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ABSTRACT 

 
Non-alcoholic fatty liver disease (NAFLD) is now characterized as the hepatic 

manifestation of metabolic syndrome, is the leading cause of liver cirrhosis and currently affects 

a quarter of the world's population. A number of recent studies have focused on the prevalence of 

neurodegeneration, including dementia and cognitive impairment in NAFLD. Various risk 

factors, including insulin resistance, cerebrovascular dysfunction, intestinal dysbiosis, 

hyperammonemia, neuroinflammation and etc. Given the prevalence of NAFLD, its negative 

impact on cognitive function is a medical problem with enormous social and economic 

consequences. This article reviews the available evidence for the role of NAFLD in the 

development of neurodegeneration and describes possible mechanisms involved in the 

development of brain dysfunction in NAFLD. 

Key words: nonalcoholic fatty liver disease, nonalcoholic steatohepatitis, dementia, 

cognitive disorders, insulin resistance, neuroinflammation, neurodegeneration, liver-brain axis. 

INTRODUCTION 

Currently, NAFLD is the most common chronic liver disease. Approximately 

25% of the world's population is affected by NAFLD, is expected to increase to 

33.5% by 2030 [66]. 70% of all liver diseases correspond to fatty hepatosis [67]. 

The sharp increase in the prevalence of NAFLD is closely related to the increase in 

obesity in the world, the pathogenesis of the disease is closely related to the 

metabolic syndrome and insulin resistance. One of the main causes of liver 

cirrhosis is NAFLD. Because, NAFLD is characterized by the accumulation of 

triglycerides in the liver and can progress from simple fatty steatosis, 

steatohepatitis to fibrosis and eventually cirrhosis which can progress to 
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hepatocellular carcinoma. Although hepatic steatosis is usually reversible, 

approximately, one-third of patients with NAFLD progress to nonalcoholic 

steatohepatitis (NASH) leading to severe cirrhosis or hepatocellular carcinoma. 

The mechanisms of the transition of NAFLD to NASH are not fully known, but the 

role of lipotoxicity, oxidative stress and anti-inflammatory mediators in the 

development of this disease has been studied [19]. People's lifestyle, eating habits 

and genetic background play an important role in the incidence of NAFLD. Other 

metabolic diseases such as type 2 diabetes, chronic kidney disease, cardiovascular 

diseases, and intestinal dysbiosis serve as common risk factors for the occurrence 

of NAFLD. In addition, NAFLD is also a risk factor for other metabolic diseases. 

According to researches, more than 50% of patients with diabetes, more than 80% 

of people with obesity suffer from this disease, and the occurrence of NAFLD in 

pathological obesity is 95-100%. Often, this disease occurs relatively often in the 

40-60 age group of the population [55]. It should be noted that NAFLD is no 

longer considered only a liver disease, as many organ systems play an important 

role in the pathogenesis of liver inflammation. 

Recently, NAFLD has been studied as an important disease associated with 

the development of neurodegenerative processes, including cognitive impairment 

and dementia. Also, according to sources, data indicate that dyslipidemic 

conditions contribute to or serve as a cofactor in the development of Alzheimer's 

disease [59]. Neurological disorders such as cognitive impairment and memory 

loss may be associated with insulin resistance, hyperammonemia, vascular 

dysfunction, gut microbiota disruption, inflammation, and other features observed 

in patients with NAFLD [55]. Phenotopic manifestation of NAFLD is associated 

with obesity. Obesity has been shown to increase the risk of developing cognitive 

decline and Alzheimer's disease six times in adulthood and middle age. Also, 

obesity in middle age significantly increases the risk of dementia and Alzheimer's 

disease, unlike obesity in later life [2; 38; 57]. 

Pathogenesis of NAFLD. Triglycerides (TG) are the main lipid components 

of the liver, and their accumulation in the liver is observed due to the entry of free 

fatty acids (FFA) into the liver or an increase in the synthesis of fatty acids from 

acetyl coenzyme A in the liver itself. The pathogenesis of NAFLD is 

multifactorial, but insulin resistance and obesity are the main factors in the 

development of this disease. The safest way to store FFAs is to store them in the 

form of TG in hepatocellular lipid droplets. Hepatocellular TG comes from several 

sources: dietary fatty acids; such as increased peripheral lipolysis due to adipose 

tissue resistance and increased lipogenesis in the liver due to hyperinsulinemia. For 

this reason, the formation of TG in the hepatocyte is directly related to the amount 
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of glucose, FFA and acetyl coenzyme A in it. Briefly, the accumulation of fat in 

the liver can occur through several mechanisms, such as increased lipolysis or 

increased FFA due to dietary fat consumption, decreased FFA oxidation, increased 

de novo synthesis of hepatic lipids. increase and decrease in the secretion of very 

low density lipoproteins (VLDLP) in the liver. If the synthesis of lipids exceeds the 

synthesis of lipoproteins that excrete them, fat accumulation occurs in the liver. As 

a result, steatosis develops, which leads to the activation of free radical oxidation 

of lipids, increased lipid peroxidation (LPO) and the development of apoptotic and 

necrotic processes in hepatocytes. If inflammation and liver damage are not 

observed, it does not progress to the next stage of steatosis, activation of 

inflammatory cytokines and oxidative stress under the influence of free fatty acids. 

originates. Hepatic accumulation of EIK and cholesterol leads to mitochondrial 

dysfunction and ER stress, resulting in tumor necrosis factor-α (TNF-α)-mediated 

liver injury and accumulation of reactive oxygen species (ROS). The gut-liver axis 

is also affected by food, resulting in microbiota dysbiosis and production of 

inflammatory cytokines. Multiple receptors (MRs) in the intestinal epithelium can 

respond to dietary lipids, influencing systemic inflammation and insulin resistance. 

Adipose tissue is able to produce several mediators, such as leptin, interleukin 6 

(IL-6) and TNF-α, which are responsible for the interaction between liver and 

adipose tissue in the pathogenesis of NAFLD. 15-20% of NAFLD patients develop 

NASH due to the development of inflammatory processes, if it is not treated in 

time, it progresses to the stages of NASF (non-alcoholic steatofibrosis) and 

cirrhosis. In this process, increased oxidative stress (induction of microsomal 

cytochrome P450) and lipid peroxidation, mitochondrial dysfunction, 

cytokine/adipokine imbalance, TNF-α, IL-6, adiponectin, lipotoxicity of FFAs, 

cholesterol accumulation in the liver occur [61] . 

So, if overeating and lack of movement are the main factors in the origin of 

NAFLD, consumption of certain drugs and intestinal dysbiosis take place to a 

lesser extent. Factors involved in the development of NAFLD include diet, 

lifestyle, gut microbiota changes, epigenetic and genetic changes, mitochondrial 

dysfunction, oxidative or endoplasmic reticulum (ER) stress, lipid metabolism 

disorders, and modulation of the immune system. how many factors are included. 

NAFLD as an important disease associated with the development of 

neurodegeneration. Nonalcoholic fatty liver disease is becoming increasingly 

important in the pathogenesis of neurodegeneration and is one of the risk factors 

for the development of mild cognitive impairment and dementia. 

Dementia is a prevalent disease worldwide, with approximately 50 million 

people affected by dementia and this number expected to increase annually [ 39 ]. 
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According to the World Health Organization, the number of people with dementia 

will reach 82 and 152 million in 2030 and 2050 [21]. In addition, as the world's 

population lives longer, Alzheimer's disease and dementia are predicted to be a 

major global health problem in an aging world population. It is characterized by 

mental and cognitive degeneration, which leads to memory loss and cognitive 

impairment. There are the following types of dementia: Alzheimer's dementia 

(AD), diabetes-related dementia, and vascular dementia. There is evidence that all 

types of dementia are related to the pathogenesis of NAFLD. 

The hypothesis of a link between AD and NAFLD is very recent, and most 

studies are conducted in animal models rather than in humans. One of the factors 

influencing the development of AD in NAFLD is the consumption of a high-fat 

diet (HFD). NAFLD is mainly modeled in animals using HFD. Many studies have 

shown that there is a positive correlation between NAFLD and AD [18;32], and 

high-fat and high-fructose diets have been shown to accelerate cognitive 

impairment in AD [24;51]. One of the first studies in mice chronically fed FFA 

showed a time-dependent decrease in brain weight compared to controls. Subtle 

histopathological abnormalities such as neuronal loss and apoptosis were also 

found in the brain tissue. Acceleration of neurodegeneration and the formation of 

β-amyloid protein aggregates has been found after HFD-induced inflammation and 

the development of NAFLD [35]. In the studies, 4, 8, or 12 weeks of HFD feeding 

had no effect on brain histopathology. However, 16 weeks of HFD feeding caused 

neuronal loss, apoptosis, and other subtle histopathological abnormalities [48]. 

After 20 weeks of HFD feeding, apoptosis was more pronounced in the 

hippocampus and temporal neocortex, as evidenced by cell loss and increased lipid 

peroxidation and astrogliosis (GFAP immunoreactivity) in these regions. 

In patients with NASH, histological analysis of the cerebellum area revealed 

the presence of parenchymal microthrombi, neurodegeneration in the Purkinje 

layer, and glial changes in the molecular layer, in addition to the activation of 

white matter microglia and astrocytes [5]. 

Yet other studies have shown no cognitive impairment in patients with simple 

steatosis. This suggests that simple steatosis may not be an independent risk factor 

for cognitive dysfunction, and that factors associated with more severe levels of the 

disease, such as elevated ammonia levels and systemic inflammation, may be 

required [37 ]. 

One of the first affected brain areas in the early stages of chronic liver disease 

may be the cerebellum, hippocampus, prefrontal cortex (PFC), and other brain 

regions important for cognition, memory, learning, and mood regulation [42]. In 

their research, scientists tried to determine which areas of the brain might be 
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affected by NAFLD, and the result was a decrease in dopamine in certain areas of 

the brain, such as the prefrontal cortex, hippocampus, and amygdala, and a 

decrease in noradrenaline in the prefrontal cortex, cerebellum, and striatum. due to 

decreased metabolic activity [27], neuronal loss in the frontal cortex, astrogliosis 

[65], dopaminergic neuronal damage [63], another study revealed a decrease in the 

volume of white and gray matter of the brain [20]. These studies confirm the 

hypothesis of NAFLD effect in cognitive impairment. 

It is worth noting that NAFLD and dementia share many risk factors. The 

pathogenetic mechanism of dementia is complex, and dementia can appear as a 

complication of several diseases. Metabolic disorders such as NAFLD have been 

shown to be significantly associated with an increased risk of dementia [14], 

whereas some studies have shown no association between NAFLD and cognitive 

impairment or between NAFLD and dementia [54]. showed that Physically frail 

patients with a high risk of liver fibrosis have a 5-fold higher risk of receiving a 

diagnosis of dementia within 8 years, and physical frailty or a high risk of liver 

fibrosis are independent risk factors [56]. 

Studies have also reported liver steatosis with increased activity of alanine 

aminotransferase (ALT), γ-glutamyl transferase (GGT) enzymes in plasma in 76% 

of patients with amyotrophic lateral sclerosis and patients with motor neuron 

dysfunction, and they mainly studied patients with behavioral disorders and 

dementia [10]. Thus, many studies have shown a relationship between NAFLD and 

cognitive impairment. Currently, there is great interest in studying the relationship 

between NAFLD and neurodegenerative diseases, probably because these diseases 

are common worldwide and there is no effective pharmacological treatment for 

either of them. 

Molecular and pathophysiological basis of development of 

neurodegeneration in NAFLD. The pathogenesis of NAFLD is a very complex 

process, and the progressive deposition of lipids in the liver leads to the 

development of lipid peroxidation, insulin resistance, oxidative stress and 

inflammation. This contributes to peripheral insulin resistance and a low-grade 

systemic inflammatory state. NAFLD not only affects liver function, but also 

causes many extrahepatic manifestations, including central nervous system 

changes, such as depression, cognitive impairment, Alzheimer's disease, and 

dementia. Also, an important common feature of Alzheimer's disease and NAFLD 

is a change in lipid metabolism, which alters the function of cells or tissues and 

causes many factors related to the pathogenesis of the disease. 

Insulin resistance is one of the common risk factors for NAFLD and 

neurodegenerative diseases [14]. As a result of hepatic steatosis, hepatic insulin 
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resistance may develop. And peripheral insulin resistance leads to the development 

of brain insulin resistance. Brain insulin resistance and molecular disruption of IGF 

(insulin growth factor) receptors are sufficient to cause cognitive impairment and 

hippocampal degeneration with molecular abnormalities similar to AD [58]. 

Insulin resistance impairs cell viability, metabolism, and neuronal plasticity and 

increases oxidative stress, cytokine activation, and apoptosis. Therefore, regardless 

of the cause, hepatic insulin resistance plays a decisive role in the pathogenesis of 

hepatic steatosis and steatohepatitis. 

Inflammation is a common feature of NAFLD patients. With the presence of 

NASH in NAFLD, inflammation is evident, spreads systemically and affects other 

organs, including the brain. Fatty infiltration of the liver and damage to 

hepatocytes stimulate the secretion of cytokines in NAFLD. Cytokines produced 

by macrophages promote the development of NASH. Systemic inflammation has 

been proposed as a cause of cognitive dysfunction in NAFLD and metabolic 

syndrome, and when inflammation affects the brain, cytokines and other pro-

inflammatory factors are able to bypass blood-brain barrier (BBB) in a number of 

ways to disrupt brain function. In addition, cytokines can activate their receptors 

on peripheral endothelial cells, which promotes the release of inflammatory factors 

within the CNS [37]. These processes ultimately lead to the activation of 

microglia. Many experimental studies have shown evidence of a correlation 

between cognitive dysfunction and neuroinflammation in animal models of NASH 

[47]. Another study concluded that chronic inflammation originating outside the 

CNS (in the liver) is sufficient to induce AD-like symptoms even in the absence of 

genetic predisposing factors [17]. 

Neuroinflammation remains a focus of research in AD because it occurs early 

in the course of the disease and is mainly manifested by pro-inflammatory 

cytokines and microglial infiltration, especially near aggregates. 

Neuroinflammation contributes to AD pathology by promoting β-amyloid 

accumulation, Tau hyper-phosphorylation, oxidative damage, and impaired 

neuronal plasticity [58]. In addition, inflammation promotes insulin resistance and 

ceramide accumulation, i.e. increases lipotoxicity, contributing to neuronal damage 

and cholinergic dysfunction [59]. Cytokines are activated early in AD, and 

neuroinflammation may mediate neurodegeneration during early and possibly 

other selected stages of AD rather than throughout the course of the disease. 

Notably, a significant reduction in cytokine activation coincided with an increase 

in brain levels of β-amyloid, the end product of the phospho-Tau protein [58]. The 

activation of inflammatory pathways specific to NAFLD and NASH increases the 

production of some inflammatory mediators, such as IL-6, TNFα and IL-1β 
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cytokines. Furthermore, increased production of reactive oxygen species 

perpetuates the inflammatory cascade, which further increases IL-6 release, 

neuroinflammation, and neurodegeneration [42]. 

Ammonia levels are important in the pathogenesis of liver diseases. 

Hyperammonemia accelerates the development of NASH, exacerbates the 

inflammatory response, astrocyte swelling, and cognitive impairment. 

Hyperammonemia causes damage to neurons, disruption of synaptic plasticity. 

High levels of ammonia lead to mitochondrial dysfunction, increased activity of 

poly-ADF-ribose polymerase (an index of cell death) [1; 50]. In addition, 

hyperammonemia increases the secretion of gamma-aminobutyric acid (GABA), 

an inhibitory neurotransmitter, and induces memory deficits in AD [1]. In AD, the 

large accumulation of β-amyloid alters the glutamate synthetase enzyme that 

detoxifies ammonia, resulting in increased ammonia levels leading to a neurotoxic 

state [55]. Therefore, elevated ammonia levels promote the progression to a more 

severe form of NAFLD, which then leads to memory loss and eventually dementia. 

Hyperammonemia also occurs in the simple steatosis stage of NAFLD. Studies 

show that the presence of long-term steatosis decreases gene expression of urea 

cycle enzymes and increases ammonia production [15; 16]. 

Recent evidence has shown a close relationship between changes in the 

intestinal microbiota and the development of NASH, which increases intestinal 

permeability to lipopolysaccharide (LPS), which activates TLR4 of liver Kupffer 

cells and liver cells. The LPS-activated inflammatory cascade in the brain leads to 

a decrease in brain-derived neurotrophic factor (BDNF), decreases the number of 

viable cells in the pyramidal layer, and promotes neurodegeneration and atrophy of 

hippocampal neurons, thereby affecting CNS function, causing degenerative 

dementia and cognitive impairment. [46]. Gut microbiota helps regulate several 

metabolic and physiological homeostasis processes in the body, such as hormone 

secretion, gene expression, neurotransmitter secretion, and immune function. Gut 

dysbiosis leads to neurological disorders such as depression, anxiety and autism 

[52]. Numerous studies have demonstrated cognitive dysfunction and altered gut 

microbiota in patients with NAFLD. Finding the common microbiome species 

between NAFLD and Dementia may provide a basis for the development of 

therapies for the pathologies associated with these two diseases. 

Dyslipidemia and disturbances in cholesterol metabolism are considered very 

important in the development of neurodegeneration in patients with NAFLD. 

Cholesterol is an important building block of the brain, which produces more than 

20% of the total cholesterol in the body. High levels of cholesterol are essential for 

neuronal function. For this reason, neuronal cells have abundant cholesterol uptake 
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receptors such as low-density lipoprotein receptor (LDL), low-density lipoprotein 

receptor-related protein 1 (LRP1), and apoprotein-E (ApoE). Up to 70% of 

cholesterol in the brain is in the myelin sheath of oligodendrocytes and the 

membrane of astrocytes, and the rest is involved in the activity of neurons, 

including the formation of the myelin sheath of neurons that transmit synaptic 

signals. ApoE and LRP1 are associated with cholesterol metabolism and are 

important risk factors contributing to the prevalence of AD [17]. The ApoE4 

variant increases the risk of AD and accelerates the onset of AD. LRP1 is an 

endocytic receptor highly expressed in the liver, neurons, vascular smooth muscle, 

and glial cells in the central nervous system, and is involved in the clearance of β-

amyloid (Ab) from the central nervous system. Low-density lipoprotein receptor-

related protein-1 (LRP1) is most abundantly expressed in the brain, liver, and lung. 

In the brain, it is highly expressed in glial cells, neurons, and cells of cerebral 

vessels. A significant decrease in LRP1 was observed in the central nervous 

system of WT and APP-Tg mice in FFA during chronic NAFLD [17]. This decline 

coincides with the earliest signs of AD. Decreased expression of LRP1 in chronic 

NAFLD may be the result of the loss of glial and neuronal cells, as these cells 

contain high amounts of LRP1. Alternatively, LRP1, which is involved in the 

clearance of Ab from the CNS, may be defective. Also, impaired Ab clearance was 

found in neurons of LRP1-deficient mice [23]. Binding of APP (β-amyloid 

precursor) to LRP1 leads to increased APP clearance. However, LRP1 is also 

involved in Ab production. Hence, its involvement in Ab synthesis and clearance 

makes it a key target in AD pathogenesis. It is hypothesized that ApoE Ab may 

inhibit or facilitate endocytosis of LRP1. LRP1, ApoE, or both are thought to be 

involved in the dysfunction of the lipid transport mechanism and Ab clearance 

(Figure 1). The LRP1 protein is a multifunctional receptor responsible for the 

absorption of dietary lipids by cells and the clearance of lipoproteins containing 

apolipoprotein E from the plasma. The protein also performs cellular regulatory 

functions by integrating multiple signal transduction events. Thus, the dysfunction 

of this receptor affects the development of a wide range of diseases, from 

cardiovascular diseases, obesity and diabetes to neurodegenerative diseases, tumor 

invasion and metastasis. 

The main enzyme responsible for Ab production is β-secretase (BACE1), 

which is mainly found in the brain and may also be present in peripheral organs 

[41]. Under normal physiological conditions, Ab is produced to support synaptic 

plasticity and regulate the calcium influx required for synaptic communication 

transmission [33]. Clearance of Ab in the periphery is an important contributor to 

the development of AD, as insufficient clearance of Ab from the blood contributes 
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to Ab accumulation in the brain. Soluble Ab efflux through the BBB is 

hypothesized to be controlled by LRP1. LRP1 is understood as a mediator for Ab 

uptake by hepatocytes [41]. Theoretically, direct flow of Ab across the BBB for 

clearance by the liver would reduce Ab load in the brain, as 60% of brain-derived 

Ab is cleared by the periphery; however, insoluble Ab is a hallmark of AD 

pathology and cannot cross the BBB [41; 60]. The clearance of soluble Ab in the 

periphery is an important component of the development of AD, as insufficient 

clearance of Ab in the blood contributes to Ab accumulation in the brain [60]. One 

of the main functions of the liver is detoxification, which is important in the 

clearance of circulating Ab. A high concentration of Ab in the blood is observed as 

a result of a decrease in the ability of liver disease to detoxify. Hepatocytes can 

directly clear circulating Ab by uptake and degradation or by excretion. Ab uptake 

from the blood is carried out through lipoprotein receptor-related peptide 1 (LRP1) 

and low-density lipoprotein receptor (LDLR), which is abundant in hepatocytes 

[60]. Liver dysfunction and hepatic insulin resistance have been shown to inhibit 

the clearance of Ab from the blood by reducing the amount of LRP-1 in the liver 

and the translocation of LRP-1 to the hepatocyte membrane [62]. To counteract 

this effect, the use of treatments that enhance LRP1-mediated clearance of Ab by 

the liver improves cognition and mitigates the potentially deleterious effects of Ab 

within the brain. Thus, therapeutic intervention targeting the liver is emerging as a 

promising target for AD intervention and therapy. 

Therefore, NAFLD is accompanied by a decrease in the liver of proteins 

involved in circulating Ab clearance (LRP1, LDLR) and Ab catabolism (insulin-

degrading enzyme-IDE, neprilysin-NEP) [6; 43]. Impaired hepatic Ab degradation 

may contribute to increased circulating Ab, leading to increased Ab accumulation 

in the brain and the development of Alzheimer's disease [6; 18; 60]. The 

involvement of Ab, LRP1, and ApoE (especially the ApoE4 allele) in the 

pathogenesis of neurodegeneration and AD is complex and requires further 

investigation. 
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Figure 1. Involvement of the LRP1 receptor in the clearance of β-amyloid protein [7]. 

Also, according to the information presented in the literature, NAFLD 

damages the clearance of peripheral Ab in the liver and increases the conversion of 

cholesterol to 27-hydroxycholesterol, which allows peripheral cholesterol to enter 

the brain. Increased hydroxycholesterol influx into the brain induces brain 

oxidative stress and increases APP degradation. The resulting excess Ab is 

insufficiently removed from the brain by LRP1 due to impairments in BBB. Also, 

BBB impairment enhances the uptake of peripheral Ab by RAGE and increases the 

amount of Ab in the brain. Also, systemic inflammation caused by NAFLD 

disrupts BBB, resulting in Ab, 27-hydroxycholesterol, FFA, pro-inflammatory 

cytokines, and immune cells entering the brain from the blood. These factors affect 

the brain's immune and glial cells and their ability to clear and remove Ab, while 

increasing the amount of Ab precursors. In parallel, FFA and 27-GX disrupt the 

lipid content of neuronal cell membranes where the process of amyloidogenesis 

occurs, which increases the breakdown of APP into Ab. Accumulated Ab, 

however, is not adequately cleared from the brain by reduced LRP1. Activated 

glial and immune cells produce pro-inflammatory molecules such as TNF-α, IL-

1β, IL-6, and iNOS, increasing neuroinflammation and triggering the development 

of neurodegeneration together with Ab accumulation [2]. 

When excess saturated fatty acids are incorporated into hepatocyte 

triglycerides, they cause lipotoxicity, resulting in liver damage. Lipotoxicity is a 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2972355/figure/F2/
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state of cellular dysfunction caused by excessive accumulation of intracellular 

lipids, which activates oxidative stress and pro-inflammatory cytokines, increases 

the production of reactive oxygen species and toxic lipid intermediates, and 

inhibits β-oxidation. The role of fatty acids, sphingolipids and ceramides as 

mediators of lipotoxicity has been proposed. An excess of saturated fatty acids 

constitutes a preferential substrate for de novo ceramide biosynthesis. Ceramides 

and toxic lipids are thought to be important mediators of neurodegenerative 

diseases because these molecules are produced in liver, visceral fat, or brain tissue; 

may lead to insulin resistance [59]. Because AD is associated with an increase in 

blood sphingolipid, such as ceramide, it is hypothesized that ceramide released 

from the liver may target brain tissue via the blood and contribute to the 

development of AD. Dysregulation of ceramide metabolism, reflected by increased 

plasma ceramide levels, may occur at different stages of AD development [26]. 

Furthermore, it will be important to determine whether AD is associated with 

differential distribution of ceramides in lipoproteins but also in exosomes, which 

may be biomarkers of disease progression. Ceramides negatively alter cell 

functions and induce apoptosis by modulating the phosphorylation state of 

proteins, including insulin signaling proteins. In obesity, disturbances in 

sphingolipid metabolism in adipose tissue, skeletal muscle, and liver occur, leading 

to ceramide production, activation of inflammatory and anti-inflammatory 

cytokines, impaired glucose homeostasis, and impaired insulin responsiveness. 

Given that toxic lipids (including ceramides) can cross the BBB and interfere 

with critical phosphorylation events, they can cause insulin resistance and serve as 

mediators of neurodegeneration by activating cytokines. Studies have also shown 

that ceramides produced or delivered outside the CNS can cause neuronal insulin 

resistance, neurodegeneration and neurocognitive deficits in the CNS [59]. 

Since ceramides are formed during myelin metabolism and degradation in the 

brain, local ceramide biosynthesis is increased under the influence of factors that 

disrupt oligodendroglial function. Locally increased ceramides have also been 

found to increase insulin resistance, neuroinflammation and oxidative stress in the 

brain [28]. The role of ceramides as a mediator of neurodegeneration may be 

related to the severity of steatohepatitis and the imbalance of lipid metabolism in 

the liver in the context of NASH. In general, many studies emphasize the role of 

the homocysteine-ceramide pathway in the pathology of Alzheimer's dementia 

[26]. 

Studies have shown that mRNA levels of several proceramide genes, 

including ceramide synthase (CerS), UDF-glucose ceramide glycosyltransferase 

(UGCG), serine palmitoyltransferase (SPTLC), and sphingomyelin 
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phosphodiesterase (SMase), are associated with neurodegeneration [45]. 

Sphingosine-1-phosphate (S1P) has been shown to be a potent regulator of 

NAFLD. A 2-fold increase in sphingosine kinase (SphK1) was also detected in 

mice fed a high saturated fat diet [12]. The liver is known to regulate plasma levels 

of S1P because the liver produces a chaperone, apolipoprotein M (apoM), to 

transport S1P. S1P secretion by hepatocytes may constitute a potent regulator of 

AD by targeting the brain. Therefore, the above results confirm that steatohepatitis 

causes insulin resistance, oxidative stress, and increased cytotoxic ceramides that 

exacerbate CNS damage, inflammation, and CNS damage. 

In another study, the association between neurodegeneration and diet-induced 

NAFLD in juvenile pigs is explained by dysregulation of one-carbon metabolism 

[49]. Most of the choline in the brain comes from absorption in the small intestine 

and then passes through the BBB. Colonic excretion of choline-containing 

phospholipids as a result of increased rates of FFA and bile secretion is 

hypothesized to lead to depletion of choline and betaine in the brain, degradation 

of membrane phospholipids, and subsequent neuronal loss [25]. Studies show a 

link between NAFLD and neurodegeneration through increased synthesis of 

kynurenine, which can be converted into neurotoxic metabolites in the brain [9]. 

Inflammatory conditions in the liver and intestine inhibit indoleamine 2,3-

dioxygenase (IDO-1), an intracellular enzyme that catalyzes the rate-limiting step 

in the conversion of tryptophan to kynurenine, possibly leading to liver damage 

and intestinal dysbiosis in kynurenine-tryptophan-fed pigs. ratio contributed to the 

growth of the frontal cortex of the brain. Also, short-chain fatty acids have been 

proven to have a negative effect on brain-related pathogenesis of NASH. An 

increase in the amount of bile acids in the brain is associated with 

neurodegenerative conditions in NAFLD. Primary conjugated bile acids are 

cytotoxic at high concentrations and can disrupt BBB [49]. 

Nervous system metabolism is directly dependent on the activity of SitC 

oxidase (SCO), a mitochondrial enzyme involved in ATF production. Research 

shows that in the NASH group, there is a decrease in SCO activity in the prefrontal 

cortex, hippocampus, thalamus and amygdala regions, which form part of the 

network underlying spatial working memory, and this decrease causes changes in 

the metabolic capacity of neurons. Brain mitochondrial dysfunction is one of the 

main drivers of neurodegeneration [31; 53]. Disruption of glucose metabolism in 

NASH has been found to affect neuronal circuits especially in the prefrontal area, 

because the density of excitatory synapses whose activity depends on the 

availability of glucose is high in the prefrontal cortex [43]. The activity of these 

prefrontal cortex excitatory synapses is related to dopamine because dopamine 
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modulates the impulse response of glutamatergic pyramidal neurons. A study 

found decreased levels of dopamine in the prefrontal cortex in NASH [53]. 

Dopaminergic dysfunction and decreased mitochondrial oxidative activity are 

observed due to insulin resistance and changes in monoamine oxidase and electron 

transport chain proteins. 

Serum homocysteine (HCy) levels are elevated in NASH and are considered 

one of the early markers for the diagnosis of the disease [26]. Studies have shown 

that moderately elevated Hcy levels increase the risk of Alzheimer's disease [30]. 

A moderate increase in the amount of Hcy can increase the relative risk of 

dementia in the elderly by 1.15-2.5 times. Many experimental studies have shown 

that high levels of HCy cause many neurotoxic effects involving excitotoxicity, 

oxidative stress, mitochondrial dysfunction, DNA damage, and apoptosis, and 

hyperhomocysteinemia may be involved in neurodegeneration. 

Hyperhomocysteinemia increases Ab accumulation and tau hyperphosphorylation 

in brain Ab binding. Increased Hcy decreases S-adenosyl methionine (SAM) levels 

and blocks dimerization of apoE3, resulting in reduced apoE3-mediated formation 

of high-density lipoprotein (HDL) and microglial degradation of soluble Ab [44]. 

Many studies implicate the protein tyrosine-(Y)-phosphorylation-regulated 

kinase (DYRK1A) in AD. Increased levels of DYRK1A increase APP 

phosphorylation and cleavage, resulting in increased levels of Ab. Its direct 

stimulation of tau protein hyperphosphorylation indicates its involvement in 

neurodegenerative processes. In AD, plasma DYRK1A levels have been found to 

be positively correlated with cerebrospinal fluid Tau and phosphorylated-Tau 

proteins [8; 29]. 

Cognitive impairment in NAFLD may be associated with an imbalance of 

nesfatin-1 and copin-6 in the hippocampus and prefrontal cortex. Nesfatin-1 plays 

a role in mood and cognitive function in addition to regulating glucose and energy 

metabolism. Copin-6 participates in BDNF-related changes, regulates 

neurotransmission and promotes synaptic plasticity, learning and memory. 

Decreased levels of copin-6 are associated with depression-like behavior and have 

also been observed in NAFLD rats [11; 13]. 

In another study, increased levels of lipocalin2 (Lcn2) induced a strong 

induction of amphoterin (HMGB1) in the liver and frontal cortex of the brain, 

which was associated with an increase in pro-inflammatory mediators in the brain, 

a subsequent decrease in the neurotrophic factor BDNF, and an increase in Tau 

protein depends [3]. As an adipokine, Lcn2 plays a role in various biological 

functions in the central nervous system. Lcn2 may act as a proapoptotic factor by 

sensitizing microglia to apoptotic stimuli. Lcn2 is thought to induce astrocytic 
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neurotoxicity. Notably, HMGB1 induces neuroinflammation by interacting with 

TLR4 or RAGE receptors. Oxidative stress is increased in the brain in NASH after 

induction of HMGB1 by Lcn2. Oxidative stress induces several inflammatory 

signaling pathways in NASH. Activation of p38 mitogen-activated protein kinase 

(MAPK) is one of the key intracellular signaling factors activated during oxidative 

stress. P38 MAPK activation has also been found to be involved in AD [34]. 

Notably, activated P38 MAPK contributes to the activation of nuclear factor kappa 

B (NF-κB), which is often responsible for the activation of Nod-like receptors 

(NLRP3), a key component of the inflammasome, and the secretion of cytokines 

and chemokines. NLRP3 activation with increased expression of caspase1, IL-6, 

IL-1β and IL-18 was found in the NASH model [3]. 

Another study reported that exposure to microcystin and a high-fat diet could 

induce NAFLD and significantly increase pro-inflammatory cytokine levels and 

increase Lcn2 and HMGB1 in the frontal cortex of the brain. The above effects are 

due to the activation of the NLRP3 inflammasome, as the use of NLRP3 knockout 

mice abolished the increase in the inflammasome. NLRP3 also causes a decrease in 

BBB tight junction proteins occludin and claudin 5. Increased blood S100β protein 

levels confirmed astrocyte activation and loss of BBB integrity in NAFLD. As a 

result, the protein levels of nitric oxide synthase (NOS), cyclooxygenase (COX-2) 

and Bax/Bcl2 are increased in the frontal cortex, indicating oxidative stress-

mediated neuronal cell apoptosis, which is crucial for neurodegeneration [4]. 

Recent studies have shown that a Western diet activates Na, K-ATPase 

signaling in the brain and peripheral tissues. The Na, K-ATPase signaling 

antagonist NaKtide (induced by doxycycline) ameliorated all effects of this diet, 

including cognitive memory decline and levels of BDNF, PSD95 (postsynaptic 

dense protein), Tau, phospho-Tau protein, and neurodegenerative o in the 

hippocampus restored the markers of change. These data suggest that western diet 

induces cognitive decline and neurodegeneration through activation of Na, K-

ATPase signaling, and its antagonist ameliorates adipocyte pathophysiology and 

markers of neurodegeneration. If this observation is confirmed in humans, 

adipocyte Na, K-ATPase may serve as a clinical target for the treatment of 

neurodegenerative diseases [36]. 

Studies have shown that Ethanolamine plasmalogen (EtnPLA) phospholipids 

are reduced in metabolic disorders, including liver disease and Alzheimer's disease, 

and that PlsEtn produced in the liver plays a critical role in synaptic function in the 

brain [40]. Studies have shown that restoring or increasing PlsEtn levels by 

supplementing with PlsEtn or plasmalogen precursors can prevent metabolic and 

age-related diseases. Given that low-affinity neurotrophin receptor (p75NTR) Ab 
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plays an important role in the development of neuronal death, neurite degeneration, 

tau hyperphosphorylation, hepatic steatosis, studies have investigated the role of 

PlsEtn in steatohepatitis and memory impairment and its mechanism involved in 

correcting it by inhibiting p75NTR showed [64]. 

Therefore, currently, NAFLD is an important risk factor for the development 

of neurodegenerative diseases, and the pathophysiological pathways of brain 

dysfunction related to NAFLD are summarized as follows based on the above 

analysis (Fig. 2). 

 
Figure 2. The main pathophysiological pathways of cognitive impairment in NAFLD [42] 

Conclusion. In this review, we summarized the development of 

neurodegeneration based on insulin resistance, inflammation, hyperammonemia, 

intestinal dysbiosis, cerebrovascular dysfunction, etc., originating in NAFLD. 

In conclusion, liver and metabolic dysfunction present even in the early stages 

of NAFLD contributes to the development of neurodegeneration and may place 

many patients at risk of developing dementia. Chronic inflammation induces liver-

brain axis neurodegeneration due to decreased hepatic ceramide synthesis and 

hepatic Ab clearance, as well as common risk factors such as insulin resistance, 

obesity, etc. 

In general, liver injury has a double-edged effect: inability of the injured liver 

to maintain peripheral Ab clearance increases Ab deposition in the brain. On the 

other hand, the release of pro-inflammatory cytokines by the damaged liver 

contributes to systemic inflammation, BBB disruption and subsequent 

neurodegenerative processes. 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=7400092_biomedicines-08-00229-g001.jpg
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Therefore, chronic high-fat diet-induced NAFLD and its secondary 

neuroinflammation are sufficient to cause neurodegeneration, and we believe that 

this review is relevant to the millions of people at risk of developing AD or 

currently suffering from early signs of AD or dementia brings benefit. However, 

more research is needed to fully understand the mechanisms of functional changes 

resulting from high-fat diet-induced cognitive impairment. 
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