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Abstract: Blood biochemistry plays a fundamental role in understanding physiological
and pathological processes within the human body. Among the essential biochemical
pathways, heme synthesis represents a critical metabolic process necessary for oxygen
transport, cellular respiration, detoxification, and enzymatic reactions. Heme serves as a
prosthetic group in hemoglobin, myoglobin, cytochromes, catalase, and numerous
oxidoreductase enzymes. Disturbances in heme biosynthesis lead to various hematological
and metabolic disorders, including sideroblastic anemia and porphyrias. This review
discusses the biochemical principles of blood composition, molecular mechanisms of heme
biosynthesis, regulatory pathways, associated diseases, laboratory diagnostic markers, and
recent advances in clinical biochemistry. The article highlights the importance of
understanding heme metabolism for modern laboratory diagnostics and personalized
medicine.
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Introduction

Blood is a specialized connective tissue responsible for the transportation of gases,
nutrients, hormones, metabolic products, and immune components throughout the body.
The biochemical composition of blood reflects physiological homeostasis and serves as a
valuable source of diagnostic information.[1,2,3,4,5,6]

Among numerous biochemical pathways occurring in Dblood cells, heme
biosynthesis occupies a central position. Heme is an iron-containing tetrapyrrole molecule
required for oxygen transport and cellular energy production. Approximately 80-85% of
heme synthesis occurs in erythroid precursor cells of the bone marrow, while the
remaining synthesis takes place primarily in hepatocytes where heme supports cytochrome
P450-dependent metabolism. The biosynthesis of heme involves eight enzyme-catalyzed
reactions distributed between the mitochondria and cytoplasm. Defects in this pathway
result in severe metabolic and hematological disorders.[7,8,9,10,11,12]

Biochemical Composition of Blood

Blood consists of plasma and cellular elements.

Plasma Components

Plasma accounts for approximately 55% of total blood volume and contains:

Water (90-92%)

Proteins (albumin, globulins, fibrinogen)

Electrolytes
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Hormones

Lipids

Vitamins

Metabolic products

= Major plasma proteins perform transport, buffering, coagulation, and immune
n functions.

Cellular Components

ﬂﬂr—! 2

Peroxidases

Cytochrome P450 enzymes

Nitric oxide synthase

The unique chemical structure of heme enables reversible oxygen binding and
electron transfer reactions essential for life.

Heme Biosynthetic Pathway

Heme biosynthesis occurs through an eight-step enzymatic pathway involving both
mitochondrial and cytosolic compartments.

Step 1: Formation of 8-Aminolevulinic Acid (ALA)

The first and rate-limiting reaction occurs within mitochondria:

Glycine + Succinyl-CoA — &-Aminolevulinic Acid (ALA)

The reaction is catalyzed by ALA synthase (ALAS) and requires pyridoxal
phosphate (vitamin B6) as a cofactor. This step serves as the principal regulatory point of
heme synthesis.[18,19,20,21,22]

Step 2: Formation of Porphobilinogen

Two molecules of ALA condense to form porphobilinogen (PBG) under the action
of ALA dehydratase.

Step 3: Formation of Hydroxymethylbilane

an )
GS " The formed elements include:
& = Erythrocytes (red blood cells)
g - Leukocytes (white blood cells)
D 4 Platelets (thrombocytes)
< ELD‘ Erythrocytes contain hemoglobin, the primary oxygen-carrying protein whose
QD Y function depends directly on heme biosynthesis.[13,14,15,16,17]
J . . .
_— = Structure and Biological Functions of Heme
g T Heme is chemically defined as ferrous (Fe**) protoporphyrin IX. The molecule
- Hg consists of a porphyrin ring structure coordinated with a central iron atom. Heme functions
7 = U as an essential prosthetic group for numerous proteins involved in oxygen transport,
-’ "o electron transfer, oxidative phosphorylation, and detoxification pathways.
pr— é Major heme-containing proteins include:
TS Hemoglobin
g = Myoglobin
O € Cytochromes
e .2 Catalase
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Four molecules of porphobilinogen are polymerized by porphobilinogen deaminase

to produce hydroxymethylbilane.

Step 4: Formation of Uroporphyrinogen 111

Hydroxymethylbilane undergoes cyclization to form uroporphyrinogen III.

Step 5: Formation of Coproporphyrinogen 111

Decarboxylation reactions convert uroporphyrinogen Il into coproporphyrinogen
I.

Step 6: Formation of Protoporphyrinogen 1X

Coproporphyrinogen 11l is transported back into mitochondria where further
enzymatic modification produces protoporphyrinogen 1X.

Step 7: Formation of Protoporphyrin IX

Oxidation of protoporphyrinogen IX results in protoporphyrin IX.

Step 8: Formation of Heme

The final reaction is catalyzed by ferrochelatase, which inserts ferrous iron (Fe*")
into protoporphyrin IX to generate heme.[23,24,25,26]

Regulation of Heme Synthesis

Heme biosynthesis is tightly regulated to maintain cellular homeostasis.

Hepatic Regulation

In hepatocytes, intracellular heme acts through negative feedback mechanisms to
inhibit ALASL1 expression and activity. This regulation prevents excessive accumulation of
free heme, which may exert cytotoxic effects.

Erythroid Regulation

In erythroid cells, ALAS2 expression depends primarily on iron availability. Iron-
responsive elements regulate translation of ALAS2 mRNA, coordinating hemoglobin
synthesis with iron supply.[27,28,29,30]

Hormonal Regulation

Several hormones influence heme biosynthesis:

Erythropoietin

Glucocorticoids

Thyroid hormones

Growth factors

These regulators increase heme production during erythropoiesis.

Relationship Between Iron Metabolism and Heme Synthesis

Iron availability directly influences heme production. Approximately 70% of total
body iron is incorporated into hemoglobin.

Iron transport involves:

Transferrin

Transferrin receptors

Ferritin

Ferroportin
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Bone marrow erythroblasts acquire iron through transferrin-mediated endocytosis.

The iron is subsequently delivered to mitochondria for incorporation into protoporphyrin
IX during heme synthesis.

Iron deficiency results in reduced hemoglobin production and microcytic
! hypochromic anemia.
n Clinical Disorders Associated with Defective Heme Synthesis

Porphyrias

Porphyrias are inherited or acquired disorders resulting from deficiencies in
enzymes of the heme biosynthetic pathway.

Major forms include:

Acute intermittent porphyria

Variegate porphyria

Hereditary coproporphyria

Porphyria cutanea tarda

Erythropoietic protoporphyria

Each disorder is characterized by accumulation of specific pathway intermediates
causing neurological, dermatological, or hematological manifestations.[31,322,33]

Sideroblastic Anemia

Sideroblastic anemia results from impaired incorporation of iron into heme.

Characteristic findings include:

Ring sideroblasts

Ineffective erythropoiesis

Increased iron stores

Reduced hemoglobin synthesis

Mutations affecting ALAS2 represent a common hereditary cause.

Biochemical Laboratory Evaluation of Heme Metabolism

Modern clinical laboratories assess heme metabolism using various biochemical
markers.

Hematological Tests

Hemoglobin concentration

Hematocrit

Red blood cell count

Reticulocyte count

Iron Studies

Serum iron

Ferritin

Total iron-binding capacity

Transferrin saturation

Porphyrin Analysis

Measurement of:

ALA

Porphobilinogen
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Urinary porphyrins

Plasma porphyrins

These investigations facilitate diagnosis of porphyrias and disorders of
erythropoiesis.
. Modern Advances in Heme Research
n Recent investigations have revealed that heme functions not only as a prosthetic
group but also as a signaling molecule regulating:

WFer 2
A

D :
N Gene expression
) Circadian rhythms
g MicroRNA processing
D Cellular differentiation
< Oxidative stress responses
ab) The concept of intracellular heme trafficking has emerged as a major area of
— biomedical research. Specialized transport proteins regulate heme movement between
g cellular compartments, ensuring adequate supply while preventing toxicity.
- Novel therapeutic strategies targeting heme metabolism are being explored for:
7 Porphyrias
-’ Anemia
i Cancer
CU Mitochondrial disorders

Neurodegenerative diseases

Clinical Significance in Blood Biochemistry

Assessment of heme metabolism provides valuable information regarding:

Iron status

Bone marrow activity

Liver function

Mitochondrial metabolism

Erythropoietic capacity

Biochemical markers of heme synthesis are increasingly integrated into precision
medicine approaches, allowing earlier diagnosis and individualized treatment
planning.[34,35,36]

Conclusion

Heme synthesis represents one of the most fundamental biochemical pathways in
human physiology. Through its involvement in oxygen transport, cellular respiration,
detoxification, and signaling pathways, heme contributes to numerous essential biological
functions. Blood biochemistry provides powerful diagnostic tools for evaluating heme
metabolism and detecting associated disorders. Advances in molecular biology,
metabolomics, and laboratory diagnostics continue to improve our understanding of heme
biosynthesis and its clinical implications. Future research focusing on heme regulation and
transport mechanisms may provide novel therapeutic opportunities for a wide range of
hematological and metabolic diseases.
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