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Cellular differentiation 

Ontogenesis (individual development of the body) has several steps: zygote – embryo – fetus – child – teenager – adult – old person. These stages develop on the basis of several cellular processes: cellular proliferation, cellular differentiation and organogenesis.

Cellular proliferation represents cellular multiplication, increasing of cell population due to continuous mitotic divisions in dichotomic growth: from one cell appear 2, from these – another 4,8,16 etc. During mitotic division, mother-cell transmits to descendent cell the whole cellular genome, all genetic information of the body. So, every cell of the body contains genetic information characteristic for the entire body. Proliferation represents the basis of cellular differentiation and of organogenesis. Cellular proliferation starts from the zygote stage and continues in some organs till death. 

Cellular differentiation represents the process by which the cells with similar genetic potential lose a part of inherited properties, keeping just some of them, in such a manner specializing into different groups of cells with the same structure and functions. So, differentiation represents a progressive limitation of totipotent genetic program of the zygote with generation of cell population with reduced genetic potential. More precise, this process is realized by deactivation of some genes and selective activation of other genes that codify specific protein-coded genes with special functions. From the whole genome, which is presented in differentiated cells, active are only those genes that determine functional and structural specificity of the cell. Therefore, ontogenesis passes through some steps characterized by a different degree of cellular potency:

1) Totipotent zygote, from which the cells of the body develop;

2) Multipotent cells of the embryo’s envelopes (endo-, ecto-, and mesoderm) which give birth to different tissues;

3) Pluripotent stem cells, which are head of cellular series;

4) Unipotent cells of tissues and organs;
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Stem cell generation and differentiation. The zygote, formed by the union of sperm and egg, divides to form blastocysts, and the inner cell mass of the blastocyst generates the embryo. The cells of the inner cell mass, known as embryonic stem (ES) cells, maintained in culture, can be induced to differentiate into cells of multiple lineages. In the embryo, pluripotent stem cells divide, but the pool of these cells is maintained. As pluripotent cells differentiate, they give rise to cells with more restricted developmental capacity, and finally generate stem cells that are committed to specific lineages.
(From Robbins-Cotran; Pathologic basis of disease).
                   Above exposed information corresponds to the concept about primordial totipotency of the zygote and progressive restrictive differentiation.  There is an embryonal mechanism, by which the initial cellular groups are imposed to develop by an irreversible way from toti-, multi-, and pluripotency to unipotency – one type of tissue. In such a way, cells become specialized biochemically, structurally and functionally.

Differentiation is a process of cellular cloning in different groups specialized structurally and functionally. A clone is a population of cells, developed from a single mother-cell with similar biochemical, structural and functional properties. Cloning represents the process of cellular separation from a cocktail of different cells, from which by successive proliferations, from a single cell develops population of similar cells (clones). The cell from a clone becomes the head of the cell series – stem-cell, source-cell.

Differentiation and organogenesis are concomitant processes, nonseparable, which take place continuously and are accompanied by mitosis. Conventionally, there can be distinguished differentiation from proliferation, by which the numeric population of cells is ensured proliferation from specialization and proliferation from organogenesis, by which cells become progressively more specialized. In most cases, the cells which achieve the final stage of specialization, lose their capacity of proliferation (multiplication) (ex. erythrocytes), for a period of time accomplishing their specific functions.

In period of embryonal development, the primary differentiation in the totipotent phase, intermediary differentiation in multipotent phase and terminal differentiation in pluripotent phase is taking place. After organogenesis is accomplished, in postnatal period just some tissues preserve their omnipotent potential (germinative epithelium, sexual cells) and pluripotent potential (ex. hematopoietic stem cells from red bone marrow).

Different types of differentiated cells are characterized by their own capacity and speed of proliferation, histological function and the final products of cellular biosynthesis. In this way nervous, epithelial, muscular, connective cells differ from one another. So, proliferation rate is maximal in the connective tissue and epithelial tissues, is limited in muscular tissue and absent in population of nervous cells.

The general rule is that the speed of proliferation in all tissues of the body is limited in comparison with period before organogenesis has finished, and proliferation rate which is measured by incidence of mitosis in cell population, is constant, being regulated by adaptive, compensatory, protective and reparative needs of the tissues. So, some tissues present a regenerative proliferation (physiologic reparation), which is permanent (ex: basal layer of the epidermis, epithelium of digestive tract, urogenital epithelium, epithelium of bronchial tree, hematopoietic bone marrow). The cells of other organs (ex. liver) have a low proliferation rate and finally, third category of cells is deprived of proliferation abilities (ex. neurons).

The basis of differentiation are explained by appearance in the cells of some active substances or structures able to execute specific functions – enzyme, protein, contractile structure, secretory and others. These depend of activation of some genes by inductors that lead to activation or depression of certain genes.

Cellular differentiation disorders in postnatal period are represented by cellular tumor   transformation.  Tumor transformation represents the process of dedifferentiation (loss of differentiation capability) of different cells, mainly with loss of biochemical, structural and functional peculiarities which are characteristic to this type of cell. Another characteristic of dedifferentiated cells is regained ability of rapid proliferation, which has an anarchic, unlimited character, which doesn’t correspond to actual needs of tissue of the body. Cellular multiplication gets out of control mechanism of cellular mitotic cycle and that of tissular growth.    Dedifferentiation is associated with cellular passage from mitotic pause to active mitosis, decreased length of cell cycle, increased number of dedifferentiated, proliferative cells. Mitotic process take place without differentiation stage, the cancer cells are continuously, uncontrolled and unlimited auto-productive. 

Etiology of tumor transformation is multiple and includes physical, chemical, biological factors. Pathogenesis of cancer dedifferentiation can be explained by reactivation of some cellular genes leading to loss of biochemical, structural and functional characteristics of the respective cells, but with concomitant recovery of embryonal characteristics, discordant with biological age of the body. This process of dedifferentiation is called anaplasia.
The tissues of the body are divided into three groups on the basis of the proliferative activity of their cells: continuously dividing (labile tissues), quiescent (stable tissues), and nondividing (permanent tissues). This time-honored classification should be interpreted in the light of recent findings on stem cells and the reprogramming of cell differentiation.

   •In continuously dividing tissues cells proliferate throughout life, replacing those that are destroyed. These tissues include surface epithelia, such as stratified squamous epithelia of the skin, oral cavity, vagina, and cervix; the lining mucosa of all the excretory ducts of the glands of the body (e.g., salivary glands, pancreas, biliary tract); the columnar epithelium of the GI tract and uterus; the transitional epithelium of the urinary tract, and cells of the bone marrow and hematopoietic tissues. In most of these tissues mature cells are derived from adult stem cells, which have a tremendous capacity to proliferate and whose progeny may differentiate into several kinds of cells.

   •Quiescent tissues normally have a low level of replication; however, cells from these tissues can undergo rapid division in response to stimuli and are thus capable of reconstituting the tissue of origin. In this category are the parenchymal cells of liver, kidneys, and pancreas; mesenchymal cells such as fibroblasts and smooth muscle; vascular endothelial cells; and lymphocytes and other leukocytes. The regenerative capacity of stable cells is best exemplified by the ability of the liver to regenerate after partial hepatectomy and after acute chemical injury. Fibroblasts, endothelial cells, smooth muscle cells, chondrocytes, and osteocytes are quiescent in adult mammals but proliferate in response to injury. Fibroblasts in particular can proliferate extensively, as in healing processes and fibrosis.

   • Nondividing tissues contain cells that have left the cell cycle and cannot undergo mitotic division in postnatal life. To this group belong neurons and skeletal and cardiac muscle cells. If neurons in the central nervous system are destroyed, the tissue is generally replaced by the proliferation of the central nervous system–supportive elements, the glial cells. However, recent results demonstrate that limited neurogenesis from stem cells may occur in adult brains. Although mature skeletal muscle cells do not divide, skeletal muscle does have regenerative capacity, through the differentiation of the satellite cells that are attached to the endomysial sheaths. Cardiac muscle has very limited, if any, regenerative capacity, and a large injury to the heart muscle, as may occur in myocardial infarction, is followed by scar formation.

Stem cells. Research on stem cells is at the forefront of modern-day biomedical investigation and stands at the core of a new field called regenerative medicine. The enthusiasm created by stem cell research derives from findings that challenge established views about cell differentiation, and from the hope that stem cells may one day be used to repair damaged human tissues, such as heart, brain, liver, and skeletal muscle.
Stem cells are characterized by their self-renewal properties and by their capacity to generate differentiated cell lineages. To give rise to these lineages, stem cells need to be maintained during the life of the organism. Such maintenance is achieved by two mechanisms: (a) obligatory asymmetric replication, in which with each stem cell division, one of the daughter cells retains its self-renewing capacity while the other enters a differentiation pathway, and (b) stochastic differentiation, in which a stem cell population is maintained by the balance between stem cell divisions that generate either two self-renewing stem cells or two cells that will differentiate. In early stages of embryonic development, stem cells, known as embryonic stem cells or ES cells, are pluripotent, that is, they can generate all tissues of the body . Pluripotent stem cells give rise to multipotent stem cells, which have more restricted developmental potential, and eventually produce differentiated cells from the three embryonic layers. The term transdifferentiation indicates a change in the lineage commitment of a stem cell.

In adults, stem cells (often referred to as adult stem cells or somatic stem cells) with a more restricted capacity to generate different cell types have been identified in many tissues. They have been studied in detail in the skin, the lining of the gut, the cornea, and particularly in the hematopoietic tissue. An unexpected finding has been the discovery of stem cells and neurogenesis in areas of the central nervous system of adult animals and humans. Somatic stem cells for the most part reside in special microenvironments called niches, composed of mesenchymal, endothelial, and other cell types. It is believed that niche cells generate or transmit stimuli that regulate stem cell self-renewal and the generation of progeny cells. Recent groundbreaking research has now demonstrated that differentiated cells of rodents and humans can be reprogrammed into pluripotent cells, similar to ES cells, by the transduction of genes encoding ES cell transcription factors. These reprogrammed cells have been named induced pluripotent stem cells (iPS cells). Their discovery has opened open an exciting new era in stem cell research and its applications. To illustrate the importance of stem cells in tissue maintenance and regeneration, we briefly discuss stem cells in the bone marrow, skin, gut, liver, brain, muscle, and cornea.  

• Bone marrow. The bone marrow contains HSCs (hematopoietic stem cells) and stromal cells (also known as multipotent stromal cells, mesenchymal stem cells or MSCs). Hematopoietic Stem Cells. HSCs generate all of the blood cell lineages, can reconstitute the bone marrow after depletion caused by disease or irradiation, and are widely used for the treatment of hematologic diseases. They can be collected directly from the bone marrow, from umbilical cord blood, and from the peripheral blood of individuals receiving cytokines such as granulocyte-macrophage colony-stimulating factor, which mobilize HSCs. It is estimated that the human bone marrow produces approximately 1.5×106 blood cells per second, an astonishing rate of cell-generating activity! Marrow Stromal Cells. MSCs are multipotent. They have potentially important therapeutic applications, because they can generate chondrocytes, osteoblasts, adipocytes, myoblasts, and endothelial cell precursors depending on the tissue to which they migrate. MSCs migrate to injured tissues and generate stromal cells or other cell lineages, but do not seem to participate in normal tissue homeostasis.
Liver. The liver contains stem cells/progenitor cells in the canals of Hering, the junction between the biliary ductular system and parenchymal hepatocytes. Cells located in this niche can give rise to a population of precursor cells known as oval cells, which are bipotential progenitors, capable of differentiating into hepatocytes and biliary cells. In contrast to stem cells in proliferating tissues, liver stem cells function as a secondary or reserve compartment activated only when hepatocyte proliferation is blocked. Oval cell proliferation and differentiation are prominent in the livers of patients recovering from fulminant hepatic failure, in liver tumorigenesis, and in some cases of chronic hepatitis and advanced liver cirrhosis. 

   • Brain. Neurogenesis from neural stem cells (NSCs) occurs in the brain of adult rodents and humans. Thus, the long-established dogma that no new neurons are generated in the brain of normal adult mammals is now known to be incorrect. NSCs (also known as neural precursor cells), capable of generating neurons, astrocytes, and oligodendrocytes, have been identified in two areas of adult brains, the subventricular zone (SVZ) and the dentate gyrus of the hippocampus. It is not clear if newly generated neurons in the adult human brain are integrated into neural circuits under physiologic and pathologic conditions, and, more broadly, what might be the purpose of adult neurogenesis. There is much hope that stem cell transplantation, or the induction of differentiation of endogenous NSCs, may be used in treatment of stroke, neurodegenerative disorders such as Parkinson and Alzheimer diseases, and spinal cord injury.

   •Skin. Stem cells are located in three different areas of the epidermis: the hair follicle bulge, interfollicular areas of the surface epidermis, and sebaceous glands. The bulge area of the hair follicle constitutes a niche for stem cells that produce all of the cell lineages of the hair follicle.Interfollicular stem cells are scattered individually in the epidermis and are not contained in niches. They divide infrequently but generate transit amplifying cells that generate the differentiated epidermis. The human epidermis has a high turnover rate of about 4 weeks. Bulge stem cells have been characterized in mice and humans. They contribute to the replenishment of surface epidermal cells after skin wounding but not during normal homeostasis. Their activation is regulated by stimulatory signals from the Wnt pathway and inhibition of signaling from the bone morphogenetic protein (BMP) system. 

   • Intestinal epithelium. In the small intestine, crypts are monoclonal structures derived from single stem cells: the villus is a differentiated compartment that contains cells from multiple crypts. Stem cells in small intestine crypts regenerate the crypt in 3 to 5 days.[45] As with skin stem cells, the Wnt and BMP pathways are important in the regulation of proliferation and differentiation of intestinal stem cells. Stem cells may be located immediately above Paneth cells in the small intestine, or at the base of the crypt, as is the case in the colon.

   • Skeletal and cardiac muscle. Skeletal muscle myocytes do not divide, even after injury; growth and regeneration of injured skeletal muscle occur by replication of satellite cells. These cells, located beneath the myocyte basal lamina, constitute a reserve pool of stem cells that can generate differentiated myocytes after injury. Active Notch signaling, triggered by up-regulation of delta-like (Dll) ligands, stimulates the proliferation of satellite cells (Notch signaling is discussed later in “Mechanisms of Angiogenesis”). The presence of stem cells in the heart continues to be debated. It has been proposed that the heart may contain progenitor-like cells with the capacity to generate progeny after injury, but not during physiologic aging.

   •Cornea. The transparency of the cornea depends on the integrity of the outermost corneal epithelium, which is maintained by limbal stem cells (LSCs). These cells are located at the junction between the epithelium of the cornea and the conjunctiva. Hereditary or acquired conditions that result in LSC deficiency and corneal opacification can be treated by limbal transplantation or LSC grafting. Animal experiments indicate that it might also be possible to correct the loss of photoreceptors that occurs in degenerative diseases of the retina by transplanting retinal stem cells.
Growth factors. The proliferation of many cell types is driven by polypeptides known as growth factors. These factors, which can have restricted or multiple cell targets, may also promote cell survival, locomotion, contractility, differentiation, and angiogenesis, activities that may be as important as their growth-promoting effects. All growth factors function as ligands that bind to specific receptors, which deliver signals to the target cells. These signals stimulate the transcription of genes that may be silent in resting cells, including genes that control cell cycle entry and progression.
Epidermal Growth Factor (EGF) and Transforming Growth Factor α (TGF-α)
These two factors belong to the EGF family and share a common receptor (EGFR). EGF is mitogenic for a variety of epithelial cells, hepatocytes, and fibroblasts, and is widely distributed in tissue secretions and fluids. In healing wounds of the skin, EGF is produced by keratinocytes, macrophages, and other inflammatory cells that migrate into the area. TGF-α was originally extracted from sarcoma virus–transformed cells and is involved in epithelial cell proliferation in embryos and adults, and in malignant transformation of normal cells to cancer. TGF-α has homology with EGF, binds to EGFR, and shares most of the biologic activities of EGF. The “EGF receptor” is actually a family of four membrane receptors with intrinsic tyrosine kinase activity. The best-characterized EGFR is referred to as EGFR1, ERB B1, or simply EGFR. It responds to EGF, TGF-α, and other ligands of the EGF family, such as HB-EGF (heparin-binding EGF) and amphiregulin. EGFR1 mutations and amplification have been detected in cancers of the lung, head and neck, and breast, glioblastomas, and other cancers, leading to the development of new types of treatments for these conditions. The ERB B2 receptor (also known as HER-2 or HER2/Neu), whose main ligand has not been identified, has received great attention because it is overexpressed in a subset of breast cancers and is an important therapeutic target.

Hepatocyte Growth Factor (HGF)
HGF was originally isolated from platelets and serum. Subsequent studies demonstrated that it is identical to a previously identified growth factor isolated from fibroblasts known as scatter factor. The factor is often referred to as HGF/SF, but in this chapter we will use the simpler notation, HGF.

HGF has mitogenic effects on hepatocytes and most epithelial cells, including cells of the biliary epithelium, and epithelial cells of the lungs, kidney, mammary gland, and skin. HGF acts as a morphogen in embryonic development, promotes cell scattering and migration, and enhances survival of hepatocytes. It is produced by fibroblasts and most mesenchymal cells, endothelial cells, and liver nonparenchymal cells. It is produced as an inactive single-chain form (pro-HGF) that is activated by serine proteases released in damaged tissues. The receptor for HGF, c-MET, is often highly expressed or mutated in human tumors, especially in renal and thyroid papillary carcinomas. HGF signaling is required for survival during embryonic development, as demonstrated by defects in the development of muscles, kidney, liver, and brain, and the lethality of knockout mice that lack c-met. Several HGF and c-MET inhibitors are presently being evaluated in cancer therapy clinical trials.

Platelet-Derived Growth Factor (PDGF)
PDGF is a family of several closely related proteins, each consisting of two chains. Three isoforms of PDGF (AA, AB, and BB) are secreted as biologically active molecules. The more recently identified isoforms PDGF-CC and PDGF-DD require extracellular proteolytic cleavage to release the active growth factor. All PDGF isoforms exert their effects by binding to two cell surface receptors, designated PDGFR α and β, which have different ligand specificities. PDGF is stored in platelet granules and is released on platelet activation. It is produced by a variety of cells, including activated macrophages, endothelial cells, smooth muscle cells, and many tumor cells. PDGF causes migration and proliferation of fibroblasts, smooth muscle cells, and monocytes to areas of inflammation and healing skin wounds, as demonstrated by defects in these functions in mice deficient in either the A or the B chain of PDGF. PDGF-B and C participate in the activation of hepatic stellate cells in the initial steps of liver fibrosis and stimulate wound contraction.

Vascular Endothelial Growth Factor (VEGF)
VEGFs are a family of homodimeric proteins that include VEGF-A (referred throughout as VEGF), VEGF-B, VEGF-C, VEGF-D, and PIGF (placental growth factor). VEGF is a potent inducer of blood vessel formation in early development (vasculogenesis) and has a central role in the growth of new blood vessels (angiogenesis) in adults. It promotes angiogenesis in chronic inflammation, healing of wounds, and in tumors. Mice that lack a single VEGF allele (heterozygous VEGF knockout mice) die during embryonic development as a result of defective vasculogenesis and hematopoiesis. VEGF family members signal through three tyrosine kinase receptors: VEGFR-1, VEGFR-2, and VEGFR-3. VEGFR-2, located in endothelial cells and many other cell types, is the main receptor for the vasculogenic and angiogenic effects of VEGF. The role of VEGFR-1 is less well understood, but it may facilitate the mobilization of endothelial stem cells and has a role in inflammation. VEGF-C and VEGF-D bind to VEGFR-3 and act on lymphatic endothelial cells to induce the production of lymphatic vessels (lymphangiogenesis).

Fibroblast Growth Factor (FGF)
This is a family of growth factors containing more than 20 members, of which acidic FGF (aFGF, or FGF-1) and basic FGF (bFGF, or FGF-2) are the best characterized. FGFs transduce signals through four tyrosine kinase receptors (FGFRs 1–4). FGF-1 binds to all receptors; FGF-7 is referred to as keratinocyte growth factor or KGF. Released FGFs associate with heparan sulfate in the ECM, which can serve as a reservoir for the storage of inactive factors. FGFs contribute to wound healing responses, hematopoiesis, angiogenesis, development, and other processes through several functions: 

  • Wound repair: FGF-2 and KGF (FGF-7) contribute to re-epithelialization of skin wounds. 

• New blood vessel formation (angiogenesis): FGF-2, in particular, has the ability to induce new blood vessel formation (discussed later). 

   • Hematopoiesis: FGFs have been implicated in the differentiation of specific lineages of blood cells and development of bone marrow stroma. 

   • Development: FGFs play a role in skeletal and cardiac muscle development, lung maturation, and the specification of the liver from endodermal cells. 

Transforming Growth Factor β (TGF-β) and Related Growth Factors
TGF-β belongs to a superfamily of about 30 members that includes three TGF-β isoforms (TGF-β1, TGF-β2, TGF-β3) and factors with wide-ranging functions, such as BMPs, activins, inhibins, and müllerian inhibiting substance. TGF-β1 has the most widespread distribution in mammals and will be referred to as TGF-β. It is a homodimeric protein produced by a variety of different cell types, including platelets, endothelial cells, lymphocytes, and macrophages. Native TGF-β is synthesized as a precursor protein, which is secreted and then proteolytically cleaved to yield the biologically active growth factor and a second latent component. Active TGF-β binds to two cell surface receptors (types I and II) with serine/threonine kinase activity and triggers the phosphorylation of cytoplasmic transcription factors called Smads (of which there are several forms, e.g., Smad 1, 2, 3, 5, and 8). These phosphorylated Smads in turn form heterodimers with Smad 4, which enter the nucleus and associate with other DNA-binding proteins to activate or inhibit gene transcription. TGF-β has multiple and often opposing effects depending on the tissue and the type of injury. Agents that have multiple effects are called pleiotropic; because of the large diversity of TGF-β effects, it has been said that TGF-β is pleiotropic with a vengeance.  

 • TGF-β is a growth inhibitor for most epithelial cells. It blocks the cell cycle by increasing the expression of cell cycle inhibitors of the Cip/Kip and INK4/ARF families. The effects of TGF-β on mesenchymal cells depend on the tissue environment, but it can promote invasion and metastasis during tumor growth. Loss of TGF-β receptors frequently occurs in human tumors, providing a proliferative advantage to tumor cells. At the same time TGF-β expression may increase in the tumor microenvironment, creating stromal-epithelial interactions that enhance tumor growth and invasion. 

   • TGF-β is a potent fibrogenic agent that stimulates fibroblast chemotaxis and enhances the production of collagen, fibronectin, and proteoglycans. It inhibits collagen degradation by decreasing matrix proteases and increasing protease inhibitor activities. TGF-β is involved in the development of fibrosis in a variety of chronic inflammatory conditions particularly in the lungs, kidney, and liver. High TGF-β expression also occurs in hypertrophic scars (discussed later), systemic sclerosis, and the Marfan syndrome. 

   • TGF-β has a strong anti-inflammatory effect but may enhance some immune functions. Knockout mice lacking the TGF-β1 gene in T cells have defects in regulatory T cells leading to widespread inflammation with abundant T-cell proliferation and CD4+ differentiation into TH1 and TH2 helper cells. However, TGF-β also enhances the development of interleukin-17 (IL-17)–producing T cells (TH17) that may be involved in autoimmune tissue injury, and stimulates the production of IgA in the gut mucosa. 

Cytokines. Cytokines have important functions as mediators of inflammation and immune responses. Some of these proteins can also be considered as growth factors, because they have growth-promoting activities for a variety of cells. Tumor necrosis factor (TNF) and IL-1 participate in wound healing reactions, and TNF and IL-6 are involved in the initiation of liver regeneration.
Adaptations are reversible changes in the size, number, phenotype, metabolic activity, or functions of cells in response to changes in their environment. Such adaptations may take several distinct forms.

HYPERTROPHY

Hypertrophy refers to an increase in the size of cells, resulting in an increase in the size of the organ. The hypertrophied organ has no new cells, just larger cells. The increased size of the cells is due to the synthesis of more structural components of the cells. Cells capable of division may respond to stress by undergoing both hyperplasia (described below) and hypertrophy, whereas in non-dividing cells (e.g., myocardial fibers) increased tissue mass is due to hypertrophy. In many organs hypertrophy and hyperplasia may coexist and contribute to increased size.

Hypertrophy can be physiologic or pathologic and is caused by increased functional demand or by stimulation by hormones and growth factors.
Physiological hypertrophy: orientated to maintain structural and/or functional homeostasis of the body in different conditions of existence and during action of pathogenic factors; it is adequate qualitatively and quantitatively in order to maintain homeostasis and ensure stability of function in adaptive process. Physiological hypertrophy can be:

a.
Adaptive hypertrophy (hypertrophy of skeletal muscles in physical effort, absolute hypoxic erythrocytosis);

b.
Compensatory hypertrophy (hypertrophy of myocardium in heart failure, hypertrophy of one of the kidney when the second was removed);

c.
Protective hypertrophy (hyperplasia and formation of a capsule around a foreign body in the tissue);

d.
Functional hypertrophy (hypertrophy of pregnant uterus, of mammary gland during lactation);
Pathologic hypertrophy – hypertrophy which is inadequate qualitatively and quantitatively for maintaining homeostasis. Pathologic hypertrophy can be:

a.
Endocrine hypertrophy – develops during non-physiological hypersecretion of hormones (, hypertrophy of thyroid gland in hypersecretion of TSH or TRH, hormonal mammary adenopathy);

b.
Neurotrophic hypertrophy  - hypertrophy of adipose tissue in denervated organs;

c.
Inflammatory hypertrophy - excessive growth of connective tissue in chronic inflammation;

d.
Tumoral hypertrophy - hyperplasia of tumoral tissue.
 The striated muscle cells in the heart and skeletal muscles have only a limited capacity for division, and respond to increased metabolic demands mainly by undergoing hypertrophy. The most common stimulus for hypertrophy of muscle is increased workload. For example, the bulging muscles of bodybuilders engaged in “pumping iron” result from an increase in size of the individual muscle fibers in response to increased demand. In the heart, the stimulus for hypertrophy is usually chronic hemodynamic overload, resulting from either hypertension or faulty valves. In both tissue types the muscle cells synthesize more proteins and the number of myofilaments increases. This increases the amount of force each myocyte can generate, and thus increases the strength and work capacity of the muscle as a whole.
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Fig. 1. Physiologic hypertrophy of the uterus during pregnancy. 
A, Gross appearance of a normal uterus (right) and a gravid uterus (removed for postpartum bleeding) (left). B, Small spindle-shaped uterine smooth muscle cells from a normal uterus, compared with C, large plump cells from the gravid uterus, at the same magnification. 
(From Robbins -Cotran; Pathologic basis of disease)
The massive physiologic growth of the uterus during pregnancy is a good example of hormone-induced increase in the size of an organ that results mainly from hypertrophy of muscle fibers (Fig.1). The cellular enlargement is stimulated by estrogenic hormones acting on smooth muscle estrogen receptors, eventually resulting in increased synthesis of smooth muscle proteins and an increase in cell size.

Although the traditional view of cardiac and skeletal muscle is that in adults these tissues are incapable of proliferation and, therefore, their enlargement is entirely a result of hypertrophy, there is now accumulating evidence that even these cell types are capable of some proliferation as well as repopulation from precursors, in addition to hypertrophy.
Mechanisms of hypertrophy

Pathogeny of hypertrophy has common features in different organs and includes some stereotype processes.

Hypertrophy begins with an initial period triggered by many stimuli: functional deficiency (absolute or relative with increased demand); generation of specific biologic stimuli – growth factor, hormones, hypoxia, oxidative stress, inflammation mediators, metabolic wastes and other biologic active substances). These initial factors act in a specific way, activate synthesis of cellular structures through induction of genetic process or stimulate the cellular multiplication (for example: action of erythropoietin); or acts as adjuvants which ensure the process of stimulation and multiplication (catabolic hormones – glucocorticoids, glucagon, catecholamines and anabolic hormones - estrogens, androgens, insulin, somatotropin). Under the influence of these factors growth is stimulated leading to hyperplasia/ hypertrophy. When the adequate degree of growth is achieved, sufficient to satisfy functional overload, hypertrophy process is stopped both, by cessation of triggering factor action as well as by action of some growth inhibitory factors. This process is regulated through the feed-back mechanism on the cellular, tissular and systemic level.

Hypertrophy is the result of increased production of cellular proteins. Much of our understanding of hypertrophy is based on studies of the heart. Hypertrophy can be induced by the linked actions of mechanical sensors (that are triggered by increased work load), growth factors (including TGF-β, insulin-like growth factor-1 [IGF-1], fibroblast growth factor), and vasoactive agents (such as α-adrenergic agonists, endothelin-1, and angiotensin II). Indeed, mechanical sensors themselves induce production of growth factors and agonists (Fig.2). These stimuli work coordinately to increase the synthesis of muscle proteins that are responsible for the hypertrophy. The two main biochemical pathways involved in muscle hypertrophy seem to be the phosphoinositide 3-kinase/Akt pathway (postulated to be most important in physiologic, e.g., exercise-induced, hypertrophy) and signaling downstream of G protein-coupled receptors (induced by many growth factors and vasoactive agents, and thought to be more important in pathologic hypertrophy). Hypertrophy may also be associated with a switch of contractile proteins from adult to fetal or neonatal forms. For example, during muscle hypertrophy the α isoform of myosin heavy chain is replaced by the β isoform, which has a slower, more energetically economical contraction. In addition, some genes that are expressed only during early development are re-expressed in hypertrophic cells, and the products of these genes participate in the cellular response to stress. For example, the gene for atrial natriuretic factor (ANF) is expressed in both the atrium and the ventricle in the embryonic heart, but it is down-regulated after birth. Cardiac hypertrophy, however, is associated with reinduction of ANF gene expression. ANF is a peptide hormone that causes salt secretion by the kidney, decreases blood volume and pressure, and therefore serves to reduce hemodynamic load.
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Fig. 2. Biochemical mechanisms of myocardial hypertrophy. 
The major known signaling pathways and their functional effects are shown. Mechanical sensors appear to be the major triggers for physiologic hypertrophy, and agonists and growth factors may be more important in pathologic states. ANF, atrial natriuretic factor; IGF-1, insulin-like growth factor. (From Robbins-Cotran; Pathologic basis of disease).
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Fig. 3. Myocardial hypertrophy.
 Cross-section of the heart in a patient with long-standing hypertension.
(From C. Porth and G. Matfin; Pathophysiology. Concepts of altered health states).
Whatever the exact cause and mechanism of cardiac hypertrophy, it eventually reaches a limit beyond which enlargement of muscle mass is no longer able to compensate for the increased burden. At this stage several regressive changes occur in the myocardial fibers, of which the most important are lysis and loss of myofibrillar contractile elements. In extreme cases myocyte death can occur by either apoptosis or necrosis. The net result of these changes is cardiac failure, a sequence of events that illustrates how an adaptation to stress can progress to functionally significant cell injury if the stress is not relieved.

Although hypertrophy usually refers to increase in size of cells or tissues, sometimes a subcellular organelle may undergo selective hypertrophy. For instance, individuals treated with drugs such as barbiturates show hypertrophy of the smooth endoplasmic reticulum (ER) in hepatocytes, which is an adaptive response that increases the amount of enzymes (cytochrome P-450 mixed function oxidases) available to detoxify the drugs. Over time, the patients respond less to the drug because of this adaptation. Adaptation to one drug may result in an increased capacity to metabolize other drugs. For instance, alcohol intake causes hypertrophy of the smooth ER and may lead to reduced levels of available barbiturates that are being taken at the same time. Although P-450-mediated modification is often thought of as “detoxification,” many compounds are rendered more injurious by this process. In addition, the products formed by this oxidative metabolism include reactive oxygen species, which can injure the cell. Normal genetic variations (polymorphisms) influence the activity of P-450, and thus the sensitivity of different individuals to various drugs.
HYPERPLASIA

Hyperplasia is an increase in the number of cells in an organ or tissue, usually resulting in increased mass of the organ or tissue. Although hyperplasia and hypertrophy are distinct processes, frequently they occur together, and they may be triggered by the same external stimulus. Hyperplasia takes place if the cell population is capable of dividing, and thus increasing the number of cells. Hyperplasia can be physiologic or pathologic.

Physiologic hyperplasia. Physiologic hyperplasia due to the action of hormones or growth factors occurs in several circumstances: when there is a need to increase functional capacity of hormone sensitive organs; when there is need for compensatory increase after damage or resection.

Physiologic hyperplasia can be divided into: (1) hormonal hyperplasia, which increases the functional capacity of a tissue when needed, and (2) compensatory hyperplasia, which increases tissue mass after damage or partial resection. Hormonal hyperplasia is well illustrated by the proliferation of the glandular epithelium of the female breast at puberty and during pregnancy, usually accompanied by enlargement (hypertrophy) of the glandular epithelial cells. The classical illustration of compensatory hyperplasia comes from the myth of Prometheus, which shows that the ancient Greeks recognized the capacity of the liver to regenerate. As punishment for having stolen the secret of fire from the gods, Prometheus was chained to a mountain, and his liver was devoured daily by an eagle, only to regenerate anew every night. In individuals who donate one lobe of the liver for transplantation, the remaining cells proliferate so that the organ soon grows back to its original size. Experimental models of partial hepatectomy have been very useful for defining the mechanisms that stimulate regeneration of the liver. Marrow is remarkable in its capacity to undergo rapid hyperplasia in response to a deficiency of terminally differentiated blood cells. For example, in the setting of an acute bleed or premature breakdown of red cells (hemolysis), feedback loops involving the growth factor erythropoietin are activated that stimulate the growth of red cell progenitors, allowing red cell production to increase as much as 8-fold.
Pathologic hyperplasia. Most forms of pathologic hyperplasia are caused by excesses of hormones or growth factors acting on target cells. Endometrial hyperplasia is an example of abnormal hormone-induced hyperplasia. Normally, after a menstrual period there is a rapid burst of proliferative activity in the epithelium that is stimulated by pituitary hormones and ovarian estrogen. It is brought to a halt by the rising levels of progesterone, usually about 10 to 14 days before the end of the menstrual period. In some instances, however, the balance between estrogen and progesterone is disturbed. This results in absolute or relative increases in the amount of estrogen, with consequent hyperplasia of the endometrial glands. This form of pathologic hyperplasia is a common cause of abnormal menstrual bleeding. Benign prostatic hyperplasia is another common example of pathologic hyperplasia induced by responses to hormones, in this case, androgens. Although these forms of hyperplasia are abnormal, the process remains controlled because there are no mutations in genes that regulate cell division, and the hyperplasia regresses if the hormonal stimulation is eliminated. In cancer, the growth control mechanisms become dysregulated or ineffective because of genetic aberrations, resulting in unrestrained proliferation. Thus, hyperplasia is distinct from cancer, but pathologic hyperplasia constitutes a fertile soil in which cancerous proliferation may eventually arise. For instance, patients with hyperplasia of the endometrium are at increased risk for developing endometrial cancer.

Hyperplasia is a characteristic response to certain viral infections, such as papilloma viruses, which cause skin warts and several mucosal lesions composed of masses of hyperplastic epithelium. Here, growth factors produced by viral genes or by infected cells may stimulate cellular proliferation.

Mechanisms of hyperplasia

Hyperplasia is the result of growth factor–driven proliferation of mature cells and, in some cases, by increased output of new cells from tissue stem cells. For instance, after partial hepatectomy growth factors are produced in the liver that engage receptors on the surviving cells and activate signaling pathways that stimulate cell proliferation. But if the proliferative capacity of the liver cells is compromised, as in some forms of hepatitis causing cell injury, hepatocytes can instead regenerate from intrahepatic stem cells. Biological significance of physiological hypertrophy and hyperplasia are determined by the final objective, which consists in maintaining the functional homeostasis of the body through structure modification. Meantime, hyperplasia ensured through acceleration of the cellular multiplication, leads to early consumption of genetic cell resources and probably decreased adaptive potential of the body. This, probably, explains premature aging of the hypertrophic heart, explained through decreased cellular population and myocardial sclerosis.

ATROPHY
Atrophy (from greek a – negation, trophe -nutrition) represents a process of lowering in volume of cellular organelles, cells, tissues and organs associated with decreased or stopped functions. Atrophy can be regarded as a form of structural dyshomeostasis or as a misbalance between destructive processes (physiological or pathological) and relative or absolute insufficiency of the regenerative processes. 

Because structural homeostasis is a derivate of functional homeostasis, is necessary to underline the role of function in determination of structure volume. So, the volume of a necessary function to ensure the homeostasis of the body determines the structure volume. In other words, in the balance function/structure, the main role has the function. From this point of view, different normal equilibrium structure/function can be present: increased function – increased structure; decreased function – decreased volume of structures.

Atrophy can be physiologic or pathologic. 
Physiological atrophy is the atrophy with preservation of the equilibrium between structure and function. Physiologic atrophy is common during normal development. Some embryonic structures, such as the notochord and thyroglossal duct, undergo atrophy during fetal development. The decrease in the size of the uterus that occurs shortly after parturition is another form of physiologic atrophy. Types of physiological atrophy are:
a) hypofunctional atrophy – develops through decreased functional requirements (ex. atrophy of the skeletal muscle in the physical inactivity, physiologic anemia in prolonged physical inactivity);

b) involutive atrophy – atrophy of the organs and tissues characterized only for a ontogenetic period (thymus atrophy with age);

c) involutive senile atrophy – atrophy of all organs especially skin, muscle, bones with aging;

Pathologic atrophy depends on the underlying cause and can be local or generalized. The common causes of atrophy are the following:  
           •  Decreased workload (atrophy of disuse). When a fractured bone is immobilized in a plaster cast or when a patient is restricted to complete bedrest, skeletal muscle atrophy rapidly ensues. The initial decrease in cell size is reversible once activity is resumed. With more prolonged disuse, skeletal muscle fibers decrease in number (due to apoptosis) as well as in size; this atrophy can be accompanied by increased bone resorption, leading to osteoporosis of disuse. 

             •  Loss of innervation (denervation atrophy). The normal metabolism and function of skeletal muscle are dependent on its nerve supply. Damage to the nerves leads to atrophy of the muscle fibers supplied by those nerves. 

          • Diminished blood supply. A decrease in blood supply (ischemia) to a tissue as a result of slowly developing arterial occlusive disease results in atrophy of the tissue. In late adult life, the brain may undergo progressive atrophy, mainly because of reduced blood supply as a result of atherosclerosis. This is called senile atrophy; it also affects the heart. 

         •  Inadequate nutrition. Profound protein-calorie malnutrition (marasmus) is associated with the use of skeletal muscle as a source of energy after other reserves such as adipose stores have been depleted. This results in marked muscle wasting (cachexia). Cachexia is also seen in patients with chronic inflammatory diseases and cancer. In the former, chronic overproduction of the inflammatory cytokine tumor necrosis factor (TNF) is thought to be responsible for appetite suppression and lipid depletion, culminating in muscle atrophy. 

         • Loss of endocrine stimulation. Many hormone-responsive tissues, such as the breast and reproductive organs, are dependent on endocrine stimulation for normal metabolism and function. The loss of estrogen stimulation after menopause results in physiologic atrophy of the endometrium, vaginal epithelium, and breast. 

         • Pressure. Tissue compression for any length of time can cause atrophy. An enlarging benign tumor can cause atrophy in the surrounding uninvolved tissues. Atrophy in this setting is probably the result of ischemic changes caused by compromise of the blood supply by the pressure exerted by the expanding mass. 
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Fig. 4. Atrophy.
 A, Normal brain of a young adult.B, Atrophy of the brain in an 82-year-old male with atherosclerotic cerebrovascular disease, resulting in reduced blood supply. Note that loss of brain substance narrows the gyri and widens the sulci. The meninges have been stripped from the right half of each specimen to reveal the surface of the brain.
 (From Robbins-Cotran; Pathologic basis of disease)
The fundamental cellular changes associated with atrophy are identical in all of these settings. The initial response is a decrease in cell size and organelles, which may reduce the metabolic needs of the cell sufficiently to permit its survival. In atrophic muscle, the cells contain fewer mitochondria and myofilaments and a reduced amount of rough ER. By bringing into balance the cell's metabolic demand and the lower levels of blood supply, nutrition, or trophic stimulation, a new equilibrium is achieved. Early in the process atrophic cells may have diminished function, but they are not dead. However, atrophy caused by gradually reduced blood supply may progress to the point at which cells are irreversibly injured and die, often by apoptosis. Cell death by apoptosis also contributes to the atrophy of endocrine organs after hormone withdrawal.
            Mechanisms of atrophy
Atrophy results from decreased protein synthesis and increased protein degradation in cells. Protein synthesis decreases because of reduced metabolic activity. The degradation of cellular proteins occurs mainly by the ubiquitin-proteasome pathway. Nutrient deficiency and disuse may activate ubiquitin ligases, which attach the small peptide ubiquitin to cellular proteins and target these proteins for degradation in proteasomes. This pathway is also thought to be responsible for the accelerated proteolysis seen in a variety of catabolic conditions, including cancer cachexia.

In many situations, atrophy is also accompanied by increased autophagy, with resulting increases in the number of autophagic vacuoles. Autophagy (“self eating”) is the process in which the starved cell eats its own components in an attempt to find nutrients and survive. Autophagic vacuoles are membrane-bound vacuoles that contain fragments of cell components. The vacuoles ultimately fuse with lysosomes, and their contents are digested by lysosomal enzymes. Some of the cell debris within the autophagic vacuoles may resist digestion and persist as membrane-bound residual bodies that may remain as a sarcophagus in the cytoplasm. An example of such residual bodies is the lipofuscin granules. When present in sufficient amounts, they impart a brown discoloration to the tissue (brown atrophy). Autophagy is associated with various types of cell injury.
Consequences of atrophy depend on its character. Every atrophy is accompanied with proportional diminishing of function, but if in case of hypofunction due to physiological atrophy, this function is adequate to current requirements and is capable to ensure homeostasis of the body in optimal conditions (but with decreasing diapason of adaptation), in case of pathologic atrophy deficiency of function leads to dyshomeostasis in the body even in optimal conditions of existence.

Disorders of regenerative process
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 Urodele amphibians such as the newt can regenerate their tails, limbs, lens, retina, jaws, and even a large portion of the heart, but the capacity for regeneration of whole tissues and organs has been lost in mammals. The inadequacy of true regeneration in mammals has been attributed to the absence of blastema formation (the source of cells for regeneration) and to the rapid fibroproliferative response after wounding. The Wnt/β-catenin is a highly conserved pathway that participates in the regeneration of planaria flatworms, fin and heart regeneration in zebra fish, and blastema and patterning formation in limb regeneration in newts. In mammals, Wnt/β-catenin modulates stem cell functions in the intestinal epithelium, bone marrow, and muscle, participates in liver regeneration after partial hepatectomy, and stimulates oval cell proliferation after liver injury. Other organs, including kidney, pancreas, adrenal glands, thyroid, and the lungs of very young animals, are also capable of compensatory growth, although they display it in less dramatic form than the liver. Because new nephrons cannot be generated in the adult kidney, the growth of the contralateral kidney after unilateral nephrectomy involves nephron hypertrophy and some replication of proximal tubule cells. The pancreas has a limited capacity to regenerate its exocrine components and islets. Regeneration of pancreatic beta cells may involve beta-cell replication, transdifferentiation of ductal cells, or differentiation of putative stem cells that express the transcription factors Oct4 and Sox2. Recently, pancreatic exocrine cells have been reprogrammed into insulin-secreting β-cells.
Tissue repair and regeneration depend not only on the activity of soluble factors, but also on interactions between cells and the components of the extracellular matrix (ECM). The ECM regulates the growth, proliferation, movement, and differentiation of the cells living within it. It is constantly remodeling, and its synthesis and degradation accompanies morphogenesis, regeneration, wound healing, chronic fibrotic processes, tumor invasion, and metastasis. The ECM sequesters water, providing turgor to soft tissues, and minerals that give rigidity to bone, but it does much more than just fill the spaces around cells to maintain tissue structure. Its various functions include:

  •     Mechanical support for cell anchorage and cell migration, and maintenance of cell polarity;
  •     Control of cell growth. ECM components can regulate cell proliferation by signaling through cellular receptors of the integrin family;
   •     Maintenance of cell differentiation. The type of ECM proteins can affect the degree of differentiation of the cells in the tissue, also acting largely via cell surface integrins;
   •     Scaffolding for tissue renewal. The maintenance of normal tissue structure requires a basement membrane or stromal scaffold. The integrity of the basement membrane or the stroma of the parenchymal cells is critical for the organized regeneration of tissues. It is particularly noteworthy that although labile and stable cells are capable of regeneration, injury to these tissues results in restitution of the normal structure only if the ECM is not damaged. Disruption of these structures leads to collagen deposition and scar formation;
   •     Establishment of tissue microenvironments. Basement membrane acts as a boundary between epithelium and underlying connective tissue and also forms part of the filtration apparatus in the kidney; 

   •     Storage and presentation of regulatory molecules. For example, growth factors like FGF and HGF are secreted and stored in the ECM in some tissues. This allows the rapid deployment of growth factors after local injury, or during regeneration. 

The ECM is composed of three groups of macromolecules: fibrous structural proteins, such as collagens and elastins that provide tensile strength and recoil; adhesive glycoproteins that connect the matrix elements to one another and to cells; and proteoglycans and hyaluronan that provide resilience and lubrication. These molecules assemble to form two basic forms of ECM: interstitial matrix and basement membranes. The interstitial matrix is found in spaces between epithelial, endothelial, and smooth muscle cells, as well as in connective tissue. It consists mostly of fibrillar and nonfibrillar collagen, elastin, fibronectin, proteoglycans, and hyaluronan. Basement membranes are closely associated with cell surfaces, and consist of nonfibrillar collagen (mostly type IV), laminin, heparin sulfate, and proteoglycans.
Collagen. Collagen is the most common protein in the animal world, providing the extracellular framework for all multicellular organisms. Without collagen, a human being would be reduced to a clump of cells, like the “Blob” (the “gelatinous horror from outer space” of 1950s movie fame), interconnected by a few neurons. Currently, 27 different types of collagens encoded by 41 genes dispersed on at least 14 chromosomes are known. Each collagen is composed of three chains that form a trimer in the shape of a triple helix. The polypeptide is characterized by a repeating sequence in which glycine is in every third position (Gly-X-Y, in which X and Y can be any amino acid other than cysteine or tryptophan), and it contains the specialized amino acids 4-hydroxyproline and hydroxylysine. Prolyl residues in the Y-position are characteristically hydroxylated to produce hydroxyproline, which serves to stabilize the triple helix. Types I, II, III and V, and XI are the fibrillar collagens, in which the triple-helical domain is uninterrupted for more than 1000 residues; these proteins are found in extracellular fibrillar structures. Type IV collagens have long but interrupted triple-helical domains and form sheets instead of fibrils; they are the main components of the basement membrane, together with laminin. Another collagen with a long interrupted triple-helical domain (type VII) forms the anchoring fibrils between some epithelial and mesenchymal structures, such as epidermis and dermis. Still other collagens are transmembrane and may also help to anchor epidermal and dermal structures.
The messenger RNAs transcribed from fibrillar collagen genes are translated into pre-pro-α chains that assemble in a type-specific manner into trimers. Hydroxylation of proline and lysine residues and lysine glycosylation occur during translation. Three chains of a particular collagen type assemble to form the triple helix. Procollagen is secreted from the cell and cleaved by proteases to form the basic unit of the fibrils. Collagen fibril formation is associated with the oxidation of lysine and hydroxylysine residues by the extracellular enzyme lysyl oxidase. This results in cross-linking between the chains of adjacent molecules, which stabilizes the array, and is a major contributor to the tensile strength of collagen. Vitamin C is required for the hydroxylation of procollagen, a requirement that explains the inadequate wound healing in scurvy . Genetic defects in collagen production cause many inherited syndromes, including various forms of the Ehlers-Danlos syndrome and osteogenesis imperfect.

Elastin, Fibrillin and elastic fibers. Tissues such as blood vessels, skin, uterus, and lung require elasticity for their function. Proteins of the collagen family provide tensile strength, but the ability of these tissues to expand and recoil (compliance) depends on the elastic fibers. These fibers can stretch and then return to their original size after release of the tension. Morphologically, elastic fibers consist of a central core made of elastin, surrounded by a peripheral network of microfibrils. Substantial amounts of elastin are found in the walls of large blood vessels, such as the aorta, and in the uterus, skin, and ligaments. The peripheral microfibrillar network that surrounds the core consists largely of fibrillin, a 350-kD secreted glycoprotein, which associates either with itself or with other components of the ECM. The microfibrils serve, in part, as scaffolding for deposition of elastin and the assembly of elastic fibers. They also influence the availability of active TGFβ in the ECM. As already mentioned, inherited defects in fibrillin result in formation of abnormal elastic fibers in Marfan syndrome, manifested by changes in the cardiovascular system (aortic dissection) and the skeleton.
Cell adhesion proteins. Most adhesion proteins, also called CAMs (cell adhesion molecules), can be classified into four main families: immunoglobulin family CAMs, cadherins, integrins, and selectins. These proteins function as transmembrane receptors but are sometimes stored in the cytoplasm. As receptors, CAMs can bind to similar or different molecules in other cells, providing for interaction between the same cells (homotypic interaction) or different cell types (heterotypic interaction). Integrins bind to ECM proteins such as fibronectin, laminin, and osteopontin providing a connection between cells and ECM, and also to adhesive proteins in other cells, establishing cell-to-cell contact. Fibronectin is a large protein that binds to many molecules, such as collagen, fibrin, proteoglycans, and cell surface receptors. It consists of two glycoprotein chains, held together by disulfide bonds. Fibronectin messenger RNA has two splice forms, giving rise to tissue fibronectin and plasma fibronectin. The plasma form binds to fibrin, helping to stabilize the blood clot that fills the gaps created by wounds, and serves as a substratum for ECM deposition and formation of the provisional matrix during wound healing (discussed later). Laminin is the most abundant glycoprotein in the basement membrane and has binding domains for both ECM and cell surface receptors. In the basement membrane, polymers of laminin and collagen type IV form tightly bound networks. Laminin can also mediate the attachment of cells to connective tissue substrates.
Cadherins and integrins link the cell surface with the cytoskeleton through binding to actin and intermediate filaments. These linkages, particularly for the integrins, provide a mechanism for the transmission of mechanical force and the activation of intracellular signal transduction pathways that respond to these forces. Ligand binding to integrins causes clustering of the receptors in the cell membrane and formation of focal adhesion complexes. The cytoskeletal proteins that co-localize with integrins at the cell focal adhesion complex include talin, vinculin, and paxillin. The integrin-cytoskeleton complexes function as activated receptors and trigger a number of signal transduction pathways, including the MAP kinase, PKC, and PI3K pathways, which are also activated by growth factors. Not only is there a functional overlap between integrin and growth factor receptors, but integrins and growth factor receptors interact (“cross-talk”) to transmit environmental signals to the cell that regulate proliferation, apoptosis, and differentiation.

The name cadherin is derived from the term “calcium-dependent adherence protein.” This family contains almost 90 members, which participate in interactions between cells of the same type. These interactions connect the plasma membrane of adjacent cells, forming two types of cell junctions called (1) zonula adherens, small, spotlike junctions located near the apical surface of epithelial cells, and (2) desmosomes, stronger and more extensive junctions, present in epithelial and muscle cells. Migration of keratinocytes in the re-epithelialization of skin wounds is dependent on the formation of dermosomal junctions. Linkage of cadherins with the cytoskeleton occurs through two classes of catenins. β-catenin links cadherins with α-catenin, which, in turn, connects to actin, thus completing the connection with the cytoskeleton. Cell-to-cell interactions mediated by cadherins and catenins play a major role in regulating cell motility, proliferation, and differentiation and account for the inhibition of cell proliferation that occurs when cultured normal cells contact each other (“contact inhibition”). Diminished function of E-cadherin contributes to certain forms of breast and gastric cancer. As already mentioned, free β-catenin acts independently of cadherins in the Wnt signaling pathway, which participates in stem cell homeostasis and regeneration. Mutation and altered expression of the Wnt/β-catenin pathway is implicated in cancer development, particularly in gastrointestinal and liver cancers.

In addition to the main families of adhesive proteins described earlier, some other secreted adhesion molecules are mentioned because of their potential role in disease processes: (1) SPARC (secreted protein acidic and rich in cysteine), also known as osteonectin, contributes to tissue remodeling in response to injury and functions as an angiogenesis inhibitor; (2) the thrombospondins, a family of large multifunctional proteins, some of which, similar to SPARC, also inhibit angiogenesis; (3) osteopontin (OPN) is a glycoprotein that regulates calcification, is a mediator of leukocyte migration involved in inflammation, vascular remodeling, and fibrosis in various organs; and (4) the tenascin family, which consist of large multimeric proteins involved in morphogenesis and cell adhesion.

Glycosoaminoglycans and proteoglycans. GAGs make up the third type of component in the ECM, besides the fibrous structural proteins and cell adhesion proteins. GAGs consist of long repeating polymers of specific disaccharides. With the exception of hyaluronan, GAGs are linked to a core protein, forming molecules called proteoglycans. Proteoglycans are remarkable in their diversity. At most sites, ECM may contain several different core proteins, each containing different GAGs. Proteoglycans were originally described as ground substances or mucopolysaccharides, whose main function was to organize the ECM, but it is now recognized that these molecules have diverse roles in regulating connective tissue structure and permeability. Proteoglycans can be integral membrane proteins and, through their binding to other proteins and the activation of growth factors and chemokines, act as modulators of inflammation, immune responses, and cell growth and differentiation.
There are four structurally distinct families of GAGs: heparan sulfate, chondroitin/dermatan sulfate, keratan sulfate, and hyaluronan (HA). The first three of these families are synthesized and assembled in the Golgi apparatus and rough endoplasmic reticulum as proteoglycans. By contrast, HA is produced at the plasma membrane by enzymes called hyaluronan synthases and is not linked to a protein backbone.

HA is a polysaccharide of the GAG family found in the ECM of many tissues and is abundant in heart valves, skin and skeletal tissues, synovial fluid, the vitreous of the eye, and the umbilical cord. It is a huge molecule that consists of many repeats of a simple disaccharide stretched end-to-end. It binds a large amount of water (about 1000-fold its own weight), forming a viscous hydrated gel that gives connective tissue the ability to resist compression forces. HA helps provide resilience and lubrication to many types of connective tissue, notably for the cartilage in joints. Its concentration increases in inflammatory diseases such as rheumatoid arthritis, scleroderma, psoriasis, and osteoarthritis. Enzymes called hyaluronidases fragment HA into lower molecular weight molecules (LMW HA) that have different functions than the parent molecule. LMW HA produced by endothelial cells binds to the CD44 receptor on leukocytes, promoting the recruitment of leukocytes to the sites of inflammation. In addition, LMW HA molecules stimulate the production of inflammatory cytokines and chemokines by white cells recruited to the sites of injury. The leukocyte recruitment process and the production of pro-inflammatory molecules by LMW HA are strictly regulated processes; these activities are beneficial if short-lived, but their persistence may lead to prolonged inflammation.
Regeneration – represents the process of recovery of the structures lost in physiological or pathological way, oriented towards reestablishment of structural and functional homeostasis of the body.

The capacity of recovery is a natural ability for all body structures. In function of hierarchic level of regenerative substrate, regeneration can be:

a) molecular regeneration – recovery of molecules (example: recovery of DNA molecules);

b) subcellular regeneration – reestablishment of subcellular structures (cellular organelle), injured by pathogenic factors;

c) cellular regeneration - reestablishment  of monovalent cellular population of injured tissue (hepatocyte regeneration in liver cirrhosis without structural recovery of the organ – of hepatic lobe);

d) tissular regeneration – recovery of all tissular components – of cells and tissular infrastructures (cellular interconnection, intracellular matrix: fibers, fundamental substance);

e) organ regeneration – reestablishment of organ parenchyma and stroma (vessels, nervous structures with preservation of specific architecture of the organ);

Molecular regeneration represents the DNA recovery after injuries caused by different pathogenic factors which imply specific enzymes activation which perform the biochemical resection of injured segment of ADN, its lysis and resynthesis of normal segment, what will replace the injured portion. 

Subcellular regeneration represents the multiplication of intact cell organelles; the same way as a cell can originate only from a cell, organelles can originate only from other cellular organelles (these can’t be synthesized de novo). In this way, mitochondria, ribosomes, Golgi apparatus regeneration is performed.

Cellular regeneration is performed by mitotic and amitotic cellular multiplication.

Tissular regeneration and organ regeneration may include in addition to cellular regeneration, blood vessel and lymphatic vessels regeneration (angiogenesis) as well as recovery of nervous structures (axons, nerve endings).

In function of biological significance, can be recognized physiologic and pathologic regeneration.

 Physiologic regeneration targets recovery of cells lost as result of physiological processes (old cell after normal functioning), as result of functional overuse and accelerated use or cellular necrosis under the influence of some pathogenic factor which lead to cellular injuries and targets the maintenance of structural and functional homeostasis of the body. Physiological regeneration occurs in the basis of the same biologic mechanisms and is qualitatively and quantitatively adequate to the organ of residence – regeneration is performed with the same histologic structures and in sufficient volume to maintain the structural and functional homeostasis of the involved tissue or organ. To be mentioned that, after functional overuse of the organ, volume of physiological regeneration can overcome the characteristic normal regeneration necessary for maintaining the normal physiological function, in this case we speak about hyperegeneration associated with excess of structures.

Physiological regeneration is classified in following types:

a) Homeostatic regeneration – recovery of used and old structures in result of vital physiological  processes; this is the continuous regeneration of the epithelial cells of the digestive tract, urogenital tract, bronchial tree, skin, blood cells during lifetime.

b) Adaptive regeneration –  regeneration which is initiated by a functional overuse of a tissue oriented toward increasing  structural mass, such satisfying the functional requirements in new conditions. A typical example of adaptive regeneration is regeneration of erythroblasts in healthy mountain dwellers.

c) Compensatory regeneration – regeneration initiated by compensatory hyperfunction of synergist organs with the aim to increase healthy structural mass, in order to maintain functional homeostasis of the body. An example of compensatory regeneration is regeneration of erythrocyte series of red bone marrow in cardiac vices or lung diseases. 

d) Protective regeneration – regeneration of mesenchymal structures of the organs in order to protect from harmful effects of pathogenic factors. Protective regeneration of connective tissue occurs in infectious-inflammatory focus. 

e) Reparative regeneration – regeneration oriented towards recovery of  parenchymatous structures of the injured organ. By this type of regeneration parenchyma of majority of organs (liver, stomach, intestine, skin and so on) is reestablished.

For every organ an own capacity and form of regeneration is characteristic. So, in some organs only cellular regeneration is possible – myocardial cells, neurons; in other organs, cellular mitotic and amitotic regeneration is characteristic, and is accompanied by concomitant regeneration and hypertrophy of subcellular structures – in the liver, kidney, pancreas. There is the third category of organs in which cellular regeneration occurs without hypertrophy of cellular organelles – in the skin epithelium, bone marrow.

Pathologic regeneration is initiated by the same stimuli as those of physiologic regeneration, but differs by inadequate qualitative or quantitative features.

  I. Quantitative inadequate regeneration – heterometry.
        a. Hyporegeneration – insufficient regeneration for maintaining structural and functional homeostasis (negative structure balance).
Inadequate formation of granulation tissue or assembly of a scar can lead to two types of complications: wound dehiscence and ulceration. Dehiscence or rupture of a wound is most common after abdominal surgery and is due to increased abdominal pressure. Vomiting, coughing, or ileus can generate mechanical stress on the abdominal wound. Wounds can ulcerate because of inadequate vascularization during healing. For example, lower extremity wounds in individuals with atherosclerotic peripheral vascular disease typically ulcerate. Non-healing wounds also form in areas devoid of sensation. These neuropathic ulcers are occasionally seen in patients with diabetic peripheral neuropathy.

        b. Hyperregeneration with overproduction of structures, which outrun homeostatic necessities of the body (positive structure balance), for example development of keloid scars on the skin).
    Excessive formation of the components of the repair process can give rise to hypertrophic scars and keloids. The accumulation of excessive amounts of collagen may give rise to a raised scar known as a hypertrophic scar; if the scar tissue grows beyond the boundaries of the original wound and does not regress, it is called a keloid. Keloid formation seems to be an individual predisposition, and for unknown reasons this aberration is somewhat more common in African Americans. Hyperthrophic scars generally develop after thermal or traumatic injury that involves the deep layers of the dermis. Collagen is produced by myofibroblasts, which persist in the lesion through the autocrine production of TGF-β, and the establishment of focal adhesions.

Exuberant granulation is another deviation in wound healing consisting of the formation of excessive amounts of granulation tissue, which protrudes above the level of the surrounding skin and blocks reepithelialization (this process has been called, with more literary fervor, proud flesh). Excessive granulation must be removed by cautery or surgical excision to permit restoration of the continuity of the epithelium. Finally (fortunately rarely), incisional scars or traumatic injuries may be followed by exuberant proliferation of fibroblasts and other connective tissue elements that may, in fact, recur after excision. Called desmoids, or aggressive fibromatoses, these lie in the interface between benign proliferations and malignant (though low-grade) tumors. The line between the benign hyperplasias characteristic of repair and neoplasia is frequently finely drawn. Contraction in the size of a wound is an important part of the normal healing process. An exaggeration of this process gives rise to contracture and results in deformities of the wound and the surrounding tissues. Contractures are particularly prone to develop on the palms, the soles, and the anterior aspect of the thorax. Contractures are commonly seen after serious burns and can compromise the movement of joints.
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Fig. 5. Keloid. A, Excess collagen deposition in the skin forming a raised scar known as keloid. B, Note the thick connective tissue deposition in the dermis. (From Robbins-Cotran; Pathologic basis of disease).
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Fig.  6.  Wound contracture. Severe contracture of a wound after deep burn injury.
 (from Robbins-Cotran; Pathologic basis of disease).
II. Qualitative inadequate regeneration – regeneration characterized by production of structures which histologically differ from initial one. Is manifested by:

-  Dysplasia– regeneration with production of abnormal, embryonal, monstrous structures; 

-  Metaplasia – regeneration with production of normal structures but with another histologic character – in other words - heterotopy (cylindrical epithelium is replaced by squamous epithelium); 

- Sclerosis– regeneration with substitution of specific parenchymatous structures with nonspecific structures (connective tissue);

-  Malignization – regeneration with production of tumor cells.
Metaplasia is a reversible change in which one differentiated cell type (epithelial or mesenchymal) is replaced by another cell type. It may represent an adaptive substitution of cells that are sensitive to stress by cell types better able to withstand the adverse environment.

The most common epithelial metaplasia is columnar to squamous, as occurs in the respiratory tract in response to chronic irritation. In the habitual cigarette smoker, the normal ciliated columnar epithelial cells of the trachea and bronchi are often replaced by stratified squamous epithelial cells. Stones in the excretory ducts of the salivary glands, pancreas, or bile ducts may also cause replacement of the normal secretory columnar epithelium by stratified squamous epithelium. A deficiency of vitamin A (retinoic acid) induces squamous metaplasia in the respiratory epithelium. In all these instances the more rugged stratified squamous epithelium is able to survive under circumstances in which the more fragile specialized columnar epithelium might have succumbed. However, the change to metaplastic squamous cells comes with a price. In the respiratory tract, for example, although the epithelial lining becomes tough, important mechanisms of protection against infection - mucus secretion and the ciliary action of the columnar epithelium are lost. Thus, epithelial metaplasia is a double-edged sword and, in most circumstances, represents an undesirable change. Moreover, the influences that predispose to metaplasia, if persistent, may initiate malignant transformation in metaplastic epithelium. Thus, a common form of cancer in the respiratory tract is composed of squamous cells, which arise in areas of metaplasia of the normal columnar epithelium into squamous epithelium.
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Fig. 7. Metaplasia of columnar to squamous epithelium.
A, Schematic diagram.B, Metaplasia of columnar epithelium (left) to squamous epithelium (right) in a bronchus. (From Robbins-Cotran; Pathologic basis of disease).
Metaplasia from squamous to columnar type may also occur, as in Barrett esophagus, in which the esophageal squamous epithelium is replaced by intestinal-like columnar cells under the influence of refluxed gastric acid. Cancers may arise in these areas; these are typically glandular (adeno)carcinomas.

Connective tissue metaplasia is the formation of cartilage, bone, or adipose tissue (mesenchymal tissues) in tissues that normally do not contain these elements. For example, bone formation in muscle, designated myositis ossificans, occasionally occurs after intramuscular hemorrhage. This type of metaplasia is less clearly seen as an adaptive response, and may be a result of cell or tissue injury.
Mechanisms of metaplasia. Metaplasia does not result from a change in the phenotype of an already differentiated cell type; instead it is the result of a reprogramming of stem cells that are known to exist in normal tissues, or of undifferentiated mesenchymal cells present in connective tissue. In a metaplastic change, these precursor cells differentiate along a new pathway. The differentiation of stem cells to a particular lineage is brought about by signals generated by cytokines, growth factors, and extracellular matrix components in the cells' environment. These external stimuli promote the expression of genes that drive cells toward a specific differentiation pathway. In the case of vitamin A deficiency or excess, it is known that retinoic acid regulates gene transcription directly through nuclear retinoid receptors, which can influence the differentiation of progenitors derived from tissue stem cells. How other external stimuli cause metaplasia is unknown, but it is clear that they too somehow alter the activity of transcription factors that regulate differentiation.
Dysplasia
Dysplasia is characterized by deranged cell growth of a specific tissue that results in cells that vary in size, shape, and organization. Minor degrees of dysplasia are associated with chronic irritation or inflammation. The pattern is most frequently encountered in areas of metaplastic squamous epithelium of the respiratory tract and uterine cervix. Although dysplasia is abnormal, it is adaptive in that it is potentially reversible after the irritating cause has been removed. Dysplasia is strongly implicated as a precursor of cancer. In cancers of the respiratory tract and the uterine cervix, dysplastic changes have been found adjacent to the foci of cancerous transformation. Through the use of the Papanicolaou (Pap) test, it has been documented that cancer of the uterine cervix develops in a series of incremental epithelial changes ranging from severe dysplasia to invasive cancer. However, dysplasia is an adaptive process and as such does not necessarily lead to cancer. In many cases, the dysplastic cells revert to their former structure and function.

Healing by repair, scar formation and fibrosis

If tissue injury is severe or chronic, and results in damage of both parenchymal cells and the stromal framework of the tissue, healing can not be accomplished by regeneration. Under these conditions, the main healing process is repair by deposition of collagen and other ECM components, causing the formation of a scar or fibrosis. 
The spectrum of pathologic regeneration phenomena includes sclerosis, fibrosis, cirrhosis and cicatrizations.

Sclerosis is the process of pathological regeneration, consequence of cellular necroses, characterized by diffuse or focal induration of organs due to excessive growth of dense connective tissue, collagen fibers exceeding cellular structures. Sclerosis process means substitution of parenchymal specialized structures or of the specialized connective tissue with acellular structures. 

Fibrosis– from morpho-pathological point of view, represents moderate sclerosis of the organ without induration; should be mentioned that the delimitation of this two phenomena – sclerosis a fibrosis – doesn’t exist; often there is the equivalent sign between them.

Cirrhosis–represents sclerosis accompanied by organ deformation.

Cicatrization (scarring) – represents sclerosis localized in foci of inflammation or necrosis. The term scar is most often used in connection to wound healing in the skin, but is also used to describe the replacement of parenchymal cells in any tissue by collagen, as in the heart after myocardial infarction.
Etiology of sclerosis:

-  action of harmful factors, which cause direct cellular injuries and disorganization of the connective tissue (mechanical factor, physical, chemical and biological factors);

-  local and generalized hemo- and lymphocirculatory disorders, which cause cellular injuries (venous hyperemia, blood and lymphatic stases, systemic circular insufficiency);

- cellular dystrophy;

- all types of necrosis;

-  productive chronic inflammation;

      - thrombus formation, fibrin deposition.
Pathogeny. Deposition of collagen is part of normal wound healing. However, the term fibrosis is used more broadly to denote the excessive deposition of collagen and other ECM components in a tissue. As already mentioned, the terms scar and fibrosis are used interchangeably, but fibrosis most often indicates the deposition of collagen in chronic diseases. 
 Repair by connective tissue deposition includes the following basic stages: 


 •     inflammation

 •     angiogenesis, 


 •     migration and proliferation of fibroblasts, 


 •     scar formation 


 •     connective tissue remodeling. 
Regardless of site, the inflammatory reaction elicited by the injury contains the damage, removes injured tissue, and promotes the deposition of ECM components in the area of injury, at the same time that angiogenesis is stimulated. However, if the damage persists, inflammation becomes chronic, leading to an excess deposition of connective tissue known as fibrosis (Fig.8). In most healing processes, a combination of repair and regeneration occurs. The relative contributions of repair and regeneration are influenced by: (1) the proliferative capacity of the cells of the tissue; (2) the integrity of the extracellular matrix; and (3) the resolution or chronicity of the injury and inflammation.
An overview of the relationships between injury and fibrosis is illustrated in Fig.8.
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Fig. 8. Repair, regeneration, and fibrosis after injury and inflammation. 

(From Robbins-Cotran; Pathologic basis of disease).
The persistence of injury leads to chronic inflammation, which is associated with the proliferation and activation of macrophages and lymphocytes, and the production of inflammatory and fibrogenic growth factors and cytokines (Fig.9).

[image: image12.emf]
Fig 9. Development of fibrosis in chronic inflammation.
 The persistent stimulus of chronic inflammation activates macrophages and lymphocytes, leading to the production of growth factors and cytokines, which increase the synthesis of collagen. Deposition of collagen is enhanced by decreased activity of metalloproteinases. (From Robbins-Cotran; Pathologic basis of disease).
Macrophages are key cellular constituents of tissue repair, clearing extracellular debris, fibrin, and other foreign material at the site of repair, and promoting angiogenesis and ECM deposition (Fig.10). The host response to harmful stimuli is orchestrated to first clear these stimuli and then heal the damage. The initial wave of the host response to external invaders and tissue injury generates “classically activated macrophages”, which are effective in ingesting and destroying microbes and dead tissues. This is followed by the accumulation of “alternatively activated macrophages”, which suppress the microbicidal activities and instead function to remodel tissues and promote angiogenesis and scar formation. The cytokines that induce classical macrophage activation are those produced by TH1 cells, notably IFN-γ and TNF, whereas alternative macrophage activation is best induced by IL-4 and IL-13, cytokines produced by TH2 cells and other cells including mast cells and eosinophils. Alternatively activated macrophages produce TGF-β and other growth factors that are involved in the repair process.
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Fig. 10. Multiple roles of macrophages in wound healing and fibrosis.
Macrophages participate in wound debridement, have antimicrobial activity, stimulate chemotaxis and the activation of inflammatory cells and fibroblasts, promote angiogenesis, and stimulate matrix remodeling and synthesis. ROS, reactive oxygen species. (From Robbins-Cotran; Pathologic basis of disease).
Migration of fibroblasts to the site of injury is driven by chemokines, TNF, PDGF, TGF-β, and FGF. Their subsequent proliferation is triggered by multiple growth factors, including PDGF, EGF, TGF-β, FGF, and the cytokines IL-1 and TNF. Macrophages are the main source for these factors, although other inflammatory cells and platelets may also produce them.
TGF-β is practically always involved as an important fibrogenic agent in these diseases, regardless of the original cause. It is produced by most of the cells in granulation tissue and causes fibroblast migration and proliferation, increased synthesis of collagen and fibronectin, and decreased degradation of ECM due to inhibition of metalloproteinases. The mechanisms that lead to the activation of TGF-β in fibrosis are not precisely known, but cell death by necrosis or apoptosis and the production of reactive oxygen species seem to be important triggers of the activation, regardless of the tissue. 
Recent studies provide evidence for an important role for osteopontin (OPN) in would healing and fibrosis. OPN is strongly expressed in fibrosis of the heart, lung, liver, kidney and some other tissues. In animal experiments, blockage of OPN expression during wound healing decreases the formation of granulation tissue and scarring. Although the mechanisms by which OPN promotes fibrosis are not completely understood, recent data show that OPN is a mediator of the differentiation of myofibroblasts induced by TGF-β.

Fibrotic disorders include diverse diseases such as liver cirrhosis, systemic sclerosis, fibrosing diseases of the lung (idiopathic pulmonary fibrosis, pneumoconioses, and drug-, radiation-induced pulmonary fibrosis), chronic pancreatitis, glomerulonephritis, and constrictive pericarditis. 
Consequences of organ sclerosis (cardiosclerosis, pneumosclerosis, nephrosclerosis, hepatic cirrhosis) are diminished mass of specialized cellular structures with functional insufficiency and respective consequences (cardiac insufficiency, respiratory failure, renal failure, hepatic failure).

Biological significance of sclerosis is biologically ambiguous, summing some favorable and unfavorable conditions. By one hand, sclerosis marks the end of a pathological process (ex: inflammation), assures reparation and regeneration of intercellular matrix, injured by the pathological process, such having a favorable signification. Concomitant with this, sclerosis assure regeneration, although incomplete, of organs submitted to action of all pathogen factors and in all form of tissular alteration. That’s why, in some skin affection, ex: in trophic ulcer or in gastric or duodenal ulcer, end of process through cicatrization represent a favorable resolution and a variant of barrier function reestablishment of these organs. But, on the other hand, functional incompetence of connective tissue, which substitutes specific functional tissue and structural deformations, failures the affected organs.

In function of pathogeny, treatment principles of sclerotic organs, comprise inhibition of fibrogenesis and stimulation of collagenolysis. Fibrogenesis inhibition can be performed through liquidation of chronic processes – inflammation, hypoxia, dystrophic processes, through removal of some injurious factors of mechanic, physical and chemical nature; through administration of immune-modulators , immune- suppressors, steroid and non-steroid anti-inflammatory drugs, of some iatrogenic drugs (substances which inhibit intramolecular collagen association); of antioxidants, which inhibits formation of lateral joints in collagen molecule.
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