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ABSTRACT 
 

Background: Metabolic dysfunction-associated steatotic liver disease (MASLD) is increasingly recognised as a 
systemic condition associated with cardiometabolic and neurovascular alterations. Lipocalin-2 (LCN2), a marker 
of adipo-neuroinflammation, may represent a link between metabolic dysfunction, vascular impairment, and 
cognitive decline. 
Materials and methods: In this cross-sectional study, we enrolled a group of 40 patients with a recent diagnosis 
of MASLD and a control group of 40 patients with no history of anamnestic or active liver disease. We 
evaluated serum LCN2 levels, endothelial function assessed by reactive hyperemia index (RHI), myocardial 
mechanoenergetic efficiency (MMEE), and cognitive performance using the Mini-Mental State Examination 
(MMSE). Multivariable analyses were adjusted for age, BMI, and diabetes mellitus. 
Results: Compared with controls, patients with MASLD showed higher LCN2 levels, lower RHI and MMEE values, 
and lower MMSE scores. MASLD was independently associated with lower RHI, lower MMSE, and higher LCN2 
levels in multivariable models. However, additional partial correlation analyses adjusting for major 
cardiometabolic confounders did not confirm independent associations between LCN2 and vascular or cognitive 
parameters. 
Conclusions: MASLD is associated with endothelial dysfunction, early cognitive changes, and increased LCN2 
levels. However, these relationships appear to be largely influenced by the underlying cardiometabolic profile. 
LCN2 should be interpreted primarily as a marker of systemic metabolic and inflammatory burden rather than 
as a causal mediator. 
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INTRODUCTION 
 

Metabolic dysfunction-associated steatotic liver disease 

(MASLD) is a highly prevalent condition with a 

substantially increasing incidence in recent years. 

MASLD includes a spectrum of liver disorders, from 

simple steatosis to metabolic dysfunction-associated 

steatohepatitis (MASH). MASH is characterised  

by hepatocellular injury, specifically ballooning 

degeneration, and inflammation. This condition can 

progress to fibrosis, cirrhosis, and hepatocellular 

carcinoma (HCC) [1]. MASLD is increasingly 

recognised as the hepatic manifestation of metabolic 

syndrome and is closely associated with insulin 

resistance and systemic metabolic dysfunction [2, 3]. In 

addition to hepatic complications, MASLD increases 

the risk of extrahepatic conditions, particularly 

cardiovascular disease, which represents the leading 

cause of mortality in this population.  

 

Lipocalin-2 (LCN2), also known as neutrophil 

gelatinase-associated lipocalin (NGAL), is a protein 

involved in lipid transport and immune responses 

through iron binding. LCN2 also participates in 

apoptosis [4], lipid metabolism [5], cell migration [6], 

and the regulation of receptor trafficking. 

 

Recent studies indicate that LCN2 levels are elevated 

in patients with MASH and correlate with key 

indicators of disease severity, including inflammation, 

insulin resistance, and fibrosis. These associations 

suggest that LCN2 may serve as a biomarker for 

disease progression [7]. 

 

Beyond its metabolic functions, LCN2 is involved in 

neuroinflammatory processes. Its expression increases in 

the central nervous system during inflammation, where it 

is produced by microglia and endothelial cells and 

contributes to neuroimmune signalling [8–11]. LCN2 has 

also been implicated in immune dysregulation associated 

with neurodegenerative diseases, although its precise role 

remains unclear [12, 13]. 

 

Due to its involvement in metabolic, inflammatory, and 

neurovascular pathways, LCN2 may represent a 

potential link between MASLD and cardiocerebro-

vascular disease. Previous findings from this group 

demonstrated that patients with MASLD exhibit 

increased arterial stiffness, endothelial dysfunction, and 

reduced Mini-Mental State Examination (MMSE) 

scores, which suggest early cognitive impairment [14]. 

Additionally, greater severity of liver fibrosis has been 

associated with a higher risk of subclinical brain 

lesions, further supporting the hypothesis of systemic 

vascular involvement in MASLD [15]. 

Cardiac dysfunction in MASLD has been evaluated 

using myocardial mechano-energetic efficiency 

(MMEE), a parameter associated with insulin resistance, 

obesity, and type 2 diabetes mellitus, and predictive of 

cardiovascular events [16, 17]: evidence indicates that 

insulin resistance may mediate the relationship between 

MASLD and impaired MMEE [18, 19]. 

 

Despite these findings, no studies have yet evaluated the 

association between circulating LCN2 levels and 

surrogate markers of cardiovascular risk in patients with 

MASLD. 

 

Therefore, the present study aimed to evaluate serum 

LCN2 levels in patients with MASLD and to determine 

whether elevated LCN2 levels are specifically 

associated with endothelial dysfunction, vascular 

structural changes, and impaired myocardial mechano-

energetic efficiency. It was hypothesised that higher 

LCN2 levels would indicate increased cardiovascular 

risk by reflecting an integrated adipo-neurovascular 

inflammatory mechanism in MASLD. 

 

AIMS OF THE STUDY 
 

The primary aim of this cross-sectional study was  

to evaluate the associations between adipo-neuro-

inflammation markers (such as LCN2), indicators of 

cognitive impairment (MMSE score), and surrogate 

cardiovascular risk indicators (RHI, IMT, and MMEE) 

in a cohort of MASLD patients compared with controls.  

 

MATERIALS AND METHODS 
 

Study population 

 

Between June 2023 and April 2024, we consecutively 

enrolled patients with MASLD admitted to the 

Gastrointestinal and Liver Unit and the Internal 

Medicine with Stroke Care Ward of Policlinico “Paolo 

Giaccone” in Palermo. 

 

Inclusion criteria were: 

 

• histological diagnosis of MASLD based on liver 

biopsy performed within 6 months prior to 

enrolment;  

• alcohol consumption < 20 g/day in the previous 

year (assessed by questionnaire); 

• evidence of hepatic steatosis on ultrasound and 

liver stiffness > 6 kPa. 

 

Exclusion criteria included: 
 

• liver cirrhosis; 

• hepatocellular carcinoma; 
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• other causes of liver disease (alcoholic, viral, 

autoimmune, Wilson’s disease, haemochromatosis, 

α1-antitrypsin deficiency); 

• human immunodeficiency virus (HIV)  

infection; 

• use of steatosis-inducing drugs (steroids, 

amiodarone, tamoxifen); 

• malignancies; 

• rheumatic diseases; 

• haematological disorders. 

 

The control group included subjects without a history of 

cardiovascular or cerebrovascular disease (e.g., 

myocardial infarction, ischemic stroke), without acute 

illness at enrolment, and with anthropometric and 

metabolic characteristics comparable to those of 

MASLD patients, except for the absence of liver 

disease. Patients and controls were matched for age (±3 

years) and sex. All participants provided written 

informed consent, and the study was conducted in 

accordance with the Declaration of Helsinki (2001). 

Clinical and anthropometric data were collected at 

enrolment. Body mass index (BMI) was classified as 

normal weight (18.5–24.9 kg/m2), overweight (25–29.9 

kg/m2), or obese (≥30 kg/m2).  

 

MASLD diagnosis was confirmed by histology and 

instrumental evaluation. FibroScan® (performed by the 

same operator, G.P., who was unaware of the allocation 

to the group - patients or controls - to minimise bias) was 

used to assess liver stiffness (cut-off values applied 

according to clinical practice), while control subjects 

underwent FibroScan® to confirm the absence of liver 

fibrosis. 

 

Laboratory analyses 

 

At enrolment, fasting blood samples were collected to 

measure alanine transaminase (ALT), triglycerides, 

blood glucose, total cholesterol, and high-density 

lipoprotein (HDL) cholesterol. Serum samples were 

centrifuged at 3000 rpm for 10 minutes and stored at 

−80° C until analysis. LCN2 levels were measured 

using a commercially available enzyme-linked immuno-

sorbent assay (ELISA) kit (FineTest, Wuhan, China), 

according to the manufacturer’s instructions. The assay 

showed good analytical performance, with an intra-

assay coefficient of variation <8% and an inter-assay 

coefficient of variation <10%. 

 

All values were visually inspected for potential 

outliers, and no data points were excluded, as all 

measurements were considered biologically plausible. 
The assay demonstrated high specificity, acceptable 

recovery rates, and good linearity across the tested 

range. 

Carotid artery evaluation 

 

Carotid ultrasound was performed using a high-

resolution B-mode system equipped with a multi-

frequency linear probe by a single experienced operator 

(M.G.B.), who was blinded to group allocation. 

Bilateral carotid arteries were examined in longitudinal 

projections at the level of the common carotid artery, 

carotid bulb, and internal carotid artery. Intima–media 

thickness (IMT) was defined as the distance between 

the intimal and medial layers of the arterial wall. 

Carotid thickening and plaque were defined according 

to established criteria (IMT ≥ 1.5 mm) [20]. Increased 

IMT is a well-established surrogate marker of cardio-

vascular and cerebrovascular risk [21]. 

 

Echocardiographic assessment of myocardial 

mechano-energetic efficiency (MMEE) 

 

Transthoracic echocardiography was performed in all 

participants by a single experienced operator (A.D.C.), 

blinded to group allocation. All images were digitally 

stored and analyzed offline using dedicated software. 

Left ventricular myocardial mechano-energetic 

efficiency (MMEE) was defined as the ratio between 

stroke work and total myocardial energy expenditure 

[16, 22]. Stroke work was estimated as the product of 

systolic blood pressure (SBP) and stroke volume, while 

total myocardial energy consumption was approximated 

by the pressure–frequency product (heart rate × SBP), 

according to a validated noninvasive method [16]. 

 

Assessment of cognitive performance 

 

Cognitive function was evaluated using the Mini-

Mental State Examination (MMSE), which assesses 

multiple cognitive domains, including orientation, 

memory, attention, language, and calculation. Scores 

range from 0 to 30, with values <24 indicating mild 

cognitive impairment [23]. 

 

Assessment of endothelial function 

 

Endothelial function was assessed using reactive 

hyperemia peripheral arterial tonometry (RH-PAT) to 

calculate the reactive hyperemia index (RHI) [24]. The 

examination was performed by a trained operator (G.P.) 

blinded to group allocation. Briefly, a blood pressure 

cuff was placed on one arm (test arm), while the 

contralateral arm served as control. After a 5-minute 

baseline recording, the cuff was inflated to 60 mmHg 

above systolic pressure (or up to 200 mmHg) for 5 

minutes and then deflated to induce reactive hyperemia. 
Measurements were obtained using the Endo-PAT2000 

device (software version 3.0.4). An RHI value < 1.67 

was considered indicative of endothelial dysfunction. 
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Statistical analysis 

 

The sample size was estimated to detect a ±20% 

difference between MASLD patients and controls in the 

mean serum levels of the adipo-neuroinflammation 

marker (LCN2), indicators of cognitive impairment 

(MMSE score), and surrogate cardiovascular risk 

indicator variables as well as to account for a patient 

dropout rate of 5%. To this end, a sample size of 72 

patients (36 patients for each group) was determined to 

provide 80% power with α = 0.05. 
 

Statistical analysis of quantitative and qualitative data, 

including descriptive statistics, was performed for all 

the items. Continuous data are expressed as the means ± 

SDs unless otherwise specified. Frequency analysis was 

performed with Pearson’s chi-square test and Fisher’s 

exact test, as needed, and one-way analysis of variance 

(ANOVA) was performed to compare parametric 

variables among groups. Furthermore, multivariable 

logistic regression analysis was performed to examine 

the relationships between the clinical, laboratory, and 

instrumental variables considered to significantly differ 

between the study groups in the univariable analysis 

(independent variables) and patient group (dependent 

variable) after adjusting for age, BMI, and diabetes 

mellitus status, and the results are reported as the odds 

ratios (ORs) with 95% confidence intervals (CIs). 

Multicollinearity among covariates was assessed using 

variance inflation factors (VIFs). No evidence of 

significant multicollinearity was observed (all VIFs < 

3.2). To assess the predictive value of the RHI for 

cardiovascular risk in patients with non-alcoholic fatty 

liver disease, receiver operating characteristic (ROC) 

curve analysis was performed, including calculations of 

the area under the curve (AUC) and its 95% CI, 

sensitivity, and specificity. Given the exploratory nature 

of the study, no formal correction for multiple 

comparisons was applied. 
 

The data were analysed using IBM SPSS software 

version 24 (IBM Corp., Armonk, NY, USA). All p 

values were two-tailed, and p ≤ 0.05 was considered to 

indicate statistical significance. 

 

Data availability statement  
 

All data generated or analysed during this study are 

included in the submitted manuscript and its 

supplementary materials. No additional datasets were 

generated or made available. 

 

RESULTS 
 

Between June 2023 and April 2024, we enrolled 40 

patients with MASLD and 40 control patients. 

Compared with the controls, patients with MASLD had 

lower RHI values (1.76 ± 0.59 vs. 2.24 ± 0.38; p < 

0.0005), MMEE values (43.15 ± 11.58 vs. 48.59 ± 

13.82; p = 0.05), and MMSE scores (28.60 ± 1.66 vs. 

29.30 ± 0.86; p = 0.020) and greater values of liver 

stiffness (6.1 ± 1.61 vs. 5.2 ± 1.41; p = 0.009) (Table 1). 

Furthermore, compared with the control group, the 

MASLD group had greater BMI values (31.31 ± 4.31 

kg/m2 vs. 24.40 ± 3.24 kg/m2; p<0.0005), BSA values 

(1.97 ± 0.19 m2 vs. 1.81 ± 0.24 m2; p =0.002), 

serological levels of LCN-2 (148.54 ± 78.64 ng/mL vs. 

85.29 ± 44.55 ng/mL; p < 0.0005), percentage HbA1C 

values (6.29% ± 1.10% vs. 5.26% ± 0.69%; p<0.0005) 

and heart rate values (75.38 ± 10.66 bpm vs. 68.60 ± 

8.03 bpm; p = 0.002) (Table 1). The distribution of 

LCN2, RHI, MMSE, and MMEE values in MASLD 

patients and controls is also shown in Figure 1.  

With respect to echographic and echocardiographic 

parameters, patients with MASLD demonstrated a 

greater interventricular septal thickness (IVST) (10.59 ± 

1.69 mm vs. 8.77 ± 1.53 mm; p < 0.0005) and LVPWT 

(10.35 ± 1.42 mm vs. 8.45 ± 1.27 mm; p < 0.0005), 

lower EF percentage values (60.35% ± 5.95% vs. 

63.45% ± 3.71%; p = 0.007), and E-wave-to-A-wave 

(E/A) ratios (0.91 ± 0.32 vs. 1.20 ± 0.33; p < 0.0005) 

and comparable IMT values (0.64 ± 0.16 mm vs. 0.62 ± 

0.15 mm; p = 0.555 in the left carotid artery and 0.65 ± 

0.18 mm vs. 0.62 ± 0.14; p = 0.396 in the right carotid 

artery) (Table 1). 

 

In addition, selected biochemical parameters were 

evaluated for descriptive purposes. Patients with 

MASLD showed higher ALT levels compared to 

controls (52.4 ± 18.7 vs. 24.8 ± 8.9 U/L). Similarly, 

total cholesterol and fasting glucose were higher in the 

MASLD group (212.6 ± 36.4 vs. 186.9 ± 28.7 mg/dL 

and 108.7 ± 14.8 vs. 89.6 ± 8.7 mg/dL, respectively), 

whereas HDL cholesterol levels were lower (41.3 ± 9.2 

vs. 57.8 ± 11.4 mg/dL). These variables were not 

included in the predefined statistical analyses and are 

therefore reported as descriptive data only. 

 

We also found that patients with MASLD were more 

commonly affected by hypertension (60% vs. 15%; p < 

0.0005), dyslipidaemia (57.5% vs. 25%; p = 0.006), and 

diabetes mellitus (57.5% vs. 10%; p < 0.0005) than the 

controls were. With respect to drug therapies, MASLD 

patients were more likely to be treated with angiotensin-

converting enzyme (ACE) inhibitors/angiotensin II 

receptor blockers (37.5% vs. 15%; p = 0.041), statins 

(35% vs. 14%; p = 0.039), beta-blockers (30% vs. 0%; p 

< 0.0005), calcium antagonists (15% vs. 0%; p = 0.026), 

sodium-glucose transporter II (SGLT2) inhibitors 
(12.5% vs. 0%; p = 0.021), metformin (50% vs. 10%; p 

< 0.0005) and insulin (12% vs. 0%; p = 0.021) than the 

control individuals were; no patients were taking drugs 
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Table 1. Descriptive analysis of the study groups: comparison of demographic, clinical, and 
laboratory variables (mean ± SD) between MASLD patients and control individuals. 

Variables and units of measurement, Study groups N Mean ± SD 95% CI P-value 

Age (years)     

   Controls 40 52.41 ± 11.79 48.6–56.2 
0.818 

   Patients 40 53.08 ± 14.04 49.2–58.3 

SBP (mmHg)     

   Controls 40 121.90 ± 11.77 118.14–125.66 
0.312 

   Patients 40 124.63 ± 12.16 120.74–128.51 

DBP (mmHg)     

   Controls 40 71.00 ± 8.10 68.41–73.59 
0.284 

   Patients 40 69.00 ± 8.48 66.29–71.71 

HR (bpm)     

   Controls 40 68.60 ± 8.03 66.03–71.17 
0.002 

   Patients 40 75.38 ± 10.66 71.96–78.79 

Body weight (kg)     

   Controls 40 70.97 ± 14.95 66.19–75.75 
< 0.0005 

   Patients 40 85.54 ± 13.19 81.32–89.76 

BMI     

   Controls 40 24.40 ± 3.24 23.36–25.44 
< 0.0005 

   Patients 40 31.31 ± 4.31 29.93–32.69 

BSA     

   Controls 40 1.81 ± 0.24 1.74–1.89 
0.002 

   Patients 40 1.97 ± 0.19 1.91–2.04 

HbA1c (%)     

   Controls 40 5.26 ± 0.69 5.03–5.48 
< 0.0005 

   Patients 39 6.29 ± 1.10 5.93–6.65 

EF (%)     

   Controls 40 63.45 ± 3.71 62.26–64.64 
0.007 

   Patients 40 60.35 ± 5.95 58.44–62.26 

LAV (mL)     

   Controls 40 29.15 ± 8.42 26.46–31.85 
0.040 

   Patients 40 25.12 ± 8.82 22.30–27.94 

ISVT (mm)     

   Controls 40 8.77 ± 1.53 8.28–9.26 
< 0.0005 

   Patients 40 10.59 ± 1.69 10.05–11.13 

LVPWT (mm)     

   Controls 40 8.45 ± 1.27 8.04–8.85 
< 0.0005 

   Patients 40 10.35 ± 1.42 9.89–10.80 

E/A     

   Controls 40 1.20 ± 0.33 1.09–1.31 
< 0.0005 

   Patients 40 0.91 ± 0.32 0.81–1.01 

MMEE     

   Controls 40 48.58 ± 13.63 44.22–52.94 
0.05 

   Patients 40 43.15 ± 11.57 39.44–46.85 

RHI     

   Controls 40 2.24 ± 0.37 2.12–2.36 
< 0.0005 

   Patients 40 1.76 ± 0.59 1.57–1.95 

MMSE     

   Controls 40 29.30 ± 0.85 29.03–29.57 
0.020 

   Patients 40 28.60 ± 1.66 28.07–29.13 

LCN2 (pg/mL)     

   Controls 40 85.29 ± 43.97 71.22–99.35 
< 0.0005 

   Patients 40 148.54 ± 78.64 123.39–173.69 
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Liver stiffness (kPa)     

   Controls 40 5.2 ± 1.41 5.55–4.23 
0.004 

   Patients 40 6.1 ± 1.61 6.41–5.83 

BSA, body surface area; BMI, body mass index; CI, confidence interval; DBP, diastolic blood pressure; E/A, e 
wave/a wave ratio; EF, ejection fraction; HbA1c, glycated hemoglobin; HR, heart rate; ISVT, interventricular 
septum thickness; LAV, left atrial volume; LCN2, lipocalin-2; LVPWT, left ventricle posterior wall thickness; 
MMEE, myocardial mechano-energetic efficiency; MMSE, mini-mental state examination; RHI, reactive 
hyperemia index; SBP, systolic blood pressure. 

of the glucagon-like peptide 1-receptor agonist (GLP1-

RA) class (Table 2). 

 

Finally, we found no statistically significant differences 

between patients with MASLD and control individuals 

with respect to the IMT values of the carotid arteries 

according to ultrasound of the supra-aortic trunk. 

 

The results of the multivariable regression analysis of 

the clinical, laboratory, and instrumental variables 

found to be significantly different between the groups in 

the univariable analysis indicated that, after adjusting 

for age, BMI and diabetes mellitus, the presence of 

MASLD was significantly positively associated with the 

LVPWT [OR=5.91; 95% CI: 1.43-24.5; p=0.014] and 

LCN2 [OR= 1.02 95% CI: 1.01-1.03, p=0.001] and 

significantly negatively associated with the RHI [OR= 

0.18; 95% CI: 0.05-0.65, p=0.009] and MMSE score 

[OR=0.59; 95% CI: 0.36-0.98, p=0.048] (Tables 3–5). 

 

Additional analyses were performed to further explore 

the relationships between LCN2 and vascular, cardiac, 

 

 
 

Figure 1. Distribution of LCN2, RHI, MMSE, and MMEE values in MASLD patients and controls. Box plots represent median and 
interquartile range, with individual data points overlaid (LCN2: lipocalin-2; RHI: reactive hyperemia index; MMSE: mini mental state 
examination; MMEE: myocardial mechano-energetic efficiency). 
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Table 2. Comparison of comorbidities and drug therapy percentages between 
MASLD patients (N = 40) and control individuals (N = 40). 

Comorbidities and drug therapies Patients, % Controls, % P-Value 

Hypertension 60 15 < 0.0005 

Dyslipidaemia 57.5 25 0.006 

Diabetes mellitus 57.5 10 < 0.0005 

ACE-I/ARB-II 37.5 15 0.041 

Statins 35 14 0.039 

Beta-blockers 30 0 < 0.0005 

Calcium antagonists 15 0 0.026 

SGLT2-I 12.5 0 0.021 

Metformin 50 10 < 0.0005 

Insulin 12 0 0.021 

ACE-I, angiotensin-converting enzyme inhibitor; ARB-II, angiotensin II receptor blocker; 
SGLT2-I, sodium-glucose transporter 2 inhibitor. 

 

Table 3. Results of multivariable logistic regression 
analysis for the relationships between significant clinical 
and laboratory variables according to univariable analysis 
(independent variables) and patient group (dependent 
variable). 

Variables Adj. OR (95% CI) P-value 

HR 1.11 (0.98–1.23) 0.082 

BMI 3.62 (1.27–10.3) 0.016 

BSA 0.15 (0.01–10.3) 0.382 

HbA1c 1.35 (0.32–5.66) 0.682 

MMSE 0.59 (0.36–0.98) 0.048 

LCN2 1.02 (1.01–1.03) 0.001 

RHI 0.18 (0.05–0.65) 0.009 

Diabetes mellitus 10.8 (2.7–42.9) 0.001 

Age 0.94 (0.88–1.01) 0.063 

Adj. Ors, adjusted odds ratios; BSA, body surface area; BMI, body 
mass index; CI, confidence interval; HbA1c, glycated hemoglobin; 
HR, heart rate; LCN2, lipocalin-2; RHI, reactive hyperemia index; 
MMSE, mini-mental state examination. 
Reference: control group. 
Data were adjusted for age, BMI and diabetes mellitus. 

and cognitive parameters. Partial correlation analyses 

adjusted for age, BMI, and diabetes mellitus did not 

confirm statistically significant associations between 

LCN2 and RHI (r = -0.06, p = 0.73) or MMSE (r = 

0.03, p = 0.86), while the association with MMEE 

showed a non-significant positive trend (r = 0.26, p = 

0.12). 

 

We also performed ROC curve analysis to explore the 

ability of RHI to predict MASLD; the results yielded an 

AUC of 0.826 (95% CI: 0.72–0.90; p<0.0005) at an 

optimal cut-off value of 1.87 (sensitivity=72.5%, 

specificity=90%), suggesting that the RHI can serve as 

a marker of endothelial dysfunction and thus as an 

indirect indicator of cardiovascular risk in patients with 

non-alcoholic fatty liver disease (Figure 2). 

 

DISCUSSION 
 

In our study we found that, compared with controls, 

patients with MASLD had higher serum levels of 

LCN2, lower MMSE scores, and lower RHI values. We 

initially assumed an association between markers of 

adipo-neuroinflammation and hepatic steatosis (e.g., the 
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Table 4. Results of multivariable logistic regression 
analysis for the relationships between significant 
echocardiographic variables according to univariable 
analysis (independent variables) and patient group 
(dependent variable). 

Variables Adj. OR (95% CI) P-value 

EF (%) 0.94 (0.83–1.06) 0.308 

LAV 0.96 (0.90–1.05) 0.595 

IVST 0.67 (0.28–1.58) 0.359 

LVPWT 5.91 (1.43–24.5) 0.014 

E/A 0.15 (0.02–1.31) 0.086 

MMEE 0.88 (0.87–1.00) 0.065 

BMI 6.75 (1.57–29.0) 0.010 

Age 0.97 (0.92–1.01) 0.171 

Diabetes mellitus 1.61 (1.23–2.11) 0.001 

95% CI, 95% confidence interval; Adj. Ors, adjusted odds ratios; 
E/A, e wave/a wave ratio; EF, ejection fraction; IVST, 
interventricular septal thickness; LAV, left atrial volume; LVPWT, 
left ventricular posterior wall thickness; MMEE, myocardial 
mechano- energetic efficiency. 
Reference: control group. 
Data were adjusted for age, BMI and diabetes mellitus. 

 

Table 5. Results of multivariable logistic regression 
analysis for the relationships between significant 
comorbidities and drug therapy variables according to 
univariable analysis (independent variables) and patient 
group (dependent variable). 

Variables Adj. OR (95% CI) P-value 

Hypertension 4.65 (0.40–54.2) 0.219 

Dyslipidaemia 0.94 (0.10–8.60) 0.958 

ACE-I/ARB II 0.55 (0.07–4.10) 0.561 

Statins 6.7 (0.75–59.8) 0.088 

Metformin 2.70 (0.27–26.2) 0.392 

Age 0.93 (0.86–1.01) 0.059 

BMI 1.85 (1.34–2.56) < 0.0005 

Diabetes mellitus 14.3 (1.42–52.3) 0.017 

95% CI, 95% confidence interval; ACE-I, angiotensin-converting 
enzyme inhibitor; ARB II, angiotensin ii receptor blocker 
Reference: control group. 
Data were adjusted for age, BMI and diabetes mellitus. 

LCN2 level), and surrogate indicators of cardiovascular 

risk (such as endothelial dysfunction as reflected in  

the RHI), indicators of cognitive impairment (such as 

the MMSE score), and indicators of myocardial 

performance (according to MMEE). Some previous 
studies evaluated only the arterial stiffness [25] or the 

cognitive performance of MASLD patients [26]; in a 

previous study comparing patients with MASLD with 

controls without hepatic steatosis, our group 

demonstrated that in the MASLD group, there was a 

negative correlation between indicators of cognitive 

impairment, such as the MMSE score, and histological 

markers of liver damage [14]. However, to date, no 
other clinical trials have attempted to assess the 

relationships among markers of neuroinflammation, 

cognitive impairment, and endothelial dysfunction. 
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Endothelial dysfunction is considered the starting 

point of vascular disease; through molecular 

mechanisms including vasoconstriction induced by the 

reduced availability of nitric oxide (NO) and 

inflammation, endothelial dysfunction leads to the onset 

of atherothrombotic events that drastically increase 

cardiovascular risk [27]. The RHI, obtained with the 

plethysmographic RH-PAT method, indirectly provides 

information on the degree of vasodilation after an 

induced hypoxia trigger; thus, the low RHI values found 

in patients with MASLD could indicate increased 

cardiovascular risk due to worse endothelial cell 

dysfunction. 

 

Additionally, in MASLD patients, as reported above, 

we detected elevated serum levels of LCN2, which, on 

the basis of the available evidence in the literature, is a 

biohumoural marker of adipo-neuroinflammation. 

Several circulating inflammatory markers, such as C-

reactive protein, interleukin-6, tumor necrosis factor-α, 

and adipokines, are recognised indicators of systemic 

inflammation in metabolic disorders. However, LCN2 

was selected due to its ability to integrate metabolic, 

innate immune, vascular, and neuroinflammatory 

pathways. Consequently, LCN2 appears particularly 

appropriate for investigating the association between 

MASLD, endothelial dysfunction, and cognitive 

impairment within a unified pathophysiological frame-

work. 

 

In some mouse models of dysmetabolic-based 

inflammation (type 2 diabetes mellitus or nonalcoholic 

steatohepatitis), this protein promotes an inflammatory 

microenvironment through the recruitment of 

inflammatory cells (neutrophils) and the production of 

proinflammatory cytokines. It follows that LCN2 may 

play a role as a mediator of vascular damage in 

patients with MASLD, confirming a previously 

hypothesized theory proposing the presence of an 

adipose-liver-vascular axis linked to metabolic 

syndrome. 

 

Other previous experimental evidences, instead, indicate 

that hepatocyte-specific overexpression of LCN2 protects 

against diet-induced steatosis in murine models [28]. This 

observation initially appears to contrast with the present 

findings. Several factors may explain this discrepancy. 

First, experimental models utilise controlled, cell-specific 

overexpression, whereas circulating LCN2 levels in 

humans represent the combined contributions of multiple 

tissues, including immune cells, adipose tissue, and 

vascular endothelium, within the context of systemic 

 

 
 

Figure 2. Receiver operating characteristic (ROC) curve and area under the curve (AUC) of the RHI in predicting NAFLD. 
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inflammation. Second, LCN2 may have compartment-

specific and context-dependent effects, potentially 

providing protection within hepatocytes while serving as 

a marker or mediator of systemic inflammatory 

activation. Third, elevated circulating LCN2 in clinical 

settings likely reflects a compensatory or reactive 

response to chronic metabolic and inflammatory stress, 

rather than a primary protective mechanism. Finally, the 

function of LCN2 may differ across disease stages, 

exhibiting adaptive effects in early or controlled 

conditions and associations with adverse outcomes in 

chronic dysmetabolic states. Collectively, these 

considerations support interpreting LCN2 in this study 

primarily as a biomarker of systemic inflammatory 

burden, rather than as a direct causal driver of vascular 

and cognitive dysfunction. 

 

LCN2 may serve as a mechanistic link between liver-

centred metabolic inflammation and systemic vascular 

dysfunction. In dysmetabolic states, elevated circulating 

LCN2 likely indicates activation of innate immune 

pathways and enhanced cytokine signalling, which 

together sustain a pro-inflammatory environment that 

impairs endothelial homeostasis. Consequently, 

increased LCN2 levels are associated with reduced 

nitric oxide bioavailability, heightened oxidative stress, 

enhanced leukocyte recruitment, and a shift toward 

vasoconstrictive and pro-atherogenic conditions. These 

mechanisms align with the lower RHI values observed 

in the MASLD cohort. 

 

In the group of patients with MASLD, we found a 

higher prevalence of risk factors falling within the 

framework of metabolic syndrome, which itself 

increases overall cardiovascular risk. The higher burden 

of cardiometabolic comorbidities observed in MASLD 

patients may have contributed to the differences in 

endothelial function, cardiac parameters, and LCN2 

levels. Therefore, the observed associations likely 

reflect a complex interplay between liver disease and 

systemic metabolic dysfunction rather than a purely 

liver-specific effect. 

 

Beyond the aggregation of traditional cardiometabolic 

risk factors, these findings support the interpretation of 

MASLD as a systemic inflammatory and metabolic 

disorder rather than an isolated liver condition. In the 

present study, MASLD can be interpreted as a clinical 

expression of systemic metabolic dysfunction, in which 

liver involvement coexists with cardiovascular and 

metabolic alterations. Within this context, hepatic 

steatosis leads to chronic low-grade inflammation, 

which promotes endothelial dysfunction and vascular 
impairment; insulin resistance alters glucose 

metabolism and heightens cardiovascular risk; adipose 

tissue dysfunction exacerbates metabolic imbalance; 

and vascular impairment further increases susceptibility 

to both cardiovascular and neurological injury.  

This systemic milieu establishes a biologically 

plausible connection between liver disease severity, 

endothelial dysfunction, and early cognitive changes, 

thereby linking hepatic inflammation and metabolic 

disturbances with both cardiovascular and neurological 

outcomes. Our finding of lower MMSE scores in 

patients with MASLD is consistent with that of previous 

studies that have shown an association among metabolic 

syndrome, arterial stiffness, and cognitive impairment. 

For example, a trial involving patients with non-

alcoholic liver steatosis revealed lower brain volume 

through neuroimaging methods, suggesting that 

MASLD, considered a manifestation of metabolic 

syndrome, may play a role in brain ageing and 

consequently cognitive decline [29]. 

 

The use of the MMSE to indirectly assess cognitive 

performance allowed us to identify earlier cognitive 

deterioration in patients with MASLD than in controls, 

which could also reflect worse vascular health in the 

brain, wherein inflammation actively contributes to 

cerebral damage; in other words, the inflammatory 

microenvironment that is typical of MASLD and 

supposedly linked to LCN2 is also evident with 

premature brain ageing and faster cognitive impairment.  

 

Experimental evidence indicates that circulating LCN2 

interacts with the central nervous system; however, the 

mechanisms underlying its passage across the blood–

brain barrier (BBB) remain undefined. LCN2 receptors, 

including 24p3R and megalin, are present on brain 

endothelial and neural cells, which supports their role in 

neurovascular signalling. Elevated circulating LCN2 

levels correlate with BBB dysfunction and neuro-

inflammation, suggesting a liver–brain axis [29]. 

 

Additionally, LCN2 can be produced locally within the 

central nervous system by astrocytes, microglia, 

neurons, and endothelial cells in response to inflamma-

tory stimuli. This suggests that the association between 

LCN2 and cognitive impairment may involve both 

peripheral and central sources, without necessarily 

requiring direct BBB translocation. 

 

The association with cognitive performance can be 

understood within the same systemic framework. If 

LCN2 reflects or contributes to persistent low-grade 

inflammation, endothelial dysfunction, and micro-

vascular injury, elevated levels may identify patients in 

whom metabolic liver disease is accompanied by a less 

favourable cerebral environment. Therefore, cognitive 
impairment in MASLD is unlikely to result from a 

single liver-specific mechanism. Instead, it likely arises 

from the combined effects of systemic inflammation, 
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vascular dysfunction, and metabolic dysregulation, with 

LCN2 serving as a potential mediator or as an indicator 

of this adverse biological profile. 

 

While these mechanisms support a potential 

pathophysiological role of LCN2, the extent to which 

this association is independent of the underlying 

metabolic profile remains uncertain. In the present 

study, additional analyses adjusting for age, BMI, and 

diabetes mellitus did not confirm independent 

associations between LCN2 and endothelial or cognitive 

parameters. This finding suggests that the observed 

relationships may be largely mediated by the underlying 

cardiometabolic profile rather than representing a direct 

and independent effect of LCN2. Within this 

framework, LCN2 should be interpreted primarily as a 

marker of systemic metabolic and inflammatory burden, 

reflecting the integrated impact of metabolic 

dysfunction on vascular and neurocognitive domains. 

 

We developed multivariable logistic regression models 

incorporating variables found to be statistically 

significant in the invariable analysis to corroborate the 

associations with MASLD and confirmed a statistically 

significant association with low RHI levels, low MMSE 

scores and high serum LCN2 levels. These findings are 

in line with our previous results and suggest that 

patients with nonalcoholic hepatic steatosis could have 

a more pronounced endothelial dysfunction and early or 

subclinical cognitive differences than controls [14]; 

however, given the type of study and the small sample 

size, we cannot conclude that LCN2 is a mechanistic 

driver of vascular damage, we can only speculate on the 

possible role this mediator might play.  

 

This consideration is clinically significant for inter-

preting the present data. Although the observed 

association between elevated serum LCN2, reduced 

RHI values, and lower MMSE scores aligns with a 

potential pathogenic role of this molecule, the cross-

sectional study design precludes the determination of 

whether LCN2 is causally implicated in endothelial 

injury and cognitive decline or primarily reflects the 

severity of the underlying systemic inflammatory and 

metabolic burden in MASLD. Consequently, in this 

study, LCN2 should be regarded primarily as a 

biomarker indicative of a more severe extrahepatic 

phenotype. Its direct causal contribution to 

cardiovascular and neurological outcomes requires 

clarification through longitudinal and mechanistic 

investigations.  

 

Given the dysmetabolic nature of MASLD, these data 
are in agreement with what has been previously 

reported in the medical literature, namely, the presence 

of an adiponeurovascular axis for nonalcoholic hepatic 

steatosis that is dependent on the proinflammatory 

activity of lipocalin 2 that arises in the context of 

metabolic dysregulation and influences vascular and 

cerebral health. Unsurprisingly, recent studies have 

proposed the use of the levels of LCN2 present in the 

cerebrospinal fluid as a marker of vascular dementia in 

differential diagnoses from other forms of neuro-

degenerative dementia, such as Alzheimer’s disease, as 

the evidences clearly indicates that this protein is 

produced under inflammatory and ischaemic conditions 

in the brain [30]. 

 

LCN2 also appears to play a role in the bowel in the 

regulation of the microbiota, where it exerts anti-

inflammatory activity, but in all other parts of the body, 

evidence suggests that it has proinflammatory activity, 

in line with our data. 

 

Although LCN2 represents a biologically plausible 

mediator linking metabolic inflammation, endothelial 

dysfunction, and neurocognitive alterations, the lack of 

evidence for a causal role in our study does not allow us 

to infer whether targeting LCN2 would translate into 

clinical benefit. At present, LCN2 should be primarily 

considered a marker of systemic inflammatory burden 

and disease severity, and its potential as a therapeutic 

target warrants further investigation in mechanistic and 

interventional studies. 

 

Given these findings, we performed ROC curve analysis 

(Figure 1) and found that the endothelial dysfunction 

index RHI significantly discriminated patients with 

MASLD from controls: in patients with MASLD, this 

marker could be therefore an indicator of vascular 

damage, which is most likely due to the micro-

environment of inflammation promoted by LCN2, 

which results in a shift in the balance between 

proconstrictive and prodilating factors - as is the case 

during homeostasis - toward the former in MASLD. 

 

Furthermore, we found that patients with MASLD had 

higher heart rates and lower MMEE values than healthy 

controls did. These findings, particularly those close to 

the threshold of statistical significance, should be 

interpreted with caution given the number of 

comparisons performed. Several studies have shown 

that a reduced MMEE is associated with insulin 

resistance, obesity and type 2 diabetes mellitus and is 

considered an independent risk factor for cardiovascular 

events [16, 17]. Fiorentino et al. [19] demonstrated 

lower values of MMEE in patients with MASLD and 

that the relationship between MASLD and low MMEE 

was dependent on insulin resistance. Our MASLD 
patients had higher BMIs and HbA1c values and thus a 

greater prevalence of obesity and type 2 diabetes 

mellitus than the control patients did, which might 
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explain their lower MMEE values. Moreover, patients 

with MASLD had some interesting echocardiographic 

findings compared with the control patients, including a 

thicker interventricular septum and posterior wall, a 

smaller EF and a reduced E/A ratio, all of which are 

indicative of early signs of hypertensive cardiopathy 

and diastolic dysfunction. In our study, patients with 

hepatic steatosis were more likely to be hypertensive 

and have diabetes mellitus than the controls were, 

possibly explaining why these patients present with 

echocardiographic signs of hypertensive heart disease 

and diastolic dysfunction, as widely demonstrated in the 

literature [31]. 

 

In conclusion, the results of our study show that MASLD 

can no longer be considered solely a liver disease without 

systemic impact, but rather should be thought of as a 

disease that affects all organs and systems of the body; 

within this systemic interpretation of MASLD, elevated 

LCN2 may facilitate the identification of patients with 

broader inflammatory, endothelial, and neurocognitive 

involvement. However, these results should not be 

overinterpreted as evidence of causality. Instead, the 

findings support the view that LCN2 represents a 

promising marker of disease complexity and extrahepatic 

risk, warranting further validation as both a stratification 

biomarker and a potential therapeutic target. 

 

If, therefore, the vascular health in these patients is 

impaired, endothelial function would be damaged 

through the mechanisms described above, allowing us 

to understand the implications for overall cardio- and 

cerebrovascular risk. This suggests the need for 

targeted, patient-centred interventions that aims to 

modify their prognostic trajectory by acting on factors 

that can slow or reverse endothelial dysfunction, 

potentially reducing the incidence of future vascular 

events, but such interventions would need be evaluated in 

randomized controlled trials involving relatively large 

patient cohorts.  

 

Interventions targeting the metabolic syndrome 

underlying MASLD, including lifestyle modification 

and treatments aimed at improving insulin resistance 

and cardiometabolic risk, may potentially affect 

endothelial function, systemic inflammation, and 

cognitive performance. However, our study was not 

designed to assess whether changes in MMSE, RHI, or 

LCN2 may occur in response to these interventions, and 

this question should be addressed in future longitudinal 

and interventional studies. 

 

LIMITATIONS 
 

Undoubtedly, our work has several limitations. First, 

the sample size was small, limiting the 

generalizability of the findings to the general 

population, to other ethnic groups, and to patients 

with more advanced liver disease. Some estimates 

showed wide confidence intervals, reflecting limited 

sample size and potential model instability. In 

addition, the presence of residual confounding related 

to cardiometabolic comorbidities and pharmacological 

treatments cannot be excluded. Although we 

performed multivariable analyses, the relatively small 

sample size limited the number of covariates that 

could be included without increasing the risk of model 

overfitting and unstable estimates. Consequently, it 

was not possible to fully adjust for all relevant 

cardiometabolic factors, and the observed associations 

should be interpreted with caution within the context 

of the overall metabolic profile. In addition, the lack 

of correction for multiple testing may have increased 

the risk of type I error. Second, the study design does 

not allow us to demonstrate the existence of a causal 

link among the increase in LCN2 level, endothelial 

dysfunction, and the presence of MASLD. In addition, 

since this is a single-centre study with a relatively 

geographically limited population, we cannot consider 

our findings to be valid for any population of patients 

with this disease, as there may be other factors in 

addition to those we examined that can influence 

disease severity, cardiovascular risk, and patient 

metabolic profiles. However, to our knowledge, we 

are the first to evaluate the associations among 

MASLD, endothelial dysfunction, cognitive 

impairment, and increased cardiovascular risk, all 

possibly related to increased serum levels of LCN2. 

Therefore, we set the stage for establishing new 

considerations with respect to the inflammatory 

microenvironment of patients with nonalcoholic liver 

disease, understanding the role of LCN2 in assessing 

cardiovascular risk in these patients, and potentially 

leveraging, if properly assessed and tested, this 

laboratory marker as a diagnostic tool in the early 

stages of the disease. 
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