glucose
and insulin inhibit p-nitrophenol conjugation in mouse hepato­
cytes. Biochem Pharmacol 42:1299-1302, 1991.

8.2Mandl l, BaniJegyi G, Kalapos MP, et al: Increased oxidation
and decreased conjugation of drugs in the liver caused by starva­
tion. (review) Chem-Biol Interact 96:87-101, 1995.

9.2Ziegler DM: Role of reversible oxidation-reduction of enzyme
thiols-disulfides in metabolic regulation. Ann Rev Biochem
54:305329, 1985,

10.2Braun L, Puskas F, Csala M, et al: Regulation of glucuronidation
by glutathione redox state through the alteration of UOP-glucose
supple originating from glycogen metabolism. Arch Biochem
Biophys 348:169-173, 1997.

11.2Braun L, Csala M, Poussu A, et al: Glutathione depletion induces
glycogenolysis dependent ascorbic acid synthesis in isolated
murine hepatocytes. FEBS Lett 388: 173-176, 1996.

12.2BaniJegyi G, Braun L, Csala M, et al: Ascorbate metabolism and
its regulation in animals. Free Radic Bioi Med 23:793-803,1997.

13.2BaniJegyi G, Garza r Fuleeri R, et al: Latency is the major deter­
minant of UOP-glucuronosyl-transferase activity in isolated
hepatocytes. FEBS Lett 328:149-152, 1993.

14.2Kalant N, Pamiak AI, Lemieux AI: Compartmentation of glucose
6-phosphate in hepatocytes. Biochem J 248:927-931, 1987.

15.2Christ B, jungermann K: Sub-compartmentation of the' cytoso­
lic' glucose 6-phosphate pool in cultured rat hepatocytes. FEBS
Lett 221:375-380,1987.

16.2Burchell B, Coughtrie MW UOP-glucuronosyltransferases.
Pharmacol Ther 43: 261- 289, 1989.

17.2Kiuchi K, Nishikimi M, Jagi K: Purification and characteriza­
tion of L-gulonolactone oxidase from chicken kidney micro­
somes. Biochemistry 21 :5076-5082, 1982.

18.2Fawcett DW Observations on the cytology and electron
microscopy of hepatic cells. J Nat! Cancer Inst 15:1475-1503,
1955.

19.2Cardell RR jr: Smooth endoplasmic reticulum in rat hepato­
cytes during glycogen deposition and depletion. Int Rev Cytol
48:221-279, 1977.

20. 2Babcock ME, Cardell RRj1: Fine structure of hepatocytes from
fasted and fed rats. Am J Anat 143:399-438, 1975.

21,2Leskes A, Siekevitz P, Palade GE: Differentiation of endoplas­
mic reticulum in hepatocytes. 1. Glucose-6-phosphatase distrib­
ution in situ. J Cell Bioi 49:264-287, 1971.

22. 2Clarke Dl, Burchell B: Conjugation-Deconjugation Reactions
in Drug Metabolism and Toxicity. (1994) In: Handbook of
Experimental Pharmacology, Vol. 112 (Ed. Kauffman FC)
Springer Verlag, Budapest, 1994, pp. 3-43.

23. 2Girardl, PegorierjP: An overview of early post-partum nutri­
tion and metabolism. Biochem Soc Trans 26:69-74, 1998.

24. 2Dallner G, Siekevitz P, Palade GE: Biogenesis of endoplasmic
reticulum membranes. 1. Structural and chemical differentiation
in developing rat hepatocyte. J Cell Bioi 30:73-96, 1966.

25. 2Babcock ME, Cardell RR jr: Fine structure of hepatocytes from
fasted and fed rats Am. J Anat 143:399-438, 1975.

26. 2Ben)' C, Hallinan T: Summary of a novel, three-component
regulatory model for uridine diphosphate glucuronyltrans­
ferase. Biochem Soc Trans 4:650-652, 1976.

27. 2Hemrika WWeverR: A new model for the membrane topology
of glucose-6-phosphatase: the enzyme involved in von Gierke
disease. FEBS Lett 409:317-319,1997.

28. 2Pa11 Cl, Lei KJ, Arlllabi E, et al: Transmembrane topology of
glucose-6-phosphatase. J Bioi Chern 273:6144-6148, 1998.

29. 2Banhegyi G, Marcolongo P, Fuleed R, et al: Demonstration of
a metabolically active glucose-6-phosphate pool in the lumen
of liver microsomal vesicles. J Bioi Chern 272:13584-13590,
1997.

30. 2Ge1in 1, Veiga da CuniJa M, Achouri f et al: Sequence of a
putative glucose 6-phosphate translocase, mutated in glycogen
storage disease type lb. FEBS Lett 419:235-238,1998.

31,2Bossuyt X, Blanckaert N: Mechanism of stimulation of micro­
somal UD P-glucuronosyltransferase by UDP-N-acetylglu­
cosamine. Biochem J 305:321-328, 1995.

32.2Banhegyi G, Braun L, Marcolongo P, et al: Evidence for an
UOP-glucuronic acid - phenol glucuronide antiport in rat liver
microsomal vesicles. Biochem J 315: 171-176, 1996.

33. 2Puskas F, Braun L, Csala M, et al: Gulonolactone oxidase
activity-dependent intravesicular glutathione oxidation in rat
liver microsomes. FEBS Lett 430:293-296, 1998.

34. 2Guillam Mr Burcelin R, Thorens B: Normal hepatic glucose
production in the absence of GLUT2 reveals an alternative
pathway for glucose release from hepatocytes. Proc Nat! Acad
Sci USA 95:12317-12321,1998.

35. 2Upston jM, Ka1jalainen A, BYelfrave FI: Efflux of hepatic
ascorbate: a potential contributor to the maintenance of plasma
vitamin C. BiochemJ 342:49-56,1999.

36. 2Banhegyi G, Marcolongo P, Puskas F, et al: Dehydroascorbate
and ascorbate transport in rat liver microsomal vesicles. J Bioi
Chern 273:2758-2762, 1998.

PATHOLOGY ONCOLOGY RESEARCH


	0107a_Page_1
	0107a_Page_2
	0107a_Page_3
	0107a_Page_4

