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Abstract
The astrocyte–neuron lactate shuttle system is a key metabolic mechanism that supports
neuronal energy demands through coordinated glial–neuronal interactions. This study
examines the physiological role of astrocyte-derived lactate in neuronal metabolism, synaptic
activity, and brain energy homeostasis. Evidence shows that astrocytes convert glucose into
lactate, which is then transported to neurons as an essential energy substrate, particularly
during periods of high neuronal activity. Disruption of this system is associated with
neurodegenerative conditions and impaired cognitive function. The findings highlight the
critical role of metabolic coupling in maintaining central nervous system function. The
astrocyte–neuron lactate shuttle system is a fundamental metabolic pathway that ensures
efficient energy transfer within the central nervous system. This section expands on its
physiological importance in maintaining neuronal activity, synaptic transmission, and overall
brain energy balance. Astrocytes convert glucose into lactate through glycolysis, which is
subsequently transported to neurons and utilized as an efficient energy substrate during
periods of increased demand. The analysis demonstrates that this metabolic coupling is
essential for sustaining neuronal function, while its disruption contributes to impaired
cognitive performance and neurodegenerative processes.
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1. Introduction

The brain is a highly energy-demanding organ that relies on tightly regulated metabolic interactions
between neurons and glial cells. Among these interactions, the astrocyte–neuron lactate shuttle
system represents a fundamental pathway for energy transfer. Astrocytes, which are specialized glial
cells, metabolize glucose through glycolysis and produce lactate as an end product. This lactate is then
transported to neurons, where it serves as an efficient energy substrate for oxidative metabolism. This
mechanism is particularly important during periods of increased synaptic activity, when neuronal
energy demand exceeds direct glucose utilization. Understanding this metabolic coupling is essential
for elucidating brain energy homeostasis and its role in neurological health and disease. The brain
requires a continuous and tightly regulated energy supply to support complex neuronal processes
such as synaptic transmission, plasticity, and signal integration. Traditional views considered glucose
as the primary and direct energy source for neurons; however, recent evidence has highlighted the
critical role of astrocytes in neuronal metabolism. Astrocytes actively participate in energy regulation
by converting glucose into lactate, which is then shuttled to neurons. This astrocyte–neuron metabolic
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cooperation ensures rapid adaptation to fluctuating energy demands, especially during intense
synaptic activity. The efficiency of this system is supported by specific transport mechanisms and
enzymatic pathways that facilitate lactate exchange between glial cells and neurons. The
astrocyte–neuron lactate shuttle (ANLS) system is a fundamental concept in modern neurobiology that
describes the metabolic cooperation between astrocytes and neurons in the central nervous system.
Traditionally, glucose was considered the primary and direct energy substrate for neuronal activity.
However, accumulating evidence has reshaped this view, demonstrating that brain energy
metabolism is highly compartmentalized and relies on dynamic interactions between different cell
types. In this context, astrocytes play a crucial role not only as supportive glial cells but also as active
regulators of neuronal energy supply.
Astrocytes are strategically positioned between blood vessels and neurons, enabling them to take up
glucose from the bloodstream and metabolize it through glycolysis. One of the key products of this
process is lactate, which is then transported to neurons and utilized as an efficient energy substrate,
particularly during periods of high synaptic activity. This mechanism forms the basis of the
astrocyte–neuron lactate shuttle hypothesis, which suggests that lactate is not merely a metabolic
byproduct but an essential fuel supporting neuronal function, synaptic plasticity, and long-term
memory formation.
The importance of the ANLS system extends beyond basic energy metabolism. It is closely linked to
neuronal signaling, neuroprotection, and the maintenance of brain homeostasis. During increased
neuronal activity, glutamate released at synapses stimulates astrocytic glycolysis, thereby enhancing
lactate production and ensuring a rapid energy supply to active neurons. This coupling between
neurotransmission and energy metabolism highlights the sophisticated level of communication
between neurons and astrocytes.
Furthermore, the ANLS system has been implicated in various physiological and pathological
conditions. In normal brain function, it supports learning processes, memory consolidation, and
adaptive neural responses. In contrast, dysfunction of astrocyte–neuron metabolic coupling has been
associated with neurological disorders such as Alzheimer’s disease, epilepsy, stroke, and traumatic
brain injury. Alterations in lactate transport, impaired astrocytic metabolism, and disrupted
neuron-glia communication may contribute to energy deficits and neuronal dysfunction in these
conditions.
Recent advances in molecular biology, imaging techniques, and metabolic profiling have provided
stronger evidence supporting the existence and significance of the ANLS system. However, despite
extensive research, certain aspects of its mechanisms remain controversial, including the extent to
which neurons depend on lactate versus glucose under different physiological conditions. This
ongoing debate highlights the complexity of brain energy metabolism and the need for further
investigation.
Overall, the astrocyte–neuron lactate shuttle system represents a paradigm shift in our understanding
of brain energy dynamics, emphasizing the essential role of glial cells in supporting neuronal activity
and maintaining cerebral function.
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Figure 2. Figure 2

2. Materials and Methods

This study is based on a comprehensive review of experimental and clinical literature examining
astrocyte–neuron metabolic interactions. Data were collected from in vitro neuronal culture studies, in
vivo animal models, and human neuroimaging and metabolic investigations. Key parameters analyzed
included lactate production rates, expression of monocarboxylate transporters, glucose uptake
dynamics, and neuronal ATP production. Experimental models involving metabolic inhibition and
tracer studies were also evaluated to determine the functional significance of lactate transfer.
Comparative analysis was performed to assess changes in metabolic coupling under physiological and
pathological conditions. The astrocyte–neuron lactate shuttle (ANLS) system is a fundamental
metabolic mechanism in the central nervous system that describes the functional coupling between
astrocytes and neurons in energy production and utilization. This model explains how brain energy
metabolism is dynamically regulated to support high neuronal activity, particularly during synaptic
transmission and cognitive processes.
In this system, astrocytes play a primary role in glucose uptake from cerebral blood vessels through
glucose transporters. Once inside astrocytes, glucose is metabolized predominantly via glycolysis
rather than oxidative phosphorylation, leading to the production of lactate as an end product. This
lactate is then released into the extracellular space through monocarboxylate transporters.
Neurons, which have high energy demands but relatively limited glycolytic capacity under certain
conditions, take up this astrocyte-derived lactate. Inside neurons, lactate is converted back into
pyruvate by lactate dehydrogenase and subsequently enters the tricarboxylic acid cycle in
mitochondria to generate adenosine triphosphate through oxidative phosphorylation. This metabolic
coupling ensures a continuous and efficient energy supply during periods of increased synaptic
activity.
The ANLS system is closely linked to glutamatergic neurotransmission. During synaptic activity,
glutamate released from neurons is taken up by astrocytes, which triggers increased glycolysis and
enhances lactate production. This creates a feedback mechanism in which neuronal activity directly
stimulates astrocytic metabolic support, maintaining energy balance and preventing excitotoxicity.
Functionally, the astrocyte–neuron lactate shuttle is essential for supporting memory formation,
learning processes, and long-term synaptic plasticity. Experimental studies have shown that
disruption of lactate transport or inhibition of astrocytic glycolysis can impair memory consolidation
and neuronal firing efficiency, highlighting the importance of this metabolic cooperation.
In addition to energy metabolism, the ANLS system also contributes to neuroprotection. Lactate
serves not only as an energy substrate but also as a signaling molecule involved in regulating
neuronal excitability, redox balance, and gene expression related to synaptic plasticity. This dual role
emphasizes its importance in maintaining brain homeostasis under both physiological and
pathological conditions.

© 2026 AAMS Surgery & Clinical Practice. All rights reserved. Page 3 of 7Volume 02 | Issue 04 | 16-30



Dysfunction of the astrocyte–neuron lactate shuttle has been implicated in several neurological
disorders, including Alzheimer’s disease, ischemia, traumatic brain injury, and epilepsy. In such
conditions, impaired astrocytic metabolism or disrupted lactate transport can lead to energy deficits,
synaptic dysfunction, and neuronal vulnerability.
Overall, the astrocyte–neuron lactate shuttle represents a key paradigm in modern neurobiology,
shifting the traditional view of astrocytes from passive support cells to active metabolic partners in
neuronal function.

Figure 1. Figure 1

3. Results

The reviewed evidence demonstrates that astrocytes play a central role in regulating neuronal energy
supply through lactate production. Increased neuronal activity leads to enhanced glycolysis in
astrocytes and subsequent lactate release. Neurons efficiently uptake lactate via monocarboxylate
transporters and utilize it in oxidative phosphorylation to generate ATP. This metabolic pathway is
shown to be more efficient than direct glucose utilization under high-demand conditions. Disruption
of lactate transport results in reduced synaptic efficiency and impaired neuronal function. Additionally,
alterations in this shuttle system have been observed in models of neurodegenerative diseases,
indicating its importance in maintaining neuronal  Experimental and clinical observations consistently
demonstrate increased lactate production by astrocytes in response to neuronal stimulation. Neurons
preferentially uptake lactate through specialized transport proteins and convert it into pyruvate for
oxidative phosphorylation. This process results in efficient ATP generation, particularly under
conditions of high synaptic activity. Inhibition of lactate transport leads to reduced neuronal
excitability and impaired synaptic function. Furthermore, disruptions in this metabolic pathway are
associated with decreased cognitive performance and altered neuronal signaling. Evidence from
disease models indicates that impaired astrocyte–neuron coupling contributes to metabolic stress and
neuronal vulnerability.integrity.
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Figure 3. Figure 3

4. Discussion

The astrocyte–neuron lactate shuttle system represents a paradigm shift in understanding brain
energy metabolism. Rather than being passive support cells, astrocytes actively regulate neuronal
energy supply through metabolic cooperation. This interaction ensures rapid adaptation to fluctuating
energy demands during synaptic transmission and cognitive activity. Impairment of this system may
contribute to the pathogenesis of neurological disorders such as Alzheimer’s disease, epilepsy, and
ischemic brain injury. However, some controversies remain regarding the relative contribution of
lactate versus glucose as the primary neuronal energy source. Further research is required to clarify
these mechanisms and their therapeutic implications. The findings support the concept that brain
energy metabolism relies on a cooperative relationship between astrocytes and neurons rather than
isolated cellular function. The lactate shuttle system provides a rapid and flexible energy supply that
complements glucose metabolism, particularly during periods of increased neuronal demand. This
mechanism enhances synaptic efficiency and supports sustained neural activity. Dysfunction of this
system may play a role in the development of neurological disorders characterized by energy deficits
and synaptic failure. However, some debates remain regarding the extent to which lactate serves as a
primary versus auxiliary energy substrate. Further investigation is required to fully clarify its role in
different physiological and pathological conditions.

5. Conclusion

The astrocyte–neuron lactate shuttle system is essential for maintaining brain energy homeostasis
and supporting optimal neuronal function. Its role in metabolic coupling highlights the importance of
glial cells in neural physiology. Disruption of this system is associated with impaired neuronal activity
and neurological disease, emphasizing its potential as a therapeutic target in neurodegenerative
conditions. The astrocyte–neuron lactate shuttle system is a crucial component of brain energy
metabolism, ensuring efficient metabolic support for neuronal function. Its role in maintaining
synaptic activity and energy balance highlights the importance of glial–neuronal interactions in central
nervous system physiology. Disruption of this system is linked to impaired brain function and may
contribute to neurological disease progression, making it a potential target for future therapeutic
strategies.
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