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Abstract

:

Inefficient glucose metabolism and decreased ATP production in the brain are linked to ageing, cognitive decline, and neurodegenerative diseases (NDDs). This study employed thermodynamic analysis to assess the effect of fish oil supplementation on glucose metabolism in ageing brains. Data from previous studies on glucose metabolism in the aged human brain and grey mouse lemur brains were examined. The results demonstrated that Omega-3 fish oil supplementation in grey mouse lemurs increased entropy generation and decreased Gibbs free energy across all brain regions. Specifically, there was a 47.4% increase in entropy generation and a 47.4 decrease in Gibbs free energy in the whole brain, indicating improved metabolic efficiency. In the human model, looking at the specific brain regions, supplementation with Omega-3 polyunsaturated fatty acids (n-3 PUFAs) reduced the entropy generation difference between elderly and young individuals in the cerebellum and particular parts of the brain cortex, namely the anterior cingulate and occipital lobe, with 100%, 14.29%, and 20% reductions, respectively. The Gibbs free energy difference was reduced only in the anterior cingulate by 60.64%. This research underscores that the application of thermodynamics is a comparable and powerful tool in comprehending the dynamics and metabolic intricacies within the brain.
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1. Introduction


The human brain is an exceedingly complex and sophisticated organ characterized by a remarkable capacity for processing and integrating vast amounts of information. The human brain represents a mere 2% of our total body mass, yet it consumes about 20% of the whole body’s oxygen and 25% of its resting glucose. Glucose is the primary energy substrate utilized by the brain, with few exceptions. Interestingly, studies using arterio-venous catheterization during stress-induced fasting have shown that the brain switches from primarily utilizing glucose to more than 50–60% ketone bodies [1]. Neurons and astrocytes require a continual supply of glucose and oxygen to maintain proper functioning. Neurons, being the most significant energy consumers among brain cells, account for 70% to 80% of overall brain energy expenditure, with the remaining portion utilized by glial cells, including astrocytes, oligodendrocytes, and microglial cells [2]. Lactate oxidation increases during neural activity. When astrocytes reabsorb glutamate, it activates glucose utilization and lactate production and release to sustain neural energy needs as activation continues [3]. When glucose is processed in the brain through glycolysis, the TCA cycle, and oxidative phosphorylation, it is almost entirely converted to CO2 and water, producing between 30 and 36 ATPs per molecule of glucose depending on the efficiency of oxidative phosphorylation [4,5,6,7], as schematically represented in Figure 1. However, cerebral glucose metabolic rate decreases with age for the whole brain and the temporal, parietal, temporal, and occipital lobes [8,9,10,11]. Inefficiency in metabolizing glucose during ageing is associated with damage in glial cells and neurons, thereby influencing the pathways for glucose transport, glycolytic and Krebs cycle enzyme activities, and insulin signalling. However, attempts to associate ageing and metabolic variables with glucose metabolism have been inconclusive, leaving many uncertainties. In addition, the complex neuroenergetic processes in the brain require advanced techniques such as neuroimaging, allowing for quantitative and non-invasive assessments of brain energy metabolism and the quantification of metabolic rates.



Thermodynamic analysis has emerged as a powerful tool for the quantification of brain function and the brain’s information processing capacity. In thermodynamics, the brain is viewed as a complex system that interacts with its surroundings, allowing energy, entropy, and information to flow through its boundaries. Various thermodynamic variables, such as energy, temperature, and pressure, influence its cognitive functions. The brain is considered an isothermal and isobaric system, and its thermodynamic calculations are based on its chemical nourishment through the blood vessels. The brain consumes more energy and generates more entropy during states of awareness and thinking. In this field, the use of entropy is leading to noteworthy research in studies on the ageing brain and the quantification of the information processing of brain networks [12]. Entropy, as a tool used to quantify brain complexity, is crucial in the adaptation processes, and the loss of such complexity due to ageing increases one’s susceptibility to diseases and disorders. Brain regions with high metabolic activity in healthy individuals tend to generate more entropy [13]. A recent study by Yildiz and Özilgen (2022) [13] discussed the age dependency of cerebral metabolic (CMRGlc) Gibbs free energy utilization rates and related entropy generation rates, along with the damage associated with the ageing process. Indeed, entropy is produced as a result of metabolic activity in biological systems; most is removed, and only a small fraction accumulates. Entropy accumulation has been revealed to be a structural deterioration and is considered a sign of ageing [14,15,16,17]. Thus, the use of entropy generation has yielded auspicious results for substantially advancing the implementation of precision lifespan gerontological predictions [18].



The concept of entropy generation has been applied to comprehend the influence of diet composition on human ageing [19]. The first and second laws of thermodynamics have been proposed as a basis for predicting the impact of nutrition on the human lifespan [18]. There has been a substantial increase in evidence demonstrating a connection between the role of diet and nutrition and ageing, as well as age-related cognitive decline. As individuals progress in age, there is an increased vulnerability to cognitive decline and reduced cerebral glucose metabolism.



Ensuring sufficient dietary intake of omega-3 polyunsaturated fatty acids (n-3 PUFAs) is widely recognized to foster optimal cognitive function during the ageing process [20]. Research has revealed that incorporating marine n-3 PUFA into the diet can yield favourable results on behaviour, mood, and specific cognitive conditions [21,22,23]. As a considerable number of individuals lack EPA and DHA, the consumption of marine food and marine omega-3 PUFA supplements provides an affordable means to promote mental and emotional well-being; this has led to them being incorporated into daily regimens [24,25]. A lack of dietary n-3 PUFAs and decreased brain DHA content have been associated with severe changes in neurotransmission processes, which demand high levels of brain ATP [25]. Thus, impaired brain glucose utilization and an n-3 PUFA-deficient diet have been studied together in an attempt to identify alternatives that guarantee a healthy aged brain [20].



This study aimed to assess the ability of thermodynamic measures based on Gibbs free energy utilization rates and related entropy generation rates to describe the effect supplementation with fish oil and n-3 PUFAs has on glucose metabolism in the ageing brain. To do this, 18F-fluorodeoxyglucose (18F-FDG-PET) data available for an animal model of grey mouse lemurs fed marine oils for 12 months were analysed [26], and previously published 18F-FDG PET data corresponding to an interventional study in aged humans fed marine oils for 3 weeks were also analysed [27]. For both models, specific brain areas were studied. The functions of these areas are presented in Table A1 to illustrate why they were selected for both models.




2. Materials and Methods


2.1. Thermodynamic Assessment of Brain Glucose Metabolism


The brain is an open system where glucose and O2 are supplied through blood flow. In the brain of a healthy and dynamic individual, the inflow and outflow of blood are balanced [28]. Figure 2 illustrates a healthy brain as a thermodynamic system. With sufficient oxygen, glucose transforms carbon dioxide and metabolic water through oxidative phosphorylation. Conversely, under inadequate oxygen conditions, glycolysis converts glucose into lactic acid with glycolysis. The glucose oxidation reaction is presented in Equation (1).


C6H12O6(s) + 6O2(g) ⟶ 6H2O(g) + 6CO2(g)



(1)







Applying this equation to the brain assumes that glucose and oxygen enter the body at 25 °C, while carbon dioxide and metabolic water exit at 37 °C. The heat generation rate due to metabolism (Qm) was calculated using Equation (2):


    Q   m   =  ∑    n   p           h   f   − o   +   h   −   −   h   − o       p   −  ∑    n   r              h   f   − o   +   h   −   −   h   − o        r    



(2)




where     n   p     and     n   r     indicate the mole number of products and reactants, and     h   f   − o    ,     h   −    , and     h   − o     denote the formation of enthalpies at the standard conditions, respectively. The thermodynamic properties of the chemicals are presented in Table 1.



By using Equation (3), the metabolic work performance of the brain was calculated.


    ŋ   A T P   =     W   A T P       Q   m     =   T o t a l   w o r k   o b t a i n e d   f r o m   A T p   m o l e c u l e s   T o t a l   h e a t   p r o d u c t i o n      



(3)







In Equation (3),     ŋ   A T P     signifies the brain’s metabolic efficiency, which is described as the ratio of total work from ATP molecules to heat production, and     W   A T P     represents the work performance from heat energy.     W   A T P     is determined by considering     ŋ   A T P     to equal 34.6% for glucose [17]. The heat is unconverted into work, and energy dissipates from the body, leading to entropy generation. The heat transferred by glucose metabolism in the brain is described by Equation (4).


    Q   e n t r o p y   =   Q   m   −   W   A T P   =   1 − η       Q   m    



(4)







The second law of thermodynamics was applied to the brain using Equation (5):


    S   g e n   =   ∑  i = 1   n        n   s  ¯      i , p   −   ∑  i = 1   m        n   s  ¯      i , r     +   −   Q   e n t r o p y       T   e n v          



(5)




where   n   and     s  ¯    indicate mole number and absolute entropy per unit mole of i component, respectively.



The Gibbs free energy equation is a fundamental concept in thermodynamics that combines enthalpy and entropy changes. Its application is essential for understanding the spontaneity of chemical reactions and predicting their feasibility in different conditions [30]. The brain always aims to minimize the free energy change reflected in behavioural responses [31]. According to the hypothesis of Rietman et al. (2020) [32], Gibbs free energy increases, while seen in both early brain development and advanced age, are driven by different types of processes. In this study, the free energy of the brain was thermodynamically calculated based on Equation (6).


  ∆   G   s y s   = ∆   H   s y s   − ∆ T   S   s y s    



(6)







Here, Gsys denotes Gibbs free energy, Hsys is the enthalpy, T is the absolute temperature, and Ssys represents the entropy.




2.2. Grey Mouse Lemur Model


Pifferi et al. (2015) [26] aimed to observe the effect of dietary supplementation with n-3 PUFAs at an early age to prevent the impairment of brain glucose metabolism and glucose transport during ageing. Using the grey mouse lemur (Microcebus murinus) as an adult primate model, they performed a 12-month dietary intervention with two groups: a control group and the n-3 PUFA intervention group. The n-3 PUFA group received fish oil rich in EPA and DHA, while the control group was fed the same diet with an equivalent amount of olive oil. The daily intake of n-3 PUFA was approximately 6 mg EPA and 30 mg DHA per animal. The effect of n-3 PUFA supplementation on the cerebral metabolic rate of glucose (CMRGlc) was measured by positron emission tomography with 18F-fluorodeoxyglucose (18F-FDG-PET) in different brain regions. Details of the diets and the experimental methodologies are described in the original paper by Pifferi et al. (2015) [26]. The average data (mean) belonging to the control and intervention groups are presented in Table 2.



The % difference between the control and intervention groups was determined for each brain area, providing insights into the impact of long-term n-3 PUFA supplementation. The % difference was calculated using Equation (7).


  % D i f f e r e n c e =   ( I n t e r v e n t i o n   v a l u e − C o n t r o l   v a l u e )   C o n t r o l   v a l u e   × 100  



(7)







This formula allowed for the quantification of the relative change between the control and intervention groups in terms of entropy generation (    S   g e n   )   and Gibbs free energy (    G   s y s    ).




2.3. Human Model


A study by Nugent et al. (2011) [27] investigated the effects of fish oil supplements (680 mg of DHA and 323 mg EPA/day) on brain glucose metabolism in healthy elderly individuals. Using 18F-FDG-PET, CMRGlc for the entire brain and various brain regions was measured in young (average 23 years) and healthy elderly (average 76 years) individuals who received n-3 PUFA supplementation for three weeks. The thermodynamic analysis used the collected data to assess the impact of fish oil supplementation on glucose metabolism and brain function, as detailed in Table 3.



The difference between young and elderly participants before and after fish oil supplementation was calculated in terms of entropy generation (    S   g e n   )   and Gibbs free energy (    G   s y s    ) using Equation (8). The percentage of reduction between the difference between the young and elderly participants was determined using Equation (9).


  % D i f f e r e n c e =   ( A f t e r   t h e   i n t e r v e n t i o n   v a l u e − b e f o r e   t h e   i n t e r v e n t i o n   v a l u e )   B e f o r e   t h e   i n t e r v e n t i o n   v a l u e   × 100  



(8)






  % R e d u c t i o n =   D i f f e r e n c e   b e f o r e   t h e   i n t e r v e n t i o n − D i f f e r e n c e   A f t e r   t h e   i n t e r v e n t i o n   D i f f e r e n c e   B e f o r e   t h e   i n t e r v e n t i o n   × 100  



(9)








2.4. Statistical Analysis of Data


The present study employed a thermodynamic analysis based on mean data extracted from published studies, and the analysis was carried out using the GetData Graph Digitizer. Due to the nature of the available data, a continuous data set for each participant was not directly accessible. Consequently, calculations of the entropy generation rate and Gibbs free energy were conducted utilizing mean values. While this approach precludes the possibility of performing statistical analyses at the individual level, it allows for comprehensive thermodynamic evaluation at the aggregate level. The mean data, derived from the synthesis of multiple studies, provided a basis for investigating thermodynamic trends across various brain areas. Additionally, this approach facilitates the identification of general patterns and tendencies in thermodynamic parameters, contributing to a broader understanding of the energetics within the studied contexts. It is important to note that the results presented herein reflect aggregated mean data, and any interpretations should consider the limitations associated with this approach.





3. Results


Variations in entropy generation and Gibbs free energy were calculated by using previously published data of the cerebral metabolic rate of glucose (CMRGlc) in the whole brain and its regions as a function of n-3 PUFA supplementation (see Table 2 and Table 3). The results are presented in Table 4 and Table 5.



3.1. Case Study 1: Grey Mouse Lemur Model


In the control group, the entropy generation rate     ( S   g e n    ) varied among brain regions. The whole brain exhibited an entropy generation rate of 3.84 × 105 kJ/100 g/K kg glucose per year. At the same time, specific regions such as the hippocampus, thalamus, and occipital lobe showed distinct values. Notably, the occipital lobe displayed the highest entropy generation rate among the studied areas (2.65 × 105 kJ/100 g/K kg glucose per year). Upon intervention with n-3 PUFAs, there was a noteworthy increase in entropy generation rates across all brain regions. The hippocampus experienced the most substantial increment, with an entropy generation rate of 5.30 × 105 kJ/100 g/K kg per year, marking a 68.2% difference from the control group. Conversely, the cerebellum showed the slightest difference, with 24.1%.



The Gibbs free energy values were consistently negative, indicating changes in enthalpy and entropy that favoured a spontaneous process, as shown in Table 4 [30]. The evaluation of Gibbs free energy (    G   s y s   )   also demonstrated substantial alterations in the energy landscape of brain glucose metabolism (Table 2). In the control group, the whole brain exhibited a Gibbs free energy value of −6.47 × 104 kJ/100 g/K kg glucose per year. Similar to entropy generation, specific brain regions showcased distinct values, with the occipital lobe having the lowest Gibbs free energy (−4.47 × 104 kJ/100 g/K kg glucose per year). Following n-3 PUFA supplementation, there was an increase in Gibbs free energy across all brain regions. The hippocampus exhibited the most significant change, with a Gibbs free energy value of −8.93 × 104 kJ/100 g/K kg per year, representing a 68.5% difference from the control group. The cerebellum exhibited the lowest difference, with 24.0% in comparison to the control group.



The differences in entropy generation and Gibbs free energy between the control and intervention groups underscore the impact of 12-month n-3 PUFA supplementation on the thermodynamic properties of brain glucose metabolism.




3.2. Case Study 2: Human Ageing Model


Table 5 presents the outcomes of entropy generation and Gibbs free energy for brain glucose metabolism for the human cohort detailed by Nugent et al. (2011) [27]. The findings reveal distinct patterns between age groups and the impact of 3-week fish oil supplementation.



The effect of short-term supplementation with n-3 PUFA for 3 weeks was not enough to provoke significant global thermodynamic changes. However, the thermodynamic assessment of brain glucose metabolism showed noteworthy differences in entropy generation between the young and elderly participants, as presented in Table 5. In the young group, the entropy generation rates varied across different brain regions. The whole brain exhibited an entropy generation rate of 1.41 × 104 kJ/100 g/K kg glucose per 3w before the intervention, while the anterior cingulate demonstrated distinct values. After 3 weeks of n-3 PUFA supplementation, the whole brain entropy generation rate was 1.40 × 104 kJ/100 g/K kg glucose per 3w, while the anterior cingulate entropy generation rate decreased by 10.42%. For the elderly group, there was a decrease in entropy generation rates across all brain regions except for the occipital lobe. The whole brain entropy generation rate decreased by 2.14%, while the anterior cingulate generated 16.52% more entropy after n-3 PUFA supplementation. When we compared the entropy generation rate for young and elderly participants for the specific brain regions, we found that supplementation with n-3 PUFA reduced the entropy generation difference between elderly and young individuals in the cerebellum (100% reduction) and specific parts of the brain cortex, namely the anterior cingulate (14.29% reduction), and occipital lobe (20% reduction).



The evaluation of Gibbs free energy also revealed significant alterations in the energy landscape of brain glucose metabolism (see Table 5). In the young group, the whole brain exhibited a Gibbs free energy value of −2.29 × 105 kJ/100 g/K kg glucose per 3w before the intervention and a value of −2.28 × 105 kJ/100 g/K kg per 3w after n-3 PUFA supplementation. Specifically, the anterior cingulate, posterior cingulate, and frontal lobe brain regions displayed distinct Gibbs free energy value increases of 10.26%, 3.38%, and 4.44% following the intervention. The highest difference (10.42% decrease) was observed in the anterior cingulate, and the lowest difference was 0.44% (increase), observed in the whole brain after 3w n-3 PUFA supplementation. Following n-3 PUFA supplementation, there was an increase in Gibbs free energy across all brain regions except the anterior cingulate in the elderly adults. The anterior cingulate showed the most significant change, with a Gibbs free energy value of −2.17 × 105 kJ/100 g/K kg glucose per 3w, representing a 16.04% difference from before the intervention. Moreover, with n-3 PUFA supplementation, Gibbs the free energy results showed a reduction in the differences between elderly and young individuals only for the anterior cingulate (60.64%).





4. Discussion


A growing body of evidence indicates that assessing thermodynamic properties can determine living organisms’ disorder levels and lifespan [29,33,34]. The changes in thermodynamic properties with age draw attention to the need to establish effective strategies to support brain energy supply during ageing. The brain is a highly complex and metabolically active organ. A decrease in metabolism may cause a reduction in the entropy generation rate and an increase in Gibbs free energy. The results found in the human cohort of this study demonstrated that the rates of entropy generation in the brain and its regions decline as individuals age. This agrees with data recently reported in a cohort of 20- to 82-year-old cognitively normal adults, which illustrated that the ageing process is associated with a decrease in entropy generation rates in the whole brain and its regions [13]. Glucose is a vital fuel for brain energy metabolism, and measuring the thermodynamics of regional CMRGlc enables us to obtain information about regional brain activity. It has clinical importance in assessing the normal function of the brain areas and pathological alterations [35]. An imbalance in oxidative and energy metabolism may cause glucose hypometabolism. This is associated with several diseases, such as Alzheimer’s disease (AD), a major depressive disorder; Huntington’s disease; and epilepsy-related diseases [36,37]. In healthy ageing, decreases in brain functionality related to energy metabolism-related pathways are observed. Based on epidemiological, experimental, and clinical research, the preclinical stages of neural disorders such as AD and Parkinson’s disease are considered to impair neural bioenergetics in normal ageing [1].



In this field, the diet dependence of the entropy generation and accumulation rates of a living system is emerging as a promising tool for developing personalized nutrition strategies [29,35,38]. The grey mouse lemur model results showed that long-term n-3 PUFA supplementation increased the entropy generation rate and decreased Gibbs free energy in the whole brain and specific brain regions. Such an increase in entropy, along with the decrease in Gibbs free energy, indicates a glucose metabolism process that is favourable in terms of bioenergetics, capable of releasing energy, and a facilitator of reactions that occur spontaneously [39,40]. These changes in thermodynamic properties helped establish the role of n-3 PUFA in regulating brain glucose metabolism, as described by Pifferi et al. (2015) [26]. The incorporation of marine oil (daily intake of about 6 mg EPA and 30 mg DHA) into participants’ diet affected the entropy and Gibbs free energy of glucose metabolism after long-term supplementation in healthy young animals, likely before the impairment in glucose metabolism associated with age. The effects of n-3 PUFA intake as a function of age have been demonstrated in neurotransmission processes, which demand high levels of brain ATP [25]. Data from the lemur model indicated that supplementation with n-3 PUFA resulted in greater effects on entropy generation rates and Gibbs energy in the hippocampus and occipital lobe than in the other brain regions. Both the hippocampus and occipital lobe are involved in memory formation (further details on the functions of the hippocampus and occipital lobe are defined in Appendix A, Table A1). A pronounced age-derived effect on the functional connectivity networks within brain occipital areas was previously described in healthy young and elderly subjects during episodic and working memory demand [41]. The young subjects showed highly symmetrical neural networks, accompanied by a strong coupling between parietal and occipital regions. In contrast, a substantial left-hemispheric asymmetry with decreased connectivity within occipital areas was described for the healthy seniors. Indeed, the hippocampus is the primary target and most severely affected region in several neuropsychiatric disorders, such as Alzheimer’s disease (AD), epilepsy, etc. [42]. On the other hand, the cerebellum is only partially targeted, resulting in minor effects caused by n-3 PUFA supplementation. Several studies on post-mortem tissues suggest that the cerebellum is resistant to ageing when comparing the whole brain and other brain regions. This may result in the cerebellar leukocyte telomere length not changing with age, and mitochondrial DNA deletions and oxidative damage are rarer in the cerebellum. Moreover, the weakest alterations in glucose metabolism occur within the cerebellum [43]. The difference between the control and intervention groups in terms of entropy generation and Gibbs free energy indicates that n-3 PUFA supplementation improved glucose metabolism efficiency, potentially promoting cellular functions and overall brain health.



Supplementation with n-3 PUFA did not affect entropy generation rates and Gibbs free energy associated with brain glucose metabolism in the human cohort. Short-term supplementation with n-3 PUFA for 3 weeks did not address significant global thermodynamic changes. Still, it seemed to prevent, to some extent, the hypometabolism in the cerebellum and specific parts of the brain cortex, namely the anterior cingulate and the occipital lobe. These brain cortex regions are related to motor control, as is the cerebellum, as well as certain rational cognitive functions, such as partial processing, the recognition and appreciation of what is being seen, the perception of distance and depth, and the initiation of reflex actions, which play key parts in language- and emotion-related learning. However, n-3 supplementation reduced the difference between the young and elderly subjects in terms of Gibbs free energy and entropy generation. This means that n-3 supplementation helped improve glucose metabolism efficiency in these areas. Since not all brain regions were affected, in this case, the elderly subjects may have had a healthy brain status and not yet experienced a decline in brain function. Nugent et al. (2011) [27] have already described that the absence of an apparent effect of n-3 PUFA supplementation on glucose metabolism in the brain could be attributed to the short n-3 PUFA dietary supplementation period. It is important to note that this human study had limitations, including a small number of subjects and the fact that the study’s calculations were based on global data on glucose metabolism. Moreover, we did not have any information related to brain oxygen consumption (CMRO2), aerobic glycolysis (AG), and cerebral blood flow (CBF). Therefore, we assumed that glucose metabolism was dependent solely on oxidative phosphorylation.



The daily amount of EPA and DHA consumed in the human model study was 323 mg EPA and 680 DHA. When we compared the human model with the grey mouse lemur model, the daily intake of EPA and DHA stayed under the amounts consumed by the intervention group in the grey mouse lemur model. Moreover, daily DHA+EPA consumption by young and elderly groups was also below the upper recommendation of 2000 mg/d EPA+DHA intake [44]. The brain structure of the grey mouse lemur is similar to that of the human brain. Therefore, the grey mouse lemur, one of the most convenient organisms for brain research, has been proposed as a model organism to understand the mechanisms underlying age-associated neurodegenerative diseases [31,45]. Studies suggest that it enables the valuable translation of results to human clinical research [46]. Therefore, we used the grey mouse lemur CMRGlc data from Pifferi et al. (2015) [26]. They adjusted the intake of EPA (20:5 n-3) and DHA (22:6 n-3), which constituted approximately 0.06% and 0.3% of the total energy intake, respectively. These amounts correspond to 502 mg EPA and 2510 mg DHA when considering an average healthy adult’s daily intake of 8368 kJ. This amount is higher than the upper limit recommended for EPA+DHA intake, which is 2000 mg per day [44].



The present grey mouse lemur model data indicate that longer-term n-3 PUFA supplementation corresponds to 3012 mg/d of EPA+DHA for an adult human, resulting in increased entropy generation and decreased Gibbs energy, which is associated with increased brain glucose uptake and metabolism. The main novelty of this paper is the observation that the entropy generation rate and Gibbs energy rate, both associated with brain glucose metabolism, are affected during long-term dietary n-3 PUFA supplementation, independently of the brain regions we considered. As previously noted, FDG-PET imaging is a valuable technique for evaluating the brain’s overall health status via kinetic imaging analysis to determine CMRGlc. However, studies using this technique are remarkably lacking due to the hazardous effects of radiation on humans. We suggest that specific groups requiring FDG-PET imaging should be used in future studies to evaluate the impact of marine products or n-3 PUFA supplements on the brain, and for comparisons, the data from the literature may be helpful. On the other hand, it is crucial to adjust the daily amount of the supplement being consumed and its consumption period. The grey mouse lemur model indicates that long-term (12 months) fish oil supplementation may improve brain function by increasing CMRGlc. The human model suggests that short-term fish oil supplementation does not significantly affect brain glucose metabolism. Based on these observations, we suggest that studies investigating the effects of marine products or n-3 PUFA supplements on brain activity following a long-term supplementation period should be designed. Another critical point is to know about participants’ diets before the study. With this knowledge, it is possible to assess the inevitable effects of marine products on the brain.



This study presents the advantage of using thermodynamic properties to understand how marine products or n-3 PUFA supplements influence the human brain. All contemporary biological ageing theories share a common foundation rooted in alterations in molecular structure and consequent functional changes due to entropy-related processes [12]. Adopting a thermodynamic perspective elucidates the advantages of maintaining good health.



Limitations of the Study


While our study provides valuable insights into the thermodynamic assessment of the impacts of n-3 PUFA supplementation on ageing brain functions, it is important to admit that this study had certain limitations that may affect the explication of our findings. One of these significant limitations was the lack of a data set to assess data in terms of thermodynamics. The present study employed a thermodynamic analysis based on mean CMRGlc data obtained from published studies. Due to the nature of the available data, a continuous data set for each participant was not directly accessible. This limitation meant that our results relied on aggregated data rather than individual-level data, which may have restricted the depth of our analysis and statistical validation. Consequently, calculations of entropy generation and Gibbs free energy were conducted utilizing mean values. Although this approach enables comprehensive thermodynamic assessment at the aggregate level, there is an absence of individual-level statistical analyses, which limited our capability to evaluate variability and make precise inferences about individual differences.



To address these limitations and improve the transparency and reproducibility of research results, supporting data-sharing practices within the scientific community is necessary. Encouraging researchers to share raw data sets at an individual level, along with detailed methodological information, could help independent researchers to conduct secondary analysis and validate their findings. Furthermore, the establishment of standardized protocols for data storage and sharing, along with incentives and recognition for data-sharing efforts, could foster a culture of openness and collaboration in scientific research. By strengthening data-sharing practices, future research can overcome the limitations associated with aggregated data and contribute to a more comprehensive understanding of brain energetics and its influences on health and disease.





5. Conclusions


In conclusion, our study emphasizes the pivotal role of thermodynamics, specifically Gibbs free energy and entropy generation, in unravelling the intricate dynamics of brain ageing and health. Evaluating the thermodynamic properties of glucose metabolism offers a unique perspective on age-related modifications, providing valuable insights into living organisms’ disorder levels and lifespans.



The impact of fish oil supplementation and n-3 polyunsaturated fatty acids (PUFAs) on brain health is evident. Long-term n-3 PUFA supplementation induces favourable thermodynamic changes in the brain as a whole and in critical regions like the hippocampus and occipital lobe, which are crucial for memory formation. The entropy generation rate difference between the control and invention groups was highest in the hippocampus, with a difference of 68.2%. At the same time, notably, the cerebellum, which is resistant to ageing, remained relatively unaffected, showing the slightest difference in the cerebellum (24.1%). Short-term n-3 PUFA supplementation exhibits resilience against hypometabolism in select brain regions. The difference in entropy generation rate between young and elderly individuals after n-3 PUFA supplementation decreased in the cerebellum (100% reduction), anterior cingulate (14.29% reduction), and occipital lobe (20% reduction). Our results highlight nuanced effects on motor control and particular cognitive functions, including emotion-related learning, social cognition, spatial processing, and recognizing and appreciating what is being seen.



Recognizing the significance of thermodynamics in nutritional interventions provides a pathway for personalized strategies to maintain optimal brain health, particularly in ageing and neurodegenerative disorders. This study advances our understanding of ageing brain metabolic changes. It underscores the need for comprehensive studies to grasp the full impact of dietary interventions on brain activity in neuroscience.
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Table A1. Related brain areas and their functions.






Table A1. Related brain areas and their functions.





	Brain Areas
	Functions





	Cerebellum
	Coordinating voluntary movement, motor control, motor learning, reflex adaptation, balance, and the processing of executive, emotional, and social functions [47,48,49].



	Hippocampus
	Learning and processing memory (affecting memory formation, information retention, behavioural responses, spatial navigation), as well as mood regulation [49].



	Anterior cingulate
	Emotion assessment, emotion-related learning, social cognition, and autonomic regulation [50].



	Posterior cingulate
	Demanding cognitive tasks, controlling attentional focus, and shifting the balance of attention [51].



	Thalamus
	Integrating sensory information (except smell) and the performance of voluntary movement. Also plays a role in the pathway of subjective feeling states, the individual’s personality, consciousness, alertness in an individual, cognition, and memory [49].



	Caudate nucleus
	Learning, memory tasks, processing spatial mnemonics, controlling muscular movements, assisting in the regulation of voluntary movement, executive functioning, regulation of sleep, and emotional responses [49].



	Frontal lobe
	Processing information, controlling voluntary muscle movements and the execution of movements, speech, the makeup of an individual’s personality, the regulation of deep feelings, and determining initiative and judgment [49].



	Occipital lobe
	Spatial processing, recognizing and appreciating what is being seen, perception of distance and depth, colour processing, reflex actions. Also associated with eye movement and controlling voluntary scanning eye movement independent of visual stimuli [49].



	Temporal lobe
	Processing auditory information, understanding written and spoken language, processing visual and object recognition, encoding memory, and processing emotions [49].










References


	



Camandola, S.; Mattson, M.P. Brain Metabolism in Health, Aging, and Neurodegeneration. EMBO J. 2017, 36, 1474–1492. [Google Scholar] [CrossRef]

	



Bouteldja, N.; Andersen, L.T.; Møller, N.; Gormsen, L.C. Using Positron Emission Tomography to Study Human Ketone Body Metabolism: A Review. Metabolism 2014, 63, 1375–1384. [Google Scholar] [CrossRef]

	



Zoccoli, G.; Silvani, A.; Franzini, C. Sleep and the Peripheral Vascular System. In Encyclopedia of Sleep; Elsevier: Amsterdam, The Netherlands, 2013; pp. 563–567. [Google Scholar]

	



Genc, S.; Kurnaz, I.A.; Ozilgen, M. Astrocyte—Neuron Lactate Shuttle May Boost More ATP Supply to the Neuron under Hypoxic Conditions—In Silico Study Supported by in Vitro Expression Data. BMC Syst. Biol. 2011, 5, 162. [Google Scholar] [CrossRef]

	



Mergenthaler, P.; Lindauer, U.; Dienel, G.A.; Meisel, A. Sugar for the Brain: The Role of Glucose in Physiological and Pathological Brain Function. Trends Neurosci. 2013, 36, 587–597. [Google Scholar] [CrossRef] [PubMed]

	



Magistretti, P.J.; Allaman, I. A Cellular Perspective on Brain Energy Metabolism and Functional Imaging. Neuron 2015, 86, 883–901. [Google Scholar] [CrossRef] [PubMed]

	



Stoessl, A.J. Glucose Utilization: Still in the Synapse. Nat. Neurosci. 2017, 20, 382–384. [Google Scholar] [CrossRef] [PubMed]

	



Goyal, M.S.; Hawrylycz, M.; Miller, J.A.; Snyder, A.Z.; Raichle, M.E. Aerobic Glycolysis in the Human Brain Is Associated with Development and Neotenous Gene Expression. Cell Metab. 2014, 19, 49–57. [Google Scholar] [CrossRef] [PubMed]

	



Goyal, M.S.; Vlassenko, A.G.; Blazey, T.M.; Su, Y.; Couture, L.E.; Durbin, T.J.; Bateman, R.J.; Benzinger, T.L.S.; Morris, J.C.; Raichle, M.E. Loss of Brain Aerobic Glycolysis in Normal Human Aging. Cell Metab. 2017, 26, 353–360.e3. [Google Scholar] [CrossRef] [PubMed]

	



Goyal, M.S.; Blazey, T.M.; Su, Y.; Couture, L.E.; Durbin, T.J.; Bateman, R.J.; Benzinger, T.L.S.; Morris, J.C.; Raichle, M.E.; Vlassenko, A.G. Persistent Metabolic Youth in the Aging Female Brain. Proc. Natl. Acad. Sci. USA 2019, 116, 3251–3255. [Google Scholar] [CrossRef] [PubMed]

	



Deery, H.A.; Di Paolo, R.; Moran, C.; Egan, G.F.; Jamadar, S.D. Lower Brain Glucose Metabolism in Normal Ageing Is Predominantly Frontal and Temporal: A Systematic Review and Pooled Effect Size and Activation Likelihood Estimates Meta-analyses. Hum. Brain Mapp. 2023, 44, 1251–1277. [Google Scholar] [CrossRef] [PubMed]

	



Keshmiri, S. Entropy and the Brain: An Overview. Entropy 2020, 22, 917. [Google Scholar] [CrossRef]

	



Yildiz, C.; Özilgen, M. Why Brain Functions May Deteriorate with Aging: A Thermodynamic Evaluation. Int. J. Exergy 2022, 37, 87–101. [Google Scholar] [CrossRef]

	



Hayflick, L. Entropy Explains Aging, Genetic Determinism Explains Longevity, and Undefined Terminology Explains Misunderstanding Both. PLoS Genet. 2007, 3, e220. [Google Scholar] [CrossRef]

	



Silva, C.; Annamalai, K. Entropy Generation and Human Aging: Lifespan Entropy and Effect of Physical Activity Level. Entropy 2008, 10, 100–123. [Google Scholar] [CrossRef]

	



Annamalai, K.; Silva, C. Entropy Stress and Scaling of Vital Organs over Life Span Based on Allometric Laws. Entropy 2012, 14, 2550–2577. [Google Scholar] [CrossRef]

	



Silva, C.A.; Annamalai, K. Entropy Generation and Human Aging: Lifespan Entropy and Effect of Diet Composition and Caloric Restriction Diets. J. Thermodyn. 2009, 2009, 186723. [Google Scholar] [CrossRef]

	



Semerciöz-Oduncuoğlu, A.S.; Mitchell, S.E.; Özilgen, M.; Yilmaz, B.; Speakman, J.R. A Step toward Precision Gerontology: Lifespan Effects of Calorie and Protein Restriction Are Consistent with Predicted Impacts on Entropy Generation. Proc. Natl. Acad. Sci. USA 2023, 120, e2300624120. [Google Scholar] [CrossRef] [PubMed]

	



Öngel, M.E.; Yıldız, C.; Akpınaroğlu, C.; Yilmaz, B.; Özilgen, M. Why Women May Live Longer than Men Do? A Telomere-Length Regulated and Diet-Based Entropic Assessment. Clin. Nutr. 2021, 40, e2300624120. [Google Scholar] [CrossRef]

	



Pifferi, F.; Cunnane, S.C.; Guesnet, P. Evidence of the Role of Omega-3 Polyunsaturated Fatty Acids in Brain Glucose Metabolism. Nutrients 2020, 12, 1382. [Google Scholar] [CrossRef]

	



Elizabeth Sublette, M.; Milak, M.S.; Hibbeln, J.R.; Freed, P.J.; Oquendo, M.A.; Malone, K.M.; Parsey, R.V.; John Mann, J. Plasma Polyunsaturated Fatty Acids and Regional Cerebral Glucose Metabolism in Major Depression. Prostaglandins Leukot. Essent. Fat. Acids 2009, 80, 57–64. [Google Scholar] [CrossRef]

	



Jackson, P.A.; Reay, J.L.; Scholey, A.B.; Kennedy, D.O. DHA-Rich Oil Modulates the Cerebral Haemodynamic Response to Cognitive Tasks in Healthy Young Adults: A near IR Spectroscopy Pilot Study. Br. J. Nutr. 2012, 107, 1093–1098. [Google Scholar] [CrossRef]

	



Casquero-Veiga, M.; Romero-Miguel, D.; MacDowell, K.S.; Torres-Sanchez, S.; Garcia-Partida, J.A.; Lamanna-Rama, N.; Gómez-Rangel, V.; Romero-Miranda, A.; Berrocoso, E.; Leza, J.C.; et al. Omega-3 Fatty Acids during Adolescence Prevent Schizophrenia-Related Behavioural Deficits: Neurophysiological Evidences from the Prenatal Viral Infection with PolyI:C. Eur. Neuropsychopharmacol. 2021, 46, 14–27. [Google Scholar] [CrossRef]

	



DiNicolantonio, J.J.; O’Keefe, J.H. The Importance of Marine Omega-3s for Brain Development and the Prevention and Treatment of Behavior, Mood, and Other Brain Disorders. Nutrients 2020, 12, 2333. [Google Scholar] [CrossRef]

	



Chalon, S. Omega-3 Fatty Acids and Monoamine Neurotransmission. Prostaglandins Leukot. Essent. Fat. Acids 2006, 75, 259–269. [Google Scholar] [CrossRef]

	



Pifferi, F.; Dorieux, O.; Castellano, C.-A.; Croteau, E.; Masson, M.; Guillermier, M.; Van Camp, N.; Guesnet, P.; Alessandri, J.-M.; Cunnane, S.; et al. Long-Chain n-3 PUFAs from Fish Oil Enhance Resting State Brain Glucose Utilization and Reduce Anxiety in an Adult Nonhuman Primate, the Grey Mouse Lemur. J. Lipid Res. 2015, 56, 1511–1518. [Google Scholar] [CrossRef]

	



Nugent, S.; Croteau, E.; Pifferi, F.; Fortier, M.; Tremblay, S.; Turcotte, E.; Cunnane, S.C. Brain and Systemic Glucose Metabolism in the Healthy Elderly Following Fish Oil Supplementation. Prostaglandins Leukot. Essent. Fat. Acids 2011, 85, 287–291. [Google Scholar] [CrossRef]

	



Voss, H.; Schiff, N. Searching for Conservation Laws in Brain Dynamics—BOLD Flux and Source Imaging. Entropy 2014, 16, 3689–3709. [Google Scholar] [CrossRef]

	



Kuddusi, L. Thermodynamics and Life Span Estimation. Energy 2015, 80, 227–238. [Google Scholar] [CrossRef]

	



Reichle, D.E. Energy Processing by Animals. In The Global Carbon Cycle and Climate Change; Elsevier: Amsterdam, The Netherlands, 2023; pp. 77–105. [Google Scholar]

	



Collell, G.; Fauquet, J. Brain Activity and Cognition: A Connection from Thermodynamics and Information Theory. Front. Psychol. 2015, 6, 818. [Google Scholar] [CrossRef] [PubMed]

	



Rietman, E.A.; Taylor, S.; Siegelmann, H.T.; Deriu, M.A.; Cavaglia, M.; Tuszynski, J.A. Using the Gibbs Function as a Measure of Human Brain Development Trends from Fetal Stage to Advanced Age. Int. J. Mol. Sci. 2020, 21, 1116. [Google Scholar] [CrossRef] [PubMed]

	



Öngel, M.E.; Yildiz, C.; Yilmaz, B.; Özilgen, M. Nutrition and Disease-Related Entropy Generation in Cancer. Int. J. Exergy 2021, 34, 114091. [Google Scholar] [CrossRef]

	



Öngel, M.E.; Yildiz, C.; Başer, Ö.; Yilmaz, B.; Özilgen, M. Thermodynamic Assessment of the Effects of Intermittent Fasting and Fatty Liver Disease Diets on Longevity. Entropy 2023, 25, 227. [Google Scholar] [CrossRef] [PubMed]

	



Semerciöz, A.S.; Yılmaz, B.; Özilgen, M. Thermodynamic Assessment of Allocation of Energy and Exergy of the Nutrients for the Life Processes during Pregnancy. Br. J. Nutr. 2020, 124, 742–753. [Google Scholar] [CrossRef] [PubMed]

	



Blázquez, E.; Hurtado-Carneiro, V.; LeBaut-Ayuso, Y.; Velázquez, E.; García-García, L.; Gómez-Oliver, F.; Ruiz-Albusac, J.M.; Ávila, J.; Pozo, M.Á. Significance of Brain Glucose Hypometabolism, Altered Insulin Signal Transduction, and Insulin Resistance in Several Neurological Diseases. Front. Endocrinol. 2022, 13, 873301. [Google Scholar] [CrossRef] [PubMed]

	



Hammond, T.C.; Lin, A.-L. Glucose Metabolism Is a Better Marker for Predicting Clinical Alzheimer’s Disease than Amyloid or Tau. J. Cell Immunol. 2022, 4, 15–18. [Google Scholar] [PubMed]

	



Yildiz, C.; Öngel, M.E.; Yilmaz, B.; Özilgen, M. Diet-Dependent Entropic Assessment of Athletes’ Lifespan. J. Nutr. Sci. 2021, 10, 78. [Google Scholar] [CrossRef] [PubMed]

	



Hershey, D.; Lee, W.E. Entropy, Aging and Death. Syst. Res. 1987, 4, 269–281. [Google Scholar] [CrossRef]

	



Haynie, D.T. Biological Thermodynamics, 2nd ed.; Canbrige University Press: New York, NY, USA, 2008; ISBN 9780521884464. [Google Scholar]

	



Matthäus, F.; Schmidt, J.-P.; Banerjee, A.; Schulze, T.G.; Demirakca, T.; Diener, C. Effects of Age on the Structure of Functional Connectivity Networks During Episodic and Working Memory Demand. Brain Connect. 2012, 2, 113–124. [Google Scholar] [CrossRef] [PubMed]

	



Dhikav, V.; Anand, K. Hippocampal Atrophy May Be a Predictor of Seizures in Alzheimer’s Disease. Med. Hypotheses 2007, 69, 234–235. [Google Scholar] [CrossRef]

	



Liang, K.J.; Carlson, E.S. Resistance, Vulnerability and Resilience: A Review of the Cognitive Cerebellum in Aging and Neurodegenerative Diseases. Neurobiol. Learn. Mem. 2020, 170, 106981. [Google Scholar] [CrossRef]

	



Bemrah, N.; Sirot, V.; Leblanc, J.C.; Volatier, J.L. Fish and Seafood Consumption and Omega 3 Intake in French Coastal Populations: CALIPSO Survey. Public Health Nutr. 2009, 12, 599–608. [Google Scholar] [CrossRef]

	



Languille, S.; Blanc, S.; Blin, O.; Canale, C.I.; Dal-Pan, A.; Devau, G.; Dhenain, M.; Dorieux, O.; Epelbaum, J.; Gomez, D.; et al. The Grey Mouse Lemur: A Non-Human Primate Model for Ageing Studies. Ageing Res. Rev. 2012, 11, 150–162. [Google Scholar] [CrossRef]

	



Fritz, R.G.; Zimmermann, E.; Meier, M.; Mestre-Francés, N.; Radespiel, U.; Schmidtke, D. Neurobiological Substrates of Animal Personality and Cognition in a Nonhuman Primate (Microcebus murinus). Brain Behav. 2020, 10, e01752. [Google Scholar] [CrossRef]

	



Beuriat, P.-A.; Cristofori, I.; Gordon, B.; Grafman, J. The Shifting Role of the Cerebellum in Executive, Emotional and Social Processing across the Lifespan. Behav. Brain Funct. 2022, 18, 6. [Google Scholar] [CrossRef] [PubMed]

	



Glickstein, M.; Doron, K. Cerebellum: Connections and Functions. Cerebellum 2008, 7, 589–594. [Google Scholar] [CrossRef] [PubMed]

	



Snell, R.S. Clinical Neuroanatomy, 7th ed.; Wolters Kluwer: New York, NY, USA, 2010. [Google Scholar]

	



Stevens, F.L.; Hurley, R.A.; Taber, K.H. Anterior Cingulate Cortex: Unique Role in Cognition and Emotion. J. Neuropsychiatry Clin. Neurosci. 2011, 23, 121–125. [Google Scholar] [CrossRef] [PubMed]

	



Leech, R.; Sharp, D.J. The Role of the Posterior Cingulate Cortex in Cognition and Disease. Brain 2014, 137, 12–32. [Google Scholar] [CrossRef]








[image: Nutrients 16 00631 g001] 





Figure 1. Glucose transporters (GLUTs) play a crucial role in facilitating the transportation of glucose from capillaries to neurons and astrocytes. Once inside the cells, the glycolytic pathway undergoes breakdown through the glycolytic pathway, forming glucose into pyruvate and yielding a net of two ATP molecules per glucose molecule. Further metabolic processes take place within the mitochondria, where pyruvate is subjected to oxidative metabolism via the tricarboxylic acid (TCA) cycle. The TCA cycle generates approximately 30 or 36 ATP molecules. The glyceraldehyde-3-phosphate dehydrogenase reaction catalyses a pivotal step in converting glucose to pyruvate. This reaction involves the regeneration of NAD+ from NADH, a coenzyme produced during the reaction. The malate aspartate shuttle (MAS) facilitates the transfer of cytoplasmic NADH to the mitochondria, where it is oxidized through the electron transport chain (ETC). However, under specific conditions such as hypoxia or anoxia, pyruvate can be converted to lactate through the lactate dehydrogenase (LDH) reaction. Lactate accumulation inside cells triggers a reversal of the LDH reaction. Monocarboxylic acid transporters (MCT) come into play to release lactate from the cell. This process eliminates pyruvate as an oxidizable substrate for the cell and limits the ATP yield per glucose to two. In the excitatory neuronal activity, glutamate (Glu) is released, and a significant portion is absorbed through GLT-1 in astrocytes. This activation of GLT-1 stimulates Na+/K+-ATPase, subsequently triggering aerobic glycolysis. The metabolic analogue of glucose, 2-deoxyglucose (2-DG), is metabolized by hexokinase, similar to its 18F analogue used in PET. However, further metabolism is halted at this stage, resulting in the trapping of radioactivity in the form of 2-DG-6-phosphate (2-DG-6P), the signal detected by PET. Adapted from [4,5,6,7]. 
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Figure 2. Graphical demonstration of a healthy brain as an open thermodynamic system. 
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Table 1. Thermodynamic properties of the chemicals (data adapted from Kuddusi, 2015 [29]).
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	Chemical
	     h   f   − o     

(kJ/kmol)
	     h   298 K   −     

(kJ/kmol)
	     h   310 K   − o     

(kJ/kmol)
	     s   i      *

(kJ/kmol K)





	Glucose C6H12O6
	−1.260 × 103
	-
	-
	212 (at 298 K)



	O2
	0
	8682
	9030
	218.02 (at 298 K)

219.68 (at 310 K)



	H2O
	−241,820
	9904
	10,302
	218.9 (at 310 K)



	CO2,
	−393,520
	9364
	9807
	243.64 (at 310 K)



	N2
	0
	8669
	9014
	193.66 (at 310 K)







*     s   i     denotes the absolute entropy for each component per kmol at a specific temperature (T (K) and environment pressure (1 atm), as detailed by Kuddusi (2015) [29].













 





Table 2. The average CMRGlc for control and n-3 LCPUFA-supplemented groups of grey mouse lemurs (data obtained from Pifferi et al., 2015 [26]).
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	Brain Area
	Control

CMRGLc (µmol/100 g/min)
	Intervention

CMRGLc (µmol/100 g/min)





	Whole brain
	13.9
	20.5



	Hippocampus
	11.4
	19.2



	Thalamus
	16.8
	25.5



	Cerebellum
	19.4
	24.1



	Caudate nucleus
	12.8
	20.0



	Temporal lobe
	12.1
	17.7



	Occipital lobe
	9.6
	17.1



	Frontal lobe
	14.0
	20.8










 





Table 3. The average CMRGlc for healthy young and elderly individuals before and after n-3 PUFA supplementation. (data obtained from Nugent et al., 2010 [27]).
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Before

	
After




	
Brain Area

	
Young

CMRGLc

(µmol/100 g/min)

	
Elderly

CMRGLc

(µmol/100 g/min)

	
Young

CMRGlc

(µmol/100 g/min)

	
Elderly

CMRGlc

(µmol/100 g/min)






	
Cerebellum

	
42.7

	
42.3

	
42.6

	
42.6




	
Hippocampus

	
38.6

	
37.0

	
38.0

	
35.5




	
Anterior cingulate

	
50.4

	
40.2

	
45.1

	
46.7




	
Posterior cingulate

	
57.3

	
54.5

	
55.4

	
48.2




	
Frontal lobe

	
53.3

	
50.4

	
51.0

	
49.5




	
Parietal lobe

	
49.5

	
49.2

	
49.2

	
48.3




	
Occipital lobe

	
50.4

	
53.5

	
52.0

	
50.1




	
Temporal lobe

	
47.6

	
46.1

	
47.0

	
45.4




	
Whole brain

	
49.2

	
48.9

	
48.9

	
47.9











 





Table 4. Entropy generation and Gibbs free energy values for the control and n-3 PUFA-supplemented groups of the grey mouse lemur model.
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Entropy Generation




	
Brain Area

	
Control

     S   g e n     

(kJ/100 g/K kg Glucose per Year)

	
Intervention

     S   g e n     

(kJ/100 g/K kg per Year)

	
Difference (%)




	
Whole brain

	
3.84 × 105

	
5.66 × 105

	
47.4




	
Hippocampus

	
3.15 × 105

	
5.30 × 105

	
68.2




	
Thalamus

	
4.64 × 105

	
7.04 × 105

	
51.7




	
Cerebellum

	
5.36 × 105

	
6.65 × 105

	
24.1




	
Caudate nucleus

	
3.53 × 105

	
5.52 × 105

	
56.2




	
Temporal lobe

	
3.34 × 105

	
4.89 × 105

	
46.4




	
Occipital lobe

	
2.65 × 105

	
4.47 × 105

	
68.7




	
Frontal lobe

	
3.87 × 105

	
5.74 × 105

	
48.3




	

	
Gibbs Free Energy




	
Brain Area

	
Control

     G   s y s     

(kJ/100 g/K kg Glucose per Year)

	
Intervention

     G   s y s     

(kJ/100 g/K kg per Year)

	
Difference (%)




	
Whole brain

	
−6.47 × 104

	
−9.54 × 104

	
47.4




	
Hippocampus

	
−5.30 × 104

	
−8.93 × 104

	
68.5




	
Thalamus

	
−7.82 × 104

	
−1.19 × 105

	
52.2




	
Cerebellum

	
−9.03 × 104

	
−1.12 × 105

	
24.0




	
Caudate nucleus

	
−5.96 × 104

	
−9.30 × 104

	
56.0




	
Temporal lobe

	
−5.63 × 104

	
−8.23 × 104

	
46.2




	
Occipital lobe

	
−4.47 × 104

	
−7.54 × 104

	
68.7




	
Frontal lobe

	
−2.21 × 105

	
−2.14 × 105

	
48.7











 





Table 5. Entropy generation and Gibbs free energy values for healthy young and elderly individuals before and after fish oil supplementation.
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Entropy Generation




	
Before

	
After




	
Brain Area

	
Young

     S   g e n     

(kJ/100 g/K kg Glucose per 3w)

	
Elderly

     S   g e n     

(kJ/100 g/K kg per 3w)

	
Young

     S   g e n     

(kJ/100 g/K kg per Glucose 3w)

	
Elderly

     S   g e n     

(kJ/100 g/K kg per Glucose 3w)




	
Cerebellum

	
1.22 × 107

	
1.21 × 107

	
1.22 × 107

	
1.22 × 107




	
Hippocampus

	
1.10 × 107

	
1.06 × 107

	
1.09 × 107

	
1.01 × 107




	
Anterior cingulate

	
1.44 × 107

	
1.15 × 107

	
1.29 × 107

	
1.34 × 107




	
Posterior cingulate

	
1.64 × 107

	
1.56 × 107

	
1.58 × 107

	
1.38 × 107




	
Frontal lobe

	
1.52 × 107

	
1.44 × 107

	
1.46 × 107

	
1.42 × 107




	
Parietal lobe

	
1.42 × 107

	
1.41 × 107

	
1.41 × 107

	
1.38 × 107




	
Occipital lobe

	
1.44 × 107

	
1.53 × 107

	
1.49 × 107

	
1.43 × 107




	
Temporal lobe

	
1.36 × 107

	
1.32 × 107

	
1.34 × 107

	
1.30 × 107




	
Whole brain

	
1.41 × 104

	
1.40 × 104

	
1.40 × 104

	
1.37 × 104




	

	
Gibbs Free Energy




	
Before

	
After




	
Brain Area

	
Young

     G   s y s     

(kJ/100 g/K kg Glucose per 3w)

	
Elderly

     G   s y s     

(kJ/100 g/K kg per 3w)

	
Young

     G   s y s     

(kJ/100 g/K kg per glucose 3w)

	
Elderly

     G   s y s     

(kJ/100 g/K kg per glucose 3w)




	
Cerebellum

	
−1.99 × 105

	
−1.97 × 105

	
−1.98 × 105

	
−1.98 × 105




	
Hippocampus

	
−1.80 × 105

	
−1.72 × 105

	
−1.77 × 105

	
−1.65 × 105




	
Anterior cingulate

	
−2.34 × 105

	
−1.87 × 105

	
−2.10 × 105

	
−2.17 × 105




	
Posterior cingulate

	
−2.67 × 105

	
−2.54 × 105

	
−2.58 × 105

	
−2.24 × 105




	
Frontal lobe

	
−2.48 × 105

	
−2.34 × 105

	
−2.37 × 105

	
−2.30 × 105




	
Parietal lobe

	
−2.30 × 105

	
−2.29 × 105

	
−2.29 × 105

	
−2.25 × 105




	
Occipital lobe

	
−2.34 × 105

	
−2.49 × 105

	
−2.42 × 105

	
−2.33 × 105




	
Temporal lobe

	
−2.21 × 105

	
−2.14 × 105

	
−2.19 × 105

	
−2.11 × 105




	
Whole brain

	
−2.29 × 105

	
−2.28 × 105

	
−2.28 × 105

	
−2.23 × 105
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