Cellular responses to stress and noxious stimuli
Typical cellular pathological processes
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 In most organisms, the cell is the smallest functional unit that can retain the characteristics necessary for life. Cells are organized into larger functional units called tissues based on their embryonic origin. These tissues combine to form the various body structures and organs. Although the cells of different tissues and organs vary in structure and function, certain characteristics are common to all cells. Cells are remarkably similar in their ability to exchange materials with their immediate environment, obtaining energy from organic nutrients, synthesizing complex molecules, and replicating themselves. Because most disease processes are initiated at the cellular level, an understanding of cell function is crucial to understanding the disease process. Some diseases affect the cells of a single organ, others affect the cells of a particular tissue type, and still others affect the cells of the entire organism. This chapter discusses the structural and functional components of the cell, integration of cell function and growth, movement of molecules such as ions across the cell membrane and membrane potentials, and tissue types.

Functional components of the cell

Although diverse in their organization, all eukaryotic cells have in common structures that perform unique functions. When seen under a light microscope, three major components of the cell become evident: the nucleus, the cytoplasm, and the cell membrane.

PROTOPLASM

Biologists call the internal matrix of the cell protoplasm. Protoplasm is composed of water, proteins, lipids, carbohydrates, and electrolytes. Two distinct regions of protoplasm exist in the cell: the cytoplasm, which lies outside the nucleus, and the karyoplasm or nucleoplasm, which lies inside the nucleus. Water makes up 70% to 85% of the cell’s protoplasm. The second most abundant constituents (10% to 20%) of protoplasm are the cell proteins, which form cell structures and the enzymes necessary for cellular reactions. Proteins can be bound to other compounds to form nucleoproteins, glycoproteins, and lipoproteins. Lipids comprise 2% to 3% of most cells. The most important lipids are the phospholipids and cholesterol, which are mainly insoluble in water; they combine with proteins to form the cell membrane and the membranous barriers that separate different cell compartments. Some cells also contain large quantities of triglycerides. In the fat cells, triglycerides can compose up to 95% of the total cell mass. This fat represents stored energy, which can be mobilized and used wherever it is needed in the body. Only a few carbohydrates are found in the cell, and these serve primarily as a rapid source of energy. Potassium, magnesium, phosphate, sulfate, and bicarbonate are the major intracellular electrolytes. Small quantities of sodium, chloride, and calcium ions are also present in the cell. These electrolytes help in the generation and transmission of electrochemical impulses in nerve and muscle cells. Intracellular electrolytes participate in reactions that are necessary for the cell’s metabolism.

The nucleus
The nucleus of the cell appears as a rounded or elongated structure situated near the center of the cell. The nucleus, which is enclosed by the nuclear envelope (membrane), contains genetic material known as chromatin and a distinct region called the nucleolus. All eukaryotic cells have at least one nucleus (prokaryotic cells, such as bacteria, lack a nucleus and nuclear membrane). Some cells contain more than one nucleus; osteoclasts (a type of bone cell) typically contain 12 or more. The platelet-producing cell, the megakaryocyte, has only one nucleus but usually contains 16 times the normal chromatin amount. The nucleus is the control center for the cell. It contains deoxyribonucleic acid (DNA) that is essential to the cell because its genes contain the information necessary for the synthesis of proteins that the cell must produce to stay alive. These proteins include structural proteins and enzymes used to synthesize other substances, including carbohydrates and lipids. Genes also represent the individual units of inheritance that transmit information from one generation to another. The nucleus is also the site of ribonucleic acid (RNA) synthesis. Three types of RNA exist in the cell: messenger RNA (mRNA), which copies and carries the DNA instructions for protein synthesis to the cytoplasm; ribosomal RNA (rRNA), which moves to the cytoplasm, where it becomes the site of protein synthesis; and transfer RNA (tRNA), which also moves into the cytoplasm, where it transports amino acids to the elongating protein being synthesized. Chromatin is the term used to describe the complex structure of DNA and DNA-associated proteins dispersed in the nuclear matrix. Two extremely long, double-stranded helical chains containing variable sequences of four nitrogenous bases comprise each DNA molecule. These bases form the genetic code. Each double-stranded DNA molecule periodically coils around basic proteins called histones, forming regularly spaced spherical structures called nucleosomes that resemble beads on a string. This string of beads further winds into filaments that make up the structure of chromatin. Additional coiling produces structures known as chromosomes, which are visible during cell division. Although each DNA molecule contains many genetic instructions, it also contains additional material. Stretches of meaningless DNA can lie between one gene and the next and sometimes reside within the gene sequence itself. The amino acid sequences of the gene interpreted are the exon, whereas introns are the interspersed, meaningless portions. In cells that are about to divide, the DNA must be replicated before mitosis or cell division occurs. Replication generates two complementary DNA strands, such that each daughter cell receives an identical set of genes. Chromosome condensation occurs during mitosis, a process rendering the chromosomes visible under the microscope; at other times during the cell cycle, they are not observable. In the mature or nondividing cell, chromatin may exist in a less active, condensed form called heterochromatin or a transcriptionally more active form called euchromatin. Because heterochromatic regions of the nucleus stain more intensely than regions consisting of euchromatin, nuclear staining can be a guide to cell activity. A nucleus containing primarily euchromatin stains less intense. The nucleus also contains the darkly stained round body called the nucleolus. Although nucleoli were first described in 1781, their function was unknown until the early 1960s: it was determined that transcription of RNA occurs exclusively in the nucleolus. Nucleoli are structures composed of regions from five different chromosomes, each with a part of the genetic code needed for the synthesis of rRNA. Euchromatic nuclei and prominent nucleoli are characteristic of cells that are actively synthesizing proteins.

Surrounding the nucleus is a doubled membrane called the nuclear envelope or nuclear membrane. The nuclear membrane contains many structurally complex circular pores where the two membranes fuse to form a gap filled with a thin protein diaphragm. Evidence suggests that many classes of molecules, including fluids, electrolytes, RNA, some proteins, and perhaps some hormones, can move in both directions through the nuclear pores. Nuclear pores apparently regulate the exchange of molecules between the cytoplasm and the nucleus.

The cytoplasm and its organelles
The cytoplasm surrounds the nucleus, and it is in the cytoplasm that the work of the cell takes place. Cytoplasm is essentially a colloidal solution that contains water, electrolytes, suspended proteins, neutral fats, and glycogen molecules. Although they do not contribute to the cell’s function, pigments may also accumulate in the cytoplasm. Some pigments, such as melanin, which gives skin its color, are normal constituents of the cell. Bilirubin is a normal major pigment of bile; however, excess accumulation of bilirubin within cells is abnormal. This is evidenced clinically by a yellowish discoloration of the skin and sclera, a condition called jaundice. Embedded in the cytoplasm are various organelles, which function as the organs of the cell. These organelles include the ribosomes, endoplasmic reticulum (ER), Golgi complex, mitochondria, lysosomes, microtubules, filaments, peroxisomes, and centrioles.

Ribosomes

The ribosomes serve as sites of protein synthesis in the cell. They are small particles of nucleoproteins (rRNA and proteins) that can be found attached to the wall of the ER or as free ribosomes. Scattered in the cytoplasm individually or joined by strands of mRNA are the functional units called polyribosomes. Free ribosomes are involved in the synthesis of proteins, mainly enzymes that aid in the control of cell function.

Endoplasmic Reticulum

The ER is an extensive system of paired membranes and flat vesicles that connects various parts of the inner cell.  Between the paired ER membranes is a fluid filled space called the matrix. The matrix connects the space between the two membranes of the double-layered nuclear membrane, the cell membrane, and various cytoplasmic organelles. It functions as a tubular communication system transporting various substances from one part of the cell to another. A large surface area and multiple enzyme systems attached to the ER membranes also provide the machinery for a major share of the metabolic functions of the cell. Two forms of ER exist in cells: rough and smooth. Rough ER is studded with ribosomes attached to specific binding sites on the membrane. Ribosomes, with their accompanying strand of mRNA, synthesize proteins. Proteins produced by the rough ER are usually destined for incorporation into cell membranes and lysosomal enzymes or for exportation from the cell. The rough ER segregates these proteins from other components of the cytoplasm and modifies their structure for a specific function. For example, the synthesis of both digestive enzymes by pancreatic acinar cells and plasma proteins by liver cells takes place in the rough ER. All cells require a rough ER for the synthesis of lysosomal enzymes. The smooth ER is free of ribosomes and is continuous with the rough ER. It does not participate in protein synthesis; instead, its enzymes are involved in the synthesis of lipid molecules, regulation of intracellular calcium, and metabolism and detoxification of certain hormones and drugs. It is the site of lipid, lipoprotein, and steroid hormone synthesis. The sarcoplasmic reticulum of skeletal and cardiac muscle cells is a form of smooth ER. Calcium ions needed for muscle contraction are stored and released from cisternae of the sarcoplasmic reticulum. Smooth ER of the liver is involved in glycogen storage and metabolism of lipid-soluble drugs.
Golgi complex

The Golgi apparatus, sometimes called the Golgi complex, consists of stacks of thin, flattened vesicles or sacs. These Golgi bodies are found near the nucleus and function in association with the ER. By way of transfer vesicles, the Golgi complex receives the small membrane-covered materials produced in the ER. Many cells synthesize proteins that are larger than the active product. As an example, the Golgi complex of the beta cells of the pancreas cuts apart proinsulin, the inactive form of insulin, into the smaller active form. The Golgi complex modifies these substances and packages them into secretory granules or vesicles. These secretory vesicles contain enzymes destined for export from the cell. After appropriate signals, secretory vesicles move out of the Golgi complex into the cytoplasm, fuse to the inner side of the plasma membrane, and release their contents into the extracellular fluid. In addition, the Golgi may produce large carbohydrate molecules that combine with proteins produced by the rough ER to form glycoproteins.

               Lysosomes and peroxisomes

                Physiologists often view lysosomes as the digestive system of the cell. These small, membrane-enclosed sacs contain powerful hydrolytic enzymes. These enzymes can break down and recycle worn-out cell parts. They also break down foreign substances such as bacteria taken into the cell. All of the lysosomal enzymes are acid hydrolases, which means that they require an acid environment. The lysosomes provide this environment by maintaining a pH of approximately 5 in their interior. The pH of the cytoplasm, which is approximately 7.2, serves to protect other cellular structures from this acidity. Like many other organelles, lysosomes have a unique surrounding membrane that can be pinched off to form vesicles that transport materials throughout the cytoplasm. Synthesis of lysosomal enzymes occurs in the rough ER. After transport to and uptake by the Golgi apparatus, the Golgi biochemically modifies and packages these materials as lysosomes. Unlike other organelles, the sizes and functions of lysosomes vary considerably. This diversity is determined by the type of enzyme packaged in the lysosome by the Golgi complex. Primary lysosomes contain hydrolytic enzymes that have not yet entered the digestive process. They become secondary lysosomes after activation of their enzymes has occurred and the chemical degradation process has begun. Primary lysosomes can form secondary lysosomes in one of two ways: heterophagy or autophagy Heterophagocytosis refers to the uptake of material from outside the cell. An infolding of the cell membrane takes external materials into the cell to form a surrounding phagocytic vesicle or phagosome. Primary lysosomes then fuse with phagosomes to form secondary lysosomes. Heterophagocytosis is most common in phagocytic white blood cells such as neutrophils and macrophages. Autophagocytosis involves the removal of damaged cellular organelles, such as mitochondria or ER, which the lysosomes must remove if the cell’s normal function is to continue. Autophagocytosis is most pronounced in cells undergoing atrophy. Although enzymes in the secondary lysosomes can break down most proteins, carbohydrates, and lipids to their basic constituents, some materials remain undigested. These undigested materials may remain in the cytoplasm as residual bodies or are extruded from the cell by exocytosis. In some long-lived cells, such as neurons and heart muscle cells, large quantities of residual bodies accumulate as lipofuscin granules or age pigment. Other indigestible pigments, such as inhaled carbon particles and tattoo pigments, also accumulate and may persist in residual bodies for decades. Lysosomes play an important role in the normal metabolism of certain substances in the body. In some inherited diseases known as lysosomal storage diseases, a specific lysosomal enzyme is absent or inactive, in which case the digestion of certain cellular substances (e.g., glucocerebrosides, gangliosides, sphingomyelin) does not occur. As a result, these substances accumulate in the cell. In Tay-Sachs disease, an autosomal recessive disorder, hexosaminidase A, which is the lysosomal enzyme needed for degrading the GM2 ganglioside found in nerve cell membranes, is deficient. Although GM2 ganglioside accumulates in many tissues, such as the heart, liver, and spleen, its accumulation in the nervous system and retina of the eye causes the most damage. Smaller than lysosomes, spherical membrane-bound organelles called peroxisomes contain a special enzyme that degrades peroxides (e.g., hydrogen peroxide). Peroxisomes function in the control of free radicals. Unless degraded, these highly unstable chemical compounds would otherwise damage other cytoplasmic molecules. For example, catalase degrades toxic hydrogen peroxide molecules to water. Peroxisomes also contain the enzymes needed for breaking down very-long-chain fatty acids, which mitochondrial enzymes ineffectively degrade. In liver cells, peroxisomal enzymes are involved in the formation of the bile acids. In a genetic disease called adrenoleukodystrophy, the most common disorder of peroxisomes, a buildup of long-chain fatty acids occurs in the nervous system and adrenal gland. The disorder, which is rapidly progressive and fatal, results in dementia and adrenal insufficiency because of the accumulation of the fatty acids.

            Proteasomes

            Three major cellular mechanisms are involved in the breakdown of proteins (proteolysis). One of these is by the previously mentioned endosomal-lysosomal degradation. Another cytoplasmic degradation mechanism is the caspase pathway that that is involved in apoptotic cell death. The third method of proteolysis occurs within an organelle called the proteasome. Proteasomes are quite large (approximately 2000 kd) and are thought to be present in the nucleus and the cytoplasm. This organelle recognizes misformed and misfolded proteins that are destined for degradation, including transcription factors and the cyclins that are important in controlling the cell cycle. It has been suggested that as many as one third of the newly formed polypeptide chains are selected for proteasome degradation due to quality control mechanisms within the cell.

            Mitochondria

            The mitochondria are literally the “power plants” of the cell because they transform organic compounds into energy that is easily accessible to the cell. Mitochondria do not make energy, but they extract it from organic compounds. Mitochondria contain the enzymes needed for capturing most of the energy in foodstuffs and converting it into cellular energy. Generally, this multistep process is called cellular respiration because it requires oxygen. Cells store most of this energy as high-energy phosphate bonds found in compounds such as adenosine triphosphate (ATP), which powers the various cellular activities. Energy that is not used or stored is dissipated as heat used to maintain body temperature. Mitochondria are found close to the site of energy consumption in the cell (e.g., near the myofibrils in muscle cells). The number of mitochondria in a given cell type varies by the type of activity the cell performs and the energy needed to undertake this activity. For example, a dramatic increase in mitochondria occurs in skeletal muscle repeatedly stimulated to contract. Mitochondria are composed of two membranes: an outer membrane that encloses the periphery of the mitochondrion and an inner membrane, which forms shelflike projections, called cristae. The outer and inner membranes form two spaces. An outer space is found between the two membranes. Deep to the outer space, the inner or matrix space contains an amorphous matrix. The outer mitochondrial membrane is involved in lipid synthesis and fatty acid metabolism, whereas the inner membrane contains the respiratory chain enzymes and transport proteins needed for the synthesis of ATP. Mitochondria contain their own DNA and ribosomes and are self-replicating. The DNA is found in the mitochondrial matrix and is distinct from the chromosomal DNA found in the nucleus. Mitochondrial DNA, known as the “other human genome,” is a double-stranded, circular molecule that encodes the ribosomal RNA (rRNA) and transfer RNA (tRNA) required for intramitochrondial synthesis of proteins needed for the energy-generating function of the mitochondria. Although mitochondrial DNA directs the synthesis of 13 of the proteins required for mitochondrial function, the DNA of the nucleus encodes the structural proteins of the mitochondria and other proteins needed to carry out cellular respiration. Mitochondrial DNA is inherited matrilineally (i.e., from the mother), thus providing a basis for familial lineage studies. Mutations have been found in each of the mitochondrial genes, and an understanding of the role of mitochondrial DNA in certain diseases is beginning to emerge. Most tissues in the body depend to some extent on oxidative metabolism and can therefore be affected by mitochondrial.

The cytoskeleton

Besides its organelles, the cytoplasm contains a network of microtubules, microfilaments, intermediate filaments, and thick filaments. Because they control cell shape and movement, these structures are a major component of the structural elements called the cytoskeleton.

Microtubules

The microtubules are slender tubular structures composed of globular proteins called tubulin. Microtubules function in many ways, including development and maintenance of cell form. They participate in intracellular transport mechanisms, including axoplasmic transport in neurons and melanin dispersion in pigment cells of the skin. Other functions include formation of the basic structure for several complex cytoplasmic organelles, including the centrioles, basal bodies, cilia, and flagella. Abnormalities of the cytoskeleton may contribute to alterations in cell mobility and function. For example, proper functioning of the microtubules is essential for various stages of leukocyte (white blood cell) migration. In certain disease conditions, such as diabetes mellitus, alterations in leukocyte mobility and migration may interfere with the chemotaxis and phagocytosis of the inflammatory response and predispose toward the development of bacterial infection. Cells can rapidly assemble and disassemble microtubules according to specific needs. The action of the plant alkaloid colchicine halts the assembly of microtubules. This compound stops cell mitosis by interfering with formation of the mitotic spindle. Colchicine is often used for cytogenetic (chromosome) studies. It is also used as a drug for treating gout. The drug’s ability to reduce the inflammatory reaction associated with this condition may stem from its ability to interfere with microtubular function of white blood cells and their migration into the area.

Cilia and flagella. Cilia and flagella are hairlike processes extending from the cell membrane that are capable of sweeping and flailing movements, which can move surrounding fluids or move the cell through fluid media. Both contain identically organized cores of microtubules that consist of two microtubules surrounded at the periphery by clusters of paired microtubules. Each cilium and flagellum is anchored to a basal body that is responsible for the formation of the microtubular core. Cilia are found on the apical (luminal) surfaces of many epithelial linings, including the nasal sinuses or passages such as the upper respiratory system. Removal of mucus from the respiratory passages is highly dependent on proper function of the cilia. Flagella form the tail-like structures that provide motility for sperm. Genetic defects can result in improper microtubule formation and, as a result, the cilia may be nonfunctional. One of these disorders, the immobile cilia syndrome, impairs sperm motility, causing male sterility while also immobilizing the cilia of the respiratory tract, thus interfering with clearance of inhaled bacteria, leading to a chronic lung disease called bronchiectasis.

Centrioles and basal bodies. Centrioles and basal bodies are structurally identical organelles composed of an array of highly organized microtubules. Internally, centrioles and basal bodies have an amorphous central core surrounded by clusters formed of triplet sets of microtubules. In dividing cells, the two cylindrical centrioles form the mitotic spindle that aids in the separation and movement of the chromosomes. Basal bodies are more numerous than centrioles and are found near the cell membrane in association with cilia and flagella. They are responsible for the formation of the highly organized core of microtubules found in cilia and flagella. The internal microtubular arrangement of centrioles and basal bodies is different from that found in cilia and flagella.

Microfilaments. Microfilaments are thin, threadlike cytoplasmic structures. Three classes of microfilaments exist: thin microfilaments, which are equivalent to the thin actin filaments in muscle; intermediate filaments, which are a heterogeneous group of filaments with diameter sizes between the thick and thin filaments; and thick myosin filaments, which are present in muscle cells but may also exist temporarily in other cells. Muscle contraction depends on the interaction between the thin actin filaments and thick myosin filaments. Microfilaments are present in the superficial zone of the cytoplasm in most cells. Contractile activities involving the microfilaments and associated thick myosin filaments contribute to movement of the cytoplasm and cell membrane during endocytosis and exocytosis. Microfilaments are also present in the microvilli of the intestine. The intermediate filaments assist in supporting and maintaining the asymmetric shape of cells. Examples of intermediate filaments are the keratin filaments that are found anchored to the cell membrane of epidermal keratinocytes of the skin and the glial filaments that are found in astrocytes and other glial cells of the nervous system. The neurofibrillary tangle found in the brain in Alzheimer’s disease contains microtubule-associated proteins and neurofilaments, evidence of a disrupted neuronal cytoskeleton.
The cell membrane. The cell is enclosed in a thin membrane that separates the intracellular contents from the extracellular environment. To differentiate it from the other cell membranes, such as the mitochondrial or nuclear membranes, the cell membrane is often called the plasma membrane. In many respects, the plasma membrane is one of the most important parts of the cell. It acts as a semipermeable structure that separates the intracellular and extracellular environments. It provides receptors for hormones and other biologically active substances, participates in the electrical events that occur in nerve and muscle cells, and aids in the regulation of cell growth and proliferation. The cell membrane may play an important role in the behavior of cancer cells. The cell membrane consists of an organized arrangement of lipids, carbohydrates, and proteins. A main structural component of the membrane is its lipid bilayer. It is a bimolecular layer that consists primarily of phospholipids, with glycolipids and cholesterol. Lipids form a bilayer structure that is essentially impermeable to all but lipid-soluble substances. Approximately 75% of the lipids are phospholipids, each with a hydrophilic (watersoluble) head and a hydrophobic (water-insoluble) tail. Phospholipid molecules, along with the glycolipids, are aligned such that their hydrophilic heads face outward on each side of the membrane and their hydrophobic tails project toward the middle of the membrane. The hydrophilic heads retain water and help cells stick to each other. At normal body temperature, the viscosity of the lipid component of the membrane is equivalent to that of olive oil. The presence of cholesterol stiffens the membrane. Although the lipid bilayer provides the basic structure of the cell membrane, proteins carry out most of the specific functions. Some proteins, called transmembrane proteins, pass directly through the membrane and communicate with the intracellular and extracellular environments. Integral proteins are transmembrane proteins tightly bound to lipids in the bilayer and are essentially part of the membrane. A second type of protein, the peripheral proteins, are bound to one or the other side of the membrane and do not pass into the lipid bilayer. Removal of peripheral proteins from the membrane surface usually causes damage to the membrane. The manner in which proteins are associated with the cell membrane often determines their function. Thus, peripheral proteins are associated with functions involving the inner or outer side of the membrane where they are found. Peripheral proteins usually serve as receptors or are involved in intracellular signaling systems. By contrast, only the transmembrane proteins can function on both sides of the membrane or transport molecules across it. Many integral transmembrane proteins form the ion channels found on the cell surface. These channel proteins have a complex morphology and are selective with respect to the substances they transmit. Mutations in these channel proteins, often called channelopathies, are responsible for a host of genetic disorders. For example, in cystic fibrosis, the primary defect resides in an abnormal chloride channel, which results in increased sodium and water reabsorption that causes respiratory tract secretions to thicken and occlude the airways.

A fuzzy-looking layer surrounds the cell surface called the cell coat, or glycocalyx. The structure of the glycocalyx consists of long, complex carbohydrate chains attached to protein molecules that penetrate the outside portion of the membrane (i.e., glycoproteins); outward-facing membrane lipids (i.e., glycolipids); and carbohydrate-binding proteins called lectins. The cell coat participates in cell-to-cell recognition and adhesion. It contains tissue transplant antigens that label cells as self or nonself. The cell coat of a red blood cell contains the ABO blood group antigens. An intimate relationship exists between the cell membrane and the cell coat. If the cell coat is enzymatically removed, the cell remains viable and can generate a new cell coat, but damage to the cell membrane usually results in cell death.

CELL METABOLISM AND ENERGY SOURCES

Energy is the ability to do work. Cells use oxygen and the breakdown products of the foods we eat to produce the energy needed for muscle contraction, transport of ions and molecules, and the synthesis of enzymes, hormones, and other macromolecules. Energy metabolism refers to the processes by which fats, proteins, and carbohydrates from the foods we eat are converted into energy or complex energy sources in the cell. Catabolism and anabolism are the two phases of metabolism. Catabolism consists of breaking down stored nutrients and body tissues to produce energy. Anabolism is a constructive process in which more complex molecules are formed from simpler ones. The special carrier for cellular energy is ATP. ATP molecules consist of adenosine, a nitrogenous base; ribose, a five carbon sugar; and three phosphate groups. The phosphate groups are attached by two high-energy bonds. Large amounts of free energy are released when ATP is hydrolyzed to form adenosine diphosphate (ADP), an adenosine molecule that contains two phosphate groups.

The free energy liberated from the hydrolysis of ATP is used to drive reactions that require free energy, such as muscle contraction and active transport mechanisms. Energy from foodstuffs is used to convert ADP back to ATP. ATP is often called the energy currency of the cell; energy can be “saved” or “spent” using ATP as an exchange currency. Two sites of energy production are present in the cell: the anaerobic (i.e., without oxygen) glycolytic pathway, occurring in the cytoplasm, and the aerobic (i.e., with oxygen) pathways in the mitochondria. The anaerobic glycolytic pathway serves as an important prelude to the aerobic pathways.

Anaerobic Metabolism or Glycolysis is the process by which energy is liberated from glucose. It is an important energy provider for cells that lack mitochondria, the cell organelle in which aerobic metabolism occurs. This process also provides energy in situations when delivery of oxygen to the cell isdelayed or impaired. Glycolysis involves a sequence of reactions that converts glucose to pyruvate, with the concomitant production of ATP from ADP. The net gain of energy from the glycolysis of one molecule of glucose is two ATP molecules. Although comparatively inefficient as to energy yield, the glycolytic pathway is important during periods of decreased oxygen delivery, as occurs in skeletal muscle during the first few minutes of exercise. Glycolysis requires the presence of nicotinamideadenine dinucleotide (NAD+), a hydrogen (H+) carrier. Important end products of glycolysis are pyruvate and NADH+ H+. When oxygen is present, pyruvate moves into the aerobic mitochondrial pathway, and the NADH + H+ delivers the H+ and its electron to the oxidative electron transport system. Transfer of hydrogen from NADH to the electron transport system allows the glycolytic process to continue by facilitating the regeneration of NAD+. Under anaerobic conditions, such as cardiac arrest or circulatory shock, pyruvate is converted to lactic acid, which diffuses out of the cells into the extracellular fluid. Conversion of pyruvate to lactic acid is reversible, and after the oxygen supply has been restored, lactic acid is reconverted back to pyruvate and used directly for energy or to synthesize glucose.

Much of the reconversion of lactic acid occurs in the liver, but a small amount can occur in other tissues. The liver removes lactic acid from the bloodstream and converts it to glucose in a process called gluconeogenesis. This glucose is released into the bloodstream to be used again by the muscles or by the central nervous system. This recycling of lactic acid is called the Cori cycle. Heart muscle is also efficient in converting lactic acid to pyruvic acid and then using the pyruvic acid for fuel. Pyruvic acid is a particularly important source of fuel for the heart during heavy exercise when the skeletal muscles are producing large amounts of lactic acid and releasing it into the bloodstream.

Aerobic metabolism

Aerobic metabolism occurs in the cell’s mitochondria and involves the citric acid cycle and oxidative phosphorylation. It is here that hydrogen and carbon molecules from the fats, proteins, and carbohydrates in our diet are broken down and combined with molecular oxygen to form carbon dioxide and water as energy is released. Unlike lactic acid, which is an end product of anaerobic metabolism, carbon dioxide and water are generally harmless and easily eliminated from the body. In a 24-hour period, oxidative metabolism produces 300 to 500 mL of water. The citric acid cycle, sometimes called the tricarboxylic acid or Krebs cycle, provides the final common pathway for the metabolism of nutrient. In the citric acid cycle, an activated two-carbon molecule of acetyl coenzyme A (acetyl-CoA) condenses with a four-carbon molecule of oxaloacetic acid and moves through a series of enzyme-mediated steps. This process produces hydrogen and carbon dioxide. As hydrogen is generated, it combines with one of two special carriers, NAD+ or flavin adenine dinucleotide (FADH+), for transfer to the electron transport system. The carbon dioxide is converted to bicarbonate or carried to the lungs and exhaled. In the citric acid cycle, each of the two pyruvate molecules formed in the cytoplasm from one molecule of glucose yields another molecule of ATP along with two molecules of carbon dioxide and eight hydrogen atoms. These hydrogen atoms are transferred to the electron transport system on the inner mitochondrial membrane for oxidation. Besides pyruvate from the glycolysis of glucose, products of amino acid and fatty acid degradation enter the citric acid cycle and contribute to the generation of ATP. Oxidative metabolism, which supplies 90% of the body’s energy needs, is the process by which hydrogen generated during the citric acid cycle combines with oxygen to form ATP and water. It is accomplished by a series of enzymatically catalyzed reactions that split each hydrogen atom into a H+ ion and an electron. During the process of ionization, the electrons removed from the hydrogen atoms enter an electron transport system found on the inner membrane of the mitochondrion. This electron transport chain consists of electron acceptors that can be reversibly reduced or oxidized by accepting or giving up electrons. Among the members of the electron transport system are several proteins, including a set of iron-containing molecules called cytochromes. Each electron is shuttled from one acceptor to another until it reaches the end of the chain, where its final two electrons are used to reduce elemental oxygen, which combines with the hydrogen ions to form water. As the electrons move along the electron transport chain, large amounts of energy are released. This energy is used to convert ADP to ATP. Because the formation of ATP involves the addition of a high-energy phosphate bond to ADP, the process is sometimes called oxidative phosphorylation. Cyanide poisoning kills by binding to the enzymes needed for a final step in the oxidative phosphorylation sequence.
CELL INJURY

Virtually all forms of disease start with molecular or structural alterations in cells, a concept first put forth in the nineteenth century by Rudolf Virchow, known as the father of modern pathology. We therefore begin our consideration of pathology with the study of the causes, mechanisms, and morphologic and biochemical correlates of cell injury. Injury to cells and to extracellular matrix ultimately leads to tissue and organ injury, which determine the morphologic and clinical patterns of disease.
The normal cell is confined to a fairly narrow range of function and structure by its state of metabolism, differentiation, and specialization; by constraints of neighboring cells; and by the availability of metabolic substrates. It is nevertheless able to handle physiologic demands, maintaining a steady state called homeostasis. Adaptations are reversible functional and structural responses to more severe physiologic stresses and some pathologic stimuli, during which new but altered steady states are achieved, allowing the cell to survive and continue to function. 
All body cells originate from the totipotent cell- zygote - have common structural features (plasmalemma, hyaloplasm, cellular organelles) and functional features (metabolism, multiplication). Since the main structure and basal functions of all body cells are similar, also are similar the essential manifestations of the pathological cellular processes, that is why they can be defined as cellular typical pathological processes.

Cell injury represents a persistent change of biochemical, structural and functional homeostasis of the cell. It develops due to the action of harmful factor. Because cell damage initiates adaptive, protective, compensatory and repair responses is the justified vision of cell injury as a pathological cellular process.


Cell injury also initiates pathological processes in tissue and organ of residence (pathological processes in tissue and organs - atrophy, sclerosis, inflammation) and internal environment (integrative pathological processes - dyshomeostasis). Secondarily, pathological processes of tissue and organs affects both normal cells, as well as those affected by pathogenic factors, thus enlarging the area of pathology until the limits of body integrity. Such, pathological cellular processes, although occurring locally, lead to a generalized process. Thus, the process is generalized but with predominant localization at the cellular level. Although the character of cellular injury depends on the specificity of harmful factor and the particularities of the cells subjected to disturbing action, however cell lesions possesses non-specific characters depending on the general proprieties of the cells. 

The nonspecific manifestations of cellular injuries are: increase of non-selective permeability of the cellular membranes and organelles; activation of cellular enzymatic systems – proteinkinase, phospholipase, systems of proteins biosynthesis and the energy-producing processes etc...
The specific manifestations of cell injury represent the abolition of their specific functions by releasing specific cellular components from damaged cells into internal body environment (ex. intracellular enzymes etc.).

Classification of cell injury
1. By sequence of development
               a)  primary injuries arising from the direct action of harmful factor;

               b)  secondary injuries arising as a cause of primary pathogenic factors.
           2. By nature of lesions
   a)  specific injuries corresponding to harmful factor;

              b)  non-specific injuries proper to several harmful factors.
         3. By character of etiologic factor

             a) mechanical damage, 

             b) physical injuries (burns, frostbite, electrical), 

             c) osmotic injury,

             d) lesions by lipid peroxidation, 

             e) infectious injuries, 

             f) immune (allergic) injury, 

             g) toxic injury, 

             h) enzymatic injury, 

             i) hypoxic injury, 

            j) due to circulatory disturbance, 

            k) dysmetabolic damage
        4.
By location
          a) membranary injury
          b) mitochondrial injury, 

         c) lysosomal injury, 

         d) nucleus injury (including injuries by mutations), 

         e) endoplasmic reticulum and Golgi apparatus injuries
       5.
By degree of injury
         a) reversible injuries,

         b) irreversible injuries.
Pathogenic action of the harmful factor is firstly oriented toward the cell membrane, where the primary lesions are located, while the injuries of cellular organelles more frequently have second order. There is possible a direct action of harmful factors on cellular organelles with the development of primary pathological processes at the level of these. Injuries arising from the direct action of harmful factors on any cellular structure are called primary injuries. Any primary injury of the cell generates alterative secondary injuries. Secondary injuries are spreading consecutively on all cellular structures and eventually lead to cell death.
Cell injury is reversible up to a certain point, but if the stimulus persists or is severe enough from the beginning, the cell suffers irreversible injury and ultimately cell death. Adaptation, reversible injury, and cell death may be stages of progressive impairment following different types of insults. For instance, in response to increased hemodynamic loads, the heart muscle becomes enlarged, a form of adaptation, and can even undergo injury. If the blood supply to the myocardium is compromised or inadequate, the muscle first suffers reversible injury, manifested by certain cytoplasmic changes. Eventually, the cells suffer irreversible injury and die [Fig.1].
[image: image2.emf]
Fig.1.The relationship between normal, adapted, reversibly injured, and dead myocardial cells.The cellular adaptation is myocardial hypertrophy (lower left), caused by increased blood flow requiring greater mechanical effort by myocardial cells. This adaptation leads to thickening of the left ventricular wall to over 2 cm (normal, 1.5 cm). In reversibly injured myocardium (illustrated schematically, right) there are generally only functional effects, without any readily apparent gross or even microscopic changes. In the specimen showing necrosis, a form of cell death (lower right), the light area in the posterolateral left ventricle represents an acute myocardial infarction caused by reduced blood flow (ischemia). All three transverse sections of the heart have been stained with triphenyltetrazolium chloride, an enzyme substrate that colors viable myocardium magenta. Failure to stain is due to enzyme loss following cell death. (From Robbins-Cotran; Pathological basis of disease)

•Reversible cell injury. In early stages or mild forms of injury, the functional and morphologic changes are reversible if the damaging stimulus is removed. The hallmarks of reversible injury are reduced oxidative phosphorylation with resultant depletion of energy stores in the form of adenosine triphosphate (ATP), and cellular swelling caused by changes in ion concentrations and water influx. In addition, various intracellular organelles, such as mitochondria and the cytoskeleton, may also show alterations.
Injury may progress through a reversible stage and culminate in cell death. 
• Cell death. With continuing damage the injury becomes irreversible, at which time the cell cannot recover and it dies. There are two principal types of cell death, necrosis and apoptosis, which differ in their morphology, mechanisms, and roles in physiology and disease.
The “point of no return,” at which the damage becomes irreversible, is still largely undefined, and there are no reliable morphologic or biochemical correlates of irreversibility. Two phenomena consistently characterize irreversibility — the inability to reverse mitochondrial dysfunction (lack of oxidative phosphorylation and ATP generation) even after resolution of the original injury, and profound disturbances in membrane function. Injury to lysosomal membranes results in the enzymatic dissolution of the injured cell that is characteristic of necrosis. Leakage of intracellular proteins through the damaged cell membrane and ultimately into the circulation provides a means of detecting tissue-specific cellular injury and necrosis using blood serum samples. Cardiac muscle, for example, contains a specific isoform of the enzyme creatine kinase and of the contractile protein troponin; liver (and specifically bile duct epithelium) contains an isoform of the enzyme alkaline phosphatase; and hepatocytes contain transaminases. Irreversible injury and cell death in these tissues are reflected in increased levels of such proteins in the blood (enzymemia), and measurement of these biomarkers is used clinically to assess damage to these tissues [Fig.2].
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Fig.2. Stages of the cellular response to stress and injurious stimuli.
 (From Robbins-Cotran; Pathological basis of disease)
Causes of cell injury

The causes of cell injury range from the external gross physical violence of an automobile accident to subtle internal abnormalities, such as a genetic mutation causing lack of a vital enzyme that impairs normal metabolic function. Most injurious stimuli can be grouped into the following broad categories.

Physical agents. Physical agents capable of causing cell injury include mechanical trauma, extremes of temperature (burns and deep cold), sudden changes in atmospheric pressure, radiation, and electric shock.
Mechanical forces. Injury or trauma due to mechanical forces occurs as the result of body impact with another object. These types of injuries split and tear tissue, fracture bones, injure blood vessels, and disrupt blood flow. Primary pathogenetic factor is the mechanical disintegration of the membrane, opening of the mechanical cell-interstitium barrier and uncontrolled formation of direct communication between the intracellular and the intercellular spaces and the free passage of substances in both directions: interstitium-hyaloplasm and vice versa. The final result is the mixing between the extracellular and intracellular space with penetration of Na+ ions into the cell and emission of K+ ions outside the cell. This causes functional failure of the cell with further development of pathogenetic chain of alterative processes.

Extremes of temperature. Extremes of heat and cold cause damage to the cell, its organelles, and its enzyme systems. Exposure to low-intensity heat (43oC to 46oC), such as occurs with partial-thickness burns and severe heat stroke, causes cell injury by inducing vascular injury, accelerating cell metabolism, inactivating temperature sensitive enzymes, and disrupting the cell membrane. With more intense heat, coagulation of blood vessels and tissue proteins occurs. Exposure to cold increases blood viscosity and induces vasoconstriction by direct action on blood vessels and through reflex activity of the sympathetic nervous system. The resultant decrease in blood flow may lead to hypoxic tissue injury, depending on the degree and duration of cold exposure. Injury from freezing probably results from a combination of ice crystal formation and vasoconstriction. The decreased blood flow leads to capillary stasis and arteriolar and capillary thrombosis. Edema results from increased capillary permeability.

Electrical forces. Injuries due to electrical forces can affect the body through extensive tissue injury and disruption of neural and cardiac impulses. The effect of electricity on the body is mainly determined by its voltage, the type of current (i.e., direct or alternating), its amperage, the resistance of the intervening tissue, the pathway of the current, and the duration of exposure. Lightning and high-voltage wires that carry several thousand volts produce the most severe damage. Alternating current (AC) is usually more dangerous than direct current (DC) because it causes violent muscle contractions, preventing the person from releasing the electrical source and sometimes resulting in fractures and dislocations. In electrical injuries, the body acts as a conductor of the electrical current. The current enters the body from an electrical source, such as an exposed wire, and passes through the body and exits to another conductor, such as the moisture on the ground or a piece of metal the person is holding. The pathway that a current takes is critical because the electrical energy disrupts impulses in excitable tissues. Current flow through the brain may interrupt impulses from respiratory centers in the brain stem, and current flow through the chest may cause fatal cardiac arrhythmias. The resistance to the flow of current in electrical circuits transforms electrical energy into heat. This is why the elements in electrical heating devices are made of highly resistive metals. Much of the tissue damage produced by electrical injuries is caused by heat production in tissues that have the highest electrical resistance. Resistance to electrical current varies from the greatest to the least in bone, fat, tendons, skin, muscles, blood, and nerves. The most severe tissue injury usually occurs at the skin sites where the current enters and leaves the body. After electricity has penetrated the skin, it passes rapidly through the body along the lines of least resistance - through body fluids and nerves. Degeneration of vessel walls may occur, and thrombi may form as current flows along the blood vessels. This can cause extensive muscle and deep tissue injury. Thick, dry skin is more resistant to the flow of electricity than thin, wet skin. It is generally believed that the greater the skin resistance, the greater is the amount of local skin burn, and the less the resistance, the greater are the deep and systemic effects.
Radiation injury. Electromagnetic radiation comprises a wide spectrum of wave-propagated energy, ranging from ionizing gamma rays to radiofrequency waves. A photon is a particle of radiation energy. Radiation energy with frequencies above the ultraviolet (UV) range is called ionizing radiation because the photons have enough energy to knock electrons off atoms and molecules. Nonionizing radiation refers to radiation energy at frequencies below those of visible light. UV radiation represents the portion of the spectrum of electromagnetic radiation just above the visible range.
Ionizing radiation. Ionizing radiation affects cells by causing ionization of molecules and atoms in the cell, by directly hitting the target molecules in the cell, or by producing free radicals that interact with critical cell components. It can immediately kill cells, interrupt cell replication, or cause a variety of genetic mutations, which may or may not be lethal. Most radiation injury is caused by localized irradiation that is used in the treatment of cancer. Except for unusual circumstances such as the use of high-dose irradiation that precedes bone marrow transplantation, exposure to whole-body irradiation is rare. The injurious effects of ionizing radiation vary with the dose, dose rate (a single dose can cause greater injury than divided or fractionated doses), and the differential sensitivity of the exposed tissue to radiation injury. Because of the effect on deoxyribonucleic acid (DNA) synthesis and interference with mitosis, rapidly dividing cells of the bone marrow and intestine are much more vulnerable to radiation injury than tissues such as bone and skeletal muscle. Over time, occupational and accidental exposure to ionizing radiation can result in increased risk for the development of various types of cancers, including skin cancers, leukemia, osteogenic sarcomas, and lung cancer. Many of the clinical manifestations of radiation injury result from acute cell injury, dose-dependent changes in the blood vessels that supply the irradiated tissues, and fibrotic tissue replacement. The cell’s initial response to radiation injury involves swelling, disruption of the mitochondria and other organelles, alterations in the cell membrane, and marked changes in the nucleus. The endothelial cells in blood vessels are particularly sensitive to irradiation. During the immediate post-irradiation period, only vessel dilatation is apparent (e.g., the initial erythema of the skin after radiation therapy). Later or with higher levels of radiation, destructive changes occur in small blood vessels such as the capillaries and venules. Chronic effects of radiation damage are characterized by fibrosis and scarring of tissues and organs in the irradiated area (e.g., interstitial fibrosis of the heart and lungs after irradiation of the chest). Because the radiation delivered in radiation therapy inevitably travels through the skin, radiation dermatitis is common. There may be necrosis of the skin, impaired wound healing, and chronic radiation dermatitis.

Ultraviolet radiation. UV radiation contains increasingly energetic rays that are powerful enough to disrupt intracellular bonds and cause sunburn and increase the risk of skin cancers. The degree of risk depends on the type of UV rays, the intensity of exposure, and the amount of protective melanin pigment in the skin. Skin damage induced by UV radiation is thought to be caused by reactive oxygen species and by damage to melanin-producing processes in the skin. UV radiation also damages DNA, resulting in the formation of pyrimidine dimers (i.e., the insertion of two identical pyrimidine bases into replicating DNA instead of one). Other forms of DNA damage include the production of single-strandedbreaks and formation of DNA–protein crosslinks. Normally, errors that occur during DNA replication are repaired by enzymes that remove the faulty section of DNA and repair the damage. The importance of DNA repair in protecting against UV radiation injury is evidenced by the vulnerability of persons who lack the enzymes needed to repair UV-induced DNA damage. In a genetic disorder called xerodermia pigmentosum, an enzyme needed to repair sunlight-induced DNA damage is lacking. This autosomal recessive disorder is characterized by extreme photosensitivity and a 2000-fold increased risk of skin cancer in sun-exposed skin.

Nonionizing Radiation. Nonionizing radiation includes infrared light, ultrasound, microwaves, and laser energy. Unlike ionizing radiation, which can directly break chemical bonds, nonionizing radiation exerts its effects by causing vibration and rotation of atoms and molecules. All of this vibrational and rotational energy is eventually converted to thermal energy. Low-frequency nonionizing radiation is used widely in radar, television, industrial operations (e.g., heating, welding, melting of metals, processing of wood and plastic), household appliances (e.g., microwave ovens), and medical applications (e.g., diathermy). Isolated cases of skin burns and thermal injury to deeper tissues have occurred in industrial settings and from improperly used household microwave ovens. Injury from these sources is mainly thermal and, because of the deep penetration of the infrared or microwave rays, tends to involve dermal and subcutaneous tissue injury.
Immunologic reactions.

The immune system serves an essential function in defense against infectious pathogens, but immune reactions may also cause cell injury. Injurious reactions to endogenous self-antigens are responsible for several autoimmune diseases. Immune reactions to many external agents, such as microbes and environmental substances, are also important causes of cell and tissue injury.

Genetic disorders
Genetic abnormalities may result in a defect as severe as the congenital malformations associated with Down syndrome, caused by a chromosomal anomaly, or as subtle as the decreased life span of red blood cells caused by a single amino acid substitution in hemoglobin in sickle cell anemia. Genetic defects may cause cell injury because of deficiency of functional proteins, such as enzyme defects in inborn errors of metabolism, or accumulation of damaged DNA or misfolded proteins, both of which trigger cell death when they are beyond repair. Variations in the genetic makeup can also influence the susceptibility of cells to injury by chemicals and other environmental insults.

Nutritional imbalances.

Nutritional imbalances continue to be major causes of cell injury. Protein-calorie deficiencies cause an appalling number of deaths, chiefly among underprivileged populations. Deficiencies of specific vitamins are found throughout the world. Nutritional problems can be self-imposed, as in anorexia nervosa (self-induced starvation). Ironically, nutritional excesses have also become important causes of cell injury. Excess of cholesterol predisposes to atherosclerosis; obesity is associated with increased incidence of several important diseases, such as diabetes and cancer. Atherosclerosis is virtually endemic in the United States, and obesity is rampant. In addition to the problems of undernutrition and overnutrition, the composition of the diet makes a significant contribution to a number of diseases.
Chemical injury. Chemicals capable of damaging cells are everywhere around us. Air and water pollution contain chemicals capable of tissue injury, as does tobacco smoke and some processed or preserved foods. Some of the most damaging chemicals exist in our environment, including gases such as carbon monoxide, insecticides, and trace metals such as lead. Chemical agents can injure the cell membrane and other cell structures, block enzymatic pathways, coagulate cell proteins, and disrupt the osmotic and ionic balance of the cell. Corrosive substances such as strong acids and bases destroy cells as the substances come into contact with the body. Other chemicals may injure cells in the process of metabolism or elimination. Carbon tetrachloride (CCl4), for example, causes little damage until it is metabolized by liver enzymes to a highly reactive free radical (CCl3_). Carbon tetrachloride is extremely toxic to liver cells.
Drugs. Many drugs - alcohol, prescription drugs, over the-counter drugs, and street drugs are capable of directly or indirectly damaging tissues. Ethyl alcohol can harm the gastric mucosa, liver, developing fetus, and other organs. Antineoplastic (anticancer) and immunosuppressant drugs can directly injure cells. Other drugs produce metabolic end products that are toxic to cells. Acetaminophen, a commonly used over-the-counter analgesic drug, is detoxified in the liver, where small amounts of the drug are converted to a highly toxic metabolite. This metabolite is detoxified by a metabolic pathway that uses a substance (i.e., glutathione) normally present in the liver. When large amounts of the drug are ingested, this pathway becomes overwhelmed and toxic metabolites accumulate, causing massive liver necrosis.

Injury from biologic agents. These agents range from the submicroscopic viruses to the large tapeworms. In between are the rickettsiae, bacteria, fungi, and higher forms of parasites. Biologic agents differ from other injurious agents by the fact that these are able to replicate and can continue to produce their injurious effects. Biologic agents injure cells by diverse mechanisms. Viruses enter the cell and become incorporated into its DNA. Certain bacteria elaborate exotoxins that interfere with cellular production of ATP. Other bacteria, such as the gram-negative bacilli, release endotoxins that cause cell injury and increased capillary permeability. Primary cellular injuries of infectious origin are caused by the biological factors (viruses, bacteria, protozoa, etc…) as well as by subsequent inflammation of the affected organ which leads to secondary cellular injury. Secondary cellular injuries are multifactorial and its mechanisms are complex, determined by the action of many harmful factors of inflammatory origin (acidosis, circulatory disorders, oxidative stress, immune attack, hypoxia, metabolic disorders).
 Oxidative stress - is caused by oxygen free radicals. Oxygen free radicals are called oxygen compound, which contains on the latest electronic layer an unpaired electron, single electron, what gives these compounds an extremely high chemical reactivity - the cause why they are called reactive oxygen species (ROS). Oxygen radicals are byproducts formed by some physiological processes (e.g. electron transport chain in mitochondria, phagocytosis in the phagocytic cells). Under normal conditions, their damaging action is counteracted by antioxidant systems. Pathological processes that generate free radicals are: inflammation, hypoxia, hyperoxia, phagocytic reaction, and ionizing radiation, chloroform poisoning etc. Formation of free radicals accompanies virtually all body pathologies.

Enzymatic cellular injuries – are induced by endogenous and exogenous enzymes. The source of endogenous enzyme can be phagocytic cells from the inflammatory foci, lysosomal enzymes from all cells of the body released as a result of the lysosomal membrane destabilization, pancreatic digestive enzymes released in the blood in case of pancreatitis or pancreonecrosis. From the exogenous enzymes thereare the microbial one (for ex: streptococci lecithinase that splits membrane phospholipids). Cellular enzymes which can have pathogenic action are: proteases, peptidase, collagens, lipase, amylase etc. The pathogenic chain of the harmful effects of the enzymes is initiated by specific substrate splitting by these enzymes: membrane phospholipids, membrane proteins, glycoprotein’s etc. The final result of enzymes pathogen action is membrane disintegration and breakdown of the cell.
Oxygen deprivation. Hypoxia is a deficiency of oxygen, which causes cell injury by reducing aerobic oxidative respiration. Hypoxia is an extremely important and common cause of cell injury and cell death. Causes of hypoxia include reduced blood flow (celled ischemia), inadequate oxygenation of the blood due to cardiorespiratory failure, and decreased oxygen-carrying capacity of the blood, as in anemia or carbon monoxide poisoning (producing a stable carbon monoxyhemoglobin that blocks oxygen carriage) or after severe blood loss. Depending on the severity of the hypoxic state, cells may adapt, undergo injury, or die. For example, if an artery is narrowed, the tissue supplied by that vessel may initially shrink in size (atrophy), whereas more severe or sudden hypoxia induces injury and cell death. Hypoxic lesions of the cell are caused by cellular hypoxia. Energy necessary for all cell functions is provided almost entirely by processes of oxidation of nutrients. Coupling oxidation with phosphorylation processes leads to storage of energy-rich forms. Stored energy is used for vital cell functions: anabolism, recovery of affected structures, ion pump activities, and maintaining intracellular homeostasis. 

The effects of cellular hypoxia are initiated by energy shortage below compatible threshold with vital cellular activity. 

Pathogenetic chains of adverse effects in hypoxia are numerous:

a) Cellular hypoxia → reduced oxidative processes → reducing the amount of available ATP → reduced activity of Na-K -ATPase → Na-K gradient abolition → cell hyperosmolarity → intracellular hyper-osmolarity → cellular intumescences → cytolysis. 

          b) Annihilation of membranary resting potential → inhibitory depolarization of excitable cells.

         c) Decreased activity of Ca++-ATPase → annihilation of Ca++ gradient → increased activity of phospholipases, proteases,endonucleases, ATPase → breakdown of membranary phospholipids, proteins, swelling of mitochondria, endoplasmic reticulum, lysosomal destabilization.

        d) Activation of glycolysis → accumulation of lactic acid → intracellular acidosis → activation of proteases and   phospholipase → cytolysis.

Dyshomeostatic cell injuries caused by the disturbances of homeostasis of internal environment. Body internal environment (living environment of the cell) is characterized by maintaining of strict physical, physical-chemical and biochemical parameters. Extreme deviations of interstitial spacebiochemical parameters are direct consequences of the changing of blood composition which can become a harmful factors triggering cellular pathological processes. The most severe and most common homeostatic deviations which can lead to cell injury are hyper- or hyponatremia, hyper- or hypokalemia, hyper- or hypocalcemia, hyper- or hypochloridemia, hyper- or hypo- H+-emia, overhydration or dehydration, hypo- or hyperosmolarity.    

Metabolic cellular injury- caused by hereditary enzyme defects or by extracellular metabolic imbalance. Extracellular metabolic imbalances that can affect cells are: hyper- and hypoglycemia, galactosemia, hypoproteinemia, dysproteinemia, hyperlipidemia, dyslipidemia, ketonemia.

Mechanisms of cell injury

The mechanisms responsible for cell injury are complex [Fig. 3]. There are, however, several principles that are relevant to most forms of cell injury: 


•   The cellular response to injurious stimuli depends on the nature of the injury, its duration, and its severity. Small doses of a chemical toxin or brief periods of ischemia may induce reversible injury, whereas large doses of the same toxin or more prolonged ischemia might result either in instantaneous cell death or in slow, irreversible injury leading in time to cell death.


• The consequences of cell injury depend on the type, state, and adaptability of the injured cell. The cell's nutritional and hormonal status and its metabolic needs are important in its response to injury. How vulnerable is a cell, for example, to loss of blood supply and hypoxia? When the striated muscle cell in the leg is deprived of its blood supply, it can be placed at rest and preserved; not so the striated muscle of the heart. Exposure of two individuals to identical concentrations of a toxin, such as carbon tetrachloride, may produce no effect in one and cell death in the other. This may be due to genetic variations affecting the amount and activity of hepatic enzymes that convert carbon tetrachloride (CCl4) to toxic by-products. With the complete mapping of the human genome, there is great interest in identifying genetic polymorphisms that affect the responses of different individuals to injurious agents.


• Cell injury results from different biochemical mechanisms acting on several essential cellular components. These mechanisms are described individually below. The cellular components that are most frequently damaged by injurious stimuli include mitochondria, cell membranes, the machinery of protein synthesis and packaging, and the DNA in nuclei.


• Any injurious stimulus may simultaneously trigger multiple interconnected mechanisms that damage cells. This is one reason why it is difficult to ascribe cell injury in a particular situation to a single or even dominant biochemical derangement.
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Fig.3. The main mechanisms of cell injury, and their biochemical and functional effects
(From Robbins-Cotran; Pathological basis of disease)
DEPLETION OF ATP

ATP depletion and decreased synthesis are frequently associated with both hypoxic and chemical (toxic) injury. ATP is produced in two ways. The major pathway in mammalian cells is oxidative phosphorylation of adenosine diphosphate, in a reaction that results in reduction of oxygen by the electron transfer system of mitochondria. The second is the glycolytic pathway, which can generate ATP in the absence of oxygen using glucose derived either from body fluids or from the hydrolysis of glycogen. The major causes of ATP depletion are reduced supply of oxygen and nutrients, mitochondrial damage, and the actions of some toxins (e.g., cyanide). Tissues with a greater glycolytic capacity (e.g., the liver) are able to survive loss of oxygen and decreased oxidative phosphorylation better than are tissues with limited capacity for glycolysis (e.g., the brain). 
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Fig. 4. Functional and morphologic consequences of decreased intracellular ATP during cell injury.The morphologic changes shown here are indicative of reversible cell injury. Further depletion of ATP results in cell death, typically by necrosis. ER, endoplasmic reticulum. 
 (From Robbins-Cotran; Pathological basis of disease)
High-energy phosphate in the form of ATP is required for virtually all synthetic and degradative processes within the cell. These include membrane transport, protein synthesis, lipogenesis, and the deacylation-reacylation reactions necessary for phospholipid turnover. Depletion of ATP to 5% to 10% of normal levels has widespread effects on many critical cellular systems [Fig.4]: 


• The activity of the plasma membrane energy-dependent sodium pump (ouabain-sensitive Na+, K+-ATPase) is reduced. Failure of this active transport system causes sodium to enter and accumulate inside cells and potassium to diffuse out. Failure of Na+/ K+-ATPase leads to accumulation of Na+ ions inside the cell, leading to increased intracellular osmolarity. The net gain of solute is accompanied by isosmotic gain of water, causing cell swelling, and dilation of the ER, finally can develop cytolysis. Failure of Na+/ K+-ATPase leads to annihilation of potassium gradient in the affected cells. In normal cells, ratio of intracellular and extracellular potassium concentration is about 4:1, which, along with other electrolytes, is responsible for resting potential in excitable cells. Decreased intracellular potassium level annihilates the cellular resting potential (depolarization) and makes impossible excitation of the cell (inhibitory depolarization). Increased concentration of potassium ions in the extracellular environment reduces transmembrane potential of adjacent cells, increasing their excitability, which can serve as a stimulus to trigger action potentials. This phenomenon can be observed in myocardial infarction, when increased potassium level in the focus of necrosis contributes to occurrence of cardiac fibrillation. Potassium released from cells also invades the body fluids, especially the blood (hyperkalemia) which similarly influence on other excitable cells far away from the primary focus of cell injury (neurons, cardiomyocytes).

• Cellular energy metabolism is altered. If the supply of oxygen to cells is reduced, as in ischemia, oxidative phosphorylation ceases, resulting in a decrease in cellular ATP and associated increase in adenosine monophosphate. These changes stimulate phosphofructokinase and phosphorylase activities, leading to an increased rate of anaerobic glycolysis, which is designed to maintain the cell's energy sources by generating ATP through metabolism of glucose derived from glycogen. As a consequence glycogen stores are rapidly depleted. Anaerobic glycolysis results in the accumulation of lactic acid and inorganic phosphates from the hydrolysis of phosphate esters. This reduces the intracellular pH (intracellular acidosis), resulting in decreased activity of many cellular enzymes.

• Failure of the Ca2+ pump leads to influx of Ca2+, with damaging effects on numerous cellular components, described below.

• With prolonged or worsening depletion of ATP, structural disruption of the protein synthetic apparatus occurs, manifested as detachment of ribosomes from the rough ER and dissociation of polysomes, with a consequent reduction in protein synthesis.


• In cells deprived of oxygen or glucose, proteins may become misfolded, and misfolded proteins trigger a cellular reaction called the unfolded protein response that may culminate in cell injury and even death.


• Ultimately, there is irreversible damage to mitochondrial and lysosomal membranes, and the cell undergoes necrosis.
            Influx of calcium and loss of calcium homeostasis
The finding that depleting calcium protects cells from injury induced by a variety of harmful stimuli indicates that calcium ions are important mediators of cell injury. Cytosolic free calcium is normally maintained at very low concentrations (-0.1 μmol) compared with extracellular levels of 1.3 mmol, and most intracellular calcium is sequestered in mitochondria and the ER. Ischemia and certain toxins cause an increase in cytosolic calcium concentration, initially because of release of Ca2+ from intracellular stores, and later resulting from increased influx across the plasma membrane. Increased intracellular Ca2+ causes cell injury by several mechanisms [Fig.5]. 


• The accumulation of Ca2+ in mitochondria results in opening of the mitochondrial permeability transition pore and, as described above, failure of ATP generation.


• Increased cytosolic Ca2+ activates a number of enzymes, with potentially deleterious cellular effects. These enzymes include phospholipases (which cause membrane damage), proteases (which break down both membrane and cytoskeletal proteins), endonucleases (which are responsible for DNA and chromatin fragmentation), and ATPases (thereby hastening ATP depletion).


• Increased intracellular Ca2+ levels also result in the induction of apoptosis, by direct activation of caspases and by increasing mitochondrial permeability.
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Fig. 5. The role of increased cytosolic calcium in cell injury. ER, endoplasmic reticulum
(From Robbins-Cotran; Pathological basis of disease)

ACCUMULATION OF OXYGEN-DERIVED FREE RADICALS (OXIDATIVE STRESS)

Cell injury induced by free radicals, particularly reactive oxygen species, is an important mechanism of cell damage in many pathologic conditions, such as chemical and radiation injury, ischemia-reperfusion injury (induced by restoration of blood flow in ischemic tissue), cellular aging, and microbial killing by phagocytes. Free radicals are chemical species that have a single unpaired electron in an outer orbit. Energy created by this unstable configuration is released through reactions with adjacent molecules, such as inorganic or organic chemicals - proteins, lipids, carbohydrates, nucleic acids - many of which are key components of cell membranes and nuclei. Moreover, free radicals initiate autocatalytic reactions, whereby molecules with which they react are themselves converted into free radicals, thus propagating the chain of damage. Reactive oxygen species (ROS) are a type of oxygen-derived free radical whose role in cell injury is well established. ROS are produced normally in cells during mitochondrial respiration and energy generation, but they are degraded and removed by cellular defense systems. Thus, cells are able to maintain a steady state in which free radicals may be present transiently at low concentrations but do not cause damage. When the production of ROS increases or the scavenging systems are ineffective, the result is an excess of these free radicals, leading to a condition called oxidative stress [Fig.6]. Oxidative stress has been implicated in a wide variety of pathologic processes, including cell injury, cancer, aging, and some degenerative diseases such as Alzheimer disease. ROS are also produced in large amounts by leukocytes, particularly neutrophils and macrophages, as mediators for destroying microbes, dead tissue, and other unwanted substances. Therefore, injury caused by these reactive compounds often accompanies inflammatory reactions, during which leukocytes are recruited and activated.

Generation of free radicals
Free radicals may be generated within cells in several ways: 


• The reduction-oxidation reactions that occur during normal metabolic processes. During normal respiration, molecular O2 is reduced by the transfer of four electrons to H2 to generate two water molecules. This conversion is catalyzed by oxidative enzymes in the ER, cytosol, mitochondria, peroxisomes, and lysosomes. During this process small amounts of partially reduced intermediates are produced in which different numbers of electrons have been transferred from O2, these include superoxide anion ( O2- , one electron), hydrogen peroxide (H2O2, two electrons), and hydroxyl ions (  OH- - three electrons).


•    Absorption of radiant energy (e.g., ultraviolet light, x-rays). For example, ionizing radiation can hydrolyze water into OH- and hydrogen (H) free radicals.


•   Rapid bursts of ROS are produced in activated leukocytes during inflammation. This occurs by a precisely controlled reaction in a plasma membrane multiprotein complex that uses NADPH oxidase for the redox reaction. In addition, some intracellular oxidases (such as xanthine oxidase) generate O2- .


• Enzymatic metabolism of exogenous chemicals or drugs can generate free radicals that are not ROS but have similar effects (CCl4 can generate CCl3).


• Transition metals such as iron and copper donate or accept free electrons during intracellular reactions and catalyze free radical formation, as in the Fenton reaction (H2O2 + Fe2+➙ Fe3+ + OH + OH-). Because most of the intracellular free iron is in the ferric (Fe3+) state, it must be reduced to the ferrous (Fe2+) form to participate in the Fenton reaction. This reduction can be enhanced by  O2- , and thus sources of iron and   O2-  may cooperate in oxidative cell damage.


• Nitric oxide (NO), an important chemical mediator generated by endothelial cells, macrophages, neurons, and other cell types, can act as a free radical and can also be converted to highly reactive peroxynitrite anion (ONOO-) as well as NO2 and NO3-.
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Fig.6. The role of reactive oxygen species (ROS) in cell injury.
 O2 is converted to superoxide ( O2-) by oxidative enzymes in the endoplasmic reticulum (ER), mitochondria, plasma membrane, peroxisomes, and cytosol. O2- is converted to H2O2 by dismutation and thence to OH by the Cu2+/Fe2+-catalyzed Fenton reaction. H2O2 is also derived directly from oxidases in peroxisomes (not shown). Resultant free radical damage to lipids (by peroxidation), proteins, and DNA leads to injury to numerous cellular components. The major antioxidant enzymes are superoxide dismutase (SOD), glutathione peroxidase, and catalase.
(From Robbins-Cotran; Pathological basis of disease)

Removal of free radicals. Free radicals are inherently unstable and generally decay spontaneously.  O2-  for example, is unstable and decays (dismutates) spontaneously into O2 and H2O2 in the presence of water. In addition, cells have developed multiple non-enzymatic and enzymatic mechanisms to remove free radicals and thereby minimize injury. These include the following: 


• Antioxidants either block the initiation of free radical formation or inactivate (e.g., scavenge) free radicals. Examples are the lipid-soluble vitamins E and A as well as ascorbic acid and glutathione in the cytosol.


• Iron and copper can catalyze the formation of ROS. The levels of these reactive metals are minimized by binding of the ions to storage and transport proteins (e.g., transferrin, ferritin, lactoferrin, and ceruloplasmin), thereby minimizing the formation of ROS.


• A series of enzymes acts as free radical–scavenging systems and breaks down H2O2 and O2-     These enzymes are located near the sites of generation of the oxidants and include the following: 


1.  Catalase, present in peroxisomes, decomposes H2O2 (2H2O2➙ O2 + 2H2O).


2.  Superoxide dismutase (SODs) are found in many cell types and convert   O2- to H2O2 (2 + 2H ➙ H2O2+O2). This group includes both manganese–SOD, which is localized in mitochondria, and copper-zinc–SOD, which is found in the cytosol.


3.  Glutathione peroxidase also protects against injury by catalyzing free radical breakdown (H2O2 + 2GSH ➙ GSSG [glutathione homodimer] + 2H2O, or 2OH + 2GSH ➙ GSSG + 2H2O). The intracellular ratio of oxidized glutathione (GSSG) to reduced glutathione (GSH) is a reflection of the oxidative state of the cell and is an important indicator of the cell's ability to detoxify ROS.
Pathologic effects of free radicals
The effects of ROS and other free radicals are wide-ranging, but three reactions are particularly relevant [Fig.6]: 


• Lipid peroxidation in membranes. In the presence of O2, free radicals may cause peroxidation of lipids within plasma and organellar membranes. Oxidative damage is initiated when the double bonds in unsaturated fatty acids of membrane lipids are attacked by O2-derived free radicals, particularly by OH-. The lipid–free radical interactions yield peroxides, which are themselves unstable and reactive, and an autocatalytic chain reaction ensues (called propagation), which can result in extensive membrane damage.
The hydroxyl radical OH¯ is considered the most aggressive. Being very small, it penetrates the lipid bilayer where peroxides the polyunsaturated fatty acids from the membrane component that contain double bond of carbon. Under the action of the hydroxyl radical there is the first reaction – ravishment of one lipid proton (LH) (more exactly of AGPN – polyunsaturated fatty acids) with water and lipid radical formation, noted as L¯:

                    1) OH¯ +LH = H2 O + L¯

      The lipid radical formed in the first reaction interacts with dissolved molecular oxygen in the internal medium or intracellular forming LOO¯ -  lypoperoxide radical according the 2 reaction:

                2) L¯ + O2 = LOO¯.

      The lypoperoxide radical interacts with a new lipid molecule LH forming two new radicals: hydroperoxide radical LOOH and the lipid radical L¯ (third reaction):

             3) LOO¯ +LH = LOOH + L¯.

      In this way the reaction becomes autocatalytic forming a long chain affecting more lipid molecules. The result of this reaction is the formation of three new radicals: lipid radical, lypoperoxide radical and hydroperoxide radical.

      In some conditions the autocatalytic chain may give branches according to the reaction:

          4) LOOH + Fe²+ = Fe³+ + OH¯ + LO¯; LO¯ + LH = LOOH + L¯.

The L¯ lipid radical that may initiate a new chain etc.

 • Oxidative modification of proteins. Free radicals promote oxidation of amino acid side chains, formation of protein-protein cross-linkages (e.g., disulfide bonds), and oxidation of the protein backbone. Oxidative modification of proteins may damage the active sites of enzymes, disrupt the conformation of structural proteins, and enhance proteasomal degradation of unfolded or misfolded proteins, raising havoc throughout the cell.


• Lesions in DNA. Free radicals are capable of causing single- and double-strand breaks in DNA, cross-linking of DNA strands, and formation of adducts. Oxidative DNA damage has been implicated in cell aging (discussed later in this chapter) and in malignant transformation of cells.
The traditional thinking about free radicals was that they cause cell injury and death by necrosis, and, in fact, the production of ROS is a frequent prelude to necrosis. However, it is now clear that free radicals can trigger apoptosis as well. Recent studies have also revealed a role of ROS in signaling by a variety of cellular receptors and biochemical intermediates. In fact, according to one hypothesis, the major actions of   O2-  stem from its ability to stimulate the production of degradative enzymes rather than direct damage of macromolecules. It is also possible that these potentially deadly molecules serve important physiologic functions.
Mechanisms of membrane damage 
Early loss of selective membrane permeability leading ultimately to overt membrane damage is a consistent feature of most forms of cell injury (except apoptosis). Membrane damage may affect the functions and integrity of all cellular membranes. Below we discuss the mechanisms and pathologic consequences of membrane damage.

Mechanisms of membrane damage
In ischemic cells membrane defects may be the result of ATP depletion and calcium-mediated activation of phospholipases (see below). The plasma membrane can also be damaged directly by various bacterial toxins, viral proteins, lytic complement components, and a variety of physical and chemical agents. Several biochemical mechanisms may contribute to membrane damage [Fig.7]: 


•Reactive oxygen species. Oxygen free radicals cause injury to cell membranes by lipid peroxidation, discussed earlier (look above).


• Decreased phospholipid synthesis. The production of phospholipids in cells may be reduced as a consequence of defective mitochondrial function or hypoxia, both of which decrease the production of ATP and thus affect energy-dependent enzymatic activities. The decreased phospholipid synthesis may affect all cellular membranes, including the mitochondria themselves.


•Increased phospholipid breakdown. Severe cell injury is associated with increased degradation of membrane phospholipids, probably due to activation of endogenous phospholipases by increased levels of cytosolic and mitochondrial Ca2+. Phospholipid breakdown leads to the accumulation of lipid breakdown products, including unesterified free fatty acids, acyl carnitine, and lysophospholipids, which have a detergent effect on membranes. They may also either insert into the lipid bilayer of the membrane or exchange with membrane phospholipids, potentially causing changes in permeability and electrophysiologic alterations.


• Cytoskeletal abnormalities. Cytoskeletal filaments serve as anchors connecting the plasma membrane to the cell interior. Activation of proteases by increased cytosolic calcium may cause damage to elements of the cytoskeleton. In the presence of cell swelling, this damage results, particularly in myocardial cells, in detachment of the cell membrane from the cytoskeleton, rendering it susceptible to stretching and rupture.
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Fig. 7. Mechanisms of membrane damage in cell injury.
Decreased O2 and increased cytosolic Ca2+ are typically seen in ischemia but may accompany other forms of cell injury. Reactive oxygen species, which are often produced on reperfusion of ischemic tissues, also cause membrane damage (not shown). (From Robbins-Cotran; Pathological basis of disease)

Consequences of membrane damage

The most important sites of membrane damage during cell injury are the mitochondrial membrane, the plasma membrane, and membranes of lysosomes.


• Mitochondrial membrane damage. As discussed above, damage to mitochondrial membranes results in opening of the mitochondrial permeability transition pore leading to decreased ATP, and release of proteins that trigger apoptotic death.


• Plasma membrane damage. Plasma membrane damage results in loss of osmotic balance and influx of fluids and ions, as well as loss of cellular contents. The cells may also leak metabolites that are vital for the reconstitution of ATP, thus further depleting energy stores.


• Injury to lysosomal membranes results in leakage of their enzymes into the cytoplasm and activation of the acid hydrolases in the acidic intracellular pH of the injured (e.g., ischemic) cell. Lysosomes contain RNases, DNAases, proteases, phosphatases, glucosidases, and cathepsins. Activation of these enzymes leads to enzymatic digestion of proteins, RNA, DNA, and glycogen, and the cells die by necrosis.
MITOCHONDRIAL DAMAGE

Mitochondria are the cell's suppliers of life-sustaining energy in the form of ATP, but they are also critical players in cell injury and death. Mitochondria can be damaged by increases of cytosolic Ca2+, reactive oxygen species, and oxygen deprivation, and so they are sensitive to virtually all types of injurious stimuli, including hypoxia and toxins. In addition, mutations in mitochondrial genes are the cause of some inherited diseases.


There are two major consequences of mitochondrial damage [Fig.8]. 


• Mitochondrial damage often results in the formation of a high-conductance channel in the mitochondrial membrane, called the mitochondrial permeability transition pore. The opening of this conductance channel leads to the loss of mitochondrial membrane potential, resulting in failure of oxidative phosphorylation and progressive depletion of ATP, culminating in necrosis of the cell. One of the structural components of the mitochondrial permeability transition pore is the protein cyclophilin D, which is a target of the immunosuppressive drug cyclosporine (used to prevent graft rejection). In some experimental models of ischemia, cyclosporine reduces injury by preventing opening of the mitochondrial permeability transition pore—an interesting example of molecularly targeted therapy for cell injury (although its clinical value is not established).


• The mitochondria also sequester between their outer and inner membranes several proteins that are capable of activating apoptotic pathways; these include cytochrome c and proteins that indirectly activate apoptosisinducing enzymes called caspases. Increased permeability of the outer mitochondrial membrane may result in leakage of these proteins into the cytosol, and death by apoptosis.  
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Fig. 8. Consequences of mitochondrial dysfunction, culminating in cell death by necrosis or apoptosis (From Robbins-Cotran; Pathological basis of disease)

Mitochondrial injuries have different aspect. Swelling of mitochondria is a qualitative modification common for multiple alterations of mitochondria that lead to the disturbances of oxidative phosphorylation processes. Swelling of mitochondria is conditioned by increased permeability of external membrane in case of hyperosmolarity and swelling of cell cytoplasm. This pathologic phenomenon can be found as well in inanition, hypoxia, intoxications, fever, and thyroxin administration.


In vitro were found two types of swelling. The first is low amplitude swelling, which is a reversible alteration of the protein structures. Swelling of low amplitude is accompanied by entering of water through the external membrane of mitochondria in the space between the crista and mitochondrial matrix. In the same time mitochondrial matrix contracts and becomes harder. The second type of swelling – high amplitude swelling develops in the result of increased permeability of internal mitochondrial membrane. The result of this process is the smoothing and fragmentation of crista. It may be corrected by increased ATP level and Mg2+ concentration. The final stage of mitochondrial injury is characterized by breakdown of internal and external membranes, development of inner membrane calcium phosphate precipitates that contribute to the irreversible calcification of mitochondria.


Deformation of crista with decreased their number shows a low functional activity of mitochondria; meantime increased crista number shows an intensification of energy synthesis according to cellular requirements. Mitochondrial injury also is characterized by structural changes of matrix granules. These granules, having the diameter from 20 to 50 nm, accumulate bivalent cations. The matrix granules are formed from proteins, lipids, potassium ions, magnesium, and phosphorus. Increased volume of mitochondrial granules is characteristic for cells that contain excessive calcium ions. Hypertrophy of the granules can be seen in mitochondrial ischemia, in hepatocytes in CCl intoxications, in muscle cells in case of tetanus. Decreased number of mitochondrial granules and even their total absence is seen in tumoral cells, in intestinal epithelial cells and hepatocytes during ischemia.


Increased number and dimension of mitochondria is found in tumoral cells, in cells of hypertrophied tissues and cells located in inflammatory focus.


Nucleus injuries
The causes of direct cell nucleus injuries are different physical, chemical, biological factors. Nucleus lesions have different morphological and functional manifestations. Chromatin condensation is a reversible alteration of the nucleus, which is manifested by the development under the nuclear membrane of several chromatin conglomerates. This process can be found also in cases of decreased intracellular pH like during intensification of glycolytic processes. 

1. Karyopyknosis - is a consequence of condensation and marginalization of chromatin all over the nucleus. Chromatin fibers condense from the action of lysosomal enzymes and DNA-ase.
2. Karyorrhexis– is the process of fragmentation of condensed chromatin, which can be located both in the nuclear membrane as well as in cytoplasm.
3. Karyolysis- total disintegration of chromatin. 

Karyopyknosis, karyorrhexis and the karyolysis represent consecutive processes of nucleus death.
Injuries of endoplasmic reticulum


The swelling of ER is a typical pathologic process as a consequence of hyperosmolarity and swelling of cytoplasm that leads to the detachment of ribosomes from it. Polysomes disintegration will disturbcellular protein synthesis as well as synthesis of  proteinfor export.
Lysosomal injuries
Lysosomal injuries are manifested by swelling and destabilization of lysosomal membranes.

Normally, lysosomal membrane prevents contact between the cytoplasm and lysosomal enzymes, and so is avoiding the possible autolytic processes. Lysosomal membrane destabilization or breakdown leads to the exit of hydrolases in the cytosol, and development of cell autolysis. Destabilization of lysosomal membranes and swelling accompanied by increased in their permeability are caused by hypoxia, acidosis, membrane lipid peroxidation, bacterial endotoxins, all types of shock, hypovitaminosis etc.

So, consequences of lysosomal injuries are escape of lysosomal hydrolases into hyaloplasm of the cell with specific degradation of substances (inclusive proteins) and initiation of intracellular autolytic processes that lead to total cell disintegration. But also, leaving the cell, lysosomal enzymes can penetrate into the blood leading to enzymemia. Substances which increase stability of lysosomal membrane are cholesterol, corticosteroids, vitamin E, antihistamines, etc…. 
Cell dystrophy
Cell dystrophy – typical cellular pathologic process caused by local or general metabolic disorders manifested by functional and/or structural changes at the level of the cells. 
One of the manifestations of metabolic disorders in cells is the intracellular accumulation of abnormal amounts of various substances. The stockpiled substances fall into two categories: (1) a normal cellular constituent, such as water, lipids, proteins, and carbohydrates, that accumulates in excess; or (2) an abnormal substance, either exogenous, such as a mineral or products of infectious agents, or endogenous, such as a product of abnormal synthesis or metabolism. These substances may accumulate either transiently or permanently, and they may be harmless to the cells, but on occasion they are severely toxic. The substance may be located in either the cytoplasm (frequently within phagolysosomes) or the nucleus. In some instances the cell may be producing the abnormal substance, and in others it may be merely storing products of pathologic processes occurring elsewhere in the body.
Classification of cell dystrophy
           I. By the degree of cell involvement and disorders, dystrophy may be:

           - with predominantly functional disorders
           - in combination with obvious structural modifications 

           - reversible

           - irreversible 
      II.
In conformity with deranged metabolism - dystrophy may have:

           - monovalent character (with disorders of one type of metabolism – protein, lipidic, carbohydrate, hydric, mineral);
          -  polivalent with simultaneous disorders of few types of metabolic processes

     III.
In function of affected area dystrophies may be:

       -
general, that comprise the majority of body tissues;
       -
local, with predominant affection of one organ (liver dystrophy, kidneys, myocardium);
     IV.
In function of predominantly affected metabolism there are distinguished: 

        -
protein dystrophy;
        -
lipid dystrophy;
        -
carbohydrate dystrophy;
       -
mineral dystrophy;
     V.
In function of origin dystrophies are classified in:

       -
congenital dystrophy;
       -
acquired dystrophies.
Etiology

The general causes of congenital dystrophies are the hereditary factors that cause congenital cellular enzymopathy – absence, defect or lack of cell enzymes. The effects of these abnormalities are accumulation into cells of metabolic substrate due to deficiency in its breakdown (i.e. congenital lack of glucoso-6-phosphatase leads to impossibility of glycogenolysis and excessive accumulations of glycogen into cells) as well as synthesis and accumulation of abnormal substances into the cell.

The general causes of acquired dystrophies are the factors that cause cell injuries, cellular metabolic disorders and general metabolic imbalance. The causes that cause cell injuries are mechanic, physical, chemical, biological factors, cell hypoxia, energy deficiency, transmembrane and intracellular transport deregulations of nutritive substances, and exocytose deregulations of intracellular substances. From the general metabolic disturbances that cause cell dystrophies, should be mentioned disorders in carbohydrate, lipid, protein metabolic processes. From general metabolic imbalance producing dystrophies the most frequent involved are hyperglycemia, galactosemia, hyperlipidemia, hypercholesterolemia, that lead to intracellular spaces infiltration with respective substances.
General mechanisms of cell dystrophy. Many processes result in abnormal intracellular accumulations, but most accumulations are attributable to four types of abnormalities (Fig.9). 

1. A normal endogenous substance is produced at a normal or increased rate, but the rate of metabolism is inadequate to remove it. Examples of this type of process are fatty change in the liver and reabsorption protein droplets in the tubules of the kidneys.


2. An abnormal endogenous substance, typically the product of a mutated gene, accumulates because of defects in protein folding and transport and an inability to degrade the abnormal protein efficiently. 

Examples include the accumulation of mutated α1-antitrypsin in liver cells and various mutated proteins in degenerative disorders of the central nervous system.


3. A normal endogenous substance accumulates because of defects, usually inherited, in enzymes that are required for the metabolism of the substance. Examples include diseases caused by genetic defects in enzymes involved in the metabolism of lipid and carbohydrates, resulting in intracellular deposition of these substances, largely in lysosomes. 


4. An abnormal exogenous substance is deposited and accumulates because the cell has neither the enzymatic machinery to degrade the substance nor the ability to transport it to other sites. Accumulations of carbon particles and non-metabolizable chemicals such as silica are examples of this type of alteration.
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Fig. 9. Mechanisms of intracellular accumulations
In many cases, if the overload can be controlled or stopped, the accumulation is reversible. In inherited storage diseases accumulation is progressive, and the overload may cause cellular injury, leading in some instances to death of the tissue and the patient. (From Robbins-Cotran; Pathological basis of disease)
Mechanisms of cell dystrophy triggered by cell injuries are the following:   

Energetic lack is the most common mechanism of dystrophic processes in case of cell injury. From most common cases for decreased ATP is hypoxia of any genesis, ischemia, deficiency of nutritive substances, direct inhibition of oxidative processes (ex. intoxications, avitaminosis etc.). Energy deficiency diminishes anabolic cell processes – glycogen synthesis from glucose, phospholipids and lipoproteins synthesis from triacilglycerides, protein synthesis from amino acids etc. As a result there is accumulation of unused metabolic substances (ex. monosaccharide, triglycerides, ketones bodies, amino acids) that invade the cells, leading to dystrophy. Also, the energy lack disturbs the intracellular transports, leading to lack or excess of stored substances.

Free radicals and lipid peroxidation are the second cause of cell dystrophies. Formation of free radicals of oxygen and halogens is a physiologic mechanism for annihilation of foreign substances. On the other hand, free radicals formed in excess or not removed in time because of insufficiency of antioxidant system, become harmful, promoting by themselves alteration of cell structures directly or by lipid peroxidation of cell membranes (see above). Dystrophy by free radicals injuries occurs in hypoxia, ischemia, stress, shock, inflammations, infections, intoxications, hypersecretion of catecholamine and other.

Intracellular accumulation of calcium is the third pathogenic mechanism of dystrophies. The biologic role of intracellular calcium consists in the initiation of cellular activation processes (neuron, myocyte, and thrombocytes, myofibrils contraction). Calcium in the cell, in resting state, is concentrated into endoplasmic reticulum by active transportation from hyaloplasm. Calcium pumping from hyaloplasm into endoplasmic reticulum is performed by Ca/Mg dependent ATP-ase, by means of active transport, with energy consumption against the gradient of concentration. At cell activation, calcium is released from the endoplasmic reticulum into cytoplasm, having the role of intracellular messenger: in muscle links excitation and contraction, in nervous cell – excitation and release of mediators, in thrombocytes – activation and secretion of stored substances and others. After effectuation of cellular act (excitation, contraction) calcium from cytoplasm is again “pumped” into the endoplasmic reticulum by the same enzyme Ca/Mg dependent ATP-ase. Such, the resting state is equal to calcium storage into the endoplasmic reticulum, while cell activation with calcium passage out of endoplasmic reticulum into hyaloplasm. The mechanism by which increased calcium level into cell cytoplasm lead to cell dystrophy see above in the compartment of cell injuries.
Intracellular accumulation of non-esterified fatty acids represents an important mechanism of lipid cell dystrophy. It consists in abundant passage of lipids into cells from the blood (in case of hyperlipemia), excessive intracellular synthesis of lipids or inhibition of lipid usage by cell in catabolic processes (lipolysis). Intracellular fatty acids are exposed to peroxidation processes with formation of peroxides, which affect the cytoplasmic membranes, mitochondrial membranes, lysosomes, endoplasmic reticulum and other, activate phospholipase A2, bound cations with formation of soaps and cause intracellular acidosis.

Lysosomal mechanism of dystrophies consists in non-specific activation of lysosomes with increased membrane permeability and passage of hydrolytic lysosomal enzymes in the cytoplasm with initiation of autolysis processes.

Catecholamine in excessive amounts also alter cells and start dystrophic processes by multiple mechanisms: by initiation of cell hyperfunction, leading to a relative energy depletion, by activation of glycolysis (development of lactic acidosis), by activation of lipolysis with excessive formation of fatty acids, by activation of lysosomes with hydrolytic autolysis, by intensification of peroxidation processes of lipids. 

Lipid dystrophy 
All major classes of lipids can accumulate in cells: triglycerides, cholesterol/cholesterol esters, and phospholipids. Phospholipids are components of the myelin figures found in necrotic cells. In addition, abnormal complexes of lipids and carbohydrates accumulate in the lysosomal storage diseases. 
The terms steatosis and fatty change describe abnormal accumulations of triglycerides within parenchymal cells. Fatty change is often seen in the liver because it is the major organ involved in fat metabolism, but it also occurs in heart, muscle, and kidney. The causes of steatosis include toxins, protein malnutrition, diabetes mellitus, obesity, and anoxia. In developed nations the most common causes of significant fatty change in the liver (fatty liver) are alcohol abuse and nonalcoholic fatty liver disease, which is often associated with diabetes and obesity.
Different mechanisms account for triglyceride accumulation in the liver. Free fatty acids from adipose tissue or ingested food are normally transported into hepatocytes. In the liver they are esterified to triglycerides, converted into cholesterol or phospholipids, or oxidized to ketone bodies. Some fatty acids are synthesized from acetate as well. Release of triglycerides from the hepatocytes requires association with apoproteins to form lipoproteins, which may then be transported from the blood into the tissues (Fig.10). 
Excess accumulation of triglycerides within the liver may result from excessive entry or defective metabolism and export of lipids. Several such defects are induced by alcohol, a hepatotoxin that alters mitochondrial and microsomal functions, leading to increased synthesis and reduced breakdown of lipids. CCl4 and protein malnutrition cause fatty change by reducing synthesis of apoproteins, hypoxia inhibits fatty acid oxidation, and starvation increases fatty acid mobilization from peripheral stores. In diabetes mellitus there is enhanced lipolysis due to lack of insulin, with enhanced mobilization of FFA from adipose tissue.
[image: image11.emf]
Fig. 10. Fatty liver. A, Schematic diagram of the possible mechanisms leading to accumulation of triglycerides in fatty liver. Defects in any of the steps of uptake, catabolism, or secretion can result in lipid accumulation. B, High-power detail of fatty change of the liver. In most cells the well-preserved nucleus is squeezed into the displaced rim of cytoplasm about the fat vacuole. (From Robbins-Cotran; Pathological basis of disease)

Fatty dystrophy in the heart underlie on three main mechanisms: hyperlipidemia with enhanced entry of FFA from the blood (exaggerated lipolysis, alimentary hyperlipidemia) into heart cells, intracellular disorders of lipid metabolism and enhanced breakdown of lipoprotein complexes from the cell membrane. The most frequent causes for heart fatty infiltration are: hypoxia, intoxication with phosphorus, arsenium, some infectious factors (diphtheria).

Fatty changes in the kidneys are found in nephrotic syndrome and affect preferentially the distal and collector tubules.

The significance of fatty change depends on the cause and severity of the accumulation. When mild it may have no effect on cellular function. More severe fatty change may impair cellular function and may be a harbinger of cell death.

Cholesterol and cholesterol esters

The cellular metabolism of cholesterol is tightly regulated such that most cells use cholesterol for the synthesis of cell membranes without intracellular accumulation of cholesterol or cholesterol esters. Accumulations manifested histologically by intracellular vacuoles are seen in several pathologic processes. 


• Atherosclerosis. In atherosclerotic plaques, smooth muscle cells and macrophages within the intimal layer of the aorta and large arteries are filled with lipid vacuoles, most of which are made up of cholesterol and cholesterol esters. Such cells have a foamy appearance (foam cells), and aggregates of them in the intima produce the yellow cholesterol-laden atheromas characteristic of this serious disorder. Some of these fat-laden cells may rupture, releasing lipids into the extracellular space. The extracellular cholesterol esters may crystallize in the shape of long needles, producing quite distinctive clefts in tissue sections.

• Xanthomas. Intracellular accumulation of cholesterol within macrophages is also characteristic of acquired and hereditary hyperlipidemic states. Clusters of foamy cells are found in the subepithelial connective tissue of the skin and in tendons, producing tumorous masses known as xanthomas.


• Cholesterolosis. This refers to the focal accumulations of cholesterol-laden macrophages in the lamina propria of the gallbladder. The mechanism of accumulation is unknown.
Protein dystrophy
Intracellular accumulations of proteins usually appear as rounded, eosinophilic droplets, vacuoles, or aggregates in the cytoplasm. By electron microscopy they can be amorphous, fibrillar, or crystalline in appearance. In some disorders, such as certain forms of amyloidosis, abnormal proteins deposit primarily in extracellular spaces.

Excesses of proteins within the cells sufficient to cause morphologically visible accumulation have diverse causes. 


• Reabsorption droplets in proximal renal tubules are seen in renal diseases associated with protein loss in the urine (proteinuria). In the kidney small amounts of protein filtered through the glomerulus are normally reabsorbed by pinocytosis in the proximal tubule. In disorders with heavy protein leakage across the glomerular filter there is increased reabsorption of the protein into vesicles, and the protein appears as pink hyaline droplets within the cytoplasm of the tubular cell. The process is reversible; if the proteinuria diminishes, the protein droplets are metabolized and disappear.


• The proteins that accumulate may be normal secreted proteins that are produced in excessive amounts, as occurs in certain plasma cells engaged in active synthesis of immunoglobulins. The ER becomes hugely distended, producing large, homogeneous eosinophilic inclusions called Russell bodies.


• Defective intracellular transport and secretion of critical proteins. In α1-antitrypsin deficiency, mutations in the protein significantly slow folding, resulting in the buildup of partially folded intermediates, which aggregate in the ER of the liver and are not secreted. The resultant deficiency of the circulating enzyme causes emphysema. In many of these diseases the pathology results not only from loss of protein function but also ER stress caused by the misfolded proteins, culminating in apoptotic death of cells (discussed above).


• Accumulation of cytoskeletal proteins. There are several types of cytoskeletal proteins, including microtubules, thin actin filaments, thick myosin filaments and intermediate filaments. Accumulations of keratin filaments and neurofilaments are associated with certain types of cell injury. Alcoholic hyaline is an eosinophilic cytoplasmic inclusion in liver cells that is characteristic of alcoholic liver disease, and is composed predominantly of keratin intermediate filaments. The neurofibrillary tangle found in the brain in Alzheimer disease contains neurofilaments and other proteins.


• Aggregation of abnormal proteins. Abnormal or misfolded proteins may deposit in tissues and interfere with normal functions. The deposits can be intracellular, extracellular, or both, and the aggregates may either directly or indirectly cause the pathologic changes. Certain forms of amyloidosis fall in this category of diseases. These disorders are sometimes called proteinopathies or protein-aggregation diseases.
Glycogen
Glycogen is a readily available energy source stored in the cytoplasm of healthy cells. Excessive intracellular deposits of glycogen are seen in patients with an abnormality in either glucose or glycogen metabolism. Whatever the clinical setting, the glycogen masses appear as clear vacuoles within the cytoplasm. Diabetes mellitus is the prime example of a disorder of glucose metabolism. In this disease glycogen is found in renal tubular epithelial cells, as well as within liver cells, β cells of the islets of Langerhans, and heart muscle cells.

Glycogen accumulates within the cells in a group of related genetic disorders that are collectively referred to as the glycogen storage diseases, or glycogenoses. In these diseases enzymatic defects in the synthesis or breakdown of glycogen result in massive accumulation, causing cell injury and cell death.
CELL DEATH
With continuing damage the injury becomes irreversible, at which time the cell cannot recover an it dies. There are two principal types of cell death, necrosis and apoptosis, which differ in their morphology, mechanisms, and roles in physiology and disease. When damage to membranes is severe, lysosomal enzymes enter the cytoplasm and digest the cell, and cellular contents leak out, resulting in necrosis. In situations when the cell's DNA or proteins are damaged beyond repair, the cell kills itself by apoptosis, a form of cell death that is characterized by nuclear dissolution, fragmentation of the cell without complete loss of membrane integrity, and rapid removal of the cellular debris. Whereas necrosis is always a pathologic process, apoptosis serves many normal functions and is not necessarily associated with cell injury. Cell death is also sometimes the end result of autophagy. Although it is easier to understand these pathways of cell death by discussing them separately, there may be many connections between them. Both apoptosis and necrosis may be seen in response to the same insult, such as ischemia, perhaps at different stages. Apoptosis can progress to necrosis, and cell death during autophagy may show many of the biochemical characteristics of apoptosis.
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Fig. 11. Schematic illustration of the morphologic changes in cell injury culminating in necrosis or apoptosis. (From Robbins-Cotran; Pathological basis of disease)

Apoptosis

Apoptosis is a pathway of cell death that is induced by a tightly regulated suicide program in which cells destined to die activate enzymes that degrade the cells' own nuclear DNA and nuclear and cytoplasmic proteins. Apoptotic cells break up into fragments, called apoptotic bodies, which contain portions of the cytoplasm and nucleus. The plasma membrane of the apoptotic cell and bodies remains intact, but its structure is altered in such a way that these become “tasty” targets for phagocytes. The dead cell and its fragments are rapidly devoured, before the contents have leaked out, and therefore cell death by this pathway does not elicit an inflammatory reaction in the host. The process was recognized in 1972 by the distinctive morphologic appearance of membrane-bound fragments derived from cells, and named after the Greek designation for “falling off.” It was quickly appreciated that apoptosis was a unique mechanism of cell death, distinct from  necrosis, which is characterized by loss of membrane integrity, enzymatic digestion of cells, leakage of cellular contents, and frequently a host reaction. However, apoptosis and necrosis sometimes coexist, and apoptosis induced by some pathologic stimuli may progress to necrosis.

CAUSES OF APOPTOSIS 

Apoptosis occurs normally both during development and throughout adulthood, and serves to eliminate unwanted, aged or potentially harmful cells. It is also a pathologic event when diseased cells become damaged beyond repair and are eliminated.
Apoptosis in physiologic situations

Death by apoptosis is a normal phenomenon that serves to eliminate cells that are no longer needed, and to maintain a steady number of various cell populations in tissues. It is important in the following physiologic situations: 


• The programmed destruction of cells during embryogenesis, including implantation, organogenesis, developmental involution, and metamorphosis. The term “programmed cell death” was originally coined to denote death of specific cell types at defined times during the development of an organism. Apoptosis is a generic term for this pattern of cell death, regardless of the context, but it is often used interchangeably with “programmed cell death.”


• Involution of hormone-dependent tissues upon hormone withdrawal, such as endometrial cell breakdown during the menstrual cycle, ovarian follicular atresia in menopause, the regression of the lactating breast after weaning, and prostatic atrophy after castration.


• Cell loss in proliferating cell populations, such as immature lymphocytes in the bone marrow and thymus that fail to express useful antigen receptors, B lymphocytes in germinal centers, and epithelial cells in intestinal crypts, so as to maintain a constant number (homeostasis).


• Elimination of potentially harmful self-reactive lymphocytes, either before or after they have completed their maturation, so as to prevent reactions against one's own tissues.


• Death of host cells that have served their useful purpose, such as neutrophils in an acute inflammatory response, and lymphocytes at the end of an immune response. In these situations cells undergo apoptosis because they are deprived of necessary survival signals, such as growth factors.
Apoptosis in pathologic conditions

Apoptosis eliminates cells that are injured beyond repair without eliciting a host reaction, thus limiting collateral tissue damage. Death by apoptosis is responsible for loss of cells in a variety of pathologic states:

• DNA damage. Radiation, cytotoxic anticancer drugs, and hypoxia can damage DNA, either directly or via production of free radicals. If repair mechanisms cannot cope with the injury, the cell triggers intrinsic mechanisms that induce apoptosis. In these situations elimination of the cell may be a better alternative than risking mutations in the damaged DNA, which may result in malignant transformation. These injurious stimuli can cause apoptosis if the insult is mild, but larger doses of the same stimuli may result in necrotic cell death.


• Accumulation of misfolded proteins. Improperly folded proteins may arise because of mutations in the genes encoding these proteins or because of extrinsic factors, such as damage caused by free radicals. Excessive accumulation of these proteins in the ER leads to a condition called ER stress, which culminates in apoptotic cell death. Apoptosis caused by the accumulation of misfolded proteins has been invoked as the basis of several degenerative diseases of the central nervous system and other organs.


• Cell death in certain infections, particularly viral infections, in which loss of infected cells is largely due to apoptosis that may be induced by the virus (as in adenovirus and HIV infections) or by the host immune response (as in viral hepatitis). An important host response to viruses consists of cytotoxic T lymphocytes specific for viral proteins, which induce apoptosis of infected cells in an attempt to eliminate reservoirs of infection. During this process there can be significant tissue damage. The same T-cell-mediated mechanism is responsible for cell death in tumors and cellular rejection of transplants.


• Pathologic atrophy in parenchymal organs after duct obstruction, such as occurs in the pancreas, parotid gland, and kidney.
Stages of apoptosis

Apoptotic cells usually exhibit a distinctive constellation of biochemical alterations that underlie the structural changes described above. The stages of apoptosis are below.
Activation of caspases.

A specific feature of apoptosis is the activation of several members of a family of cysteine proteases named caspases. The term caspase is based on two properties of this family of enzymes: the “c” refers to a cysteine protease (i.e., an enzyme with cysteine in its active site), and “aspase” refers to the unique ability of these enzymes to cleave after aspartic acid residues. The caspase family, now including more than 10 members, can be divided functionally into two groups—initiator and executioner—depending on the order in which they are activated during apoptosis. Initiator caspases include caspase-8 and caspase-9. Several other caspases, including caspase-3 and caspase-6, serve as executioners. Like many proteases, caspases exist as inactive pro-enzymes, or zymogens, and must undergo an enzymatic cleavage to become active. The presence of cleaved, active caspases is a marker for cells undergoing apoptosis .
DNA and protein breakdown.

Apoptotic cells exhibit a characteristic breakdown of DNA into large 50- to 300-kilobase pieces. Subsequently, there is cleavage of DNA by Ca2+- and Mg2+-dependent endonucleases into fragments whose sizes are multiples of 180 to 200 base pairs, reflecting cleavage between nucleosomal subunits. The fragments may be visualized by electrophoresis as DNA “ladders”. Endonuclease activity also forms the basis for detecting cell death by cytochemical techniques that recognize double-stranded breaks of DNA. A “smeared” pattern of DNA fragmentation is thought to be indicative of necrosis, but this may be a late autolytic phenomenon, and typical DNA ladders are sometimes seen in necrotic cells as well. 

Membrane alterations and recognition by phagocytes
The plasma membrane of apoptotic cells changes in ways that promote the recognition of the dead cells by phagocytes. One of these changes is the movement of some phospholipids (notably phosphatidylserine) from the inner leaflet to the outer leaflet of the membrane, where they are recognized by a number of receptors on phagocytes. These lipids are also detectable by binding of a protein called annexin V; thus, annexin V staining is commonly used to identify apoptotic cells. The clearance of apoptotic cells by phagocytes is described later.

MECHANISMS OF APOPTOSIS

All cells contain intrinsic mechanisms that signal death or survival, and apoptosis results from an imbalance in these signals. Because too much or too little apoptosis is thought to underlie many diseases, such as degenerative diseases and cancer, there is great interest in elucidating the mechanisms of this form of cell death. One of the remarkable facts to emerge is that the basic mechanisms of apoptosis—the genes and proteins that control the process and the sequence of events—are conserved in all multicellular organisms. 
The process of apoptosis may be divided into an initiation phase, during which some caspases become catalytically active, and an execution phase, during which other caspases trigger the degradation of critical cellular components. Initiation of apoptosis occurs principally by signals from two distinct pathways: the intrinsic, or mitochondrial, pathway, and the extrinsic, or death receptor–initiated, pathway. These pathways are induced by distinct stimuli and involve different sets of proteins, although there is some cross-talk between them. Both pathways converge to activate caspases, which are the actual mediators of cell death [Fig.12].
            The intrinsic (mitochondrial) pathway of apoptosis

The mitochondrial pathway is the major mechanism of apoptosis in all mammalian cells, and its role in a variety of physiologic and pathologic processes is well established. This pathway of apoptosis is the result of increased mitochondrial permeability and release of pro-apoptotic molecules (death inducers) into the cytoplasm [Fig.12, Fig.13]. Mitochondria are remarkable organelles in that they contain proteins such as cytochrome c that are essential for life, but some of the same proteins, when released into the cytoplasm (an indication that the cell is not healthy), initiate the suicide program of apoptosis. The release of these mitochondrial proteins is controlled by a finely orchestrated balance between pro- and anti-apoptotic members of the Bcl family of proteins. This family is named after Bcl-2, which was identified as an oncogene in a B-cell lymphoma and is homologous to the C. elegans protein Ced-9. There are more than 20 members of the Bcl family, and most of them function toregulate apoptosis. Growth factors and other survival signals stimulate production of anti-apoptotic proteins, the main ones being Bcl-2, Bcl-x, and Mcl-1. These proteins normally reside in the cytoplasm and in mitochondrial membranes, where they control mitochondrial permeability and prevent leakage of mitochondrial proteins that have the ability to trigger cell death. When cells are deprived of survival signals or their DNA is damaged, or misfolded proteins induce ER stress, sensors of damage or stress are activated. These sensors are also members of the Bcl family, and they include proteins called Bim, Bid, and Bad that contain a single “Bcl-2 homology domain” (the third of the four such domains present in Bcl-2) and are called “BH3-only proteins.” The sensors in turn activate two critical (proapoptotic) effectors, Bax and Bak, which form oligomers that insert into the mitochondrial membrane and create channels that allow proteins from the inner mitochondrial membrane to leak out into the cytoplasm. BH3-only proteins may also bind to and block the function of Bcl-2 and Bcl-x. At the same time, the synthesis of Bcl-2 and Bcl-x may decline. The net result of Bax-Bak activation coupled with loss of the protective functions of the anti-apoptotic Bcl family members is the release into the cytoplasm of several mitochondrial proteins that can activate the caspase cascade. One of these proteins is cytochrome c, well known for its role in mitochondrial respiration.
[image: image13.emf]
	Fig. 12. Mechanisms of apoptosis. 
The two pathways of apoptosis differ in their induction and regulation, and both culminate in the activation of “executioner” caspases. The induction of apoptosis by the mitochondrial pathway involves the action of sensors and effectors of the Bcl-2 family, which induce leakage of mitochondrial proteins. Also shown are some of the anti-apoptotic proteins (“regulators”) that inhibit mitochondrial leakiness and cytochrome c–dependent caspase activation in the mitochondrial pathway. In the death receptor pathway engagement of death receptors leads directly to caspase activation. The regulators of death receptor–mediated caspase activation are not shown. ER, endoplasmic reticulum; TNF, tumor necrosis factor.(From Robbins-Cotran; Pathological basis of disease)
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Once released into the cytosol, cytochrome c binds to a protein called Apaf-1 (apoptosis-activating factor-1), which forms a wheel-like hexamer that has been called the apoptosome. This complex is able to bind caspase-9, the critical initiator caspase of the mitochondrial pathway, and the enzyme cleaves adjacent caspase-9 molecules, thus setting up an auto-amplification process. Other mitochondrial proteins, like Smac/DIABLO, enter the cytoplasm, where they bind to and neutralize cytoplasmic proteins that function as physiologic inhibitors of apoptosis (called IAPs). The normal function of the IAPs is to block the activation of caspases, including executioners like caspase-3, and keep cells alive. Thus, the neutralization of these IAPs permits the initiation of a caspase cascade. 
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	Fig. 13. The intrinsic (mitochondrial) pathway of apoptosis.
 A, Cell viability is maintained by the induction of anti-apoptotic proteins such as Bcl-2 by survival signals. These proteins maintain the integrity of mitochondrial membranes and prevent leakage of mitochondrial proteins. B, Loss of survival signals, DNA damage, and other insults activate sensors that antagonize the anti-apoptotic proteins and activate the pro-apoptotic proteins Bax and Bak, which form channels in the mitochondrial membrane. The subsequent leakage of cytochrome c (and other proteins, not shown) leads to caspase activation and apoptosis. (From Robbins-Cotran; Pathological basis of disease)
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The extrinsic (death receptor–initiated) pathway of apoptosis

This pathway is initiated by engagement of plasma membrane death receptors on a variety of cells [Fig.14, Fig.15]. Death receptors are members of the TNF receptor family that contain a cytoplasmic domain involved in protein-protein interactions that is called the death domain because it is essential for delivering apoptotic signals. (Some TNF receptor family members do not contain cytoplasmic death domains; their function is to activate inflammatory cascades, and their role in triggering apoptosis is much less established.) The best-known death receptors are the type 1 TNF receptor (TNFR1) and a related protein called Fas (CD95), but several others have been described. The mechanism of apoptosis induced by these death receptors is well illustrated by Fas, a death receptor expressed on many cell types. The ligand for Fas is called Fas ligand (FasL). FasL is expressed on T cells that recognize self antigens (and functions to eliminate self-reactive lymphocytes), and on some cytotoxic T lymphocytes (which kill virus-infected and tumor cells). When FasL binds to Fas, three or more molecules of Fas are brought together, and their cytoplasmic death domains form a binding site for an adapter protein that also contains a death domain and is called FADD (Fas-associated death domain). FADD that is attached to the death receptors in turn binds an inactive form of caspase-8 (and, in humans, caspase-10), again via a death domain. Multiple pro-caspase-8 molecules are thus brought into proximity, and they cleave one another to generate active caspase-8. The enzyme then triggers a cascade of caspase activation by cleaving and thereby activating other pro-caspases, and the active enzymes mediate the execution phase of apoptosis (discussed below). This pathway of apoptosis can be inhibited by a protein called FLIP, which binds to pro-caspase-8 but cannot cleave and activate the caspase because it lacks a protease domain.Some viruses and normal cells produce FLIP and use this inhibitor to protect themselves from Fas-mediated apoptosis. 
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Fig. 14. The intrinsic pathway of apoptosis

(From Robbins-Cotran; Pathological basis of disease)
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	Fig. 15. The extrinsic (death receptor–initiated) pathway of apoptosis, illustrated by the events following Fas engagement. 
FAAD, Fas-associated death domain; FasL, Fas ligand. (From Robbins-Cotran; Pathological basis of disease)


	 


We have described the extrinsic and intrinsic pathways for initiating apoptosis as distinct because they involve fundamentally different molecules for their initiation, but there may be interconnections between them. For instance, in hepatocytes and several other cell types, Fas signaling activates a BH3-only protein called Bid, which then activates the mitochondrial pathway.
The execution phase of apoptosis

The two initiating pathways converge to a cascade of caspase activation, which mediates the final phase of apoptosis. As we have seen, the mitochondrial pathway leads to activation of the initiator caspase-9, and the death receptor pathway to the initiators caspase-8 and -10. After an initiator caspase is cleaved to generate its active form, the enzymatic death program is set in motion by rapid and sequential activation of the executioner caspases. Executioner caspases, such as caspase-3 and -6, act on many cellular components. For instance, these caspases, once activated, cleave an inhibitor of a cytoplasmic DNase and thus make the DNase enzymatically active; this enzyme induces the characteristic cleavage of DNA into nucleosome-sized pieces, described earlier. Caspases also degrade structural components of the nuclear matrix, and thus promote fragmentation of nuclei. Some of the steps in apoptosis are not fully defined. For instance, we do not know how the structure of the plasma membrane is changed in apoptotic cells, or how membrane blebs and apoptotic bodies are formed.

Removal of dead cells

The formation of apoptotic bodies breaks cells up into “bite-sized” fragments that are edible for phagocytes. Apoptotic cells and their fragments also undergo several changes in their membranes that actively promote their phagocytosis so they are cleared before they undergo secondary necrosis and release their cellular contents (which can result in injurious inflammation). In healthy cells phosphatidylserine is present on the inner leaflet of the plasma membrane, but in apoptotic cells this phospholipid “flips” out and is expressed on the outer layer of the membrane, where it is recognized by several macrophage receptors. Cells that are dying by apoptosis secrete soluble factors that recruit phagocytes. Some apoptotic bodies express thrombospondin, an adhesive glycoprotein that is recognized by phagocytes, and macrophages themselves may produce proteins that bind to apoptotic cells (but not to live cells) and thus target the dead cells for engulfment. Apoptotic bodies may also become coated with natural antibodies and proteins of the complement system, notably C1q, which are recognized by phagocytes.[53] Thus, numerous receptors on phagocytes and ligands induced on apoptotic cells are involved in the binding and engulfment of these cells. This process of phagocytosis of apoptotic cells is so efficient that dead cells disappear, often within minutes, without leaving a trace, and inflammation is absent even in the face of extensive apoptosis.

CLINICO-PATHOLOGIC CORRELATIONS: APOPTOSIS IN HEALTH AND DISEASE
Examples of apoptosis 

Cell death in many situations is known to be caused by apoptosis, and the selected examples listed below illustrate the role of this death pathway in normal physiology and in disease.

Growth factor deprivation.

Hormone-sensitive cells deprived of the relevant hormone, lymphocytes that are not stimulated by antigens and cytokines, and neurons deprived of nerve growth factor die by apoptosis. In all these situations, apoptosis is triggered by the intrinsic (mitochondrial) pathway and is attributable to decreased synthesis of Bcl-2 and Bcl-x and activation of Bim and other pro-apoptotic members of the Bcl family.

DNA damage.

Exposure of cells to radiation or chemotherapeutic agents induces apoptosis by a mechanism that is initiated by DNA damage (genotoxic stress) and that involves the tumor-suppressor gene p53. p53 protein accumulates in cells when DNA is damaged, and it arrests the cell cycle (at the G1 phase) to allow time for repair. However, if the damage is too great to be repaired successfully, p53 triggers apoptosis. When p53 is mutated or absent (as it is in certain cancers), it is incapable of inducing apoptosis, so that cells with damaged DNA are allowed to survive. In such cells the DNA damage may result in mutations or translocations that lead to neoplastic transformation. Thus, p53 serves as a critical “life or death” switch following genotoxic stress. The mechanism by which p53 triggers the distal death effector machinery—the caspases—is complex but seems to involve its function in transcriptional activation. Among the proteins whose production is stimulated by p53 are several pro-apoptotic members of the Bcl family, notably Bax, Bak, and some BH3-only proteins, mentioned earlier.

Protein misfolding
Chaperones in the ER control the proper folding of newly synthesized proteins, and misfolded polypeptides are ubiquitinated and targeted for proteolysis in proteasomes. If, however, unfolded or misfolded proteins accumulate in the ER, because of inherited mutations or stresses, they trigger a number of cellular responses, collectively called the unfolded protein response. This unfolded protein response activates signaling pathways that increase the production of chaperones, enhance proteasomal degradation of abnormal proteins, and slow protein translation, thus reducing the load of misfolded proteins in the cell . However, if this cytoprotective response is unable to cope with the accumulation of misfolded proteins, the cell activates caspases and induces apoptosis. This process is called ER stress. Intracellular accumulation of abnormally folded proteins, caused by genetic mutations, aging, or unknown environmental factors, is now recognized as a feature of a number of neurodegenerative diseases, including Alzheimer, Huntington, and Parkinson diseases, and possibly type 2 diabetes. Deprivation of glucose and oxygen, and stress such as heat, also result in protein misfolding, culminating in cell injury and death. 
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Fig. 16. Mechanisms of protein folding and the unfolded protein response.
A, Chaperones, such as heat shock proteins (Hsp), protect unfolded or partially folded proteins from degradation and guide proteins into organelles. B, Misfolded proteins trigger a protective unfolded protein response (UPR). If this response is inadequate to cope with the level of misfolded proteins, it induces apoptosis. (From Robbins-Cotran; Pathological basis of disease)

Apoptosis induced by the TNF receptor family. 

FasL on T cells binds to Fas on the same or neighboring lymphocytes. This interaction plays a role in the elimination of lymphocytes that recognize self-antigens, and mutations affecting Fas or FasL result in autoimmune diseases in humans and mice. The cytokine TNF is an important mediator of the inflammatory reaction, but it is also capable of inducing apoptosis. (The name “tumor necrosis factor” arose not because the cytokine kills tumor cells directly but because it induces thrombosis of tumor blood vessels, resulting in ischemic death of the tumor.) TNF-mediated death is readily demonstrated in cell cultures, but its physiologic or pathologic significance in vivo is not known. In fact, the major physiologic functions of TNF are mediated not by inducing apoptosis but by activating the important transcription factor NF-κB (nuclear factor-κB), which promotes cell survival by stimulating synthesis of anti-apoptotic members of the Bcl-2 family and, activates a number of inflammatory responses. Since TNF can induce cell death and promote cell survival, what determines this yin and yang of its action? The answer is unclear, but it probably depends on which signaling proteins attach to the TNF receptor after binding of the cytokine.

Cytotoxic T lymphocyte–mediated apoptosis.

Cytotoxic T lymphocytes (CTLs) recognize foreign antigens presented on the surface of infected host cells. Upon activation, CTLs secrete perforin, a transmembrane pore-forming molecule, which promotes entry of the CTL granule serine proteases called granzymes. Granzymes have the ability to cleave proteins at aspartate residues and thus activate a variety of cellular caspases. In this way the CTL kills target cells by directly inducing the effector phase of apoptosis. CTLs also express FasL on their surface and may kill target cells by ligation of Fas receptors.
Disorders associated with dysregulated apoptosis

Dysregulated apoptosis (“too little or too much”) has been postulated to explain aspects of a wide range of diseases.


•Disorders associated with defective apoptosis and increased cell survival. An inappropriately low rate of apoptosis may permit the survival of abnormal cells, which may have a variety of consequences. For instance, if cells that carry mutations in p53 are subjected to DNA damage, the cells not only fail to die but are susceptible to the accumulation of mutations because of defective DNA repair, and these abnormalities can give rise to cancer. The importance of apoptosis in preventing cancer development is emphasized by the fact that mutation of p53 is the most common genetic abnormality found in human cancers. In other situations defective apoptosis results in failure to eliminate potentially harmful cells, such as lymphocytes that can react against self-antigens, and failure to eliminate dead cells, a potential source of self-antigens. Thus, defective apoptosis may be the basis of autoimmune disorders [Fig.17].

• Disorders associated with increased apoptosis and excessive cell death. These diseases are characterized by a loss of cells and include (1) neurodegenerative diseases, manifested by loss of specific sets of neurons, in which apoptosis is caused by mutations and misfolded proteins; (2) ischemic injury, as in myocardial infarction and stroke ; and (3) death of virus-infected cells, in many viral infections [Fig.18].
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Fig. 17 Causes and manifestations of reduced apoptosis

(From S. Silbernagl and F. Lang; Color Atlas of Pathophysiology)
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Fig.18. Causes and manifestations of increased apoptosis

(From S. Silbernagl and F. Lang; Color Atlas of Pathophysiology)
Necrosis
Necrosis represents the irreversible stop of cell activity, death of the cell or one part of the tissue or entire organ in still living body. Necrosis may be defined as accidental death or violent death occurring in the result of action of harmful factors – endogenous or exogenous.
The morphologic appearance of necrosis is the result of denaturation of intracellular proteins and enzymatic digestion of the lethally injured cell (cells placed immediately in fixative are dead but not necrotic). Necrotic cells are unable to maintain membrane integrity and their contents often leak out, a process that may elicit inflammation in the surrounding tissue. The enzymes that digest the necrotic cell are derived from the lysosomes of the dying cells themselves and from the lysosomes of leukocytes that are called in as part of the inflammatory reaction. Digestion of cellular contents and the host response may take hours to develop, and so there would be no detectable changes in cells if, for example, a myocardial infarct caused sudden death. The only circumstantial evidence might be occlusion of a coronary artery. The earliest histologic evidence of myocardial necrosis does not become apparent until 4 to 12 hours later. However, because of the loss of plasma membrane integrity, cardiac-specific enzymes and proteins are rapidly released from necrotic muscle and can be detected in the blood as early as 2 hours after myocardial cell necrosis. Ultimately, in the living patient most necrotic cells and their contents disappear by phagocytosis of the debris and enzymatic digestion by leukocytes. If necrotic cells and cellular debris are not promptly destroyed and reabsorbed, they tend to attract calcium salts and other minerals and to become calcified. This phenomenon is called dystrophic calcification.
Necrosis is followed by necrobiosis – the process of cell, tissue, organ death. Necrobiosis represents the transition stage of the structure from life to death (“cellular agony”). Necrobiosis represents the totality of pathobiochemical, pathohistologic and physiopathologic processes that reflect the metabolic modifications, changes in ultrastructure of cells, tissues, organs during dying process, starting from the action of the pathogenic factor (thanatogen factor) and till finished necrosis. The reversible character (of different grade) of the necrobiotic modifications allow their correction and returning to life of the altered structures – “local, cellular reanimation”.
Etiology of necrosis 
Necrosis may be caused by different etiologic exogenous factors with direct pathogenic action on the cells that result into irreversible cells injuries: mechanical, biological, chemical, physical factors. 

Necrosis may also develop in the result of some endogenous pathological processes like in local processes (inflammation, cell dystrophy, sclerosis, microcirculatory changes) as well as in general pathologic processes (hypoxia, dyshomeostasis, metabolic imbalance, nervous and endocrine deregulations etc.).
Cell necrosis inevitably is accompanied by two groups of reactions form the host. From the first group should be mentioned the inflammatory reaction. The inflammatory reaction during necrosis represents an answer to cell alteration which leads to demarcation and isolation of dead cells and localization of the necrotic area, removal of dead cells, regeneration and restoration of structures. From the second group of host reactions should be mentioned the reaction of functional homeostasis – compensatory, protective, reparatory reactions. 

Periods of necrosis

Shortly necrosis passes the next stages of evolution (Policard, Bessis, 1970):

1)
period of cell disease – cell injuries and compatible with life and are reversible;

2)
period of cell agony with the irreversible alteration of some structures, while other cell structures keep their functionality;

3)
cell death – irreversible stop of all cell functions;

4)
autolysis and autophagia of dead cells.

Pathogenesis of necrosis
Etiologic factors, potentially necrobiotic one, may exert multiple harmful effects on the cells, causing cell injuries and ultimately cell death by necrosis. The most vulnerable cell structures, on which act the pathogen factors are: cytoplasmic membrane, cell nucleus, mitochondria and lysosomes.

Major pathogenetic role in development of necrosis have the following pathologic phenomena: 

a. Free radicals formation and peroxidation of membrane lipids with the formation of lipid peroxides from polyunsaturated fatty acids and repeated injuries of the cytoplasmic membrane, binding of SH groups from proteins with their fragmentation, binding of thiamine from DNA with its rupture. The lesions caused by oxidative stress are more pronounced in the conditions of depletion of the anti-oxidative protection system, that block formation or remove the free radicals (scavenger systems) – vitamin E, cysteine, selenium, zinc, superoxidismutase (catalyse the transformation of oxygen peroxide in hydrogen peroxide), glutathione peroxidase (see above). Note that, in dying cells the process of free radicals generation is accelerated, becoming a thanatogen factor.
b.  ATP depletion - that limits all reactions from the cell (see cell injury)
c. Membrane defects – loss of selective permeability, active transport, loss of electrolytes (K+) and invasion of the cell with Na+ and Ca++, loss of proteins and enzymes, intracellular hyperosmolarity, intracellular hyperhydration (cellular edema and cytolysis) (see cell injury);

d. Intracellular calcium dyshomeostasis (see in cell injury) 
e. Cell hypoxia with reduced aerobic metabolism (oxidation processes) and intensification of anaerobic processes (anaerobic glycolysis) with some results: lowering of ATP because of small efficiency of glycolysis, increasing of AMP, non-organic phosphor and lactate;

d)
Increase of intracellular AMP level which leads to activation of phosphofructokinase and successively glycogenphosphorilase with intensification of glycogenolysis and glycolysis (anaerobic metabolic processes) with accumulation of lactic acid and organic phosphor. Finally there is development of intracellular acidosis.
The summary of the above described processes lead to swelling of cells, dilatation of the endoplasmic reticulum, detachment of ribosomes from the rough reticulum, polysomes dissociation, disorganization of microvilli.

Continuity of necrobiotic processes lead to irreversible modifications, that depends on intensity of the harmful factor action and necrobiosis duration, as well as on previous state of the cell. Thus, the liver supports hypoxia during 1 – 2 hours, but brain – only 3 – 5 minutes. The critical point of transition from the reversible stage of necrobiosis to irreversible stage of necrosis is the mitochondria injury and their incapacity to generate ATP needed for maintaining cellular processes. In consequence, there is activation of phospholipase A2 that breaks down the arachidonic acid from the membranary phospholipids and progressive breakdown of cell membrane. Another process is linked with activation of Ca2+ dependent reactions, inclusively breakdown of cytoskeletal  proteins with cell deformation.

Necrosis manifestations

The variety of necrosis manifestations gathers the biochemical, ultrastructural, morphopathological changes and functional disorders in different cellular substructures.

Shortly, they may be presented in the following way: in the cytoplasm there is edema, plasmorrhexis (fragmentation), plasmolysis (destruction). In nucleus there can be found condensation of chromatin (karyopyknosis),  fragmentation of chromatin (karyorrhexis), degradation  of nucleus (karyolysis).

At the level of tissues and organs the necrosis is manifested by colicvation necrosis and coagulation necrosis.

Necrosis consequences

The consequences of necrosis at cell level are post-mortem processes: cell lysis, autophagia and phagocytosis with usage of assimilable products and excretion of non-assimilable products.

The consequences of necrosis for the tissues and organs are represented by pathological processes like inflammation, demarcation (delimitation) of the necrotic area with leucocytes, macrophages, fibroblasts, encapsulations, sequestration of the necrotic portion, complete recovery (restitution), incomplete recovery (sclerosis).

Consequences for the entire organism are represented by integral pathologic processes mediated by resorption of disintegration products (acute phase reaction, fever, toxemia, hyperkalemia) and abolition of function of the necrotized organ (cardiac, renal, hepatic, respiratory failure). The severity of consequences depend on the vital role of the involved organ, volume of necrosis, the ability of the organism to compensate the functions of the necrotized organ as well as the ability of repair of the affected structures.
Features of necrosis and apoptosis
	Feature
	Necrosis
	Apoptosis

	Cell size
	Enlarged (swelling)
	Reduced (shrinkage)



	Nucleus
	Pyknosis➙karyorrhexis➙karyolysis
	Fragmentation into nucleosome-size fragments



	Plasma membrane
	Disrupted
	Intact; altered structure, especially orientation of lipids



	Cellular contents
	Enzymatic digestion; may leak out of cell
	Intact; may be released in apoptotic bodies



	Adjacent inflammation
	Frequent
	No



	Physiologic or pathologic role
	Invariably pathologic (culmination of irreversible cell injury)
	Often physiologic, means of eliminating unwanted cells; may be pathologic after some forms of cell injury, especially DNA damage




General consequences and manifestations of cell injuries

Consequences of cellular injuries are irreparable and irreversible: typical pathological cellular processes (cell dystrophy, apoptosis, necrobiosis, and necrosis), typical pathological processes in organs and tissues (inflammation, atrophy, and sclerosis), and integral typical pathological processes (hyperkalemia, enzymemia, fever); functional failure of vital organs - circulatory failure, respiratory, kidney, liver, endocrine failure, anemia. Pathological cellular processes have repercussions for the entire body. Mechanisms of generalization of the cellular processes are: neurogenic, hematogenic, lymphogenic. General consequences of cell injuries are mediated by leakage of cellular ingredients into internal environment of the bodyelectrolytes, enzymes, biologically active proteins and peptides.
 Enzymemia
Any specialized cell has only those enzymes, which effectively catalyze reactions in conformity with its biological functions. Some enzymes (or kits of enzymes ) are present in all types of cells, for example enzymes involved in fundamental metabolic pathways as are the enzymes for biosynthesis of proteins and nucleic acids, glycolysis, Krebs cycle, etc.. On the other hand, every type of specialized cell has enzymes which catalyze characteristic metabolic reactions: ex: enzymes involved in biosynthesis of thyroid hormones are located only in thyrocytes, those that participate in biosynthesis of urea are localized only in hepatocytes, kreatinkinase is located almost entirely into muscles etc.Subcellular structure, in which are present these different enzymes are in accordance with the place where the metabolic reactions occur: glycolytic enzymes and some enzymes of urea biosynthesis are localized in the cytoplasm, the enzymes of the Krebs cycle are located  in mitochondria, enzymes involved in RNA biosynthesis are localized in the cell nucleus. There are a series of enzymes, which manifest their catalytic activity at the level of circulating blood. Among them should be mentioned especially the enzymes involved in blood coagulation, a series of lipases and pseudo-cholinesterase (non-specific cholinesterase). These enzymes are synthesized by different organs, especially by liver, and are secreted in active or inactive form into blood, were catalyze specific reactions. Other enzymes, which circulate in the plasma, (their number is quite big)don’t have a catalytic role at this level. Their presence in the plasma is in relation with physiological renewal of the cells, as well as the secretion of enzymes during physiologic activity (i.e. kreatinkinase at physical effort). Secretion of intracellular enzymes into the blood is due to permeability of the cell membranes, which allows in a constant way the passage of some very small amount of these enzymes into plasma. This process amplifies both, during physiologic activity (ex. duringhigh muscle efforts), as well as during cell injuries. 

In normal conditions, the enzyme concentration, with or without catalytic role in the plasma, is included in certain limits considered normal values. The constant concentration in the plasma of each of these enzymes is the result of equilibrium between the speed of cellular destruction, by one hand, and their inactivation and elimination, on the other hand. Indeed, the time of enzyme circulation in the plasma is much smaller than in the cell. This time is expressed as “half - time” - the time after which the enzyme activity is reduced by half.

Cell injuries of any etiology lead toincreased or decreased of cellular enzymatic activity in the blood – enzymemia. The spectrum of enzymemia and the enzyme concentration in blood corresponds to the injured organ (the presence of organ specific enzymes), as well as the deepness of cellular alteration (the presence of specific enzymes for different cellular organelles). Thus, two enzymes – ALAT and ASAT (alanine-aminotransferase and aspartate-aminotransferase) are specific for hepatocytes, however ALAT is localized exclusively in cytoplasm, while ASAT is in proportion of 60% localized into cytoplasm and 40% in mitochondria. At a discrete injury of hepatic cells, without affecting the mitochondria, there will be secreted into the blood predominantly cytoplasmic enzymes (ALAT). The ratio ASAT/ALAT, named the relation De Rites, in healthy individuals have the mean value of 1.3, the same ratio will to decrease less than 1.0 (between 0.7 – 0.4) at those suffering from hepatitis. Note that in case of hepatocellular jaundice, the serologic activity of ASAT and ALAT increases nearly one week before bilirubin will rises. The normalization of these indexes is made, in case of a favorable evolution, after 5 – 7 weeks, and the values will stay elevated as long as cytolyses processes will persist. 

Alkaline phosphatase has high values in case of obstructive jaundice, but also in case of some osteoblasts sarcomas, in hyperparathyroidism and metastasis carcinoma. The level of acid phosphatase is high in case of prostatic cancer and in some neoplasm of the mammary gland.

High values of the amylase activity are reported in case of intestinal obstruction, acute pancreatitis and diabetes. Cholinesterase is one of the few enzymes, which provide information concerning the renal function; it is highly active in nephrotic syndrome. 

  Hyperkalemia
Cell injuries are associated with release of potassium ions from altered cells and with consecutive hyperkalemia.Increased potassium concentration in the blood reduces the gradient of concentration of this electrolyte between the cytoplasm and interstitium, such reducing the depolarizing potential, modifying the excitability of excitable cells – first it is increased, then it is decreased till inhibitory depolarization. Especially sensible to hyperkalemia are myocardiocytes, which react first at this dyshomeostasis by characteristic modifications of ECG. 
Response of the acute phase (acute phase response)
One of the stereotypic reactions of the organism to cell injuries is the response of acute phase.

The response of acute phase represents an integral pathologic process, consecutive to pathologic cellular, tissular or organic processes characterized by a complex of reactions from systems of regulation and protection with modification of the organism homeostasis. 

The causes of acute phase response are: cell injuries, necrosis, dystrophy, regional circulatory disorders, inflammation, allergy, and neoplasms. 

The acute phase response is triggered by active biological substances released at activation, degranulation or injuries of cells of mesenchymal origin: mast cells, macrophages, lymphocytes, neutrophils, endothelial cells and fibroblasts. The most important mediators of cell injuries are interleukins IL -1 and IL – 6, tumor necrotic factor (TNF - α), acute phase proteins. Mediators released from cells into interstitium start a local inflammatory reaction, but being secreted into the systemic circulation interact with specific cellular receptors from other organs, initiating different systemic reactions of the acute phase – there are characteristic reaction of CNS, endocrine system, leucocytes and immune system, fever. Under the action of the primary mediators, the liver secretes the proteins of the acute phase, which also mediates different general effects.

The effects of the acute phase mediators are multiple and different.
IL–1 is a polifunctional cytokine secreted by leukocytes, macrophages, fibroblasts, neuronal and glial cells. It stimulates cycloxygenase and the production of prostaglandins (pro-inflammatory effect), causes fever (pyrogenic effect), stimulates the immune system by Th lymphocytes activation, and activates the secretion of corticotrophin and glucocorticoids (stress effect). The pro-inflammatory effect of IL–1 serves as a pathogenic factor in evolution of atherosclerosis, septic shock, rheumatoid arthritis, respiratory depression in adults, inflammation of intestines, kidneys.

IL–6 is produced by more cells (macrophages, endothelial cells, epithelial cells, immune cells and others) activated by bacterial action, heterogenic antigens, inflammatory mediators. IL–6 is the main stimulator of synthesis and secretion of proteins of the acute phase from the liver. The main effects are the activation of corticotrophin and glucocorticoids secretion, fever, stimulation of leucopoiesis with leukocytosis, differentiation of B and T lymphocytes. Hyperactive production of IL–6 initiate autoimmune, osteodystrophic processes, inflammatory reactions.

TNF–α is produced by macrophages, lymphocytes, neutrophils, mast cells under the action of bacteria and bacterial toxins,IL–1 and IL-6 and other. TNF – αhas anti-humoral action and a strong pro-inflammatory action. TNF–α hyper production has toxic systemic effects – reduced heart contractibility, circulatory insufficiency, arterial hypotension, decreased venous return to the heart, vascular hyperpermeability,  generally leads to shock with polyorganic insufficiency.

From acute phase proteins synthesized and secreted by liver the most important areC–reactive protein, seric A amyloid, fibrinogen, haptoglobin, antitrypsin α–1, antihimotripsineα–1 and other. The production and concentration in the blood of the acute phase proteins rises in cell injuries. Simultaneously, the concentration of other proteins (transferrin, albumins) is decreasing. It is considered that glucocorticoids and IL–1 stimulate the synthesis of acute phase proteins in the liver. The major functions of the acute phase proteins are the triggering of inflammation, stimulation of phagocytosis, fixation of free oxygen radicals, and inactivation of serologic enzymes.

C–reactive protein, component of the natural protective system, stimulates the secretion of cytokines, participates in activation of the complement, recognizes and associates to the heterogenic antigens from the microbial cells, induces opsonization thus contributing to their phagocytosis.

Seric amyloid A from HDL composition leads to adhesion and chemotaxis of lymphocytes and macrophages, contributes to initiation of inflammation at the level of the atheromatousplaques from the vascular wall, predisposes to amyloidosis.

Fibrinogen has anti-inflammatory action, creates the necessary network for wounds repair. 

Ceruloplasmin has antioxidant effect. Haptoglobin associates hemoglobin released from erythrocytes in the process of their hemolysis. 

Manifestations of the acute phase response are expressed by activation of nervous, endocrine, immune, blood systems. Clinically these are characterized by general symptoms (fever, apathy, anorexia), arthro-myogenic (myalgia, arthralgia), endocrine (hyperactive secretion of corticotrophin and glucocorticoids, insulin, vasopressin), metabolic (catabolism intensification), sanguine (hypo-albuminemia, presence in the blood of acute phase specific proteins, ESR acceleration, complement activation, activation of the fluido- coagulant system, neutrophilia). 

The biologic significance of the acute phase reaction is dialectically ambiguous – in case of adequate intensity it is favorable for the body, having a protective and reparative role, butin case of an exaggerated intensity it causes hyperergic inflammatory processes and integral pathologic processes – like cachexia.

