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Abstract

:

Proteinuria is a risk factor for chronic kidney disease (CKD) progression and associated complications. However, there is insufficient information on individual protein components in urine and the severity of CKD. We aimed to investigate urinary proteomics and its association with proteinuria and kidney function in early-stage CKD and in healthy individuals. A 24 h urine sample of 42 individuals (21-CKD and 21-healthy individuals) was used for mass spectrometry-based proteomics analysis. An exponentially modified protein abundance index (emPAI) was calculated for each protein. Data were analyzed by Mascot software using the SwissProt database and bioinformatics tools. Overall, 298 unique proteins were identified in the cohort; of them, 250 proteins belong to the control group with median (IQR) emPAI 39.1 (19–53) and 142 proteins belong to the CKD group with median (IQR) emPAI 67.8 (49–117). The level of 24 h proteinuria positively correlated with emPAI (r = 0.390, p = 0.011). The emPAI of some urinary proteomics had close positive (ALBU, ZA2G, IGKC) and negative (OSTP, CD59, UROM, KNG1, RNAS1, CD44, AMBP) correlations (r < 0.419, p < 0.001) with 24 h proteinuria levels. Additionally, a few proteins (VTDB, AACT, A1AG2, VTNC, and CD44) significantly correlated with kidney function. In this proteomics study, several urinary proteins correlated with proteinuria and kidney function. Pathway analysis identified subpathways potentially related to early proteinuric CKD, allowing the design of prospective studies that explore their response to therapy and their relationship to long-term outcomes.
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1. Introduction


Chronic kidney disease (CKD) is a global public health concern that affects approximately 850 million people of the world population [1]. In 2017, CKD ranked 12th among the leading causes of death with more than 1.2 million deaths, and it is estimated that the all-cause mortality of CKD together with CKD-attributable cardiovascular diseases (CVD) reached over 2.6 million deaths in the same year [2]. These numbers are likely to progress, and by 2040, CKD may reach the 5th rank on the list of leading causes of global death [3]. Unfortunately, currently available treatments of CKD are not successful at improving disease outcomes due to the diagnosis of CKD mostly in the late stages. Therefore, early detection of CKD and understanding the mechanisms of its progression are probably the only effective strategy for preventing CKD-associated social economic burdens and mortalities.



Proteinuria is recognized as the most important marker and is a risk factor for CKD progression and associated complications among both diabetic and non-diabetic patients [4]. The presence of excess proteins in urine as proteinuria may reflect at least one of these following mechanisms, but is not limited to: increased blood levels of low-molecular-mass (LMM) proteins, such as immunoglobulin light chains (pre-renal proteinuria); a loss of selective filtration of high-molecular-mass (HMM) proteins (glomerular proteinuria); inadequate reabsorption of filtered LMM proteins (tubular proteinuria); loss of tubular cell-derived proteins (tubular proteinuria); loss of lower urinary tract-derived proteins (post-renal proteinuria) [4,5]. Among these, glomerular proteinuria and each tubular proteinuria independently and/or together are pathognomonic of renal damage [6].



Reabsorption of excess amounts of filtered proteins by proximal tubular epithelial cells (PTECs) has been reported to render toxic effects on PTECs leading to tubulointerstitial inflammation, tubular atrophy, interstitial fibrosis, and eventually, end-stage renal disease (ESRD) [5,7,8]. Thus, acceleration of CKD progression is highly expected in patients with higher proteinuria levels due to the tubular toxicity of filtered proteins. However, despite high levels of proteinuria, paradoxically, some patients may have a slow decline of renal function compared to those patients with lower levels of urinary protein excretion. Thus, there is a knowledge gap; why the severity of CKD progression could differ between patients with similar levels of proteinuria or some patients with higher proteinuria do not progress as rapid as expected? Differences in the physical-chemical properties of filtered proteins, the molecular weight (low, middle, and high molecular weight proteins), the biological activity or cell origin, or the stimuli for protein secretion of urinary proteins may underlie these differences [7,9].



Therefore, early detection of “high-risk candidate” proteins, which are associated with proteinuria and renal function, may serve as reliable diagnostic markers of CKD progression. Considering this knowledge gap, in this preliminary study, we aimed to compare urinary protein profiles and their relationship with levels of proteinuria and kidney function in CKD patients and healthy individuals. We also aimed to compare the biologic and pathophysiologic processes based on protein profiles of CKD patients and healthy individuals.




2. Materials and Methods


2.1. Patients and Study Settings


This cross-sectional pilot study included early-stage CKD patients with different levels of proteinuria, and 21 age and gender matched healthy subjects. The study was approved by Nazarbayev University Institutional Review Ethics Committee on 25 February 2020 (NU-IREC 208/06122019), and all participants were subject to sign an informed consent. This study is part of the trial that has been registered in ClinicalTrials.gov (Trial registration ID NCT04311684, the date of registration was 17 March 2020) [10]. Patient examinations were conducted according to good medical and laboratory practice and in keeping with the recommendations set forth by the Declaration of Helsinki Guidelines for Biomedical Research Involving Human Subjects.



Participants were recruited in this study at “National Scientific Medical Center” (NSMC, Astana, Kazakhstan) between March 2020 and December 2021 and were COVID-19-free at the time of enrollment. All participants were informed about the study protocol and gave informed consent prior to enrolling in the study. Inclusion criteria for the patient group were as follows: CKD stage 1–3 by KDIGO classification [11] caused by glomerular diseases, with proteinuria > 300 mg/24 h. Exclusion criteria were: age < 18 and >65 years, pregnant females, patients with diabetes mellitus, cancer, infectious diseases, and other life-treating comorbidities or conditions. The diagnosis of suspected glomerular disease was based on the presence of proteinuria in the absence of systemic diseases but was not confirmed by kidney biopsy.




2.2. Laboratory Tests and Data Collection


The laboratory investigators were blinded to data showing patients’ clinical outcomes until the end of the study. Blood and urine samples were collected independently, without considering the outcome of the patients. Blood metabolic profiles including serum creatinine, serum urea, glucose, uric acid, total protein, AST, ALT, lipid profiles, and protein fractions were obtained for all participants. A 24 h urinalysis including urine protein, sodium, potassium, uric acid, creatinine as well as complete blood count parameters was also defined during the enrollment. All routine laboratory tests were performed by colorimetric method on a Cobas Integra 400 plus analyzer (Oststeinbek, Germany). An estimated glomerular filtration rate (eGFR) was calculated via the CKD-EPI equation. Demographic data, medical history, and comorbid diseases were recorded after interviews with the participants and collected from medical carts.



Additional 24 h urine samples were immediately stored at −80 °C for further proteomic evaluation [12]. Acetone precipitation was used as a method for protein isolation as described by Sun et al. [13]. Final protein samples were resuspended in 25 mM NH4HCO3 and stored at −80 °C until use. Protein concentrations were measured with a NanoDrop 1000 (Thermo, Waltham, MA, USA) following the manufacturer’s instructions. A concentration of fifty μg of proteins was transferred to an Eppendorf tube for in-solution protein digestion.




2.3. Mass Spectrometry Analysis


The proteins were reduced, alkylated, and digested by trypsin (20 ng/uL) at 37 °C overnight, and the obtained peptide mixtures were desalted, and concentrated using ZipTip with C18 resin (Millipore, Cork, Ireland). The eluted peptides were then processed with a centrifugal evaporator (Eppendorf, Hamburg, Germany) and re-suspended in 10 μL of 0.1% trifluoroacetic acid. Samples were analyzed using nanoflow reversed-phase C18 liquid chromatography-tandem mass spectrometry (LC-MS/MS). For chromatography, a Dionex HPLC pump with a trapping column (Acclaim PepMap100 C18 pre-column) was used. An Acclaim PepMap100 C18 RSLC column (Thermo, MA, USA) was used to separate the peptides in a 75 min multistep acetonitrile gradient at a flow rate of 0.3 mL/min. An unmodified captive spray ion source (capillary 1500 V, dry gas 3.0 L/min, dry temperature 150 °C) was used with the Impact II ESI-QUAD-TOF mass spectrometer (Bruker Daltonics, Bremen, Germany). Full-scan MS spectra were acquired at a spectral rate of 2.0 Hz, followed by the acquisition of one MS/MS spectrum. The MS/MS data were analyzed in Data Analysis 3.4 software (Bruker Daltonics, Bremen, Germany) and saved in Mascot generic format (*.mgf) then searched with the Mascot 2.6.1 software (Matrix Science, London, UK) against the Swiss-Prot protein database (release February 2021) taxonomically restricted to Homo sapiens (human) containing 20,396 sequences. The search parameters used were oxidation of methionine as variable modification and carbamidomethylation of cysteine residues as fixed modification. A maximum of two missed cleavages of tryptic peptides was allowed. The peptide and protein data were extracted using a significance level of p < 0.05. The false discovery rate (FDR) was set to 1% and the decoy database search was used for estimating the FDR. Mass error windows of 100 ppm and 0.05 Da were allowed for MS and MS/MS, respectively.



Exponentially modified protein abundance index (emPAI) was selected as a label-free quantification technique based on spectral counting of tryptic peptides as described elsewhere [14]. The emPAI values were calculated for the identified proteins by the Mascot 2.6.1 software (Matrix Science, London, UK).




2.4. Reactome and GO Analysis


Highly abundant proteins were selected that were expressed in more than 50% of study participants to further analyze for functional enrichment and pathway analyses, which resulted in 29 proteins in the CKD group and 37 proteins in the control group. The list and percentage of the selected proteins identified in more than 50% of participants are presented in Figure 1. Gene Ontology (GO) enrichment analysis was conducted to gain functional insights for selected proteins, including biological process, protein class, and cellular components via Protein Analysis Through Evolutionary Relationships (PANTHER, http://pantherdb.org accessed on 18 March 2022) [15,16]. Pathway enrichment analysis was conducted using The Reactome Knowledgebase (https://reactome.org accessed on 18 March 2022) that produces a probability value (p-value) by correcting it for false discovery rates using the Benjamini–Hochberg method [17].




2.5. Statistical Analyses


Statistical analyses were conducted using Stata MP2 16.1 version. Numerical variables were expressed as mean ± standard deviation (SD) for normal distribution and median and interquartile range (IQR) for abnormal distribution. Categorical variables were presented as numbers (percentage), and for categorical variables, a chi-square test was performed. Two-sided t-tests for parametric and Wilcoxon rank-sum tests for nonparametric data were performed. Spearman’s correlation test was used for identifying correlations between the protein profiles and eGFR, a correlation between serum creatinine level with protein profiles, and correlations between the level of 24 h protein excretion and the emPAI of urinary proteins. All data were compared between healthy controls (HC) and CKD patients. A p-value less than 0.05 (typically ≤ 0.05) is considered statistically significant. The estimated power for the sample size of 42 participants was 0.9935.





3. Results


3.1. General Characteristics of the Study Population


The baseline characteristics of the study population are presented in Table 1. There are 21 healthy controls and 21 early-stage CKD patients comparable in terms of age, gender, and eGFR. Median eGFR was 109.1 (IQR 103.3–120.1) and 111 (72.6–138.1) mL/min in healthy control and CKD groups, respectively. In 90% of cases, the primary cause of CKD was glomerular diseases. The laboratory findings in the CKD group present the abnormal ranges related to glomerular disease (hypoproteinemia, hyperlipidemia, proteinuria), compared to healthy controls.




3.2. Urinary Protein Profiles of Study Population


Initially, 298 individual proteins were identified in the overall cohort (Table 1); of them, 250 belong to the control group with median (IQR) emPAI 39.1 (19–53) and 142 proteins belong to the CKD group with median (IQR) emPAI 67.8 (49–117). Figure 1 depicts that the observed selected proteome composition of urine samples markedly differs between groups. Most proteins with higher emPAI that were observed in urine samples of CKD patients were mostly found in a small number of urine samples of healthy individuals. Contrarily, most proteins that were observed in urine samples of healthy individuals were either not found or found in a small number of urine samples of patients. However, the amount of emPAI was significantly higher in the CKD group, corresponding to the amount of 24 h proteinuria.




3.3. Associations between Renal Function and Protein Composition


The level of 24 h proteinuria positively correlated with both the emPAI of total and selected proteins (r = 0.390, p = 0.011 and r = 0.532, p = 0.003, respectively). Table 2 shows the correlations between the level of 24 h protein excretion and the emPAI of the urinary proteome. The level of 24 h protein excretion positively correlated with ALBU, ZA2G, IGKC, FETUA, VTDB, A1BG, TRFE, and IGHA2, while the emPAI of OSTP, CD59, UROM, KNG1, RNAS1, CD44, AMBP, A2GL, and PTGDS proteins negatively correlated with the level of 24 h proteinuria.



The correlations of serum creatinine levels and eGFR with emPAI of some proteins shown in Table 3. The serum creatinine level positively correlated with VTDB (r = 0.617, p = 0.0008) and negatively correlated with AACT (r = −0.627, p = 0.007), A1AG2 (r = −0.464, p = 0.03), VTNC (r = −0.60, p = 0.04), whereas eGFR is positively correlated with CD44 (r = 0.470, p = 0.02) and negatively correlated with VTDB (r = −0394, p = 0.05). Overall, the most consistent correlation with markers of kidney function was provided by VTDB, as it correlated with both serum creatinine (positively) and eGFR (negatively).




3.4. GO Enrichment Analysis of Urinary Proteome


Figure 2 illustrates the GO enrichment analysis of selected proteins in the CKD and control groups. The protein class of GO analysis shows significantly higher numbers of proteins in the defense protein, protein-binding activity modulator, transfer protein, protein modifying enzyme, and metabolite interconversion enzyme classes in urine samples of the CKD group compared to urine samples of the healthy group. However, protein numbers in the transmembrane signal receptor, RNA metabolism protein, intercellular signal molecule, membrane traffic, cell adhesion, and extracellular matrix protein classes are higher in the urine samples of the controls compared to the urine samples of the CKD group (Figure 2A).



Further, the cellular component displays how most urine proteins are excreted from the extracellular region, cell periphery, membrane, and cell surface components of both groups. Notably, proteins that are excreted from the extracellular region are markedly higher in the urine samples of the CKD group compared to the urine samples of the healthy group (Figure 2B).



Enrichment of proteins that are involved in cellular processes, metabolic processes, biological regulation, the response to stimulus, and immune system processes is significantly higher in the urine samples of the CKD group, while enrichment of proteins in signaling and cell adhesion processes are slightly higher in the urine samples of the healthy group (Figure 2C).




3.5. Pathway Enrichment Analysis of Proteins


The Reactome Knowledgebase generated signal cascades for 28 out of 29 submitted proteins of the patient group, where 123 different pathways were hit by at least one of the relevant proteins (Supplement Figure S1). For the control group, The Reactome Knowledgebase generated signal cascades for 30 out of 37 submitted proteins, where 163 different pathways were hit by at least one of the relevant proteins (Supplement Figure S2). Supplement Tables S1 and S2 provide results for pathway analysis of the 28 most relevant proteins of the CKD group and 31 relevant proteins of the control groups with an indication of significance level (p < 0.05) and false discovery rate (FDR < 5%).



Further, to identify the most significant pathways in both groups, a filter was implicated using the significance level of p < 0.003. Figure 3 displays the comparison of the most significant pathways of 28 relevant proteins of the CKD group and 31 relevant proteins of the control groups. Pathway analysis shows that hemostasis, and the immune system and vesicle-mediated transport-related subpathways are significantly upregulated in participants with CKD compared to the healthy group. However, extracellular matrix organization-related pathways are downregulated in participants with CKD compared to the healthy group.





4. Discussion


This pilot study, assessing the urinary proteome in proteinuric patients with early GFR category CKD and healthy controls, found positive and negative relationships between emPAI levels of some urinary proteins with the amount of excreted 24 h proteinuria as well as with kidney function. Moreover, the differential presence of urinary proteins in CKD patients and healthy participants identified overrepresented biological processes in CKD patients, such as hemostasis, and immune system and vesicle mediated transport-related subpathways as well as, equally relevant, downregulated extracellular matrix organization-related pathways in participants with CKD compared to the healthy group. This information may be used to identify activated molecular pathways in CKD and assess the response to therapy.



Proteinuria usually results from a disrupted glomerular filter barrier, although it may also result from failure of the proximal tubular cells to reabsorb proteins filtered by healthy glomerular filter barriers or by excessive amounts of plasma proteins that are usually filtered by glomeruli (e.g., monoclonal light chains) [18]. Excess glomerular filtration of proteins causes tubular cell stress as tubular cells increase protein reabsorption, resulting in an inflammatory and profibrotic response and the loss of tubular cells. In routine clinical practice, only a few specific urinary proteins are measured for diagnostic purposes, including urinary albumin and kappa/lambda light chains. However, this approach potentially misses important information that may be provided by assessing a more ample protein panel. In this regard, the urinary peptidome may predict CKD progression and the plasma proteome at the time of active COVID-19 was recently found to associate with persistent symptoms out to 12 months [19,20,21].



In our study, we found statistically significant linear correlation between 24 h urinary protein level and the emPAI of albumin, zinc-alpha-2-glycoprotein, and immunoglobulin kappa constant. As expected, albumin (molecular weight 69 kDA) had the highest emPAI and highest relation to proteinuria. This finding is in correspondence with other literature data [22,23,24]. On the other hand, the emPAI of a few proteins with relatively higher molecular weight (>69 kDA), such as uromodulin, CD44 antigen, and kininogen-1 as well as with relatively lower molecular weight (<39 kDA), such as AMBP, osteopontin, CD55 glycoprotein and ribonuclease pancreatin were negatively correlated with the level of 24 h proteinuria. Uromodulin, which is exclusively produced by tubular cells [25], in contrast to albumin, may be down released from injured tubules in patients with higher proteinuria [26]. At this stage, it is difficult to explain the correlations between 24 h proteinuria and other proteins due to some limitations of this study, which needs to evaluate these relationships in urine samples, exclusively in a large cohort of CKD patients with proteinuria.



Our data showed a close relation between a few urine proteins and kidney function. Urinary Vitamin D-binding protein (VTDB) was consistently increased when kidney function declined. VTDB is the primary carrier in the circulation of 25-hydroxyvitamin D (25(OH) D), the precursor of the active form of vitamin D [27]. Urinary VTDB had previously been reported to predict kidney injury in patients with acute decompensated heart failure [28]. Other proteins were associated with at least some measures of kidney function. A1AG2 (orosomucoid) was upregulated in idiopathic nephrotic syndrome and diabetic nephropathy and associated with disease progression [29,30,31]. AACT, a serine protease inhibitor, also termed SerpinA3, is mainly synthesized in the liver and protects against different inflammatory diseases [32]. Urinary AACT levels were positively correlated with preclinical renal fibrosis following AKI [33]. Similarly, VTNC, an extracellular matrix protein secreted in response to tissue injury, was also expressed in preclinical renal fibrosis [34,35,36]. CD44 protein is a transmembrane protein, expressed by injured proximal tubular and glomerular cells [37,38,39]. The correlation between the abundance of these proteins with kidney function argues for their role in kidney disease.



We found an interesting difference in the biological process between CKD patients and healthy controls in gene ontology and Reactome enrichment analysis. Urinary proteins that function in the extracellular region were significantly higher in the urine samples of patients compared to controls, indicating increased permeability of the glomerular barrier, which allows the leakage of excessive serum proteins into the urine [5]. This is a hallmark of glomerular proteinuria in CKD, particularly in glomerulonephritis [40]. Importantly, the urinary composition of urine samples of the two groups significantly differs. Thus, GO and Reactome analysis show different biological process and pathway enrichment levels. In pathway enrichment analysis, subpathways of hemostasis, such as platelet activation, signaling and aggregation, cell surface interactions at the vascular level, and formation of a fibrin clot may represent the activation of platelets at the site of glomerular damage and their contribution to renal inflammation via interaction with leukocytes [41,42]. Previously, platelet–leukocyte aggregates were reported as a potential biomarker for kidney diseases and outcomes [42]. Upregulation of an immune system related subpathway, specifically neutrophil degradation, is likely due to acute inflammation during early stages of glomerulonephritis [43]. Activation of complement cascades was also overrepresented. Complement activation is an important mediator of pathogenesis and the progression to ESRD of multiple kidney diseases, including many types of glomerulonephritis [44]. Heme scavenging is also upregulated in CKD patients. In the context of glomerular disease, heme derived from the presence of red blood cells in the tubular lumen is a well-known tubular cell stressor that may cause tubular cell injury and death [45,46,47,48]. One more important point to note is the absence of extracellular matrix organization-related pathways in CKD patients. In this regard, proteinuria promotes tubular cell injury and interstitial inflammation and fibrosis [49]. A similar phenomenon had been previously observed using a related technique, urine capillary electrophoresis–mass spectrometry (CE-MS) peptidomics [19,20]. CKD273 is a urinary peptidomics biomarker composed of 273 peptides that differentiates CKD from healthy subjects and predicts CKD progression. Interestingly, many of the urinary peptides in CKD273 are type 1 collagen peptides and they are decreased in the urine of CKD subjects, suggesting that decreased ECM degradation could contribute to the accumulation of ECM during kidney fibrosis [19,20].



There are several limitations in our study. First, only patients with early-stage CKD (median eGFR 111 mL/min/1.73 m2) were enrolled and the study was cross-sectional. An ongoing follow-up study will address whether the current findings are associated with long-term kidney outcomes. Second, the sample size is limited. A multicenter study with a larger sample size is needed for validation of the current findings. However, the design of such a large multicenter study should be necessarily based on a pilot study, such as the present one. Third, the absence of kidney biopsy precludes the study of urine-tissue correlations.




5. Conclusions


This urinary proteomics study identified clear differences in the number and type of urinary proteins between proteinuric CKD patients with preserved kidney function and healthy individuals. Several urinary proteins were strongly correlated with 24 h proteinuria and/or kidney function. Interestingly, pathway analysis suggested significant upregulation of hemostasis, immune system, and vesicle mediated transport-related subpathways and decreased ECM subpathways in early stages of CKD. This information may be used to identify potential molecular mechanisms of kidney injury and to assess the impact of therapy on these mechanisms. Further prospective research is recommended with a larger study population to address both the impact of therapy on the urinary proteome and whether this proteomic pattern is an early biomarker of the response to therapy or of CKD progression.




6. Trial Registration


The trial was approved by ClinicalTrials.gov (Trial registration ID NCT04311684). The date of registration was 17 March 2020.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/diagnostics12112583/s1, Figure S1: Pathway overview of the 29 most relevant proteins of the CKD group; Figure S2: Pathway overview of the 30 most relevant proteins of the healthy group; Table S1: Pathway analysis of the 28 most relevant proteins of the CKD group with the indication of significance level and false discovery rate; Table S2: Pathway analysis of the 30 most relevant proteins of the healthy group with the indication of significance level and false discovery rate.





Author Contributions


Conceptualization, A.G. and Z.M. (Zhalaliddin Makhammajanov); methodology, A.G., Z.M. (Zhalaliddin Makhammajanov) and P.T.; formal analysis, Z.M. (Zhalaliddin Makhammajanov), Z.D. and K.M.; investigation, A.G., Z.M. (Zhalaliddin Makhammajanov) and D.A.; resources, Z.M. (Zhannur Markhametova), A.N. and L.K.; data curation, Z.M. (Zhalaliddin Makhammajanov), Z.D. and K.M.; writing—original draft preparation, A.G. and Z.M. (Zhalaliddin Makhammajanov); writing—review and editing, Z.M. (Zhalaliddin Makhammajanov), Z.D., Z.M. (Zhannur Markhametova), M.K., M.J.S. and A.O.; visualization, Z.M. (Zhalaliddin Makhammajanov); supervision, A.G; project administration, A.G. and Z.M. (Zhannur Markhametova); funding acquisition, A.G., R.B., Z.U. and D.T. All authors have read and agreed to the published version of the manuscript.




Funding


The authors acknowledge funding from the Nazarbayev University Collaborative Research Program (CRP) for 2020–2022 (Funder Project Reference: 091019CRP2105).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Nazarbayev University Institutional Review Ethics Committee on 25 February 2020 (NU-IREC 208/06122019).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The datasets produced after the completion of the final trial may be requested from the principal investigator (A.G.).




Acknowledgments


The authors expressed their gratitude to all participants and medical staff who were involved in this study. Part of this study was presented at ISN WCN 2022.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Jager, K.J.; Kovesdy, C.; Langham, R.; Rosenberg, M.; Jha, V.; Zoccali, C. A Single Number for Advocacy and Communication—Worldwide More than 850 Million Individuals Have Kidney Diseases; Oxford University Press: Oxford, UK, 2019; pp. 1803–1805. [Google Scholar]

	



Carney, E.F. The impact of chronic kidney disease on global health. Nat. Rev. Nephrol. 2020, 16, 251. [Google Scholar] [CrossRef] [PubMed]

	



Foreman, K.J.; Marquez, N.; Dolgert, A.; Fukutaki, K.; Fullman, N.; McGaughey, M.; Pletcher, M.A.; Smith, A.E.; Tang, K.; Yuan, C.-W.; et al. Forecasting life expectancy, years of life lost, and all-cause and cause-specific mortality for 250 causes of death: Reference and alternative scenarios for 2016–40 for 195 countries and territories. Lancet 2018, 392, 2052–2090. [Google Scholar] [CrossRef]

	



Cravedi, P.; Remuzzi, G. Pathophysiology of proteinuria and its value as an outcome measure in chronic kidney disease. Br. J. Clin. Pharmacol. 2013, 76, 516–523. [Google Scholar]

	



Liu, D.; Lv, L.-L. New understanding on the role of proteinuria in progression of chronic kidney disease. In Renal Fibrosis: Mechanisms and Therapies; Springer: Berlin/Heidelberg, Germany, 2019; pp. 487–500. [Google Scholar]

	



Kasiske, B.; Wheeler, D. Kidney Disease: Improving Global Outcomes CKD Work Group. KDIGO 2012 clinical practice guideline for the evaluation and management of chronic kidney disease. Kidney Int. Suppl. 2013, 3, 1–150. [Google Scholar]

	



Perico, N.; Benigni, A.; Remuzzi, G. Proteinuria and tubulotoxicity. In Diabetic Nephropathy; Springer: Berlin/Heidelberg, Germany, 2019; pp. 197–214. [Google Scholar]

	



Ledingham, J. Tubular toxicity of filtered proteins. Am. J. Nephrol. 1990, 10 (Suppl. S1), 52–57. [Google Scholar] [CrossRef]

	



Meng, Z.; Bustamante Lopez, S.C.; Meissner, K.E.; Yakovlev, V.V. Subcellular measurements of mechanical and chemical properties using dual Raman-Brillouin microspectroscopy. J. Biophotonics 2016, 9, 201–207. [Google Scholar] [CrossRef]

	



Gaipov, A.; Utegulov, Z.; Bukasov, R.; Turebekov, D.; Tarlykov, P.; Markhametova, Z.; Nurekeyev, Z.; Kunushpayeva, Z.; Sultangaziyev, A. Development and validation of hybrid Brillouin-Raman spectroscopy for non-contact assessment of mechano-chemical properties of urine proteins as biomarkers of kidney diseases. BMC Nephrol. 2020, 21, 1–9. [Google Scholar] [CrossRef]

	



Levey, A.S.; Eckardt, K.-U.; Tsukamoto, Y.; Levin, A.; Coresh, J.; Rossert, J.; Eknoyan, G. Definition and classification of chronic kidney disease: A position statement from Kidney Disease: Improving Global Outcomes (KDIGO). Kidney Int. 2005, 67, 2089–2100. [Google Scholar] [CrossRef]

	



Aitekenov, S.; Gaipov, A.; Bukasov, R. Detection and quantification of proteins in human urine. Talanta 2021, 223, 121718. [Google Scholar] [CrossRef]

	



Sun, W.; Gao, Y. Liquid Chromatography Coupled to Mass Spectrometry for Analysis of the Urinary Proteome. In Renal and Urinary Proteomics: Methods and Protocols; Wiley: Hoboken, NJ, USA, 2009; pp. 271–279. [Google Scholar]

	



Ishihama, Y.; Oda, Y.; Tabata, T.; Sato, T.; Nagasu, T.; Rappsilber, J.; Mann, M. Exponentially modified protein abundance index (emPAI) for estimation of absolute protein amount in proteomics by the number of sequenced peptides per protein* s. Mol. Cell. Proteom. 2005, 4, 1265–1272. [Google Scholar] [CrossRef]

	



The Gene Ontology Consortium. The Gene Ontology resource: Enriching a GOld mine. Nucleic Acids Res. 2021, 49, D325–D334. [Google Scholar] [CrossRef] [PubMed]

	



Mi, H.; Muruganujan, A.; Ebert, D.; Huang, X.; Thomas, P.D. PANTHER version 14: More genomes, a new PANTHER GO-slim and improvements in enrichment analysis tools. Nucleic Acids Res. 2019, 47, D419–D426. [Google Scholar] [CrossRef] [PubMed]

	



Jassal, B.; Matthews, L.; Viteri, G.; Gong, C.; Lorente, P.; Fabregat, A.; D’Eustachio, P. The reactome pathway knowledgebase. Nucleic Acids Res. 2020, 48, D498–D503. [Google Scholar] [CrossRef]

	



D’amico, G.; Bazzi, C. Pathophysiology of proteinuria. Kidney Int. 2003, 63, 809–825. [Google Scholar] [CrossRef]

	



Tofte, N.; Lindhardt, M.; Adamova, K.; Bakker, S.J.L.; Beige, J.; Beulens, J.W.J.; Kilic, C. Early detection of diabetic kidney disease by urinary proteomics and subsequent intervention with spironolactone to delay progression (PRIORITY): A prospective observational study and embedded randomised placebo-controlled trial. Lancet Diabetes Endocrinol. 2020, 8, 301–312. [Google Scholar] [CrossRef]

	



Rodríguez-Ortiz, M.E.; Pontillo, C.; Rodríguez, M.; Zürbig, P.; Mischak, H.; Ortiz, A. Novel Urinary Biomarkers for Improved Prediction of Progressive Egfr Loss in Early Chronic Kidney Disease Stages And In High Risk Individuals Without Chronic Kidney Disease. Sci. Rep. 2018, 8, 15940. [Google Scholar] [CrossRef]

	



Captur, G.; Moon, J.C.; Topriceanu, C.C.; Joy, G.; Swadling, L.; Hallqvist, J.; Doykov, I.; Patel, N.; Spiewak, J.; Baldwin, T.; et al. Plasma proteomic signature predicts who will get persistent symptoms following SARS-CoV-2 infection. eBioMedicine 2022, 2022, 104293. [Google Scholar] [CrossRef]

	



Martin, H. Laboratory measurement of urine albumin and urine total protein in screening for proteinuria in chronic kidney disease. Clin. Biochem. Rev. 2011, 32, 97. [Google Scholar] [PubMed]

	



Methven, S.; MacGregor, M.S.; Traynor, J.P.; Hair, M.; O’Reilly, D.S.J.; Deighan, C.J. Comparison of urinary albumin and urinary total protein as predictors of patient outcomes in CKD. Am. J. Kidney Dis. 2011, 57, 21–28. [Google Scholar] [CrossRef]

	



Thongboonkerd, V.; Malasit, P. Renal and urinary proteomics: Current applications and challenges. Proteomics 2005, 5, 1033–1042. [Google Scholar] [CrossRef]

	



Scolari, F.; Izzi, C.; Ghiggeri, G.M. Uromodulin: From monogenic to multifactorial diseases. Nephrol. Dial. Transplant. 2015, 30, 1250–1256. [Google Scholar] [CrossRef] [PubMed]

	



Molitoris, B.A.; Sandoval, R.M.; Yadav, S.P.S.; Wagner, M.C. Albumin Uptake and Processing by the Proximal Tubule: Physiologic, Pathologic and Therapeutic Implications. Physiol. Rev. 2022, 102, 1625–1667. [Google Scholar] [CrossRef] [PubMed]

	



Jassil, N.K.; Sharma, A.; Bikle, D.; Wang, X. Vitamin D binding protein and 25-hydroxyvitamin D levels: Emerging clinical applications. Endocr. Pract. 2017, 23, 605–613. [Google Scholar] [CrossRef] [PubMed]

	



Diaz-Riera, E.; García-Arguinzonis, M.; López, L.; Garcia-Moll, X.; Badimon, L.; Padró, T. Vitamin D Binding Protein and Renal Injury in Acute Decompensated Heart Failure. Front. Cardiovasc. Med. 2022, 9, 829490. [Google Scholar] [CrossRef]

	



Suresh, C.; Saha, A.; Kaur, M.; Kumar, R.; Dubey, N.; Basak, T.; Upadhyay, A.D. Differentially expressed urinary biomarkers in children with idiopathic nephrotic syndrome. Clin. Exp. Nephrol. 2016, 20, 273–283. [Google Scholar] [CrossRef]

	



Zhou, X.-H.; Liu, S.-Y.; Feng, L.; Yang, B.; Li, Y.-F.; Wang, X.-Q.; Chen, J.; Wang, H.H. Urinary orosomucoid and retinol binding protein levels as early diagnostic markers for diabetic nephropathy. Res. Sq. 2020. [Google Scholar]

	



Alhazmi, S.; Basingab, F.; Alrahimi, J.; Alharbi, M.; Mufawwaz, A.; Alotaibi, K. The Role of Alpha-1-acid Glycoprotein 2 Protein and the Underlying Orosomucoid 2 Gene in Different Diseases. J. Pharm. Res. Int. 2022, 34, 15–29. [Google Scholar]

	



Jin, Y.; Wang, W.; Wang, Q.; Zhang, Y.; Zahid, K.R.; Raza, U.; Gong, Y. Alpha-1-antichymotrypsin as a novel biomarker for diagnosis, prognosis, and therapy prediction in human diseases. Cancer Cell Int. 2022, 22, 156. [Google Scholar] [CrossRef]

	



Sánchez-Navarro, A.; Mejía-Vilet, J.M.; Pérez-Villalva, R.; Carrillo-Pérez, D.L.; Marquina-Castillo, B.; Gamba, G.; Bobadilla, N.A. SerpinA3 in the Early Recognition of Acute Kidney Injury to Chronic Kidney Disease (CKD) transition in the rat and its Potentiality in the Recognition of Patients with CKD. Sci. Rep. 2019, 9, 10350. [Google Scholar] [CrossRef]

	



López-Guisa, J.M.; Rassa, A.C.; Cai, X.; Collins, S.J.; Eddy, A.A. Vitronectin accumulates in the interstitium but minimally impacts fibrogenesis in experimental chronic kidney disease. Am. J. Physiol.-Ren. Physiol. 2011, 300, F1244–F1254. [Google Scholar] [CrossRef]

	



Carreras-Planella, L.; Cucchiari, D.; Cañas, L.; Juega, J.; Franquesa, M.; Bonet, J.; Borràs, F.E. Urinary vitronectin identifies patients with high levels of fibrosis in kidney grafts. J. Nephrol. 2021, 34, 861–874. [Google Scholar] [CrossRef] [PubMed]

	



Yoon, S.; Gingras, D.; Bendayan, M. Alterations of vitronectin and its receptor αv integrin in the rat renal glomerular wall during diabetes. Am. J. Kidney Dis. 2001, 38, 1298–1306. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, X.; Chen, X.; Chima, A.; Zhang, Y.; George, J.; Cobbs, A.; Emmett, N. Albumin induces CD44 expression in glomerular parietal epithelial cells by activating extracellular signal-regulated kinase 1/2 pathway. J. Cell. Physiol. 2019, 234, 7224–7235. [Google Scholar] [CrossRef] [PubMed]

	



Rouschop, K.; Roelofs, J.; Sylva, M.; Rowshani, A.; Ten Berge, I.; Weening, J.; Florquin, S. Renal expression of CD44 correlates with acute renal allograft rejection. Kidney Int. 2006, 70, 1127–1134. [Google Scholar] [CrossRef] [PubMed]

	



Froes, B.P.; de Almeida Araújo, S.; Bambirra, E.A.; Oliveira, E.A.; Simoes e Silva, A.C.; Pinheiro, S.V.B. Is CD44 in glomerular parietal epithelial cells a pathological marker of renal function deterioration in primary focal segmental glomerulosclerosis? Pediatr. Nephrol. 2017, 32, 2165–2169. [Google Scholar] [CrossRef] [PubMed]

	



Weening, J.J.; Ronco, P.; Remuzzi, G. Advances in the pathology of glomerular diseases. New Insights Glomerulonephritis 2013, 181, 12–21. [Google Scholar]

	



Gros, A.; Ollivier, V.; Ho-Tin-Noé, B. Platelets in inflammation: Regulation of leukocyte activities and vascular repair. Front. Immunol. 2015, 5, 678. [Google Scholar] [CrossRef]

	



Finsterbusch, M.; Schrottmaier, W.C.; Kral-Pointner, J.B.; Salzmann, M.; Assinger, A. Measuring and interpreting platelet-leukocyte aggregates. Platelets 2018, 29, 677–685. [Google Scholar] [CrossRef]

	



Mayadas, T.N.; Rosetti, F.; Ernandez, T.; Sethi, S. Neutrophils: Game changers in glomerulonephritis? Trends Mol. Med. 2010, 16, 368–378. [Google Scholar] [CrossRef]

	



Chen, S.-F.; Chen, M. Complement activation in progression of chronic kidney disease. In Renal Fibrosis: Mechanisms and Therapies; Springer: Berlin/Heidelberg, Germany, 2019; pp. 423–441. [Google Scholar]

	



Barcellini, W. Immune hemolysis: Diagnosis and treatment recommendations. Semin. Hematol. 2015, 52, 304–312. [Google Scholar] [CrossRef]

	



Zager, R.A.; Johnson, A.C.; Becker, K. Renal cortical hemopexin accumulation in response to acute kidney injury. Am. J. Physiol.-Ren. Physiol. 2012, 303, F1460–F1472. [Google Scholar] [CrossRef] [PubMed]

	



Moreno, J.A.; Martín-Cleary, C.; Gutiérrez, E.; Rubio-Navarro, A.; Ortiz, A.; Praga, M.; Egido, J. Haematuria: The forgotten CKD factor? Nephrol. Dial. Transplant. 2012, 27, 28–34. [Google Scholar] [CrossRef] [PubMed]

	



Moreno, J.A.; Martín-Cleary, C.; Gutiérrez, E.; Toldos, O.; Blanco-Colio, L.M.; Praga, M.; Egido, J. AKI associated with macroscopic glomerular hematuria: Clinical and pathophysiologic consequences. Clin. J. Am. Soc. Nephrol. 2012, 7, 175–184. [Google Scholar] [CrossRef] [PubMed]

	



Stephan, J.-P.; Mao, W.; Filvaroff, E.; Cai, L.; Rabkin, R.; Pan, G. Albumin stimulates the accumulation of extracellular matrix in renal tubular epithelial cells. Am. J. Nephrol. 2004, 24, 14–19. [Google Scholar] [CrossRef]








[image: Diagnostics 12 02583 g001 550] 





Figure 1. A comparison of protein distribution was identified in more than 50% of any group participants. CKD, chronic kidney disease; HC, healthy controls. 
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Figure 2. GO enrichment analysis of the 29 selected proteins in the CKD group (in red) and 37 proteins in the control group (in blue). (A) protein class. (B) cellular component. (C) biological process. 
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Figure 3. A comparison of highly significant pathways of the most relevant proteins in the CKD and healthy control groups (p < 0.003). The color codes denote the different pathway groups. CKD, chronic kidney disease; HC, healthy controls; IGF, insulin-like growth factor; IGFBPs, uptake by insulin-like growth factor binding proteins. 
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Table 1. General and clinical biochemical characteristics of patients.
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	Parameters
	Healthy Controls, n = 21
	CKD Group, n = 21
	p-Value





	Demographics and clinical data
	
	
	



	Gender, female, %
	15 (71%)
	12 (57%)
	0.334



	Age, year
	35.6 ± 8.3
	38.5 ± 13.7
	0.419



	eGFR, mL/min/1.73 m2
	109.1 (103.3–120.1)
	111 (72.6–138.1)
	0.835



	Primary diagnosis, n (%)
	
	
	



	Glomerular disease
	N/A
	19 (90%)
	



	Post-transplant CKD
	N/A
	1 (4,76%)
	



	CKD of unknown etiology
	N/A
	1 (4.76%)
	



	Biochemistry
	
	
	



	Serum creatinine, µmol/L
	65.1 (59.6–71.4)
	69.6 (57.4–127.9)
	0.285



	Serum urea, mmol/L
	4.0 (3.5–4.6)
	5.2 (4.0–8.6)
	0.014



	Serum glucose, mmol/L
	5.1 (4.9–5.5)
	5.0 (4.4–5.3)
	0.973



	Serum uric acid, mcmol/L
	277.5 (234.7–321.0)
	359.6 (283.0–436.4)
	0.018



	Serum sodium, mmol/L
	139.5 (138–141)
	140 (139–141)
	0.863



	Serum potassium, mmol/L
	4.4 (4.1–4.8)
	4.2 (4.0–4.6)
	0.232



	Ca ionized, mmol/L
	1.3 (1.3–1.3)
	1.3 (1.3–1.3)
	0.071



	Total bilirubin, mcmol/L
	7.1 (5.0–11.5)
	5.0 (3.1–7.7)
	0.042



	ALT, mckat/L
	0.2 (0.1–0.3)
	0.3 (0.2–0.5)
	0.111



	ACT, mckat/L
	0.3 (0.2–0.3)
	0.3 (0.2–0.4)
	0.396



	Total cholesterol, mmol/L
	4.4 (4.0–4.7)
	6.5 (5.5–7.9)
	<0.0001



	HDL, mmol/L
	1.5 (1.2–1.9)
	1.4 (1.1–1.7)
	0.514



	LDL, mmol/L
	2.7 (2.2–3.2)
	4.1 (3.3–5.6)
	0.0001



	Triglycerides, mmol/L
	0.9 (0.6–1.3)
	2.3 (1.4–3.0)
	<0.0001



	Serum total protein, g/L
	68.9 (66.5–72.0)
	50.8 (44.8–64.6)
	<0.0001



	Protein fractions, %
	
	
	



	Albumin
	68.4 (66.1–69.7)
	58.0 (43.9–63.1)
	<0.0001



	Globulin alpa-1
	1.9 (1.8–2.1)
	2.9 (2.3–3.4)
	<0.0001



	Globulin alpa-2
	8.5 (8.0–8.9)
	14.3 (10.9–19.9)
	<0.0001



	Globulin beta-1
	6.0 (5.6–6.4)
	8.5 (7.1–9.7)
	<0.0001



	Globulin beta-2
	3.2 (3.1–3.7)
	5.4 (3.9–7.3)
	0.0001



	Gamma globulin
	12.3 (10.9–14.4)
	10.3 (8.5–13.8)
	0.039



	CBC
	
	
	



	WBC 10 × 109/L
	5.4 (5.0–6.2)
	7.3 (6.8–8.9)
	0.0003



	RBC 10 × 1012/L
	4.7 (4.3–5.2)
	4.4 (4.0–4.7)
	0.043



	HGB g/L
	129 (121–155)
	125 (115–138)
	0.220



	PLT 10 × 109/L
	252 (228–298)
	284 (228–329)
	0.410



	ESR, mm/h
	9 (5–15)
	27 (12–37)
	0.002



	Urinalysis, 24 h
	
	
	



	Proteinuria, g/24 h
	0.1 (0.1–0.2)
	2.0 (1.4–6.9)
	<0.0001



	Sodium, mmol/24 h
	119 (71.0–164.9)
	206.4 (145.0–317.1)
	0.009



	Potassium, mmol/24 h
	40.8 (33.8–49.5)
	42.2 (33.5–51.1)
	0.697



	Uric acid, mmol/24 h
	2.4 (2.0–3.3)
	2.6 (1.6–3.4)
	0.990



	Creatinine, mmol/24 h
	9.6 (8.5–10.5)
	9.7 (8.0–13.5)
	0.464



	Proteomic data
	
	
	



	Total # of defined proteins, n
	250
	142
	



	emPAI for total proteins
	39.1 (19–53)
	67.8 (49–117)
	0.003



	# of selected proteins, n
	45
	32
	



	emPAI for selected proteins
	43.4 (24–71)
	45.1 (18–80)
	0.0001







Abbreviations: CKD: Chronic kidney disease; eGFR: estimated glomerular filtration rate; emPAI: exponentially modified protein abundance index; ALT: Alanine Aminotransferase; ACT: Activated Clotting Time; HDL: high-density lipoprotein; LDL: low-density lipoprotein; CBC: complete blood count; WBC: white blood cells; RBC: red blood cells; HGB: hemoglobin; PLT: platelet; ESR: Erythrocyte Sedimentation Rate.
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Table 2. Correlations between the level of 24 h Protein excretion and the emPAI of Urinary Proteome.
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	Urinary Proteome
	Protein Name
	Spearman’s Rho
	p-Value
	N of Obs
	Sum of emPAI
	emPAI, Median (IQR)
	Molecular Weight (Da)





	ALBU
	Albumin
	0.6287
	<0.0001
	42
	1388.9
	21.5 (5.0–44.1)
	69,367



	ZA2G
	Zinc-alpha-2-glycoprotein
	0.6254
	0.0001
	35
	37.32
	1 (0.4–1.85)
	34,259



	IGKC
	Immunoglobulin kappa constant
	0.4199
	0.0087
	38
	245.0
	3.3 (1.1–6.2)
	11,765



	FETUA
	Alpha-2-HS-glycoprotein
	0.5347
	0.0328
	16
	4.06
	0.2 (0.1–0.4)
	39,341



	VTDB
	Vitamin D-binding protein
	0.4742
	0.0125
	27
	13.67
	0.3 (0.2–0.8)
	52,918



	A1BG
	Alpha-1B-glycoprotein
	0.4296
	0.0321
	25
	25.85
	1.1 (0.7–1.3)
	54,254



	TRFE
	Serotransferrin
	0.3815
	0.0342
	31
	83.71
	2.5 (0.7–4.0)
	77,064



	IGHA2
	Immunoglobulin heavy constant alpha 2
	0.4833
	0.0494
	17
	11.13
	0.6 (0.5–0.8)
	36,591



	OSTP
	Osteopontin
	−0.8017
	<0.0001
	27
	9.47
	0.3 (0.2–0.4)
	35,423



	CD59
	CD59 glycoprotein
	−0.7633
	<0.0001
	28
	85.42
	2.4 (1.3–4.1)
	14,177



	UROM
	Uromodulin
	−0.7589
	<0.0001
	36
	56.16
	1.1 (0.2–2.7)
	69,761



	KNG1
	Kininogen-1
	−0.7269
	<0.0001
	33
	21.01
	0.6 (0.1–1.0)
	71,957



	RNAS1
	Ribonuclease pancreatic
	−0.6924
	<0.0001
	39
	38.62
	0.6 (0.4–1.7)
	17,644



	CD44
	CD44 antigen
	−0.6803
	0.0001
	26
	2.56
	0.1 (0.04–0.1)
	81,538



	AMBP
	Protein AMBP
	−0.5899
	<0.0001
	41
	160.57
	1.9 (0.8–4.4)
	38,999



	A2GL
	Leucine-rich alpha-2-glycoprotein
	−0.5478
	0.0186
	18
	4.60
	0.2 (0.2–0.3)
	38,178



	PTGDS
	Prostaglandin-H2 D-isomerase
	−0.3365
	0.0389
	38
	44.05
	1.2 (0.5–1.3)
	21,029
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Table 3. Correlations of Serum Creatinine level and eGFR with emPAI of some proteins.
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Information about Proteins

	
Serum Creatinine

	
eGFR




	
Urinary Proteome

	
Protein Name

	
Molecular Weight (Da)

	
N of Obs

	
Spearman’s Rho

	
p-Value

	
Spearman’s Rho

	
p-Value






	
VTDB

	
Vitamin D-binding protein

	
52,918

	
26

	
0.6172

	
0.0008

	
−0.3944

	
0.0461




	
AACT

	
Alpha-1-antichymotrypsin

	
47,651

	
17

	
−0.6271

	
0.0071

	
0.3611

	
0.1544




	
A1AG2

	
Alpha-1-acid glycoprotein 2

	
23,603

	
21

	
−0.4637

	
0.0342

	
0.2023

	
0.3791




	
VTNC

	
Vitronectin

	
54,306

	
12

	
−0.5999

	
0.0392

	
0.4888

	
0.1068




	
CD44

	
CD44 antigen

	
81,538

	
25

	
−0.1365

	
0.5154

	
0.4696

	
0.0179
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