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Abstract: Alcoholic fatty liver disease (AFLD) is a complex hepatic condition characterized by the accumulation of triglyceride in the
liver due to excessive alcohol consumption. Currently the pathogenesis of ALD is not fully understood. Oxidative stress is an imbalance
between the production of reactive oxygen species (ROS) and the antioxidant defenses. Recent studies highlight the critical role of
oxidative stress in the pathogenesis of AFLD, suggesting that it is a primary mechanism underlying liver injury in AFLD. This review
summarizes mechanisms by which oxidative stress contributes to the pathogenesis of AFLD, including apoptosis, necrosis, ferroptosis,
and autophagy. It also explores potential therapeutic strategies for treating AFLD based on the critical role of oxidative stress. By delving
into the intricate relationship between oxidative stress and hepatic steatosis, this review seeks to provide new insights for the prevention

and treatment of AFLD.
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1. Introduction

Alcoholic fatty liver disease (AFLD) is a subtype of liver
disease characterized by the excessive accumulation of lipids
in the liver, which is primarily linked to the consumption of
alcoholic beverages. AFLD is the initial stage of
alcohol-related liver disease, often termed hepatic steatosis.
This condition occurs when the liver transforms excess
alcohol into energy, disrupting normal lipid metabolism and
resulting in lipids accumulation within the liver. If alcohol
consumption continues, AFLD can progress to more severe
liver conditions like alcoholic hepatitis and eventually
cirrhosis, marking irreversible liver damage [1,2]. The
primary mechanism contributing to AFLD is an imbalance in
lipid metabolism. Under normal conditions, the liver regulates
the synthesis and degradation of fatty acids effectively.
However, excessive alcohol consumption interferes with
these processes, leading to increased lipogenesis and
decreased lipolysis [3]. Another fundamental aspect of
AFLD’s pathogenesis is oxidative stress. Oxidative stress, an
imbalance between the production of reactive oxygen species
(ROS) and the antioxidant defenses, leads to cellular damage
and inflammation, which are critical steps in the progression
of liver diseases. The liver is particularly susceptible to
oxidative stress due to its central role in metabolizing alcohol
and other xenobiotics. During alcohol metabolism, the liver
generates ROS that can overwhelm the antioxidant capacity of
hepatocytes, resulting in oxidative damage. This damage
manifests as lipid peroxidation, protein oxidation, and DNA
damage, which can trigger inflammatory responses and
further exacerbate liver injury [4,5]. Understanding the
mechanisms through which oxidative stress impacts liver
pathology not only deepens our understanding of AFLD but
also paves the way for novel therapeutic strategies to mitigate
oxidative damage and enhance liver health.

2. Basic Concepts of ROS, Oxidative Stress and
Antioxidant Defense System

2.1 ROS and Oxidative Stress

ROS are generated through various physiological and
pathological processes. The main source is mitochondrial
respiration, where the electron transport chain produces
superoxide radicals as byproducts of aerobic metabolism.
Additional sources involve enzymatic reactions mediated by
NADPH oxidases, xanthine oxidase, and lipoxygenases, as
well as environmental factors such as UV radiation, pollution,
and toxin exposure [6,7]. ROS can be classified into several
types, including superoxide anion (O2°-), hydrogen peroxide
(H202), and hydroxyl radical (*OH), each with distinct
chemical properties and biological effects. Superoxide can
initiate lipid peroxidation, while hydrogen peroxide can act as
a signaling molecule at low concentrations but may cause
oxidative damage at high levels [6,8]. Oxidative stress is a
condition marked by an imbalance between the production of
ROS and the body’s ability to mitigate their harmful effects
through antioxidant defense system. This imbalance can result
in cellular injury, inflammation, and various diseases,
including  cancer, cardiovascular  conditions, and
neurodegenerative disorders [9,10].

2.2 The Damaging Effects of Oxidative Stress

The damaging effects of oxidative stress are extensive and can
affect various cellular components, leading to a range of
pathological conditions. Oxidative stress can result in lipid
peroxidation, which compromises cell membrane integrity,
and protein oxidation, which can disrupt enzymatic functions
and cellular signaling pathways. Furthermore, oxidative
damage to DNA can lead to mutations and genomic instability,
contributing to the development of cancer and other diseases
[6,9]. Chronic oxidative stress is associated with
inflammation, as ROS can activate pro-inflammatory
signaling pathways, exacerbating tissue injury and promoting
disease progression. Oxidative stress has been implicated in
the pathogenesis of conditions such as non-alcoholic fatty
liver disease (NAFLD) and alcoholic liver disease (ALD),
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where it contributes to hepatocyte injury, inflammation, and
fibrosis [4,11]. The cumulative effects of oxidative stress
underscore the importance of maintaining redox balance and
the potential therapeutic benefits of antioxidants in mitigating
these damaging effects.

2.3 Antioxidant Defense System

The body employs a sophisticated antioxidant defense system
to combat oxidative stress and protect against the oxidative
damage. This system comprises both enzymatic and
non-enzymatic antioxidants. Enzymatic antioxidants, such as
superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx), work synergistically to neutralize ROS and
prevent oxidative damage [12]. SOD catalyzes the
dismutation of superoxide radicals into hydrogen peroxide,
which is subsequently broken down by CAT and GPx.
Non-enzymatic antioxidants, such as vitamins C and E,
glutathione, and various phytochemicals, also play vital roles
in scavenging ROS and enhancing the body’s overall
antioxidant capacity. Dietary antioxidants, derived from fruits,
vegetables, and other natural sources, contribute significantly
to the body’s defense against oxidative stress. Enhancing the
antioxidant defense system through dietary interventions or
pharmacological agents can improve health outcomes and
reduce the risk of oxidative stress-related diseases [13,14].

3. The Mechanisms of Oxidative Stress in
AFLD

3.1 The Disorders of Fatty Acid Metabolism Induced by
Oxidative Stress in AFLD

Oxidative stress is a critical factor in the pathogenesis of
AFLD, primarily through its influence on fatty acid oxidation
and energy metabolism [3]. Alcohol consumption leads to the
excessive production of ROS, which disrupts the redox
balance of the hepatocytes. This disruption results in impaired
fatty acid oxidation, as the liver’s ability to metabolize fatty
acids is compromised by oxidative damage to mitochondrial
structures and functions [15,16]. Studies have shown that
alcohol-induced oxidative stress increases the levels of lipid
peroxidation products, which further exacerbate liver injury
and contribute to the accumulation of lipids in the hepatocytes.
The impaired mitochondrial function due to oxidative stress
not only affects ATP production but also leads to a shift in the
metabolic pathways favoring lipogenesis over fatty acid
oxidation [1,17]. It has been reported that alcohol
metabolism-induced ROS production increases the expression
of sterol regulatory element binding protein 1¢ (SREBP-1c), a
key regulator of lipogenesis gene, and down-regulates the
expression of PPARa gene, which enhances fatty acid
B-oxidation [18]. Furthermore, the accumulation of free fatty
acids and their subsequent conversion to toxic lipid
intermediates can trigger inflammatory responses and
apoptosis, creating a vicious cycle that exacerbates liver
damage. Thus, targeting oxidative stress and restoring normal
fatty acid metabolism may represent promising therapeutic
strategies for managing AFLD [19,20].

3.2 The Apoptosis and Necrosis Induced by Oxidative
Stress in AFLD

Oxidative stress plays a significant role in mediating cell
death processes such as apoptosis and necrosis [21].
Oxidative stress can activate various signaling pathways that
culminate in hepatocyte apoptosis. The activation of the
mitochondrial pathway of apoptosis is particularly relevant, as
it involves the release of pro-apoptotic factors such as
cytochrome ¢ from mitochondria, leading to the activation of
caspases and subsequent cell death [22]. Additionally,
oxidative stress can trigger necrotic cell death, characterized
by the loss of membrane integrity and uncontrolled release of
cellular contents, which can further propagate inflammation
and tissue injury. The balance between apoptosis and necrosis
is influenced by the severity of oxidative stress. Under
moderate stress, apoptosis may predominate, while severe
oxidative damage may lead to necrosis [11,18]. Accumulating
literatures have demonstrate that alcohol induces oxidative
stress, mitochondrial dysfunction, and cell death, resulting in
damage to hepatocytes [23]. The defective glutathione
importer due to excessive cholesterol loading and low ATP
accounts for additional oxidative stress leading to hepatocyte
apoptosis contributing to AFLD [1,24].

3.3 The Ferroptosis Induced by Oxidative Stress in AFLD

Ferroptosis is a form of regulated cell death characterized by
iron-dependent lipid peroxidation. Oxidative stress plays a
pivotal role in promoting ferroptosis by increasing the levels
of ROS and disrupting the balance of iron metabolism within
cells [25]. Alcohol consumption leads to iron overload and
heightened oxidative stress, which together facilitate the
accumulation of lipid peroxides, a hallmark of ferroptosis.
Studies have demonstrated that the activation of ferroptosis in
hepatocytes contributes to cell death and exacerbates liver
injury in AFLD [26]. The interplay between oxidative stress
and ferroptosis is complex; while oxidative stress can initiate
ferroptosis, the process itself can further amplify oxidative
damage, creating a vicious cycle of cell injury [27]. Inhibiting
ferroptosis has been proposed as a therapeutic strategy to
protect against alcohol-induced liver injury [28]. Research has
shown that targeting ferroptosis pathways, such as the GPX4
and system Xc- pathways, can reduce lipid peroxidation and
improve hepatocyte survival in the context of oxidative stress.
Mitigating hepatic ferroptosis due to intestinal SIRT1
deficiency protects mice from alcohol-induced liver injury
[29]. Therefore, understanding the mechanisms of ferroptosis
in AFLD may provide new insights into potential therapeutic
interventions aimed at mitigating oxidative stress and liver
injury [30].

3.4 The Impairment of Autophagy Induced by Oxidative
Stress in AFLD

Autophagy is a crucial cellular process for maintaining
homeostasis and removing damaged organelles and proteins.
Oxidative stress significantly inhibits autophagy by disrupting
autophagosome formation and lysosomal degradation [31].
Studies have shown that oxidative stress can induce the
accumulation of damaged mitochondria and misfolded
proteins, which are normally cleared by autophagy. When this
clearance is impaired, it results in cellular dysfunction and
contributes to the progression of AFLD [32]. The inhibition of
autophagy in hepatocytes leads to increased lipid
accumulation, as the degradation of lipid droplets is
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compromised [33]. Furthermore, the impaired autophagic flux
is associated with the activation of inflammatory pathways,
which can further exacerbate liver injury. Recent research has
highlighted the potential therapeutic benefits of enhancing
autophagy to counteract oxidative stress in AFLD. Quercetin
alleviates ethanol-induced hepatic steatosis by inhibiting
oxidative stress and activating TFEB-dependent autophagy
[34]. Canagliflozin, an oral antidiabetic drug, activates the
autophagy signaling pathway (SIRT1-AMPK-mTORC1),
inhibiting alcohol-induced fatty acid synthesis, promoting
fatty acid degradation, thereby alleviating alcoholic liver
injury [35]. Strategies aimed at restoring autophagic function
may help mitigate oxidative damage, reduce lipid
accumulation, and improve liver function, representing a
promising avenue for therapeutic intervention in AFLD [36].

4. Strategies of Targeting Oxidative Stress for
Treatment of AFLD

Due to the critical role of oxidative stress in the
pathophysiology of AFLD, effective therapeutic strategies
targeting oxidative stress are essential to manage and mitigate
the progression of this disease. This section explores
pharmacological approaches of using antioxidants and
traditional Chinese medicine (TCM) in the treatment of
AFLD.

4.1 Antioxidants in the Treatment of AFLD

Antioxidants play a crucial role in combating oxidative stress,
which is a significant contributor to the pathogenesis of
AFLD. Alcohol consumption leads to the generation of ROS,
resulting in oxidative damage to the liver. The use of
antioxidants aims to restore the balance between oxidants and
antioxidants, thereby protecting the liver from oxidative
injury. Various studies have highlighted the efficacy of
specific antioxidants in mitigating the effects of
alcohol-induced liver injury. For instance, vitamin C and
N-acetyl cysteine (NAC) have demonstrated protective
effects by reducing lipid peroxidation and improving liver
function markers in animal models of AFLD [37].
Additionally, glutathione, a potent antioxidant, has been
shown to alleviate oxidative stress in liver diseases, including

AFLD, by enhancing the antioxidant capacity of the liver [38].

Furthermore, polyphenolic compounds such as those found in
red quinoa and green tea have been reported to exhibit
significant antioxidant properties, reducing oxidative stress
and inflammation in the liver [39,40]. The therapeutic
potential of antioxidants also affects metabolic pathways
involved in lipid metabolism. For example, studies have
indicated that antioxidants can modulate lipid synthesis and
degradation pathways, which are often disrupted in AFLD. By
targeting these pathways, antioxidants not only protect against
oxidative damage but also contribute to the restoration of
normal liver function [41]. Despite the promising results from
preclinical studies, the clinical application of antioxidants in
treating AFLD remains limited. The lack of large-scale
clinical trials and standardized treatment protocols poses
challenges in establishing definitive guidelines for antioxidant
therapy in AFLD. Nonetheless, the ongoing research into the
mechanisms of action of these antioxidants may pave the way
for their integration into therapeutic regimens for AFLD
patients.

4.2 TCM in the Management of AFLD

TCM offers a holistic approach to treating AFLD, focusing on
restoring balance within the body and addressing the
underlying causes of the disease. TCM employs various
herbal formulations and dietary modifications to mitigate the
effects of alcohol consumption on the liver. Numerous studies
have documented the efficacy of specific TCM herbs in
treating liver diseases [36]. For instance, Penthorum Chinese
Pursh has shown potential in alleviating alcohol-induced liver
injury through its antioxidant, anti-inflammatory, and
hepatoprotective  properties [42]. Natural antioxidant
compound curcumin is able to ameliorate alcohol-induced
injury by scavenging ROS [23]. The mechanisms of action of
these herbs often involve modulation of oxidative stress,
inflammation, and lipid metabolism, making them suitable
candidates for AFLD treatment. Despite the promising results
from TCM, further research is needed to validate its efficacy
and safety in treating AFLD. Clinical trials that adhere to
rigorous scientific standards are essential to establish
evidence-based guidelines for the integration of TCM into
conventional treatment strategies for AFLD.

4.3 Future Perspectives in Pharmacological Treatment of
AFLD

The future of pharmacological treatment for alcoholic fatty
liver disease holds significant promise, with ongoing research
focusing on novel therapeutic targets and innovative drug
development strategies. Given the complex pathophysiology
of AFLD, a multifaceted approach that combines various
treatment modalities may be necessary to achieve optimal
outcomes. Recent advancements in drug development have
highlighted the potential of targeting specific molecular
pathways involved in the progression of AFLD. For instance,
drugs that modulate mitochondrial function, enhance fatty
acid oxidation, and reduce inflammation are currently under
investigation. Additionally, the exploration of gut-liver axis
interactions presents a novel avenue for treatment. Probiotics
and prebiotics may help restore gut microbiota balance,
potentially mitigating the effects of alcohol on liver health
[43]. The integration of traditional and modern medicine
approaches may also enhance treatment efficacy. Combining
TCM with conventional pharmacotherapy could leverage the
strengths of both paradigms, providing a more comprehensive
treatment strategy for patients with AFLD.

In conclusion, the management of alcoholic fatty liver disease
through pharmacological interventions is evolving, with
promising strategies emerging from both antioxidant
therapies and TCM. Continued research and clinical trials are
essential to validate these approaches and develop effective
treatment protocols that address the multifaceted nature of
AFLD.

5. Conclusion

The role of oxidative stress in the pathogenesis of AFLD has
garnered increasing attention within the field of hepatology.
As delineated throughout this review, oxidative stress
emerges as a critical mediator that exacerbates liver injury and
contributes to the complex interplay of metabolic disturbances
induced by excessive alcohol consumption. The oxidative
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stress may impair lipid metabolism by regulating apoptosis,
necrosis, ferroptosis and autophagy, contributing to the
pathogenesis of AFLD. These mechanistic understandings of
oxidative stress not only elucidate the underlying
pathophysiology of AFLD but also open up avenues for novel
therapeutic interventions. The development of effective
antioxidant interventions represents a promising horizon in
the treatment of AFLD. Future studies should prioritize a
systems biology approach to integrate various research
perspectives, including genetics, epigenetics, and the role of
the gut-liver axis in the modulation of oxidative stress
responses. Such integrative research could yield a more
comprehensive understanding of the multifactorial nature of
AFLD and support the identification of potential biomarkers
for early diagnosis and prognosis.

In conclusion, the ongoing investigation into the role of
oxidative stress in AFLD is poised to transform our
understanding and management of this prevalent condition.
By fostering collaboration among researchers from diverse
fields, we can ensure a balanced interpretation of findings that
not only highlights the detrimental effects of oxidative stress
but also recognizes the potential for therapeutic advancement.
It is imperative that we continue to seek innovative and
effective antioxidant interventions, while also emphasizing
the importance of holistic lifestyle approaches in the
prevention and management of AFLD.
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