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Abstract: The liver is a major store of glycogen and is essential in maintaining systemic glucose
homeostasis. In healthy individuals, glycogen synthesis and breakdown in the liver are tightly
regulated. Abnormal glycogen metabolism results in prominent pathological changes in the liver,
often manifesting as hepatic glycogenosis or glycogen inclusions. This can occur in genetic glycogen
storage disease or acquired conditions with insulin dysregulation such as diabetes mellitus and
non-alcoholic fatty liver disease or medication effects. Some primary hepatic tumors such as clear cell
hepatocellular carcinoma also demonstrate excessive glycogen accumulation. This review provides
an overview of the pathological manifestations and molecular mechanisms of liver diseases associated
with abnormal glycogen accumulation.
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1. Introduction

The liver plays a central role in carbohydrate metabolism. It is regarded as a “glu-
costat”, maintaining systemic glucose homeostasis through glucose uptake and storage
post-prandially and glucose production and release during fasting. The physiologic regula-
tion of hepatic glycogen synthesis, glycogenolysis, gluconeogenesis, glycolysis, and other
enzymatic reactions is mediated through various mechanisms, including the balance of
hormones such as insulin and glucagon, allosteric control by metabolites such as glucose,
acetyl-coA, and glucose-6-phosphate, the availability of substrates, and the cellular redox
state [1].

Dysregulation of glycogen metabolism in systemic conditions such as diabetes mellitus
(DM), hepatic conditions such as non-alcoholic fatty liver disease (NAFLD), as well as
genetic diseases (glycogen storage diseases) can lead to histological manifestations in the
liver and cause significant hepatic dysfunction. When there is clinical uncertainty as to the
cause of an abnormal liver enzyme profile, a liver biopsy can be helpful in guiding towards
the correct diagnosis and excluding other diseases. The pathological changes, however, are
often under-recognized or can be incorrectly attributed due to unfamiliarity with different
patterns of injury as well as histological overlap between entities.

In addition, glucose metabolism is often altered in cancer cells in order to support their
rapid proliferation and expansion; this is part of metabolic reprogramming, a recognized
hallmark of malignancy [2—4]. Most cancer cells demonstrate increased glucose uptake and
glycolysis even in the presence of oxygen (aerobic glycolysis or the “Warburg effect” [5]).
On the other hand, glycogen accumulation rather than glycogen depletion can be seen in
some cancers, including primary hepatic tumors such as clear cell hepatocellular carcinomas
(HCCs). The abundant glycogen content in these tumors results in a distinctive morphologic
appearance that argues for their classification as a separate tumor subtype; nevertheless,
the biological mechanisms underlying abnormal glycogen metabolism are complicated [6].
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This review focuses on the histological manifestation of diseases associated with
abnormal glycogen accumulation in the liver and briefly explores possible molecular
mechanisms behind these changes.

2. Glycogen in the Normal Liver

The liver is a major store of glycogen. Glycogen is a branched polymer of glucose
that is synthesized through the actions of glycogenin, glycogen synthase, and glycogen
branching enzyme [7]. Glycogenin initiates the formation of a primary glucose chain and
subsequently interacts with glycogen synthase to lengthen the glycogen-initiating particle.
o-1,6-linkages are then added to the glycogen molecule by a glycogen-branching enzyme
to create the final, spherical glycogen particle.

Glycogen synthesis is regulated by phosphorylation/dephosphorylation and/or bind-
ing of allosteric ligands [8]. Glycogen degradation occurs through the actions of phos-
phorylase, a debranching enzyme, and acid «-glucosidase; the latter is predominantly
lysosomal. Similar to glycogen synthase, the regulation of phosphorylase occurs through
both phosphorylation and ligand binding [7].

The liver contains two types of glycogen: small 3 particles and larger « particles; the
latter is a composite aggregate of 3-particles [9]. x-particles release glucose more slowly
than (3-particles in the presence of degradative enzymes [10], thereby helping to maintain
blood glucose levels during overnight fasting in diurnal mammals. Most glycogen is
cytosolic, with up to 10% of glycogen in hepatocytes present within lysosomes [7].

In a normal state, all hepatocytes contain glycogen. The amount of glycogen is largely
homogeneously distributed through out the liver lobule, although there can be zonal varia-
tions depending on the fasting or post-prandial state, corresponding to zonal variations
in metabolic enzymatic activity [11]. On light microscopy with routine hematoxylin and
eosin (H&E) staining, normal hepatocytes display abundant eosinophilic cytoplasm, and
glycogen is not visible (Figure 1). Instead, the detection of glycogen requires the application
of histochemical stains, classically the periodic acid-Schiff (PAS) and PAS with diastase
digestion (PAS-D) stains [12]. PAS stains glycogen a bright magenta color. While other
nonglycogen substances such as mucopolysaccharides will also react with the stain, only
glycogen will be digested into water-soluble maltose by the subsequent application of
diastase («-amylase); thus, glycogen is subsequently washed out of the section, resulting in
the absence of staining. Hence, the comparison of staining intensities with the PAS and
PAS-D stains confirms the presence of glycogen.

Figure 1. H&E and PAS staining characteristics in the normal liver (original magnification 400x):
(A) H&E stain; (B) PAS stain.
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3. Pathological Conditions with Excessive Hepatic Glycogen Accumulation

Excessive glycogen accumulation within hepatocytes occurs in diseases caused or
accompanied by the dysregulation of carbohydrate metabolism. In these pathological
conditions, the excess glycogen is distinctly visible on H&E; the hepatocytes usually exhibit
cytoplasmic pallor and rarefaction or may show cytoplasmic-glycogen-filled inclusion
bodies. Some hepatocytes may also demonstrate glycogen-filled nuclear vacuoles without
a delimiting membrane (“glycogenated nuclei”) [13]; these are frequently seen in patients
with diabetes and obesity, although they can also be seen in other liver conditions such
as Wilson’s disease [14]. The following subsections discuss the major conditions in which
abnormal hepatic glycogen accumulation may be seen.

3.1. Glycogenic Hepatopathy

Glycogenic hepatopathy is a distinctive, reversible clinicopathological entity caused by
excessive overloading of hepatocytes with glycogen, classically seen in patients with poorly
controlled type 1 diabetes mellitus. While first documented as a component of Mauriac syn-
drome in 1930 [15], it was subsequently recognized that glycogen overloading of the liver
can occur without the associated findings of growth failure, delayed puberty, and cushin-
goid features. Previously referred to variably as hepatic/liver glycogenosis [16,17], liver
glycogen storage [18,19], or DM-associated glycogen storage hepatomegaly [20], the term
“glycogenic hepatopathy” was coined in 2006 in the first paper to systematically describe
the histological findings and has now gained widespread acceptance and usage [21].

3.1.1. Clinical Findings and Pathogenesis

Glycogenic hepatopathy typically occurs in children and adults with marked or pro-
longed hyperglycemia, followed by exogenous administration of insulin in the setting of
type 1 DM. Most patients have hepatomegaly and elevated serum aminotransferases, which
improve after improved glycemic control [22]. Rarely, ascites may also be a presenting sign,
but this too resolves with adequate control of blood sugar levels [21,23]. In the current era
of modern insulin regimens and intensive glycemic monitoring, it is rare for patients to
present with the full complement of Mauriac syndrome [21,24], although patients with
glycogenic hepatopathy may have impaired growth compared to their peers [25].

The excessive glycogen accumulates in hepatocytes because of the insulin-independent
passage of glucose into hepatocytes during the period of hyperglycemia, followed by
insulin-mediated conversion into hepatic glycogen; both elevated glucose and insulin are
required [26] (Figure 2). Patients who take excess insulin and are subsequently treated with
glucose to correct hypoglycemia can also develop glycogenic hepatopathy [27]. Glycogenic
hepatopathy has only rarely been reported in patients with type 2 DM [28]; the insulin
resistance underlying type 2 DM typically leads to reduced hepatic glycogen synthesis and
increased lipogenesis, manifesting predominantly as non-alcoholic fatty liver disease [29].
Nevertheless, glycogenic hepatocytes can also be present in these patients [30].

Apart from type 1 DM, glycogenic hepatopathy has also been described in other
clinical conditions, such as following the administration of short-term high-dose steroid
therapy [31], dumping syndrome [32], and anorexia nervosa [33,34]. The former two
conditions result in a hyperglycemic-hyperinsulinemic state similar to that observed in
type 1 DM patients. The mechanism behind excessive hepatic glycogen accumulation in
anorexia nervosa is uncertain; it may be related to the body’s adaptation to starvation by
sparing glucose utilization and stimulation of hepatic glycogenesis in order to prevent
severe hypoglycemia and death [33,34].

A case—control study confirmed that patients with glycogenic hepatopathy had poorer
glycemic control, as evidenced by a history of recurrent episodes of diabetic ketoacidosis
and elevated HbA . levels [24]. However, it is still uncertain why only a small subset of
patients with type 1 DM develop glycogenic hepatopathy. The excess glycogen accumulated
in the hepatocytes appears to have a normal molecular structure, and the activity of
enzymes glucose-6-phosphatase, phosphorylase acid maltase, amylo-1,6-glucosidase, and
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phosphoglucomutase appears largely preserved [35]. Although a heterozygous mutation in
liver glycogen phosphorylase kinase was found in one patient with type 1 DM and Mauriac
syndrome [36], this does not account for the vast majority of cases in which glycogenic
hepatopathy is a reversible phenomenon. It may be that single nucleotide polymorphisms
in genes involved in glycogen metabolism predispose certain individuals to developing or

manifesting the disease [37].
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Figure 2. Pathogenesis of hepatocellular glycogen accumulation in the liver, highlighting the role

of both elevated glucose levels and insulin treatment in glycogenic hepatopathy (modified from
Munns et al. [26]). Glucose enters hepatocytes via facilitated diffusion through glucose transporter 2
(GLUT?2) independent of insulin, where it is then phosphorylated to glucose-6-phosphate by glucoki-
nase and subsequently converted to glycogen by glycogen synthase. Insulin activates glucokinase,
and also acts together with elevated glucose levels to stimulate the phosphatase enzyme to produce
the active dephosphorylated form of glycogen synthase [1].

3.1.2. Pathological Findings

Histologically, glycogenic hepatopathy is characterized by a striking diffuse hepatocel-
lular change—the hepatocytes appear pale with cytoplasmic rarefaction and accentuated
cell membranes, due to cytoplasmic accumulation of glycogen (Figure 3). PAS and PAS-D
stains can be used to prove that the clearing of the cytoplasm is due to glycogen, but
needs to be interpreted in conjunction with H&E and clinical findings, given that normal
hepatocytes have abundant baseline amounts of glycogen. Glycogenated nuclei can also
be present but are a nonspecific finding. The swollen hepatocytes compress the sinusoids,
imparting a “paved” appearance. No disruption of the lobular architecture and no or only
minimal inflammation is seen. Macrovesicular steatosis, usually mild to moderate, may
also be present in some cases.

Fibrosis is usually not a feature of glycogenic hepatopathy. Although occasional cases
may have mild portal or pericellular fibrosis [21], only very rare cases of bridging fibrosis
have been reported [25,38]. If there is significant fibrosis, other conditions such as steato-
hepatitis or diabetic hepatosclerosis should be excluded. Diabetic hepatosclerosis occurs
in some patients with long-standing diabetes mellitus; it is characterized by extensive,
dense perisinusoidal fibrosis in the absence of steatohepatitis [39]. Diabetic hepatosclerosis
appears to be a microangiopathic disease of the liver and is often accompanied by hyaline
arteriolosclerosis in the liver [40].
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Figure 3. A liver biopsy from a patient with glycogenic hepatopathy demonstrating swollen hepato-
cytes with abundant clear cytoplasm due to glycogen accumulation (H&E stain; original magnification
600x). Occasional glycogenated nuclei can be seen.

3.2. Glycogenosis in NAFLD

Recently, it has been recognized that excess accumulation of glycogen within hepa-
tocytes can also be seen in the context of non-alcoholic fatty liver disease. In these cases,
the dominant clinicopathological picture is not that of the typical glycogenic hepatopa-
thy patient (who has type 1 DM and poor glycemic control, hepatomegaly and elevated
transaminases); instead, patients are typically older, have type 2 DM and other features of
metabolic syndrome, and steatohepatitis. These glycogenic hepatocytes can be seen in up
to 54% of NAFLD cases [30]; the glycogenated hepatocytes occur focally, often in patches
in the centrilobular zone (Figure 4). Even when glycogenated hepatocytes are present
more extensively, the liver tissue in patients with NAFLD does not show the same diffuse
striking hepatocellular changes characteristic of glycogenic hepatopathy. Individually, the
enlarged, pale, swollen hepatocytes appear similar to those seen in glycogenic hepatopathy
but lack the diffuse distribution of glycogenic hepatopathy. They may also be confused
with ballooned hepatocytes, a form of hepatocyte injury with cytoskeletal alterations [41]
that is used to distinguish steatohepatitis from simple steatosis [42]. Glycogenated nuclei
may also be seen.

Figure 4. Patchy glycogenosis in NAFLD (original magnification 400x). The empty rounded spaces
are large lipid droplets displacing the cell nuclei, while the glycogenated hepatocytes show cytoplas-
mic pallor but retain the central position of the nuclei and angular cell contours.
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The presence of focal/patchy hepatocyte glycogenosis in a significant proportion of
NAFLD patients underscores the complexity of glucose regulation. Insulin resistance,
which is a major hallmark of NAFLD, impairs hepatic glycogen synthesis through dysregu-
lation of glucokinase translocation from the nucleus to the cytoplasm, a rate-controlling step
in insulin-stimulated hepatic glycogen synthesis [43]. Hepatocytes in patients with type 2
DM, characterized by insulin resistance, similarly have decreased glycogen content [44].
It is likely that dysregulation of the closely interrelated carbohydrate and lipid metabolic
pathways in the liver can cause glycogenosis in this setting when insulin-mediated path-
ways are bypassed, leading to shunting of substrates from one path to another. Individuals
at high risk of NAFLD who have a genetic variation in PPPIR3B, a hepatic glycogen
metabolism regulatory protein involved in glycogen synthesis, have been reported to have
reduced hepatic steatosis [45], possibly due to shunting of glucose to glycogen synthesis
and reduction of de novo lipogenesis [46]. Indeed, glycogenosis in the liver biopsies of
NAFLD patients appears to be associated with decreased steatosis [30].

3.3. Glycogen Storage Disease

Glycogen storage diseases (GSDs) are genetic disorders of glycogen metabolism, many
of which present as an abnormal accumulation of glycogen or lipid in the liver. They
are classified based on enzyme deficiency and the affected tissue (muscle and liver); the
GSDs primarily affecting the liver are types 0, I, III, IV, VI, and IX [47]. The hepatic GSDs
are generally characterized by hepatomegaly and fasting hypoglycemia, although the
individual clinical and biochemical profiles will differ depending on the specific enzymatic
defect [48] (Table 1). Readers may refer to recent comprehensive reviews on this topic for
more details [48,49].

Table 1. Glycogen storage disorders that primarily affect the liver [48,50].

Types Gene Mutation Defective Protein Clinical Manifestations Main Liver Findings
0 GYS2 Glycogen synthetase Hypoglycemia Steatosis
Short stature, hepatomegaly, Steatosis
Ia G6PC Glucose-6-phosphatase hypoglycemia, and increased .
. . S Glycogenosis
triglycerides, lactate, and uric acid
Glucose-6-phosphate Similar to pr.e la Wlth additional Steatosis
Ib SLC37A4 neutropenia, infections, and poor .
translocase . Glycogenosis
wound healing
Debranching enzyme Short sta'ture, hepe}to'mege}ly, Steatosis
111 AGL ; hypoglycemia, hyperlipidemia, and .
and variants ! Glycogenosis
cardiomyopathy
Progressive form: short stature, . .
1,4-alpha-glucan hepatomegaly, splenomegaly; Hepatocyte inclusions
v GBE1 T . ; ’ - resembling ground
branching enzyme 1 cirrhosis, and late-onset hypoglycemia
. . glass changes
Non-progressive form: hepatomegaly
VI PYGL Liver phosphorylase Short stature, hepaton}egaly, and Steatosis .
hypoglycemia Glycogenosis
X PHKA1, PHKA2, PHKB,  Phosphorylase kinase h Sh;)rt sta'turﬁ, hepﬁ toanege}ly, d Gl .
PHKG? and variants ypoglycemia, hyperlipidemia, an ycogenosis

myopathy

The glycogenosis seen on liver biopsies in patients with hepatic GSD can look indis-
tinguishable from that seen in glycogenic hepatopathy, although in some cases of GSD,
there may be subtle but increased cytoplasmic clumping of glycogen, and in type IV there
are distinctive ground-glass type inclusions (Figure 5). The clinical setting (the absence
of poorly-controlled diabetes) is key to arriving at the correct diagnosis, with subsequent
confirmation by additional biochemical assays or sequencing.
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Figure 5. Glycogen storage disease (original magnification 400x): (A) type IX, with a similar
histological appearance to glycogenic hepatopathy; (B) type IV, demonstrating hepatocellular ground-
glass type cytoplasmic inclusions. These PAS-positive inclusions may be diastase-resistant as they
comprise amylopectin-like material rather than typical glycogen. Chronic hepatitis B infection and
drug-induced glycogen pseudoground-glass type changes can have a similar appearance and should
be excluded.

Hepatic steatosis may also be present in patients with GSD. The dysregulation of liver
glycogen metabolism often leads to compensatory increases in lipolysis from extrahepatic
sources and mitochondrial fatty acid oxidation in GSD types associated with fasting ketotic
hypoglycemia (0, 111, VI, IX, and XI). In contrast, the hyperlipidemia seen in GSD type I
results from the intracellular accumulation of glucose-6-phosphate, leading to increased
glycolysis, increased production of acetyl-CoA, and increased lipogenesis [51].

4. Abnormal Hepatic Glycogen Accumulation in Miscellaneous Conditions

Abnormal glycogen accumulations can sometimes also be seen in conditions not
primarily driven by altered carbohydrate metabolism, such as urea cycle defects and
drug-induced changes.

4.1. Urea Cycle Defects

The urea cycle occurs primarily in the liver and refers to a series of mitochondrial
and cytosolic enzyme reactions that remove excess nitrogen from the body through the
conversion of toxic ammonia into urea; urea is then excreted into the urine. Interestingly,
foci of glycogenesis and glycogenated nuclei can be seen in patients with urea cycle defects,
sometimes in a nodular manner; concomitant steatosis and varying degrees of fibrosis may
also be present [52,53].

The pathogenesis of increased glycogen accumulation in patients with urea cycle
defects remains to be determined. In one study, the activity of glucose-6-phosphatase,
debranching enzyme, and phosphorylase appeared normal or only mildly abnormal. It
was therefore suggested that the excess glycogen accumulation could be due to dietary
treatment, wherein the high proportion of leucine could have stimulated excessive in-
sulin secretion and glycogen synthesis [54]. More recently, however, a mouse model of
arginosuccinate lyase deficiency showed impaired glycogenolysis due to reduction in
hepatic glycogen phosphorylase activity, rather than increased glycogen synthesis; this
appeared to cause the excess glycogen accumulation, possibly through post-translational
modification of the enzyme [55].
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4.2. Drug-Induced Pseudoground Glass Inclusions

Glycogen pseudoground glass changes have been reported in patients taking numer-
ous medications [56,57]. Pseudoground glass changes refer to large amphophilic-to-pale
eosinophilic inclusion-like structures within hepatocytes that are single, PAS-positive, di-
astase sensitive, and often surrounded by a rim of normal cytoplasm (Figure 6A). On
electron microscopy, these inclusions are composed of non-membrane-bound collections
of abnormal glycogen along with some degenerating cell organelles [56-58]. They are
also associated with several glycogen-associated proteins such as glycogenin-1, and it is
thought that these inclusions result from disturbed glycogen metabolism induced by drugs
binding to glycogenin [59]. Drugs may also result in hepatocytes having a “two-tone”
cytoplasmic appearance that is highlighted by PAS stain (Figure 6B); in this histological
pattern, the hepatocytes show normal cytoplasmic eosinophilia in one-half and a distinctive
homogeneous gray appearance in the other half [60].

Figure 6. Drug-induced changes in the liver (original magnification 600x): (A) glycogen pseu-
doground glass changes in polypharmacy; (B) “two-tone” hepatocyte cytoplasmic appearance high-
lighted by PAS stain, possibly due to abnormal endoplasmic reticulum proliferation.

These drug-induced cytoplasmic changes may persist or resolve; their clinical sig-
nificance, apart from being a histological mimic of other causes of pseudoground glass
changes, is unclear at this time.

5. Hepatic Masses with Abnormal Glycogen Accumulation

Liver masses can have abnormal glycogen accumulation which leads to a clear cell
appearance. These include cases of hepatic adenomas (particularly sonic hedgehog hep-
atic adenoma [61]) and clear cell hepatocellular carcinomas (Figure 7). A rare case of
hepatocellular carcinoma with glycogen ground-glass changes has also been reported; in
this case, the tumor but not the non-tumor tissue showed complete absence of glucose-
6-phosphatase activity, suggesting that the tumor cells had acquired enzyme deficiency,
leading to abnormal glycogen accumulation [62]. Some bile duct adenomas and intrahepatic
cholangiocarcinomas can exhibit a clear cell morphology, but in these cases, the cytoplasmic
pallor may be due to mucin or lipid vacuoles, respectively, rather than abnormal glycogen
accumulation [63,64].
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Figure 7. Clear cell hepatocellular carcinoma with abundant cytoplasmic glycogen (original magnifi-
cation 400 ): (A) H&E; (B) PAS stain.
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Metabolic reprogramming, the alteration of a cancer cell’s metabolism, is important
in carcinogenesis; it facilitates cell growth, proliferation, and other cancer-associated hall-
marks [2—4]. Although it was initially thought that many of the cellular metabolic changes
in cancer cells were due to damaged mitochondria or a secondary phenomenon of cell
proliferation/survival signals, it is now recognized that altered metabolism can result from
active reprogramming through the actions of oncogenes, tumor suppressors, and metabolic
enzymes, as well as an adaptation to other factors both intrinsic and extrinsic to the cancer
cell, leading to remarkable metabolic heterogeneity even within the same tumor [3,4,65].
Furthermore, these metabolic phenotypes can evolve during tumorigenesis and cancer
progression, depending on the selective pressures exerted [3,65].

The metabolic reprogramming underlying the accumulation of intracytoplasmic glyco-
gen that typifies clear cell HCC has been challenging to study. There is currently no uniform
morphologic definition for clear cell HCC; neither has any clear genetic correlate been
identified [66]. One study found isocitrate dehydrogenase 1 (IDH1) R132C mutations in 5
out of 20 clear cell HCCs (25%) by pyrosequencing; this mutation was absent in 28 HCCs
with other morphologies in their study, although the authors did find 3 out of 193 HCCs
(1.6%) from The Cancer Genome Atlas with non-clear cell morphologies that also had
IDH1 mutations [67]. Isocitrate dehydrogenase 1 is a NADP*-dependent enzyme that is
highly expressed in the liver [68] and catalyzes the oxidative decarboxylation of isocitrate
to a-ketoglutarate [69]. In normal cells, the NADPH produced through this enzymatic
reaction is thought to participate in cellular defense against oxidative stress [70] and also
plays a major role in lipid metabolism [71]. More recently, IDH1 has also been reported to
be important in hepatic amino acid utilization and gluconeogenesis. On the other hand,
no apparent change in liver glycogen content in a mouse model with IDH1 deficiency was
seen [72].

Increased IDH1 gene expression has been shown to correlate with mRNA levels of
canonical sterol regulatory element binding protein (SREBP) gene targets in several different
human cancers, including HCC [73]. The SREBP transcription factors are major drivers of
lipid synthesis [74]. Of note, early ultrastructural studies reported accumulation of both
glycogen and lipid within the neoplastic hepatocytes of clear cell HCC [75-77]. It may
be that cases of clear cell HCC with IDH1 mutations demonstrate a greater proportion
of intracytoplasmic lipid rather than glycogen to impart the optically clear cytoplasmic
appearance. Certainly, some clear cell HCCs appear to have foci of microvesicular or even
macrovesicular steatosis that is evident on H&E. Some degree of shunting of substrates
across the closely interrelated glucose and lipid metabolic pathways is not unexpected.
Contrary to what is observed in glycogenosis in NAFLD patients, however, some studies
have noted an increase, rather than decrease, in the incidence of fatty change within HCC
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with an increasing proportion of clear cells [76,78]. While the presence of fatty change may
be due to other confounding or unrelated factors such as tumor size [78], this association
between glycogen and lipid accumulation nevertheless underscores the complexity of the
various metabolic alterations that can occur in liver cancer cells.

The metabolic alterations and genetic basis underlying cases of clear cell HCC with
predominant glycogen accumulation and little/no steatosis may be different from those
tumors with some fat. It is thought that, at least in some settings, glycogen synthesis and
accumulation is an adaptive response to hypoxia through the effects of hypoxia-inducible
factor (HIF), in anticipation of an unfavorable environment deficient in glucose during
which rapid mobilization of these glycogen stores can then occur [79]. In clear cell renal cell
carcinomas, another tumor characterized by abundant intracellular glycogen accumulation,
glycogen accumulation is driven by loss-of-function mutations in the von Hippel Lindau
(VvHL) tumor suppressor gene that results in constitutive activation of HIF-« proteins [80].
It is uncertain whether the HIF pathway is similarly activated in clear cell HCCs, which
lack vHL mutations.

In clear cell renal cell carcinomas, glycogen synthase 1 (GYS1) was found to be over-
expressed and promoted tumor growth [81]. Increased expression of GYS2, the isoform
found in the liver, has been associated with increased glycogen content in HCC; however,
in contrast to clear cell renal cell carcinoma, GYS2 overexpression correlated with decreased
cell proliferation, possibly through activation of the p53 signaling pathway by competitive
binding to MDM2 to inhibit the ubiquitination of p53 [82]. The same study also found that
the glycogen content in HCC demonstrated a positive correlation with carbonic anhydrase
9 (CA9) and a negative correlation with liver glycogen phosphorylase (PYGL), suggesting
that other factors were involved in regulating the glycogen content in HCC. While this
study provides mechanistic insights into deregulation of glycogen metabolism in HCC in
general, it did not specifically study clear cell HCC, and the majority of the cases were from
hepatitis B patients. HBx, an oncoprotein encoded by the hepatitis B virus, was thought
to be involved in suppressing GYS2 expression. In other studies on HCC investigating
correlates between tumor morphology and transcriptomic profiles, HCCs with a clear
cell population were associated with transcriptomic subgroups characterized by cell cycle
activation and proliferation [83,84], and dysregulation of several genes involved in glycol-
ysis, gluconeogenesis, and fatty acid synthesis such as glucose phosphate isomerase and
phosphoenolpyruvate carboxykinase 2 [84].

The metabolic phenotypes of tumors may change as cancers progress from preneo-
plastic lesions to established malignancies. Recent work has suggested that glycogen
accumulation is important in liver tumor initiation, possibly through sequestration of
Hippo kinases Mst1/2 and indirect activation of the oncoprotein Yap [85]; in this context,
glycogen performs a signaling role beyond its usual function as a carbon-store. However,
characterizing metabolic anomalies in premalignant or early lesions is challenging for two
reasons: (1) these lesions may not be well characterized as precursor lesions or often escape
clinical attention, and (2) their metabolism is probably influenced to some extent by the
body’s systemic metabolism, such as the presence of obesity and diabetes [65]. Indeed,
there are some early well-differentiated hepatocellular carcinomas with patchy rather than
diffuse clear cell change, suggesting that glycogen accumulation may be a secondary rather
than primary phenomenon in some cases.

It is likely that the clear cell subtype of HCC (as currently defined by pure morphology)
represents several biologically different entities, with overlapping morphology but differing
underlying molecular mechanisms. It remains to be determined whether the accumulated
glycogen in clear cell HCC is truly essential for tumor initiation and/or growth [85] or a
dispensable consequence of a separate pathway [86].

6. Conclusions

Glycogen in hepatocytes is increasingly understood as not just a simple inert macro-
molecule but a complex molecule with important ramifications on metabolic pathways.
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The liver, as the main site of glycogen synthesis, storage, and lysis, manifests many of
the key pathological changes associated with abnormal glycogen metabolism. Important
liver diseases that result from glycogen accumulation include genetic glycogen storage
diseases and acquired diseases resulting from insulin dysregulation and/or medication
effects. Some primary hepatic tumors may also manifest prominent glycogen accumulation.
Future work focusing on the mechanisms behind conditions with dysregulated glycogen
metabolic pathways will lead to a better understanding of the significance of these changes
on health and disease.
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