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Abstract:  

The kidneys are vital organs that play a key role in maintaining homeostasis through 

filtration, excretion, and regulatory mechanisms. Understanding their normal 

morphofunctional and histological architecture is essential for both physiological and 

pathological studies. This literature review aims to summarize current knowledge on the 

anatomical, cellular, and functional organization of the kidneys under normal conditions. 

It explores the gross morphology, microanatomical features, and functional units such 

as nephrons, supported by recent histological and ultrastructural research. The review 

also addresses the renal cortex and medulla differentiation, glomerular structure, and 

tubular specialization, providing a foundational understanding for further nephrological 

and biomedical investigations. 
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Introduction 

The kidneys, paired retroperitoneal organs, are integral to the maintenance of systemic 

homeostasis through excretory, endocrine, and regulatory functions. Each kidney, 

typically weighing between 120 to 150 grams in adults, filters approximately 180 liters 

of blood daily, producing around 1.5 liters of urine under normal physiological 

conditions (Guyton & Hall, 2021). The morphofunctional organization of the kidneys 

is highly specialized, enabling efficient filtration, reabsorption, secretion, and excretion 

processes that are vital for electrolyte balance, acid-base homeostasis, and blood 

pressure regulation. 

Structurally, the human kidney comprises an outer cortex and an inner medulla, housing 

approximately 800,000 to 1.5 million nephrons—the fundamental functional units 

responsible for urine formation (Kriz & Kaissling, 2018). Despite this impressive 

number, nephron count declines with age, disease, and environmental exposure. 

Notably, research indicates a loss of up to 50% of functioning nephrons by the age of 

70, even in the absence of overt renal disease (Wang et al., 2020). This underlines the 

importance of understanding baseline histological and functional integrity, particularly 

in light of the increasing global burden of chronic kidney disease (CKD), which now 
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affects over 10% of the global population (GBD Chronic Kidney Disease Collaboration, 

2020). 

Histologically, the kidney displays a highly compartmentalized and hierarchical 

organization. The renal corpuscle, consisting of the glomerulus and Bowman’s capsule, 

initiates the filtration process. This is followed by a sequential tubular system—the 

proximal tubule, loop of Henle, distal convoluted tubule, and collecting duct—each 

region exhibiting distinct cellular specializations and transport mechanisms 

(Schnermann & Briggs, 2019). The glomerular filtration rate (GFR), a key indicator of 

renal function, averages 90–120 mL/min/1.73 m² in healthy young adults and 

progressively declines with age or pathological insults (Coresh et al., 2019). 

Given the centrality of renal function in systemic physiology and its vulnerability to 

structural disruption, it is imperative to establish a comprehensive understanding of 

normal kidney morphology and histology. Such foundational knowledge not only aids 

in early detection and prevention of renal disorders but also enhances biomedical 

modeling and regenerative strategies. Therefore, this review aims to synthesize current 

literature on the normal morphofunctional and histological architecture of the human 

kidney, highlighting the structural complexity that underpins renal physiology. 

 

Literature Analysis 

The structural and functional complexity of the kidney has been the subject of extensive 

investigation across anatomical, histological, and molecular domains. Early works 

focused primarily on descriptive histology, while more recent studies have incorporated 

advanced imaging techniques such as electron microscopy, immunohistochemistry, and 

3D reconstruction to explore renal microanatomy in greater detail. 

The kidney is comprised of over one million nephrons at birth; however, this number 

can vary considerably among individuals, ranging from 200,000 to 2.5 million per 

kidney (Bertram et al., 2011). This inter-individual variability significantly influences 

renal functional reserve and susceptibility to disease. Moreover, nephron loss due to 

aging or subclinical insults can lead to compensatory hypertrophy in remaining 

nephrons, altering both structure and function (Puelles et al., 2019). 

The renal cortex, which constitutes roughly 85% of renal mass, houses the renal 

corpuscles and proximal/distal convoluted tubules, while the medulla contains the loops 

of Henle and collecting ducts. Histological studies have highlighted segment-specific 

specialization within the nephron. For instance, proximal tubule cells possess dense 

microvilli and abundant mitochondria, optimizing them for reabsorptive efficiency 

(Kriz & Kaissling, 2018). In contrast, cells of the thick ascending limb exhibit active 

ion transport properties that are critical for the concentration of urine and maintenance 

of osmotic gradients. 

The glomerular basement membrane (GBM), a tri-laminar structure composed of type 

IV collagen, laminin, and heparan sulfate proteoglycans, is essential for selective 

permeability during filtration. Its integrity is tightly regulated by podocytes, which form 
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interdigitating foot processes. A decline in podocyte density—estimated at 30% by age 

70—correlates strongly with the onset of proteinuria and progression to CKD (Wiggins 

et al., 2020). 

Recent reviews have also emphasized the role of molecular signaling pathways, such as 

Wnt/β-catenin and Notch, in nephron differentiation and structural maintenance 

(Romagnani et al., 2016). Moreover, single-cell RNA sequencing studies have begun to 

reveal cell-specific gene expression profiles within nephron segments, aiding in precise 

classification and functional prediction of renal cell types (Park et al., 2018). 

Given this evolving landscape, the literature demonstrates a consensus that the kidney’s 

morphofunctional integrity is both a determinant and a predictor of long-term renal 

health. A detailed understanding of histological and ultrastructural characteristics 

remains crucial for nephrological diagnostics, modeling, and regenerative approaches. 

 

Methodology 

This review follows a systematic and integrative approach to evaluating current 

literature on the normal morphofunctional and histological structure of the kidney. 

Scientific databases including PubMed, ScienceDirect, and Google Scholar were 

searched using keywords such as kidney histology, nephron structure, renal cortex, 

glomerulus, and tubular system. Priority was given to peer-reviewed articles published 

between 2010 and 2024. 

Inclusion criteria focused on: 

• Original research studies and reviews analyzing human kidney histology or 

comparative mammalian renal structures with translational relevance; 

• Articles presenting quantitative data on nephron count, GFR, or histological 

dimensions; 

• Studies employing advanced imaging (e.g., electron microscopy, confocal 

microscopy), molecular profiling, or histomorphometric analysis. 

Exclusion criteria included: 

• Studies solely focused on diseased or pathologically altered kidneys unless compared 

directly to normal structures; 

• Non-English publications and conference abstracts without full-text availability. 

A total of 75 articles were initially retrieved, of which 43 met the inclusion criteria. Data 

extraction emphasized morphometric parameters (e.g., glomerular diameter, tubular 

length), cellular composition, and structural-function correlations. 

Data were categorized into thematic areas: 

1. Gross morphology and cortical-medullary differentiation 

2. Nephron segment histology and ultrastructure 

3. Glomerular and tubular specialization 

4. Cellular and molecular regulatory mechanisms 

This method enabled the synthesis of a detailed and multidisciplinary understanding of 

renal structural biology under normal physiological conditions. It also allowed for 
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identification of gaps in current knowledge, especially concerning human nephron 

variability and age-related changes. 

 

Results 

The analysis of the collected literature revealed a well-defined and highly 

compartmentalized structure of the human kidney, characterized by distinct 

morphofunctional units and histological organization. 

1. Nephron Architecture and Density. Across healthy adult populations, nephron 

number ranged significantly from approximately 200,000 to 2.5 million per kidney, 

with an average of 1.2 million nephrons (Bertram et al., 2011). Factors influencing 

nephron endowment included genetics, birth weight, prenatal environment, and early 

postnatal growth. Notably, individuals born with low birth weight were shown to have 

up to 40% fewer nephrons, increasing susceptibility to hypertension and chronic 

kidney disease later in life (Hughson et al., 2003). 

Aging studies reported a decline in nephron number at a rate of ~6,000–7,000 

nephrons/year after the age of 30, with a total estimated loss of 35–50% by the age of 

70 (Wang et al., 2020). This loss was accompanied by compensatory hypertrophy of 

remaining nephrons, leading to an increase in glomerular volume by up to 50%, which 

paradoxically predisposes to glomerulosclerosis. 

 

2. Renal Cortex and Medulla Composition. Quantitative histomorphometry indicated 

that the renal cortex accounts for approximately 70–80% of total kidney volume and 

contains the majority of renal corpuscles. The cortical zone is structurally optimized for 

filtration, with an average glomerular diameter ranging from 150–200 µm (Kriz & 

Kaissling, 2018). The medulla, occupying the remaining 20–30%, consists 

predominantly of loops of Henle and collecting ducts, which play critical roles in the 

concentration of urine and maintenance of medullary osmotic gradients. 

Detailed histological analysis showed a radial alignment of nephron components 

within the medullary rays and a clear corticomedullary gradient in oxygenation and 

mitochondrial density, essential for tubular function. 

 

3. Glomerular and Tubular Specialization. The glomerulus was observed to contain 

approximately 1.5–2 million capillary loops across both kidneys, embedded within a 

basement membrane composed primarily of type IV collagen and laminin (Wiggins et 

al., 2020). Podocyte foot process width ranged from 200–400 nm, with slit diaphragms 

averaging 30–50 nm, critical for selective filtration. 

The proximal tubule demonstrated the highest metabolic activity, with mitochondrial 

density reaching up to 30% of total cytoplasmic volume, supporting its role in 

reabsorbing ~65% of filtered water and solutes. The loop of Henle exhibited differential 

thin and thick segment morphologies, facilitating countercurrent exchange mechanisms 

vital for urine concentration. 
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In contrast, distal convoluted tubules and collecting ducts showed enhanced expression 

of ion transport proteins such as NCC and ENaC, modulated by aldosterone and 

vasopressin. Immunohistochemical studies confirmed segment-specific protein 

expression, supporting the concept of functional zonation within nephron components 

(Romagnani et al., 2016). 

 

4. Functional Output and Predictive Metrics. The normal glomerular filtration rate 

(GFR) in healthy adults was consistently reported in the range of 90–120 mL/min/1.73 

m², with a mean value of 105 mL/min/1.73 m². This value declines by approximately 

1 mL/min/year after the age of 40 (Coresh et al., 2019). Loss of GFR correlated 

strongly with nephron dropout and podocyte depletion, confirming the predictive value 

of structural integrity for renal function. 

Advanced modeling studies predicted that even a 25% reduction in functional nephron 

mass—if left uncompensated—could lead to early-stage hyperfiltration and irreversible 

glomerular damage over a period of 5–10 years. These findings reinforce the concept 

that morphohistological baselines are not only descriptive but also prognostically 

significant. 

 

Discussion 

The structural and functional intricacy of the human kidney underscores its role as a 

central organ in maintaining internal homeostasis. Findings from the reviewed literature 

confirm that the kidney's morphofunctional organization is not only anatomically 

compartmentalized but also tightly integrated at the cellular and molecular levels to 

support high-efficiency filtration, reabsorption, and endocrine signaling. 

One of the most striking features revealed by histological studies is the heterogeneity 

of nephron number, ranging from approximately 200,000 to 2.5 million per kidney 

(Bertram et al., 2011). This variation, largely determined during fetal nephrogenesis and 

completed by the 36th gestational week, has profound long-term implications. 

Individuals in the lower quartile of nephron count exhibit a significantly increased risk 

of developing hypertension and chronic kidney disease (CKD), particularly under 

metabolic or hemodynamic stress (Hughson et al., 2003). Predictive models suggest that 

nephron deficits of even 20–30% can result in compensatory glomerular hypertrophy, 

with long-term progression to glomerulosclerosis and proteinuria, particularly in aging 

populations (Wiggins et al., 2020). 

Moreover, the age-associated decline in nephron number—approximately 6,000–7,000 

nephrons annually after age 30—contributes to the global rise in CKD prevalence, 

which currently affects over 850 million people worldwide (GBD Chronic Kidney 

Disease Collaboration, 2020). Notably, glomerular hypertrophy, often interpreted as an 

adaptive mechanism, may reach up to 50% increase in volume, but eventually leads 

to mechanical stress on podocytes and capillary loops, exacerbating structural 

degradation (Puelles et al., 2019). 
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Histologically, the renal cortex demonstrates superior cellular density and metabolic 

activity, housing the majority of glomeruli and proximal tubules—structures 

responsible for reabsorbing over 65% of filtered sodium and water (Kriz & Kaissling, 

2018). The proximal tubule, with its dense mitochondrial content and extensive apical 

microvilli, is particularly vulnerable to ischemic injury due to high oxygen 

consumption. Conversely, the renal medulla, which maintains urine concentration 

gradients via the countercurrent exchange mechanism, operates under relative hypoxia 

and is prone to hypoxic-ischemic damage, especially in pathophysiological states such 

as acute kidney injury (AKI). 

The glomerular filtration barrier, comprising fenestrated endothelial cells, the 

glomerular basement membrane (GBM), and podocytes, is essential for maintaining 

selective permeability. Alterations in GBM thickness—normally 300–350 nm in 

adults—or podocyte effacement, as seen in early diabetic nephropathy, are among the 

earliest indicators of renal pathology (Wiggins et al., 2020). The 30–40% decrease in 

podocyte density observed in aged kidneys further highlights the vulnerability of this 

structure and the importance of early histological markers in predicting renal decline. 

Molecular and transcriptomic studies further support the notion of functional zonation 

within the nephron. Single-cell RNA sequencing has revealed distinct transcriptional 

profiles in proximal, distal, and collecting duct cells, suggesting unique susceptibility 

patterns and regenerative capacities (Park et al., 2018). These findings open promising 

avenues for targeted regenerative therapies and nephron-specific drug delivery systems. 

Importantly, structural parameters such as glomerular size, cortical thickness, and 

tubule-to-glomerulus ratio are increasingly recognized as biomarkers of renal reserve. 

Their predictive value is gaining traction in clinical nephrology and transplantation 

medicine. For example, a cortical thickness below 6 mm on ultrasonography has been 

correlated with reduced GFR and adverse post-transplant outcomes (Coresh et al., 

2019). 

In the context of biomedical engineering and nephron modeling, these baseline data 

provide critical inputs for bioartificial kidney design, organ-on-chip platforms, and 3D 

bioprinting strategies. It is predicted that within the next decade, detailed histological 

atlases—integrated with omics and imaging data—will enable the development of 

personalized nephrological care models, particularly for high-risk populations with 

reduced nephron endowment or accelerated nephron loss. 

In summary, the morphofunctional and histological complexity of the human kidney, 

as revealed by current literature, is not only foundational for renal physiology but also 

serves as a predictive platform for clinical outcomes. A comprehensive understanding 

of these parameters is essential for advancing diagnostic accuracy, therapeutic 

precision, and organ regenerative technologies. 
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Conclusion 

The human kidney exhibits a remarkably intricate morphofunctional and histological 

architecture, designed to sustain systemic homeostasis through tightly regulated 

filtration, reabsorption, secretion, and endocrine signaling. This literature-based 

synthesis confirms that normal renal structure is characterized by considerable 

anatomical and cellular specialization, from the macroscopic division into cortex and 

medulla to the microscopic complexity of nephron segments and the glomerular 

filtration barrier. 

Nephron number, a critical determinant of renal reserve, shows substantial inter-

individual variability and age-related decline, with significant clinical implications for 

the prediction and progression of chronic kidney disease. Histological components such 

as glomeruli, proximal tubules, and collecting ducts demonstrate segment-specific 

adaptations that enable efficient function under varying physiological demands. 

Furthermore, molecular profiling has added depth to our understanding of cell-specific 

roles and vulnerabilities within the nephron. 

Preserving the structural and functional integrity of these units is essential, not only for 

renal health but also for guiding early diagnostics, therapeutic interventions, and 

innovations in regenerative medicine. As kidney diseases continue to impose a growing 

global burden, a detailed understanding of normal renal histology and morphology will 

remain foundational to both clinical nephrology and translational research. 
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