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Objectives

To investigate the serum, plasma and urine levels of lipocalin-2 (LCN2) variants in healthy humans and their associations with risk factors for cardiometabolic (CMD) and chronic kidney (CKD) diseases.



Methods

Fifty-nine males and 41 females participated in the study. Blood and urine were collected following an overnight fasting. LCN2 variants were analyzed using validated in-house ELISA kits. Heart rate, blood pressure, lipids profile, glucose, adiponectin, high-sensitivity C-reactive protein (hsCRP), creatinine, cystatin C, and biomarkers for kidney function were assessed.



Results

The levels of hLcn2, C87A and R81E in serum and urine, but not plasma, were significantly higher in men than women. Increased levels of LCN2 variants, as well as their relative ratios, in serum and plasma were positively associated with body mass index, blood pressure, triglyceride and hsCRP (P<0.05). No significant correlations were found between these measures and hLcn2, C87A or R81E in urine. However, LCN2 variants in urine, but not plasma or serum, were correlated with biomarkers of kidney function (P<0.05).



Conclusions

Both the serum and plasma levels of LCN2 variants, as well as their ratios are associated with increased cardiometabolic risk, whereas those in urine are correlated with renal dysfunction. LCN2 variants represent promising biomarkers for CMD and CKD.
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Introduction

Emerging research reveals a complex and actively regulated crosstalk between bone, muscle and adipose tissue, which is implicated in metabolic and cardiovascular regulation (1). Lipocalin-2 (LCN2), also known as neutrophil gelatinase-associated lipocalin (NGAL), super inducible protein 24 (SIP24), 24p3/uterocalin, or α2-microglobulin-related protein/neu-related lipocalin, is a member of the lipocalin protein family characterized by highly diversified patterns of expression and structure-function relationships (2). LCN2 is expressed and released from various cell types (3), and may represent a specific hormone involved in the interactions between bone, muscle and adipose tissue (1). Adipose-derived LCN2 is highly upregulated in humans and animal models of obesity (4), contributing to the regulation of local, regional and systemic inflammation, immunity, and metabolism (5). The pathological forms of adipose-derived LCN2 play a causal role in obesity-associated cardiometabolic and renal diseases (6, 7).

Although the serum, plasma and urine levels of LCN2 have been regarded as biomarkers for cardiometabolic (CMD) and chronic kidney (CKD) diseases (4, 8–11), there are inconsistent reports on the use of this molecule as a biomarker for early diagnosis or prognosis (8, 12, 13). Due to the dynamic ligand-binding, posttranslational modification and protein-protein interaction, LCN2 exists as multiple variants that are differentially expressed in tissues and organs and present in blood circulation (14, 15). Previous studies have identified three LCN2 variants, including the polyaminated hLcn2, non-polyaminated C87A, and R81E with altered ligand binding activity (14–16). Different LCN2 variants are distinctively present in samples from healthy humans and patients with cardiometabolic abnormalities (4, 14, 15), and play diversified roles in causing cardiovascular, renal and metabolic abnormalities (14–18). However, the vast majority of previous research focus on total LCN2 levels.

To date no studies have investigated the associations between LCN2 variants in serum, plasma and urine of the same individuals and their correlations with pathophysiological processes or diseases. It is not clear whether there are differences in LCN2 variants between males and females and whether they correlate to different indices of cardiometabolic and renal function. The aims of the present study were to investigate LCN2 variants in serum, plasma and urine in apparently healthy individuals and identify the associations between their levels and risk factors for CMD and CKD.



Materials and Methods


Participants

All experiments were performed in accordance with institutional guidelines and the principles outlined in the Declaration of Helsinki. Written informed consent was obtained from all participants prior to data (medical records) and sample collection. One hundred volunteers (59 males and 41 females) were recruited from the community in Hong Kong between October 2015 and June 2016 for studies approved by the Institutional Review Board of the University of Hong Kong/Hospital Authority Hong Kong West Cluster (reference number UW 14-044) (14, 15). Exclusion criteria included pregnancy or lactation; alcohol intake within the past 24 hour; long-term drug treatment or medications taken within one week prior to the study; and diagnosis of hypertension, diabetes, dyslipidaemia, anaemia, coronary heart disease, chronic obstructive pulmonary disease, asthma, hepatitis, primary hyperaldosteronism, renal dysfunction and eczema. Age, sex, weight, height, heart rate, systolic (SBP) and diastolic (DBP) blood pressure were recorded by standard procedures. Body mass index (BMI) was calculated using recorded weight and height. Serum, plasma and urine samples from healthy volunteers were collected between 8:00 a.m. and 10:00 a.m. after overnight fasting for 10-12 hours (14). All samples were stored at -80°C until analyses. The clinical characteristics as well as the biomarker levels of the participants are summarized in Table 1. The estimated glomerular filtration rate (eGFR) was calculated using the CKD-Epidemiology Collaboration formula (19).


Table 1 | Characteristics of the study participants.





Laboratory Analyses

The blood glucose was analyzed using Accu-Chek Advantage II Glucometer (Roche Diagnostics, Mannheim, Germany). The circulating lipids including triglyceride, total cholesterol (TC), high (HDLc)- and low (LDLc)-density lipoprotein cholesterol were measured using LiquiColor test kits from Stanbio Laboratory (Boerne, TX, USA).



Immunoassays

Plasma and serum concentrations of adiponectin, high-sensitivity C-reactive protein (hsCRP) was measured using in-house ELISA kits (https://www.antibody.hku.hk/ELISA.php) as described previously (14). Aldosterone levels in serum (sAldo) and urine (uAldo) samples were measured using the DetectX Aldosterone Enzyme Immunoassay kit (Cayman Chemical, Ann Arbor, MI, USA). The amount of creatinine was assayed in serum (sCr) and urine (uCr) samples using ELISA kit (catalog # ab65340) from Abcam (Cambridge, UK). Serum cystatin C (sCysC) was measured using Olympus AU400 from Olympus America Inc (NY, USA) as per manufacturer’s protocol. Albumin was determined in urine samples using ELISA kit (catalog # 1004) from Exocell Inc (Philadelphia, PA, USA). Haptoglobin in urine was examined by ELISA kit (catalog # RD191407100R) purchased from Biovendor (Candler, NC, USA). The urine levels of kidney injury molecule-1 (KIM-1) were measured using ELISA kit (catalog # DKM-100) purchased from R&D Systems (Minneapolis, MN, USA).



Quantification of LCN2 Variants

The recombinant human LCN2 variants, including hLcn2, C87A and R81E, were expressed in and purified from E. coli as described (14–16). In brief, the prokaryotic plasmids including pPRO-HishLCN2, pPRO-His-hLCN2-C87A and pPRO-His-hLCN2-R81E were constructed and transformed into BL21 Competent cells (catalogue # 200131; Agilent Technologies, Santa Clara, CA, USA) to express hLcn2, C87A and R81E, respectively. All the recombinant proteins contained an NH2-terminal polyhistidine tag for affinity purification using the Ni-NTA Agarose from QIAGEN (Hilden, Germany). Endotoxin removal was performed using the Detoxi Endotoxin-Removal Gel (catalogue # 88272; Pierce Biotechnology Inc., Rockford, IL, USA) and confirmed by the Chromogenic Endotoxin Quant Kit (catalogue # 88282; Pierce Biotechnology Inc.). The purity of individual LCN2 variants was examined by SDS-PAGE, Western blotting and Ultra Performance Liquid Chromatography (UPLC; ACQUITY UPLC® System, Waters, MA, USA) using a Bio SEC-3 HPLC column (catalogue # 5190-2503; 3µm, 150 Å, 4.6x300mm; Agilent, CA, USA).

The polyclonal antibodies against hLcn2, C87A or R81E were produced in New Zealand female rabbits, purified by affinity chromatography and applied to establish the respective sandwich ELISA kits for measuring the LCN2 variants (4, 14, 15). In brief, serum and plasma were both diluted at a ratio of 1:80, whereas urine samples were diluted at a ratio of 1:20. One hundred microliter samples or recombinant protein standards were added to each well of the coated ELISA plates and incubated for one hour at room temperature. After washing for three times and another one hour of incubation with the biotinylated antibodies, the streptavidin-conjugated horseradish peroxidase and substrates were added to detect the immune complexes. The reactions were stopped before measurement of the absorbance at 450 nm with a plate reader (BioTek Instruments Inc., Winooski, VT, USA).



Statistical Analysis

All analyses were performed using the IBM SPSS Statistical Package version 27.0 software (SPSS Inc., Chicago, IL, USA). Data are expressed as means ± SD, medians with interquartile range or number as appropriate. The Kolmogorov–Smirnov test was used to analyze the distribution of different variables. ﻿Spearman’s rank correlation was performed to establish the degree of association between variables. The difference in concentrations of LCN2 variants between groups was evaluated using Mann-Whitney U test. Non-parametric Kruskal-Wallis H test was used for multiple comparisons. Multivariate logistic regression was computed to evaluate the combined influence of biomarkers on LCN2 variants.




Results

In mammals, lipocalin-2 protein exists as variants that possess diversified structures and functions (3). The LCN2 variants, including hLcn2, C87A and R81E, were expressed and purified from E. coli (Figure 1). C87A migrated as a lower molecular weight species in SDS-PAGE and was eluted by size-exclusion chromatography at a retention time much later than those of R81E and hLcn2 (Figure 1). The R81E variant contained a higher amount of polyamine and was eluted earlier than those of hLcn2 and C87A (Figure 1).




Figure 1 | Comparison of the biochemical features of LCN2 variants. (A) After endotoxin removal, the recombinant proteins were separated by SDS-PAGE and stained with Coomassie Brilliant Blue. (B) The contents of polyamines in each of the LCN2 variants were examined by Western blotting using the antibody against spermidine. The membrane was stained with Ponceau S to confirm the protein loading (0.5 μg/lane). (C) UPLC was performed to analyze the three LCN2 variants. In brief, 10 μl of hLcn2, C87A and R81E protein solution (1µg/µl) was injected for size-exclusion chromatography at a flow rate of 0.5 ml/min. The eluted protein peaks were detected at 254 nm by a UV detector. The retention time (RT) was recorded for comparison.



Specific sandwich ELISA kits were developed in-house for measuring the three LCN2 variants in human samples (4, 14, 15). Fifty-nine males (age 48.2 ± 7.4 years and BMI 24.7 ± 2.1 kg/m2) and 41 females (age 48.3 ± 7.1 years and BMI 22.7 ± 3.0 kg/m2) were recruited for the study. Participant characteristics are displayed in Table 1. Concentrations of LCN2 variants and the differences between males and females are shown in Table 2. The levels of hLcn2, C87A and R81E in both serum and urine were significantly higher in men than women, same as the ratios of all variants (P<0.05). The ratios of urinary LCN2/uCr exhibited similar gender differences as those of urine LCN2 (Table 2). No significant difference between sexes were observed for LCN2 variants in plasma (P>0.05).


Table 2 | Concentrations of LCN2 variants in samples from healthy cohorta.



For the whole cohort, all three LCN2 variants correlated between plasma and serum (Table 3). The correlations were also present in each sex separately. In men, there were no correlations between plasma and urine or serum and urine levels of the three variants. In females, hLcn2 and C87A in the plasma were positively associated with those in the urine. There was also a correlation between serum and urine C87A in females (Table 3).


Table 3 | Correlations between LCN2 variants in different samples.



Table 4 included the correlations of individual LCN2 variants in plasma, serum and urine with cardiometabolic risk factors and renal function. Table 5 shows the correlations of the ratios of LCN2 variants with these parameters. Overall, higher levels of plasma or serum LCN2 variants were associated with a higher BMI, blood pressure, heart rate, TG and hsCRP (all P<0.05, Table 4). No significant correlations were found between urine hLcn2, C87A or R81E and these measures. However, urine hLcn2, C87A or R81E, but not their levels in plasma or serum, were correlated with biomarkers of kidney function including uAldo, uAlb, uHap, uKIM-1 and uCr (Table 4). A higher hLcn2/R81E and C87A/R81E ratio in the serum was correlated with higher BMI, DBP, HR, TG, hsCRP and lower adiponectin levels (Table 5). The ratio of hLcn2/C87A in the urine was correlated with measures of renal function, but not other risk factors (Table 5). After normalization to the creatinine levels, the urinary LCN2/uCr ratios were correlated with BMI, SBP, DBP, as well as measures of renal function (Table 6).


Table 4 | Correlations between LCN2 variants and study variables.




Table 5 | Correlations between the LCN2 variants ratios and cardiometabolic risk factors and renal function.




Table 6 | Correlations between the urinary LCN2/uCr ratios and cardiometabolic risk factors and renal function..





Discussion

LCN2 is a secreted glycoprotein implicated in a wide range of pathophysiological processes and energy metabolism (3). Elevated LCN2 levels contribute to the development of obesity-related medical complications and other pathologies, including CMD and CKD (7, 20). LCN2 is post-translationally modified by polyamination, which enhances the clearance of this protein from the circulation (16). By contrast, non-polyaminated LCN2 [represented by C87A in the present study] accumulates in tissues to cause injury and is implicated in the pathogenesis of obesity-associated cardiovascular complications (14, 16, 20). LCN2 interacts with the ferric-catecholate complex via the positively charged side chains of three amino acid residues, R81, K125 and K134 (21, 22). In the present study, R81E represents a variant of LCN2 with reduced binding affinity for the hydrophilic ligand, including the catecholate-type siderophores (23, 24). The weakened interactions with R81E may lead to the degradation of siderophore ligands or its selective association with catechols, in turn affecting the subsequent binding with LCN2 receptors such as megalin located at the apical membrane of the proximal tubules (25, 26).

The present study measured the concentrations of the three different LCN2 variants in bio-fluid samples from healthy individuals, assessed their associations with various cardiometabolic risk factors and kidney function. We reported that a) men have higher levels of hLcn2, C87A and R81E in serum and urine, but not plasma, than women, b) increased serum and plasma concentrations of hLcn2, C87A and R81E are positively associated with risk factors of CMD, but not CKD, while their levels in urine are related to biomarkers of kidney function. In women, but not in men, there were significant correlations between circulating and urine levels of LCN2 variants.

The results of the present study demonstrate substantial differences in concentrations of the LCN2 variants between serum, plasma and urine. Moreover, there appears a clear sex difference in urine and serum but not plasma levels of LCN2 variants. It was previously found that plasma LCN2 was higher in males compared to females (27, 28). This may be explained by sample size or ethnographic differences. While past studies report lower LCN2 in females, consistent with the present study, there is evidence that age further influences LCN2 levels in males and females (28). Further research is required to quantify the impact of age on the sex differences in LCN2 variants. In addition, LCN2 is known to be present in blood cells, including those of the erythroid, granuloid and monocyte/macrophage lineages (29, 30), and associated with blood coagulation (31–33), a process known to be significantly affected by gender. In mice, a sex-specific function of adipose-secreted LCN2 is implicated in metabolic regulation (34), suggesting that the ramifications of sex differences in LCN2 variants extend beyond their variances in concentration.

High levels of LCN2 are independently associated with a worse risk profile and all-cause mortality of coronary heart disease (35–37). The present results demonstrated that there were significant correlations between LCN2 variants in the serum or plasma and cardiometabolic risk factors. Moreover, the ratios of hLcn2/R81E and C87A/R81E in the serum were correlated with cardiometabolic risk factors, suggesting that LCN2 variants represent important biomarkers for risk stratification. As the circulating levels of LCN2 are affected by the changes in eGFR (38, 39), simultaneously monitoring different LCN2 variants and calculating their relative compositions could be a better and an effective approach for risk assessment in healthy populations. Future research investigating associations between LCN2 variants and cardiometabolic risk factors in human patients will be useful to establish the rationale for the use of LCN2 variants as biomarkers for CMD.

The present study showed that urine LCN2 variants were not significantly correlated with cardiometabolic variables, including BMI, heart rate, blood pressure, TG, hsCRP and adiponectin. LCN2 has been identified as a potential biomarker for kidney function outcomes (10). LCN2 is a small 25 kDa protein filtered by glomeruli and reabsorbed by the proximal tubules in kidney (40). In the present study, none of the LCN2 variants in plasma, serum or urine were significantly correlated with eGFR. However, significant correlations were found between urinary LCN2 variants and other markers of kidney function. The uAldo, uAlb and uHap were associated with all LCN2 variants in urine; the uKIM-1 and uCr were associated with hLcn2 and R81E in urine; and the ACR was associated with hLcn2 in urine. Considering the influences from variable urine volume, the urinary LCN2 variants were normalized to creatinine and the ratios significantly correlated with BMI, DBP, adiponectin, uAldo, uKIM-1 and ACR.

The study has limitations: First, the sample size was relatively small, and a large epidemiological study should be performed to validate the present results. Second, the study included only healthy individuals and the LCN2 variants in the serum, plasma and urine should be explored in human subjects with metabolic, cardiovascular, and renal diseases. Third, longitudinal investigations are warranted to investigate the diagnostic and prognostic values of LCN2 variants in different types of biofluids. Lastly, since the ethnicity may affect the risk for CMD and CKD, the research findings may not be generalized to other ethnic populations. The work may be used as a reference for future research but the results should be interpreted according to the enrolled subjects and limitation of collected data.

In conclusion, LCN2 variants in the serum and plasma as well their ratios are associated with increased risk factors of CMD, while their levels in the urine are correlated with biomarkers of kidney function. Monitoring LCN2 variants in the serum/plasma and urine may be used to identify people who are at risk for cardiometabolic renal diseases. LCN2 variants may represent potential specific therapeutic targets that warrant investigations.
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