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ABSTRACT

The liver and brain are interconnected through a complex network known as the liver-brain axis, which plays a
pivotal role in maintaining systemic homeostasis. Disruptions in this communication, due to environmental toxins
or metabolic disorders, can lead to a range of health issues affecting both organs. Antioxidants, particularly those
derived from natural products, have garnered attention for their potential to modulate oxidative stress,
inflammation, and metabolic dysfunctions associated with these conditions. This review explores the mechanisms
by which natural antioxidants exert protective effects on both the liver and brain, highlighting their role in
mitigating the impact of environmental and metabolic insults. Emphasis is placed on the activation of key molecular
pathways, such as the Nrf2/ARE signaling pathway, which governs the expression of antioxidant enzymes and
cellular defense mechanisms. Additionally, the review discusses the therapeutic potential of various natural
compounds, including polyphenols, flavonoids, and carotenoids, in restoring balance to the liver-brain axis. The
synergistic effects of these compounds, when combined with lifestyle interventions like diet and exercise, are also
examined. Understanding the integrative actions of natural antioxidants offers promising avenues for developing
holistic therapeutic strategies aimed at preserving liver and brain health in the face of environmental and metabolic
challenges.
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INTRODUCTION

The liver-brain axis is a dynamic and intricate interface where hepatic metabolic, detoxification, and endocrine
processes directly influence central nervous system (CNS) function, while neural and neuroendocrine signals
reciprocally regulate liver physiology [17. This bidirectional communication is essential for maintaining systemic
homeostasis, integrating energy metabolism, inflammatory responses, and stress adaptation. Dysregulation of this
axis occurs in metabolic disorders such as diabetes mellitus and non-alcoholic fatty liver disease (NAFLD), as well
as following chronic exposure to environmental toxicants, including heavy metals, pesticides, and industrial
pollutants [27]. Such disruptions initiate a cascade of pathological events, manifesting as hepatic inflammation,
oxidative stress, metabolic imbalance, and neuroinflammation, ultimately compromising both liver and brain health.
Oxidative stress, arising from an imbalance between reactive oxygen species (ROS) and endogenous antioxidant
defenses, is a key mechanistic driver of liver-brain axis dysfunction [87. In the liver, oxidative stress impairs
mitochondrial function, lipid metabolism, and xenobiotic detoxification, leading to the accumulation of harmful
metabolites and inflammatory mediators. These perturbations can affect brain function either directly, via the
circulation of toxic metabolites and cytokines, or indirectly, through altered metabolic signaling and autonomic
nervous system pathways [4,5]. Conversely, oxidative and inflammatory stress within the CNS can feedback to the
liver, exacerbating metabolic dysregulation and hepatocellular injury.

Natural antioxidants derived from plant-based or dietary sources, including polyphenols, flavonoids, carotenoids,
and terpenoids, have shown substantial potential in mitigating oxidative damage and restoring homeostatic balance
across the liver-brain axis [67]. By scavenging free radicals, enhancing endogenous antioxidant defenses, and
modulating inflammatory and metabolic signaling, these compounds offer dual hepatoprotective and
neuromodulatory effects [77]. This review focuses on the mechanisms by which natural antioxidants exert these
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protective effects, emphasizing their therapeutic potential in mitigating metabolic and environmental insults that
compromise liver and brain function.

2. Mechanisms of Liver-Brain Crosstalk

2.1. Inflammatory Mediators

The liver is highly responsive to metabolic stress and environmental toxicants, which activate intracellular
inflammatory signaling cascades such as NF-kB and MAPK pathways [87. This activation results in the systemic
release of cytokines, including tumor necrosis factor-alpha (TNF-a), interleukin-1f3 (IL-1p), and interleukin-6 (IL-
6) [97]. These circulating mediators can cross the blood-brain barrier through active transport mechanisms or by
compromising barrier integrity, leading to the activation of microglia and astrocytes [107]. In the CNS, glial cells
amplify the inflammatory response by producing additional cytokines and chemokines, propagating
neuroinflammation and oxidative stress. Chronic systemic inflammation originating from the liver is increasingly
recognized as a contributor to cognitive decline, mood disorders, and neurodegenerative conditions [117].

2.2. Metabolic Signals

The liver regulates systemic energy homeostasis by controlling glucose production, lipid metabolism, and ketone
body synthesis. Metabolic disturbances, as observed in NAFLD or diabetes, lead to altered concentrations of
circulating glucose, free fatty acids, and ketone bodies, which can directly impact neuronal energy supply and
synaptic function [127. Elevated glucose levels promote the formation of advanced glycation end-products (AGEs)
and ROS, impairing neuronal signaling and plasticity. Dysregulated lipid metabolism contributes to lipotoxicity and
oxidative damage within the CNS, while altered ketone body availability can influence mitochondrial bioenergetics
and neuroprotection [137]. These metabolic perturbations underscore the liver’s pivotal role in maintaining CNS
function and highlight the vulnerability of the brain to hepatic dysfunction.

2.3. Neural Pathways

In addition to humoral signals, the vagus nerve provides a direct neural connection between the liver and the brain.
Hepatic vagal afferents sense metabolic status, inflammation, and hepatocellular stress, transmitting information to
the brainstem, which modulates central processes including appetite regulation, stress response, and autonomic
output [147. Conversely, efferent signals from the CNS regulate hepatic glucose production, bile secretion, and
immune responses, demonstrating the bidirectional nature of liver-brain communication. Disruption of these neural
pathways, as occurs in diabetic neuropathy or chronic toxin exposure, further compromises homeostatic balance,
amplifying the deleterious effects on both liver and CNS function [157.

3. Antioxidant-Mediated Protection in Liver and Brain

3.1. Natural Antioxidants and the Nrf2 Pathway

Natural antioxidants, including polyphenols, flavonoids, carotenoids, and terpenoids, exert significant protective
eftects by activating the nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway [167]. Nrf2 is a redox-
sensitive transcription factor that binds to antioxidant response elements (AREs) in the promoter regions of
cytoprotective genes, driving the expression of enzymes such as superoxide dismutase, catalase, heme oxygenase-1,
and glutathione S-transferases [17]. In the liver, Nrf2 activation enhances detoxification of xenobiotics, stabilizes
mitochondrial function, and limits lipid peroxidation. In the CNS, Nrf2 mitigates neuronal oxidative damage, reduces
glial activation, and preserves synaptic integrity [187. Activation of this pathway by natural compounds provides a
molecular basis for coordinated hepatoprotection and neuromodulation, highlighting the liver-brain axis as a
therapeutic target in metabolic and environmental insults [197].

3.2. Polyphenols and Flavonoids

Polyphenols such as resveratrol, curcumin, and quercetin offer multifaceted antioxidant and anti-inflammatory
benefits [207]. Resveratrol, abundant in grapes and berries, enhances Nrf2 activation, reduces ROS generation, and
improves mitochondrial efficiency in hepatocytes and neurons. Curcumin, the principal active compound in turmeric,
modulates inflammatory signaling pathways including NF-kB and MAPKs, reduces hepatocellular apoptosis, and
mitigates neuroinflammation, thereby providing dual organ protection [217]. Quercetin, present in apples, onions,
and citrus fruits, stabilizes cellular redox homeostasis and protects against cognitive impairment induced by
oxidative stress [227. Collectively, these polyphenols influence both systemic metabolism and neural function,
acting as neuromodulatory agents while simultaneously safeguarding liver integrity.

3.3. Carotenoids

Carotenoids, including B-carotene and lutein, confer antioxidant protection through free radical scavenging and
modulation of membrane lipid peroxidation. f-Carotene, a vitamin A precursor, enhances hepatic antioxidant
capacity, attenuates inflammatory cytokine release, and improves cognitive outcomes in models of oxidative stress
[237]. Lutein, abundant in green leafy vegetables, exerts neuroprotective effects by stabilizing neuronal membranes,
reducing ROS-induced synaptic damage, and supporting visual and cognitive function [247]. The complementary
antioxidant and anti-inflammatory actions of carotenoids make them effective candidates for integrated protection
of both liver and brain tissues.
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4. Integrative Strategies for Liver and Brain Health
4.1. Synergistic Effects of Diet and Exercise
Integrating antioxidant-rich diets with regular physical activity amplifies the benefits of Nrf2 activation and redox
homeostasis [257]. Exercise induces mild oxidative stress that serves as a hormetic stimulus, enhancing endogenous
antioxidant defenses. When combined with dietary antioxidants, such as polyphenols and carotenoids, this hormetic
response strengthens cellular resilience, improves hepatic lipid and glucose metabolism, and supports neurogenesis
and synaptic plasticity. Nutritional interventions emphasizing fruits, vegetables, nuts, and plant-derived bioactive
compounds complement exercise-induced signaling pathways, collectively improving liver and brain health [267.
4.2. Lifestyle Modifications
Lifestyle factors, including stress management, sleep quality, and cognitive stimulation, further support liver-brain
axis integrity. Mindfulness-based interventions reduce systemic inflammation, normalize cortisol levels, and
improve insulin sensitivity, which benefits both hepatic and neural function [277. Cognitive training and adequate
sleep enhance synaptic resilience, mitochondrial efficiency, and detoxification pathways, reinforcing the effects of
antioxidants and exercise [287]. By combining dietary, physical, and behavioral strategies, it is possible to create a
comprehensive, integrative approach that mitigates oxidative stress, restores metabolic homeostasis, and protects
both liver and brain from environmental and metabolic insults [297.
5. Future Directions
Future research should prioritize the identification and validation of reliable biomarkers that accurately reflect the
functional status of the liver-brain axis. These could include circulating cytokines, hepatokines, metabolomic
profiles, and neuroimaging indicators that detect early perturbations in hepatic and neural function. Early
recognition of axis dysfunction would allow timely interventions, potentially preventing the progression of liver
disease, cognitive impairment, and neurodegeneration. Additionally, mechanistic studies are needed to elucidate the
molecular crosstalk linking oxidative stress, inflammation, metabolic dysregulation, and neural signaling. Particular
emphasis should be placed on understanding how environmental toxicants exacerbate these processes and how
natural antioxidants and neuromodulatory agents can mitigate their effects.
Development of integrated therapeutic strategies represents a promising frontier. Pharmacological interventions
targeting both hepatic detoxification and CNS protection, combined with natural product-based antioxidants, could
provide dual benefits. Furthermore, lifestyle interventions, including diet, exercise, stress management, and
cognitive training, should be systematically evaluated for their synergistic effects on liver-brain communication.
Personalized medicine approaches that account for an individual's metabolic profile, genetic susceptibility, and
environmental exposures may optimize the efficacy of these interventions. Longitudinal studies assessing combined
hepatoprotective and neuroprotective strategies will be critical for translating preclinical findings into effective
clinical therapies.

CONCLUSION
The liver-brain axis is a central physiological network linking hepatic metabolism, detoxification, and inflammatory
processes with CNS function. Disruptions in this communication, whether due to environmental toxicants, metabolic
disorders such as diabetes and NAFLD, or a combination of risk factors, can precipitate a spectrum of hepatic and
neurological dysfunctions. Oxidative stress and chronic inflammation emerge as common mechanistic threads that
compromise both organs. Understanding the intricate interplay between liver and brain functions offers a framework
for developing integrated therapeutic strategies. Interventions that combine pharmacological agents, natural
antioxidants, and lifestyle modifications hold significant promise for restoring homeostasis and mitigating the
adverse effects of environmental and metabolic insults. Advancing research in this area will not only enhance clinical
management of metabolic and toxin-induced disorders but also provide opportunities to prevent long-term
neurocognitive and hepatic complications, ultimately improving systemic health and quality of life.
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