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Abstract Nitrogen metabolism is a fundamental component of human physiology,
ensuring the utilization of amino acids for protein synthesis while facilitating the safe
elimination of excess nitrogen. The principal end products of nitrogen metabolism include
urea, ammonia, uric acid, and creatinine. Among these compounds, urea serves as the
primary route for nitrogen disposal in mammals through the hepatic urea cycle. Efficient
urea synthesis and renal excretion are essential for maintaining nitrogen balance and
preventing toxic accumulation of ammonia. Disorders affecting urea synthesis or excretion
may result in hyperammonemia, hepatic encephalopathy, metabolic disturbances, and life-
threatening neurological complications. Inherited urea cycle disorders and acquired liver or
kidney diseases represent major causes of impaired nitrogen elimination. Recent advances
in molecular genetics, metabolomics, and targeted therapies have improved understanding,
diagnosis, and management of these conditions. This review discusses the biochemical
basis of nitrogen metabolism, physiological roles of its end products, mechanisms of urea
synthesis, disorders of urea production and excretion, and current therapeutic approaches.
Keywords: nitrogen metabolism, urea cycle, ammonia, urea synthesis, hyperammonemia,
hepatic encephalopathy, urea cycle disorders.

Introduction

Nitrogen is an essential component of amino acids, proteins, nucleic acids,
neurotransmitters, and numerous biologically active compounds. Continuous protein
turnover generates nitrogen-containing waste products that must be efficiently eliminated
to maintain metabolic homeostasis.[1,2,3,4,5,6,7]

Unlike carbohydrates and lipids, amino acid catabolism produces nitrogenous
compounds that can be toxic if allowed to accumulate. Consequently, mammals have
evolved specialized pathways for nitrogen disposal, primarily through conversion of
ammonia into urea within the liver.[8,9,10,11]

The liver and kidneys function cooperatively to maintain nitrogen balance. The liver
detoxifies ammonia by synthesizing urea, whereas the kidneys excrete urea and other
nitrogenous waste products through urine. Disruption of these processes may result in
severe metabolic abnormalities and organ dysfunction. The urea cycle is the principal
mechanism for removal of excess nitrogen and prevention of ammonia
toxicity.[12,13,14,15]

Overview of Nitrogen Metabolism

Nitrogen metabolism encompasses the processes involved in:

. Amino acid synthesis
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. Protein turnover

. Nitrogen transport

«E7 «  Ammonia detoxification
E . Waste product excretion
n = Proteins undergo continuous degradation and resynthesis throughout life. During
.‘}Eﬂ amino acid catabolism, amino groups are removed through transamination and

deamination reactions, generating free ammonia.[16,17,18]

% Because ammonia is highly toxic, particularly to the central nervous system, rapid
) conversion into less toxic compounds is essential. The liver plays a central role in this
g detoxification process.
D Major End Products of Nitrogen Metabolism
< Urea
ab) Urea is the principal nitrogenous waste product in humans.
_— Characteristics include:
- Synthesized in the liver
-) Water-soluble
7 Relatively non-toxic
-’ Excreted primarily by kidneys
] Approximately 80-90% of waste nitrogen is eliminated as urea.
CU Urea formation represents the most important mechanism for ammonia

detoxification.

Ammonia

Ammonia is produced during:

Amino acid deamination

Intestinal bacterial metabolism

Purine and pyrimidine degradation

Although essential as a metabolic intermediate, elevated ammonia concentrations
are highly neurotoxic.[19,20,21,22]

Under normal conditions, ammonia is rapidly incorporated into urea or glutamine.

Uric Acid

Uric acid is the final product of purine metabolism.

Functions include:

Nitrogen elimination

Antioxidant activity

Excessive uric acid accumulation may lead to:

Hyperuricemia

Gout

Urolithiasis

Creatinine

Creatinine originates from creatine phosphate metabolism in skeletal muscle.

It serves as an important indicator of renal function because its production rate
remains relatively constant.[23,24,25,26]
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Nitrogen Transport in the Body

Before entering the urea cycle, nitrogen must be transported safely from peripheral
tissues to the liver.

The principal transport forms include:

Glutamine
n Glutamine serves as the major carrier of ammonia from tissues to the liver.

Alanine

Alanine transports nitrogen from skeletal muscles during fasting and exercise.

These mechanisms minimize exposure of tissues to free ammonia.

Urea Synthesis: The Urea Cycle

The urea cycle represents the primary pathway for ammonia detoxification.

It occurs exclusively in hepatocytes and involves both mitochondrial and
cytoplasmic reactions. The liver is the only organ capable of completing the entire
cycle.[27,28,29,30]

Biochemical Steps of the Urea Cycle

The cycle consists of five major enzymatic reactions.

Step 1: Carbamoyl Phosphate Formation

Enzyme:

Carbamoyl phosphate synthetase | (CPS I)

This rate-limiting reaction combines:

Ammonia

Carbon dioxide

ATP

Step 2: Citrulline Formation

Enzyme:

Ornithine transcarbamylase (OTC)

Carbamoyl phosphate reacts with ornithine to form citrulline.

Step 3: Argininosuccinate Formation

Enzyme:

Argininosuccinate synthetase

Citrulline combines with aspartate.

Step 4: Arginine Formation

Enzyme:

Argininosuccinate lyase

Produces:

Arginine

Fumarate

Step 5: Urea Formation

Enzyme:

Arginase

Arginine is hydrolyzed to produce:

Urea
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Ornithine

Ornithine re-enters the cycle, while urea enters circulation for renal excretion.
Regulation of Urea Synthesis
Urea production is highly regulated according to nitrogen load.
: Factors increasing urea synthesis include:
n High-protein diets

Starvation

Increased protein catabolism

Glucocorticoid excess

N-acetylglutamate functions as an essential activator of carbamoyl phosphate
synthetase I.

Renal Excretion of Urea

Following synthesis, urea enters the bloodstream and is transported to the kidneys.

Renal handling of urea involves:

Glomerular filtration

Tubular reabsorption

Tubular secretion

Urea excretion contributes significantly to urine concentration mechanisms and
nitrogen balance.[31,32,33]

Disorders of Urea Synthesis

Impaired urea production results in accumulation of ammonia and other toxic
metabolites.

These disorders may be inherited or acquired.

Inherited Urea Cycle Disorders

Urea cycle disorders (UCDs) arise from mutations affecting enzymes or transport
proteins involved in the urea cycle. Hyperammonemia is the hallmark of these disorders.

Ornithine Transcarbamylase Deficiency

The most common urea cycle disorder.

Clinical manifestations include:

Hyperammonemia

Vomiting

Seizures

Developmental delay

Coma

Carbamoyl Phosphate Synthetase | Deficiency

Characterized by severe neonatal hyperammonemia.

Affected infants often present within the first days of life.

Argininosuccinate Synthetase Deficiency

Also known as citrullinemia.

Results in elevated plasma citrulline concentrations.

Arginase Deficiency

Associated with:
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Progressive neurological dysfunction

Spasticity

Cognitive impairment

Acquired Disorders of Urea Synthesis

Liver Failure

n The liver is the exclusive site of urea synthesis.
Severe liver disease reduces:

Eﬂﬂr—! 2
ST

CIE Functional hepatocyte mass

) Urea production capacity

g This results in hyperammonemia and hepatic encephalopathy.

D Hepatic Encephalopathy

A major complication of advanced liver disease.

— .. p ,

ab) Clinical manifestations include:
— Cognitive dysfunction

- Confusion

- Asterixis
Ll Coma
-’ Ammonia is considered a key neurotoxin involved in pathogenesis.
pr— Disorders of Urea Excretion

CU Even when urea synthesis remains intact, impaired renal excretion may lead to

elevated blood urea concentrations.
Acute Kidney Injury
Reduced glomerular filtration decreases urea clearance.
Consequences include:

10N

. Azotemia
. Fluid imbalance
. Electrolyte disturbances

Chronic Kidney Disease

Progressive nephron loss impairs elimination of nitrogenous waste products.

Clinical features include:

Elevated blood urea nitrogen (BUN)

Uremia

Metabolic acidosis

Hyperammonemia

Hyperammonemia is one of the most dangerous consequences of impaired nitrogen
metabolism.

Effects on the nervous system include:

Cerebral edema

Seizures

Cognitive impairment

Coma
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Early recognition is essential because prolonged hyperammonemia may cause

irreversible brain injury.
Diagnostic Approaches
Diagnosis involves biochemical and molecular investigations.
! Laboratory Tests
n Plasma ammonia
Blood urea nitrogen

ﬁﬂr—! 2
ST

an )
N Serum creatinine

) A_mino acio! profile

(: Liver function tests

D Molecular Diagnostics

< Gene §equencing_1

D Mutation analysis
_— Prenatal diagnosis

- Newborn Screening

- Early detection improves prognosis in inherited disorders.
7 Prevention and Treatment
-’ Dietary Management
pr— Strategies include:

CU Controlled protein intake

Essential amino acid supplementation

Prevention of catabolic states

Pharmacological Therapy

Common agents include:

Sodium benzoate

Sodium phenylbutyrate

Arginine supplementation

Liver Transplantation

May provide definitive treatment for severe urea cycle disorders.

Management of Liver and Kidney Disease

Early treatment of hepatic and renal disorders is essential for preventing
complications related to nitrogen retention.[34,35]

Future Perspectives

Emerging therapeutic approaches include:

Gene therapy

Genome editing

Enzyme replacement technologies

Precision medicine

Novel ammonia scavengers

These advances may substantially improve outcomes in patients with inherited and
acquired disorders of nitrogen metabolism.[36]

Conclusion
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Nitrogen metabolism is essential for maintaining physiological homeostasis and

safe elimination of waste nitrogen generated during amino acid catabolism. Urea
represents the principal end product of nitrogen metabolism and serves as the primary
mechanism for ammonia detoxification. Proper function of the urea cycle and renal
excretion pathways is critical for preventing toxic accumulation of nitrogenous
n compounds. Disorders affecting urea synthesis or excretion may result in
hyperammonemia, neurological dysfunction, hepatic encephalopathy, and renal

Eﬂﬂr—! 2
ST

% complications. Advances in molecular diagnostics and targeted therapies continue to
) improve understanding and management of these disorders.
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