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ABSTRACT: Aging is associated with a significant functional impairment of different organs, including liver, 

and it increases sensitivity to the development of liver-related complications. In fact, advanced chronic liver 

disease is higher in aged populations and is associated with worse prognosis. These patients frequently show a 

dysfunctional liver-brain axis and exhibit mild neurocognitive dysfunction, which significantly impairs quality 

of life.  The insulin-like growth factor system is the major endocrine system regulating energy and substrate 

metabolism, participating also in growth, proliferation and regulation of tissue-specific cell differentiation. 

Several studies have shown that the IGF1-IGF1R system is significantly altered in CLD contributing to CD4+ T 

cell activation and differentiation toward Th17, a main driver of the inflammatory microenvironment and liver 

tissue damage present in these patients.  Recent studies highlight the involvement of Th17 cells in cognitive 

impairment. These cells can breach the blood-brain barrier and exacerbate brain injury in various neurological 

disorders. Neuroinflammation is also linked to the insulin-like growth factor system, as IGF is involved in the 

protein synthesis necessary for the growth and survival of different cell populations of the brain, such as neurons, 

astrocytes and microglia. Thus, an altered IGF/IGFR system is involved in cognitive decline and memory, and 

several studies have revealed its implication in aging and cell senescence. This narrative review summarizes the 

participation of the IGF/IGFR system in chronic liver disease, focusing on its multifactorial role on the liver-

brain axis and its contribution to inflammatory and neurocognitive complications developed during aging in 

these patients. 
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Introduction 

 

The insulin-like growth factor system (IGF system) 

includes two ligands, IGF1 and IGF2, six ligand-binding 

proteins (IGFBPs), and two receptors, IGF receptor 1 

(IGF1R) and 2 (IGF2R) [1]. Both are cell membrane 

receptors; IGF1R has an intracellular tyrosine kinase 

domain, which initiates an intracellular signaling cascade 

upon ligand binding, and both can act as transcription 

factors after internalization to the cell nucleus; an action 

that could be regulated by ligand levels. The liver is the 

main organ responsible for IGF1 and IGF2 ligand 

secretion, although other organs and tissues can also 

secrete some amounts of both ligands, such as the brain, 

muscles, and kidneys [2]. Once secreted, the ligands bind 

to their corresponding receptors with high affinity, 

although they can also bind to insulin receptors [3]. 

This system stimulates growth, proliferation, and 

regulates tissue-specific cell differentiation. Along with 

the growth hormone (GH), the IGF system is the major 

endocrine system regulating energy and substrate 

metabolism. IGF1 ligand improves glucose sensitivity 
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and uptake, modulates gene and protein synthesis as a 

transcription factor, and reduces insulin resistance [4]. 

The IGFBPs function as the critical gatekeepers of the 

IGF system, modulating bioavailability, transport, and 

half-life of both IGF1 and IGF2 [1]. Under physiological 

conditions, IGFBPs can either sequester circulating IGFs 

to prevent premature receptor activation or, conversely, 

facilitate their localized delivery and presentation to the 

IGF1R, modulating survival and metabolic pathways [5]. 

However, in conditions characterized by severe organ 

remodeling and metabolic stress, such as advanced 

hepatic fibrosis and cirrhosis, the systemic and local 

expression profiles of specific binding proteins shift 

dramatically, turning these proteins into active drivers of 

disease progression rather than mere passive transporters 

[6, 7]. Within this family, IGFBP-3 and IGFBP-7 emerge 

as pivotal mediators of tissue remodeling and senescence. 

IGFBP-3 represents the primary systemic carrier of 

circulating IGF1, synthesized predominantly by 

hepatocytes, hepatic sinusoidal endothelial cells (LSECs) 

and Kupffer cells (KCs). 

Cirrhosis develops following prolonged 

inflammation of the liver, in which normal tissue is 

replaced by fibrotic tissue lacking liver characteristic 

functions and morphology [8]. The pathology ranges from 

an asymptomatic phase of compensated cirrhosis to a 

symptomatic phase where cirrhosis is decompensated, 

worsening the patients’ clinical situation. At this stage, 

patients often require hospitalization, presenting 

increased rates of mortality [8, 9]. Patients with advanced 

chronic liver disease (ACLD) often suffer systemic 

complications, insulin resistance, and systemic 

inflammation, which influence disease progression. 

Clinical complications, such as chronic kidney disease, 

and hepatic encephalopathy (HE) are common in 

decompensated cirrhosis. In the case of HE, mild forms 

are very common in patients with ACLD, compromising 

patients' quality of life and increasing the risk of overt HE 

[10]. The liver-brain axis is shaped by highly prevalent 

metabolic comorbidities, including obesity, type 2 

diabetes mellitus (T2DM), sarcopenia, and metabolic 

dysfunction-associated steatotic liver disease (MASLD). 

In MASLD and its progressive form, metabolic 

dysfunction-associated steatohepatitis (MASH), chronic 

hepatic inflammation and progressive fibrosis severely 

disrupt the physiological production of liver-derived 

IGF1. This hepatic growth factor deficit directly impairs 

systemic IGF1 availability [11, 12]. When coupled with 

the systemic insulin resistance characteristic of obesity 

and T2DM, the signaling cascade is further compromised. 

Hyperinsulinemia, in turn, downregulates the hepatic 

synthesis of IGFBPs, particularly IGFBP-1 and IGFBP-2, 

altering the circulating ratio of free-to-bound IGF1 and 

disrupting tissue-specific responsiveness [13, 14]. 

At the blood-brain barrier (BBB), obesity-induced 

low-grade systemic inflammation synergizes with 

diminished IGF1 signaling to compromise endothelial 

tight junction integrity [15, 16]. This disrupted barrier 

permits the influx of neurotoxic mediators into the central 

nervous system (CNS) [17]. Furthermore, metabolic 

syndrome accelerates cognitive decline through the 

compounding effect of sarcopenia. The loss of skeletal 

muscle mass and function severely limits the muscle-

derived secretion of neuroprotective factors like irisin and 

IGF1, worsening the systemic growth factor deficit [18, 

19]. Within the CNS, this multi-system metabolic 

dysfunction impairs mitochondrial energetics, 

exacerbates neuronal oxidative stress, and drives 

microglia and astrocytes toward chronic proinflammatory 

phenotypes [19]. Consequently, the coexistence of these 

metabolic comorbidities alters the translation of 

peripheral hepatic dysfunction into accelerated 

neurodegenerative outcomes. 

Several studies have revealed that IGF1 is also 

involved in aging and cell senescence, which could be 

related to the differential effect of this ligand in the 

presence or absence of inflammation [20]. Aging is 

associated with a significant functional impairment of 

different organs, including liver, and increases sensitivity 

to the development of liver-related complications [21, 

22]. Systemic metabolic dysfunction observed in patients 

with MASLD is common in older adults and potentially 

contributes to cognitive decline and brain structural 

abnormalities [23].  

The incidence of ACLD is higher in aged populations 

and is associated with worse prognosis [21, 24]. The 

presence of low-grade inflammation and hepatic vascular 

resistance induce hepatocyte dysfunction and recruitment 

of proinflammatory cells supporting the correlation 

between aging and liver inflammation and dysfunction 

[25]. In this line, cirrhotic elderly patients show higher in-

hospital mortality than non-cirrhotic patients after a 

routine surgical procedure, pointing out the impact of liver 

dysfunction on patients’ recovery [26] . In addition, 

patients with cirrhosis showed higher risk of falls but also 

neuropsychiatric alterations in cognitive, executive and 

visuospatial functions, correlated with brain white matter 

alterations [27, 28]. 

This narrative review summarizes the main findings 

regarding the participation of the IGF/IGFR system 

within the proinflammatory environment of CLD, 

specially focusing on the liver-brain axis and the 

associated neurocognitive complications developed 

during aging in these patients.   

 

Alteration of the IGF/IGFR system during chronic 

liver disease 
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Chronic liver damage results from untreated liver injury, 

starting with liver fibrosis induced by a pro-inflammatory 

state in several parenchymal and non-parenchymal 

hepatic cell types that ultimately results in cirrhosis, and 

liver failure [29]. The immune system plays a pivotal role 

in the pathophysiology of CLD.  Among liver functions, 

the active immune surveillance of signals derived from 

the gut microbiota constitutes a relevant activity [30, 31]. 

Under homeostatic conditions, there is a balance skewed 

towards tolerance between immune cells with a 

proinflammatory profile, such as adaptive T helper 

(Th)17, and those with a regulatory role, such as 

regulatory T cells (Treg). This balance is necessary to 

maintain the liver role against gut microbiota-related 

dysbiosis and bacterial translocation [32, 33] 

In liver cirrhosis, the Th17 lymphocyte population 

increases significantly, contributing to the inflammatory 

microenvironment and chronic damage [34]. In addition, 

immune cells are strongly involved in extracellular matrix 

(ECM) secretion, degradation, and accumulation through 

their crosstalk with hepatic stellate cells (HSC). 

Inflammatory cytokines released during fibrosis injure 

hepatocytes, resulting in the release of reactive oxygen 

species (ROS) and other cellular contents, directly 

activating HSCs and contributing to damage chronicity 

[35]. If damage persists, HSCs and fibroblasts remain 

continuously activated, releasing ECM and deteriorating 

liver architecture and function, through the activation of 

STAT3 involved in HSC survival [36][37]. The 

interaction between activated HSCs and T lymphocytes 

regulates the chronic inflammatory microenvironment 

and promotes damage progression through an imbalance 

between Th17/Treg cells, where the increase in the Th17 

population contributes to the proinflammatory state [34, 

38, 39]  (Fig. 1). The activation and function of these 

HSCs are in turn regulated through several cytokines, 

such as IL-17, IL-10, and TGF-β1, released by 

proinflammatory Th17 cells [40]. Clinical studies have 

revealed that HSC activation increased the number of 

Th17-positive and Treg cells [38, 39].  

 
Figure 1. Under homeostatic conditions, immune cell populations are balanced. However, during chronic liver injury, 

IGF1 binds to its receptor (IGF1R) on CD4+ T cells, inducing the activation of the PI3K/AKT/mTOR signaling pathway. 

This cascade promotes the translocation of STAT3 to the nucleus, driving the differentiation of T cells into the Th17 

phenotype and increasing IL-17 secretion. Interestingly, IL-17 released by Th17 cells binds to the IL17-RA receptor on HSCs, 

activating downstream signaling pathways such as STAT3 and NF-κB. This activation induces profound fibrogenic and pro-

inflammatory responses in HSCs, significantly upregulating collagen I (COL I) expression and IL-6 secretion. In addition, 

IL-6 released by HSCs acts back on Th17 cells, establishing a positive feedback loop that further increases STAT3 activation 

and IL-17 production, consequently exacerbating liver fibrosis and systemic inflammation. 
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Table 1. Overview of relevant studies characterizing the IGF1-IGF1R system alterations in liver disease, organized 

chronologically. 

 
Reference  Study Model or 

Population 

Biological 

sample  

Key findings  Main outcomes 

Chen et al, 

20241 

NASH patients 

(N=15) and mouse 

models (HDL and 

MCD) 

Liver tissue 

(RNAseq) 

↓ IGF1 expression in NASH 

patients 

 

Overexpression of MIR22HG 

promotes autophagy and inhibits 

pyroptosis and fibrosis through 

IGF1 pathway. 

Suggests the IGF1 pathway as 

a therapeutic target to modulate 

inflammation and cell death in 

NASH. 

Wang et al, 

2023 2 

 

Mouse model 

(MCD) and in vitro 

co-culture 

Hepatocytes and 

HSC 

Ninjurine2 interacts with IGF1R, 

increasing hepatocyte secretion of 

fibrogenic cytokines through 

IGF1R-PI3K-AKT-EGR1 

pathway. 

Identifies hepatocyte IGF1R 

activation as a specific driver of 

fibrosis progression via 

paracrine signaling to HSCs. 

Mosca et al, 

2023 3 

Adolescents with 

obesity and 

MAFLD (N=191) 

Liver biopsy ↓ IGF1 levels negatively correlated 

with the degree of fibrosis. 

Highlights the potential of the 

pharmacological modulation of 

GH-IGF1 axis in pediatric 

MASLD. 

Osganian et 

al, 2022 4 

NAFLD cohort 

(N=318) 

Liver tissue ↓ Igf1 gene expression with 

increased NAFLD severity 

Reinforces IGF1-IGF1R 

pathway as a candidate for 

therapeutic intervention. 

Stanley et al, 

2021 5 

NAFLD subjects 

(N=61) 

Liver biopsy ↓ Igf1 mRNA in high activity 

NAFLD. Positive association of 

Igfbp-6 and Igfbp-7 mRNA levels 

with NAFLD activity. 

Positions the IGF system 

(including binding proteins) as 

a potential biomarker of disease 

sage and severity. 

Alisi et al, 

2018 6 

Children and 

adolescents with 

obesity and NAFLD 

(N=45) 

Liver biopsy ↑ IGF1R protein expression and ↑ 

Igf1 gene expression in hepatic 

steatosis 

Suggests that IGF1-IGF1R axis 

alterations track with disease 

severity in early-onset 

metabolic liver disease. 

Liu et al, 

2016 7 

Liver cirrhosis 

patients and mouse 

model (CCl4) 

Serum and liver 

tissue 

↓ IGF1 serum levels contrasted 

with ↑ IGF1R levels in the liver 

during cirrhosis development.  

Confirms the inverse 

correlation between circulating 

ligand (IGF1) levels and 

fibrosis while showing receptor 

upregulation as a local 

compensatory or pathological 

mechanism. 

Morales-

Garza et al, 

2017 8 

Liver cirrhosis 

model (CCl4) in 

Igf1-deficient mice 

Serum and 

tissue 

Igf1 deficiency exacerbated 

oxidative stress in the liver, fibrosis 

and lymphocyte infiltration. 

Demonstrated that early IGF1 

administration could act as a 

protective factor. 

Corea et al, 

20169 

Patients with liver 

cirrhosis: 138 stable 

patients and 189 

cirrhotic patients 

with acute 

decompensation 

Serum Reduced serum IGFBP-3 levels in 

hospitalized cirrhotic patients 

compared with outpatients and 

increased after liver transplantation.  

Reduced IGFBP-3 were 

associated with worse 

prognosis in patients with liver 

cirrhosis, being a potential 

biomarker for liver 

transplantation prognosis. 

Hribal et al, 

2013 10 

NAFLD subjects: 

N=221 diagnosed 

with 

ultrasonography and 

N=50 with biopsy 

Plasma and liver 

biopsy tissue 

In the first cohort, plasma IGF1 sere 

negatively correlated with NAFLD 

fibrosis and inflammatory 

biomarkers. In the second cohort, a 

negative association was also found 

between NAFLD score and Igf1 

mRNA levels. 

Circulating IGF1 levels could 

be useful to assess the severity 

of the disease in NAFLD 

patients. 

Nishizawa et 

al, 2012 11 

Spontanous dwarf 

rat (SDR)/ NAFLD 

model 

Liver tissue IGF1 administration significantly 

ameliorates liver fibrosis, steatosis 

and liver function.  

Provides proof-of-concept for 

IGF1 therapy in preventing 

NAFLD progression. 

Blaas et al, 

2010 12 

Cholestasis mouse 

model (Mrd2-/-) 

Serum ↓ IGF1 serum levels in mice 

lacking STAT5. Associated with a 

down-regulation of 

hepatoprotective genes. 

Links the loss of the STAT5 

transcription factor to reduced 

IGF1 and increased 

susceptibility of liver damage. 
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Stefano et al, 

2006 13 

Hepatitis C subjects 

before (N=34) and 

after (N=10) 

therapy 

Liver tissue ↑ IGF1R expression in hepatocytes 

and ↓ Igf1r mRNA content after 

successful therapy. 

The increase in IGF1R 

expression in the liver could 

constitute a mechanism to 

stimulate hepatocyte 

regeneration.  

Wang et al, 

2003 14 

Rat fibrosis model 

(CCl4 inhalation) 

Liver tissue ↑ immunoreactive areas for IGF1 

and IGF1R correlated with fibrosis 

development. Reduced by IL10 

administration.  

IGF1 system is locally 

activated during fibrogenesis 

and is responsive to anti-

inflammatory modulation 

(IL10). 

Caro et al, 

1988 15 

Male Sprague-

Dawley rats (N=6) 

and cell culture 

Healthy 

hepatocytes and 

HEP-G2 cells 

↑ IGF1 binding sites in hepatocytes 

from regenerating liver and fetal 

rat liver. 

IGF1 binding sites are 

expressed under physiological 

conditions indicating their 

potential use as a 

pharmacological target.  
 

The data summarized demonstrates a consistent pattern of systemic IGF1 deficiency coupled with local IGF1r upregulation in hepatic tissue, driving 

fibrogenesis and inflammation. The table distinguishes between gene expression (mRNA) and protein levels where specified. Abbreviations: CLD, 

Chronic liver disease; HFD, high fat diet; HSC, hepatic stellate cells; IGF1, Insulin-like Growth Factor 1; IGF1R IGF1 receptor; MASLD/NAFLD, 

Metabolic dysfunction-associated / non-alcoholic fatty liver disease; MCD, Methionine-Choline Deficient diet; NASH, Non-alcoholic steatohepatitis; 

SDR, Spontaneous dwarf rat. 

Among the several molecular factors that promote the 

increased polarization of CD4+ lymphocytes towards 

Th17, the IGF system is gaining increasing interest.  

IGF1R expression increases after CD4+ T cell activation 

and differentiation toward Th17. Interestingly, this 

receptor has a unique effect on Th17 cells, increasing IL-

17 release and activating Th17 metabolism [41]. 

Signaling through IGF1R activates aerobic glycolysis, 

potentiating Th17 differentiation over that of Treg cells 

[42]. Aerobic glycolysis is the predominant energy 

pathway in effector T lymphocytes, such as Th17, 

whereas oxidative phosphorylation predominates in 

memory T lymphocytes or Treg [43]. Therefore, IGF1R 

activation could contribute to immune dysregulation and 

liver damage, favoring Th17 differentiation from naïve 

CD4+ T cells. STAT3, as a critical transcription factor for 

the synthesis and release of the cytokine IL17, is involved 

in this process [44, 45]. In CLD, the pharmacological 

inhibition of STAT3 can modulate the balance between 

Th17 and Treg, shifting it towards Treg with a clear 

modulatory role of immune activity [46–48]. Similarly, in 

other settings, the blockade of IGF1Rs has been shown to 

reduce the phosphorylation of AKT and STAT3 in an in 

vitro model of neuroblastoma [49]. A study conducted by 

Erlandsson et al (2017) has pointed out that there is an 

increase in the expression of IGF1R levels in leukocytes 

of patients associated with systemic inflammation and the 

inhibition of IGF1R and STAT3 phosphorylation reduces 

IGF1R receptor levels and significantly ameliorates 

disease-associated pain, shifting the balance between 

Th17 and Treg and reducing IL17 levels [50].  

Additional studies have shown that the IGF1-IGF1R 

system is significantly altered in CLD (Table 1). On one 

hand, chronic tissue injury prompts localized, 

hyperactivated IGF1R signaling to force activated HSCs 

into a state of p53/p21-dependent cellular senescence [51, 

52]. This specialized cell-cycle arrest shifts their 

secretome toward a beneficial senescence-associated 

secretory phenotype (SASP) rich in matrix 

metalloproteinases (MMPs), which serves as a 

chemoattractant for immune-mediated clearance, 

effectively halting progressive liver fibrosis [52, 53]. 

Conversely, chronic metabolic stress suppresses the 

functional hepatic GH/IGF1 axis in parenchymal 

hepatocytes. Due to sustained lipotoxicity and oxidative 

stress these hepatocytes shift into a toxic senescent state 

and secret a destructive SASP loaded with IL-6 and TNF-

α [54]. In hepatocytes, an increase in IGF1R receptor 

expression is observed in pathological conditions, directly 

altering liver function [55]. In parallel, in the presence of 

advanced liver fibrosis, the number of healthy hepatocytes 

capable of producing IGF1 is drastically reduced, 

contributing to a pro-fibrogenic environment [56]. In this 

context, IGF1 administration could have a beneficial 

effect by acting directly on hepatocytes [57, 58].  

On the other hand, HSCs play a crucial role in liver 

fibrogenesis, and regulating their activity could be a key 

target in the pharmacological modulation of CLD. In this 

line, IGF1 has also been described as a regulator of HSC 

activation. Ninjurin2, a protein expressed in hepatocytes, 

can activate HSCs through IGF1R and increase 

hepatocyte secretion of fibrogenic cytokines via the 

IGF1/AKT/STAT3 pathway. Blocking IGF1R activation 

via a Ninjurin2 antagonist resulted in improved liver 

function and activity, highlighting the role of IGF1R in 

disease progression [59]. Conversely, local expression of 

IGFBP-7 is markedly upregulated in chronic injury, 

acting as a potent, non-autonomous driver of p53/p21-

dependent cellular senescence and expanding the pro-

inflammatory SASP [53, 60]. This specific dysregulation 

characterized by a critical loss of protective circulating 

IGFBP-3/IGF1 complexes alongside a toxic, localized 
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accumulation of IGFBP-7 not only compromises 

peripheral tissue regeneration but also induces systemic 

effects. By altering remote organ crosstalk, this altered 

binding protein ratio directly impairs endothelial barriers 

and neuroglial homeostasis, positioning IGFBPs as 

pivotal mediators in pathological axes, including the 

complex bidirectional communication between the 

dysfunctional liver and the CNS [61, 62]. 

At clinical level, a study conducted with adolescents 

diagnosed with MASLD aimed to identify IGF system 

components as main factors involved in the disease. Gene 

and protein studies revealed an increase in IGF1R protein 

expression and Igf1 gene expression. Interestingly, 

authors observed an increase in the expression of both in 

HSCs [63]. Similarly, in adolescents with obesity and 

histologically diagnosed MASLD, reduced blood levels 

of IGF1 were observed in those with significant 

histological damage markers. After multivariate 

regression, IGF1 and GH levels were associated with liver 

fibrosis, highlighting the role of these metabolic 

hormones in liver damage [64]. Igf1 gene and protein 

expression were also evaluated in liver samples from adult 

patients with different MASLD stages. Authors correlated 

reduced levels of Igf1 gene expression with increasing 

severity of MASLD, without changes in IGF1R by 

immunohistochemistry [65]. Indeed, lower Igf1 mRNA 

levels were observed in liver samples from two 

independent studies including individuals with higher 

steatosis and MASLD activity scores, and these levels 

were inversely related to glucose parameters [65, 66]. 

Interestingly, IGF binding protein levels increased with 

higher steatosis scores. Similarly, the IGF1-IGF1R 

pathway is involved in autophagy and pyroptosis in 

MASH, and lower expression of the long non-coding 

RNA MIR22HG and IGF1 was also observed in MASH 

adult patients’ liver samples [67].  

In experimental models of ACLD induced by both 

cholestasis and CCl4, circulating levels of IGF1 are 

significantly reduced [68, 69]. Interestingly, in the 

cholestatic mouse model, lower levels of Stat5 gene 

expression, a transcription factor controlling Igf1 

expression, are present in hepatocytes, corroborating the 

lower serum levels of IGF1 protein in liver cirrhosis. In 

the CCl4 model the reduced expression of IGF1 was 

associated with an increase of IGF1R and activation of the 

FOXO3a pathway [68, 69]. Similarly, IGF1-deficient 

mice showed greater vulnerability to CCl4-induced liver 

damage, and lower doses of IGF1 administered for short 

periods had hepatoprotective, antifibrogenic, and 

antioxidant effects in a 10-day experimental cirrhosis 

model [70]. On the contrary, the exploration of the role of 

the IGF1-IGF1R axis evaluated in cirrhotic rats revealed 

that signals for both proteins were upregulated during the 

fibrosis induction period [71]. These results suggest that 

the role of the IGF1 ligand could differ depending on the 

liver disease stage, showing potential upregulation during 

early stages and a significant decrease at advanced stages. 

 

The IGF/IGFR system in the liver-brain axis: role in 

cognition and neuroinflammation in CLD 

 

Beyond hyperammonemia, the pathogenesis of HE in 

CLD is related to the disruption of the gut-liver-brain axis. 

In patients with advanced cirrhosis, portal hypertension 

and altered mucosal immunity induce gut dysbiosis 

characterized by an overgrowth of pathogenic taxa and the 

reduction in short-chain fatty acid (SCFA)-producing 

bacteria [72]. This dysbiosis compromises the integrity of 

intestinal tight junctions, leading to a "leaky gut" and 

driving pathological bacterial translocation. 

Consequently, viable bacteria and pathogen-associated 

molecular patterns (PAMPs) leak into the portal 

circulation. In the liver, these microbial products fail to be 

cleared due to parenchymal dysfunction and 

portosystemic shunts, spilling into the systemic 

bloodstream and triggering cirrhosis-associated immune 

dysfunction (CAID). Once in the systemic circulation, 

these microbiota-derived inflammatory mediators 

stimulate the production of pro-inflammatory cytokines. 

Up to 80% of patients with cirrhosis exhibit mild 

neurocognitive dysfunction. This condition, termed 

minimal or covert HE (CHE), significantly impairs 

quality of life [73] and serves as a clinical predictor for 

the onset of overt HE [74]. Common precipitating factors 

for these episodes include gastrointestinal bleeding, 

electrolyte imbalances, infection, and the use of diuretics 

[75]. Broadly, HE encompasses a spectrum of cognitive, 

psychomotor, and psychiatric disturbances that signal a 

poor prognosis, negatively affecting survival rates, liver 

transplant priority, and overall health-related quality of 

life [76]. Notably, cirrhotic patients face a higher risk of 

falls and severe injuries, such as intracranial hemorrhages 

or pelvic fractures, with HE acting as an independent risk 

factor for these complications [77]. 

From a neurological perspective, the HE observed in 

cirrhosis is primarily astroglial in nature. It is 

characterized by Alzheimer type 2 astrocytosis and 

microglial activation, which indicates underlying 

neuroinflammation [78, 79]. The synergy between 

systemic inflammation and hyperammonemia is a central 

driver of cognitive impairment [80]; research suggests 

that inflammation works alongside ammonia to promote 

the nitrosation of brain proteins and alter BBB 

permeability [81–83]. Through the disruption of 

endothelial tight junctions and the activation of specific 

endothelial receptors, circulating cytokines and PAMPs 

gain access to the central nervous system. This 

microenvironment triggers microglial activation and 
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reactive astrocyte hypertrophy (astrocyte swelling), 

culminating in profound neuroinflammation, oxidative 

stress, and neural dysfunction, which ultimately 

accelerates the onset and severity of cognitive deficits in 

HE [84]. Clinically, elevated levels of pro-inflammatory 

cytokines are observed in patients with CHE [85]; in cases 

of extrahepatic portal venous obstruction, these mediators 

correlate directly with serum ammonia levels [86]. The 

pathogenic role of the neutrophil response is also well-

documented [87], with specific mediators like IL-1β and 

IL-6 correlating closely with both neurocognitive scores 

and quality-of-life metrics [88]. 

Recent studies highlight the involvement of Th17 

cells in cognitive impairment. These cells can breach the 

BBB and exacerbate brain injury in various neurological 

disorders [89]. In the context of advanced liver disease, 

the systemic inflammation inherent to cirrhosis may 

increase the permeability of the BBB, facilitating the 

recruitment of T cells into the CNS and further driving 

neurodegeneration [90].  

IGF1 acts as a key upstream regulator of this 

immunological checkpoint. In the setting of CLD, the 

mechanisms governing BBB breach by peripheral Th17 

cells are highly distinct from classic autoimmune 

demyelinating pathologies, avoiding broad 

generalizations. Hepatic dysfunction triggers a unique 

systemic cascade characterized by the accumulation of 

neurotoxins such as ammonia and circulating bile acids, 

alongside a critical decline in liver-derived endocrine 

factors, most notably IGF1 [91, 92]. Circulating IGF1 

normally exerts a powerful stabilizing effect on the 

cerebral endothelium, maintaining the architectural 

integrity of tight junction proteins like claudin-5 and 

occludin via the AKT/mTOR pathway [93]. When hepatic 

IGF1 synthesis fails during ACLD, the compromised 

cerebral endothelium becomes highly susceptible 

elevated systemic levels of IL-17 and TNF-α [94]. The 

upregulation of cell adhesion molecules facilitates the 

targeted infiltration of peripheral Th17 cells into the CNS 

parenchyma, which directly initiates downstream 

neuroinflammatory cascades within the brain [95, 96]. 

Upon sensing Th17-derived cytokines (IL-17 and IL-22), 

microglia activation initiates a potent cellular crosstalk, 

releasing a specialized cocktail of cytokines, including IL-

1β and TNF-α, which cooperatively drive neighboring 

astrocytes toward a neurotoxic, reactive A1 phenotype 

[97]. In addition, this glial-immune cell network is tightly 

modulated by localized trophic networks, where 

microglial-derived IGF1 serves as an essential autocrine 

and paracrine brake. Under physiological conditions, 

locally synthesized IGF1 promotes astrocyte survival, 

restrains microglial overactivation, and preserves the 

homeostatic glutamate-uptake capacity of astrocytes [98]. 

However, under the chronic input of Th17-derived signals 

and systemic hepatic toxins, the local downregulation of 

IGF1 signaling cascades dismantles this protective loop, 

compounding the pro-inflammatory feedback cycle 

between microglia and astrocytes [99]. Therefore, 

neuroinflammation in CLD represents a complex 

dysregulation of the intricate crosstalk connecting 

infiltrating Th17 cells, microglia, and astrocytes, where 

the loss of protective IGF1 signaling within this glial triad 

shifts the CNS environment toward sustained, self-

propagating neurodegeneration [100]. 

The interaction between IGF1/ IGF1R signaling and 

the SASP regulates tissue remodeling, chronic sterile 

inflammation, and structural aging [51, 101]. This 

pathway exerts highly specific pathophysiological 

outcomes across the hepatic and cerebral 

microenvironments [51]. IGF1, acting as a growth factor, 

is also involved in the protein synthesis necessary for the 

growth and survival of different cell populations of the 

brain, such as neurons, astrocytes, Schwann cells, and 

microglia [102]. The IGF1 ligand and its corresponding 

receptor in the brain are not only key regulators of cellular 

metabolism but are also highly involved in cognitive 

decline and memory (Fig. 2). Under physiological 

conditions, IGF1 is crucial in modulating inflammation in 

neurons and glia, promoting myelination, and maintaining 

a balance in astrocyte functions and neuronal 

synaptogenesis, both early in life and in adulthood [103–

105]. Additionally, IGF1 has been shown to enhance 

neurogenesis in the dentate gyrus of the hippocampus, one 

of the few brain regions with active neurogenesis involved 

in memory and cognition [106].  

Astrocytes are the predominant cells in the brain with 

a key role in neurogenesis and synaptogenesis, 

modulating the availability of glutamate —the main 

neurotransmitter with excitatory actions and potential 

neurotoxic effects—and exhibiting neuroprotective 

actions [107]. The role of IGF1 at this level appears 

twofold. On the one hand, IGF1 is involved in the 

expression of a membrane transporter responsible for 

glutamate uptake by astrocytes [108]. On the other hand, 

IGF1 mediates oxidation-reduction processes in cells, 

protecting them from damage induced by reactive oxygen 

species [109–111]. All these cellular effects have been 

linked to the neuroprotective and pro-cognitive actions of 

IGF1 in different animal models [109]. Clinical and 

biological changes associated with HE induce brain 

alterations that affect fundamental cell morphology and 

function. Increased ammonia, systemic inflammation, and 

elevated metabolite levels in plasma induce metabolic and 

oxidative stress, negatively impacting brain health and 

driving neuroinflammation. To track the 

neuroinflammatory consequences of peripheral growth 

factor deficiency, fluid-based biomarkers reflecting glial 

activation and structural neuronal damage offer 
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significant translational utility. Glial fibrillary acidic 

protein (GFAP) and S100B, both clinical markers of 

reactive astrogliosis and astrocyte injury, are elevated in 

response to hyperammonemia and central IGF1 signaling 

failure [112, 113]. Furthermore, neurofilament light chain 

(NFL), a highly stable biomarker released into the blood 

and cerebrospinal fluid (CSF) during axonal degradation, 

can serve as a proxy for the structural neurodegeneration 

that follows chronic microglial activation and endothelial 

dysfunction [114, 115]. The exposure of astrocytes to this 

toxic environment alters their cellular microstructure, 

specifically modifying the expression of intermediate 

filaments such as GFAP, which are essential for motility 

and structural stability in these cells [116]. Interestingly, 

these changes are more prominent in the hippocampus, a 

brain region critically involved in memory and cognition. 

Brain edema induced by HE could be one of the main 

factors contributing to GFAP reduction, as previously 

described [117]. Furthermore, astrocytes are considered 

the primary target of ammonia toxicity, as they are 

responsible for ammonia metabolism via the glutamine 

synthetase enzyme expressed within these cells [118, 

119]. In HE, astrocytes experience an increase in 

intracellular glutamine concentrations driven by 

circulating ammonia, leading to a hyperosmotic state, 

water accumulation, and cytotoxic astrocyte swelling. 

 
Figure 2. Central role of liver-derived IGF1 and systemic factors in maintaining brain homeostasis and their disruption in 

pathological states. (Left) Healthy situation: A healthy liver secretes adequate levels of IGF1, which crosses the intact blood-brain 

barrier (BBB), exerting neuroprotective effects. Astrocytes maintain physiological glutamate clearance via the GLT-1 transporter, 

supporting normal neuronal and microglial function. (Middle) Chronic liver disease: In advanced cirrhosis, liver damage induces a 

drastic reduction in circulating IGF1 levels, alongside a significant increase in ammonia and pro-inflammatory cytokines. These 

systemic alterations disrupt the BBB, promoting a neurotoxic environment. Consequently, microglia become activated and astrocytes 

acquire a reactive phenotype, reducing GLT-1 expression. This impairment induces glutamate accumulation in the synaptic cleft, 

ultimately leading to excitotoxicity and neuronal apoptosis. (Right) Aging: Similarly, the aging process is correlated with a progressive 

decline in liver-derived IGF1 and the presence of low-grade systemic inflammation. The loss of IGF1 neurotrophic support, combined 

with the infiltration of pro-inflammatory cytokines, induces microglial activation, astrocyte reactivity, and neuronal senescence, driving 

the cognitive decline associated with accelerated aging. 

Microglia, the brain’s main resident macrophages, are 

the predominant immune cells in the healthy brain and are 

involved in neuronal protection under physiological 

conditions. However, activated microglia can induce 

neuronal death by increasing oxidative stress and 

glutamate release, while decreasing nutritive and 

neuroprotective brain-derived neurotrophic factor 

(BDNF) and IGF1 [120]. Under healthy physiological 

conditions, robust microglial IGF1R activation suppresses 

NF-κB activation, securing an anti-inflammatory, 

neuroprotective, pro-resolving state [121]. In vitro studies 

have indicated that IGF1 secreted by microglia acts as a 

trophic factor in the brain microenvironment, essential for 

neuronal survival and growth, especially in the early 

stages of life [122]. Thus, IGF1 administration could 

promote microglia differentiation towards the M2 

phenotype, which exerts an anti-inflammatory and 

protective role that is normally reduced in pathological 

situations involving chronic inflammation [123]. 

Microglial cells are involved in neuroinflammation 

associated with several neurological and psychiatric 

disorders. Evidence of microglial activation has been 

demonstrated in patients with HE, as well as in those with 

acute and chronic liver failure. During chronological 

aging and advanced organ failure, local and blood-borne 

IGF1 supplies drop sharply, triggering premature glial 
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senescence [121, 124, 125]. The senescent microglia and 

astrocytes unleash an intense neurotoxic SASP (IL-1β, IL-

6, TNF-α) that breaks down synaptic connectivity [121, 

124]. This persistent glial-derived inflammatory 

environment activates downstream stress kinases that 

block insulin receptor substrates (IRS-1/2), inducing local 

brain IGF1 resistance and locking the CNS into a self-

perpetuating cycle where chronic inflammation prevents 

cellular repair and accelerates neurodegeneration [121]. 

Furthermore, postmortem brain studies have also revealed 

an increase in the microglial marker IBA1 in cirrhotic 

patients with HE [126]. Although ammonia stimulates 

microglial activation of STAT3 and the secretion of IL-6 

in culture media, these in vitro findings were not 

corroborated in an animal model of oral ammonia 

exposure  [100, 127]. Interestingly, hyperammonemia has 

been associated with cognitive decline in mice, which was 

successfully reversed following anti-TNF-α treatment 

[100]. 

The impact of IGF1 on crucial brain cell populations 

translates into the relevance of the IGF1-IGF1R axis on 

cognition. In a model of spinal cord injury with 

neuroinflammation, impaired hippocampal 

neuroplasticity, and cognitive impairment, IGF1 

administration improved not only cognitive deficits in the 

Y-maze and novel object recognition (NOR) tests but also 

microglial activation in the hippocampus [128]. In an 

animal model of Alzheimer’s disease, reduced 

hippocampal levels of IGF1 and BDNF were found 

alongside memory impairment, which improved with 

exercise exposure and insulin treatment [129]. Central 

intracerebroventricular IGF1 administration protected 

working memory in the Morris water maze test and 

reduced hippocampal microglia activation in a sporadic 

model of the disease in rats [130]. Similar effects were 

found in a model of Parkinson’s disease, showing that 

adenovirus-induced IGF1 overexpression in the dorsal 

hippocampus improved cognitive deficits related to 

spatial and working memory in the Y-maze and novel 

location recognition tests, reversing dopaminergic 

damage induced by the model [131]. Chronic pain was 

also associated with cognitive impairment, reduced IGF1 

levels, and an impaired PI3K/AKT pathway in the dentate 

gyrus of the hippocampus in mice. In this model, An et al. 

demonstrated that direct IGF1 administration 

significantly improved cognitive deficits via the AKT 

pathway, restoring neurogenesis and cell excitability in 

this brain region [132]. In an animal model of ischemia, 

IGF1 administration reduced BBB permeability, showing 

neuroprotective actions in aging brain [133]. Age-related 

BBB disruption could also be correlated with IGF1 

decline inducing endothelial senescence, increasing the 

vulnerability to intracerebral hemorrhages [134]. Here, 

IGF1 administration to intracerebral hemorrhages 

presenting mice demonstrated its neuroprotective effects, 

reducing edema, BBB permeability, and improving 

revascularization and behavioral alterations [135–137].  

Clinical studies have also pointed out the correlation 

between IGF1 plasma levels and cognitive abilities. These 

studies indicate an inverse relationship between plasma 

levels of IGF1 and cognitive impairment in patients with 

established neurological disease, such that lower plasma 

or serum levels of the ligand are associated with higher 

cognitive decline [138]. Interestingly, similar results are 

observed in patients with mild cognitive impairment, a 

common clinical condition in diseases that may have a 

systemic cause, such as diabetes [139, 140]. On the other 

hand, increased plasma levels of IGF1 could be related to 

cognitive improvement and a reduction in peripheral 

inflammation [141].  

In rodents, depressive-like alterations were evaluated 

following subacute and chronic CCl4 administration. 

Subacute CCl4 administration induced depressive-like 

behaviors in both the tail suspension and sucrose 

preference tests, highlighting the emotional alterations 

associated with this 23-day treatment protocol [142]. 

Similarly, a study conducted by our group demonstrated 

increased anxiety-like behaviors in young and old mice 

exposed to CCl4-induced liver injury, alongside 

significant cognitive impairments in the NOR test [143]. 

These results underscore the impact of liver damage at the 

central level, driving emotional and cognitive 

disturbances associated with the disease.  

 

Modulation of the IGF/IGFR system during aging 

 

IGF1 hormone has been proposed as an age-related 

marker with a significant impact on lifespan and quality 

of life. IGF1 axis mutations have been associated with 

changes in lifespan, and several studies have reported that 

circulating IGF1 levels decrease with age. The 

maintenance of muscle mass in young rats, for instance, is 

dependent on GH and IGF1, both of which exhibit 

reduced circulating levels with age [144]. However, the 

role of IGF1 is highly paradoxical. While increased IGF1 

levels protect the musculoskeletal system, they have also 

been associated with increased oxidative stress and 

mortality [145]. Furthermore, there is a notable difference 

between rodents and humans: whereas in rodents, serum 

levels of IGF1 remain high throughout life, humans 

experience a distinct decrease during aging. 

Exploring this balance, researchers found that the 

deletion of the Igf1 gene at one year of age reduces serum 

IGF1 levels by 70% and dramatically impairs lifespan. 

Reduced serum levels of IGF1 have been associated with 

higher GH levels, increased liver weight, inflammation, 

and oxidative stress. Therefore, despite increased GH 

levels, reduced IGF1 concentrations impaired health and 
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lifespan, thereby increasing liver tumor incidence [146]. 

This critical dynamic was further demonstrated in a 

mouse model of accelerated aging (mice lacking 

Zmpste24 metalloproteinase), where a drastic reduction in 

plasma IGF1 levels was observed alongside higher GH 

levels. Treatment with recombinant IGF1 restored the 

balance between GH and IGF1, increased lifespan, and 

delayed the onset of several functional alterations [147]. 

Additionally, IGF1 involvement in aging was evaluated 

using a genetic animal model of accelerated aging, 

XpdTTD mice. In this model, investigators observed a 

reduction in hepatic IGF1-mediated signaling—

considered a major regulator of lifespan—along with an 

increased apoptotic response [148]. 

The age-related decline in IGF1 is also closely linked 

to metabolic regulation and dietary factors. Decreased 

IGF1 levels observed in aging are strongly associated with 

increased levels of phosphorylated FOXO. Interestingly, 

dietary restriction normalizes IGF1 levels in old mice, 

modulating FOXO phosphorylation and exerting 

neuroprotective effects [149, 150]. Calorie restriction 

(CR) has significant effects on circulating IGF1 levels; 

after 3 months of CR, mice exhibited reduced circulating 

IGF1 levels, which positively impacted glucose tolerance 

and insulin resistance while attenuating oxidative 

damage. Conversely, none of these beneficial changes 

were observed in protein-restricted animals [151]. 

Alongside the ligand, modulation of the IGF1R presents 

valuable therapeutic avenues. The deletion or blockade of 

IGF1R has been correlated with improvements in aging-

related and metabolic alterations. Middle-aged mice with 

IGF1R deficiency were able to counteract the negative 

effects of aging and a high-fat diet on glucose metabolism 

and inflammation [152]. This peripheral growth factor 

deficiency drives neurovascular aging. At the BBB 

interface, compromised endothelial IGF1R signaling 

accelerates the senescence of cerebromicrovascular 

endothelial cells and astrocytes, disrupting tight junctions 

and compromising barrier integrity [101, 153]. This 

systemic breach delivers peripheral inflammatory signals 

and neurotoxic metabolites directly to the central nervous 

system, driving secondary neuroglial senescence and 

solidifying a destructive axis of aging between the failing 

liver and the brain [101, 154]. 

Communication within the liver-brain axis is critical 

to understanding the neurological decline associated with 

aging. In this context, CLD induces more severe clinical 

complications in aging patients, where hyperammonemia 

and chronic inflammation synergistically induce 

neurotoxicity, astrocyte senescence, and cognitive 

alterations [91]. Interestingly, the IGF1/IGF1R signaling 

system plays a central role in this process, presenting a 

complex paradox where its effects diverge based on the 

specific tissue context and disease stage [101]. The 

progressive decline in circulating IGF1 levels induced by 

liver damage has a negative impact on the hepatic 

inflammatory balance between Th17 and Treg cells, and 

on the central nervous system, reducing neurotrophic 

support and promoting reactive astrogliosis and 

cerebrovascular alterations [121, 153] (Fig. 2). However, 

while a systemic reduction is often viewed as a protective 

hallmark of longevity, the resulting local deficiency or 

resistance within specific microenvironments has proven 

highly deleterious, accelerating organ-specific structural 

aging [101, 155, 156].  

In the liver specifically, the activation via the IGF1 

ligand enhances cell longevity and reduces liver fibrosis. 

As described previously, liver fibrosis is characterized by 

a decrease in plasma IGF1 levels. The intrahepatic 

overexpression of the Igf1 gene modulates hepatocyte 

oxidative stress and premature senescence in a model of 

liver cirrhosis. In addition, the exogenous administration 

of IGF1 achieves the same positive outcomes, 

highlighting the protective role of the ligand against 

cellular senescence induced by CCl4 administration in rats 

[157]. Conversely, some models highlight that IGF1 

deficiency can be protective under specific aging 

conditions. One study correlated IGF1 deficiency with 

lifespan extension and less pronounced liver alterations 

associated with aging. Specifically, in IGF1-deficient 

mice, aging-associated elevations in triglycerides, AST, 

and ALT, as well as steatosis and fibrosis, were 

significantly attenuated in the liver, likely by preventing 

deleterious autophagic processes [158]. These 

discrepancies might be related to the constitutive 

deficiency of the IGF1, potentially inducing physiological 

mechanisms to compensate for this lack of signaling. 

Beyond hepatic health, the blockade of IGF1R has 

been associated with ameliorated neuroinflammation in a 

mouse model of Alzheimer’s disease [159]. In insulin-

resistant aged rats, central IGF1 treatment improved 

general insulin resistance and suppressed hepatic glucose 

production, suggesting that both central and peripheral 

levels of IGF1 should be considered to optimize its use as 

a pharmacological target [160]. Systemic IGF1 deficiency 

also severely compromises cerebrovascular health. Liver-

specific IGF1 knockdown has been associated with 

decreased vascular resistance to oxidative stress. Using 

Cre-lox technology, researchers reported that targeted 

IGF1 deficiency reduces circulating IGF1 levels by 

approximately 50%, inducing vascular dysfunction and an 

antioxidant-deficient response [161]. Consequently, mice 

lacking hepatic IGF1 showed an early onset and increased 

incidence of cerebral microhemorrhages and associated 

behavioral and cellular alterations, positioning IGF1 as a 

promising protective factor against cerebrovascular 

accidents [162]. Furthermore, the age-related decline in 

circulating IGF1 promotes the pathogenesis of 
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intracerebral hemorrhages, contributing to the 

development of vascular cognitive impairment [163]. 

Beyond cognitive and vascular decline, the impact of 

IGF1 deficiency in the liver and hippocampus extends to 

mood disorders. The absence of the Igf1 gene in both the 

liver and hippocampus induced depressive-like behaviors 

in mice, leading to the conclusion that age-induced IGF1 

deficiency alone is sufficient to trigger these behavioral 

changes [2]. Consequently, according to hepatic and 

extrahepatic evidence, the modulation of the IGF1/IGF1R 

axis emerges as a promising pharmacological target in 

aging research [101]. 

 

Translational perspective and clinical implications 

 

Emerging clinical and preclinical evidence indicates that 

biological sex acts as a critical determinant in the 

susceptibility to, and progression of liver-disease-

associated neurocognitive impairment, mediated by 

distinct dimorphisms in both the IGF system and immune 

reactivity. Sexual dimorphism in the GH-IGF1 axis is 

well-established; males typically exhibit pulsatile GH 

secretion patterns resulting in distinct peaks of hepatic 

IGF1 synthesis, whereas females display a more 

continuous, tonic GH secretion [164]. Crucially, 

estrogens exercise profound regulatory control over this 

system by modulating hepatic IGF1 transcription and 

enhancing central IGF1R sensitivity [165, 166]. The age-

associated decline in estrogen levels during menopause 

abruptly strips females of this neuroprotective buffer, 

rendering the aging female brain disproportionately 

vulnerable to the consequences of peripheral IGF1 

deficiency [167]. Simultaneously, the immune response 

underlying the liver-brain axis displays marked sex-

specific polarization. Females generally mount a more 

robust innate and adaptive immune response, which, in 

the context of CLD, can accelerate Th17 cell 

differentiation and subsequent breach of the BBB [168]. 

However, microglia exhibit highly distinct sex-specific 

transcriptomic profiles and morphological trajectories 

during aging. While young females benefit from estrogen-

mediated suppression of microglial activation, senescent 

or post-menopausal females exhibit a hyper-reactive, 

"primed" microglial phenotype that responds more 

aggressively to peripheral inflammatory insults, such as 

Th17 infiltration or hyperammonemia, compared to age-

matched males [169]. In contrast, males facing CLD 

demonstrate a higher baseline vulnerability to early 

endothelial cerebrovascular damage and oxidative stress 

under IGF1-deficient conditions [170, 171]. 

Acknowledging these sex-specific trajectories is 

paramount, as the molecular mechanisms driving 

neurocognitive decline shift fundamentally based on the 

patient's hormonal and chromosomal landscape. 

The clinical translation of the liver-brain axis 

framework requires the validation of robust, minimally 

invasive biomarkers capable of monitoring peripheral 

hepatic dysfunction, BBB degradation, and central 

neuroinflammation. Because circulating total IGF1 levels 

often fluctuate based on age, nutritional status, and the 

stage of CLD, monitoring total ligand concentration alone 

is insufficient. Instead, a comprehensive biomarker panel 

must evaluate the bioavailability of IGF1 by quantifying 

the ratio of free-to-bound IGF1 alongside specific binding 

proteins, particularly IGFBP-1 and IGFBP-3, which serve 

as highly sensitive indicators of altered hepatic growth 

factor synthesis and systemic insulin resistance [172, 

173]. From the immunological perspective, tracking the 

peripheral polarization and central infiltration of the 

adaptive immune system is paramount. Quantifying 

circulating IL-17A levels, alongside the longitudinal 

tracking of the Th17/Treg ratio via flow cytometry, 

provides a direct readout of the systemic pro-

inflammatory drive capable of compromising BBB tight 

junctions [174]. This can be combined with vascular 

endothelial biomarkers, such as soluble vascular cell 

adhesion molecule-1 (sVCAM-1) and matrix 

metalloproteinase-9 (MMP-9), to non-invasively assess 

the rate of cerebrovascular remodeling and barrier breach 

[175, 176].  

This peripheral metabolic profile must be coupled 

with fluid and neuroimaging biomarkers of central 

neurodegeneration, including plasma NFL to gauge 

ongoing axonal injury, plasma GFAP to detect reactive 

astrogliosis, muscle-derived irisin to track the 

compounding effects of sarcopenia, and translocator 

protein (TSPO)-PET imaging to directly visualize 

microglial activation in vivo [177]. Proton magnetic 

resonance spectroscopy (MRS) allows for the precise, 

non-invasive quantification of central metabolic shifts, 

specifically tracking elevations in the glutamine/ 

glutamate peak—a direct consequence of 

hyperammonemia—alongside decreases in myo-inositol, 

which indicates osmoregulatory failure in astrocytes. 

When coupled with diffusion tensor imaging (DTI) to 

monitor microstructural white matter changes, this 

multimodal biomarker framework empowers clinicians to 

track disease progression, stratify patient risk, and 

objectively evaluate the efficacy of future IGF-targeted or 

anti-inflammatory therapeutic interventions [95, 178, 

179]. 

The pharmacological targeting of the liver-brain axis 

via IGF1 modulation represents a therapeutic challenge; 

however, these strategies must navigate significant 

clinical risks, including detrimental systemic metabolic 

alterations and the potential oncogenic implications of 

over-activating a potent mitogenic pathway in 

premalignant or fibrotic tissues [53, 180]. Preclinical 
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evidence using rodent models such as the high-fat high-

fructose (HFHF) diet to simulate progressive 

MASLD/MASH or the azoxymethane-induced model of 

acute liver failure demonstrates that administering 

recombinant human IGF1 (rhIGF1) or its co-formulation 

with IGFBP-3 successfully blocks hepatic fibrosis, 

preserves hippocampal synaptic plasticity, and blunts 

microglial neuroinflammation [82, 181]. However, 

human clinical trials evaluating systemic rhIGF1 have 

faced severe setbacks due to an exceptionally short 

circulating half-life and dangerous adverse profiles, most 

notably profound hypoglycemia driven by IGF1 cross 

activating the insulin receptor at therapeutic 

concentrations [182]. Proposing IGF1/IGF1R modulation 

as a definitive clinical therapy remains premature without 

overcoming major physiological constraints, such as rapid 

receptor desensitization and critical dosage toxicities in 

elderly populations, who are prone to drug accumulation, 

fluid retention, and eccentric myocardial hypertrophy 

[183].  

 

Future directions 

 

As shown in this review, IGF1 serves as a critical systemic 

mediator maintaining the functional integrity of the liver-

brain axis. CLD and advanced aging share a convergent 

pathophysiological pathway characterized by a severe 

decline in circulating IGF1, which exacerbates BBB 

disruption, neuroinflammation, and astrocytic 

dysfunction. This loss of neurotrophic and immunological 

support drives the progression of neurocognitive 

complications, such as HE and accelerated cognitive 

decline. Consequently, restoring IGF1 signaling 

represents a promising therapeutic strategy to mitigate 

neurodegeneration and improve cognitive health in 

patients with advanced CLD. 

Future research should focus on clarifying the stage-

dependent role of the IGF/IGFR system during CLD 

progression to determine the precise therapeutic window 

for recombinant IGF1 administration. Additionally, 

further mechanistic studies are needed to elucidate the 

exact molecular pathways by which peripheral hepatic 

growth factor deficiencies trigger endothelial senescence 

and compromise BBB tight junctions. Investigating the 

specific immune-glial crosstalk—particularly how 

diminished IGF1 signaling drives Th17 cell infiltration 

and shifts microglia toward neurotoxic phenotypes—will 

be crucial. Finally, evaluating fluid-based biomarkers like 

GFAP, S100B, and NFL in clinical trials could provide 

reliable translational tools to track neuroinflammation, 

validate targeted therapies, and ultimately mitigate the 

synergistic effects of advanced aging and HE on cognitive 

decline. To address this clinical gap moving forward, 

future efforts should focus on validating an integrated 

multimodal framework combining these IGF-related and 

neuroglial markers with advanced neuroimaging 

measures. Establishing such a standardized, 

comprehensive panel will be critical for diagnosing early 

neurocognitive impairment and predicting disease 

progression in CLD. 

 

Funding 

 

This study was supported by Generalitat Valenciana, 

Valencia, Spain, under the grant CIPROM 2024/0019, by 

Instituto de Salud Carlos III, Madrid, Spain, under the 

grant PMP21/0082, by Agencia Estatal de Investigación, 

Madrid, Spain, under the grant PID2023-149765OB-I00 

available to RF, and by Navarro-Tripodi Foundation, 

under the grant Navarro-Tripodi-2024 available to EC and 

AG. 

 

References 

 
[1] Poreba E, Durzynska J (2020). Nuclear localization and 

actions of the insulin-like growth factor 1 (IGF-1) system 

components: Transcriptional regulation and DNA 

damage response. Mutation Research/Reviews in 

Mutation Research, 784:108307. 

[2] Mitschelen M, Yan H, Farley JA, Warrington JP, Han S, 

Hereñú CB, et al. (2011). Long-term deficiency of 

circulating and hippocampal insulin-like growth factor I 

induces depressive behavior in adult mice: a potential 

model of geriatric depression. Neuroscience, 185:50–60. 

[3] Hakuno F, Takahashi SI (2018). 40 years of IGF1: IGF1 

receptor signaling pathways. J Mol Endocrinol, 61:T69–

T86. 

[4] David R C (2004). The relative roles of growth hormone 

and IGF-1 in controlling insulin sensitivity. Journal of 

Clinical Investigation, 113:96–105. 

[5] Forbes BE, McCarthy P, Norton RS (2012). Insulin-Like 

Growth Factor Binding Proteins: A Structural 

Perspective. Front Endocrinol (Lausanne), 3:1–13. 

[6] Srimanus K, Damrongmanee A, Ukarapol N, 

Chattipakorn N, Chattipakorn SC (2026). Unveiling the 

link between insulin-like growth factor 1 (IGF-1) and 

fatty liver progression: From bench to bedside. 

Biochimica et Biophysica Acta (BBA) - Molecular Basis 

of Disease, 1872:168218. 

[7] Guzmán C, Bautista-Ubaldo MG, Campos-Espinosa A, 

Romero-Bello II, Santana-Vargas ÁD, Gutierrez-Reyes 

G (2024). Insulin-like Growth Factor Binding Proteins 

and Cellular Senescence Are Involved in the Progression 

of Non-Alcoholic Fatty Liver Disease and Fibrosis in a 

Mouse Model. Medicina (Lithuania), 60:429. 

[8] Ginès P, Krag A, Abraldes JG, Solà E, Fabrellas N, 

Kamath PS (2021). Liver cirrhosis. The Lancet, 

398:1359–1376. 

[9] Guo W, Ge X, Lu J, Xu X, Gao J, Wang Q, et al. (2022). 

Diet and Risk of Non-Alcoholic Fatty Liver Disease, 



 Gasparyan A., et al.                                                                        IGF system in brain-liver axis and aging 

  

Aging and Disease • Volume 18, Number 5, October 2027                                                                         13 

 

Cirrhosis, and Liver Cancer: A Large Prospective Cohort 

Study in UK Biobank. Nutrients, 14:5335. 

[10] Garcia-Pagan JC, Francoz C, Montagnese S, Senzolo M, 

Mookerjee RP (2021). Management of the major 

complications of cirrhosis: Beyond guidelines. J 

Hepatol, 75:S135–S146. 

[11] Flourou C, Azina C, Georgiou G, Anastasiadou V 

(2025). Insulin-Like Growth Factor-1 (IGF-1) 

Deficiency and Metabolic-Dysfunction-Associated 

Steatotic Liver Disease in a Young Patient. Cureus, 

17:e77146. 

[12] Kineman RD, del Rio-Moreno M, Waxman DJ (2025). 

Liver-specific actions of GH and IGF1 that protect 

against MASLD. Nat Rev Endocrinol, 21:105–117. 

[13] Harrison SA, Bedossa P, Guy CD, Schattenberg JM, 

Loomba R, Taub R, et al. (2024). A Phase 3, 

Randomized, Controlled Trial of Resmetirom in NASH 

with Liver Fibrosis. New England Journal of Medicine, 

390:497–509. 

[14] Maurya P, Yang J, Barnes A, Yanek LR, Becker LC, 

Everett AD, et al. (2025). Insulin-like growth factor 

(IGF) and Insulin-like growth factor binding proteins 

(IGFBP) as predictors of type 2 diabetes risk in obese 

adults. J Diabetes Metab Disord, 24:226. 

[15] Ponce-Lopez T (2025). Peripheral Inflammation and 

Insulin Resistance: Their Impact on Blood–Brain Barrier 

Integrity and Glia Activation in Alzheimer’s Disease. Int 

J Mol Sci, 26:4209. 

[16] Spielman LJ, Little JP, Klegeris A (2014). Inflammation 

and insulin/IGF-1 resistance as the possible link between 

obesity and neurodegeneration. J Neuroimmunol, 273:8–

21. 

[17] Yates KF, Sweat V, Yau PL, Turchiano MM, Convit A 

(2012). Impact of Metabolic Syndrome on Cognition and 

Brain: A Selected Review of the Literature. Arterioscler 

Thromb Vasc Biol, 32:2060. 

[18] Guo M, Zhang J, Ma Y, Zhu Z, Zuo H, Yao J, et al. 

(2023). AAV-Mediated nuclear localized PGC1α4 

delivery in muscle ameliorates sarcopenia and aging-

associated metabolic dysfunctions. Aging Cell, 

22:e13961. 

[19] Hata R, Miyamoto K, Abe Y, Sasaki T, Oguma Y, 

Tajima T, et al. (2023). Osteoporosis and sarcopenia are 

associated with each other and reduced IGF1 levels are a 

risk for both diseases in the very old elderly. Bone, 

166:116570. 

[20] Tran D, Bergholz J, Zhang H, He H, Wang Y, Zhang Y, 

et al. (2014). Insulin-like growth factor-1 regulates the 

SIRT1-p53 pathway in cellular senescence. Aging Cell, 

13:669–678. 

[21] Hunt NJ, Kang SW (Sophie), Lockwood GP, Le Couteur 

DG, Cogger VC (2019). Hallmarks of Aging in the Liver. 

Comput Struct Biotechnol J, 17:1151–1161. 

[22] Li Y, Adeniji NT, Fan W, Kunimoto K, Török NJ (2022). 

Non-alcoholic Fatty Liver Disease and Liver Fibrosis 

during Aging. Aging Dis, 13:1239–1251. 

[23] Nagaoka M, Nagaoka K, Kajitani N, Yoshiura K, 

Yoshimaru Y, Watanabe T, et al. (2025). The Role of an 

Elevated Fibrosis-4 Index in Neurocognitive Decline and 

Brain Volume Reduction in Older Adults With 

Metabolic Dysfunction-Associated Steatotic Liver 

Disease. Geriatr Gerontol Int, 25:1903–1910. 

[24] Angulo P, Keach JC, Batts KP, Lindor KD (1999). 

Independent predictors of liver fibrosis in patients with 

nonalcoholic steatohepatitis. Hepatology, 30:1356–

1362. 

[25] Maeso-Díaz R, Ortega-Ribera M, Fernández-Iglesias A, 

Hide D, Muñoz L, Hessheimer AJ, et al. (2018). Effects 

of aging on liver microcirculatory function and 

sinusoidal phenotype. Aging Cell, 17:e12829. 

[26] Tseng FJ, Gou GH, Wang SH, Shyu JF, Pan RY (2022). 

Chronic liver disease and cirrhosis increase morbidity in 

geriatric patients treated surgically for hip fractures: 

analysis of the US Nationwide Inpatient Sample. BMC 

Geriatr, 22:150. 

[27] Soriano G, Román E, Córdoba J, Torrens M, Poca M, 

Torras X, et al. (2012). Cognitive dysfunction in 

cirrhosis is associated with falls: a prospective study. 

Hepatology, 55:1922–1930. 

[28] Gómez-Ansón B, Román E, De Bobadilla RF, Pires-

Encuentra P, Díaz-Manera J, Núez F, et al. (2015). 

Alterations in cerebral white matter and 

neuropsychology in patients with cirrhosis and falls. 

PLoS One, 10:e0118930. 

[29] Taru V, Szabo G, Mehal W, Reiberger T (2024). 

Inflammasomes in chronic liver disease: Hepatic injury, 

fibrosis progression and systemic inflammation. J 

Hepatol, 81:895–910. 

[30] Jenne CN, Kubes P (2013). Immune surveillance by the 

liver. Nat Immunol, 14:996–1006. 

[31] Albillos A, Lario M, Álvarez-Mon M (2014). Cirrhosis-

associated immune dysfunction: Distinctive features and 

clinical relevance. J Hepatol, 61:1385–1396. 

[32] Juanola O, Francés R, Caparrós E (2024). Exploring the 

Relationship between Liver Disease, Bacterial 

Translocation, and Dysbiosis: Unveiling the Gut-Liver 

Axis. Visc Med, 40:12–19. 

[33] Martínez-López S, Juanola O, Gómez-Hurtado I, Ángel-

Gomis E, Boix P, Fernández-Iglesias A, et al. (2025). 

LSECtin attenuates hepatic Th17 expansion in a murine 

model of cirrhosis and signals through the LAG-3 

receptor. JHEP Reports, 7:1–12. 

[34] Caparrós E, Juanola O, Gómez-Hurtado I, Puig-Kroger 

A, Piñero P, Zapater P, et al. (2020). Liver Sinusoidal 

Endothelial Cells Contribute to Hepatic Antigen-

Presenting Cell Function and Th17 Expansion in 

Cirrhosis. Cells, 9:1227. 

[35] An P, Wei LL, Zhao S, Sverdlov DY, Vaid KA, 

Miyamoto M, et al. (2020). Hepatocyte mitochondria-

derived danger signals directly activate hepatic stellate 

cells and drive progression of liver fibrosis. Nat 

Commun, 11:2362. 

[36] Li L, Xia Y, Ji X, Wang H, Zhang Z, Lu P, et al. (2021). 

MIG/CXCL9 exacerbates the progression of metabolic-

associated fatty liver disease by disrupting Treg/Th17 

balance. Exp Cell Res, 407:112801. 

[37] Nunez Lopez O, Bohanon FJ, Wang X, Ye N, Corsello 

T, Rojas-Khalil Y, et al. (2016). STAT3 Inhibition 

Suppresses Hepatic Stellate Cell Fibrogenesis: 

HJC0123, a Potential Therapeutic Agent for Liver 



 Gasparyan A., et al.                                                                        IGF system in brain-liver axis and aging 

  

Aging and Disease • Volume 18, Number 5, October 2027                                                                         14 

 

Fibrosis HHS Public Access. RSC Adv, 6:100652–

100663. 

[38] Sun R, Xiang Z, Wu B (2022). T cells and liver fibrosis. 

Portal Hypertension and Cirrhosis, 1:125–132. 

[39] Li X, Su Y, Hua X, Xie C, Liu J, Huang Y, et al. (2017). 

Levels of hepatic Th17 cells and regulatory T cells 

upregulated by hepatic stellate cells in advanced HBV-

related liver fibrosis. J Transl Med, 15:75. 

[40] Li H, Ding P, Peng B, Ming YZ (2021). Cross-talk 

between hepatic stellate cells and T lymphocytes in liver 

fibrosis. Hepatobiliary and Pancreatic Diseases 

International, 20:207–214. 

[41] Kiernan K, Alwarawrah Y, Nichols AG, Danzaki K, 

MacIver NJ (2024). Insulin and IGF-1 have both 

overlapping and distinct effects on CD4+ T cell 

mitochondria, metabolism, and function. Sci Rep, 

14:4331. 

[42] DiToro D, Harbour SN, Bando JK, Benavides G, Witte 

S, Laufer VA, et al. (2020). Insulin-Like Growth Factors 

Are Key Regulators of T Helper 17 Regulatory T Cell 

Balance in Autoimmunity. Immunity, 52:650-667.e10. 

[43] Pearce EL, Pearce EJ (2013). Metabolic pathways in 

immune cell activation and quiescence. Immunity, 

38:633–643. 

[44] Zhang M, Zhou L, Xu Y, Yang M, Xu Y, Komaniecki 

GP, et al. (2020). A STAT3 palmitoylation cycle 

promotes TH17 differentiation and colitis. Nature, 

586:434–439. 

[45] Samuels JS, Holland L, López M, Meyers K, Cumbie 

WG, McClain A, et al. (2018). Prostaglandin E2 and IL-

23 interconnects STAT3 and RoRγ pathways to initiate 

Th17 CD4+ T-cell development during rheumatoid 

arthritis. Inflammation Research, 67:589–596. 

[46] Jeong HY, Park JS, Choi JW, Lee KH, Yang SC, Kang 

HY, et al. (2024). GRIM-19-mediated induction of 

mitochondrial STAT3 alleviates systemic sclerosis by 

inhibiting fibrosis and Th2/Th17 cells. Exp Mol Med, 

56:2739–2746. 

[47] Ren HZ, Xia SZ, Qin XQ, Hu AY, Wang JL (2022). 

FOXO1 Alleviates Liver Ischemia-reperfusion Injury by 

Regulating the Th17/Treg Ratio through the 

AKT/Stat3/FOXO1 Pathway. J Clin Transl Hepatol, 

10:1138–1147. 

[48] Tan Z, Chen L, Ye Z, Lu Q (2025). Xiaohuang Qudan 

decoction alleviates ANIT-induced cholestatic liver 

injury by inhibiting the JAK2/STAT3 pathway and 

regulating TH17/Treg. Chin J Nat Med, 23:457–470. 

[49] Wang XH, Wu HY, Gao J, Wang XH, Gao TH, Zhang 

SF (2019). IGF1R facilitates epithelial-mesenchymal 

transition and cancer stem cell properties in 

neuroblastoma via the STAT3/AKT axis. Cancer Manag 

Res, 11:5459–5472. 

[50] Erlandsson MC, Töyrä Silfverswärd S, Nadali M, 

Turkkila M, Svensson MND, Jonsson IM, et al. (2017). 

IGF-1R signalling contributes to IL-6 production and T 

cell dependent inflammation in rheumatoid arthritis. 

Biochim Biophys Acta Mol Basis Dis, 1863:2158–2170. 

[51] Coppé JP, Patil CK, Rodier F, Sun Y, Muñoz DP, 

Goldstein J, et al. (2008). Senescence-Associated 

Secretory Phenotypes Reveal Cell-Nonautonomous 

Functions of Oncogenic RAS and the p53 Tumor 

Suppressor. PLoS Biol, 6:e301. 

[52] Kim KS, Kim MS, Seu YB, Chung HY, Kim JH, Kim JR 

(2007). Regulation of replicative senescence by insulin-

like growth factor-binding protein 3 in human umbilical 

vein endothelial cells. Aging Cell, 6:535–545. 

[53] Akiel M, Guo C, Li X, Rajasekaran D, Mendoza RG, 

Robertson CL, et al. (2017). IGFBP7 Deletion Promotes 

Hepatocellular Carcinoma. Cancer Res, 77:4014–4025. 

[54] Guzmán C, Bautista-Ubaldo MG, Campos-Espinosa A, 

Romero-Bello II, Santana-Vargas ÁD, Gutierrez-Reyes 

G (2024). Insulin-like Growth Factor Binding Proteins 

and Cellular Senescence Are Involved in the Progression 

of Non-Alcoholic Fatty Liver Disease and Fibrosis in a 

Mouse Model. Medicina (Kaunas), 60:429. 

[55] Tadeu Stefano J, Lúcia Corrêa-Giannella M, Maria 

Freitas Ribeiro C, Avancini Ferreira Alves V, Celso 

Bosco Massarollo P, Cerqueira Cesar Machado M, et al. 

(2006). Increased hepatic expression of insulin-like 

growth factor-I receptor in chronic hepatitis C. World J 

Gastroenterol, 12:3821–3828. 

[56] Hribal ML, Procopio T, Petta S, Sciacqua A, Grimaudo 

S, Pipitone RM, et al. (2013). Insulin-like growth factor-

I, inflammatory proteins, and fibrosis in subjects with 

nonalcoholic fatty liver disease. Journal of Clinical 

Endocrinology and Metabolism, 98:E304–E308. 

[57] Nishizawa H, Takahashi M, Fukuoka H, Iguchi G, 

Kitazawa R, Takahashi Y (2012). GH-independent IGF-

I action is essential to prevent the development of 

nonalcoholic steatohepatitis in a GH-deficient rat model. 

Biochem Biophys Res Commun, 423:295–300. 

[58] Caro JF, Poulos J, Ittoop O, Pories WJ, Flickinger EG, 

Sinha MK (1988). Insulin-like Growth Factor I Binding 

in Hepatocytes from Human Liver, Human Hepatoma, 

and Normal, Regenerating, and Fetal Rat Liver. Journal 

of Clinical Investigation, 81:976–981. 

[59] Wang Y, Wang P, Yu Y, Huang E, Yao Y, Guo D, et al. 

(2023). Hepatocyte Ninjurin2 promotes hepatic stellate 

cell activation and liver fibrosis through the 

IGF1R/EGR1/PDGF-BB signaling pathway. 

Metabolism, 140:155380. 

[60] Wajapeyee N, Serra RW, Zhu X, Mahalingam M, Green 

MR (2008). Oncogenic BRAF Induces Senescence and 

Apoptosis through Pathways Mediated by the Secreted 

Protein IGFBP7. Cell, 132:363–374. 

[61] Correa CG, Colombo B da S, Ronsoni MF, e Silva PES, 

Fayad L, Silva TE, et al. (2016). Circulating insulin-like 

growth factor-binding protein 3 as prognostic biomarker 

in liver cirrhosis. World J Hepatol, 8:739. 

[62] Li L, He H, Wang Y (2026). Insulin and IGF signaling 

in the brain: multilevel regulation of synaptic and 

network homeostasis. Front Endocrinol (Lausanne), 

17:1793536. 

[63] Alisi A, Pampanini V, De Stefanis C, Panera N, Deodati 

A, Nobili V, et al. (2018). Expression of insulin-like 

growth factor i and its receptor in the liver of children 

with biopsy-proven nafld. PLoS One, 13:e0201566. 

[64] Mosca A, Della Volpe L, Alisi A, Panera N, Maggiore 

G, Vania A (2022). The Role of the GH/IGF1 Axis on 



 Gasparyan A., et al.                                                                        IGF system in brain-liver axis and aging 

  

Aging and Disease • Volume 18, Number 5, October 2027                                                                         15 

 

the Development of MAFLD in Pediatric Patients with 

Obesity. Metabolites, 12:1221. 

[65] Osganian SA, Subudhi S, Masia R, Drescher HK, 

Bartsch LM, Chicote ML, et al. (2022). Expression of 

IGF-1 receptor and GH receptor in hepatic tissue of 

patients with nonalcoholic fatty liver disease and 

nonalcoholic steatohepatitis. Growth Hormone and IGF 

Research, 65:101482. 

[66] Stanley TL, Fourman LT, Zheng I, McClure CM, 

Feldpausch MN, Torriani M, et al. (2021). Relationship 

of IGF-1 and IGF-Binding Proteins to Disease Severity 

and Glycemia in Nonalcoholic Fatty Liver Disease. 

Journal of Clinical Endocrinology and Metabolism, 

106:E520–E533. 

[67] Chen X, Zhou S, Chen Y, Tong K, Huang W (2024). 

LncRNA MIR22HG/microRNA-9-3p/IGF1 in 

nonalcoholic steatohepatitis, the ceRNA network 

increases fibrosis by inhibiting autophagy and promoting 

pyroptosis. Clinical Nutrition, 43:52–64. 

[68] Blaas L, Kornfeld JW, Schramek D, Musteanu M, 

Zollner G, Gumhold J, et al. (2010). Disruption of the 

growth hormone-signal transducer and activator of 

transcription 5-insulinlike growth factor 1 axis severely 

aggravates liver fibrosis in a mouse model of cholestasis. 

Hepatology, 51:1319–1326. 

[69] Liu W, Li J, Cai Y, Wu Q, Pan Y, Chen Y, et al. (2016). 

Hepatic IGF-1R overexpression combined with the 

activation of GSK-3β and FOXO3a in the development 

of liver cirrhosis. Life Sci, 147:97–102. 

[70] Morales-Garza LA, Puche JE, Aguirre GA, Muñoz Ú, 

García-Magariño M, De la Garza RG, et al. (2017). 

Experimental approach to IGF-1 therapy in CCl4-

induced acute liver damage in healthy controls and mice 

with partial IGF-1 deficiency. J Transl Med, 15:96. 

[71] Wang X-Z, Chen Z-X, Zhang L-J, Chen Y-X, Li D, Chen 

F-L, et al. (2003). Expression of insulin-like growth 

factor 1 and insulin-like growth factor 1 receptor and its 

intervention by interleukin-10 in experimental hepatic 

fibrosis. World J Gastroenterol, 9:1287–1291. 

[72] Manothiya P, Dash D, Koiri RK (2025). Gut microbiota 

dysbiosis and the gut–liver–brain axis: Mechanistic 

insights into hepatic encephalopathy. Medicine in 

Microecology, 26:100157. 

[73] Bajaj JS, Hafeezullah M, Hoffmann RG, Varma RR, 

Franco J, Binion DG, et al. (2008). Navigation skill 

impairment: Another dimension of the driving 

difficulties in minimal hepatic encephalopathy. 

Hepatology, 47:596–604. 

[74] Romero-Gómez M, Boza F, García-Valdecasas MS, 

García E, Aguilar-Reina J (2001). Subclinical hepatic 

encephalopathy predicts the development of overt 

hepatic encephalopathy. Am J Gastroenterol, 96:2718–

2723. 

[75] Garcovich M, Zocco MA, Roccarina D, Ponziani FR, 

Gasbarrini A (2012). Prevention and treatment of hepatic 

encephalopathy: focusing on gut microbiota. World J 

Gastroenterol, 18:6693–6700. 

[76] Butterworth RF (2019). Hepatic Encephalopathy in 

Cirrhosis: Pathology and Pathophysiology. Drugs, 

79:17–21. 

[77] Ezaz G, Murphy SL, Mellinger J, Tapper EB (2018). 

Increased Morbidity and Mortality Associated with Falls 

Among Patients with Cirrhosis. Am J Med, 131:645-

650.e2. 

[78] Butterworth RF, Giguère JF, Michaud J, Lavoie J, 

Layrargues GP (1987). Ammonia: key factor in the 

pathogenesis of hepatic encephalopathy. Neurochem 

Pathol, 6:1–12. 

[79] Butterworth RF (2011). Hepatic encephalopathy: a 

central neuroinflammatory disorder? Hepatology, 

53:1372–1376. 

[80] Shawcross DL, Davies NA, Williams R, Jalan R (2004). 

Systemic inflammatory response exacerbates the 

neuropsychological effects of induced hyperammonemia 

in cirrhosis. J Hepatol, 40:247–254. 

[81] Lu H, Zhang H, Wu Z, Li L (2024). Microbiota-gut-

liver-brain axis and hepatic encephalopathy. 

Microbiome research reports, 3:17. 

[82] Wang W, Wen Y (2026). The role of systemic 

inflammation in hepatic encephalopathy: advances in 

inflammatory mechanisms, prevention and treatment 

research. Ann Med, 58:2650232. 

[83] Wright G, Davies NA, Shawcross DL, Hodges SJ, 

Zwingmann C, Brooks HF, et al. (2007). Endotoxemia 

produces coma and brain swelling in bile duct ligated 

rats. Hepatology, 45:1517–1526. 

[84] Vargas-Beltran AM, Mialma-Omana SJ, Vivanco-Tellez 

DO (2025). Targeting gut microbiota in liver disease: A 

pharmacological approach for hepatic encephalopathy 

and beyond. World J Gastrointest Pharmacol Ther, 

16:110271. 

[85] Jain L, Sharma BC, Srivastava S, Puri SK, Sharma P, 

Sarin S (2013). Serum endotoxin, inflammatory 

mediators, and magnetic resonance spectroscopy before 

and after treatment in patients with minimal hepatic 

encephalopathy. J Gastroenterol Hepatol, 28:1187–

1193. 

[86] Srivastava A, Yadav SK, Yachha SK, Thomas MA, 

Saraswat VA, Gupta RK (2011). Pro-inflammatory 

cytokines are raised in extrahepatic portal venous 

obstruction, with minimal hepatic encephalopathy. J 

Gastroenterol Hepatol, 26:979–986. 

[87] Shawcross DL, Shabbir SS, Taylor NJ, Hughes RD 

(2010). Ammonia and the neutrophil in the pathogenesis 

of hepatic encephalopathy in cirrhosis. Hepatology, 

51:1062–1069. 

[88] Wunsch E, Koziarska D, Milkiewicz M, Naprawa G, 

Nowacki P, Hartleb M, et al. (2013). In patients with 

liver cirrhosis, proinflammatory interleukins correlate 

with health-related quality of life irrespective of minimal 

hepatic encephalopathy. Eur J Gastroenterol Hepatol, 

25:1402–1407. 

[89] Cipollini V, Anrather J, Orzi F, Iadecola C (2019). Th17 

and Cognitive Impairment: Possible Mechanisms of 

Action. Front Neuroanat, 13:95. 

[90] Jindal A, Rai SN (2026). Targeting Autophagy, 

Ferroptosis, and Neuroinflammation: Polyphenol-

Mediated Modulation of Emerging Signaling Pathways 

in Neurodegeneration. Mol Neurobiol, 63:470. 



 Gasparyan A., et al.                                                                        IGF system in brain-liver axis and aging 

  

Aging and Disease • Volume 18, Number 5, October 2027                                                                         16 

 

[91] Butterworth RF (2013). The liver-brain axis in liver 

failure: neuroinflammation and encephalopathy. Nat Rev 

Gastroenterol Hepatol, 10:522–528. 

[92] de la Garza RG, Morales-Garza LA, Martin-Estal I, 

Castilla-Cortazar I (2017). Insulin-Like Growth Factor-

1 Deficiency and Cirrhosis Establishment. J Clin Med 

Res, 9:233–247. 

[93] Lopez-Lopez C, LeRoith D, Torres-Aleman I (2004). 

Insulin-like growth factor I is required for vessel 

remodeling in the adult brain. Proc Natl Acad Sci U S A, 

101:9833–9838. 

[94] Huang X, Hussain B, Chang J (2020). Peripheral 

inflammation and blood–brain barrier disruption: effects 

and mechanisms. CNS Neurosci Ther, 27:36. 

[95] Ahluwalia V, Betrapally NS, Hylemon PB, White MB, 

Gillevet PM, Unser AB, et al. (2016). Impaired Gut-

Liver-Brain Axis in Patients with Cirrhosis. Sci Rep, 

6:26800. 

[96] McMillin M, Frampton G, Grant S, Khan S, Diocares J, 

Petrescu A, et al. (2017). Bile Acid-Mediated 

Sphingosine-1-Phosphate Receptor 2 Signaling 

Promotes Neuroinflammation during Hepatic 

Encephalopathy in Mice. Front Cell Neurosci, 11:191. 

[97] Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, 

Bohlen CJ, Schirmer L, et al. (2017). Neurotoxic reactive 

astrocytes are induced by activated microglia. Nature, 

541:481–487. 

[98] Prabhu D, Khan SM, Blackburn K, Marshall JP, Ashpole 

NM (2019). Loss of insulin-like growth factor-1 

signaling in astrocytes disrupts glutamate handling. J 

Neurochem, 151:689–702. 

[99] Uemura K, Hiro S, Attachaipanich S, Du R, Yusof 

NISM, Kinoshita M, et al. (2026). Glioinflammation: 

disease-associated microglia and astrocytes in 

psychiatric disorders, neurodegeneration, and 

senescence. Front Cell Neurosci, 19:1669272. 

[100] Balzano T, Dadsetan S, Forteza J, Cabrera-Pastor A, 

Taoro-Gonzalez L, Malaguarnera M, et al. (2020). 

Chronic hyperammonemia induces peripheral 

inflammation that leads to cognitive impairment in rats: 

Reversed by anti-TNF-α treatment. J Hepatol, 73:582–

592. 

[101] Conover CA, Oxvig C (2025). The IGF System and 

Aging. Endocr Rev, 46:214–223. 

[102] Bianchi VE, Locatelli V, Rizzi L (2017). Neurotrophic 

and neuroregenerative effects of GH/IGF1. Int J Mol Sci, 

18:2441. 

[103] Anderson MF, Åberg MAI, Nilsson M, Eriksson PS 

(2002). Insulin-like growth factor-I and neurogenesis in 

the adult mammalian brain. Developmental Brain 

Research, 134:115–122. 

[104] Åberg MAI, Åberg ND, Hedbäcker H, Oscarsson J, 

Eriksson PS (2000). Peripheral infusion of IGF-I 

selectively induces neurogenesis in the adult rat 

hippocampus. J Neurosci, 20:2896–2903. 

[105] Åberg ND, Brywe KG, Isgaard J (2006). Aspects of 

growth hormone and insulin-like growth factor-I related 

to neuroprotection, regeneration, and functional 

plasticity in the adult brain. ScientificWorldJournal, 

6:53–80. 

[106] Morel GR, León ML, Uriarte M, Reggiani PC, Goya RG 

(2016). Therapeutic potential of IGF-I on hippocampal 

neurogenesis and function during aging. Neurogenesis 

(Austin), 4:e1259709. 

[107] Shepherd JD, Huganir RL (2007). The cell biology of 

synaptic plasticity: AMPA receptor trafficking. Annu 

Rev Cell Dev Biol, 23:613–643. 

[108] Hayes CA, Ashmore BG, Vijayasankar A, Marshall JP, 

Ashpole NM (2021). Insulin-Like Growth Factor-1 

Differentially Modulates Glutamate-Induced Toxicity 

and Stress in Cells of the Neurogliovascular Unit. Front 

Aging Neurosci, 13:751304. 

[109] Logan S, Pharaoh GA, Marlin MC, Masser DR, 

Matsuzaki S, Wronowski B, et al. (2018). Insulin-like 

growth factor receptor signaling regulates working 

memory, mitochondrial metabolism, and amyloid-β 

uptake in astrocytes. Mol Metab, 9:141–155. 

[110] Ratcliffe LE, Vázquez Villaseñor I, Jennings L, Heath 

PR, Mortiboys H, Schwartzentruber A, et al. (2018). 

Loss of IGF1R in Human Astrocytes Alters Complex I 

Activity and Support for Neurons. Neuroscience, 

390:46–59. 

[111] Rai SNand Vitamins and neurodegeneration: 

mechanisms and therapeutic insights, I. CRC Press; 

2026. 

[112] Gairing SJ, Danneberg S, Kaps L, Nagel M, Schleicher 

EM, Quack C, et al. (2023). Elevated serum levels of 

glial fibrillary acidic protein are associated with covert 

hepatic encephalopathy in patients with cirrhosis. JHEP 

Reports, 5:100671. 

[113] Rhodes K, Wang Y, DeMorrow S (2025). The Role of 

Neuroinflammation in the Pathogenesis of Hepatic 

Encephalopathy. J Immunol Res, 2025:6855563. 

[114] Nicolella V, Novarella F, Falco F, Polito C, Sirica R, La 

Civita E, et al. (2025). Plasma Neurofilament Light 

Chain Is Associated with Cognitive Functions but Not 

Patient-Reported Outcomes in Multiple Sclerosis. 

Neurol Int, 17:144. 

[115] Shahim P, Pham DL, van der Merwe AJ, Moore B, Chou 

YY, Lippa SM, et al. (2024). Serum NfL and GFAP as 

biomarkers of progressive neurodegeneration in TBI. 

Alzheimers Dement, 20:4663–4676. 

[116] Butterworth RF (2015). Pathogenesis of hepatic 

encephalopathy and brain edema in acute liver failure. J 

Clin Exp Hepatol, 5:S96–S103. 

[117] Bélanger M, Desjardins P, Chatauret N, Butterworth RF 

(2002). Loss of expression of glial fibrillary acidic 

protein in acute hyperammonemia. Neurochem Int, 

41:155–160. 

[118] Bobermin LD, Wartchow KM, Flores MP, Leite MC, 

Quincozes-Santos A, Gonçalves CA (2015). Ammonia-

induced oxidative damage in neurons is prevented by 

resveratrol and lipoic acid with participation of heme 

oxygenase 1. Neurotoxicology, 49:28–35. 

[119] Cooper AJL (2011). 13N as a tracer for studying 

glutamate metabolism. Neurochem Int, 59:456–464. 

[120] Ransohoff RM, Perry VH (2009). Microglial 

physiology: Unique stimuli, specialized responses. Annu 

Rev Immunol, 27:119–145. 



 Gasparyan A., et al.                                                                        IGF system in brain-liver axis and aging 

  

Aging and Disease • Volume 18, Number 5, October 2027                                                                         17 

 

[121] Labandeira-Garcia JL, Costa-Besada MA, Labandeira 

CM, Villar-Cheda B, Rodríguez-Perez AI (2017). 

Insulin-like growth factor-1 and neuroinflammation. 

Front Aging Neurosci, 9:309933. 

[122] Ueno M, Fujita Y, Tanaka T, Nakamura Y, Kikuta J, 

Ishii M, et al. (2013). Layer V cortical neurons require 

microglial support for survival during postnatal 

development. Nat Neurosci, 16:543–551. 

[123] Lee DC, Ruiz CR, Lebson L, Selenica MLB, Rizer J, 

Hunt JB, et al. (2013). Aging enhances classical 

activation but mitigates alternative activation in the 

central nervous system. Neurobiol Aging, 34:1610–

1620. 

[124] Sonntag WE, Deak F, Ashpole N, Toth P, Csiszar A, 

Freeman W, et al. (2013). Insulin-like growth factor-1 in 

CNS and cerebrovascular aging. Front Aging Neurosci, 

5:54519. 

[125] Goel F, Singh P, Rai SN, Yadav DK (2026). 

Neuropharmacology of synaptic plasticity: pathways to 

cognitive resilience in healthy aging. 3 Biotech, 16:64. 

[126] Zemtsova I, Görg B, Keitel V, Bidmon HJ, Schrör K, 

Häussinger D (2011). Microglia activation in hepatic 

encephalopathy in rats and humans. Hepatology, 

54:204–215. 

[127] Rao KVR, Brahmbhatt M, Norenberg MD (2013). 

Microglia contribute to ammonia-induced astrocyte 

swelling in culture. Metab Brain Dis, 28:139–143. 

[128] Jure I, Lockhart EF, De Nicola AF, Bellini MJ, 

Labombarda F (2021). IGF1 Gene Therapy Reversed 

Cognitive Deficits and Restored Hippocampal 

Alterations After Chronic Spinal Cord Injury. Mol 

Neurobiol, 58:6186–6202. 

[129] Radfar F, Shahbazi M, Tahmasebi Boroujeni S, Arab 

Ameri E, Farahmandfar M (2024). Moderate aerobic 

training enhances the effectiveness of insulin therapy 

through hypothalamic IGF1 signaling in rat model of 

Alzheimer’s disease. Sci Rep, 14:15996. 

[130] Dunacka J, Grembecka B, Majkutewicz I, Wrona D 

(2025). Central Insulin-like Growth Factor-1 Treatment 

Enhances Working and Reference Memory by Reducing 

Neuroinflammation and Amyloid Beta Deposition in a 

Rat Model of Sporadic Alzheimer’s Disease. 

Pharmaceuticals, 18:527. 

[131] Herrera ML, Champarini LG, Basmadjian OM, Bellini 

MJ, Hereñú CB (2024). IGF-1 gene therapy prevents 

spatial memory deficits and modulates dopaminergic 

neurodegeneration and inflammation in a parkinsonism 

model. Brain Behav Immun, 119:851–866. 

[132] An Y, Wu Y, Li X, Zhou T, Liu H, Xiao Y, et al. (2025). 

Impaired WNT3/IGF-1 Signaling in Dorsal Dentate 

Gyrus Contributes to Chronic Pain-Related Cognitive 

Impairment. CNS Neurosci Ther, 31:e70714. 

[133] Bake S, Selvamani A, Cherry J, Sohrabji F (2014). Blood 

brain barrier and neuroinflammation are critical targets 

of IGF-1-mediated neuroprotection in stroke for middle-

aged female rats. PLoS One, 9:e91427. 

[134] Gulej R, Csik B, Faakye J, Tarantini S, Shanmugarama 

S, Chandragiri SS, et al. (2024). Endothelial deficiency 

of insulin-like growth factor-1 receptor leads to blood-

brain barrier disruption and accelerated endothelial 

senescence in mice, mimicking aspects of the brain aging 

phenotype. Microcirculation, 31:e12840. 

[135] Nowrangi DS, McBride D, Manaenko A, Dixon B, Tang 

J, Zhang JH (2019). rhIGF-1 reduces the permeability of 

the blood-brain barrier following intracerebral 

hemorrhage in mice. Exp Neurol, 312:72–81. 

[136] Zhong R, Huang H, Liang J, Lai W, Tan Y, Liu W, et al. 

(2026). IGF-1 ameliorates the blood brain barrier 

disruption induced by the neonatal hypoxia-ischemia. Int 

Immunopharmacol, 173:116323. 

[137] Patel S, Prajapati C, Rai SN, Singh SK (2026). Bridging 

pathway dysfunction and therapy: novel compounds for 

neuroprotection. 3 Biotech, 16:79. 

[138] Watanabe T, Miyazaki A, Katagiri T, Yamamoto H, Idei 

T, Iguchi T (2005). Relationship between serum insulin-

like growth factor-1 levels and Alzheimer’s disease and 

vascular dementia. J Am Geriatr Soc, 53:1748–1753. 

[139] Huang R, Wang P, Han J, Xia W, Cai R, Sun H, et al. 

(2015). Decreased Serum IGF-1/IGFBP-3 Molar Ratio is 

Associated with Executive Function Behaviors in Type 

2 Diabetic Patients with Mild Cognitive Impairment. J 

Alzheimers Dis, 47:85–94. 

[140] Calvo D, Gunstad J, Miller LA, Glickman E, Spitznagel 

MB (2013). Higher serum insulin-like growth factor-1 is 

associated with better cognitive performance in persons 

with mild cognitive impairment. Psychogeriatrics, 

13:170–174. 

[141] Vints WAJ, Šeikinaitė J, Gökçe E, Kušleikienė S, 

Šarkinaite M, Valatkeviciene K, et al. (2024). Resistance 

exercise effects on hippocampus subfield volumes and 

biomarkers of neuroplasticity and neuroinflammation in 

older adults with low and high risk of mild cognitive 

impairment: a randomized controlled trial. Geroscience, 

46:3971–3991. 

[142] Liu H, Yuanze G, Ganesan K, Chen J (2026). Subacute 

and chronic CCl4 exposure induces time-dependent 

neuropsychiatric disorders via MAOA-mediated 

serotonin dysregulation: A liver-brain axis mechanism. 

Eur J Pharmacol, 1019:178680. 

[143] Martínez-López S, García-Gutiérrez MS, Navarrete F, 

Gómez-Hurtado I, Zapater P, Enrique Á, et al. (2024). 

Aging Deteriorates Blood Brain Barrier Function and 

Polarizes Adaptive T Cell Expansion Contributing to 

Neurocognitive Damage in Experimental Cirrhosis. 

Aging Dis, 16:3112–3127. 

[144] Severgnini S, Lowenthal DT, Millard WJ, Simmen FA, 

Pollock BH, Borst SE (1999). Altered IGF-I and IGFBPs 

in senescent male and female rats. J Gerontol A Biol Sci 

Med Sci, 54:B111-5. 

[145] Elis S, Wu Y, Courtland HW, Sun H, Rosen CJ, Adamo 

ML, et al. (2011). Increased serum IGF-1 levels protect 

the musculoskeletal system but are associated with 

elevated oxidative stress markers and increased mortality 

independent of tissue igf1 gene expression. Aging Cell, 

10:547–550. 

[146] Gong Z, Kennedy O, Sun H, Wu Y, Williams GA, Klein 

L, et al. (2014). Reductions in serum IGF-1 during aging 

impair health span. Aging Cell, 13:408–418. 

[147] Mariño G, Ugalde AP, Fernández ÁF, Osorio FG, Fueyo 

A, Freije JMP, et al. (2010). Insulin-like growth factor 1 



 Gasparyan A., et al.                                                                        IGF system in brain-liver axis and aging 

  

Aging and Disease • Volume 18, Number 5, October 2027                                                                         18 

 

treatment extends longevity in a mouse model of human 

premature aging by restoring somatotroph axis function. 

Proc Natl Acad Sci U S A, 107:16268–16273. 

[148] Park JY, Cho MO, Leonard S, Calder B, Mian IS, Kim 

WH, et al. (2008). Homeostatic imbalance between 

apoptosis and cell renewal in the liver of premature aging 

XpdTTD mice. PLoS One, 3:e2346. 

[149] Hadem IKH, Sharma R (2017). Differential Regulation 

of Hippocampal IGF-1-Associated Signaling Proteins by 

Dietary Restriction in Aging Mouse. Cell Mol 

Neurobiol, 37:985–993. 

[150] Singh AK, Rai SN Rejuvenating the brain: 

nutraceuticals, autophagy, and longevity, I Edition. 

Springer Nature; 2025. 

[151] Mitchell SE, Delville C, Konstantopedos P, Hurst J, 

Derous D, Green C, et al. (2015). The effects of graded 

levels of calorie restriction: II. Impact of short term 

calorie and protein restriction on circulating hormone 

levels, glucose homeostasis and oxidative stress in male 

C57BL/6 mice. Oncotarget, 6:23213–23237. 

[152] Pérez-Matute P, López IP, Íñiguez M, Recio-Fernández 

E, Torrens R, Piñeiro-Hermida S, et al. (2022). IGF1R is 

a mediator of sex-specific metabolism in mice: Effects of 

age and high-fat diet. Front Endocrinol (Lausanne), 

13:1033208. 

[153] Gulej R, Patai R, Siva ·, Chandragiri S, Nagykaldi M, 

Brunner E, et al. (2026). Young blood-induced 

rejuvenation of neurovascular coupling involves 

endothelial IGF-1/IGF-1R signaling: evidence from 

heterochronic parabiosis using endothelial IGF-1R 

deficient and systemic IGF-1 knockdown mice. 

GeroScience 2026, In press. 

[154] Salminen A, Kaarniranta K, Kauppinen A (2021). 

Insulin/IGF-1 signaling promotes immunosuppression 

via the STAT3 pathway: impact on the aging process and 

age-related diseases. Inflamm Res, 70:1043–1061. 

[155] Toth P, Tarantini S, Ashpole NM, Tucsek Z, Milne GL, 

Valcarcel-Ares NM, et al. (2015). IGF-1 deficiency 

impairs neurovascular coupling in mice: implications for 

cerebromicrovascular aging. Aging Cell, 14:1034–1044. 

[156] Rai SN Neurobiology of aging: exploring cognitive 

decline and neurodegeneration. Elsevier; 2025. 

[157] Luo X, Jiang X, Li J, Bai Y, Li Z, Wei P, et al. (2019). 

Insulin-like growth factor-1 attenuates oxidative stress-

induced hepatocyte premature senescence in liver 

fibrogenesis via regulating nuclear p53–progerin 

interaction. Cell Death Dis, 10:451. 

[158] Xu X, Hueckstaedt LK, Ren J (2013). Deficiency of 

insulin-like growth factor 1 attenuates aging-induced 

changes in hepatic function: role of autophagy. J 

Hepatol, 59:308–317. 

[159] Sohrabi M, Floden AM, Manocha GD, Klug MG, Combs 

CK (2020). IGF-1R Inhibitor Ameliorates 

Neuroinflammation in an Alzheimer’s Disease 

Transgenic Mouse Model. Front Cell Neurosci, 14:1–14. 

[160] Huffman DM, Farias Quipildor G, Mao K, Zhang X, 

Wan J, Apontes P, et al. (2016). Central insulin-like 

growth factor-1 (IGF-1) restores whole-body insulin 

action in a model of age-related insulin resistance and 

IGF-1 decline. Aging Cell, 15:181–186. 

[161] Bailey-Downs LC, Mitschelen M, Sosnowska D, Toth P, 

Pinto JT, Ballabh P, et al. (2012). Liver-specific 

knockdown of IGF-1 decreases vascular oxidative stress 

resistance by impairing the Nrf2-dependent antioxidant 

response: A novel model of vascular aging. Journals of 

Gerontology - Series A Biological Sciences and Medical 

Sciences, 67 A:313–329. 

[162] Tarantini S, Valcarcel-Ares NM, Yabluchanskiy A, 

Springo Z, Fulop GA, Ashpole N, et al. (2017). Insulin-

like growth factor 1 deficiency exacerbates 

hypertension-induced cerebral microhemorrhages in 

mice, mimicking the aging phenotype. Aging Cell, 

16:469–479. 

[163] Fulop GA, Ramirez-Perez FI, Kiss T, Tarantini S, 

Valcarcel Ares MN, Toth P, et al. (2019). IGF-1 

Deficiency Promotes Pathological Remodeling of 

Cerebral Arteries: A Potential Mechanism Contributing 

to the Pathogenesis of Intracerebral Hemorrhages in 

Aging. Journals of Gerontology - Series A Biological 

Sciences and Medical Sciences, 74:446–454. 

[164] Waxman DJ, O’Connor C (2006). Growth hormone 

regulation of sex-dependent liver gene expression. Mol 

Endocrinol, 20:2613–2629. 

[165] De Marco P, Bartella V, Vivacqua A, Lappano R, 

Santolla MF, Morcavallo A, et al. (2012). Insulin-like 

growth factor-I regulates GPER expression and function 

in cancer cells. Oncogene, 32:678–688. 

[166] Yuan LJ, Wang XW, Wang HT, Zhang M, Sun JW, Chen 

WF (2019). G protein-coupled estrogen receptor is 

involved in the neuroprotective effect of IGF-1 against 

MPTP/MPP+-induced dopaminergic neuronal injury. J 

Steroid Biochem Mol Biol, 192:105384. 

[167] Cardona-Gómez GP, Mendez P, DonCarlos LL, Azcoitia 

I, Garcia-Segura LM (2001). Interactions of estrogens 

and insulin-like growth factor-I in the brain: implications 

for neuroprotection. Brain Res Rev, 37:320–334. 

[168] Araújo M, Mendes-Frias A, Silvestre R (2026). Sex 

differences in immune modulation: implications for 

infection, inflammation, and nutritional 

supplementation. Biol Sex Differ, 17:61. 

[169] Villa A, Gelosa P, Castiglioni L, Cimino M, Rizzi N, 

Pepe G, et al. (2018). Sex-Specific Features of Microglia 

from Adult Mice. Cell Rep, 23:3501. 

[170] Aristu-Zabalza P, Andrés-Rozas M, Boyer-Díaz Z, Al-

Adra DP, Maya-Miles D, Guixé-Muntet S, et al. (2025). 

Sex-specific differences in preclinical models of 

advanced chronic liver disease and portal hypertension. 

Biol Sex Differ, 16:39. 

[171] Pislaru A, Haas TL (2026). Sex differences in 

endothelial cell biology: cellular phenotypes and 

molecular regulators. Front Physiol, 17:1830278. 

[172] Allard JB, Duan C (2018). IGF-Binding Proteins: Why 

Do They Exist and Why Are There So Many? Front 

Endocrinol (Lausanne), 9:1. 

[173] Hartl L, Schwarz M, Simbrunner B, Jachs M, Wolf P, 

Bauer DJM, et al. (2025). Insulin-like growth factor-1 in 

cirrhosis is linked to hepatic dysfunction and 

fibrogenesis and predicts liver-related mortality. Aliment 

Pharmacol Ther, 61:88–98. 



 Gasparyan A., et al.                                                                        IGF system in brain-liver axis and aging 

  

Aging and Disease • Volume 18, Number 5, October 2027                                                                         19 

 

[174] Muñoz L, Caparrós E, Albillos A, Francés R (2023). The 

shaping of gut immunity in cirrhosis. Front Immunol, 

14:1139554. 

[175] Boruah DK, Marak R, Bhuyan D, Mazumdar H, Patgiri 

SJ (2024). Importance of 1H-MR spectroscopy of the 

brain to identify the minimal hepatic encephalopathy in 

different patients with liver cirrhosis: A prospective 

study. J Neurosci Rural Pract, 15:245. 

[176] Clària J, Arroyo V, Moreau R (2023). Roles of systemic 

inflammatory and metabolic responses in the 

pathophysiology of acute-on-chronic liver failure. JHEP 

Reports, 5:100807. 

[177] Sefidmooye Azar P, Akhlaghi S, Shariat-Madar Z, 

Mahdi F (2026). Cognitive-Enhancing Effects of 

Bioactive Compounds and Traditional Herbal Medicines 

in Elderly Patients with Metabolic Syndrome. 

Biomolecules, 16:535. 

[178] Aregay A, Dirks M, Schlaphoff V, Owusu Sekyere S, 

Haag K, Falk CS, et al. (2018). Systemic inflammation 

and immune cell phenotypes are associated with neuro-

psychiatric symptoms in patients with chronic 

inflammatory liver diseases. Liver Int, 38:2317–2328. 

[179] Zhang XD, Zhang LJ (2018). Multimodal MR imaging 

in hepatic encephalopathy: state of the art. Metab Brain 

Dis, 33:661–671. 

[180] Aguirre GA, Ita JR, Garza RG, Castilla-Cortazar I 

(2016). Insulin-like growth factor-1 deficiency and 

metabolic syndrome. J Transl Med, 14:3. 

[181] Rai SN Medicinal plants in Parkinson’s therapy. 

ELSEVIER ACADEMIC PRESS; 2026. 

[182] Hutchison AL, Tavaglione F, Romeo S, Charlton M 

(2023). Endocrine aspects of metabolic dysfunction-

associated steatotic liver disease (MASLD): Beyond 

insulin resistance. J Hepatol, 79:1524–1541. 

[183] Colon G, Saccon T, Schneider A, Cavalcante MB, 

Huffman DM, Berryman D, et al. (2019). The enigmatic 

role of growth hormone in age-related diseases, 

cognition, and longevity. Geroscience, 41:759. 

 

 

 


