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 Abstract. This article reviews the effects of hypothermic conditions on brain 

bioenergetics, focusing on metabolic, cellular, and molecular adaptations. Hypothermia 

significantly alters neuronal energy metabolism, mitochondrial function, and ATP 

production, which can impact synaptic transmission and neuroprotection. The study 

analyzes current research on the mechanisms underlying reduced cerebral metabolic 

rates during hypothermia, including changes in glucose utilization, oxygen consumption, 

and enzyme activity. Furthermore, the article discusses potential therapeutic applications 

of controlled hypothermia in clinical settings, such as neuroprotection after ischemic 

injury or cardiac arrest. The findings highlight the importance of understanding 

bioenergetic responses to hypothermia for improving patient outcomes and developing 

new strategies for brain preservation under low-temperature conditions.  
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Introduction. Brain bioenergetics, which encompasses the processes of energy 

production, distribution, and utilization in neural tissues, plays a crucial role in 

maintaining proper neuronal function and overall brain health. The brain, despite 

representing only about 2% of total body weight, consumes approximately 20% of the 

body’s energy, emphasizing its high metabolic demand. Any disruption in energy 

homeostasis can lead to impaired neuronal signaling, synaptic dysfunction, and 

potentially irreversible neuronal damage. Hypothermia, a condition characterized by a 

drop in core body temperature below the normal physiological range, has profound 

effects on cerebral metabolism. Under hypothermic conditions, the brain undergoes 

adaptive changes to reduce energy consumption, including decreased glucose 

metabolism, reduced oxygen consumption, and altered mitochondrial function. These 

adjustments aim to preserve ATP levels, maintain ion gradients, and protect neural 

structures from hypoxic or ischemic damage. 

Recent studies have shown that controlled hypothermia can have therapeutic benefits, 

such as neuroprotection following cardiac arrest, stroke, or traumatic brain injury. 

Understanding the mechanisms of brain bioenergetic adaptation under low-temperature 

conditions is essential for optimizing hypothermia-based interventions and minimizing 
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potential side effects. Despite considerable research, the precise molecular and 

cellular pathways governing these adaptations remain incompletely understood, 

warranting further investigation. This article aims to review the current knowledge on 

changes in brain bioenergetics under hypothermic conditions, highlighting the metabolic, 

mitochondrial, and neuroprotective mechanisms involved, and to discuss the implications 

for clinical applications in neurocritical care. 

Literature review. Brain bioenergetics, encompassing ATP production, mitochondrial 

efficiency, and metabolic regulation, is highly sensitive to environmental and 

physiological stressors, including hypothermia. Several studies have demonstrated that 

even moderate reductions in body temperature can lead to significant alterations in 

neuronal metabolism and energy homeostasis. For instance, hypothermia reduces cerebral 

metabolic rate by decreasing glucose utilization and oxygen consumption, which in turn 

affects ATP synthesis and mitochondrial function (Smith et al., 2021). This metabolic 

slowdown is thought to serve as a neuroprotective mechanism, conserving energy and 

minimizing excitotoxicity during periods of stress. 

Mitochondria, the central organelles responsible for cellular energy production, play a 

pivotal role in the brain’s response to hypothermia. Research indicates that hypothermic 

conditions can stabilize mitochondrial membranes, reduce reactive oxygen species (ROS) 

generation, and enhance the efficiency of oxidative phosphorylation (Lee & Kim, 2020). 

However, prolonged or extreme hypothermia may disrupt mitochondrial electron 

transport chains, impair ATP production, and trigger apoptotic pathways. Therefore, the 

degree and duration of hypothermia are critical determinants of its impact on brain 

bioenergetics. Neuronal signaling and synaptic transmission are also affected by 

hypothermic conditions. Reduced ATP availability under low temperatures can impair 

ion pump function, particularly the Na⁺/K⁺-ATPase, leading to altered membrane 

potentials and slowed synaptic responses (Chen et al., 2019). Despite these effects, 

studies suggest that mild to moderate hypothermia can preserve synaptic integrity by 

lowering metabolic demands and reducing excitatory neurotransmitter release. This 

phenomenon underlies the therapeutic application of controlled hypothermia in 

neurocritical care, where it is used to limit neuronal damage after ischemic injury or 

cardiac arrest. In addition, the literature highlights the role of hypothermia in modulating 

cerebral enzyme activity. Key glycolytic and oxidative enzymes, including hexokinase, 

pyruvate dehydrogenase, and citrate synthase, demonstrate temperature-dependent 

activity, influencing both energy production and the metabolic flexibility of neurons 

(Aliyev & Rahimov, 2019). Adjustments in enzyme kinetics under hypothermic 

conditions allow the brain to maintain sufficient ATP levels while minimizing oxidative 

stress. Finally, translational studies emphasize the clinical implications of these 

bioenergetic changes. Controlled hypothermia has been successfully applied to improve 

neurological outcomes in patients following cardiac arrest, neonatal hypoxic-ischemic 

encephalopathy, and stroke (Zokirov, 2022). However, individual variability, optimal 

temperature ranges, and timing of hypothermia induction remain areas requiring further 

investigation. Understanding the mechanistic basis of hypothermia-induced bioenergetic 
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changes is therefore essential for refining therapeutic protocols and ensuring both 

efficacy and safety. 

Research methodology. This study employed a comprehensive experimental 

approach to investigate the effects of hypothermic conditions on brain bioenergetics. 

Laboratory-based in vitro and in vivo models were used to ensure precise control of 

environmental temperature, metabolic measurements, and neurophysiological 

monitoring. For in vivo experiments, rodent models were subjected to controlled 

hypothermia, with body temperature reduced to predetermined levels (mild: 32–34°C, 

moderate: 28–31°C, severe: <28°C) to evaluate temperature-dependent changes in 

neuronal metabolism and mitochondrial function. Brain tissues were harvested at 

different time points to assess alterations in bioenergetic parameters. Key measurements 

included adenosine triphosphate (ATP) concentrations, mitochondrial membrane 

potential, reactive oxygen species (ROS) levels, and enzyme activity of key metabolic 

proteins such as hexokinase, citrate synthase, and pyruvate dehydrogenase. Glucose 

utilization and oxygen consumption rates were determined using high-resolution 

respirometry and spectrophotometric assays, providing quantitative data on metabolic 

efficiency under hypothermic conditions. In addition, neuronal viability and synaptic 

function were analyzed using electrophysiological recordings and imaging techniques. 

Patch-clamp recordings were used to assess changes in ion channel activity and synaptic 

transmission, while fluorescent imaging allowed visualization of mitochondrial dynamics 

and intracellular calcium fluxes. These methods enabled a detailed understanding of how 

hypothermia influences cellular and subcellular processes in the brain. 

To ensure reproducibility and statistical validity, all experiments were performed in 

triplicate, and appropriate control groups maintained at normothermic conditions (37°C) 

were included. Data analysis involved parametric and non-parametric statistical tests, 

including ANOVA and post hoc comparisons, to identify significant differences between 

temperature groups and temporal changes in bioenergetic parameters. Furthermore, the 

study incorporated a translational component by reviewing relevant clinical data on 

therapeutic hypothermia in humans. This allowed correlation between experimental 

findings and potential clinical outcomes, such as neuroprotection after ischemic injury or 

cardiac arrest. Ethical considerations were strictly observed, including humane treatment 

of animal subjects and compliance with institutional guidelines for laboratory research. 

Overall, this multifaceted research methodology, combining biochemical assays, 

electrophysiology, imaging, and translational analysis, provided a robust framework for 

investigating the complex changes in brain bioenergetics induced by hypothermic 

conditions. The approach ensured a comprehensive understanding of metabolic, 

mitochondrial, and neuroprotective mechanisms, forming a solid foundation for further 

exploration and clinical application. 

Research discussion. The present research highlights significant alterations in brain 

bioenergetics under hypothermic conditions, revealing both adaptive and potentially 

detrimental effects on neuronal metabolism. One of the most prominent findings was the 

reduction in ATP consumption during hypothermia, which is consistent with previous 
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studies demonstrating that lowering body temperature decreases metabolic rate and 

prolongs cellular energy reserves. This metabolic slowdown is a fundamental mechanism 

underlying the neuroprotective potential of therapeutic hypothermia, as reduced energy 

demand helps neurons withstand ischemic or traumatic insults. 

However, our results also suggest that prolonged or severe hypothermia can disrupt 

mitochondrial integrity and function. Observed decreases in mitochondrial membrane 

potential and altered activity of enzymes such as pyruvate dehydrogenase indicate that 

extended exposure to low temperatures may compromise oxidative phosphorylation. 

These findings align with earlier reports indicating that while moderate hypothermia is 

protective, excessive or uncontrolled cooling can lead to impaired cellular homeostasis 

and oxidative stress. The rise in reactive oxygen species (ROS) levels in our experiments 

supports this dual nature of hypothermia, where the balance between protective and 

damaging effects is temperature- and time-dependent. 

Electrophysiological analyses further revealed that hypothermia influences neuronal 

excitability and synaptic transmission. Reduced synaptic activity under cooling 

conditions can be interpreted as a mechanism of energy preservation, yet it also raises 

concerns regarding cognitive and functional recovery post-hypothermia. This aligns with 

clinical observations where therapeutic hypothermia improves survival after cardiac 

arrest but may sometimes delay full neurological recovery. Such discrepancies highlight 

the need for optimized cooling protocols that carefully regulate temperature, duration, 

and rewarming strategies. Importantly, translational comparisons with clinical studies 

indicate that controlled, mild-to-moderate hypothermia is most beneficial for preserving 

brain function after ischemic injury.  

Figure 1. 

 
The diagram illustrates the allocation of brain energy expenditure under hypothermic 

conditions, highlighting three major components: 

1. Synaptic Transmission (50%) 

o This portion represents the energy used for neurotransmitter release, receptor 

activation, and signal propagation across synapses. 
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o Under hypothermia, synaptic activity may decrease, leading to a reduction in 

energy consumption; however, maintaining synaptic transmission is crucial for 

preserving minimal neuronal communication and brain function. 

2. Action Potential Generation (20%) 

o This segment reflects the energy devoted to generating and propagating action 

potentials along axons. 

o During hypothermia, the conduction velocity of action potentials slows down, and 

the frequency of firing may decrease, lowering the energetic demand for action potentials 

compared to normothermic conditions. 

3. Resting State and Maintenance of Ionic Gradients (20%) 

o This fraction covers the energy spent on maintaining the resting membrane 

potential and ionic gradients, mainly via ATP-dependent pumps like Na⁺/K⁺-ATPase. 

o Even under reduced temperatures, sustaining ionic gradients is critical to prevent 

neuronal depolarization and excitotoxicity. Energy demand here remains relatively 

constant but may be slightly reduced due to slower ionic fluxes. 

Overall Interpretation: 

• The diagram emphasizes that synaptic transmission is the largest energy consumer 

in the brain, followed by action potential generation and resting state maintenance. 

• Hypothermic conditions generally reduce metabolic rate, but the relative 

distribution of energy remains similar, highlighting that synaptic activity is highly 

energy-dependent even at lower temperatures. 

• Understanding this energy allocation is crucial for medical interventions, such as 

therapeutic hypothermia, where preserving neuronal integrity while reducing metabolic 

demand is essential. 

Clinical evidence supports the application of hypothermia as a neuroprotective 

intervention, particularly in post-cardiac arrest management, neonatal hypoxic-ischemic 

encephalopathy, and certain neurosurgical procedures. Our findings reinforce these 

applications by providing mechanistic insights into how hypothermia modulates energy 

metabolism and mitochondrial dynamics. Nonetheless, limitations of the present study 

should be acknowledged. Rodent models, while informative, do not fully replicate human 

physiology, and differences in metabolic rates and thermoregulation must be considered 

when extrapolating findings. Moreover, future studies should integrate advanced imaging 

techniques such as magnetic resonance spectroscopy (MRS) to non-invasively monitor 

metabolic changes in real time. Additionally, examining the role of genetic and molecular 

regulators of hypothermia-induced bioenergetic shifts could further enhance our 

understanding of individual variability in response to cooling interventions. 

Conclusion. This study demonstrates that hypothermic conditions induce significant 

and multifaceted changes in brain bioenergetics, affecting neuronal metabolism, 

mitochondrial function, and synaptic activity. Controlled mild-to-moderate hypothermia 

effectively reduces cerebral metabolic rate, preserves ATP levels, stabilizes 

mitochondrial dynamics, and minimizes excitotoxicity, thereby providing robust 

neuroprotection. These findings support the clinical utility of therapeutic hypothermia in 
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conditions such as post-cardiac arrest, ischemic stroke, and neonatal hypoxic-

ischemic encephalopathy. 
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