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Abstract

:

Metabolic-associated fatty liver disease (MAFLD) is characterized by hepatic steatosis, metabolic dysregulation, and neutrophilic inflammation. In this study, we hypothesized that systemic levels of plasma calprotectin, as a biomarker of neutrophilic inflammation, may be associated with suspected MAFLD. Plasma calprotectin levels were measured in subjects (n = 5446) participating in the Prevention of Renal and Vascular ENd-stage Disease (PREVEND) cohort study. Suspected MAFLD was defined by the fatty liver index (FLI ≥ 60) and hepatic steatosis index (HSI ≥ 36) as proxies. Plasma calprotectin levels were significantly higher in subjects with FLI ≥ 60 (0.57 [IQR: 0.42–0.79] mg/L, n = 1592) (p < 0.001) compared to subjects with FLI < 60 (0.46 [0.34–0.65] mg/L, n = 3854). Multivariable logistic regression analyses revealed that plasma calprotectin levels were significantly associated with suspected MAFLD (FLI ≥ 60), even after adjustment for potential confounding factors, including current smoking, alcohol consumption, hypertension, diabetes, cardiovascular diseases, insulin resistance (HOMA-IR), hs-CRP, eGFR, and total cholesterol levels (OR 1.19 [95% CI: 1.06–1.33], p = 0.003). Interaction analyses revealed significant effect modifications for the association between plasma calprotectin and suspected MAFLD by BMI (p < 0.001) and hypertension (p = 0.003), with the strongest associations in subjects with normal BMI and without hypertension. Prospectively, plasma calprotectin levels were significantly associated with all-cause mortality after adjustment for potential confounding factors, particularly in subjects without suspected MAFLD (FLI < 60) (hazard ratio (HR) per doubling: 1.34 (1.05–1.72), p < 0.05). In conclusion, higher plasma calprotectin levels are associated with suspected MAFLD and with the risk of all-cause mortality, the latter especially in subjects without suspected MAFLD.
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1. Introduction


Metabolic-associated fatty liver disease (MAFLD), also referred to as non-alcoholic fatty liver disease (NAFLD), represents a spectrum of events characterized by excessive lipid accumulation in hepatocytes ranging from non-alcoholic steatohepatitis (NASH) to fibrosis, cirrhosis, and in some cases, hepatocellular carcinoma [1]. MAFLD is characterized by hepatic steatosis combined with obesity, type 2 diabetes (T2D), evidence of metabolic dysregulation, or a combination of these factors [1,2,3]. The global incidence of MAFLD is steadily rising, and it is emerging as the most prevalent chronic liver disease in Western countries. In population-based epidemiological studies, a suspicion of MAFLD is frequently estimated by calculating indices as proxies of the disease based on clinical and biochemical variables. Two commonly used indices include the Fatty Liver Index (FLI) and the Hepatic Steatosis Index (HSI), which are considered as potential predictors of suspected MAFLD and are based on classical risk factors of the disease, including body-mass index (BMI), waist circumference, and plasma levels of triglycerides, gamma-glutamyltransferase, and liver transaminases [4,5].



Accumulating evidence points to a significant role of inflammation as a pathophysiological driver of MAFLD progression [6]. In the development of MAFLD, hepatocytes suffer from cellular stress as a result of lipotoxicity, resulting in disrupted mitochondrial and peroxisomal fatty acid oxidation and endoplasmic reticulum stress. Concomitantly, inflammatory signaling cascades such as those mediated by the NF-κB transcription factor become activated in the liver, leading to the release of a number of inflammatory (e.g., cytokines such as IL-1, IL-6, and TNF-α) and oxidative (e.g., reactive oxygen species, ROS) mediators [7,8]. Consequently, hepatocellular injury and -death occurs, which contributes to the development of MAFLD but also further aggravates pro-inflammatory signaling. Neutrophilic granulocytes play a pivotal role in the initiation and progression of these pro-inflammatory cascades, and act by the production of ROS, defensins, neutrophil extracellular traps (NETs), and by phagocytosis [9]. Neutrophils are among the first immune cells to invade the liver upon MAFLD development and attract other types of immune cells into the histological infiltrate. The role of neutrophils in MAFLD is exemplified by studies showing strong correlations between neutrophil-to-lymphocyte ratios (NLR), as well as increases in circulating levels of neutrophil-derived products such as myeloperoxidase (MPO), NETs, and proteinase-3 (PR3) in MAFLD [10,11,12].



Calprotectin is a 36 kDa calcium- and zinc-binding protein dimer (also known as the S100A8/S100A9 complex) that is present in the cytosol of neutrophilic granulocytes [13]. Upon inflammation, calprotectin is actively secreted by neutrophils as part of their stress response, executing its pro-inflammatory functions as an alarmin and functioning as antimicrobial components as part of NETs [14,15]. Furthermore, it is considered as an acute-phase protein and has been associated with a number of inflammatory conditions, including rheumatoid arthritis, psoriasis, as well as cardiovascular diseases [16,17,18]. Of note, fecal calprotectin is clinically used as a reliable biomarker of active intestinal inflammation in patients with inflammatory bowel disease (IBD) [19]. Given the role of hepatic infiltration of neutrophils and systemic inflammation in MAFLD, circulating calprotectin levels may also reflect the implication of neutrophil inflammation in the pathogenesis of MAFLD. However, only a limited number of (pre-) clinical studies have been performed examining calprotectin as biomarker in subjects with MAFLD or NASH, and conflicting results have been reported [20,21,22].



Since neutrophilic inflammation is known to play a role in the pathophysiology of MAFLD [23], we hypothesized that plasma calprotectin levels might have merit as a biomarker for suspected MAFLD. Therefore, we determined plasma calprotectin levels in serum from 5446 participants of a large population-based cohort study. In this study, we aimed to investigate whether plasma calprotectin is associated with suspected MAFLD in subjects derived from the general population. Secondly, we aimed to determine associations between baseline plasma calprotectin levels and all-cause mortality in subjects with MAFLD during long-term follow-up.




2. Results


2.1. Baseline Characteristics of the Study Population


Baseline demographic, clinical, and laboratory characteristics of the study population are presented in Table 1. In total, 5446 study participants were included, of whom 1592 subjects (29.2%) had a FLI ≥ 60 and 3854 subjects (70.8%) a FLI < 60. Participants who were classified as FLI ≥ 60 were older (p < 0.001) and were more often male (p < 0.001). In addition, participants with a FLI ≥ 60 more frequently had metabolic syndrome (MetS), a history of diabetes, and a history of cardiovascular disease (all p < 0.001) and more frequently used antihypertensive, antidiabetic, and lipid-lowering drugs (all p < 0.001). Furthermore, anthropometric measurements (i.e., BMI, waist circumference, waist/hip ratio) revealed higher values for subjects with a FLI ≥ 60 as well as cholesterol and liver transaminase levels, which were all increased in subjects with a FLI ≥ 60 (all p < 0.001). Plasma calprotectin levels were significantly elevated in subjects with a FLI ≥ 60 compared to those with a FLI < 60 (0.57 [0.42–0.79] vs. 0.46 [0.34–0.65], p < 0.001). Similar results were obtained when participants with an HSI < 36 and HSI ≥ 36 were compared for baseline demographic, clinical and laboratory characteristics (Supplementary Table S1).



Subsequently, baseline demographic, clinical and laboratory characteristics of study participants were categorized according to tertiles of plasma calprotectin levels, as presented in Supplementary Table S2. Participants within the highest tertile of plasma calprotectin levels were older (p < 0.001) and more likely to be male (p < 0.001), and more often presented with comorbidities such as MetS, T2DM, and a history of cardiovascular disease. Similarly, participants within the highest tertile more often used antihypertensive and lipid-lowering drugs and had higher values from anthropometric measurements (BMI, waist circumference, and waist/hip ratio), as well as higher levels of total cholesterol, triglycerides, glucose, insulin, and HOMA-IR (all p < 0.001) compared to participants within the 1st and 2nd tertiles of plasma calprotectin levels.




2.2. Associations between Plasma Calprotectin Levels and Suspected MAFLD


Logistic regression analyses were performed to establish the extent to which plasma levels of calprotectin were associated with suspected MAFLD as defined by a FLI ≥ 60 (Table 2). Indeed, higher levels of plasma calprotectin (2log-transformed, per doubling of concentration) were significantly associated with suspected MAFLD (OR 1.68 [1.56–1.82], p < 0.001), which did not materially change after adjustment for age and sex (Model 2, OR 1.58 [1.45–1.71], p < 0.001). Subsequently, we adjusted for the potential confounding effects of current smoking, alcohol consumption, history of diabetes, history of cardiovascular disease, and the presence of hypertension, after which the association between plasma calprotectin and suspected MAFLD remained significant (Model 3, OR 1.51 [1.38–1.64], p < 0.001). After additional adjustment for total cholesterol levels, renal function (eGFR), insulin resistance (HOMA-IR), and hs-CRP levels, the association was still statistically significant (Model 4, OR 1.19 [1.06–1.33], p = 0.003). Similar results were obtained when the HSI instead of the FLI was used as a proxy for suspected MAFLD, demonstrating a statistically significant association after adjustment for the same covariates (Model 4, OR 1.24 [1.12–1.38], p < 0.001) (Supplementary Table S3). Subsequently, we tested for potential effect-modification across various subgroups and performed stratified analyses, revealing significant effect-modification for BMI (p < 0.001) and the presence of hypertension (p = 0.006) (Figure 1, Supplementary Table S4). Corresponding ORs were higher for subjects with lower BMI (<25 kg/m2) and subjects without hypertension. Similar results were obtained when the HSI score was used as proxy for suspected MAFLD, showing significant effect-modification for BMI (p < 0.001), the presence of hypertension (p = 0.030), and additionally for sex (p = 0.013), with higher ORs for subjects with lower BMI (<25 kg/m2), subjects without hypertension, and women (Supplementary Table S5).




2.3. Plasma Calprotectin Levels and Risk of All-Cause Mortality in Subjects with and without Suspected MAFLD


During follow-up, 274 participants (5.0%) died (FLI < 60: 154 (4.0%); FLI ≥ 60: 120 (7.5%)). Using tertiles of plasma calprotectin levels, Kaplan–Meier survival analysis demonstrated significantly differential survival distributions (Figure 2A, p < 0.001, log-rank test), especially among subjects without suspected MAFLD (p < 0.001, log–rank test), but not solely in subjects with suspected MAFLD (p = 0.689, log–rank test). Cox proportional hazards regression analyses demonstrated a significant positive association between 2log-transformed plasma calprotectin levels and the risk of all-cause mortality (HR per doubling 1.48 [1.28–1.71], p < 0.001, Table 3A). This association remained statistically significant after adjusting for age, sex, history of cardiovascular disease, diabetes, hypertension, current smoking, and alcohol use (Model 3, HR per doubling 1.17 [1.00–1.38), p = 0.049), but vanished after additional adjustment for HOMA-IR, hs-CRP, eGFR, and total cholesterol levels (Model 4, HR per doubling 1.10 [0.91–1.33], p = 0.348). Restricted cubic splines demonstrated no significant deviations from linear associations with the risk of all-cause mortality (Figure 2B, p = 0.519). When stratifying by the presence of suspected MAFLD, the association between 2log-transformed plasma calprotectin levels and the risk of all-cause mortality was statistically significant after adjusting for potential confounding factors in subjects with FLI < 60 (Model 4, HR 1.34 [1.05–1.72], p = 0.019, Table 3B), while no significant associations were found for subjects with FLI ≥ 60 (Table 3C). When taking the HSI instead of the FLI as proxy for suspected MAFLD, similar results were obtained in Cox proportional hazards regression analyses, i.e., the association between 2log-transformed plasma calprotectin levels and the risk of all-cause mortality being statistically significant in subjects with HSI < 36, while being absent in subjects with HSI ≥ 36 (Supplementary Table S6). However, in subjects with HSI < 36, this did not reach formal statistical significance after adjustment for history of cardiovascular disease, diabetes, hypertension, alcohol use, and current smoking (Model 3, HR 1.20 (1.00–1.44), p = 0.054).





3. Discussion


This large-scale population-based study demonstrates that plasma calprotectin levels are increased in subjects with suspected MAFLD, based on an elevated Fatty Liver Index (FLI) and confirmed by an elevated hepatic steatosis index (HSI). Multivariable analyses showed that plasma calprotectin levels were independently associated with suspected MAFLD after adjustment for a number of relevant confounding factors, including comorbidities (history of cardiovascular disease, diabetes, hypertension), smoking, alcohol use, cholesterol levels, insulin resistance, hs-CRP, and renal function. Stratified analyses demonstrated that there were significantly differential associations of plasma calprotectin levels (per doubling) by BMI and the presence of hypertension. Furthermore, plasma calprotectin levels were significantly associated with an increased risk of all-cause mortality in the total study population but after stratifying by suspected MAFLD, especially in subjects without suspected MAFLD (FLI < 60). These results were confirmed through comparable observations when using the HSI instead of the FLI as a proxy for suspected MAFLD. Collectively, our results indicate that plasma calprotectin may be a promising biomarker for the development and/or presence of MAFLD and that plasma calprotectin levels associate with the risk of all-cause mortality, particularly in subjects with a lower probability of having suspected MAFLD (FLI < 60).



Calprotectin is an inflammation-associated protein that is highly expressed and most abundant in neutrophilic granulocytes, which are implicated in the pathophysiology of MAFLD [24,25]. Since neutrophils are the primary determinants of calprotectin production, plasma calprotectin levels may reflect neutrophil involvement in MAFLD pathogenesis. Neutrophils are principally the first type of immune cells responding to inflammatory stimuli from various tissues, including the liver, and further trigger the recruitment and activation of other inflammatory cells, e.g., antigen-presenting cells [26]. It is therefore not surprising that related indices such as the neutrophil-to-lymphocyte ratio (NLR) are closely associated with the severity of MAFLD. For instance, NLR has been shown to correlate with various pathologic changes in MAFLD, including steatosis, hepatocyte degeneration, inflammation, and fibrosis [27,28,29]. Hepatic neutrophil infiltration is a salient feature of MAFLD progression, and several mechanisms have been proposed to explain how these neutrophils may accelerate disease progression. Primarily, neutrophils produce and release ROS, protein-degrading enzymes, and inflammatory cytokines, which inflict damage to hepatocytes and perpetuate inflammation and fibrosis [23]. In this regard, neutrophil-specific proteins such as myeloperoxidase (MPO), neutrophil elastase (NE), lipocalin-2 (LCN2), and neutrophil extracellular traps (NETs) are major effectors and participate in the host defense not only by killing microorganisms but also through feeding into a positive feedback loop by further potentiating neutrophil function in circumstances of sterile inflammation [30]. Although the exact contribution of calprotectin to MAFLD pathogenesis is not well understood, serum levels of S100A8/S100A9, which play a critical role in modulating the inflammatory response by stimulating leukocyte recruitment and inducing cytokine secretion, have previously been shown to be elevated in patients with NASH [14,31]. Similarly, S100A8/S100A9 proteins are upregulated in experimental animal models of NASH, as well as in adipose tissue of patients with NASH [32]. Considering the role of calprotectin in other inflammatory diseases, it has been suggested that it serves a prominent role in innate immunity by amplifying the immune response via damage-associated molecular patterns (DAMPs) in the context of MAFLD-associated gut microbial dysbiosis [33,34].



In the present study, few significant interactions were identified for the association between plasma calprotectin levels and suspected MAFLD, consisting of associations stratified by BMI (using a cut-off of 25 kg/m2) and the presence of hypertension. Plasma calprotectin levels were more strongly associated with suspected MAFLD in subjects characterized by a relatively lower BMI and by the absence of hypertension. Although we cannot definitely explain these findings, it seems plausible that systemic levels of calprotectin show less variation in the presence of either obesity or hypertension and lose predictive capacity, since calprotectin may be a marker of neutrophil involvement in the early pathogenic stages of cardiovascular diseases [18]. Concerning BMI, we should however cautiously interpret this finding, since it is also part of the FLI equation. Calprotectin is also heavily involved in the development of atherosclerosis mainly via inflammatory processes [35]. Preclinical evidence suggests that calprotectin may not only reflect neutrophilic inflammation but may also be directly involved in atherosclerosis through activating the vascular endothelium, actively recruiting neutrophils and inflammatory monocytes, and interacting with the receptor for advanced glycation end-products (RAGE), triggering inflammatory and thrombotic responses and further aggravating atherosclerosis [36,37,38]. Obviously, however, the precise value of plasma calprotectin levels across clinically relevant subgroups warrants further study since in many cases subgroup sizes were relatively unbalanced.



The elevated risk of all-cause mortality in subjects with MAFLD compared to those without is well-established and reported in many previous studies [3,8,39,40,41]. As such, the identification of predictive biomarkers for early detection and/or prediction of MAFLD development is important. In the present study, we demonstrated a significant predictive association between plasma calprotectin levels and the risk of all-cause mortality when adjusting for age, sex, current smoking, alcohol use, history of cardiovascular disease, diabetes, and hypertension. However, this association lost significance after additional adjustment for the renal function, hs-CRP, HOMA-IR and total cholesterol levels. When stratifying this analysis by suspected MAFLD (FLI ≥ 60), this association was highly significant and robust in subjects without suspected MAFLD (FLI < 60), while it remarkably disappeared in subjects with suspected MAFLD (FLI ≥ 60). This difference could potentially be explained by other established risk factors for all-cause mortality compromising the predictive value of plasma calprotectin levels in the presence of suspected MAFLD, such as manifested organ damage due to MAFLD and other comorbidities as well as persistent systemic inflammation. The latter may skew the association between calprotectin and all-cause mortality, whereas it may be a more sensitive biomarker in the presence of preclinical low-grade systemic inflammation. Altogether, plasma calprotectin levels could be a potential predictor for all-cause mortality, but our data suggest that it would be more useful in preclinical stages instead of already established disease. However, it is of utmost importance to further validate these associations, and also examine plasma calprotectin levels in relation to various disease stages of MAFLD.



The relevant strengths of this study include the relatively large sample size (over 5000 individuals), the extensive phenotypic characterization of the study cohort, and the relatively long follow-up duration of almost 10 years, which enabled the prospective assessment of the diagnostic and prognostic value of plasma calprotectin levels with regard to suspected MAFLD and the risk of all-cause mortality in a population-based setting. The well-documented nature of the study allowed us to reliably establish such associations since we were able to control for a variety of relevant potential confounding factors in the analyses. Concomitantly, several limitations of the study also warrant recognition. First of all, the cross-sectional, observational nature of the study limited causal inference from the association between plasma calprotectin levels and suspected MAFLD, so we cannot exclude the possibility of reverse causation. Furthermore, the presented results are based on a single determination of plasma calprotectin levels, whereas this does not acknowledge the potential dynamics of this protein across participants, which would require longitudinal studies. Second, the generalizability of our results is limited, given the fact that the present study population was largely of Caucasian descent and without much geographical variation since all participants inhabited the northern parts of the Netherlands. Third, elevated FLI and HSI scores were used as a proxy for suspected MAFLD in this study, whereas these scores do not directly translate into measures of hepatic accumulation of lipids, which might subsequently have led to over- or underestimation of the presence of MAFLD. Irrespective of their limitations, both FLI and HSI scores are considered to confer sufficient diagnostic accuracy for suspecting MAFLD, and their use is recommended by international guidelines for the assessment of MAFLD when evaluating MAFLD in epidemiological study of large cohorts [5]. Fourth, using FLI and HSI scores, we could not differentiate between different disease stages, e.g., between simple steatosis and hepatic fibrosis. In this respect, since the present cohort lacked data on platelet counts, we were unfortunately not able to calculate fibrosis scores such as the NAFLD fibrosis score or FIB-4. Fifth, there were neither additional blood samples available nor fecal samples to determine other calprotectin-related or neutrophil-derived biomarkers, which could have been valuable to sustain the present results and to comparatively analyze the utility with regard to the presence of MAFLD. Finally, we were unable to include all participants from the PREVEND study into the analyses, since from a number of participants no serum samples (or insufficient sample volume) were available anymore to determine plasma calprotectin levels or the necessary parameters for calculating the FLI and HSI scores.




4. Materials and Methods


4.1. Study Population and Study Design


This study was performed within the Prevention of REnal and Vascular ENd-stage Disease (PREVEND) cohort study. The PREVEND study is a prospective, population-based cohort study initiated in 1997 in the city of Groningen, the Netherlands, aiming to investigate the role of urinary albumin excretion in the development of cardiovascular and renal diseases [42]. The PREVEND study features data on a myriad of health parameters relevant to cardiovascular and renal diseases from the inhabitants of Groningen. In the period of 1997–1998, many inhabitants aged 28–75 years (n = 85,421) were asked to participate in the study. When doing so, they were asked to provide a first morning urine sample and to complete a postal questionnaire asking on demographics and history of cardiovascular diseases. In total, 40,856 individuals responded to this questionnaire (47.8%) and provided a urine sample. Of these individuals, participants with urinary albumin concentrations ≥10 mg/L (n = 7786) and a randomly selected control group with urinary albumin concentrations <10 mg/L (n = 3395) were invited to participate in a screening visit which was conducted at the research clinic of the University Medical Center Groningen (UMCG). Exclusion criteria were pregnancy, type 1 diabetes mellitus or insulin-treated type 2 diabetes mellitus. This study screening visit was eventually completed by 8592 individuals, of which n = 6000 had urinary albumin concentrations ≥10 mg/L and n = 2592 < 10 mg/L, and these individuals were included in follow-up investigations. In the period of 2001–2003, a second round of study screening and sample collections was initiated to collect additional information from a total of 6894 participants, and this time-point was used as baseline for the current study. From these participants, we were forced to exclude 1448 individuals of which data on clinical and biochemical variables to calculate the Fatty Liver Index (FLI) or on plasma calprotectin levels (due to either missing samples or insufficient sample volume for measurements) were not available, leading to the inclusion of a total of 5446 participants for this study. The study follow-up ended on 1 January 2011. The PREVEND study was approved by the Institutional Review Board (IRB) of the UMCG (full name in Dutch: “Medisch Ethische Toetsingscommissie”, abbreviated as “METc”, IRB no. 01/139). All participants provided written informed consent for their participation. The study was conducted in accordance with the principles of the Declaration of Helsinki (2013). The reporting of the current study conforms to the EQUATOR guideline: the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) [43].




4.2. Data Collection


A questionnaire asking information about demographic variables; medical history (e.g., history of cardiovascular diseases, hypertension, and diabetes); lifestyle habits (e.g., smoking and alcohol consumption); and medication use was completed by all participants. Anthropometric measurements were performed, including height (m), body weight (kg), body-mass index (BMI, defined as body weight divided by squared height, kg/m2), waist circumference (measured on the bare skin at the natural indentation between the 10th rib and the iliac crest), and the waist/hip ratio (waist circumference divided by the largest girth between waist and thigh) [44]. Blood pressure was measured automatically for eight minutes in supine position (Dinamap XL Model 9300 series device, Johnson & Johnson Medical, Tampa Bay, FL, USA), and the ultimate blood pressure was defined as the average of the final two measurements taken. Smoking behavior was dichotomized as “current” or “never or former” smoker. Alcohol use was documented while assuming one alcoholic drink to contain 10 g of alcohol, and was categorized as no alcohol consumption, average of 1–4 drinks per month, 2–7 drinks per week, 1–3 drinks per day, and 4 or more drinks per day. Alcohol use was incorporated as dichotomized variable in statistical analyses. A history of cardiovascular disease included the following conditions: hospitalization for myocardial ischemia, obstructive coronary artery disease, or revascularization procedures. Medication use was self-reported but combined with information from a pharmacy-dispensing registry, which has complete information on drug usage of >95% of subjects participating in the PREVEND study [44,45].




4.3. Study Outcomes and Definitions


The Fatty Liver Index (FLI) score algorithm was used as a proxy for suspected MAFLD [5] and was calculated according to the following formula: FLI = [e(0.953 × loge (triglycerides) + 0.139 × BMI + 0.718 × loge (GGT) + 0.053 × waist circumference − 15.745)] / [1 + e(0.953) × loge (triglycerides) + 0.139 × BMI + 0.718 × loge (GGT) + 0.053 × waist circumference − 15.745)] × 100. The optimal cut-off value of the FLI for detecting suspected MAFLD has been set as a score of 60, which has a corresponding sensitivity of 61%, specificity of 86% and accuracy of 84% as determined by ultrasonography [5]. Considering this, FLI ≥ 60 was used as a definition for suspected MAFLD in the present study, which is still one of the best-validated hepatic steatosis scores for large-scale epidemiological studies [46]. In addition to the FLI, we used the hepatic steatosis index (HSI), which is also a commonly used steatosis score but more tailored to predominantly Asian populations [4]. The HSI was calculated as: HSI = 8 × ALT/AST ratio + BMI (+2, if diabetes; +2, if female). The optimal cut-off value of the HSI for detecting suspected MAFLD is a score of 36. In the equations of FLI and HSI scores, BMI is expressed as kg/m2; triglycerides as mmol/L; and gamma-glutamyltransferase (GGT), alanine aminotransferase (ALT) and aspartate aminotransferase (AST) as U/L.



The estimated glomerular filtration rate (eGFR) was calculated with the combined creatinine cystatin C-based Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [47]. Type 2 diabetes (T2D) was defined as a fasting glucose level ≥7.0 mmol/L, a random glucose level ≥11.1 mmol/L, a self-reported physician’s diagnosis or the use of oral antidiabetics according to the guidelines of the American Diabetic Association (ADA). Metabolic syndrome (MetS) was defined according to the revised National Cholesterol Education Program Adult Treatment Panel (NCEP-ATP) II criteria. Participants were assigned to have MetS when at least three of the following five criteria were fulfilled: (a) waist circumference >102 cm for men and >88 cm for women; (b) plasma triglycerides ≥1.7 mmol/L; (c) HDL-cholesterol <1.0 mmol/L for men and <1.3 mmol/L for women; (d) hypertension (blood pressure ≥130/85 mmHg or the use of antihypertensive drugs); and (e) hyperglycemia (fasting glucose ≥5.6 mmol/L or the use of glucose-lowering drugs). The Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) was calculated as: fasting plasma insulin (mU/L) × fasting plasma glucose (mmol/L)/22.5. Information on all-cause mortality was derived from the Dutch national registry of hospital discharge diagnoses (Prismant). This information was classified according to the International Statistical Classification of Diseases (ICD-10), as well as the International Classification of Health Interventions [48].




4.4. Laboratory Measurements


Fasting venous blood samples were obtained during the second visit, after an overnight fast, while participants had rested for 15 min. Serum and heparinized plasma samples were collected by centrifugation at 1400× g for 15 min at −4 °C. Plasma samples were stored at −80 °C until further analysis. Similarly, first void urine samples were collected, as well as 24-h urine samples for two consecutive days after participants were provided with both oral and written instructions, and these samples were stored at −20 °C until analysis. Urinary albumin excretion (UAE) was measured by nephelometry (Dade Behring Diagnostics, Marburg, Germany), and the average of two measurements performed in two separate 24-h urine collections was taken for analyses. Serum cystatin C (Gentian Cystatin C Immunoassay, Gentian AS, Moss, Norway) was measured on a modular analyzer (Roche Diagnostics, Roche, Basel, Switzerland). Standards were used for calibrating cystatin C according to manufacturer’s instructions and following the guidelines of the International Federation of Clinical Chemistry Working Group for Standardization of Serum Cystatin C [49]. High-sensitive C-reactive protein (hs-CRP) was measured using nephelometry (Dade Behring Diagnostics, Marburg, Germany). Serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), and alkaline phosphatase (ALP) were measured using a standardized kinetic method with pyridoxal phosphate activation (Roche Modular P, Roche Diagnostics, Mannheim, Germany). Serum gamma-glutamyltransferase (GGT) was measured enzymatically using a colorimetric method (Roche Modular P, Roche Diagnostics, Mannheim, Germany). Standardization of AST, ALT, ALP and GGT was performed according to the guidelines of the International Federation of Clinical Chemistry [50,51,52,53]. The serum total cholesterol and glucose levels were measured using dry chemistry (Eastman Kodak). Low-density lipoprotein (LDL) cholesterol levels were determined by the Friedewald formula (if triglycerides were ≤4.5 mmol/L). High-density lipoprotein (HDL) cholesterol was measured using a homogeneous method (direct HDL, AerosetTM System, Abbott Laboratories, Chicago, IL, USA). Triglycerides were measured using an enzymatic method. Serum insulin was measured using a luminescence-based immunoassay. Plasma calprotectin levels were determined using the Gentian Calprotectin turbidimetric immunoassay (Gentian, Moss, Norway), which was applied on a Mindray BS-400 analyzer (Mindray, Shenzhen, China).




4.5. Statistical Analyses


Baseline demographic, clinical and laboratory characteristics of study participants were presented as means ± standard deviations (SD), medians with [interquartile range, IQR] in case of non-normal distributions, or as proportions n with corresponding percentages (%). Assessment of normality was performed by visual inspection of normal probability (Q-Q) plots and histograms. Differences in characteristics between groups were tested using independent-sample t-tests, Mann–Whitney U tests, one-way analysis of variance (ANOVA), or Kruskal–Wallis tests and chi-square tests, where appropriate. Plasma calprotectin levels were 2log-transformed before entry into analysis to facilitate results interpretation (expressed as per doubling). Univariable and multivariable logistic regression analyses were performed to study associations between plasma calprotectin levels and suspected MAFLD, and the results were expressed as odds ratios (ORs) (per doubling) with corresponding 95% confidence intervals (CI). Subsequently, stratified analyses were performed to study these associations across various relevant subgroups and to test for potential interactions for covariates by fitting models containing interaction terms (where Pinteraction < 0.05 was considered to indicate significant effect modification). Univariable and multivariable Cox proportional hazards regression analyses were performed to assess associations between plasma calprotectin levels and the risk of mortality, expressed as hazard ratios (HRs) (per doubling) with corresponding 95% CIs. For each predictive factor, the proportionality of hazards assumption was verified in order to confirm absence of violation of model assumptions. Additionally, restricted cubic splines (RCS) were fitted containing three knots in order to evaluate potential nonlinearity of the associations observed in Cox proportional hazards regression models. Nonlinearity was assessed using likelihood ratio tests in which nested models were compared using linear or linear and cubic spline terms. Survival distributions for participants with and without suspected MAFLD were evaluated according to tertiles of plasma calprotectin levels using Kaplan–Meier curves, which were compared to each other using log-rank tests. Survival time was defined from baseline (time of sample collection) until the date of the last examination that participants attended, either death or 1 January 2011 (end of follow-up). Data analysis and visualization was performed using SPSS Statistics 28.0 software package (SPSS Inc, Chicago, IL, USA), R version 3.5.2 (Vienna, Austria), and the Python programming language (v.3.8.6, Python Software Foundation, https://www.python.org), using the pandas (v.1.2.3), numpy (v.1.20.0), matplotlib (v.3.4.1), seaborn (v.0.11.1), and zepid (v.0.9.0) packages. Two-tailed p-values ≤0.05 were considered statistically significant.





5. Conclusions


In conclusion, plasma calprotectin levels are significantly elevated in subjects with suspected MAFLD, even after adjustment for a large number of well-established risk factors for MAFLD. Furthermore, plasma calprotectin levels were significantly associated with the risk of all-cause mortality in the general population, although particularly in subjects with a low probability of having suspected MAFLD (FLI < 60) and not in subjects with suspected MALFD (FLI ≥ 60). Future studies are warranted to establish the definitive role and clinical utility of plasma calprotectin as a potential biomarker for suspected MAFLD, including an assessment in relation to other indices of hepatic steatosis, fibrosis, as well as associations with therapeutic outcome and the risk of developing cirrhosis and related disease complications.
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Figure 1. Stratified analyses for the association between plasma calprotectin levels and suspected MALFD (FLI ≥ 60) across various subgroups. Odds ratios (ORs) with corresponding 95% confidence intervals derived from multivariable logistic regression analyses are shown. p-values indicate p-values for interaction terms. First, we tested for potential effect modification for the variables shown, and subsequently performed stratified analyses. ORs demonstrate almost consistently positive associations between plasma calprotectin levels and the risk of all-cause mortality in all analyzed subgroups. ORs were adjusted for potential confounding factors, including all factors incorporated in Model 4 (Table 2). Abbreviations: CI, confidence interval; BMI, body mass index; CVD, cardiovascular disease; HR, hazard ratio; UAE, urinary albumin excretion. 
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Figure 2. Plasma calprotectin levels are associated with the risk of all-cause mortality in the general population. (A) Kaplan–Meier survival curves for tertiles of plasma calprotectin levels, showing survival distributions with 95% confidence intervals based on the outcome of all-cause mortality. The highest rate of all-cause mortality was observed in the highest tertile of plasma calprotectin levels (log-rank test, p < 0.001). (B) Restricted cubic spline (RCS) regression demonstrating the relationship between plasma calprotectin levels and the risk of all-cause mortality. Estimates were derived from the Cox proportional hazards regression model, while RCS was based on three knots set at the 10th, 50th, and 90th percentiles. A likelihood ratio test for nonlinearity was not statistically significant (p = 0.519). The dark-red-shaded area represents the 95% confidence interval. Abbreviations: HR, hazards ratio. 
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Table 1. Baseline demographic, clinical and laboratory characteristics compared between 3854 subjects with a fatty liver index (FLI)< 60 and 1592 subjects with a FLI ≥ 60.
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	FLI < 60
	FLI ≥ 60
	p-Value





	
	n = 3854
	n = 1592
	



	Demographics
	
	
	



	Age (years)
	49.8 [42.1–59.4]
	56.0 [47.9–65.8]
	<0.001



	Sex
	
	
	<0.001



	Male, n (%)
	1570 (40.7)
	1066 (67.0)
	



	Female, n (%)
	2284 (59.3)
	526 (33.0)
	



	Ethnicity
	
	
	0.233



	White, n (%)
	3676 (96.1)
	1520 (96.1)
	



	Black, n (%)
	28 (0.7)
	19 (1.2)
	



	Asian, n (%)
	82 (2.1)
	26 (1.6)
	



	Other, n (%)
	41 (1.1)
	16 (1.0)
	



	Anthropometrics
	
	
	



	BMI, kg/m2
	24.6 [22.8–26.7]
	30.1 [28.0–32.9]
	<0.001



	Waist circumference (cm)
	86 [79–93]
	104 [99–110]
	<0.001



	Waist/hip ratio
	0.87 [0.82–0.92]
	0.97 [0.91–1.01]
	<0.001



	Cardiovascular risk factors
	
	
	



	Current smokers, n (%)
	1076 (28.2)
	423 (26.9)
	0.303



	Alcohol consumption, n (%)
	2930 (76.7)
	1158 (73.2)
	0.006



	None, n (%)
	891 (67.7)
	425 (32.3)
	



	1–4 drinks per month, n (%)
	657 (72.2)
	253 (27.8)
	



	2–7 drinks per week, n (%)
	1289 (74.0)
	453 (26.0)
	



	1–3 drinks per day, n (%)
	856 (71.2)
	347 (28.8)
	



	4 or more drinks per day, n (%)
	128 (54.9)
	105 (45.1)
	



	SBP (mmHg)
	118 [109–131]
	133 [123–144]
	<0.001



	DBP (mmHg)
	71 [65–77]
	77 [71–83]
	<0.001



	Heart rate (bpm)
	67 [61–74]
	69 [63–76]
	<0.001



	Comorbidities
	
	
	



	History of cardiovascular disease, n (%)
	96 (2.5)
	84 (5.3)
	<0.001



	History of diabetes, n (%)
	47 (1.2)
	82 (5.2)
	<0.001



	Metabolic syndrome, n (%)
	1195 (31.0)
	933 (58.6)
	<0.001



	Medication usage
	
	
	



	Antihypertensive medication, n (%)
	491 (12.7)
	496 (31.2)
	<0.001



	Lipid-lowering drugs, n (%)
	193 (5.0)
	191 (12.0)
	<0.001



	Oral glucose-lowering drugs, n (%)
	24 (0.7)
	32 (4.5)
	<0.001



	Laboratory parameters
	
	
	



	Glucose (mmol/L)
	4.7 [4.4–5.1]
	5.1 [4.6–5.6]
	<0.001



	Insulin (mU/L)
	6.8 [5.1–9.2]
	12.6 [9.4–18.2]
	<0.001



	HOMA-IR (mU × mmol/L2/22.5)
	1.43 [1.04–2.00]
	2.87 [2.04–4.26]
	<0.001



	UAE (mg/24 h)
	7.8 [5.7–12.5]
	10.8 [7.1–23.1]
	<0.001



	hs-CRP (mg/L)
	1.02 [0.49–2.27]
	2.33 [1.17–4.19]
	<0.001



	eGFR (mL/min/1.73 m2)
	96.3 [84.9–106.1]
	89.3 [77.4–100.6]
	<0.001



	Cystatin C (mg/dL)
	0.85 [0.77–0.95]
	0.93 [0.84–1.04]
	<0.001



	AST (U/L)
	21 [19–25]
	25 [21–30]
	<0.001



	ALT (U/L)
	15 [12–20]
	23 [17–32]
	<0.001



	ALP (U/L)
	63 [52–75]
	72 [61–85]
	<0.001



	GGT (U/L)
	19 [14–27]
	41 [29–62]
	<0.001



	Total cholesterol (mmol/L)
	5.25 [4.63–5.98]
	5.76 [5.08–6.45]
	<0.001



	LDL-cholesterol (mmol/L)
	3.44 [2.87–4.08]
	3.78 [3.19–4.42]
	<0.001



	HDL-cholesterol (mmol/L)
	1.30 [1.12–1.52]
	1.06 [0.92–1.23]
	<0.001



	Triglycerides (mmol/L)
	0.94 [0.71–1.25]
	1.73 [1.29–2.34]
	<0.001



	Plasma calprotectin (mg/L)
	0.46 [0.34–0.65]
	0.57 [0.42–0.79]
	<0.001







Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body-mass index; CHF, chronic heart failure; CKD, chronic kidney disease; CVD, cardiovascular disease; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; FLI, fatty liver index; GGT, gamma-glutamyltransferase; HDL, high-density lipoprotein; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; hs-CRP, high-sensitive C-reactive protein; LDL, low-density lipoprotein; SBP, systolic blood pressure; UAE, urinary albumin excretion.
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Table 2. Univariable and multivariable logistic regression analyses investigating the association between the FLI and plasma calprotectin levels (2log-transformed).
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Model 1

	
Model 2

	
Model 3

	
Model 4




	

	
OR (95% CI)

	
p-Value

	
OR (95% CI)

	
p-Value

	
OR (95% CI)

	
p-Value

	
OR (95% CI)

	
p-Value






	
Plasma calprotectin (2-log)

	
1.68 (1.56–1.82)

	
<0.001

	
1.58 (1.45–1.71)

	
<0.001

	
1.51 (1.38–1.64)

	
<0.001

	
1.19 (1.06–1.33)

	
0.003




	
Age

	

	

	
1.03 (1.03–1.04)

	
<0.001

	
1.01 (1.00–1.02)

	
<0.001

	
0.99 (0.98–1.00)

	
0.005




	
Sex (ref = male)

	

	

	
0.36 (0.32–0.41)

	
<0.001

	
0.34 (0.30–0.39)

	
<0.001

	
0.28 (0.23–0.33)

	
<0.001




	
Diabetes (ref = no)

	

	

	

	

	
3.01 (2.02–4.47)

	
<0.001

	
0.78 (0.44–1.40)

	
0.410




	
History of CVD (ref = no)

	

	

	

	

	
0.96 (0.69–1.35)

	
0.822

	
0.98 (0.65–1.49)

	
0.928




	
Hypertension (ref = no)

	

	

	

	

	
2.68 (2.31–3.11)

	
<0.001

	
1.95 (1.63–2.34)

	
<0.001




	
Current smoking (ref = no)

	

	

	

	

	
0.94 (0.81–1.09)

	
0.404

	
1.01 (0.85–1.21)

	
0.892




	
Alcohol use (ref = no)

	

	

	

	

	
0.78 (0.67–0.90)

	
0.001

	
0.94 (0.78–1.14)

	
0.544




	
Total cholesterol

	

	

	

	

	

	

	
1.53 (1.41–1.65)

	
<0.001




	
eGFR

	

	

	

	

	

	

	
0.99 (0.98–0.99)

	
<0.001




	
HOMA-IR

	

	

	

	

	

	

	
2.22 (2.07–2.38)

	
<0.001




	
hs-CRP

	

	

	

	

	

	

	
1.03 (1.02–1.05)

	
<0.001








Abbreviations: CI, confidence interval; CRP, C-reactive protein; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; OR, odds ratio.
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Table 3. Cox proportional hazards regression analyses for associations between plasma calprotectin levels and the risk of all-cause mortality in the total cohort (A) and separately in subjects with FLI < 60 (B) and FLI ≥ 60 (C).
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HR per Doubling

	
T1

	
T2

	
T3






	

	
<0.41 mg/L

	
0.41–0.61 mg/L

	
>0.61 mg/L




	
A. Total cohort (n = 5446)




	
Model 1

	
1.48 (1.28–1.71), p < 0.001

	
1.00 (reference)

	
1.25 (0.91–1.70), p = 0.172

	
1.73 (1.29–2.32), p < 0.001




	
Model 2

	
1.28 (1.10–1.50), p = 0.002

	
1.00 (reference)

	
1.08 (0.79–1.48), p = 0.632

	
1.24 (0.92–1.66), p = 0.155




	
Model 3

	
1.17 (1.00–1.38), p = 0.049

	
1.00 (reference)

	
1.00 (0.73–1.38), p = 0.982

	
1.07 (0.80–1.45), p = 0.643




	
Model 4

	
1.10 (0.91–1.33), p = 0.348

	
1.00 (reference)

	
0.93 (0.66–1.31), p = 0.685

	
0.89 (0.64–1.24), p = 0.498




	
B. FLI < 60 (n = 3854)




	
Model 1

	
1.66 (1.37–2.00), p < 0.001

	
1.00 (reference)

	
1.42 (0.94–2.15), p = 0.095

	
2.10 (1.42–3.10), p < 0.001




	
Model 2

	
1.44 (1.18–1.77), p < 0.001

	
1.00 (reference)

	
1.16 (0.77–1.75), p = 0.492

	
1.41 (0.95–2.09), p = 0.088




	
Model 3

	
1.33 (1.07–1.65), p = 0.010

	
1.00 (reference)

	
1.03 (0.68–1.56), p = 0.895

	
1.22 (0.81–1.81), p = 0.341




	
Model 4

	
1.34 (1.05–1.72), p = 0.019

	
1.00 (reference)

	
1.04 (0.67–1.63), p = 0.863

	
1.18 (0.76–1.83), p = 0.463




	
C. FLI ≥ 60 (n = 1592)




	
Model 1

	
1.07 (0.84–1.36), p = 0.604

	
1.00 (reference)

	
0.83 (0.51–1.34), p = 0.435

	
0.97 (0.62–1.50), p = 0.875




	
Model 2

	
1.07 (0.84–1.35), p = 0.598

	
1.00 (reference)

	
0.99 (0.61–1.61), p = 0.967

	
1.02 (0.65–1.58), p = 0.947




	
Model 3

	
1.01 (0.80–1.28), p = 0.942

	
1.00 (reference)

	
1.03 (0.63–1.69), p = 0.892

	
0.95 (0.61–1.49), p = 0.815




	
Model 4

	
0.88 (0.64–1.20), p = 0.406

	
1.00 (reference)

	
0.90 (0.53–1.53), p = 0.686

	
0.70 (0.42–1.17), p = 0.170








Model 1, crude model. Model 2, model 1 + with adjustment for age and sex. Model 3, model 2 with adjustment for current smoking, alcohol consumption (dichotomized), history of cardiovascular diseases, history of diabetes, and hypertension. Model 4, model 3 with additional adjustment for high-sensitive C-reactive protein (hs-CRP), insulin resistance (HOMA-IR), estimated glomerular filtration rate (eGFR), and total cholesterol levels. Bold p-values indicate statistical significance. Abbreviations: FLI, fatty liver index; HR, hazard ratio.
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