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Neurodegenerative diseases are debilitating nervous system disorders attributed to various conditions such as body aging, gene mutations, genetic factors, and immune system disorders. Prominent neurodegenerative diseases include Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, amyotrophic lateral sclerosis, and multiple sclerosis. Insulin resistance refers to the inability of the peripheral and central tissues of the body to respond to insulin and effectively regulate blood sugar levels. Insulin resistance has been observed in various neurodegenerative diseases and has been suggested to induce the occurrence, development, and exacerbation of neurodegenerative diseases. Furthermore, an increasing number of studies have suggested that reversing insulin resistance may be a critical intervention for the treatment of neurodegenerative diseases. Among the numerous measures available to improve insulin sensitivity, exercise is a widely accepted strategy due to its convenience, affordability, and significant impact on increasing insulin sensitivity. This review examines the association between neurodegenerative diseases and insulin resistance and highlights the molecular mechanisms by which exercise can reverse insulin resistance under these conditions. The focus was on regulating insulin resistance through exercise and providing practical ideas and suggestions for future research focused on exercise-induced insulin sensitivity in the context of neurodegenerative diseases.
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1 INTRODUCTION
Research statistics suggest that the older population in certain countries will increase from approximately 11% in 1950 to an estimated 38% in 2030, and the number of older individuals will far exceed that of young individuals by 2050 (United Nations Population Division, 2002; Rudnicka et al., 2020). Chronic diseases may occur in many individuals. Moreover, the increasing incidence of neurodegenerative conditions has attracted the attention of researchers across various countries. The number of individuals with dementia, including preclinical Alzheimer’s disease (AD), preclinical AD, and AD, is estimated to collectively account for 22% of the global population aged ≥50 years (Gustavsson et al., 2023). Similarly, epidemiological statistics regarding neurodegenerative diseases indicate that the global proportion of patients with Parkinson’s disease (PD) may reach 12 million by 2040 (Dorsey et al., 2018).
Currently, multiple sclerosis (MS) affects approximately 2.8 million individuals worldwide (The Lancet, 2021). In comparison, the global incidence rates of Huntington’s disease (HD) and amyotrophic lateral sclerosis (ALS) are estimated to be 0.48 and 4.42 cases per 100,000 individuals/year, respectively (Xu et al., 2020; Medina et al., 2022). In 2015, the worldwide cost of AD prevention and treatment alone reached US$957.56 billion, and this is expected to escalate to US$9.12 trillion by 2050 (Jia et al., 2018). Neurodegenerative diseases progressively deteriorate the quality of life of affected individuals and their families, and increase related medical costs and social burdens. Although monoclonal antibodies (Jia et al., 2018) and drugs such as levodopa (LeWitt, 2015), tetrabenazine (Frank et al., 2016), and edaravone (Rothstein, 2017) are regularly developed to treat common neurodegenerative diseases, few clinical trials and development cost issues associated with certain antibodies and drugs have limited the number of beneficiaries of these interventions. Therefore, identifying other safer and more reliable treatments and assisted rehabilitation pathways is vital to address these issues. Additionally, the occurrence, development, and progression of neurodegenerative diseases involve complex mechanisms. Therefore, the targeted exploration of relevant mechanisms and intervention targets may be critical for alleviating neurodegenerative diseases and improving patient recovery. Chronic inflammation caused by aging and chronic disease may lead to peripheral and central insulin resistance, ultimately affecting synaptic plasticity, neurotransmitter transport, and neuronal survival (Shonesy et al., 2012; Song et al., 2015). This increases the risk of neurological diseases and leads to alterations in learning, cognition, and dietary functions (Phillips et al., 2018; Wijtenburg et al., 2019; Cuperfain et al., 2020). Damage to early metabolic functions may be essential for the induction and exacerbation of neurological diseases (Fakih et al., 2022), among which insulin resistance is a standard feature (Reyes et al., 1984; Poewe and Seppi, 2017; Ruiz-Argüelles et al., 2018; Cordeiro et al., 2020; Kellar and Craft, 2020). Increasing insulin levels, enhancing insulin sensitivity, and regulating blood glucose levels can ameliorate neurodegenerative diseases (Wens et al., 2017; Aziz et al., 2020; Siddiqui et al., 2021) (Figure 1A). Therefore, a safe, effective, and economical insulin-sensitizing intervention may be a useful strategy for the prevention and treatment of neurodegenerative diseases. Presently, physical exercise is promoted in modern society as a method of healthcare and disease prevention and is extensively accepted by the public, it exhibits beneficial effects in the context of several chronic diseases. Furthermore, numerous studies have demonstrated that exercise can enhance insulin sensitivity (Angulo et al., 2020), thus suggesting that increasing insulin sensitivity through exercise may prevent and ameliorate neurodegenerative diseases. This review elucidates the relatively complex and critical molecular mechanisms involved in insulin resistance, neurodegenerative diseases, and the exercise-induced enhancement of insulin sensitivity. Here, we provide a scientific perspective regarding the significance of exercise-reversed insulin resistance in neurodegenerative diseases that will ultimately contribute to the prevention and treatment of neurodegenerative diseases in an increasingly older population.
[image: Figure 1]FIGURE 1 | Detection methods, molecular mechanisms, and potential inducing factors of insulin resistance. (A), Insulin detection methods and diseases potentially caused by hyperglycemia. (B1), Insulin resistance in the liver induces IRS/PI3K/Akt to inhibit lipid, protein, and glycogen synthesis. (B2), Insulin resistance in the skeletal muscle impairs the ability of GLUT4 to transport extra-cellular glucose into the muscle cells. (C), Potential inducers of insulin resistance in the liver and skeletal muscle.
2 INSULIN RESISTANCE
After the discovery of insulin in 1921, a notable 1962 study by Rabinowitz and Zierler observed that exogenous insulin promotes glucose uptake in obese individuals. Furthermore, they observed that exogenous insulin enhanced the ability of adipose tissue to absorb glucose while simultaneously inhibiting the release of free fatty acids from adipose tissue, and these effects were significantly weaker in individuals with obesity than in the general population (Rabinowitz and Zierler, 1962). Following these prominent findings, insulin resistance gradually emerged as a popular research topic in the field of human health.
The advent of the Second Industrial Revolution rapidly increased the availability of goods and production for human life. This advancement has led to increased energy consumption and reduced physical labor that has resulted in obesity, type 2 diabetes-related metabolic diseases, and a high incidence of chronic diseases by providing adequate conditions for insulin resistance. Although the mechanisms underlying insulin resistance are still being explored, it can occur in multiple tissues and body organs, including the skeletal muscle, liver, brain, and fat tissue. Insulin is secreted by pancreatic islets and transported via the circulatory system to muscle tissue cells. Insulin molecules then target the insulin receptor (InsR), a cell-surface heterotetramer transmembrane receptor composed of two α- and two β-subunits. Subsequently, the intracellular PI3K/Akt/glucose transporter type 4 (GLUT4) signaling pathway is activated via recruitment and phosphorylation, and this facilitates the transport of plasma glucose into muscle and fat cells. Glucose transport provides energy for intracellular activities and helps to lower blood sugar levels (Figure 1B) (Lee and Pilch, 1994; Kahn, 1996; Pessin et al., 1999). Recent studies have reported that insulin resistance is primarily caused by the inability of insulin to effectively activate the insulin receptor substrate (IRS). This reduced IRS activation weakens GLUT4 function in the context of glucose transport. Additionally, the decreased ability of IRS-1/2 to effectively activate glycogen uptake in the liver hinders glycogen synthesis. Abnormalities ultimately lead to elevated blood glucose levels (Li et al., 2022). Although inflammation (Shoelson et al., 2006), oxidative stress (Evans et al., 2005), decreased mitochondrial function (Sangwung et al., 2020), circadian rhythm imbalance (Stenvers et al., 2019), intestinal flora disorder (Lee et al., 2020), and endoplasmic reticulum stress (Sims-Robinson et al., 2016) have been identified as essential insulin resistance factors, the specific causes of insulin resistance remain unclear (Figure 1C).
Furthermore, insulin resistance can alter the balance between glucose consumption and supply, ultimately resulting in higher blood sugar levels, and this in turn can promote diseases such as metabolic syndrome (Roberts et al., 2013), cancer (Roberts et al., 2013), coronary heart disease (Zhang Y. et al., 2022), AD (Talbot et al., 2012) and PD (Athauda and Foltynie, 2016). Currently, physical exercise, diet control, and drug interventions are the accepted primary means of increasing insulin sensitivity. Insulin resistance can be diagnosed using dynamic tests, simple indices, and biochemical markers (Borai et al., 2011), including dynamic hyperinsulinemic-euglycemic clamps, frequent sampling intravenous glucose tolerance tests, relatively simple fasting insulin levels and glucose tolerance tests, glycated hemoglobin, fasting blood glucose, insulin resistance index, and biological indicators such as leptin, adiponectin, triglycerides, high-density lipoprotein, and cholesterol, to make relevant predictions and judgments.
3 EXERCISE AND NERVOUS SYSTEM INSULIN RESISTANCE
The human central nervous system requires approximately 20% (approximately 120–130 g) of the available glucose to maintain biological activities, including body movement and physiological reactions (Holliday, 1971). In the intricate dynamics of learning, memory formation, and many other critical brain functions, insulin is a vital facilitator that ensures the efficient uptake of glucose by the brain to adequately meet its heightened energy demands (Yano et al., 1991; Emmanuel et al., 2013). Previous studies incorrectly assumed that the brain is insensitive to insulin, as it does not produce insulin. However, later studies have established that the brain is regulated by insulin and demonstrated the occurrence of insulin resistance in the brain (Margolis and Altszuler, 1967; Havrankova et al., 1978). Furthermore, insulin intervention in the peripheral (Lv et al., 2020) and central nervous systems (Moosavi et al., 2006) of rats and mice can significantly alleviate neurological diseases, with insulin signaling activation as a potential molecular mechanism. Insulin has also been detected in the cerebrospinal fluid of humans and animals, thus further confirming its insulin’s role in the nervous system. Increases in peripheral insulin may be related to the selectivity, saturability, and active transport of the blood–brain barrier vascular endothelium (Margolis and Altszuler, 1967; Baura et al., 1993; Banks et al., 1997; Woods et al., 2003). Moreover, the expression of insulin mRNA in the brain tissue remains controversial (Arnold et al., 2018). Nevertheless, studies employing Cre/LoxP technology to knock out InsR in mouse brains have substantiated the critical role of insulin in the brain. These investigations demonstrated a significant increase in neuronal apoptosis and a significant decrease in downstream Akt and GSK3β phosphorylation levels, insulin resistance, and AD-related anxiety and depression (Brüning et al., 2000; Schubert et al., 2004; Kleinridders et al., 2015), thus indicating a potential link with high insulin levels in the synapses and its essential role (Werther et al., 1989; Abbott et al., 1999; Bockmann et al., 2002). Other researchers have observed InsR expression in different brain areas, including the cortex, hippocampus, hypothalamus, and cerebellum (Zhao et al., 2004; Dou et al., 2005; Fernandez and Torres-Alemán, 2012). Therefore, the current research suggests that insulin resistance occurs in the nervous system and may be associated with several neurological diseases.
Exercise can increase the energy consumption by the body to significantly accelerate glucose expenditure (via the liver, fat storage, and other tissues) and enhance glucose transport and utilization in cells that are crucial for brain cognition (Malin et al., 2022). The nervous system is susceptible to glucose, with insulin resistance resulting in poor learning and memory abilities and even neuronal degeneration. In line with this notion, a previous study indicated that insulin injections to elevate insulin levels enhanced learning and memory abilities in healthy young men and that exercise activities yielded similar outcomes (Zhang H. et al., 2022; Abbasi et al., 2023). Furthermore, short-term intermittent exercise in individuals with insulin resistance increases glucose uptake and metabolism in the brain. Additionally, an 8-week aerobic exercise intervention increased insulin sensitivity in individuals classified as overweight or sedentary obese with insulin resistance. Animal studies have revealed that middle-aged rats exhibit a certain degree of insulin resistance (Kuga et al., 2018). Moreover, exercise alleviates cognitive dysfunction in T2DM rats by activating the insulin signaling pathway (Rahmati et al., 2021). Finally, exercise-enhanced insulin signaling plays a vital role in neurodegenerative diseases (Mahalakshmi et al., 2020). According to these results, exercise effectively improves insulin resistance in the central nervous system and significantly positively affects learning, cognition, and prevention of neurological diseases.
4 INSULIN RESISTANCE AND NEURODEGENERATIVE DISEASES
Neurodegenerative diseases are typically caused by aging. However, an increasing number of studies have observed that insulin signaling elicits abnormal changes involved in the occurrence and development of multiple neurodegenerative diseases. Moreover, the downregulation of InsR, failure of InsR to bind insulin, and impairment of the insulin cascade may occur in different neurodegenerative diseases. Therefore, we employed a disease-centered system to elucidate the mechanisms underlying IR in common neurodegenerative diseases.
4.1 Insulin resistance and Alzheimer’s disease (AD)
AD is a common neurodegenerative disease that significantly affects the quality of life of older adults worldwide. The present AD pathogenesis mechanism primarily involves excessive amyloid beta (Aβ) deposition and tau protein phosphorylation, and these factors are potentially related to insulin resistance (Kakoty et al., 2023a). Insulin resistance is significantly increased in the brains of normal-aging wild-type and APP/PS1 mice (Denver et al., 2018). Furthermore, a significant decrease in brain glucose utilization (assessed using 18F-FDG) has been reported in AD models (Waldron et al., 2015). Multiple studies have demonstrated that intranasal insulin intervention enhances cognitive performance in individuals with AD (Schiöth et al., 2012; Agrawal et al., 2018). Moreover, investigations conducted utilizing AD models further illuminate this issue, and although certain study outcomes may not be optimal, medical imaging findings have provided evidence of the association between insulin resistance and the degeneration of brain structures (Benedict et al., 2012; Cui et al., 2022).
Studies have demonstrated that insulin primarily influences neurons via the insulin/IRS/AKT pathway along with MAPK cascades. Insulin resistance may also induce and aggravate AD development by inhibiting the PI3K/Akt and Wnt signaling pathways and activating GSK3β, a crucial initiator of tau protein phosphorylation (Doble and Woodgett, 2003; Schubert et al., 2003). Additionally, abnormal tau gene expression is associated with impaired insulin signaling, whereas tau phosphorylation may be further enhanced by insulin resistance-induced increases in oxidative stress and inflammation (Schubert et al., 2004). Other researchers have observed that deletion and loss of function of tau protein can lead to metabolic/brain insulin resistance and damage the plasticity of hippocampal neurons (Marciniak et al., 2017). Moreover, insulin resistance can escalate tau protein hyperphosphorylation to a certain extent, thereby inducing and exacerbating AD and creating a vicious cycle. Furthermore, tau protein hyperphosphorylation is critical for promoting neurological diseases, whereas tau protein loss can result in the PD development of PD in mice (Lei et al., 2012). Therefore, reducing tau protein hyperphosphorylation by restoring insulin signaling may be a vital preventive measure against neurodegenerative diseases.
Aβ deposition in the human AD brain is positively correlated with peripheral insulin resistance, with insulin resistance being a preceding condition of Aβ deposition (Willette et al., 2015). Excessive Aβ inhibits the insulin binding ability of InsRs to some extent, and this further exacerbates insulin resistance (Xie et al., 2002) by activating JNK/TNF-α pathways and inducing IRS-1 phosphorylation (Bomfim et al., 2012; Yoon et al., 2012). These alterations, in turn, lead to increased Aβ deposition, thus forming a harmful loop. Intranasal insulin administration has decreased Aβ levels in 3xTg-AD mice brains (Chen et al., 2014). The reduction in Aβ accumulation may be due to the observation that activating the insulin signaling pathway improves Aβ precursor protein transport and metabolism via the Erk/MAPK signaling pathway and the regulation of α, β, and γ secretases (Gasparini et al., 2001; Gasparini et al., 2002; Cai et al., 2015). Conversely, many human studies have reported that the insulin-activated signaling pathways increase Aβ secretion levels in the cerebrospinal fluid (Watson et al., 2003) but accelerate Aβ clearance in the brain and reduce plasma Aβ levels (Figure 2A) (Reger et al., 2008a). Nevertheless, this contrasting result may be ascribed to the differences between the findings obtained in the models and tissue samples.
[image: Figure 2]FIGURE 2 | Molecular mechanisms of insulin resistance in neurodegenerative diseases. (A), Insulin resistance aggravates AD development by inhibiting the PI3K/Akt/GSK3β pathway and inducing tau protein hyperphosphorylation. Additionally, insulin resistance impedes the Wnt signaling pathway and exacerbates Aβ deposition. These mechanisms further escalate the occurrence of insulin resistance. (B), Insulin resistance activates starvation in glial cells and microglia induces apoptosis and lowers the proportion of neurons to worsen PD progression. (C), HD caused by GCA sequence duplication leads to insulin resistance, while the regulation of Socrs1, Hh-II, and Vldlr in HD further amplifies disease progression. (D), The increase in free fatty acid (FFA) levels in patients with ALS induces insulin resistance that in turn leads to decreases in IR and IRS-1/β expression. (E), Insulin resistance further increases cognitive decline in patients with MS. AD, Alzheimer’s disease; PD, Parkinson’s disease; HD, Huntington’s disease; ALS, amyotrophic lateral sclerosis; Aβ, amyloid beta.
Further, the efficacy of insulin for efficacy in treating AD may be related to the APOE-ε4 gene. Insulin intervention significantly improves in patients who do not carry the APOE-ε4 gene, while those who exhibit significant improvement and general efficacy may even worsen (Reger et al., 2008b). Consequently, the development of insulin resistance treatments for AD may serve as a targeted treatment strategy. However, modulating insulin levels may require a comprehensive judgment, thus implying that non-insulin pathways to modulate the insulin signaling pathway may be a more helpful approach to alleviate AD.
4.2 Insulin resistance and Parkinson’s disease (PD)
PD is the second most common neurodegenerative disease, with a significantly increased occurrence among individuals aged >65 years. This trend may be related to the increased availability of industrial products and the changes in environmental factors. Patients with PD primarily present with resting tremors, body stiffness, abnormal walking posture, gait, and cognitive impairment. PD pathophysiology is likely linked to dysfunction and the loss of dopaminergic neurons, with α-synuclein accumulation, neuroinflammation, oxidative stress, mitochondrial dysfunction, and excessive consumption of neuromelanin as the possible triggers. However, in-depth research has suggested that insulin resistance may be a crucial factor in PD development and disease progression (Dai et al., 2023).
Studies of the brains of rat models of PD have revealed significantly decreased insulin levels and insulin resistance. Moreover, researchers have used antidiabetic drugs to improve the health status of patients with PD, thus highlighting the importance of alleviating the insulin signaling pathway in this disease (Bassil et al., 2022; Kakoty et al., 2023b). Researchers have applied mathematical modeling to elucidate insulin resistance in the brains of patients with PD, and the results have demonstrated that insulin resistance may develop gradually with disease severity and that insulin resistance markers are present in the striatum. Furthermore, the studies suggested that insulin resistance is significantly increased (Morris et al., 2011; Braatz and Coleman, 2015) by a high-fat diet, ultimately inducing behavioral changes and disease exacerbation in rats (Morris et al., 2010; Sharma and Taliyan, 2018). Insulin levels in peripheral plasma have also been observed to be significantly lower in patients with PD than those in healthy individuals (Sánchez-Gómez et al., 2020), and this possibly explains the prevalence of insulin resistance in the brain and blood circulation of patients with PD. In contrast, patients with new-onset PD do not exhibit any insulin resistance-related features (Aziz et al., 2020). Nevertheless, patients with diabetes are more likely to develop PD, potentially due to mitochondrial function and elevated oxidative stress levels caused by insulin resistance. Additionally, extensive loss of dopaminergic neurons may exacerbate memory impairment (Fiory et al., 2019). For example, PD-like changes have been observed in insulin-resistant PED/PEA-15 transgenic mouse models. In these mice, a 26% reduction in dopamine fibers and a 48% decline in dopamine levels were detected in the striatum (Perruolo et al., 2016), thus confirming the destructive relationship between PD and insulin resistance. Intranasal insulin intervention in a PD rat model was observed to improve cognitive ability via the insulin activation of the Akt/GSK3β signaling pathway (Figure 2B) (Yang et al., 2020). Other animal experiments have demonstrated that the insulin-stimulating peptide D-Ala2-GIP-glu-PAL increases insulin secretion and reduces insulin resistance. These changes led to several changes, including improving the slow movement and balance ability of mice, increasing the exploration ability of PD mice, decreasing astrocytes and microglia proportions in the substantia nigra, enhancing the number of neuronal synapses, lowering neuronal apoptosis, increasing the population of tyrosine hydroxylase-positive dopaminergic neurons in the substantia nigra, and increasing striatal tyrosine hydroxylase levels (Li et al., 2016). Conversely, a high-fat diet can severely escalate insulin resistance in mice with α-synuclein gene mutations (Rodriguez-Araujo et al., 2015). A series of studies have also indicated that a high-fat diet can induce and exacerbate dopaminergic degeneration (Bousquet et al., 2012), whereas individuals with metabolic syndrome were observed to exhibit a significantly increased PD risk (Park et al., 2021).
These findings imply that insulin resistance may be an important factor that triggers and complicates PD. Although insulin resistance in the PD brain is closely related to metabolic diseases, the underlying relationship between PD and insulin resistance remains unknown. Nonetheless, the amelioration of relevant metabolic diseases and insulin resistance may be essential for the prevention and management of PD.
4.3 Insulin resistance and Huntington’s disease (HD)
HD is a progressive neurodegenerative disease that primarily affects middle-aged and elderly adults. The major cause of HD is the unstable expansion of CAG repeats on the autosomal chromosome 4, which converts the disease-specific huntingtin protein (HTT) into mutated huntingtin protein (mHTT). Subsequent accumulation of this mutated protein in the brain amplifies the decline in neuronal function, ultimately leading to disease occurrence with a dominant genetic pattern (Bates et al., 2015). HD is also known as “Huntington’s chorea” due to the behavioral changes manifested by involuntary movement of the smaller trunk and face muscles, abnormal muscle tone, and hyperreflexia. Moreover, advancements in HD result in cognitive decline that is followed by difficulties in swallowing and speaking and ultimately death.
Studies in transgenic mice (R6/2 HD model) have determined that expanded CAG repeat sequences in the HD gene lead to significant reductions in glucagon and insulin levels in the pancreatic tissue of the α- and β-cells, respectively. Correspondingly, another study revealed that the decrease in glucagon and insulin levels among patients with diabetes was 10% and 15%, respectively, compared to levels in the control group. Furthermore, the number of CAG repeats is inversely associated with insulin sensitivity (Hurlbert et al., 1999; Björkqvist et al., 2006; Aziz et al., 2010). Research involving an HD transgenic mouse model has demonstrated impaired insulin expression and production in the mouse pancreas that is accompanied by reduced expression of key insulin gene transcription factors. Therefore, impaired pancreatic function may be a critical factor in the development of diabetes in this mouse model (Andreassen et al., 2002). Researchers have observed that restoring insulin signaling via SIRT2 inhibition provides neuronal protection (Luthi-Carter et al., 2010; Arora and Dey, 2016). Additionally, liquid chromatography-high-resolution mass spectrometry analysis revealed insulin resistance in the urine of R6/2 mice (Speziale et al., 2023). Transcriptomics investigations have also reported significant changes in several genes involved in glucose uptake and homeostasis (Sorcs1, Hh-II, and Vldlr), with a lower glucose uptake rate in affected tissues and subsequent development of insulin resistance (Chaves et al., 2017) (Figure 2C). Metformin administration has been reported to extend the lifespan of HD mouse models by 20% (Ma et al., 2007), thus signifying a relationship between insulin resistance and other diabetes-inducing factors in HD. Examination of normoglycemic patients with HD has also revealed abnormal blood glucose regulation, delayed insulin peak after oral glucose tolerance tests (OGTTs), and decreased insulin secretion levels (Lalić et al., 2008; Russo et al., 2013). In contrast to these findings, some studies have indicated that patients with HD do not exhibit an increased risk of diabetes and no significant differences in related metabolic indicators, histological manifestations, and insulin secretion levels were observed (Bacos et al., 2008; Boesgaard et al., 2009; Nambron et al., 2016).
Nevertheless, these studies primarily suggest that insulin resistance manifests during HD and that alleviating insulin resistance may mitigate HD progression. Moreover, HD progression may be related to the mHTT-induced inhibition of pancreatic cell function and reduction in the insulin sensitivity of InsRs in the body cells. Therefore, insulin resistance in patients with HD may be an outcome of HD progression, and the insulin resistance in turn worsens the disease course and patient health. Hence, improving insulin resistance may provide a feasible approach to reducing the adverse effects of HD progression.
4.4 Insulin resistance and amyotrophic lateral sclerosis (ALS)
ALS is a degenerative neurological disease that is mainly caused by the degradation and loss of central nervous system motor neurons controlling the skeletal muscles, eventually leading to skeletal muscle atrophy and death due to failure in swallowing and breathing.
Insulin resistance was detected in patients with ALS as early as 1984. However, whether defective InsR function or the emergence of receptor antagonists represents the specific underlying mechanism remains unclear (Reyes et al., 1984). Studies conducted during the same year demonstrated contrasting findings, wherein no signs of differential deterioration of glucose tolerance were detected in patients with ALS compared to healthy individuals as evidenced by their (125I)-insulin binding and OGTT results (Harno et al., 1984). Conversely, another study revealed that patients with ALS exhibited abnormal glucose tolerance and increased concentrations of free fatty acids which are important inducers of insulin resistance (Pradat et al., 2010). Subsequent studies confirmed that insulin resistance in patients with ALS may be associated with reduced InsR expression (Figure 2D) (Perurena and Festoff, 1987). A postmortem study revealed that InsR and IRS-1/β expressions were significantly reduced in the muscles and fibroblasts of patients with spinal cord and bulbar muscular atrophy, while insulin resistance was a critical indicator of disease severity (Nakatsuji et al., 2017). Furthermore, the presence of hypermetabolic diseases was determined to be a common characteristic among patients with ALS before disease onset and diagnosis (Tsai et al., 2019). Other researchers have suggested an alternative and potentially more reasonable explanation, where insulin resistance in patients with ALS may be closely linked to their limitations in performing daily activities due to their disease severity (Harris et al., 1986). Certain studies have also proposed that insulin resistance-induced metabolic differences can further exacerbate skeletal muscle atrophy during the disease course (de la Rubia Ortí et al., 2021). Finally, skeletal muscle atrophy and early impairment of insulin secretion may lead to hyperosmolar hyperglycemia in patients with late-stage ALS (Shimizu et al., 2011).
Considering these findings, insulin resistance may occur in ALS and may be an essential factor for inducing and exacerbating this disease as well as in predicting its incidence. Therefore, actively focusing on insulin resistance may prove valuable for the prevention and treatment of ALS.
4.5 Insulin resistance and multiple sclerosis (MS)
MS is a debilitating disorder of the central nervous system of unknown etiology. MS has been attributed to genetic and environmental factors and induces neuroinflammation, ultimately causing damage or degeneration in the brain and spinal cord. The major symptoms of MS include limb numbness, abnormalities in vision, cognition, speech, and even death.
In a metabolomic study of blood samples from 64 patients with MS, 33 patients exhibited insulin resistance based on their Quantose scores (Ruiz-Argüelles et al., 2018). Other studies have established that insulin resistance and metabolic syndrome are more common in patients with MS than they are in normal individuals (Soliman et al., 2020). In support of the previous finding, improving metabolic syndrome was found to play a positive role in preventing and treating MS (Haghikia and Gold, 2016). In contrast, OGTT results indicated that decreased insulin sensitivity due to postprandial hyperinsulinemia may not be directly related to a lack of exercise and higher inflammation levels (Penesova et al., 2015). Nevertheless, studies have demonstrated that patients with MS, with or without diabetes, present with insulin resistance and a significant reduction in insulin secretion (Katsuki et al., 1998; Kouchaki et al., 2017). Researchers have also demonstrated that insulin resistance is associated with cognitive decline in patients with MS, with a cognitive decline rate of 67.56% in patients with concurrent MS and insulin resistance (Khalili et al., 2020; Ayromlou et al., 2023). Furthermore, the onset of IR may precede blood lipid changes in the early stages of MS (Radikova et al., 2018). Additionally, 12 weeks of high-intensity aerobic and resistance training improved glucose tolerance in patients with MS, while 10 weeks of aerobic exercise training reduced insulin resistance in women with MS (Sadegh and Golestany, 2017; Wens et al., 2017). Conversely, certain studies have demonstrated that glucose control in patients with MS was not enhanced after 24 weeks of combined endurance and resistance training (Wens et al., 2015). Although the prevalence of type II diabetes mellitus (T2DM) in the MS population is <10%, it rate is still higher than that in the general population (Giannopapas et al., 2023). Moreover, patients with T2DM in the MS population display significantly reduced levels of insulin secretion compared to that of patients without T2DM (Katsuki et al., 1998). As observed in some previously mentioned neurodegenerative diseases, intranasal insulin intervention significantly augmented the cognitive abilities of patients with MS, thus providing further supportive evidence of mechanism of the insulin resistance in patients with MS (Mowry et al., 2017). Based on these results, insulin resistance may exist in MS, and ameliorating it may attenuate MS progression and serve as a useful strategy for the prevention and management of MS (Figure 2E).
5 EXERCISE REDUCES INSULIN RESISTANCE AND IMPROVES NEUROLOGICAL DISEASES
Limited studies have shown that exercise can effectively reduce central and peripheral insulin resistance to improve neurodegenerative diseases. However, most of these studies have focused on AD, PD, and MS disease models and populations.
Relevant research has found that 6 weeks of swimming and resistance exercise in D-galactose-induced AD-like models can increase the circulating insulin-like growth factor 1 (IGF-1) levels in the body, leading to improvements in cognitive abilities (Özbeyli et al., 2017). Moreover, in an AD rat model, induced by exogenous Streptozotocin (STZ) and Aβ injection, treadmill exercise significantly activated the insulin signaling pathway in the hippocampus, reduced peripheral blood glucose levels, and improved cognitive ability (Kang and Cho, 2014; Farokhi Larijani et al., 2023). Notably, these changes also appear in transgenic AD mice (Um et al., 2008; Kim et al., 2022). However, in a 16-week study on patients with AD, aerobic exercise resulted in a decrease in blood glucose levels but did not improve insulin resistance. In another 24-week intervention in patients with AD, a decrease in insulin resistance was observed. The reason for this difference in results may be related to the difference in intervention duration and sample size between the two studies. Previous studies have shown that exercise can partially suppress insulin resistance in both AD models and humans. However, human studies may require larger sample sizes and more in-depth investigations.
Studies have shown that aerobic exercise alone and lower-intensity balance exercises are not effective in reducing insulin resistance and IGF-1 levels in the PD population (Szymura et al., 2020; Soke et al., 2021). However, combining aerobic and strength exercises along with multi-modal exercise has been demonstrated to significantly reduce fasting blood glucose levels and increase IGF-1 levels and cognitive abilities (Krumpolec et al., 2017; Stuckenschneider et al., 2021). The mixed exercise model thus appears to be more effective in lowering blood sugar levels and improving peripheral insulin resistance in individuals with PD.
In MS models, swimming and free-wheel exercise can activate the IGF-1/Akt/FOXO3a and IGF-1 and PI3K/AKT signalling pathways in the skeletal muscle and spinal cord tissue, respectively (Kaspar et al., 2005; Cieminski et al., 2021). Exercise in patients with MS has shown good anti-insulin resistance effects. Among these, home exercise, swimming, aerobic exercise, and resistance exercise, as well as a variety of combined exercise training programs, can improve glucose tolerance and reduce blood sugar levels and insulin resistance. Varying degrees of improvement have also been observed (Patyn, 2014; Wens et al., 2015; Sadegh and Golestany, 2017; Wens et al., 2017; Ispoglou et al., 2023).
Exercise plays a positive role in neurodegenerative diseases by improving peripheral and central insulin resistance (Table 1). However, research on other neurodegenerative diseases is lacking.
TABLE 1 | Exercise improves insulin resistance in neurodegenerative diseases.
[image: Table 1]6 POTENTIAL MECHANISMS OF EXERCISE IN IMPROVING INSULIN RESISTANCE
Exercise has long been recognized as an important strategy for preventing and treating chronic diseases and accelerating recovery. However, the molecular mechanisms underlying these beneficial effects of exercise require further systematic exploration, as this involves a broad concept of motion. Considering that insulin resistance has been established to occur in neurodegenerative diseases, exercise may represent a feasible intervention to improve insulin resistance, and its molecular mechanisms potentially involve mitochondrial quality, inflammation, autophagy, endoplasmic reticulum stress, and reactive oxygen species. Therefore, we summarized the triggering factors of exercise reversing insulin resistance and provided possible mechanisms by which exercise reverses insulin resistance in neurodegenerative diseases.
6.1 Mitochondria quality
Mitochondria are pivotal organelles involved in cellular energy metabolism and are more abundant in tissues with strong energy demands. Mitochondria primarily generate ATP via the oxidative phosphorylation pathway for regular physiological functions. The insulin/IRS/GLUT4 pathway is the main route by which cells take up glucose and convert energy through mitochondrial processing. Although mitochondrial oxidative phosphorylation theoretically follows insulin-mediated glucose uptake, a high-glucose-induced insulin model in primary cortical neurons indicated that mitochondrial dysfunction may be associated with insulin resistance (Peng et al., 2016), ultimately leading to acute insulin resistance in mice (Lee et al., 2021). For example, knockout of the mitophagy-related protein FNDC1 increases susceptibility to obesity-induced insulin resistance (Wu et al., 2019). Other studies have demonstrated that mitochondrial dysfunction may be a crucial component in the development of IR (Hoeks and Schrauwen, 2012). Furthermore, skeletal muscle insulin resistance was significantly reduced after transient transfection with the mitochondrial quality regulatory protein PGC-1α, a known regulator of mitochondrial quantity and respiration (Benton et al., 2008; Pagel-Langenickel et al., 2008). In contrast, skeletal muscle studies have indicated that insulin resistance may not be a consequence of decreased mitochondrial numbers, although the mitochondrial function is vital for the action of insulin, insulin resistance does not arise when the mitochondrial electron transport chain is disrupted (Han et al., 2011; Holloszy, 2013). Insulin resistance leads to deterioration of mitochondrial function and quality. This alteration can be improved by insulin treatment, with the mitochondrial proteome as a potential mechanism (Zabielski et al., 2016). Moreover, mitochondrial dysfunction in the presence of insulin resistance elevates levels of reactive oxygen species (ROS), thus creating a vicious cycle that further aggravates insulin resistance (Figure 3A) (Ruegsegger et al., 2018; Ayer et al., 2022). Physical activity is considered the dominant player in the link between insulin resistance and mitochondrial respiration, thus implying that regulating and monitoring the aerobic capacity may be critical for managing mitochondrial respiration-induced insulin resistance (Dela and Helge, 2013). Although the relationship between mitochondria and insulin is complex, in-depth research examining the relevant molecular mechanisms may be beneficial to reduce insulin resistance by regulating mitochondria. Conversely, some studies have demonstrated that improving mitochondrial proportion and respiratory function through exercise may not alleviate insulin resistance in individuals with obesity (Hey-Mogensen et al., 2010).
[image: Figure 3]FIGURE 3 | Potential molecular mechanisms of exercise for improving insulin resistance. A, Exercise alleviates insulin resistance by improving mitochondrial quality (A), reducing ROS (B), decreasing endoplasmic reticulum stress (C), activating AMPK to induce autophagy (D), and inhibiting microglial activation and JNK and NF-κB phosphorylation as well as lowering neuroinflammatory factors (E).
Although specific differences exist in glucose uptake between the nervous system and peripheral tissues, exercise may ameliorate mitochondrial damage (Park et al., 2018), enhance mitochondrial function (Ruegsegger et al., 2019), reduce ROS levels (Ayer et al., 2022), and regulate mRNA translation. The comprehensive beneficial effects of exercise (Jannig and Ruas, 2017) suggest its potential as a crucial approach for improving insulin resistance by targeting mitochondrial quality and ultimately mitigating neurodegenerative diseases.
6.2 Inflammation
Inflammation induces and aggravates numerous diseases, and several studies have highlighted it as an important promoter of insulin resistance. Inflammation-induced insulin resistance in the nervous system predominantly occurs due to increased levels of inflammatory factors such as ROS, endoplasmic reticulum stress, TNF-α/TNFR1, PKCs, and LPS/TLRs activation of intracellular JNK and IKKβ/NF-κB. These inflammatory cascades further inhibit IRS-1, ultimately leading to insulin resistance. Among these inflammatory pathways, inflammation induced by microglial activation has been established as a critical component in inducing insulin resistance (Doust et al., 2022), and studies have demonstrated that inhibiting microglial activation can restore insulin resistance-related cognitive decline (Chunchai et al., 2018). Moreover, the presence or absence of the components of the inflammatory cascade can improve insulin resistance. For example, LPS-induced inflammation is a key tool in animal and cellular modelling of neuroinflammation. LPS has been suggested to cause insulin resistance in the central nervous system by affecting JNK activation (Rorato et al., 2017). Furthermore, TLR4 knockout was observed to reduce high-fat diet-induced insulin resistance in mice (Shi et al., 2006), and inhibiting central IKKβ/NF-κB decreased insulin resistance in the brain (Figure 3B) (Benzler et al., 2015). Moreover, studies have demonstrated that peripheral inflammation-induced central insulin resistance can be mitigated by inhibiting inflammation in the central nervous system (Milanski et al., 2012). Research involving inflammation-mediated insulin resistance has also shown a close link between peripheral diseases and the nervous system. Several studies have revealed that obesity, a prominent chronic inflammation promoter in the body, is associated with a significantly increased risk of developing neurodegenerative diseases (Spielman et al., 2014). Reasonable physical exercise can provide a valuable means of inhibiting inflammation and microglial activation (Wang et al., 2016), with confirmatory indicating that exercise can prevent and treat neurological diseases by inhibiting inflammation-mediated insulin resistance. For example, studies have established that swimming can lower insulin resistance in the mouse hippocampus by decreasing nervous system inflammation (Zhang H. et al., 2022), whereas resistance exercise training has been reported to effectively alleviate neuroinflammation in the mouse brain (Kelty et al., 2019). Furthermore, exercise-induced suppression of inflammation has yielded positive effects in the context of neurodegenerative diseases, such as AD and PD, and these benefits are closely related to the mitigation of insulin resistance (Li et al., 2022; Wang et al., 2023). Therefore, inflammation-regulated insulin resistance may be associated with mechanisms acting against neurodegenerative changes, thus indicating that exercise interventions targeting the reduction of inflammation levels may represent a useful strategy.
6.3 Autophagy
Autophagy is a classical mechanism for the self-degradation of organelles and misfolded proteins damaged by aging. Abnormal autophagy levels have been reported in various diseases, thus indicating that regulation of autophagy is a potential mechanism for the prevention and treatment of numerous diseases. Autophagy encompasses several autophagy-related proteins that form circular vesicles in a specific sequence to engulf components that require degradation, and then combine with lysosomes, ultimately leading to the breakdown of the components into essential substances that are made available for recycling. However, the excessive activation or inhibition of autophagy may trigger certain diseases. For example, certain studies have linked knockout of the autophagy gene ATG16L1 to insulin resistance (Frendo-Cumbo et al., 2019). Another study found that reducing miR-188, an inhibitor of the target autophagy-related gene Atg12, enhanced insulin resistance (Liu et al., 2020). Additionally, impeding the activation of mitophagy and the Sirt1/AMPK-PGC1α signaling pathway by using miR-302 in human podocytes has significantly reduced insulin resistance in HD (Chang et al., 2021). Cell experiments in human podocytes also demonstrated that autophagy activation can significantly alleviate insulin resistance attributed to high glucose levels (Xin et al., 2016). In contrast, minimizing autophagy and inducing autophagic flux can lead to insulin resistance in the body (Cai et al., 2018; Oh et al., 2023). Researchers have also demonstrated that the regulation of autophagy levels significantly attenuates disease-related insulin resistance in an AD rat model (Oh et al., 2023). Previous studies have suggested that autophagy disorders and defects may provide a possible explanation for the exacerbation of stress-induced insulin resistance in the islet cells of the endoplasmic reticulum (Zhou et al., 2009; Yang et al., 2010), whereas enhancing autophagy may effectively improve insulin sensitivity and cognitive defects (Wang et al., 2016). Exercise is considered the primary approach for activating autophagy, as it is a pivotal technique for consuming energy. Moreover, the role of exercise in disease prevention and treatment is inextricably associated with the regulation of autophagy (Sujkowski et al., 2022). In support of this concept, studies have demonstrated that exercise can initiate autophagy to improve insulin sensitivity by activating the interaction between AMPK and sestrins (Figure 3C) (Sujkowski et al., 2022). Researchers have also observed that exercise reduces the manifestation of insulin resistance by activating autophagy in the skeletal muscles of mice fed a high-fat diet (Cheng et al., 2022). Other studies have noted that exercise mitigates insulin resistance by stimulating the short-chain fatty acid (Yang et al., 2020) and Bcl-2 (He et al., 2012) pathways to activate autophagy. However, studies linking autophagy to insulin in neurodegenerative diseases remain limited. Nevertheless, regulation of autophagy in nervous system cells to improve insulin resistance may represent a potential strategy for managing neurodegenerative diseases.
6.4 Endoplasmic reticulum stress (ERS)
The endoplasmic reticulum (ER) is critical for protein synthesis, folding, and maturation. Nutrient deficiency, Ca2+ disorders, ROS, and glycosylation inhibition lead to increased endoplasmic reticulum misfolded proteins and trigger endoplasmic reticulum stress that in turn induces unfolded proteins, endoplasmic reticulum overload, and caspase-12-mediated responses to signal pathways such as the apoptotic pathway. Furthermore, damage to mitochondria-associated endoplasmic reticulum membranes caused by endoplasmic reticulum stress can promote the development of hypothalamic insulin resistance (Cheng et al., 2020). Experiments investigating the effect of inducing endoplasmic reticulum stress in POMC neurons observed inhibition of the activation of the insulin signaling pathway (Williams et al., 2014), whereas diabetes-related brain damage improved after inhibiting endoplasmic reticulum stress (Hu et al., 2020). Other researchers have revealed that the genetic deletion of the endoplasmic reticulum stress-related protein IRE1α and activating the PERK-mediated phosphorylation of FoXO can initiate and worsen the occurrence of insulin resistance (Zhang et al., 2013; Yao et al., 2017). Another possible mechanism of insulin resistance is the transfer of newly synthesized InsRs to the cell surface due to endoplasmic reticulum stress (Brown et al., 2020). A similar observation was noted in the hippocampal tissue (Sims-Robinson et al., 2016), where inhibiting endoplasmic reticulum stress reduced insulin resistance (Eo and Valentine, 2021). Furthermore, the activation of endoplasmic reticulum stress via the PERK-eIF2α pathway can result in insulin resistance (Li et al., 2015), whereas activating ATF6 can protect InsRs from the endoplasmic reticulum stress-mediated desensitization to a certain extent (Tang et al., 2011). Moreover, researchers have demonstrated that appropriate exercise can weaken the cellular response to endoplasmic reticulum stress (Marafon et al., 2022). Additional studies have suggested that exercise potentially reduces insulin resistance and cognitive impairment by improving endoplasmic reticulum stress (Figure 3D) (George et al., 2018). Exercise regulates endoplasmic reticulum stress, improves endoplasmic reticulum stress in skeletal muscles, and improves insulin resistance (Cheng et al., 2022). Similarly, endoplasmic reticulum stress detected in the liver and adipose tissue of obese rats improved with increased insulin sensitivity after exercise (da Luz et al., 2011). Therefore, exercise interventions to mitigate insulin resistance in neurodegenerative diseases may be intricately linked to a reduction in endoplasmic reticulum stress. Thus, the targeted amelioration of endoplasmic reticulum stress and insulin resistance requires further exploration in the field of neurodegeneration.
6.5 Reactive oxygen species (ROS)
ROS (including O₂•-, OH, and H₂O₂) are primarily generated during mitochondrial oxidative phosphorylation. Activation of the mitochondrial permeability transition pore and inner membrane anion channel (results in oxidation within and between the mitochondrial membranes. Moreover, ROS leakage can occur due to changes in the reduction environment (Zorov et al., 2014), wherein the mutual restriction of the oxidation and antioxidant systems essentially maintains normal intracellular ROS levels. Moderate concentrations of ROS are required for normal intracellular signaling. However, excessive ROS levels can induce inflammation, endoplasmic reticulum stress, and DNA damage and participate in molecular signaling pathways that damage the body’s environment and even trigger related diseases. Insulin resistance is a detrimental effect caused by altered ROS levels. ROS can inhibit the binding of IRS-1/2 to InsR by activating JNK, P38 MAPK, IKKβ, and PKCθ and inhibiting PTP1B and PTEN (Tiganis, 2011). Current research has demonstrated that exercise can induce a short-term increase in ROS levels; however, this alteration does not cause insulin resistance. However, exercise reduces ROS levels, due to the observation that exercise intensity is closely related, and reasonable long-term exercise may improve the antioxidant system of the body to manage oxidative stress (Figure 3E) (Nocella et al., 2019). Although few studies have been conducted examining the role of exercise in the contexts of regulating ROS levels, reducing insulin resistance, and alleviating neurodegenerative diseases, changes in ROS levels may represent a theoretically feasible mechanism to explain the applicability of exercise in the prevention and treatment of chronic neurodegenerative diseases.
7 CONCLUSION
Insulin resistance is an abnormal energy metabolic process that impairs the nutrient-absorbing ability of cells, ultimately resulting in abnormal physiological functions in the body. Insulin resistance is a crucial factor that promotes and exacerbates neurodegenerative diseases. In this review, we discuss insulin resistance in the context of prominent neurodegenerative diseases (Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, Amyotrophic Lateral Sclerosis, and Multiple Sclerosis) and summarize the potential molecular mechanisms regulating exercise-associated insulin resistance in neurodegenerative diseases, and contribute to the improvement and alleviation of these disorders. Although exercise interventions may be challenging in some neurodegenerative diseases that progress rapidly, moderate exercise in the early stages of the disease may extend the treatment period and alleviate disease progression. Thus, improving insulin resistance via exercise may represent a valuable and essential intervention. Exercise may ameliorate neurodegenerative disorders by regulating mitochondrial quality, inflammation, autophagy, endoplasmic reticulum stress, and ROS production. However, studies investigating the relationship among neurodegenerative disorders, exercise, and insulin resistance are limited. Therefore, more in-depth exploratory research is required in this aspect, and this will help provide future directions for preventing and treating insulin resistance and neurodegenerative diseases via exercise.
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