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Abstract

Nonalcoholic fatty liver disease (NAFLD) and alcoholic liver
disease (ALD) have become serious health problems worldwide.
These two diseases have similar pathological spectra, ranging
from simple hepatic steatosis to steatohepatitis, liver cirrhosis,
and hepatocellular carcinoma. NAFLD and ALD are frequently
accompanied by extrahepatic  complications, including
cardiovascular disease and malignancy, which influence patient
survival. The chronic ingestion of an excessive daily diet (sweetened
beverages and commercial products) increases the levels of the
sugar metabolite, glyceraldehyde (GA), while the chronic ingestion
of an excessive amount of alcoholic beverages increases the levels
of the ethanol metabolite, acetaldehyde (AA) in the liver. GA and
AA are known to react non-enzymatically with the amino groups
of proteins to form reversible Schiff bases followed by Amadori
products. These early glycation products undergo further complex
reactions such as rearrangement, dehydration, and condensation
to become irreversibly cross-linked, heterogeneous fluorescent
derivatives termed “advanced glycation end-products, AGEs” (GA-
or AA-AGEs). The Ne-(carboxymethyl)lysine/Ne-(carboxyethyl)
lysine or Ne-(ethyl) lysine pathway for the reaction of Amadori
products may represent a physiologically relevant mechanism for
averting the production of GA- or AA-AGEs and thus, prevent the
potential cellular toxicity associated with the formation of GA- or AA-
AGEs (toxic AGEs, TAGE) in vivo. The interaction between TAGE
and the receptor for AGEs (RAGE) alters intracellular signaling,
gene expression and the release of pro-inflammatory molecules
and also elicits reactive oxygen species in numerous types of
cells, all of which may contribute to the pathological changes
observed in lifestyle-related diseases. We herein discussed the
pathophysiological roles of GA- and AA-AGEs, the predominant
components of TAGE, and a related novel theory for preventing the
development and progression of NAFLD and ALD.

Keywords
Metabolic syndrome, Diabetes mellitus, Lifestyle-related diseases
Abbreviations

AGEs: Advanced Glycation End-Products, GA-AGEs:
Glycerardehyde-Derived AGEs, AA-AGEs: Acetaldehyde-Derived
AGEs, RAGE: Receptor for AGEs, NAFLD: Nonalcoholic Fatty
Liver Disease, ALD: Alcoholic Liver Disease

Introduction

Nonalcoholic fatty liver disease (NAFLD) and alcoholic liver
disease (ALD) are among the most common causes of chronic
liver disease in the westernized world, which now represents a
worldwide public health problem [1]. Although these diseases have
similar pathological spectra, ranging from simple hepatic steatosis
to steatohepatitis and liver cirrhosis [2], many of the characteristics
of NAFLD and ALD differ from each other for example, differences
in clinical features to patient outcomes. A high total energy intake
has been positively associated with the development of NAFLD
[3], and specific dietary components have been shown to affect the
pathogenesis of this disease. A cross-sectional study reported that a
greater intake of soft drinks (SD) was associated with an increased risk
of NAFLD [4]. Fructose may also contribute to disease development
and progression [5,6]. The increased ingestion of regular SD was
recently linked to NAFLD independent of metabolic syndrome
[7], with NAFLD patients consuming 5 times more carbohydrates
from SD than healthy individuals [8]. The risks of developing and
accelerating the progression of ALD are also increased by the intake
of alcoholic beverages [9-11]. The types of beverages consumed may
also modify the progression of ALD [12]. Drinking patterns are
also factors that have been associated with ALD. Previous studies
demonstrated that daily or near-daily heavy drinking, not episodic
or binge drinking, was closely associated with the development of
ALD [9,13]. Moreover, alcohol intake outside of mealtimes and the
intake of multiple, different beverages was shown to increase the risk
of developing ALD [9].

Advanced glycation end-products (AGEs) are formed by the
Maillard reaction, a non-enzymatic reaction between the aldehyde
or ketone groups of reducing sugars, such as glucose and fructose
and the N-terminal a-amino group or e-amino group of the lysine
residues of proteins, and contribute to the aging of proteins as well
as pathological complications associated with diabetes mellitus
(DM) [14-21]. In DM-induced hyperglycemia, this process begins
with the conversion of reversible Schiff base adducts to more stable,
covalently bound Amadori rearrangement products. Over the
course of days to weeks, these Amadori products undergo further
rearrangement reactions to form irreversibly bound moieties known
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Figure 1: Toxic AGEs (TAGE) theory in the pathogenesis of NAFLD and ALD.

The chronic ingestion of an excessive daily diet (sweetened beverages and commercial products) increases the levels of the sugar metabolite, glyceraldehyde
(GA), while the chronic ingestion of an excessive amount of alcoholic beverages increases the levels of the ethanol metabolite, acetaldehyde (AA) in the liver.
GA and AA are known to react non-enzymatically with the amino groups of proteins to form reversible Schiff bases followed by Amadori products. These early
glycation products undergo further complex reactions such as rearrangement, dehydration, and condensation to become irreversibly cross-linked, heterogeneous
fluorescent derivatives termed “AGEs” (GA- or AA-AGEs). The CML/CEL or NEL pathway for the reaction of Amadori products may be a physiologically relevant
mechanism for averting the production of GA- or AA-AGEs and, thus, prevent the potential cellular toxicity arising from the formation of GA- or AA-AGEs (toxic
AGEs, TAGE) in vivo. The interaction between TAGE and the receptor for AGEs (RAGE) has been shown to alter intracellular signaling, gene expression and the
release of pro-inflammatory molecules and also elicits reactive oxygen species (ROS) in numerous types of cells, all of which may contribute to the pathological
changes observed in lifestyle-related diseases. Taken together, our theory suggests that TAGE are novel therapeutic targets for preventing lifestyle-related
diseases. Therefore, inhibiting the formation of TAGE or blocking the TAGE-RAGE axis are promising targets for novel therapeutic interventions against NAFLD/
NASH and ALD.

AGEs: Advanced Glycation End-products, AA-AGEs: Acetaldehyde-derived AGEs, ADH: Alcohol Dehydrogenase, ALD: Alcoholic Liver Disease, CEL: Ne-
(carboxyethyl)lysine, CML: Ne-(carboxymethyl)lysine, GA-AGEs: Glyceraldehyde-derived AGEs, HFCS: High-Fructose Corn Syrup, NAFLD: Nonalcoholic Fatty
Liver Disease, NASH: Nonalcoholic Steatohepatitis, NEL: Ne-(ethyl)lysine, RAGE: Receptor for AGEs, ROS: Reactive Oxygen Species, P-NH,: Free Amino

Residue of a Protein.

as AGEs. AGEs were originally characterized by their yellow-brown
fluorescent color as well as their ability to form cross-links with and
between amino groups; however, this term is now encompasses
a broad range of advanced products of the glycation process,
including Ne-(carboxymethyl)lysine (CML), Ne-(carboxyethyl)
lysine (CEL), and Ne-(ethyl)lysine (NEL), which do not display color
or fluorescence and are not cross-linked proteins [14-17]. Recent
studies have suggested that AGEs are formed not only from reducing
sugars, but also from the carbonyl compounds derived from the
auto-oxidation of sugars and other metabolic pathways [17,19-23].
Evidence to show that glyceraldehyde (GA)- and acetaldehyde (AA)-
derived AGEs (GA- and AA-AGE:s) play a role in the pathogenesis of
various disorders, such as DM and diabetic vascular complications,
insulin resistance, obesity, hypertension, cardiovascular disease
(CVD), Alzheimer’s disease (AD), cancer growth/metastasis, and
nonalcoholic/alcoholic liver injury, is increasing [18-21,24-31]. In the
present study, we discussed the pathophysiological role of GA- and
AA-AGEs, predominant components of toxic AGEs (TAGE), and a
related novel theory for preventing the development and progression
of NAFLD and ALD.

Pathway for the Formation of GA- and AA-AGEs in the
Liver

Most people throughout the world consume a combination of

two simple sugars, either as table sugar (sucrose) or high-fructose
corn syrup (HFCS), both of which are used in many sweetened
beverages and commercial products. GA is derived from two distinct
pathways in the liver, i) glycolysis and ii) fructolysis [20,21,32]. i)
The glycolytic intermediate GA-3-phosphate (G-3-P) is normally
catabolized by the enzyme G-3-P dehydrogenase (GAPDH). G-3-P
accumulates intracellularly when GAPDH activity decreases. The
metabolism of G-3-P then shifts to another route, and the amount
of GA is increased. ii) Fructose, a component of sucrose and HFCS,
is known to be present in the daily diets of many individuals [33,34].
Fructose is phosphorylated to fructose-1-phosphate by fructokinase
and then catabolized to GA and dihydroxyacetone-phosphate by
aldolase B [33-36]. Liver damage may occur in patients who consume
a daily diet rich in sweetened beverages/commercial products due
to the toxicity of GA, which forms GA-AGEs intracellularly and
extracellularly (Figure 1).

AA is derived from the alcohol metabolic pathway (alcoholysis).
Alcohol is oxidized in the liver, mainly by alcohol dehydrogenase
(ADH), to form AA, which is in turn oxidized by aldehyde
dehydrogenase (ALDH) to acetate [37]. The cytochrome P450
2E1 (CYP2E1), also contributes to the oxidation of ethanol, but is
quantitatively less important than the ADH/ALDH pathway. Both
ADH- and CYP2EI-catalyzed oxidation of alcohol generate a reactive
metabolite AA, which readily forms adducts with proteins [37].
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Liver damage may develop in patients who are abusers of alcohol
due to the toxicity of AA, which forms AA-AGEs intracellularly and
extracellularly (Figure 1).

GA-AGEs Theory in the Pathogenesis of NAFLD

There is a growing body of evidence to suggest that the interaction
between GA-AGEs, but not CML/CEL, and the receptor for AGEs
(RAGE) may alter intracellular signaling, gene expression, and the
release of pro-inflammatory molecules and also elicits the generation
of reactive oxygen species (ROS) in numerous types of cells, all of
which may contribute to the pathological changes observed in DM
and diabetic vascular complications, hypertension, CVD, AD, and
cancer [18-21]. We previously demonstrated that GA-AGEs induced
fibrogenesis- and inflammation-related gene and protein expression,
such as that of transforming growth factor-f1, collagen type Ia2, and
monocyte chemoattractant protein-1, in cultured hepatic stellate
cells (HSCs) via the NADPH oxidase-derived generation of ROS
[25]. These findings provided a novel insight into how GA-AGEs are
involved in the pathogenesis of NAFLD. Furthermore, we found that
GA-AGEs induced neurotoxicity and neuronal cell death, whereas
CML did not, suggesting that GA-AGEs are also toxic to neuronal
cells [38,39]. In AD brains, GA-AGEs were mainly detected in the
cytosol of neurons in the hippocampus and parahippocampal gyrus,
but not in senile plaques or astrocytes [40]. These findings suggested
that the production of GA-AGEs during sugar metabolism may not
only be toxic to hepatocytes, but also to neuronal cells and possibly
many other cells, thereby inducing cellular and organ impairments.

Regarding the effects of GA-AGEs on hepatocytes, we recently
reported that the GA-AGEs-RAGE interaction stimulated hepatic
C-reactive protein (CRP) in the human hepatoma cells, Hep3B via
the activation of Rac-1 [41]. We demonstrated that GA induced
concentration- and time-dependent cell death and increased the
intracellular concentration of GA-AGEs in Hep3B cells [42]. We
also showed that a GA-AGEs-modified protein of ca.70 kDa, which
we identified as heat shock cognate 70, was detected the earliest
and in the greatest abundance in GA-treated hepatocytes [42]. We
found that intracellular GA-AGEs increased the mRNA expression
of the acute phase reactant CRP [42]. These findings prompted us to
speculate that extracellular and intracellular GA-AGEs may play roles
in the pathogenesis of NAFLD/nonalcoholic steatohepatitis (NASH)
(Figure 1).

The excessive intake of fructose contributes to the development
of NAFLD and to the progression of the disease to NASH. Fructose
is metabolized to GA, which is a precursor of GA-AGEs. We
showed that intracellular GA-AGEs were formed in the presence of
fructose. Additionally, heterogeneous nuclear ribonucleoprotein M
(hnRNPM) was identified as one of the target proteins for GA-AGEs.
These findings suggest that GA-modified hnRNPM, resulting from
the exposure of the cells to fructose; alter gene expression and causes
adverse effects in hepatocytes [43].

The findings of our recent studies revealed that i) the formation
of GA-AGEs was enhanced during NASH, and serum and hepatic
GA-AGE levels, but not CML, were shown to be significantly higher
in patients with NASH than in healthy controls or patients with
simple steatosis [24,26], ii) atorvastatin, a hydroxymethyl-glutaryl
(HMG)-CoA reductase inhibitor, reduced serum TAGE levels in
NASH patients with dyslipidemia [44]. We also recently reported that
circulating GA-AGElevels were significantly higher innon-B ornon-C
hepatocellular carcinoma (HCC) patients than in NASH subjects
without HCC or control subjects [45]. These findings suggested that
GA-AGEs may play a critical role in the pathogenesis of NASH and
may serve as potential targets for therapeutic interventions [46-48].

AA-AGE:s Theory in the Pathogenesis of ALD

The pathogenesis of ALD is a dynamic process that is triggered by
complex interactions between the metabolic intermediates of alcohol,
inflammation, and immune responses from cellular injury [49,50].
Since hepatocytes are the primary site of alcohol detoxification, its

major toxic metabolic intermediate, AA causes direct hepatocyte
damage and also forms adducts with proteins and DNA [51,52]. The
intralobular distribution of AA-AGEs was monitored during the
chronic administration of ethanol and also during alcohol abstinence,
and was co-evaluated with the progression of ALD and production
of ROS [28]. We also demonstrated that the viability of rat primary
hepatocytes cultured with AA-AGEs was significantly lower than that
of hepatocytes cultured with NEL [28]. Furthermore, we showed that
AA-AGEs induced neurotoxicity and neuronal cell death, whereas
NEL did not, suggesting that AA-AGEs may also be toxic to neuronal
cells [53,54]. We also detected the AA-AGE epitope in the brains
of alcoholic individuals [53,54]. These findings suggested that the
production of AA-AGEs during alcoholism may not only be toxic
to hepatocytes, but also to neuronal cells via RAGE and potentially
many other cells, thereby inducing cellular and organ impairments.

The chronic administration of ethanol was shown to result in
hepatic fatty degeneration, the severity of which increased between
4 and 8 weeks. We observed a marked increase in staining for AA-
AGE:s in the pericentral areas of rat livers treated with ethanol [28].
Staining intensity significantly increased from 4 to 8 weeks, indicating
that the production of AA-AGEs during the chronic consumption of
ethanol was additive and also in parallel with the intensity of hepatic
fatty degeneration and ALD. These findings suggested that AA-AGEs
play an important role in the production of selective pericentral
cytotoxicity in ALD. We demonstrated the intense staining of AA-
AGE:s surrounding the central vein during the pathogenesis of ALD
as well as during the early abstinence period [28]. AA-AGEs that
accumulated during the chronic ingestion of ethanol were eliminated
with abstinence, during which rats were administered a control liquid
diet for a period of 12 weeks following the chronic administration of
ethanol for 8 weeks. The intensity of staining for AA-AGEs markedly
increased in the hepatocytes of the perivenular region until week 8
during abstinence, but was significantly reduced by 10 weeks and
completely disappeared after 12 weeks. Steatosis also simultaneously
and completely disappeared after 12 weeks with the restoration of the
lobular architecture of hepatic tissue [28]. These findings suggested
that the AA-AGEs formed during the chronic consumption of
ethanol could be eliminated after abstinence, which helped impaired
hepatic tissue to return to its normal function. These findings also led
us to speculate that extracellular and intracellular AA-AGEs may play
roles in the pathogenesis of ALD.

Furthermore, in vitro cell culture studies using rat HSCs
demonstrated that AA-AGEs induced oxidative stress and produced
ROS in cultures [28]. HSCs are the main extracellular matrix-
producing cells in the liver, and, thus, play a pivotal role in liver
fibrogenesis [55]. These findings suggested that AA-AGEs via RAGE
induced the production of ROS and contributed to the pathogenesis
of ALD. The AA-AGE:s thus formed bind to the cellular membrane
through RAGE, induce oxidative stress, and produce ROS, which
trigger steatosis, hepatocyte ballooning, and the pathogenesis of ALD.
These findings led us to speculate that intracellular and extracellular
AA-AGEs may play roles in the pathogenesis of ALD (Figure 1).

Conclusion

NAFLD and ALD are generally related to unhealthy lifestyle
habits, including the excessive daily intake of sweetened beverages/
commercial products and alcohol, and both are likely to be
serious health problems in the future. In contrast to chronic viral
liver diseases, NAFLD and ALD are frequently accompanied
by extrahepatic diseases that can influence patient survival. We
demonstrated that GA-AGEs, but not CML, may play a role in the
pathogenesis of NASH in humans [24,26,44]. GA-AGEs via RAGE
stimulated the proliferation and activation of HSCs in vitro, thereby
causing hepatic inflammation and fibrosis [25]. In humans, serum
levels of GA-AGEs were significantly higher in NASH patients than
in those with simple steatosis and healthy controls [24,26]. We also
demonstrated that AA-AGEs were toxic to hepatocytes, whereas NEL
was not. The chronic consumption of alcohol produced AA-AGEs
in pericentral hepatocytes from the metabolic products of ethanol,
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mainly AA, and induced oxidative stress, leading to the production
of ROS in a rat model. The staining of AA-AGEs was correlated with
the severity of ALD in both rats and humans. The chronic ingestion of
alcohol has been shown to produce AA-AGEs that contribute to the
pathogenesis of ALD [28].

In conclusion, of the various types of AGE structures formed

in vivo, the structures of TAGE (GA- and AA-AGEs), but not those
of non-TAGE (including CML/CEL and NEL) are likely to play an
important role in the pathophysiological processes associated with
the formation of AGEs (Figure 1) [17,19-21,28,46,48,53].
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