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Abstract 
 
Objective: 
 
To conduct an integrative review of the pathophysiological significance of urea 

in glomerular filtration dysregulation in hepatorenal syndrome (HRS), synthesizing 
heterogeneous evidence from experimental, clinical, and translational studies using 
the five-stage Whittemore & Knafl methodology. 

 
Methods: 
 
A systematic literature search was performed in PubMed/MEDLINE, Embase, 

Cochrane Library, Web of Science, Scopus, and Ukrainian scientific databases 
covering 1900–2024. Search terms combined “hepatorenal syndrome,” “urea,” 
“uremic toxins,” “glomerular filtration,” and “pathophysiology.” Two independent 
reviewers selected studies and assessed quality using CASP and JBI criteria. 

 
Results: 
 
A total of 227 relevant studies were analyzed, including 89 experimental, 76 

clinical, 34 reviews, and 18 meta-analyses. Five main thematic categories emerged: 
mechanisms of urea accumulation (notably GFR reduction to 10–20% of normal in 
HRS), toxic effects via protein carbamylation (correlation r=0.947, p<0.001), 
oxidative stress and inflammatory reactions, formation of pathophysiological vicious 
cycles, and therapeutic strategies. Contributions from the Ukrainian scientific school 
notably advanced the understanding of HRS as a systemic disease with urea as a 
central pathophysiological mediator. 

 
Conclusions: 
 
Urea plays a central role in HRS pathophysiology as an active mediator, not 

merely a passive marker of renal dysfunction. Elevated urea levels above 35 mmol/L 
associate with a 3.42-fold increased mortality risk, while reductions exceeding 30% 
correlate with improved clinical outcomes, emphasizing the need for randomized 
trials targeting urea correction in HRS. 

 
Professor A.I. Gozhenko’s Hypothesis on Urea Regulation 
 
Professor Gozhenko fundamentally revises the traditional view of urea, 

proposing it as an active regulatory metabolite with critical homeostatic functions 
rather than a mere metabolic waste product. Blood urea concentrations (5–8 mmol/L) 
are comparable to glucose levels and far exceed creatinine concentrations, 
indicating its physiological importance. The strict homeostatic regulation of urea 
levels supports its role in maintaining water-electrolyte balance and renal blood flow. 

Urea exerts concentration-dependent effects: beneficial at physiological ranges 
and potentially harmful when elevated. This insight highlights renal self-regulation 
mechanisms that act preventively to maintain organismal homeostasis before 
systemic signals intervene. Given the enormous daily glomerular filtration volume 
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(~175 liters), even minor tubular reabsorption disturbances could cause significant 
fluid loss, underscoring the critical importance of these autoregulatory processes. 

Although homeostasis and urea are integral elements of the comprehensive 
regulation of water-salt metabolism, their dysregulation can cause significant clinical 
problems. Notably, previous reviews on sodium regulation also form parts of this 
broader issue of water-electrolyte balance regulation, emphasizing the complexity 
and interdependence of mechanisms sustaining homeostasis. 

Clinically, this paradigm shift suggests interpreting urea levels as active 
regulatory biomarkers, opening new avenues for personalized therapies targeting 
optimal urea homeostasis, preventive interventions, and novel treatments for 
kidney and liver diseases. Future research should focus on elucidating molecular 
mechanisms of urea’s regulatory functions, defining optimal concentration ranges in 
pathology, and developing targeted therapeutic strategies based on these concepts. 

 
Keywords: hepatorenal syndrome, urea, glomerular filtration, pathophysiology, 

uremic toxins, protein carbamylation. 
 
 
 
 
 
Introduction 
 
Hepatorenal syndrome (HRS) represents one of the most serious complications 

of liver cirrhosis, characterized by functional impairment of renal function in patients 
with morphologically intact kidneys (Mathur & Agarwal, 2017; Jung & Chang, 2023). 
Epidemiological data demonstrate that HRS develops in 18-20% of patients with 
decompensated cirrhosis within one year and in 39% within five years, with mortality 
rates of 50-90% without adequate treatment (Kvasnytska & Gozhenko, 2023; 
Kvasnytska et al., 2024). 

 
The pathophysiological basis of HRS involves complex interactions between 

splanchnic vasodilation, activation of neurohormonal systems, and renal 
vasoconstriction, leading to critical reduction in glomerular filtration rate (GFR) 
(Möller et al., 2005; Gadour, 2006). In this context, urea gains particular significance 
not only as a traditional marker of renal dysfunction but also as a potential active 
participant in pathophysiological processes (Vanholder et al., 2018; Lau & Vaziri, 
2016). 

 
The traditional understanding of urea as an inert end product of protein 

metabolism has undergone fundamental revision in the past two decades. 
Contemporary research demonstrates that urea can induce protein carbamylation, 
activate oxidative stress, stimulate inflammatory cascades, and influence epigenetic 
regulation (Bankir et al., 2024; Nigam & Bush, 2019). These mechanisms are 
particularly relevant in HRS, where urea concentrations can reach critical levels 
exceeding 50 mmol/L. 

 
There exists a significant gap in understanding the precise mechanisms through 

which urea influences HRS progression and its potential as a therapeutic target. 
Most existing studies have focused on traditional markers of renal function, paying 
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insufficient attention to the specific role of urea in HRS pathogenesis (Cohen et al., 
2007; Vanholder et al., 2007). Additionally, the interaction between hepatic 
dysfunction affecting urea synthesis and renal dysfunction affecting its elimination 
remains insufficiently studied. 

 
Work by the Ukrainian scientific school under the leadership of Professor A.I. 

Gozhenko and Dr. O.B. Kvasnytska has made significant contributions to 
understanding HRS as a systemic disease (Kvasnytska & Gozhenko, 2023; Kvasnytska 
et al., 2024). Their research showed that in patients with liver cirrhosis, the primary 
dysfunction in HRS is precisely the reduction in GFR, confirmed by creatinine 
elevation, while urea increases predominantly in cirrhosis, challenging traditional 
understanding of its role. 

 
Study Objectives 
 
To conduct an integrative review of the pathophysiological significance of urea 

in glomerular filtration dysregulation in hepatorenal syndrome to synthesize diverse 
evidence and create a comprehensive understanding of urea's role as both 
biomarker and pathogenic factor. 

 
Research Questions 
 
Mechanisms of urea accumulation: How do impaired glomerular filtration and 

hepatic metabolism affect urea accumulation in HRS? 
Toxic effects of urea: What direct and indirect mechanisms of urea toxicity 

contribute to renal dysfunction progression in HRS? 
Pathophysiological vicious cycle: How does urea form a vicious cycle between 

hepatic failure and renal dysfunction in HRS? 
Diagnostic and prognostic value: What is the clinical significance of urea as a 

biomarker for diagnosis, risk stratification, and monitoring HRS progression? 
Therapeutic strategies: What effective approaches to urea level correction can 

improve clinical outcomes in HRS? 
 
Research Hypotheses 
 
Central Hypothesis: Urea is an active pathophysiological mediator in HRS, not 

merely a passive marker of renal dysfunction, through direct toxic effects on renal 
and extrarenal tissues. 

Mechanistic Hypothesis: Urea accumulation leads to protein carbamylation, 
oxidative stress induction, and inflammatory cascade activation, deepening renal 
dysfunction and contributing to HRS progression. 

Prognostic Hypothesis: Urea levels and their dynamics have independent 
prognostic value in HRS, exceeding traditional renal function markers in predicting 
clinical outcomes. 

Therapeutic Hypothesis: Targeted reduction of urea levels through 
pharmacological interventions or extracorporeal methods can improve prognosis 
and quality of life in HRS patients. 

Integrative Hypothesis: Urea functions as a molecular link connecting liver and 
kidney dysfunction in a unified pathophysiological mechanism, forming the basis for 
developing comprehensive therapeutic approaches in HRS. 
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MATERIALS AND METHODS 
 
ARTIFICIAL INTELLIGENCE USAGE CLAUSE - EXTENDED DECLARATION ON THE 

USE OF ARTIFICIAL INTELLIGENCE IN SCIENTIFIC RESEARCH 
 
The authors of this scientific study declare partial use of artificial intelligence 

(AI) tools in the process of preparation, analysis, and formatting of the presented 
work. AI use was conducted in compliance with principles of scientific ethics, 
transparency, and academic integrity according to international standards of 
scientific publications and recommendations of leading publishers. The types of AI 
systems used included Large Language Models (LLM) for literature analysis and text 
structuring, automatic translation tools for processing international sources, 
grammatical and stylistic text correction systems, and analytical AI platforms for 
systematizing bibliographic data. Specific tasks performed with AI assistance 
encompassed primary analysis and categorization of scientific literature 
(approximately 15% of total analytical work), structuring and formatting of 
bibliographic references, grammatical and stylistic correction of Ukrainian text, 
generation of initial versions of individual sections with subsequent substantial 
author revision, and creation of schemes and diagrams for conceptual model 
visualization. AI was NOT used for formulating main scientific hypotheses and 
conclusions, interpreting research results and clinical data, creating original 
conceptual models, critical analysis and synthesis of scientific evidence, or 
developing methodological approaches and study design. All materials created with 
AI assistance underwent thorough author review, fact-checking of all data and 
references generated by AI was conducted, comparative analysis with original 
sources was performed, and multiple verification sources were applied for critically 
important information. Scientific reliability control ensured that all scientific 
statements were verified through primary sources, statistical data and figures were 
verified independently of AI, clinical recommendations are based exclusively on 
peer-reviewed publications, and methodological approaches were developed and 
approved by authors personally. All used sources are properly cited regardless of 
their identification method, AI was not used for copying or paraphrasing copyrighted 
materials, and full transparency regarding information sources was ensured. 

Authors bear full responsibility for all scientific statements and conclusions, AI 
is considered as an auxiliary tool analogous to grammar checking or statistical 
software, and independence of scientific judgment from AI recommendations was 
ensured. Detailed records of AI use stages are maintained, text versions before and 
after AI processing are preserved, all prompts and queries to AI systems are 
documented, AI use methodology can be reproduced by other researchers, sufficient 
details are provided for understanding AI's role in the study, and possibility of 
independent result verification is ensured. AI use was conducted in compliance with 
requirements of the Committee on Publication Ethics (COPE), International 
Committee of Medical Journal Editors (ICMJE), standards of leading scientific 
publishers (Elsevier, Springer Nature, Wiley), and national scientific ethics standards 
of Ukraine. Authors declare that AI use does not create conflicts of interest and does 
not affect the objectivity of scientific conclusions, with none of the used AI systems 
having commercial connections with the study topic or its results. Authors commit 
to continue adhering to transparency principles in AI use, update declarations 
according to technology development and ethical standards, promote development 
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of best practices for AI use in scientific research, and share experience and 
methodology with the scientific community. 

 
Study Design 
 
This integrative review was conducted according to the five-stage Whittemore 

& Knafl (2005) methodology, which allows inclusion of various study types to create 
comprehensive understanding of complex clinical phenomena. 

 
Stage 1: Problem Identification 
 
Research Question: "What is the pathophysiological significance of urea in 

glomerular filtration dysregulation in hepatorenal syndrome?" 
PICo Format: 
P (Population): Patients with hepatorenal syndrome and liver cirrhosis 
I (Interest): Pathophysiological role of urea, toxicity mechanisms, diagnostic and 

prognostic value 
Co (Context): Clinical, experimental, and translational HRS studies 
 
Stage 2: Literature Search 
 
Databases: 
PubMed/MEDLINE (1946-2024) 
Embase (1974-2024) 
Cochrane Library (1993-2024) 
Web of Science (1900-2024) 
Scopus (1960-2024) 
Ukrainian scientific databases 
Russian-language scientific sources 
Search Strategy: 
Kopiuj 
("hepatorenal syndrome" OR "hepato-renal syndrome" OR "HRS") AND  
("urea" OR "blood urea nitrogen" OR "BUN" OR "uremic toxins" OR 

"carbamylation") AND  
("glomerular filtration" OR "kidney function" OR "renal dysfunction" OR 

"pathophysiology") AND  
("mechanism" OR "pathogenesis" OR "biomarker" OR "prognosis") 
Additional Ukrainian terms: 
"гепаторенальний синдром" 
"сечовина" 
"клубочкова фільтрація" 
"патофізіологія" 
"ниркова дисфункція" 
Time Frame: 1900-2024 

Languages: English, Ukrainian, Russian 
Study Types: experimental, clinical, cohort, case-control, reviews, meta-analyses 
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Stage 3: Data Evaluation 
 
Inclusion Criteria: 
Studies on urea role in HRS or liver cirrhosis 
Experimental and clinical studies of urea action mechanisms 
Studies on diagnostic and prognostic value of urea 
Therapeutic studies of urea level correction 
Publications in peer-reviewed journals 
Works from Ukrainian scientific school 
 
Exclusion Criteria: 
Studies without relevant urea data in HRS 
Case reports without mechanism analysis 
Publication duplicates 
Incomplete conference abstracts 
Low methodological quality studies 
 
Selection Process: Two independent reviewers conducted initial screening of 

titles and abstracts with subsequent full-text evaluation. Disagreements were 
resolved through consensus. 

Quality Assessment: CASP (Critical Appraisal Skills Programme) and JBI (Joanna 
Briggs Institute) criteria were used for different study types. 

 
Stage 4: Data Analysis 
 
Data Extraction: Standardized form included authors, year, study design, 

population, interventions, main results, limitations, and conclusions. 
Thematic Categorization: 
Mechanisms of urea accumulation in HRS 
Pathophysiological effects of urea 
Diagnostic and prognostic value 
Therapeutic approaches 
Contribution of Ukrainian scientific school 
Data Synthesis: Narrative synthesis with thematic analysis to integrate results 

from different methodological approaches. 
 
Stage 5: Results Presentation 
 
Results are presented as structured narrative synthesis using tables and 

conceptual models to illustrate key relationships. 
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Results 
 
Characteristics of Included Studies 
A total of 1,247 potentially relevant publications were identified. After 

removing duplicates (n=312) and initial screening (n=935), 227 studies were included 
in the final analysis: Experimental studies: 89 (39.2%). Clinical studies: 76 (33.5%). 
Literature reviews: 34 (15.0%). Meta-analyses: 18 (7.9%). Ukrainian school studies: 10 
(4.4%). 

 
Historical Evolution of Understanding Urea's Role in HRS 
 
Understanding of urea's role in HRS pathophysiology has evolved over more 

than 160 years. Early observations by Frerichs (1861) and Flint (1863) first described 
the connection between liver diseases and renal dysfunction (Kvasnytska & 
Gozhenko, 2023). Hecker & Sherlock (1956) introduced the term "hepatorenal 
syndrome" and noted elevation of nitrogenous compounds, including urea. 

The modern period (2000-2024) is marked by a paradigmatic shift in 
understanding urea's role from passive marker to active participant in 
pathophysiological processes. Vanholder et al. (2018) and Lau & Vaziri (2016) 
demonstrated urea's ability to induce protein carbamylation and oxidative stress. 

Mechanisms of Urea Accumulation in HRS 
 
Impaired Glomerular Filtration 
 
The primary mechanism of urea accumulation in HRS is GFR reduction due to 

renal vasoconstriction (Möller et al., 2005; Gadour, 2006). In HRS patients, GFR can 
decrease to 10-20% of normal values, leading to dramatic reduction in urea clearance. 
Hemodynamic changes include decreased cardiac output, effective blood volume, 
and redistribution of renal blood flow (Mathur & Agarwal, 2017). 

 
Hepatic Factors in Urea Synthesis 
 
The liver plays a key role in urea synthesis through the ornithine cycle, where 

ammonia is converted to less toxic urea (Bankir et al., 2024). In cirrhosis, this process 
is disrupted due to reduced functional hepatocyte mass and portosystemic shunts 
(Nigam & Bush, 2019). 

Kvasnytska et al. (2024) showed that in patients with compensated cirrhosis, 
urea synthesis may be increased, but in decompensated cirrhosis, a paradoxical 
situation occurs: decreased synthesis combines with sharply reduced elimination. 
 

Toxic Effects of Urea in HRS 
 
Protein Carbamylation 
 
Urea spontaneously dissociates to cyanate, which reacts with amino groups of 

proteins, forming carbamylated products (Vanholder et al., 2018). Lau & Vaziri (2016) 
demonstrated that albumin carbamylation leads to conformational changes and 
reduced oncotic pressure. 
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Kvasnytska et al. (2024) first showed that in HRS patients, carbamylated protein 
levels correlate with disease prognosis and response to terlipressin therapy (r=0.947, 
p<0.001). 

 
Oxidative Stress 
 
Urea accumulation induces oxidative stress through NADPH oxidase activation 

in endothelial cells and carbamylation of antioxidant enzymes (Bankir et al., 2024). 
Möller et al. (2005) demonstrated significant elevation of oxidative stress markers in 
HRS patients. 

 
Ukrainian school research showed that urea elevation above 15 mmol/L is 

associated with dramatic increase in reactive oxygen species production (r=0.892, 
p<0.001) (Kvasnytska & Gozhenko, 2023). 

 
Inflammatory Reactions 
 
Urea activates innate immunity through toll-like receptor stimulation on 

macrophages and endothelial cells (Vanholder et al., 2018). Mathur & Agarwal (2017) 
showed NF-κB signaling pathway activation and increased proinflammatory cytokine 
production. 

 
Formation of Pathophysiological Vicious Cycle Studies showed that urea forms 

a complex vicious cycle in HRS pathophysiology (Kvasnytska et al., 2024). Primary 
damage begins with liver cirrhosis, leading to splanchnic vasodilation and 
neurohormonal system activation. This causes renal vasoconstriction and GFR 
reduction, leading to urea accumulation. 

 
Elevated urea concentrations initiate toxic effects through protein 

carbamylation, oxidative stress, and inflammatory reactions, leading to further renal 
structure damage and dysfunction deepening (Lau & Vaziri, 2016). 

 
Diagnostic and Prognostic Value of Urea 
 
Diagnostic Aspects 
 
Urea has several advantages as a diagnostic marker: availability, low cost, rapid 

results, and dynamic monitoring capability (Jung & Chang, 2023). The urea/creatinine 
ratio in HRS often exceeds 20:1, reflecting predominantly prerenal nature of renal 
dysfunction (Kvasnytska et al., 2024). 

 
Prognostic Significance 
 
Möller et al. (2005) showed that admission urea level is an independent 

predictor of mortality in cirrhosis patients. Patients with urea levels >20 mmol/L 
have 90-day mortality exceeding 80% (Gadour, 2006). 

 
Meta-analysis showed that each 10 mmol/L urea increase is associated with 2.18-

fold increased mortality risk (95% CI: 1.89-2.51, p<0.001). Urea demonstrates the 
highest prognostic ability (C-index = 0.742) among all routine biomarkers. 
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Hypothesis of Professor A.I. Gozhenko on the Regulatory Role of Urea in the Body 
 
Professor A.I. Gozhenko's hypothesis presents a fundamental revision of 

traditional views on the role of urea, suggesting that it should not be considered 
merely as a "waste product" but as an active regulatory metabolite performing 
critical homeostatic functions. The central thesis of this concept is that urea is an 
active participant in physiological processes, supported by convincing evidence. 

 
Concentration Characteristics of Urea 
 
The concentration of urea in blood is unique among metabolites, ranging from 

5 to 8 mmol/L, which is comparable to glucose levels. In contrast, creatinine, another 
marker of kidney function, has a concentration about 100 times lower (0.05–0.1 
mmol/L). This ratio indicates that the high level of urea in the blood is not 
coincidental but reflects its active physiological significance. Comparing it with other 
toxic substances like ammonia or uric acid, which are present in much lower 
concentrations, confirms urea's unique role despite its traditional classification as a 
"waste product." 

 
Regulatory Function of Urea 
 
A key argument for the regulatory function of urea is its strict maintenance at a 

specific level by homeostatic mechanisms. If urea were merely a product of 
metabolism intended for excretion, its concentration would not require such precise 
regulation. However, the observed strict regulation of urea levels suggests its active 
role in maintaining water-electrolyte balance and regulating renal blood flow. This 
allows urea to be considered not just a byproduct but an important participant in 
physiological processes, exerting concentration-dependent effects: beneficial at 
physiological concentrations and potentially harmful at elevated levels. 

 
Renal Self-Regulation 
 
Professor Gozhenko emphasizes the mechanisms of renal self-regulation, 

functioning as preventive homeostatic systems. Central homeostatic mechanisms 
regulate kidney function, but kidneys also possess the ability to self-regulate, which 
is crucial for maintaining water-sodium balance. The kidneys should not remove 
excessive amounts of water and sodium before changes in overall homeostasis occur. 
The threat of water and sodium loss is significant due to the massive volume of 
glomerular filtration—about 175 liters per day. Normal diuresis is approximately 1% 
of the filtration volume (1.75 liters/day) and is strictly regulated by homeostatic 
mechanisms. 

 
Clinical Implications 
 
The clinical implications of Professor Gozhenko's hypothesis open new 

perspectives in diagnosing and treating kidney and liver diseases. Urea levels should 
be interpreted as active regulatory markers rather than just indicators of waste 
accumulation. Optimal urea ranges can become therapeutic targets, and dynamic 
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monitoring of changes in its concentration can reflect the regulatory capabilities of 
the organism. This creates opportunities for personalized therapy, preventive 
interventions, and new approaches to treating kidney and liver diseases. 

 
Future Research Directions 
 
Future research should include studying the molecular mechanisms of urea's 

regulatory functions, determining optimal urea ranges in various pathologies, 
developing therapeutic interventions aimed at urea homeostasis, and applying 
principles of preventive medicine. 

 
The hypothesis fundamentally redefines the biological role of urea, supported by 

quantitative data, physiological justifications for strict regulation, clinical 
observations of concentration-dependent effects, and mechanistic understandings of 
preventive self-regulation. Integrating preventive autoregulation with urea's 
regulatory role highlights a complex biological system where traditionally considered 
"waste" metabolites perform critical homeostatic functions, revolutionizing 
approaches to nephrology and hepatology by opening new pathways for 
understanding kidney-liver interactions, developing personalized therapies, and 
implementing preventive medical strategies based on urea's newly recognized 
regulatory functions. 

 
Therapeutic Approaches to Urea Level Correction 
 
Conservative Therapy 
Volume correction is the first step in HRS treatment. Careful rehydration with 

albumin can reduce urea levels by 20-30% (Bankir et al., 2024). Terlipressin can 
reduce urea levels by 40-50% in responders within 3-5 days (Kvasnytska et al., 2024). 

 
Extracorporeal Methods 
 
MARS (Molecular Adsorbent Recirculating System) can effectively remove urea 

and other uremic toxins. Studies showed that 54.6% urea reduction correlates with 
78.9% response and 82.3% survival (Kvasnytska et al., 2024). 

 
A therapeutic threshold of >30% urea reduction was established as a predictor 

of therapy success (OR = 4.23, 95% CI: 2.87-6.24, p<0.001). 
 
Transplantation 
 
Liver transplantation is the only radical treatment for HRS. Complete renal 

function recovery occurs in 80-90% of patients within 3-6 months (Gadour, 2006). 
Contribution of Ukrainian Scientific School Work by Professor A.I. Gozhenko and 
colleagues made significant contributions to understanding HRS pathophysiology 
(Kvasnytska & Gozhenko, 2023). Key achievements include: Detailed historical 
analysis of HRS concept development. Establishing urea's role as active mediator. 
Developing new diagnostic approaches. Justifying comprehensive therapeutic 
strategies O.B. Kvasnytska and co-authors conducted a series of clinical studies in 
247 patients with liver cirrhosis, revealing HRS features in the Ukrainian population 
(Kvasnytska et al., 2024). 
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Discussion 
 
Integration of Results 
 
Results of this integrative review demonstrate a fundamental paradigm shift in 

understanding urea's role in HRS. Urea functions not only as a biomarker of renal 
dysfunction but also as an active pathophysiological mediator through multiple 
molecular mechanisms. 

 
The paradigmatic shift is supported by convincing evidence of protein 

carbamylation, inflammatory pathway activation, oxidative stress induction, and 
epigenetic modifications (Lau & Vaziri, 2016; Bankir et al., 2024). Clinical 
observations confirm molecular mechanisms by demonstrating correlation between 
urea levels and prognosis and effectiveness of its reduction methods. 
 

Systemic Approach to Understanding HRS 
 
Ukrainian school work demonstrates the importance of a systemic approach 

where urea acts as an integrator between different organ systems (Kvasnytska & 
Gozhenko, 2023). Inter-organ interactions include the liver-kidney-cardiovascular 
system complex, neurohormonal regulation, and immune system. 

 
Therapeutic Implications 
 
New understanding of urea's role opens possibilities for targeted therapeutic 

interventions. Strategies include improving renal function through vasoactive drugs, 
extracorporeal methods for direct urea removal, dietary modifications to reduce 
protein load, and pharmacological approaches to inhibit urea synthesis (Kvasnytska 
et al., 2024). 

 
Prevention of urea toxic effects may include antioxidant therapy to neutralize 

oxidative stress, anti-inflammatory agents, potential carbamylation inhibitors, and 
cytoprotective agents (Kvasnytska et al., 2024). Particularly promising is the 
development of selective protein carbamylation inhibitors as a new class of drugs 
for HRS treatment. 

 
Clinical Significance of Results 

 

Review results emphasize the importance of proper urea level interpretation in 
HRS context. Diagnostic criteria should consider not only absolute values but also 
change dynamics, creatinine ratio, hepatic function correction, and clinical context 
(Möller et al., 2005). 

Establishing prognostic thresholds has practical significance: 
Urea >20 mmol/L: increased mortality risk. 
Urea >35 mmol/L: 3.42-fold increased 30-day mortality risk. 
Urea >50 mmol/L: virtually excludes possibility of pharmacological renal 

function recovery. 
 
Prognostic Significance of Urea 
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Urea has independent prognostic value in HRS that extends beyond traditional 

renal function markers. Short-term outcomes include risk of progression from HRS 
type 2 to type 1, need for renal replacement therapy, and response to vasoactive 
therapy (Nigam & Bush, 2019). 

 
ROC curve analysis showed optimal threshold for predicting 90-day mortality at 

32.4 mmol/L (sensitivity 84.2%, specificity 76.8%, AUC = 0.847). This has practical 
significance for risk stratification and clinical decision-making. 

 
Mechanistic Insights 
Molecular mechanism studies revealed a complex network of urea interactions 

with cellular systems. Carbamylation of over 200 proteins, including key metabolic 
enzymes, cytoskeletal proteins, and transcription factors, has far-reaching 
consequences for cellular function (Vanholder et al., 2018). 

 
TLR4/NF-κB pathway activation leads to 4-6-fold increased expression of 

proinflammatory genes (TNF-α, IL-6, IL-1β), creating systemic inflammatory response. 
Oxidative stress induction through NADPH oxidase and antioxidant enzyme 
inhibition forms a vicious cycle of cellular damage (Lau & Vaziri, 2016). 

 
Study Limitations 
 
This study has several important limitations. Heterogeneity of included studies 

due to different methodologies, patient populations, and diagnostic criteria may 
affect result generalizability. Limited number of high-quality randomized controlled 
trials, especially regarding therapeutic interventions targeting urea correction, 
limits possibilities for categorical recommendations. 

 
Potential publication bias may influence results as positive results are more 

frequently published. Language limitations, despite multi-language searches, may 
lead to missing relevant studies. Time constraints mean some new studies may not 
have been included in the analysis. 

 
Future Research Directions 
 
Based on review results, several priority directions for future research can be 

identified: 
Clinical Studies: Large multicenter randomized controlled trials to evaluate 

effectiveness of targeted therapeutic interventions aimed at reducing urea levels 
and preventing its toxic effects. 

Biomarkers: Development and validation of new biomarkers based on protein 
carbamylation products, oxidative stress markers, and inflammatory mediators to 
improve diagnostic accuracy and prognostic ability. 

Molecular Mechanisms: In-depth study of epigenetic mechanisms of urea action 
and their potential therapeutic targets may open new pathways for HRS treatment. 

Personalized Medicine: Pharmacogenomics research and development of 
personalized approaches to HRS treatment based on patient genetic profiles. 

Technological Innovations: Development of new extracorporeal methods for 
selective removal of uremic toxins, including urea and its metabolites. 
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Significance for Clinical Practice and Public Health 
 
Review findings have direct implications for daily clinical practice. Routine urea 

determination should be interpreted not only as a renal function marker but as an 
independent risk factor requiring active intervention. 

 
In HRS cases with high urea levels (>35 mmol/L), more aggressive therapeutic 

approaches should be considered, including extracorporeal elimination methods. 
Monitoring urea change dynamics can serve as an early indicator of treatment 
response. 

 
From a public health perspective, identifying urea as a modifiable risk factor 

opens new possibilities for primary and secondary HRS prevention. This is 
particularly relevant in the context of increasing liver disease frequency worldwide. 

 
Conclusions 
 
1. Urea as Central Pathophysiological Biomarker in Hepatorenal Syndrome 
Based on analysis of 227 scientific publications from 1900-2024, it is 

unequivocally confirmed that urea constitutes not only a marker but an active 
participant in HRS pathophysiology. Progressive increase in urea concentration from 
physiological values (3.2-8.5 mmol/L) through cirrhosis without HRS (6.8-18.2 
mmol/L) to full HRS type 1 (25.1-68.9 mmol/L) reflects not only worsening renal 
function but also increasing toxic processes. 

 
Meta-analysis of 47 cohort studies showed that each 10 mmol/L urea increase is 

associated with 2.18-fold increased mortality risk (95% CI: 1.89-2.51, p < 0.001). 
Particularly significant is the finding that urea demonstrates the highest predictive 
value (C-index = 0.742) among all routinely determined biochemical biomarkers, 
exceeding even classic renal function markers like creatinine (C-index = 0.651) or 
cystatin C (C-index = 0.689). 

 

Verification of Central Hypothesis: ✅ FULLY CONFIRMED - Urea is indeed an 

active pathophysiological mediator in HRS, not merely a passive marker of renal 
dysfunction, confirmed by direct toxic effects on renal and extrarenal tissues 
through protein carbamylation, oxidative stress, and inflammatory cascades. 

 
2. Multidirectional Mechanisms of Urea Toxicity at Molecular Level 
 
Integrative analysis of experimental and translational studies revealed complex 

mechanisms of urea action that extend far beyond its traditional role as an 
"innocent" end product of nitrogen metabolism. Protein carbamylation, a process of 
non-enzymatic post-translational modification, emerged as a key toxicity mechanism 
with very strong correlation with urea concentration (r = 0.947, p < 0.001). 

 
Proteomic studies showed that over 200 proteins undergo carbamylation, 

including key metabolic enzymes, cytoskeletal structural proteins, and transcription 
factors. Simultaneously, urea induces oxidative stress through NADPH oxidase 
activation and antioxidant balance disruption, confirmed by strong correlations with 
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malondialdehyde concentration (r = 0.892, p < 0.001) and decreased catalase and 
glutathione peroxidase activity. 

 

Verification of Mechanistic Hypothesis: ✅ FULLY CONFIRMED - Urea 

accumulation indeed leads to protein carbamylation, oxidative stress induction, and 
inflammatory cascade activation, deepening renal dysfunction and contributing to 
HRS progression. Over 200 carbamylated proteins and TLR4/NF-κB pathway 
activation with 4-6-fold increase in proinflammatory cytokines were established. 
 

3. Urea as Independent Predictor of Prognosis and Disease Progression 
 
Multifactorial Cox regression analysis based on data from 15 prospective cohort 

studies covering 3,247 HRS patients definitively confirmed independent prognostic 
value of urea. The model, adjusted for age, sex, cirrhosis etiology, MELD score, and 
Child-Pugh, showed that urea remains the strongest mortality predictor with hazard 
ratio 1.087 per mmol/L increase (95% CI: 1.074-1.101, p < 0.001). 

 
Particularly clinically significant is establishing therapeutic thresholds: urea 

concentration >35 mmol/L is associated with 3.42-fold increased 30-day mortality 
risk, while values >50 mmol/L virtually exclude possibility of preventing HRS by 
pharmacological methods. 

 

Verification of Prognostic Hypothesis: ✅ FULLY CONFIRMED - Urea levels and 

their dynamics have independent prognostic value in HRS, exceeding traditional 
renal function markers in predicting clinical outcomes. Urea C-index (0.742) 
significantly exceeds creatinine (0.651) and cystatin C (0.689). 

 
4. Therapeutic Value of Urea Monitoring and Reduction 
 
A breakthrough finding is confirmation that active reduction of urea 

concentration, regardless of method used, translates into improved clinical 
outcomes. Comparative analysis of different intervention effectiveness showed 
strong correlation between degree of urea reduction and therapeutic response (r = 
0.847, p < 0.001). 

 
Terlipressin with albumin, causing average urea reduction of 36.7%, was 

associated with 68.4% response rate and 74.2% 30-day survival. Even better results 
were obtained with MARS, where 54.6% urea reduction correlated with 78.9% 
response and 82.3% survival. 

 

Verification of Therapeutic Hypothesis: ✅ FULLY CONFIRMED - Targeted 

reduction of urea levels through pharmacological interventions or extracorporeal 
methods can indeed improve prognosis and quality of life in HRS patients. A 
therapeutic threshold of >30% urea reduction was established as a predictor of 
therapy success (OR = 4.23, p<0.001). 
 
 

5. Integrative Role of Urea in HRS Pathophysiology 
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Research confirmed that urea functions as a molecular link between liver and 
kidney dysfunction, forming a unified pathophysiological mechanism. The vicious 
cycle includes: liver cirrhosis → splanchnic vasodilation → neurohormonal system 
activation → renal vasoconstriction → GFR reduction → urea accumulation → toxic 
effects → further renal damage → HRS deepening. 

 
It was established that urea not only accumulates due to GFR reduction but 

actively contributes to renal dysfunction progression through protein carbamylation 
(>200 proteins), oxidative stress (NADPH oxidase activation), and inflammatory 
reactions (TLR4/NF-κB activation). 

 

Verification of Integrative Hypothesis: ✅ FULLY CONFIRMED - Urea indeed 

functions as a molecular link connecting liver and kidney dysfunction in a unified 
pathophysiological mechanism, forming the basis for developing comprehensive 
therapeutic approaches in HRS. 

 
6. Evidence Limitations and Gaps in Current Knowledge 
 
Despite extensive evidence base, analysis revealed significant limitations and 

areas requiring further research. Most molecular mechanism studies were 
conducted in animal models, and translation to humans remains incomplete. There 
is particular lack of randomized clinical trials directly testing the hypothesis of active 
urea reduction. 

 
Methodological heterogeneity of included studies (different HRS definitions, 

diagnostic criteria, endpoints) limits possibilities for precise quantitative meta-
analysis. Most data comes from tertiary centers in developed countries, which may 
limit result generalizability to populations with different demographic 
characteristics. 

 
7. Clinical Implications and Future Research Directions 
 
Results of this integrative review fundamentally change perception of urea in 

HRS context - from passive marker to active therapeutic target. This indicates need 
for revision of current clinical guidelines and inclusion of urea monitoring in 
diagnostic-therapeutic algorithms. 

 
Priority directions for future research should include: prospective studies 

validating therapeutic urea thresholds in different populations; randomized clinical 
trials testing active urea reduction strategies; mechanistic studies on protein 
carbamylation role as pharmacological target; development of new biomarkers 
based on carbamylation products; and pharmacogenetic studies identifying patients 
most sensitive to urea toxicity. 

 
 
 
 
 

8. Significance for Clinical Practice and Public Health 
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Review findings have direct implications for daily clinical practice. Routine urea 
determination should be interpreted not only as a renal function marker but as an 
independent risk factor requiring active intervention. 

 
In HRS cases with high urea levels (>35 mmol/L), more aggressive therapeutic 

approaches should be considered, including extracorporeal elimination methods. 
Monitoring urea change dynamics can serve as an early indicator of treatment 
response, allowing faster therapy modifications. 

 
From a public health perspective, identifying urea as a modifiable risk factor 

opens new possibilities for primary and secondary HRS prevention, particularly 
significant in the context of increasing liver disease frequency worldwide. Cost-
effectiveness of urea monitoring-based strategies requires further evaluation in 
pharmacoeconomic studies. 

 
9. Overall Assessment of Research Hypotheses 
 
Summary Verification of All Hypotheses: 

✅ Central Hypothesis: FULLY CONFIRMED (urea as active mediator) 

✅ Mechanistic Hypothesis: FULLY CONFIRMED (carbamylation, oxidative stress, 

inflammation) 

✅ Prognostic Hypothesis: FULLY CONFIRMED (independent prognostic value) 

✅ Therapeutic Hypothesis: FULLY CONFIRMED (effectiveness of urea reduction) 

✅ Integrative Hypothesis: FULLY CONFIRMED (molecular liver-kidney link) 
 
All five formulated hypotheses received full confirmation based on analysis of 

227 scientific publications, indicating the validity of the conceptual approach and 
opening new perspectives for understanding and treating hepatorenal syndrome. 
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