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Introduction
In recent years, the prevalence of metabolic syndrome 

(MetS) in Japan has increased due to the Westernization of 
dietary habits and reduced physical activity. The progression 
of fatty liver to metabolic dysfunction-associated steatotic 
liver disease (MASLD) and its inflammatory and fibrotic 
variant, metabolic dysfunction-associated steatohepatitis 
(MASH), has emerged as a major public health problem. 
MASLD and MASH were previously termed non-alcoholic 
fatty liver disease (NAFLD) and non-alcoholic steatohepatitis 

(NASH). However, these terms have been replaced because 
they are defined passively as “fatty liver in people who 
do not consume alcohol”. In reality, most patients with 
NAFLD/NASH have underlying metabolic disorders such 
as obesity, type 2 diabetes mellitus (T2DM), dyslipidemia, 
and hypertension; therefore, metabolic dysfunction is the 
fundamental pathology. In addition, the term “non-alcoholic” 
may lead to misunderstanding or stigma toward patients.

According to data from the Ministry of Health, Labour 
and Welfare, from the 1960s to the 1970s, overall energy 
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Abstract  
In recent years, the prevalence of metabolic syndrome in Japan has increased due to the Westernization of dietary habits and 
decreased physical activity. The progression of fatty liver to MASLD (metabolic dysfunction-associated steatotic liver disease) 
and its inflammatory and fibrotic variant, MASH (metabolic dysfunction-associated steatohepatitis), has become a growing 
health concern. Excessive or inappropriate intake of carbohydrates and lipids causes rapid postprandial hyperglycemia 
“ blood glucose spikes”, which in turn induces the production of various sugar- and lipid-derived aldehydes. We refer to 
this phenomenon as the “aldehyde spark”. These short-chain aldehydes not only damage vascular endothelial cells but also 
modify proteins in pancreatic β-cells and hepatocytes, resulting in the formation of advanced glycation end-products (AGEs) 
and impaired protein function. Glycative stress (GS) describes a pathological condition in which the body is overloaded with 
aldehydes. Metabolism of excess aldehydes by dehydrogenases (e.g., ALDH, GAPDH) requires NAD+, thereby reducing the 
NAD+/NADH ratio. NAD+ depletion impairs β-oxidation of lipid droplets in hepatocytes, while mitochondrial dysfunction 
in the TCA cycle leads to the overproduction of fumaric acid, a metabolite capable of modifying proteins. Furthermore, 
AGEs bind to receptors for AGEs (RAGE) expressed on macrophages and Kupffer cells, which subsequently induces chronic 
inflammation. This cascade is thought to contribute significantly to the transition from simple steatosis to steatohepatitis. This 
report proposes a preventive strategy centered on GS care. Specifically, we advocate a three-pillar intervention consisting 
of nutritional education, physical activity promotion, and behavioral support to suppress postprandial glucose and aldehyde 
spikes. In addition, supplementation with NAD+ precursors and correction of protein insufficiency may help enhance the 
aldehyde-trapping capacity of amino acids, promote insulin biosynthesis, and improve insulin resistance. We hope that such 
comprehensive metabolic approaches will help prevent the progression of steatohepatitis and support liver metabolic health.

From fatty liver to steatohepatitis: Prevention by Glycated Stress Care

Yoshimasa Saito 1),  Hiroshi Ebinuma 2),  Yasuhiro Suzuki  3, 4),  Mari Ogura  5, 6),  Yoshikazu Yonei  4, 6)
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intake increased, accompanied by rises in protein and fat 
intake, while carbohydrate intake declined (Fig. 1-a) 1). In the
1990s, the proportion of energy derived from fat continued 
to increase, whereas that from carbohydrates decreased
markedly. Although total energy intake has shown a downward
trend since 1986, this decline coincides with a steady increase
in the number and proportion of older adults with lower 
energy requirements. Thus, age adjustment may alter the 
conclusion that energy intake has consistently decreased 
since 1986.

Since 2010, total energy intake, the dietary fat ratio, and 
the proportion of animal fat have all increased again (Fig. 1-b),
while physical activity levels have declined substantially 
(Fig. 1-c). Consequently, the number of individuals with MetS
continues to rise (Fig. 2) 2). Considering hepatic outcomes, the 
incidence of fatty liver and its progression to steatohepatitis 
is also presumed to be increasing. Addressing these issues 
and improving population health are critical for reducing 
public healthcare expenditures and securing a stable future 
workforce 3).

MetS represents a state of severe glycative stress (GS). 
Based on previous findings 4), this paper proposes a preventive 
strategy for suppressing the progression of steatohepatitis, 
with a focus on alleviating glycative stress ( “GS care”).

Metabolic syndrome (MetS) and glycative stress (GS)
MetS is characterized by visceral obesity, dyslipidemia 

(particularly hypertriglyceridemia), reduced adiponectin 
secretion, increased insulin resistance, impaired glucose 
tolerance, and postprandial hyperglycemia, and is a major 
risk factor for atherosclerosis 5-7). MetS represents a typical 
pathological condition accompanied by severe glycative stress
 (GS). A reduction in adiponectin—which enhances insulin 
sensitivity—leads to further insulin resistance, impaired 
glucose tolerance, and postprandial hyperglycemia.

Yagi et al. demonstrated that postprandial hyperglycemia
promotes the production of highly reactive aldehyde-type 
dicarbonyl compounds, including 3-deoxyglucosone (3DG), 
glyoxal (GO), and methylglyoxal (MGO) 8). Subsequent studies 
confirmed that additional aldehydes, such as glyceraldehyde 
and acetaldehyde, are also generated 9). The term “aldehyde 
spark” was introduced to describe this chain reaction of
aldehyde generation triggered by a postprandial blood glucose
spike ( ≥ 140 mg/dL) 10).

Blood in patients with MetS contains elevated levels 
of triglycerides and free fatty acids. These fatty acids 
undergo glycative and oxidative reactions or interact with 
environmental and behavioral factors, such as smoking and
alcohol intake, to produce lipid-derived aldehydes11-23). 

Fig. 1- a.

Fig. 1-b.
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Fig. 1.	 Nutritional and health trends in Japan.     
	 a) Trends in energy intake and nutrient composition (ages ≥ 1 year). Since 2008, both total energy intake and the fat-derived 

energy ratio have increased. b) Trends in average daily step counts (ages ≥ 20 years). “Healthy Japan 21 (Second Edition)” sets 
targets of 9,000 steps/day (men) and 8,500 steps/day (women) aged 20–64 years, and 7,000 steps/day (men) and 6,000 steps/
day (women) aged ≥ 65 years. Current average step counts continue to decline and remain below targets. c) Trends in fat-derived 
energy ratio and animal-fat ratio (ages ≥ 1 year). Both the fat energy ratio and the proportion of animal fat have steadily increased. 
The recommended dietary fat energy ratio is 20–30 % according to the “Dietary Reference Intakes for Japanese (2020 Edition).”

	 Source: Ministry of Health, Labour and Welfare, “Changes in nutrition and health in Japan.” (Ref. 1)

Fig. 2.	Trends in the number of individuals with metallic syndrome (including those at risk).     
	 Source: Compiled based on the Ministry of Health, Labor and Welfare's "Status of Specific Health Checkups and Specific 

Health Guidance," the Ministry of Internal Affairs and Communications' Statistics Bureau's "Population Estimates (as of 
October 1, 2024)," and the Dai-ichi Life Research Institute report (Reference 2). MetS, metabolic syndrome.

Fig. 1-c.
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Consequently, intracellular and extracellular proteins are 
modified by aldehydes, leading to the formation of advanced 
glycation end-products (AGEs). Not only proteins but also 
lipids and genomic DNA are susceptible to aldehyde-induced 
damage.

GS is fundamentally a condition in which aldehydes are 
overproduced. Sugar-derived aldehydes include GO, MGO, 
3DG, and glyceraldehyde (GA) 8). Lipid-derived aldehydes 
include malondialdehyde (MDA), MGO, and acrolein 23). 
Alcohol consumption and smoking additionally contribute 
acetaldehyde and tobacco-related aldehydes. Importantly, 
MGO is produced from both carbohydrates and lipids, making
it a central mediator of glycation toxicity.

Thus, excessive intake of carbohydrates and lipids 
markedly increases GS, promoting degenerative changes 
throughout the body—making the phrase “sugars and fats 
destroy the body” quite fitting.

Dicarbonyl compounds are defined as molecules 
containing two carbonyl groups (C = O). This class includes 
aldehydes, ketones, carboxylic acids, and related derivatives. 
Among these, short-chain dicarbonyl aldehydes are highly 
reactive and particularly toxic in vivo 23). Because major 
sugar-derived aldehydes (GO, MGO, 3DG) belong to this 
category, they are often collectively referred to as “dicarbonyl 
compounds” in the literature. However, since aldehydes 
that are not strictly dicarbonyl compounds also contribute 
significantly to GS-induced biological reactions, the more 
comprehensive term “aldehydes” is adopted in this report.

Glycative Stress (GS) and the Progression to 
Steatohepatitis

Steatohepatitis develops when simple fatty liver (steatosis)
is accompanied by inflammation and fibrosis 24-26). In animal
studies, acetaldehyde has been identified as a major 
contributor to “alcoholic liver injury without steatosis”, leading
first to alcoholic hepatitis with inflammation, then to 
alcoholic liver fibrosis, and ultimately to alcoholic cirrhosis 
if the condition progresses further. When combined with a 
high-fat diet or physical inactivity, alcoholic fatty liver can 
develop. Similarly, it is plausible that aldehydes other than 
acetaldehyde may also induce inflammation, fibrosis, and 
cirrhosis.

We propose a hypothesis regarding the role of GS in 
the progression from simple steatosis to steatohepatitis (Figs. 
3, 4 ). The receptor for advanced glycation end-products 
(RAGE), which specifically recognizes AGEs, is expressed 
on macrophages and Kupffer cells in the liver 27-29). Binding 
of AGEs to RAGE triggers intracellular signaling pathways 
that promote the production and release of inflammatory 
cytokines 30, 31), thereby contributing to hepatic inflammation.

Excessive aldehydes overload aldehyde-metabolizing 
enzymes, consuming nicotinamide adenine dinucleotide 
(NAD+) and reducing the NAD+/NADH ratio 32, 33). NAD+ 
depletion impairs the tricarboxylic acid (TCA) cycle and 
fatty acid β-oxidation, which is expected to play a critical 
role in the development and progression of steatohepatitis.

Fig. 3.	Formation of sugar-derived and lipid-derived aldehydes.     
	 Postprandial hyperglycemia (“blood glucose spikes”) induces a chain reaction producing short-chain sugar-derived 

aldehydes. These aldehydes further react with free fatty acids, generating lipid-derived aldehydes (“aldehyde sparks”). 
Amino acids trap aldehydes and mitigate toxicity. HFD, high fat diet; TG, triglycerides; AGEs, advanced glycation 
endproducts; AA, amino acids; FA, fatty acids
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Fig. 4.	NAD+ consumption and its effects in glucose and lipid metabolism.     
	 Excess carbohydrates activate the polyol pathway, while fatty acid β-oxidation and glycative stress overload metabolic enzymes 

(ALDH, GAPDH), accelerating NAD+ consumption and decreasing the NAD+/NADH ratio. This disrupts the TCA cycle and 
increases the NADH burden on the electron transport chain, enhancing ROS production. NAD, nicotinamide adenine dinucleotide; 
NADH, reduced NAD+; FAD, flavin adenine dinucleotide; FADH2, reduced FAD; SDH, sorbitol dehydrogenase; TCA, tricarboxylic 
acid; ALDH, aldehyde dehydrogenase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GLO, glyoxalase; GSH, glutathione; 
ATP, adenosine triphosphate; ADP; adenosine diphosphate; GTP, guanosine triphosphate; GDP, guanosine diphosphate; acetyl CoA, 
acetyl coenzyme A; ROS, reactive oxygen species.
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NAD+ deficiency (a reduction in the NAD+/NADH ratio)
can profoundly impair the tricarboxylic acid (TCA) cycle 
(Fig. 5 ) 34-36). First, reduced NAD+ availability decreases 
TCA cycle efficiency, leading to lower ATP production, 
which may manifest clinically as fatigue. Second, impaired 
TCA cycle flux causes an accumulation of fumaric acid, a 
metabolite implicated in accelerated aging processes.

For example, succinate derived from dietary sources—
such as the “umami” components in shellfish—enters the
TCA cycle and is metabolized. Succinyl-CoA is also produced
from β-oxidation of odd-chain fatty acids, yielding acetyl-
CoA and propionyl-CoA; the latter is converted to succinyl-
CoA through several enzymatic steps before entering the 
TCA cycle. A high-fat diet can therefore lead to increased 
flux through the “succinyl-CoA → succinate → fumarate → 
malate” segment of the cycle.

Succinate dehydrogenase, which converts succinate to 
fumarate, functions as Complex II in the electron transport 
chain. Although a reverse reaction has been reported in 

certain organisms, it depends on the FAD+/FADH2 ratio 
rather than feedback from elevated fumarate, and thus is 
unlikely to occur unless under severe hypoxia or FADH2 
depletion.

Fumarate is normally converted to malate by fumarase. 
However, the subsequent step—conversion of malate to 
oxaloacetate—requires NAD+; therefore, when NAD+ is 
depleted, malate is not efficiently metabolized 37, 38). Because 
the fumarase reaction is reversible, excess malate can be 
converted back to fumarate, resulting in marked fumarate 
accumulation under GS conditions.

Effects on Adiponectin
Mature adiponectin (244 amino acids) contains 16 lysine

residues, 10 arginine residues, and 8 cysteine residues (with
sulfhydryl groups), all of which are susceptible to glycation 
and related modifications. Fumaric acid, a metabolite of the
TCA cycle, can react with cysteine residues to form S-(2-

Fig. 5.	TCA cycle dysfunction and fumarate accumulation.     
	 Even-chain fatty acids produce acetyl-CoA, and odd-chain fatty acids produce propionyl-CoA and succinyl-CoA, which 

enter the TCA cycle. Succinate dehydrogenase (Complex II) in the inner mitochondrial membrane converts succinate 
to fumarate while producing FADH2, which donates electrons to ubiquinone. Under NAD+ deficiency, succinate 
dehydrogenase remains active as long as FADH2 is available, leading to fumarate accumulation. Abbreviations as in Fig. 4.       
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succinyl)cysteine (2SC). In adipocytes, adiponectin monomers
assemble into trimers and hexamers primarily through 
disulfide bond formation, followed by multimerization into 
high-molecular-weight (HMW) adiponectin (12-mer or larger),
which possesses the highest biological activity and secretion 
efficiency.

However, when cysteine residues are modified by 2SC, 
low-molecular-weight forms of adiponectin (monomers and 
trimers) become misfolded and are targeted for degradation. 
As a result, the production and secretion of medium-
molecular-weight (MMW) hexamers and HMW multimers 
( ≥ 12-mer) are reduced (Fig. 6 ) 39). Glycated forms of 
adiponectin are also expected to be recognized as abnormal 
and similarly degraded.

Consequently, the proportion of HMW adiponectin in 
the bloodstream decreases. In healthy individuals, HMW 
adiponectin—which is essential for insulin-sensitizing and 
anti-inflammatory functions—constitutes the majority 
of circulating adiponectin. In contrast, obese individuals 
and those with type 2 diabetes mellitus (T2DM) exhibit 
a selective reduction in the HMW fraction. Thus, a 
decrease in circulating HMW adiponectin is considered a 
potential indicator of progression from simple steatosis to 
steatohepatitis.

Although fatty acid β-oxidation was not addressed in
our previous report 4), the NAD+-dependent oxidation step
plays an essential role in this process 40, 41). When β-oxidation 

is halted at the second dehydrogenation step due to NAD+
deficiency, intermediate fatty acid metabolites either 
accumulate or undergo oxidation to form new and different 
aldehydes. Accumulation of these intermediates may 
contribute to abnormal lipid droplet morphology and 
distribution in hepatocytes.

While the mechanisms of fibrosis are not yet fully 
understood, studies have reported that DNA damage and 
glutathione (GSH) depletion contribute to fibrotic progression 
42-44).

MGO, a highly cytotoxic aldehyde derived from both 
carbohydrates and lipids, is detoxified via the glyoxalase 
(GLO)  system—comprising GLO1 and GLO2—which 
converts MGO into lactate using GSH as an essential cofactor 
45, 46). Excess MGO consumption of GSH results in GSH 
depletion. Because GSH functions as a major antioxidant, it 
is also consumed during detoxification of reactive oxygen 
species (ROS) and free radicals. Consequently, GSH 
deficiency in liver tissue enhances oxidative stress, thereby 
contributing to the progression of steatohepatitis.

Involvement of increased fumarate in steatohepatitis
Post-translational modification analyses in adipocytes—

which play an important role in MetS progression—have
revealed that excess fumarate production due to mitochondrial
dysfunction can react with cysteine residues to form S-(2-

Fig. 6.	Fumarate-mediated modification of adiponectin and reduced HMW multimer secretion.     
	 Adiponectin monomers fold in the ER to form trimers, which assemble into hexamers and high-molecular-weight 

(HMW) multimers for secretion. Increased fumarate modifies cysteine residues to 2SC, preventing multimer formation 
and leading to impaired secretion of HMW adiponectin. Modified from Nagai R et al., J Biol Chem 2007 (Ref. 47). 
ER, endoplasmic reticulum; 2SC, S-(2-succinyl)cysteine; HMW, high-molecular-weight.
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succinyl)cysteine (2SC), a process termed succination47-49).
Fumarate is known to trigger immunometabolic inflammatory
responses by stabilizing hypoxia-inducible factor 1α (HIF-1α)
and promoting the expression of inflammatory cytokines 50).
However, because fumarate is rapidly metabolized and 
readily diffuses, it is difficult to use directly as a clinical 
biomarker.

Accumulation of 2SC-modified proteins has been 
observed in skeletal muscle and adipose tissue in diabetic 
rat models 51). In addition, 2SC-modified proteins have been 
implicated in chronic airway inflammatory diseases, such as 
chronic obstructive pulmonary disease (COPD) and asthma, 
in humans 52).

Furthermore, growing evidence suggests that TCA cycle 
intermediate metabolites (e.g., fumarate and succinate) and 
mitochondrial dysfunction contribute to the progression of 
fatty liver to steatohepatitis. Therefore, therapeutic strategies 
targeting mitochondrial metabolic pathways represent an 
important challenge for future interventions 53).

Causes of  NAD+ deficiency
A reduction in the body’s capacity to synthesize NAD+

primarily results from age-related declines in the activity and
expression of key biosynthetic enzymes, such as nicotinamide
phosphoribosyltransferase (NAMPT) and nicotinamide 
mononucleotide adenylyltransferase (NMNAT) 54, 55). As 
NAD+ is generated from precursors including vitamin B3 
(niacin), insufficient dietary intake can also contribute to 
reduced NAD+ levels.

Additionally, increased NAD+ consumption contributes 
to NAD+ deficiency. NAD+ is required for aldehyde 
metabolism by dehydrogenases, fatty acid β-oxidation, and 
glucose metabolism via the polyol pathway; these reactions 
convert NAD+ to NADH, thereby lowering the NAD+/
NADH ratio4, 53). Thus, strategies that alleviate glycative 
stress (GS care) are considered important for maintaining 
NAD+ homeostasis.

Previous animal studies using nicotinamide 
mononucleotide (NMN) have demonstrated improvements 
in hepatic steatosis, inflammation, and fibrosis, suggesting 
that NMN supplementation may help prevent the progression 
from simple steatosis to steatohepatitis. Multiple reports show 
that NMN increases hepatic NAD+ levels in experimental 
models of fatty liver, leading to improved lipid metabolism, 
restoration of mitochondrial function, and attenuation of 
inflammation 56-60).

For example, Shi et al. reported that NMN reduced 
hepatic lipid accumulation and improved oxidative 
metabolism in obese mice 56). L i et al. demonstrated 
reduced hepatic inflammation and steatosis alongside 
improvements in liver function markers 57). Hong et al. 
showed that NMN enhanced mitochondrial biogenesis and 
ameliorated metabolic abnormalities 58). Yoon et al. reported 
improvements in insulin resistance, hepatic steatosis, and 
inflammatory markers 59). Similarly, Long et al. observed 
restored hepatic NAD + metabolism and improvements in 
high-fat  diet– induced insulin  resistance and  fatty  liver 60).

Collectively, these findings indicate that NMN 
supplementation exerts multifaceted protective effects on 
lipid accumulation, inflammation, and insulin resistance—

key drivers of fatty liver onset and progression—supporting 
its potential to prevent the progression of ßsteatohepatitis.

Insulin resistance and glycative stress
In the early stages of T2DM, pancreatic β-cells secrete 

excess insulin to compensate for elevated blood glucose 
levels. This results in hyperinsulinemia, which temporarily 
maintains euglycemia. However, with chronic overeating or 
obesity, insulin resistance worsens, and the secretory burden 
placed on β-cells eventually exceeds their capacity, leading 
to a gradual decline in insulin output. During this process, 
β-cells are exposed to glycative stress (excessive aldehydes), 
which can impair insulin biosynthesis.

Insulin biosynthesis begins with preproinsulin, which 
contains an N-terminal signal peptide that directs its 
translocation into the endoplasmic reticulum (ER). Removal 
of the signal peptide converts preproinsulin into proinsulin. 
Within the ER, proinsulin folds into its active tertiary 
structure through the formation of three disulfide bonds 
between the A- and B-chains—an essential step for insulin’s 
biological function. Proinsulin then transits to the Golgi 
apparatus and is packaged into secretory granules. In these 
granules, prohormone convertases PC1/3 and PC2, followed 
by carboxypeptidase E (CPE), cleave C-peptide to produce 
mature insulin (Fig. 7 ) 61, 62).

Immature secretory granules contain large amounts of
proinsulin, whereas the proportion of insulin increases during
granule maturation; in mature granules, the majority of 
contents is insulin 63). Lysine and arginine residues near 
proinsulin cleavage sites are particularly susceptible to 
glycation. When these residues are modified, proinsulin 
becomes resistant to peptidase cleavage, resulting in increased
proinsulin retention and reduced insulin production 64). 
Consequently, the number of immature secretory granules 
rises.

In response to glucose stimulation, β-cells release 
secretory granules into the bloodstream. Under normal 
conditions, most released granules are mature. However, 
severe glycative stress increases the proportion of immature 
granules secreted, leading to a higher proinsulin-to-insulin 
ratio in circulation. Reported fasting plasma proinsulin 
concentrations in Japanese individuals are:

• Healthy: 5.8 ± 3.3 pmol/L
• Impaired glucose tolerance: 9.5 ± 6.9 pmol/L
• T2DM: 12.6 ± 7.5 pmol/L 65)

Routine clinical assays measure immunoreactive insulin 
(IRI), which cross-reacts with proinsulin and therefore does 
not directly reflect true insulin levels. Proinsulin represents 
10 –20 % of fasting IRI in healthy individuals but can reach 
~50 % in T2DM 66).

Insulin itself is also subject to glycation. In T2DM 
patients, ~ 9 % of circulating IRI is glycated insulin in the 
fasting state, increasing to ~ 28 % after meals 67). Glycated 
insulin exhibits little to no biological activity, as it fails to 
effectively promote cellular glucose uptake 67, 68). An estimated 
time course of glucose-stimulated insulin secretion is shown 
in Fig. 8 and 9. Thus, glycative stress likely plays a major role 
in the development of insulin resistance.
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Fig. 7.	 Insulin biosynthesis in pancreatic β cells.     
	 Under severe glycative stress, insulin undergoes aldehyde modification during biosynthesis. This modification 

impairs the conversion of proinsulin to insulin within secretory granules, resulting in an increased proportion 
of immature granules rich in proinsulin during glucose-stimulated secretion. ER, endoplasmic reticulum.

Fig. 8.	Estimated time course of glucose-stimulated insulin and proinsulin secretion.     
	 Based on previous reports 65-67), this graph was estimated to predict what would happen if approximately 75g of 

glucose was ingested. As insulin secretion approaches its peak, immature secretory granules increase, and the 
proportion of proinsulin increases. Even after the peak, immature secretory granules are expected to remain 
dominant, with proinsulin remaining at a high level in T2DM. Support was provided by ChatGPT and Gemini for 
the creation of this graph. T2DM, type 2 diabetes mellitus.
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Fig. 9.	 Conceptual changes in glucose-stimulated insulin secretion.     
	 Predictions at baseline and 60 minutes after glucose ingestion are shown. The proinsulin/IRI ratio was assumed to increase 

from ~ 20 % to ~ 40 % in T2DM and from ~ 10 % to ~ 20 % in healthy individuals. The glycated-insulin/insulin ratio was 
assumed to be 9 % vs. < 3%, respectively. The 60-minute IRI was expressed as the same value for both T2DM and healthy 
controls. In early T2DM, the glucose-stimulated response of β cells is predicted to show excessive insulin secretion in 
the early stages, but to show hypoinsulin secretion in the mid- to late stages. IRI, immunoreactive insulin, T2DM, type 2 
diabetes mellitus.

For guidance
Regarding body shape, it is desirable to focus on physical

exercise rather than excessive dietary restriction to improve
body composition 69-71). Because postprandial hyperglycemia 
(blood glucose spikes) induces aldehyde sparks, it is important
to combine dietary education—such as chewing food
thoroughly, eating slowly, and avoiding “skipping breakfast”—
with adjustments to food quantity and nutritional balance 72-76). 
Medications may be used as needed to correct dyslipidemia. 
If protein deficiency is suspected based on blood albumin 
levels, appropriate protein intake should be targeted. Blood 
amino acids have been reported to have an aldehyde-trapping
effect 77-79). Therefore, even if the peak value of blood glucose
spikes is similar, individuals with higher blood total amino
acid concentrations may experience reduced aldehyde 
sparks. Thus, for MetS prevention, care should be taken to 
avoid protein deficiency. For MetS treatment, an adequately 

high-protein diet ( protein: 15 – 22 % of total energy) is
recommended, aiming for plasma total amino acid 
concentrations similar to those of healthy individuals (2 – 3 
mmol/L) 80-82). 

Proposed prevention method
Various approaches have been attempted to control 

the progression of simple fatty liver to steatohepatitis. 
Experimental and clinical results suggest that antioxidant 
administration alone cannot prevent this progression83-85). 
Here, we propose a new preventive method incorporating the 
latest concepts of glycative stress. Recommended numerical 
targets are shown in Table 1.

As an indicator of glucose tolerance, we focused on 
suppressing postprandial hyperglycemia. It is important to 
keep in mind that blood glucose spikes generate aldehyde 



  

GS Care Numerical Goals
[Body Type] 
Waist circumference:  Men: Less than 85 cm; Women: Less than 90 cm
BMI 21-24
[Blood Tests]
Postprandial Hyperglycemia:  Less than 140 mg/dL 
ΔCmax Less than 40 mg/dL
Insulin Resistance:
Fasting insulin (IRI)  Less than 5 μU/mL
Proinsulin/IRI ratio  Less than 15 %
Adiponectin (HMW)  Men: 6 μg/mL or greater; Women: 9 μg/mL or greater
Dyslipidemia: 
TG  Less than 150 mg/dL
LDL-C  Less than 140 mg/dL
Free fatty acids (NEFA)  0.2 -0.5 mmol/L
Protein Intake Goal:
Plasma total amino acids 3.0 - 4.0 mmol/L

Table 1. GS care numerical goals.

These values represent levels of free fatty acids (FFA or NEFA) transported bound to albumin in the blood. These fatty acids are released when triglyc-
erides are hydrolyzed by lipase in adipose tissue and are used as an energy source in the liver and muscles. The targets reflect the fact that MetS patients 
exhibit chronically elevated NEFA concentrations (0.7–1.0 mmol/L or higher). While the general reference range for plasma total amino acids is 2.3–3.5 
mmol/L, the table shows values based on the top quartile (estimated). GS, glycative stress; MetS, metabolic syndrome; BMI, body mass index; ΔCmax, 
increment from the preprandial blood glucose level to maximum blood glucose concentration (Cmax) after starting a meal; IRI, immunoreactive 
insulin; HMW, high-molecular-weight form; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; FFA, free fatty acids; NEFA, 
non-esterified fatty acids.
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sparks, which are promoted by fatty acids and alleviated 
by amino acids. It is expected that insulin resistance will 
naturally improve with the implementation of GS care. For 
each target, it is advisable to consider whether it is upstream 
or downstream in the pathological cascade, as well as the 
sequence and timeline of interventions.

Controlling disease progression through the Trinity 
of "Physical Education," "Dietary Education," and 
"Intellectual Education"
I. Dietary education—A Lifestyle with Balanced 
    Carbohydrate and Lipid Intake

Glycative stress (GS) is considered a major driver
of the transition from simple steatosis to steatohepatitis. 
Excessive or imbalanced consumption of carbohydrates
and lipids leads to aldehyde overproduction, which not 
only induces inflammation and fibrosis in hepatic tissue 
but also exacerbates key pathophysiological features related 
to steatohepatitis, such as reduced secretion of HMW 
adiponectin and increased insulin resistance.

Aldehyde metabolism via ALDH and GAPDH requires 
NAD+, and its increased consumption lowers the NAD+/
NADH ratio. This impairs fatty acid β-oxidation, disrupts 
TCA cycle function, and reduces electron transport chain 
efficiency. A decrease in the NAD+/NADH ratio overloads 
the respiratory chain, thereby enhancing mitochondrial ROS 
production 86, 87).

Elevated oxidative stress leads to excessive GSH 
utilization through the glyoxalase (GLO) system, ultimately 
causing GSH depletion. Therefore, supplementation with 
antioxidants alone is insufficient; NAD+ replenishment 
through precursors such as NMN or niacin is also necessary.

Most endogenous aldehydes originate from blood glucose
spikes that trigger cascade production of sugar-derived 
aldehydes ( “aldehyde sparks” ). Elevated circulating free 
fatty acids due to a high-fat diet further intensify aldehyde 
generation. Conversely, maintaining adequate total amino 
acid levels through sufficient protein intake can help “trap 
aldehydes”, thereby mitigating aldehyde sparks.

The reaction of aldehydes with amino acid residues in 
proteins promotes AGE formation. Certain foods contain 
bioactive compounds capable of inhibiting AGE production. 
The amount of aminoguanidine (AG)-like activity in foods 
is expressed as AG equivalents, and dietary recommendations 
focused on anti-glycation foods have been proposed 88).

The foundation of prevention lies in appropriate caloric 
intake and nutritional balance. For an adult with a standard 
body weight of 60 kg, a daily energy intake of approximately 
2,100 kcal is recommended, with the following macronutrient 
distribution:

• Protein: 15 –22% 
Diversify sources beyond meat (e.g., seafood, soy products,
nuts, dairy); reduce animal fat.

• Fat: 25 – 30 %,
Increase polyunsaturated fatty acids, including marine-
derived omega-3 fatty acids.

• Carbohydrates: 55 – 60 %
Increase dietary fiber and whole grains; limit sugar-
sweetened beverages; calories from alcohol should also 
be counted as carbohydrate-related intake.

Dietary recommendations based on Global Burden of 
Disease (GBD) epidemiological data suggest intake levels 
that minimize excess mortality risk (Table 2) 89). 



  

Fruits
Vegetables
Legumes
Whole grains
Nuts & seeds
Milk
Calcium
Dietary fiber
PUFA
Ω -3 Fatty acids

200 ~ 200 g/day
280 ~ 320 g/day
90 ~ 100 g/day
140 ~ 160 g/day
10 ~ 19 g/day
360 ~ 500 g/day
1.06 ~ 1.1 g/day
21 ~ 22 g/day
7 ~ 9 % of  total energy intake
430 ~ 470 mg/day

Table 2. Proportion of excess mortality related to diet: Results of the GBD epidemiological survey.

Both men and women, ages 25 and older, 2019 estimates. GBD, Global Burden of Disease. Source: Shoichiro Tsugane. What is a diet that contributes 
to maintaining health? Current evidence. Food and Science 2022. Reference 89.

Cardiovascular Cancer T2DM TotalRisks of inadequate intake

Risky Foods Recommended intake Excess mortality rate (estimated %: Japan)

3.6
0.9
2.4
5.6
3.2

2.7
0.9
1.4

1.2
0.1

2.1

2.4
2.0
0.3

6.0

4.6
2.8

3.0

1.4
0.2
0.6
2.2
0.8
0.8
0.6
0.8
0.2
0.4

Risks of excessive intake
Sodium 1 ~ 6 g /day, 24 hour urine 7.9 1.1 2.7
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To prevent postprandial glucose spikes, individuals 
should chew thoroughly, eat slowly, and avoid “skipping 
breakfast”. In addition, minimizing alcohol consumption and 
eliminating smoking are strongly advised, as these behaviors 
increase aldehyde burden.

II. Intellectual education — Cognitive Support for 
     Motivation and Behavioral Change

Motivation-driven behavioral change is essential for 
sustaining lifestyle improvements. Accordingly, motivational 
support constitutes a central pillar of this trinity. The most 
significant threats to motivation are mental and physical 
stress; thus, ensuring adequate rest and sleep is crucial. 
Successful intervention requires healthcare professionals to 
support patients and build trusting relationships. Helping 
individuals understand their disease trajectory and visualize 
future health outcomes can be particularly  effective 90-92).

People who are dependent on animal fats may crave them 
more and resist exercise—possibly due to neurobiological 
changes rather than simple willpower. Importantly, animal 
fat preference is reinforced by neural adaptations within the 
brain’s reward and metabolic pathways 93-95).

Saturated fatty acids strongly activate the dopaminergic 
reward system (VTA–NAc–PFC pathway), reinforcing eating 
behavior 96, 97). Chronic excessive intake reduces dopamine 
D2 receptor sensitivity, raising “reward thresholds”, which 
promotes further intake and facilitates animal fat addiction 
98, 99).

Progressive leptin resistance and insulin resistance 
further disrupt satiety signaling, leading to overeating, 
obesity, and fatty liver disease 100-102). Therefore, difficulties in 
adhering to dietary guidance or engaging in physical activity 
should be recognized as biologically driven consequences 
of “ reward system dysregulation” rather than a lack of 
willpower.

_____________________________________________________

Pathway of the vicious cycle in the metabolic reward system
Step  Mechanism
High-fat diet  → Dopamine release → 
	               Pleasure and reinforcement
Excess dietary fat → Increased NAD+ consumption →
                           Impaired β-oxidation  → Fat accumulation
Hepatic fat accumulation → Production of lipid-derived  
                              aldehydes → Oxidative & glycative stress
Inflammation & insulin resistance → Reward system 
                   sensitization → Increased food-seeking behavior
_____________________________________________________

Practical treatment and prevention measures
Improve dietary composition ( increase plant-based fats and 
omega-3 fatty acids)
Reset dopaminergic signaling through exercise (enhance 
BDNF expression and restore D+ receptor sensitivity)
Supplement NAD+ precursors (e.g., niacin, NMN)
Supplement antioxidant and anti-glycation nutrients (e.g., 
GSH, vitamins C and E)
Utilize γ- oryzanol from rice bran oil (supports lipid 
metabolism and autonomic regulation)
Adopt dietary strategies that suppress AGE formation (anti-
glycation recipes)
_____________________________________________________

III. Physical Education - Exercise: breaking the 
       “Vicious Cycle” by moving your muscles

Exercise is an essential therapeutic stimulus for 
resetting abnormal dopamine metabolism in the metabolic 
reward system. Exercise restores plasticity in mesolimbic 
dopaminergic neurons, primarily in the ventral tegmental 
area (VTA) –nucleus accumbens (NAc) pathway, thereby 
reactivating the reward system 103, 104).
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Moderate-intensity aerobic exercise promotes brain-
derived neurotrophic factor (BDNF) expression and induces 
remodeling of dopaminergic neuronal dendrites in the VTA 
and NAc 105, 106). BDNF supports synapse formation, reduces 
hypersensitivity of reward circuits, and helps improve lipid-
preferring behavior and compulsive eating 107, 108).

Exercise-enhanced dopamine release restores dopamine 
D2 receptor sensitivity and normalizes the elevated reward 
threshold caused by a high-fat diet or excess sugar intake 
104–106). This process involves improving mitochondrial 
metabolism, correcting the NAD+/NADH ratiso, and 
activating the AMPK and PGC-1α pathways. Exercise is 
not simply a means of burning calories; it is a physiological 
readjustment that re-trains the metabolic reward system.

On the other hand, delayed exercise intervention allows 
the progression of glycative and oxidative modification of 
muscle proteins, resulting in reduced muscle contractile force 
due to stiffening of myosin and actin via abnormal cross-links
 109-111). This leads to the progression of “dynapenia” (muscle 
weakness), reducing the metabolic benefits of exercise 111-114).

Declining muscle function exacerbates insulin resistance,
further increasing glycative stress, creating a vicious cycle 
known as “exercise resistance”. The accumulation of AGEs 
in muscles causes mitochondrial dysfunction and impairs 
calcium handling, inhibiting muscle regeneration.

To prevent this progression, early adoption of moderate-
intensity, sustained exercise (30 – 40 minutes/day, about 5 
times/week) is recommended 69, 115). Such exercise enhances 
the secretion of BDNF 105, 116) and irisin 117, 118) and optimizes 
metabolic signaling to the liver and brain via muscle-derived 
myokines 116, 119).

Additionally, the anti-glycation and antioxidant response
(activation of the Nrf2 pathway) associated with exercise 
helps alleviate glycative stress, which underlies the progression
of steatohepatitis.

Therefore, preventing steatohepatitis requires more than 
dietary restriction; it necessitates a comprehensive approach 
through a trinity of nutritional, intellectual, and physical 
education. Understanding glycative stress and maintaining 
a balanced relationship among sugar, fat, exercise, and 
cognition is key to preserving liver and brain health and 
supporting healthy longevity.

The existence of a vicious cycle and its control
There is a vicious cycle that accelerates the progression 

from simple fatty liver to steatohepatitis. Understanding this 
vicious cycle is essential for developing strategies to interrupt 
it. We propose that focusing on aldehydes—previously 
overlooked as merely contributors to “ROS production”—
can lead to significant advances in pathophysiological 
understanding.

I. Fat Accumulation → Lipotoxicity → Hepatocellular 
    Injury → Inflammation → Fibrosis

When excess triglycerides and free fatty acids accumulate
 in the liver, oxidative degradation and disposal cannot keep 
pace, resulting in the production of lipotoxic metabolites (e.g.,
diacylglycerol, ceramide)120-123). This induces mitochondrial 
stress, ROS production, and cell injury (apoptosis/necroptosis),
triggering inflammatory signaling from hepatocytes. ROS

increase the production of sugar - and lipid-derived 
aldehydes, which promote inflammation via AGEs → RAGE 
→ inflammatory cytokine production 30, 31).

In parallel, a decrease in the NAD+/NADH ratio 
impairs the TCA cycle and drives fumarate accumulation, 
which sustains chronic inflammation 34-36). Inflammation 
subsequently activates hepatic stellate cells (HSCs), resulting 
in excessive extracellular matrix deposition, including 
collagen 124-126). These processes lead to liver fibrosis, which 
further deteriorates metabolic function.

Additionally, aldehydes play a major role in alcoholic 
liver fibrosis 127-130). Pure steatohepatitis in patients who 
completely abstain from alcohol appears to be relatively 
uncommon in clinical practice 131-134).

II. Insulin resistance/Metabolic dysfunction
Obesity, increased visceral fat, and insulin resistance 

promote hepatic fat accumulation through enhanced fatty 
acid influx, upregulated de novo lipogenesis, and accelerated 
adipose lipolysis 135-138). Accumulated fat and free fatty acids 
increase glycative stress, impairing insulin responsiveness 
and glucose metabolism in hepatocytes, which further 
exacerbates insulin resistance 139). One major cause of insulin 
resistance is disrupted insulin biosynthesis due to aldehyde 
exposure during β-cell function140-142). A reduced NAD+/
NADH ratio impairs β-oxidation, leading to accumulation of 
dysfunctional lipids in the liver 143-145).

Collectively, these metabolic abnormalities form a 
vicious cycle that reinforces hepatic fat accumulation.

III. Gut-Liver Axis/Visceral Fat-Liver Axis
Visceral adipose tissue exhibits chronic low-grade

inflammation (adipokine imbalance, macrophage infiltration),
sending inflammatory signals to the liver 146-148).

Intestinal barrier damage and dysbiosis allow endotoxin 
(LPS) translocation into the bloodstream, stimulating Kupffer
cells and enhancing intrahepatic inflammation 149-151). 
Inflammation disrupts hepatic lipid metabolism, accelerating 
steatosis and fibrosis progression.

Glycative stress elevates tissue AGE levels, activating 
RAGE and amplifying cytokine production152-156). Elevated 
fumarate drives chronic inflammation157-161). Aldehydes also 
contribute to intestinal barrier disruption, promoting “ leaky 
gut” 162-166).

IV. Mitochondria/Oxidative stress → Hepatocellular 
      injury → Fibrosis

Excessive fatty acid and carbohydrate intake increases 
the metabolic load on hepatic mitochondria, leading to 
electron leakage from the respiratory chain and enhanced 
ROS generation 144, 167-170). ROS induce lipid peroxidation, 
producing aldehydes and causing DNA damage, ER stress, 
and hepatocyte death. Increased aldehyde metabolic load via
dehydrogenases reduces the NAD +/NADH ratio 127, 171-174),
further impairing the TCA cycle and oxidative phosphorylation.
When electrons overload complexes I – IV, excess electrons 
react with oxygen, elevating ROS generation, especially 
at complexes I and III 86, 175-178). These pathological loops 
perpetuate mitochondrial damage, fibrosis, and metabolic 
failure.



  

GLP-1 receptor agonist
(semaglutide)

Table 3. Development status of drugs for treating steatohepatitis (MASLD/MASH).

GLP-1, glucagon-like peptide-1; GIP, gastric inhibitory polypeptide ; MASLD, metabolic dysfunction-associated steatotic liver disease ; MASH, 
metabolic dysfunction-associated steatohepatitis ; NASH, non-alcoholic steatohepatitis ; FXR, farnesoid X receptor; RCT, randomized controlled trial; 
OCA, obeticholic acid, activating FXR ; SGLT, sodium-glucose co-transporter; ALT, alanine aminotransferase; LDL-C, low-density lipoprotein 
cholesterol .

Drug Class /Name Main Effects and 
Characteristics

Overseas Approval/
Clinical Trial Stage Key Literature

Reduces liver fat and inflammation 
through appetite suppression, 
weight loss, and improved insulin 
sensitivity.

Improvement of MASH was 
confirmed in a Phase 3 study 
(ESSENCE trial). Applications 
for MASH indication are 
currently being submitted in the 
US and Europe.

Sanyal AJ, et al. 
N Engl J Med. 2025.

GIP/GLP-1 dual 
receptor agonist 
(tirzepatide)

The combined effects of GIP and 
GLP-1 have been shown to 
significantly improve weight loss 
and metabolism.

Efficacy confirmed in the 
SYNERGY-NASH trial (2024). 
Phase 3 completed, currently 
under review by the US FDA.

Loomba R, et al. 
N Engl J Med. 2024. 

SGLT2 inhibitors 
(e.g., empagliflozin, 
dapagliflozin)

Promotes urinary glucose 
excretion, resulting in weight loss, 
liver fat reduction, and improved 
insulin resistance.

Numerous Phase 2 trials have 
reported improvements in liver fat 
and ALT. Global trials are 
ongoing.

Cho KY, et al. 
J Diabetes Investig. 
2021. 

Thiazolidinedione 
(pioglitazone)

Improves insulin resistance and 
has anti-inflammatory effects.

Multiple RCTs have reported 
improvement in NASH tissue 
structure. Overseas, it is sometimes 
recommended for patients with 
metabolic disorders.

Sumida Y, et al. J 
Gastroenterol. 2018.

Vitamin E 
(tocopherol)

Reduces hepatocellular damage 
through antioxidant effects.

Effective for non-diabetic NASH 
in the PIVENS trial. 
Limited recommendation in 
international guidelines.

Sanyal AJ, et al. 
N Engl J Med. 2010. 

THR-β agonist 
(resmetirom)

Promotes hepatic fatty acid 
oxidation via thyroid hormone 
receptor β.

Approved by the US FDA in 2024 
as the world's first treatment for 
MASH. Application preparations 
are underway in Japan.

Harrison SA, et al. 
N Engl J Med. 2024. 

FXR agonist 
(obeticholic acid/OCA)

Improves bile acid metabolism 
and has anti-fibrotic effects.

An international Phase 3 trial 
(REGENERATE) reported a trend 
toward improved fibrosis. Approval 
was postponed due to side effects 
(pruritus, elevated LDL-C).

Sanyal AJ, et al. 
J Hepatol. 2023. 
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Practical treatment and prevention measures
Methods to interrupt this vicious cycle are needed. The

vicious cycle driven by glycative stress is reinforced by 
molecular “oxidative and glycative reactions”, in combination 
with adverse lifestyle and metabolic factors. Therefore, a
multi-layered intervention strategy incorporating biochemical,
nutritional, and behavioral approaches is required to disrupt 
disease progression. The main interventions and supporting 
evidence are summarized below.

Integrated intervention is required to break the vicious 
cycle of fatty liver progression. Evidence indicates that 
moderate weight loss, improvements in insulin resistance, and 
restoration of healthy liver metabolism are key therapeutic 
goals.

1. Exercise intervention
Aerobic and resistance exercise significantly reduce 

visceral fat, liver fat content, and insulin resistance 179-183).
Frequent physical activity ( reducing prolonged sitting) 
further supports metabolic improvement. Importantly, such 
interventions should be initiated early, before “exercise 
resistance” develops.

2. Weight management
A moderate 5–10 % weight reduction—not excessive 

dieting—improves hepatic steatosis and slows inflammation 
and fibrosis progression 184-188). Combining balanced calorie 
adjustment with physical activity enhances liver function 
outcomes.

3. Improvement of dietary patterns
Optimizing the quality of lipid intake (reducing animal

fats, increasing unsaturated/omega-3 fatty acids) and 
improving carbohydrate sources (limiting sweetened beverages,
increasing whole grains and fiber) reduces fatty liver risk
189-193). Alcohol consumption should be minimized, and
alcohol calories counted as carbohydrate-related energy intake.

4. Correction of insulin resistance and metabolic dysfunction
Metabolic disorders (T2DM/MetS) are strong risk 

factors for progression to steatohepatitis. Appropriate 

pharmacological intervention should be combined with 
lifestyle modification to optimize glucose tolerance, lipid 
profiles, amino acid levels, and waist circumference 194-197).

5. Modulation of the gut – liver axis and fibrosis
Dysbiosis may increase the risk of steatohepatitis 

progression. Interventions including probiotics, prebiotics, 
and lipid metabolism-modifying drugs have been proposed 
as supportive strategies 151, 198-201).

6. Regular monitoring and early intervention
Early identification of high-risk individuals (obesity, 

impaired glucose tolerance, dyslipidemia, visceral fat 
accumulation, markers of glycative stress) and timely follow-
up of liver enzymes, liver fat content, and fibrosis indicators 
are essential 194, 202-204).

Medication for steatohepatitis
Since steatohepatitis is a “metabolic disease of the liver ”,

treatment requires lifestyle modification and pharmacotherapy
to correct metabolic dysfunction. If steatohepatitis fails 
to improve despite appropriate lifestyle intervention, drug 
therapy should be used in combination.

Table 3 summarizes the current approval and clinical 
trial status of drugs for the treatment of steatohepatitis 
(MASLD/MASH) 205-211). While no drugs have yet been 
approved for MASH in Japan as  2025, GLP-1 receptor 
agonists and dual GIP/GLP-1 receptor agonists—already 
approved for obesity and diabetes—have shown clinically 
meaningful benefits in improving steatohepatitis. These 
drugs are particularly promising for preventing and improving
liver fibrosis.

The recommended strategy is to combine 
pharmacotherapy with lifestyle modification and metabolic 
correction. Internationally, resmetirom was approved by 
the US Food and Drug Administration (FDA) in 2024 as 
the first therapy for MASH, and regulatory procedures are 
underway in Japan.
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Conclusion 
Steatohepatitis progression is closely associated with 

elevated glycative stress, driven by excessive and inadequate 
sugar and lipid intake and insufficient physical activity. The 
resulting aldehyde overload and NAD+ deficiency disrupt 
mitochondrial metabolism, inflammation control, and insulin 
sensitivity—constituting a central mechanism underlying 
disease advancement.

Based on this pathophysiological insight, we propose a 
comprehensive “GS care” strategy that integrates nutritional, 
physical, and cognitive interventions. This framework has
the potential to enhance the therapeutic effectiveness of
pharmacologic treatment and to broaden preventive approaches
against steatohepatitis.

Future clinical studies are warranted to validate “GS 
care” as a targetable axis for preventing progression to 
fibrosis and improving metabolic health outcomes in affected 
populations.

Acknowledgments 
This study was supported by the Isyoku-Dogen 

Research Foundation, a public interest incorporated 
foundation.

Conflict of Interest Declaration 
None applicable.



_ 171 _

Glycative Stress Research

References
1)	 Nutrition Guidance Office, Health Promotion Division, 

MHLW. Changes in nutrition and health in Japan. 
Ministry of Health, Labour and Welfare (MHLW). 2022. 

	 https://www.mhlw.go.jp/content/000894080.pdf
	 (in Japanese) 
2)	 Taniguchi T. Future estimates of  Japan's metabolic 

syndrome population: While the number is expected 
to decrease by 4 million by 2050, there is an urgent 
need to reduce the proportion of people with metabolic 
syndrome. Dai-ichi Life group: Business Environment 
Report. 2024.

	 https://www.dlri.co.jp/report/ld/340286. html 
	 (in Japanese) 
3)	 Suzuki Y. Health promotion actions to realize a society 

in which all citizens are dynamically engaged. Glycative 
Stress Res. 2017; 4: 192-202.

4)	 Yonei Y, Saito Y, Yagi M, et al. From fatty liver to 
steatohepatitis: Involvement of  aldehydes. Glycative 
Stress Res. 2024; 11: 79-93.

5)	 Ndumele CE, Matsushita K, Sperling L S, et al. 
Cardiovascular-kidney-metabolic health: A presidential 
advisory from the American Heart Association. 
Circulation. 2023; 148: 1606-1635.

6)	 Dobrowolski P, Prejbisz A, Kuryłowicz A. Metabolic 
syndrome- new definition and management guidelines: 
A joint position paper. Arch Med Sci. 2022; 18: 1133-
1156.

7)	 Fahed G, Rezk T, Hatem E. Metabolic syndrome: 
Updates on pathophysiology and management. Int J Mol 
Sci. 2022; 23: 786. 

8)	 Maessen DE, Hanssen NM, Scheijen JL, et al. Post-
glucose load plasma alpha-dicarbonyl concentrations 
are increased in individuals with impaired glucose 
metabolism and type 2 diabetes: The CODAM Study. 
Diabetes Care. 2015; 38: 913-920.

9)	 Yonei Y, Yagsi M, Takabe W, et al. Skin aging: 
Oxidative stress and glycative stress. J Soc Cosmet 
Chem Jpn. 2019; 53: 83-90. (in Japanese) 

10)	Yagi M, Takabe W, Wickramasinghe U, et al. Effect 
of  heat-moisture-treated high-amylose corn starch-

	 containing food on postprandial blood glucose. Glycative
	 Stress Res. 2018; 5: 151-162.
11)	Esterbauer H, Schaur R J, Zollner H. Chemistry and 

biochemistry of 4-hydroxynonenal, malonaldehyde and 
related aldehydes. Free Radic Biol Med. 1991; 11: 81-
128. 

12)	Esterbauer H, Benedetti A, Lang J, et al. Studies on the 
mechanism of formation of 4 -hydroxynonenal during 
microsomal lipid peroxidation. Biochim Biophys Acta. 
1986; 876: 154-166. 

13)	Sutaria SR, Gori SS, Morris JD, et al. Lipid peroxidation 
produces a diverse mixture of saturated and unsaturated 
aldehydes in exhaled breath that can serve as biomarkers 
of lung cancer—A review. Metabolites. 2022; 12: 561. 

14)	Barrera G. Lipid peroxidation-derived aldehydes, 
4-hydroxynonenal and malondialdehyde, in aging-related 
disorders. Antioxidants (Basel). 2018; 7: 102. 

15)	Rahman I, Skwarska E, Henry M, et al. 4-Hydroxy-2-
nonenal, a specific lipid peroxidation product, is elevated 
in lungs of patients with chronic obstructive pulmonary 
disease. Am J Respir Crit Care Med. 2002; 166: 490-
495. 

16)	Meagher EA, Barry OP, Burke A, et al. Alcohol-induced 
generation of lipid peroxidation products in humans. 

	 J Clin Invest. 1999; 104: 805-813. 
17)	Ali H, Weigand K, Hammad S, et al. Lipid peroxidation 

derived reactive aldehydes in alcoholic liver disease. 
Curr Opin Toxicol. 2019; 13: 61-66. 

18)	Mottaran E, Stewart SF, Rolla R, et al. Lipid peroxidation
	 contributes to immune reactions associated with alcoholic
	 liver disease. Free Radic Biol Med. 2002; 32: 38-45. 
19)	Wang Y, Cui P. Reactive carbonyl species derived from 

omega-3 and omega-6 fatty acids. J Agric Food Chem. 
2015; 63: 6293-6296. 

20)	Pizzimenti S, Ciamporcero E, Daga M, et al. Interaction 
of  aldehydes derived from lipid peroxidation and 
membrane proteins. Front Physiol. 2013; 4: 242. 

21)	Duché G, Sanderson JM. The chemical reactivity of 
membrane lipids. Chem Rev. 2024; 124: 3284-3330. 

22)	Cordiano R, Di Gioacchino M, Mangifesta R, et al. 
Malondialdehyde as a potential oxidative stress marker 
for allergy-oriented diseases: An update. Molecules. 
2023; 28: 5979. 

23)	Sato K, Zheng Y, Martin-Morales A, et al. Generation of 
short chain aldehydes and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH). Glycative Stress Res. 2022; 9: 
129-134.

24)	Diehl AM, Day C. Cause, pathogenesis, and treatment of 
monalcoholic steatohepatitis. N Engl J Med. 2017; 377: 
2063-2072. 

25)	Rinella ME, Neuschwander-Tetri BA, Siddiqui MS, et al. 
AASLD Practice Guidance on the clinical assessment 
and management of nonalcoholic fatty liver disease. 
Hepatology. 2023; 77: 1797-1835. 

26)	Loomba R, Friedman SL, Shulman GI. Mechanisms and 
disease consequences of nonalcoholic fatty liver disease. 
Cell. 2021; 184: 2537-2564.

27)	Parthasarathy G, Ilyas S, Malhi H. Macrophage RAGE 
activation is proinflammatory in NASH. JCI Insight. 
2024; 9: e169138.

28)	Zhang C, Li Z, Yang L, et al. FBXW7 suppresses 
HMGB1-mediated innate immune signaling to attenuate 
hepatic inflammation and insulin resistance in a mouse 
model of nonalcoholic fatty liver disease. Mol Med. 
2019; 25: 27.

29)	Leung C, Herath CB, Jia Z, et al. Dietary advanced 
glycation end-products aggravate non-alcoholic fatty 
liver disease. World J Gastroenterol. 2016; 22: 8026-
8040.

30)	Miyata T, Hori O, Zhang J, et al. The receptor for 
advanced glycation end products (RAGE) is a central 
mediator of the interaction of AGE-β2-microglobulin 
with human mononuclear phagocytes via an oxidant-
sensitive pathway. J Clin Invest. 1996; 98: 1088-1094.  

31)	Rasheed Z, Akhtar N, Haqqi TM. Advanced glycation 
end products induce the expression of interleukin-6 and

	 interleukin-8 by receptor for advanced glycation end 
product-mediated activation of mitogen-activated protein

	 kinases and nuclear factor-κB in human osteoarthritis 
chondrocytes. Rheumatology (Oxford). 2011; 50: 838-851.  

32)	Cederbaum AI. Alcohol metabolism. Clin Liver Dis. 
2012; 16: 667-685.  

33)	Wang B, Chen X, Wang Z, et al. Aldehyde dehydrogenase 
1A1 increases NADH levels and promotes tumor growth 
via glutathione/dihydrolipoic acid-dependent NAD+ 
reduction. Oncotarget. 2017; 8: 67043-67055. 



_ 172 _

Steatohepatitis Prevention: From the Perspective of GS Care

34)	Lu MJ, Busquets J, Impedovo V, et al. SLC25A51 
decouples the mitochondrial NAD+/NADH ratio to 
control proliferation of AML cells. Cell Metab. 2024; 
36: 808-821.e6.  

35)	Sullivan LB, Gui DY, Hosios AM, et al. Supporting 
aspartate biosynthesis is an essential function of 
respiration in proliferating cells. Cell. 2015; 162: 552-
563.  

36)	Birsoy K, Wang T, Chen WW, et al. An essential role 
of the mitochondrial electron transport chain in cell 
proliferation is to enable aspartate synthesis. Cell. 2015; 
162: 540-551. 

37)	Mescam M, Vinnakota KC, Beard DA. Identification 
of the catalytic mechanism and estimation of kinetic 
parameters for fumarase. J Biol Chem. 2011; 286: 21100-
21109. 

38)	Alabduladhem TO, Varacallo M. Physiology, Krebs 
Cycle. StatPearls [Internet]. Treasure Island (FL): 
StatPearls Publishing; 2023.

39)	Frizzell N, Rajesh M, Jepson MJ, et al. Succination 
of thiol groups in adipose tissue proteins in diabetes: 
Succination inhibits polymerization and secretion of 
adiponectin. J Biol Chem. 2009; 284: 25772-2581. 

40)	Houten SM, Wanders RJ. A general introduction to the 
biochemistry of mitochondrial fatty acid β-oxidation.

	 J Inherit Metab Dis. 2010; 33: 469-477.
41)	Cantó C, Houtkooper RH, Pirinen E, et al. The NAD+ 

precursor nicotinamide riboside enhances oxidative 
metabolism and protects against high-fat diet- induced 
obesity. Cell Metab. 2012; 15: 838-847. 

42)	Okina Y, Sato-Matsubara M, Matsubara T, et al. TGF-
β1-driven reduction of cytoglobin leads to oxidative 
DNA damage in stellate cells during non-alcoholic 
steatohepatitis. J Hepatol. 2020; 73: 882-895. 

43)	Liu RM, Gaston Pravia KA. Oxidative stress and 
glutathione in TGF-β-mediated fibrogenesis. Free Radic 
Biol Med. 2010; 48: 1-15.

44)	Vairetti M, Di Pasqua LG, Cagna M, et al. Changes 
in glutathione content in liver diseases: An update. 
Antioxidants (Basel). 2021; 10: 364.

45)	Miranda ER, Haus JM. Glyoxalase I is a novel target for 
the prevention of metabolic derangement. Pharmacol 
Ther. 2023; 250: 108524. 

46)	Gugliucci A. Exploring glyoxalase strategies for managing 
sugar-induced chronic diseases. Life (Basel). 2025; 15: 794.

47)	Nagai R, Brock JW, Blatnik M, et al. Succination of 
protein thiols during adipocyte maturation: A biomarker 
of mitochondrial stress. J Biol Chem. 2007; 282: 34219-
34228.

48)	Frizzell N, Thomas SA, Carson JA, et al. Mitochondrial 
stress causes increased succination of  proteins in 
adipocytes in response to glucotoxicity. Biochem J. 2012; 
445: 247-254. 

49)	Frizzell N, Rajesh M, Jepson M J, et al. Succination 
of thiol groups in adipose tissue proteins in diabetes: 
Succination inhibits polymerization and secretion of 
adiponectin. J Biol Chem. 2009; 284: 25772-25781.

50)	Peace CG, O’Carroll SM, O’Neill LAJ. Fumarate hydratase
	 as a metabolic regulator of immunity. Trends Cell Biol. 

2024; 34: 442-450.
51)	 Thomas SA, Storey KB, Baynes JW, Frizzell N. Tissue 

distribution of S-(2-succino)cysteine (2SC), a biomarker 
of mitochondrial stress in obesity and diabetes. Obesity 
(Silver Spring). 2012; 20: 263-269.

52)	González J, Gracia-Lavedan E, Pamplona R, et al. Protein 
succination as a potential surrogate biomarker of airway 
obstruction. The ILERVAS project. Respir Med. 2020; 
172: 106124.

53)	Sinton MC, Hay DC, Drake A J. Metabolic control of 
gene transcription in non-alcoholic fatty liver disease: 
The role of the epigenome. Clin Epigenetics. 2019; 11: 
104.

54)	Imai S-I. It takes two to tango: NAD+ and sirtuins in 
aging/longevity. npj Aging Mech Dis. 2016; 2: 16017.

55)	Stein LR, Imai S-I. The dynamic regulation of NAD 
metabolism in mitochondria. Trends Endocrinol Metab. 
2014; 25: 213-221.

56)	Shi W, Hegeman MA, van Dartel DA. Effects of NMN 
supplementation on hepatic lipid metabolism and 
mitochondrial function in diet-induced obese mice. Mol 
Nutr Food Res. 2022; 66: e2100585.

57)	Li J, Kim SG, Blenis J. NMN supplementation reduces 
hepatic inflammation and steatosis in obese mice. 
Hepatology. 2020; 72: 1023-1036.

58)	Hong W, Mo F, Zhang Z. NMN reverses high-fat diet-
	 induced metabolic dysfunction via enhanced mitochondrial
	 biogenesis. Exp Gerontol. 2020; 135: 110912.
59)	Yoon MJ, Yoshida M, Johnson S. NMN supplementation 

ameliorates metabolic dysfunction and insulin resistance 
in models of obesity. Sci Rep. 2021; 11: 15374.

60)	Long Y, Sun S, Zhang C. NMN supplementation enhances 
hepatic NAD+ and improves insulin resistance in obese 
mice. J Nutr Biochem. 2021; 93: 108630.

61)	Liu M, Huang Y, Xu X, et al. Normal and defective 
pathways in biogenesis and maintenance of the insulin 
storage pool. J Clin Invest. 2021; 131: e142240. 

62) Vasiljević J, Torkko JM, Knoch KP, et al. The making of 
insulin in health and disease. Diabetologia. 2020; 63: 
1981-1989.

63)	Orci L, Ravazzola M, Amherdt M, et al. Conversion 
of  proinsulin to insulin occurs coordinately with 
acidification of maturing secretory vesicles. J Cell Biol. 
1986; 103(6 Pt 1): 2273-2281.

64)	Brings S, Mier W, Beijer B, et al. Non-cross-linking 
advanced glycation end products affect prohormone 
processing. Biochem J. 2024; 481: 33-44.

65)	Yoshioka N, Kuzuya T, Matsuda A. Serum proinsulin 
levels at fasting and after oral glucose load in patients 
with type 2 (non-insulin-dependent) diabetes mellitus. 
Diabetologia. 1988; 31: 355-360.

66)	Vangipurapu J, Stančáková A, Kuulasmaa T, et al. 
Both fasting and glucose-stimulated proinsulin levels 
predict hyperglycemia and incident type 2 diabetes: A 
population-based study of 9,396 Finnish men. PLoS 
One. 2015; 10: e0124028.

67)	Lindsay JR, McKillop AM, Mooney M, et al. Meal-
induced 24-hour profile of  circulating glycated 
insulin in type 2 diabetic subjects measured by a novel 
radioimmunoassay. Metabolism. 2003; 52: 631-635.

68)	Hunter SJ, Boyd AC, O’Harte FPM. Demonstration 
of  glycated insulin in human diabetic plasma and 
decreased biological activity assessed by euglycemic-
hyperinsulinemic clamp technique in humans. Diabetes. 
2003; 52: 492-498.

69)	Ross R, Dagnone D, Jones PJ. Reduction in obesity and 
related comorbid conditions after diet-induced weight loss 
or exercise-induced weight loss in men: A randomized, 
controlled trial. Ann Intern Med. 2000; 133: 92-103. 



_ 173 _

Glycative Stress Research

70)	Lee S, Kuk JL, Davidson LE, et al. Exercise without 
weight loss is an effective strategy for obesity reduction 
in obese individuals with and without Type 2 diabetes. 

	 J Appl Physiol (1985). 2005; 99: 1220-1225.  
71)	Verheggen RJHM, Maessen MFH, Green DJ, et al. A 

systematic review and meta-analysis on the effects of 
exercise training versus hypocaloric diet: distinct effects 
on body weight and visceral adipose tissue. Obes Rev. 
2016; 17: 664-690.

72)	Saito Y, Kajiyama S, Nitta A, et al. Eating fast has a 
significant impact on glycemic excursion in healthy 
women: Randomized controlled cross-over trial. Nutrients. 
2020; 12: 2767. 

73)	Sato A, Ohtsuka Y, Yamanaka Y. Morning mastication 
enhances postprandial glucose metabolism in healthy 
young subjects. Tohoku J Exp Med. 2019; 249: 193-201. 
doi: 10.1620/tjem.249.193. 

74)	Ogata H, Hatamoto Y, Goto Y, et al. Association between 
breakfast skipping and postprandial hyperglycaemia 
after lunch in healthy young individuals. Br J Nutr. 
2019; 122: 431-440. 

75)	Jakubowicz D, Wainstein J, Ahren B, et al. Fasting until 
noon triggers increased postprandial hyperglycemia 
and impaired insulin response after lunch and dinner in 
individuals with type 2 diabetes: A randomized clinical 
trial. Diabetes Care. 2015; 38: 1820-1826.  

76)	Imai S, Kajiyama S, Kitta K, et al. Eating vegetables 
first regardless of eating speed reduces postprandial 
blood glucose and insulin in young healthy women: 
randomized controlled cross-over study. Nutrients. 2023; 
15: 1174.

77)	Li G, Tang T, Peng M. Direct reaction of taurine with 
malondialdehyde: Evidence for taurine as a scavenger of 
reactive carbonyl species. Redox Rep. 2010; 15: 268-274.  

78)	Löbner J, Degen J, Henle T. Creatine is a scavenger 
for methylglyoxal under physiological conditions via 
formation of  N-(4-methyl-5-oxo-1-imidazolin-2-yl)
sarcosine. J Agric Food Chem. 2015; 63: 2249-2256.  

79)	Aldini G, Carini M, Beretta G. Carnosine is a quencher 
of 4-hydroxy-nonenal: Through what mechanism of 
reaction? Biochem Biophys Res Commun. 2002; 298: 
699-706.

80)	Asola MR, Virtanen KA, Peltoniemi P, et al. Amino 
acid uptake in the skeletal muscle measured using [11C]
methylaminoisobutyrate and PET. Eur J Nucl Med Mol 
Imaging. 2002; 29: 1485-1491.

81)	Masud R, Qureshi IA. Plasma free amino acid levels in 
normal adults. J Pak Med Assoc. 1989; 39: 239-242.

82)	Walser M. Amino acid metabolism in liver disease. Am J 
Clin Nutr. 1983; 38: 912-922.

83)	Sanyal AJ, Chalasani N, Kowdley KV, et al. Pioglitazone, 
vitamin E, or placebo for nonalcoholic steatohepatitis. 

	 N Engl J Med. 2010; 362: 1675-1685.
84)	Buzzetti E, Pinzani M, Tsochatzis EA. The multiple-

hit pathogenesis of non-alcoholic fatty liver disease 
(NAFLD). Metabolism. 2016; 65: 1038-1048.

85)	Tsubouchi H, Ohshige A, Uto H. Liver and oxidative 
stress. Kanzo. 2015; 56: 313-323. (in Japanese) 

86)	Murphy MP. How mitochondria produce reactive oxygen 
species. Biochem J. 2009; 417: 1-13.

87)	Ying W. NAD+/NADH and NADP+/NADPH in cellular 
functions and cell death: Regulation and biological

	 consequences. Antioxid Redox Signal. 2008; 10: 179-206.

88)	Ogura M. Takabe W, Yagi M, et al. (Ed) Doshisha 
University's “Anti-Glycation Recipe”. Published by The 
Society of  Glycative Stress Research, Tokyo, 2019. (in 
Japanese)

89)	Tsugane S. What diets contribute to maintaining health: 
Current evidence. Food and Science. 2022; 64: 14-18. 
(in Japanese) 

90)	Rutchick AM, Slepian ML, Reyes MO, et al. Future 
self-continuity is associated with improved health and 
increases exercise behavior. J Exp Psychol Appl. 2018; 
24: 72-80.  

91)	Landais LL, Jelsma JGM, Damman OC, et al. Fostering 
active choice to empower behavioral change to reduce 
cardiovascular risk: A web-based randomized controlled 
trial. PLoS One. 2024; 19: e0304897.

92)	Romero-Gómez M, Zelber-Sagi S, Trenell M. Lifestyle 
and NAFLD: recommended treatment. J Hepatol. 2017; 
67: 829-846.

93)	Johnson PM, Kenny PJ. Dopamine D2 receptors in 
addiction-like reward dysfunction and compulsive eating 
in obese rats. Nat Neurosci. 2010; 13: 635-641.

94)	Avena NM, Rada P, Hoebel BG. Evidence for sugar and 
fat “addiction” in rodents. Ann N Y Acad Sci. 2009; 1179: 
1-15.

95)	Masuzaki H, Kozuka C, Okamoto S, et al. Brown rice-
specific γ-oryzanol as a promising prophylactic avenue 
to protect against diabetes mellitus and obesity in 
humans. J Diabetes Investig. 2019; 10: 18-25. 

96)	Valenza M, Steardo L, Coccurello R. Diet-induced obesity 
and addictive behaviors: A dopamine D2 receptor-
centered view. Neuropharmacology. 2015; 91: 14-28.

97)	Sharma S, Fernandes MF, Fulton S. Adaptations in brain 
reward circuitry underlie palatable food cravings and 
anxiety induced by high-fat diet withdrawal. Int J Obes 
(Lond). 2013; 37: 1183-1191.

98)	Johnson PM, Kenny PJ. Dopamine D2 receptors in 
addiction-like reward dysfunction and compulsive eating 
in obese rats. Nat Neurosci.  2010; 13: 635-641.

99)	Hryhorczuk C, Sharma S, Fulton SE. Metabolic 
disturbances connecting obesity and depression: the role

	 of adipose tissue and inflammation. Mol Cell Endocrinol.
	 2013; 376: 35-47.
100)	 Myers MG, Leibel RL, Seeley RJ. Obesity and leptin 

resistance: Distinguishing cause from effect. Cell 
Metab. 2010; 11: 443-447.

101)	 De Souza CT, Araujo EP, Bordin S, et al. Consumption 
of a fat-rich diet activates a proinflammatory response 
and induces insulin resistance in the hypothalamus. 
Endocrinology. 2005; 146: 4192-4199.

102)	 Zhang X, Zhang G, Zhang H, et al. Hypothalamic 
IKKβ/NF-κB and ER stress link overnutrition to 
energy imbalance and obesity. Cell. 2008; 135: 61-73.

103)	 Vučković MG, Li Q, Fisher B, et al. Exercise elevates 
dopamine D2 receptor in a mouse model of Parkinson’s 
disease and in obese rats. Neuroscience. 2010; 170: 
1030-1038.

104)	 Fisher BE, Petzinger GM, Nixon K, et al. Exercise-
induced behavioral recovery and neuroplasticity in the 
striatum: Dopamine mechanisms. Brain Res. 2004; 
1020: 12-23.

105)	 Vaynman S, Ying Z, Gomez-Pinilla F. Hippocampal 
BDNF mediates the efficacy of exercise on synaptic 
plasticity and cognition. Eur J Neurosci. 2004; 20: 
2580-2590.



_ 174 _

Steatohepatitis Prevention: From the Perspective of GS Care

106)	 Greenwood BN, Foley TE, Day HE, et al. Wheel 
running alters serotonin (5-HT) transporter, D2 
dopamine receptor, and BDNF gene expression in the 
rat brain. J Appl Physiol (1985). 2005; 98: 1609-1616.

107)	 Rios M, Fan G, Fekete C, et al. Conditional deletion of 
brain-derived neurotrophic factor in the postnatal brain 
leads to obesity and hyperactivity. Mol Endocrinol. 
2001; 15: 1748-1757.

108)	 Cordeira J, Rios M. BDNF signaling in the hypothalamus
	 and its regulation of energy balance and feeding behavior.
	 Mol Neurobiol. 2011; 44: 441-448.
109)	 Egawa T, Tsuda S, Goto A, et al. Potential involvement 

of  dietary advanced glycation end products in 
impairment of skeletal muscle growth and muscle 
contractile function in mice. Br J Nutr. 2017; 117: 21-
29.

110)	 Egawa T, Ogawa T, Yokokawa T, et al. Methylglyoxal 
reduces molecular responsiveness to 4 weeks of 
endurance exercise in mouse plantaris muscle. J Appl 
Physiol (1985). 2022; 132: 477-488.

111)	 Egawa T, Ogawa T, Yokokawa T, et al. Glycative stress 
and skeletal muscle dysfunctions: As an inducer of 
“Exercise-Resistance”. Glycative Stress Res. 2022; 9: 
199-205.

112)	 Haus JM, Carrithers JA, Trappe SW. Collagen protein 
content and cross-linking in skeletal muscle from aging 
and strength-trained humans. J Appl Physiol (1985). 
2007; 103: 2068-2076.

113)	 Snow LM, McLoon LK, Thompson LV. Adult and 
aging rat skeletal muscle contractile properties after 
immobilization and remobilization. J Appl Physiol 
(1985). 2005; 99: 1841-1850.

114)	 Owino V, Yang SY, Goldspink G. Muscle loss in the 
elderly: Role of IGF-I and exercise. Int J Biochem Cell 
Biol. 2001; 33: 1147-1153.

115)	 Hawley JA, Lessard SJ. Exercise training-induced 
improvements in insulin action. Acta Physiol (Oxf). 
2008; 192: 127-135.

116)	 Pedersen BK, Febbraio MA. Muscles, exercise and 
obesity: Skeletal muscle as a secretory organ. Nat Rev 
Endocrinol. 2012; 8: 457-465.

117)	 Boström P, Wu J, Jedrychowski MP, et al. A PGC1-α–
dependent myokine that dr ives brown-fat-like 
development of white fat and thermogenesis. Nature. 
2012; 481(7382): 463-468.

118)	 Zhang Y, Li R, Meng Y, et al. Irisin stimulates browning 
of white adipocytes through mitogen-activated protein 
kinase p38 MAP kinase and ERK MAP kinase 
signaling. Diabetes. 2014; 63: 514-525.

119)	 Leal LG, Lopes MA, Batista ML Jr. Physical exercise-
induced myokines and muscle-adipose tissue crosstalk: 
A review. Cytokine Growth  Factor Rev. 2018; 41: 1-9.

120)	 Cohen JC, Horton JD, Hobbs HH. Human fatty liver 
disease: new insights into pathogenesis and clinical 
implications. Nat Rev Genet. 2011; 12: 850-862.

121)	 Malhi H, Gores GJ. Cellular and molecular mechanisms 
of liver injury. Gastroenterology. 2008; 134: 1641-1654.

122)	 Neuschwander-Tetri BA. Hepatic lipotoxicity and the 
pathogenesis of  non-alcoholic steatohepatitis: The 
central role of non-triglyceride fatty acid metabolites. 
Hepatology. 2010; 52: 774-788.

123)	 Feldstein AE, Werneburg NW, L i Z. Hepatocyte 
apoptosis and Fas pathway are critical mediators of liver 
injury in fatty liver disease. J Clin Invest. 2003; 112: 
1768-1778.

124)	 Friedman SL. Hepatic fibrosis: Overview. J Hepatol. 
2003; 38(Suppl 1): S38-S53.

125)	 Bataller R, Brenner DA. Liver fibrosis. J Clin Invest. 
2005; 115: 209-218.

126)	 Parola M, Pinzani M. Hepatic stellate cell activation in 
liver fibrosis. Nat Rev Gastroenterol Hepatol. 2019; 16: 
407-417.

127)	 Lieber CS. Alcoholic fatty liver: its pathogenesis and
	 mechanism of progression to inflammation and fibrosis.
	 Alcohol. 2004; 34: 9-19.
128)	 Setshedi M, Wands JR, Monte SM. Acetaldehyde adducts
	 in alcoholic liver disease. Oxid Med Cell Longev. 2010; 

3: 178-185.
129)	 Paradis V, Kollinger M, Fabre M. In situ detection of 

lipid peroxidation by-products in chronic liver diseases. 
Hepatology. 1997; 26: 135-142.

130)	 Casini A, Ceni E, Salzano R. Acetaldehyde stimulates 
collagen synthesis by hepatic stellate cells through 
a mechanism involving reactive oxygen species. 
Gastroenterology. 1998; 114: 247-256.

131)	 Younossi Z, Golabi P, de Avila L. Global epidemiology 
of NAFLD. Nat Rev Gastroenterol Hepatol. 2018; 15: 
11-20.

132)	 Dunn W, Sanyal AJ. The pathogenesis of NASH: 
Alcohol, genetics, and environment. Clin Liver Dis. 
2012; 16: 607-621.

133)	 Tokushige K, Hyogo H, Nakajima T. Clinical 
characteristics  of  NAFLD/NASH  in  Japan. 

	 J Gastroenterol. 2013; 48: 318-327.
134)	 Tokushige K, Ikejima K, Ono M, et al. Evidence-based 

clinical practice guidelines for nonalcoholic fatty liver 
disease/nonalcoholic steatohepatitis 2020. Hepatol Res. 
2021; 51: 1013-1025.

135)	 Fabbrini E, Sullivan S, Klein S. Obesity and nonalcoholic
	 fatty liver disease: Biochemical, metabolic, and clinical 

implications. Hepatology. 2010; 51: 679-689.
136)	 Donnelly KL, Smith CI, Schwarzenberg SJ. Sources of 

fatty acids stored in liver and secreted via lipoproteins 
in NAFLD. J Clin Invest. 2005; 115: 1343-1351.

137)	 Samuel VT, Shulman GI. The pathogenesis of insulin 
resistance: Integrating signaling pathways and 
metabolism. Cell. 2012; 148: 852-871.

138)	 Tilg H, Moschen AR. Evolution of  NAFLD: the 
multiple parallel hits hypothesis. Hepatology. 2010; 52: 
1836-1846.

139)	 Yonei Y, Yagi M, Takabe W. Stop the “Vicious Cycle” 
induced by glycative stress. Glycative Stress Res. 2020;

	 7: 13-21.
140)	 Marinelli I, Chiarelli F, Blasetti A. Impairment of 

insulin secretion by methylglyoxal via protein glycation 
in pancreatic beta cells. Diabetologia. 2012; 55: 673-
682.

141)	 Maessen DE, Stehouwer CD, Schalkwijk CG. 
Methylglyoxal and glyoxal impair insulin biosynthesis 
and secretion in pancreatic beta cells. J Mol Med. 2015; 
93: 399-413.

142)	 Wagner AH, Schwabe RF, Schalkwijk CG. Glycation 
and aldehyde stress impair beta-cell function via 
misprocessing of proinsulin. Endocrinology. 2014; 155: 
1131-1141.

143)	 Perry RJ, Camporez JP, Wang Y. Hepatic acetyl-CoA 
links adipose tissue inflammation to hepatic insulin 
resistance and steatosis. Cell. 2015; 160: 745-758.



_ 175 _

Glycative Stress Research

144)	 Koliaki C, Szendroedi J, Kaul K. Adaptation of hepatic 
mitochondrial function in humans with non-alcoholic 
fatty liver is lost in steatohepatitis. Cell Metab. 2015; 
21: 739-746.

145)	 Sunny NE, Parks EJ, Browning JD. Excessive hepatic 
mitochondrial TCA cycle and β-oxidation in NAFLD. 
Cell Metab. 2011; 14: 804-810.

146)	 Hotamisligil GS. Inflammation and metabolic disorders. 
Nature. 2006; 444(7121): 860-867.

147)	 Weisberg SP, McCann D, Desai M. Obesity is associated 
with macrophage accumulation in adipose tissue. J Clin 
Invest. 2003; 112: 1796-1808.

148)	 Tilg H, Moschen AR. Adipocytokines: mediators linking 
adipose tissue, inflammation and immunity. Nat Rev 
Immunol. 2006; 6: 772-783.

149)	 Cani PD, Delzenne NM. The role of the gut microbiota 
in energy metabolism and metabolic disease. Curr 
Pharm Des. 2009; 15: 1546-1558.

150)	 Wigg AJ, Roberts-Thomson IC, Dymock RB. The role 
of  small intestinal bacterial overgrowth, intestinal

	 permeability, endotoxaemia, and tumour necrosis factor-
	 α in the pathogenesis of non-alcoholic steatohepatitis. 

Gut. 2001; 48: 206-211.
151)	 Henao-Mejia J, Elinav E, Jin C. Inflammasome-mediated
	 dysbiosis regulates progression of NAFLD and obesity. 

Nature. 2012; 482(7384): 179-185.
152)	 Hyogo H, Yamagishi S. Advanced glycation end 

products (AGEs) and their involvement in liver disease. 
Curr Pharm Des. 2008; 14: 969-972.

153)	 Brenner C, Galluzzi L, Kroemer G. Decoding cell 
death signals in liver inflammation. J Hepatol. 2013; 
59: 583-594.

154)	 Brenner C, Katsumoto A, Jdegboer K. Mitochondrial 
dysfunction and RAGE signaling in NASH progression. 
J Hepatol.  2016; 64: 684-695.

155)	 Seki S, Kitada T, Sakaguchi H. Advanced glycation 
end products promote hepatic stellate cell activation. 
Hepatology. 2003; 38: 1237-1244.

156)	 Gaens KH, Niessen HW, Stehouwer CD. Endogenous 
formation of AGEs drives inflammatory responses in 
NAFLD. Hepatology. 2014; 59: 536-547.

157)	 Tannahill GM, Curtis AM, Adamik J. Succinate is an 
inflammatory signal that induces IL-1β through HIF-
1α. Nature. 2013; 496(7444): 238-242.

158)	 Alderson NL, Wang Y, Blatnik M. S-(2-succinyl)cysteine
	 (2SC): A biomarker of mitochondrial stress and fumarate
	 overflow. Biochemistry. 2006; 45: 6842-6850.
159)	 Merkley ED, Metz TO, Smith RD. Succination of 

protein thiols contributes to redox regulation and 
inflammation. J Biol Chem. 2014; 289: 804-815.

160)	 Blatnik M, Frizzell N, Thorpe SR. Inflammation 
induces fumarate production and protein succination. 
Proc Natl Acad Sci U S A. 2008; 105: 1930-1935.

161)	 Wang T, Liu H, Chen J. Fumarate promotes pro-
inflammatory macrophage activation via HIF-1α 
signaling. Cell Metab. 2017; 26: 631-642.

162)	 Seitz HK, Stickel F. Acetaldehyde as an underestimated 
toxin in alcohol-associated damage to the gut. Addict 
Biol. 2007; 12: 210-222.

163)	 Atkinson KJ, Rao RK. Role of  alcohol in disruption 
of tight junctions in the intestinal epithelium. Alcohol 
Clin Exp Res. 2001; 25: 1638-1645.

164)	 Zhong W, McClain CJ, Cave M. Acetaldehyde disrupts 
intestinal epithelial tight junctions by targeting 
claudin-3. Am J Pathol. 2010; 176: 464-473.

165)	 Rao R. Acetaldehyde-mediated gut barrier dysfunction 
and intestinal inflammation. World J Gastroenterol. 
2008; 14: 3188-3196.

166)	 Homann N, Tillonen J, Salaspuro M. Microbial 
acetaldehyde production from ethanol may significantly 
contribute to gut barrier dysfunction. Gut. 2000; 47: 
682-687.

167)	 Pessayre D, Fromenty B. NASH: A mitochondrial 
disease. J Hepatol. 2005; 42: 928-940.

168)	 Serviddio G, Bellanti F, Vendemiale G. Free fatty acids 
and mitochondrial dysfunction in NAFLD. Free Radic 
Biol Med. 2013; 65: 1-13.

169)	 Begriche K, Igoudjil A, Pessayre D. Mitochondrial 
dysfunction in fatty liver disease. J Hepatol. 2006; 45: 
187-199.

170)	 Schönfeld P, Wojtczak L. Fatty acids as modulators of 
the cellular production of reactive oxygen species. Free 
Radic Biol Med. 2008; 45: 231-241.

171)	 Bailey SM, Cunningham CC. Contribution of 
mitochondria to oxidative stress associated with 
ethanol metabolism. J Bioenerg Biomembr. 2002; 34: 
11-17.

172)	 Cederbaum AI. Alcohol metabolism and oxidative 
stress. Hepatology. 2009; 51: 1201-1209.

173)	 Brown KE, Harris FL, Beier JI. Chronic ethanol 
ingestion increases reactive oxygen species generation 
and impairs mitochondrial function. Free Radic Biol 
Med. 2006; 41: 865-873.

174)	 Purohit V, Brenner DA. Mechanisms of  alcohol-
induced hepatic steatosis. Alcohol Clin Exp Res. 2006; 
30: 19-27.

175)	 Turrens JF. Mitochondrial formation of reactive oxygen 
species. J Physiol. 2003; 552(Pt2): 335-344.

176)	 Brand MD. The sites and topology of mitochondrial
	 superoxide production. Exp Gerontol. 2010; 45: 466-472.
177)	 Chen Q, Vazquez E J, Moghaddas S. Production of 

reactive oxygen species by mitochondria: Central role 
of complex III. J Biol Chem. 2003; 278: 36027-36031.

178)	 St-Pierre J, Buckingham JA, Roebuck SJ. Topology 
of superoxide production from different sites in the 
mitochondrial electron transport chain. J Biol Chem. 
2002; 277: 44784-44790.

179)	 Keating SE, Hackett DA, Parker HM. Effect of 
aerobic exercise training dose on liver fat and visceral 
adiposity. J Hepatol. 2015; 63: 174-182.

180)	 Sullivan S, Kirk EP, Mittendorfer B. Randomized trial 
of exercise effect on intrahepatic triglyceride content. 
Hepatology. 2012; 55: 1738-1745.

181)	 Houghton D, Thoma C, Hallsworth K. Exercise reduces 
liver lipids and visceral adiposity independent of 
weight loss in NAFLD. J Hepatol. 2017; 67: 534-543.

182)	 Kistler KD, Brunt EM, Clark JM. Physical activity 
recommendations, exercise intensity, and histological 
improvement in NAFLD. Hepatology. 2011; 54: 152-156.

183)	 Straznicky NE, Lambert EA, Grima MT. Exercise 
	 training improves cardiometabolic risk in insulin-resistant
	 obesity. Obesity (Silver Spring). 2011; 19: 1126-1133.
184)	 Promrat K, Kleiner DE, Niemeier HM. Randomized 

controlled trial testing the effects of weight loss on 
nonalcoholic steatohepatitis. Hepatology. 2010; 51: 121-
129.

185)	 Vilar-Gomez E, Martinez-Perez Y, Calzadilla-Bertot L. 
Weight loss through lifestyle modification significantly 
reduces features of  nonalcoholic steatohepatitis. 
Gastroenterology. 2015; 149: 367-378.



_ 176 _

Steatohepatitis Prevention: From the Perspective of GS Care

186)	 Harrison SA, Fecht W, Brunt EM. Orlistat, weight loss, 
and liver histology in nonalcoholic steatohepatitis. 
Hepatology. 2009; 49: 80-86.

187)	 Wong VW, Wong GL, Chan RS. Beneficial effects of 
lifestyle intervention in nonalcoholic fatty liver disease. 
J Hepatol. 2013; 59: 536-542.

188)	 Lazo M, Solga SF, Horska A. Effect of a 12-month 
lifestyle intervention on hepatic steatosis. Hepatology. 
2011; 54: 1637-1646.

189)	 Ryan MC, Itsiopoulos C, Thodis T. The Mediterranean 
diet improves hepatic steatosis and insulin sensitivity 
in individuals with NAFLD. J Hepatol. 2013; 59: 138-
143.

190)	 Trovato FM, Catalano D, Martines GF. Mediterranean 
diet and non-alcoholic fatty liver disease: The need of 
extended and comprehensive interventions. Clin Nutr. 
2015; 34: 86-88.

191)	 Kontogianni MD, Tileli N, Margariti A. Adherence to 
the Mediterranean diet improves NAFLD. Metabolism. 
2014; 63: 903-910.

192)	 Sofi F, Casini A. Mediterranean diet and NAFLD: 
evidence and plausible mechanisms. World J 
Gastroenterol. 2014; 20: 7338-7349.

193)	 Properzi C, O’Sullivan TA, Sherriff JL. Mediterranean 
diet improves liver fat in NAFLD: randomized trial.

	 J Hepatol. 2015; 62: 175-182.
194)	 Chalasani N, Younossi Z, Lavine JE. The diagnosis and 

management of nonalcoholic fatty liver disease: Practice 
Guidance from the AASLD. Hepatology. 2018; 67: 328-
357.

195)	 Armstrong MJ, Gaunt P, Aithal GP. Liraglutide safety
	 and efficacy in patients with non-alcoholic steatohepatitis
	 (LEAN): A multicentre, double-blind, randomised, 

placebo-controlled phase 2 study. Lancet. 2016; 387
	 (10019): 679-690.
196)	 Cusi K, Orsak B, Bril F. Long-term pioglitazone 

treatment for patients with nonalcoholic steatohepatitis 
and prediabetes or type 2 diabetes: A randomized trial. 
Ann Intern Med. 2016; 165: 305-315.

197)	Kuchay MS, Krishan S, Mishra SK. Effect of 
empagliflozin on liver fat in patients with type 2 diabetes

	 and nonalcoholic fatty liver disease: The E-LIFT
	 randomized clinical trial. Diabetes Care. 2018; 41: 1801-
	 1808.
198)	 Le Roy T, Llopis M, Lepage P, et al. Intestinal 

microbiota determines development of non-alcoholic 
fatty liver disease in mice. Proc Natl Acad Sci U S A. 
2013; 110: 17193-17198.

199)	 Ma YY, Li L, Yu CH, et al. Effects of probiotics on 
nonalcoholic fatty liver disease: A meta-analysis. 
World J Gastroenterol. 2013; 19: 6911-6918.

200)	Malaguarnera M, Vacante M, Antic T, et al. 
Bifidobacterium longum with fructo-oligosaccharides 
in patients with nonalcoholic steatohepatitis: A 
randomized, double-blind, placebo-controlled study. 
Dig Dis Sci. 2012; 57: 545-553.

201)	 Neuschwander-Tetri BA, Loomba R, Sanyal AJ, et al. 
Farnesoid X receptor agonist obeticholic acid for non-
cirrhotic NASH (FLINT): A multicentre, randomized, 
placebo-controlled trial. Lancet. 2015; 385(9972): 956-
965.

202)	 EASL. Clinical Practice Guidelines on non-invasive 
tests for evaluation of  liver disease severity and 
prognosis: 2021 update. J Hepatol. 2021; 75: 659-689.

203)	 Cusi K. Nonalcoholic fatty liver disease in type 2 
diabetes mellitus: A call to action. Ann Intern Med. 
2012; 156: 817-826.

204)	Kwok R, Choi KC, Wong GL. Screening diabetic 
patients for non-alcoholic fatty liver disease with 
controlled attenuation parameter and liver stiffness 
measurements. Hepatology. 2016; 64: 1398-1408.

205)	 Sanyal AJ, Newsome PN, Kliers I, et al. Phase 3 trial 
of Semaglutide in metabolic dysfunction-associated 
steatohepatitis. N Engl J Med. 2025; 392: 2089-2099. 

206)	Loomba R, Hartman ML, Lawitz EJ, et al. Tirzepatide 
for metabolic dysfunction-associated steatohepatitis 
with liver fibrosis. N Engl J Med. 2024; 391: 299-310. 

207)	Cho KY, Nakamura A, Omori K, et al. Favorable 
effect of sodium-glucose cotransporter 2 inhibitor, 
dapagliflozin, on non-alcoholic fatty liver disease 
compared with pioglitazone. J Diabetes Investig. 2021; 
12: 1272-1277. 

208)	 Sumida Y, Yoneda M. Current and future pharmacological
	 therapies for NAFLD/NASH. J Gastroenterol. 2018; 53:
	 362-376.
209)	 Sanyal AJ, Chalasani N, Kowdley KV, et al. Pioglitazone,
	 vitamin E, or placebo for nonalcoholic steatohepatitis. 

N Engl J Med. 2010; 362: 1675-1685. 
210)	 Harrison SA, Bedossa P, Guy CD, et al. A Phase 3, 

randomized, controlled trial of Resmetirom in NASH 
with liver fibrosis. N Engl J Med. 2024; 390: 497-509. 

211)	 Sanyal AJ, Ratziu V, Loomba R, et al. Results from a 
new efficacy and safety analysis of the REGENERATE 
trial of obeticholic acid for treatment of pre-cirrhotic 
fibrosis due to non-alcoholic steatohepatitis. J Hepatol. 
2023; 79: 1110-1120. 


