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An Overview of Metabolism

Objectives

• Define metabolism and explain why cells need to synthesize new organic components.

Cells are chemical factories that break down organic molecules to obtain energy, which can then be used to generate ATP. Reactions within mitochondria provide most of the energy needed by a typical cell. lp. 76 To carry out these metabolic reactions, cells must have a reliable supply of oxygen and nutrients, including water, vitamins, mineral ions, and organic substrates (the reactants in enzymatic reactions). Oxygen is absorbed at the lungs; the other substances are obtained through absorption at the digestive tract. The cardiovascular system then carries these substances throughout the body. They diffuse from the bloodstream into the tissues, where they can be absorbed and used by our cells.

Mitochondria break down the organic nutrients to provide energy for cell growth, cell division, contraction, secretion, and other functions. Each tissue contains a unique mixture of various kinds of cells. As a result, the energy and nutrient requirements of any two tissues—loose connective tissue and cardiac muscle, for instance—can be quite different. Moreover, activity levels can change rapidly within a tissue, and such changes affect the metabolic requirements of the body. For example, when skeletal muscles start contracting, the tissue demand for oxygen skyrockets. Thus, the energy and nutrient requirements of the body vary from moment to moment (resting versus exercising), hour to hour (asleep versus awake), and year to year (growing child versus adult).

The term metabolism (me-TAB-o¯-lizm) refers to all the chemical reactions that occur in an organism. Chemical reactions within cells, collectively known as cellular metabolism, provide the energy needed to maintain homeostasis and to perform essential functions. Such functions include (1) metabolic turnover, the periodic breakdown and replacement of the organic components of a cell; (2) growth and cell division; and (3) special processes, such as secretion, contraction, and the propagation of action potentials.

Figure 25–1• provides a broad overview of the processes involved in cellular metabolism. The cell absorbs organic molecules from the surrounding interstitial fluids. Amino acids, lipids, and simple sugars cross the cell membrane and join nutrients already in the cytoplasm. All the cell’s organic building blocks collectively form a nutrient pool that the cell relies on to provide energy and to create new intracellular components.

The breakdown of organic substrates is called catabolism. This process releases energy that can be used to synthesize ATP or other high-energy compounds. Catabolism proceeds in a series of steps. In general, the initial steps occur in the cytosol, where enzymes break down large organic molecules previously assembled by the cell (such as glycogen, triglycerides, or proteins) into smaller fragments that join the nutrient pool. For example, carbohydrates are broken down into simple sugars, triglycerides are split into fatty acids and glycerol, and proteins are broken down to individual amino acids.

Relatively little ATP is produced during these preparatory steps. However, further catabolic activity produces smaller organic molecules that can be absorbed and processed by mitochondria. It is that mitochondrial activity that releases significant amounts of energy. As mitochondrial enzymes break the covalent bonds that hold these molecules together, they capture roughly 40 percent of the energy released and use it to convert ADP to ATP. The other 60 percent escapes as heat that warms the interior of the cell and the surrounding tissues.

The ATP produced by mitochondria provides energy to support both anabolism—the synthesis of new organic molecules— and other cell functions. Those additional functions, such as ciliary or cell movement, contraction, active transport, and cell division, vary among cell types. For example, muscle fibers need ATP to provide energy for contraction, whereas gland cells need ATP to synthesize and transport their secretions. We have considered such specialized functions in other chapters, so here we will restrict our focus to anabolic processes.

In terms of energy, anabolism is an “uphill” process that involves the formation of new chemical bonds. Cells synthesize new organic components for four basic reasons:

1. To Perform Structural Maintenance or Repairs. All cells must expend energy to perform ongoing maintenance and repairs, be

cause most structures in the cell are temporary rather than permanent. Their removal and replacement are part of the process of metabolic turnover. lp. 57

2. To Support Growth. Cells preparing to divide increase in size and synthesize extra proteins and organelles.

3. To Produce Secretions. Secretory cells must synthesize their products and deliver them to the interstitial fluid.

4. To Store Nutrient Reserves. Most cells “prepare for a rainy day”—a period of emergency, an interval of extreme activity, or a time when the supply of nutrients in the bloodstream is inadequate. Cells prepare for such times by building up reserves—nutrients stored in a form that can be mobilized as needed. The most abundant storage form of carbohydrate is glycogen, a branched chain of glucose molecules; the most abundant storage lipids are triglycerides, consisting primarily of fatty acids. Thus, muscle cells and liver cells, for example, store glucose in the form of glycogen, whereas adipocytes and liver cells store triglycerides. Proteins, the most abundant organic components in the body, perform a variety of vital functions for the cell, and when energy is available, cells synthesize additional proteins. However, when glucose or fatty acids are unavailable, proteins can be broken down into their component amino acids, and the amino acids catabolized as an energy source. So, although their primary function is not to serve as an energy source, proteins are so abundant and accessible that they represent an important “last-ditch” nutrient reserve.

The nutrient pool is the source of the substrates for both catabolism and anabolism. As you might expect, cells tend to conserve the materials needed to build new compounds and break down the rest. Cells continuously replace membranes, organelles, enzymes, and structural proteins. These anabolic activities require more amino acids than lipids, and few carbohydrates. In general, when a cell with excess carbohydrates, lipids, and amino acids needs energy, it will break down carbohydrates first. Lipids are the second choice, and amino acids are seldom broken down if other energy sources are available.

Mitochondria provide the energy that supports cellular operations. The cell feeds its mitochondria from its nutrient pool, and in return, the cell gets the ATP it needs. However, mitochondria are picky eaters: They will accept only specific organic molecules for processing and energy production. Thus, chemical reactions in the cytoplasm take whichever organic nutrients are available and break them down into smaller fragments that the mitochondria can process. The mitochondria then break the fragments down further, generating carbon dioxide, water, and ATP (Figure 25–2•). This mitochondrial activity involves two pathways: the TCA cycle and the electron transport system. We will describe these important catabolic and anabolic cellular reactions in the next section.

100 Keys | There is an energy cost to staying alive, even at rest. All cells must expend ATP to perform routine mainte

nance, removing and replacing intracellular and extracellular structures and components. In addition, cells must spend ad

ditional energy performing other vital functions, such as growth, secretion, and contraction.

Carbohydrate Metabolism

Objectives

• Describe the basic steps in glycolysis, the TCA cycle, and the electron transport system.

• Summarize the energy yield of glycolysis and cellular respiration.

Most cells generate ATP and other high-energy compounds by breaking down carbohydrates—especially glucose. The complete reaction sequence can be summarized as follows:

C6H12O6 + 6 O2 ¡ 6 CO2 + 6 H2O

glucose oxygen carbon dioxide water

The breakdown occurs in a series of small steps, several of which release sufficient energy to support the conversion of ADP to ATP. The complete catabolism of one molecule of glucose provides a typical body cell a net gain of 36 molecules of ATP.

Although most ATP production occurs inside mitochondria, the first steps take place in the cytosol. The process of glycolysis, which breaks down glucose in the cytosol and generates smaller molecules that can be absorbed and utilized by mitochondria, was introduced in Chapter 10. lp. 309 Because glycolysis does not require oxygen, the reactions are said to be anaerobic. The subsequent reactions, which occur in mitochondria, consume oxygen and are considered aerobic. The mitochondrial activity responsible for ATP production is called aerobic metabolism, or cellular respiration.

Glycolysis

Glycolysis (gl -KOL-i-sis; glykus, sweet + lysis, dissolution) is the breakdown of glucose to pyruvic acid. In this process, a se

¯

ı ries of enzymatic steps breaks the six-carbon glucose molecule (C6H12O6) into two three-carbon molecules of pyruvic acid (CH3 ¬ CO ¬ COOH). At the normal pH inside cells, each pyruvic acid molecule loses a hydrogen ion and exists as the nega

-

tively charged ion CH3 – CO ¬ COO. This ionized form is usually called pyruvate, rather than pyruvic acid.

Glycolysis requires (1) glucose molecules, (2) appropriate cytoplasmic enzymes, (3) ATP and ADP, (4) inorganic phosphates,

and (5) NAD (nicotinamide adenine dinucleotide), a coenzyme that removes hydrogen atoms during one of the enzymatic reactions. (Recall from Chapter 2 that coenzymes are organic molecules that are essential to enzyme function. lp. 53) If any of these participants is missing, glycolysis cannot occur.

Figure 25–3• provides an overview of the steps in glycolysis. Glycolysis begins when an enzyme phosphorylates—that is, attaches a phosphate group—to the last (sixth) carbon atom of a glucose molecule, creating glucose-6-phosphate. This step, which “costs” the cell one ATP molecule, has two important results: (1) It traps the glucose molecule within the cell, because phosphorylated glucose cannot cross the cell membrane; and (2) it prepares the glucose molecule for further biochemical reactions.

A second phosphorylation occurs in the cytosol before the six-carbon chain is broken into two three-carbon fragments. En

ergy benefits begin to appear as these fragments are converted to pyruvic acid. Two of the steps release enough energy to generate ATP from ADP and inorganic phosphate (PO43-or Pi). In addition, two molecules of NAD are converted to NADH. The net reaction looks like this:

Glucose + 2 NAD + 2 ADP + 2 Pi ¡

2 Pyruvic acid + 2 NADH + 2 ATP

This anaerobic reaction sequence provides the cell a net gain of two molecules of ATP for each glucose molecule converted to two pyruvic acid molecules. A few highly specialized cells, such as red blood cells, lack mitochondria and derive all their ATP through glycolysis. Skeletal muscle fibers rely on glycolysis for ATP production during periods of active contraction; using the ATP provided by glycolysis alone, most cells can survive for brief periods. However, when oxygen is readily available, mitochondrial activity provides most of the ATP required by cells.

Mitochondrial ATP Production

For the cell, glycolysis yields an immediate net gain of two ATP molecules for each glucose molecule it breaks down. However, a great deal of additional energy is still stored in the chemical bonds of pyruvic acid. The ability to capture that energy depends on the availability of oxygen. If oxygen supplies are adequate, mitochondria absorb the pyruvic acid molecules and break them down.

The hydrogen atoms of each pyruvic acid molecule (CH3

–

CO ¬ COOH)

are removed by coenzymes and are ultimately the source

of most of the cell’s energy gain. The carbon and oxygen atoms are removed and released as carbon dioxide in a process called dec
arboxylation (d

¯e

-kar-boks-i-L

¯A

-shun).

Two membranes surround each mitochondrion. The outer membrane contains large-diameter pores that are permeable to ions and small organic molecules such as pyruvic acid. Ions and molecules thus easily enter the intermembrane space separating the outer membrane from the inner membrane. The inner membrane contains a carrier protein that moves pyruvic acid into the mitochondrial matrix.

The TCA Cycle

In the mitochondrion, a pyruvic acid molecule participates in a complex reaction involving NAD and another coenzyme, coenzyme

A, or CoA. This reaction yields one molecule of carbon dioxide, one of NADH, and one of acetyl-CoA (as-

¯E

-til-K

¯O

-

¯a

)—a two-

carbon acetyl group (CH3CO) bound to coenzyme A. This sets the stage for a sequence of enzymatic reactions called the tricarb
oxylic (tr -kar-bok-SIL-ik) acid (TCA) cycle, or citric acid cycle. In the first step of that cycle, the acetyl group is transferred ı

¯
from acetyl-CoA to a four-carbon molecule of oxaloacetic acid, producing citric acid.

The function of the citric acid cycle is to remove hydrogen atoms from organic molecules and transfer them to coenzymes. The overall pattern of the TCA cycle is shown in Figure 25–4•. For the biochemical details of glycolysis and the TCA cycle, consult the Applications Manual. AM: Aerobic Metabolism: A Closer Look

At the start of the TCA cycle, the two-carbon acetyl group carried by CoA is attached to the four-carbon oxaloacetic acid molecule to make the six-carbon compound citric acid. Coenzyme A is released intact and can thus bind another acetyl group. A complete revolution of the TCA cycle removes two carbon atoms, regenerating the four-carbon chain. (This is why the reaction sequence is called a cycle.) We can summarize the fate of the atoms in the acetyl group as follows:

•
The two carbon atoms are removed in enzymatic reactions that incorporate four oxygen atoms and form two molecules of carbon dioxide, a waste product.

•
The hydrogen atoms are removed by the coenzyme NAD or a related coenzyme called FAD (flavin adenine dinucleotide) (Figure 25–4b•).

Several of the steps involved in a revolution of the TCA cycle involve more than one reaction and require more than one enzyme. Water molecules are tied up in two of those steps. The entire sequence can be summarized as follows:

CH3CO -CoA + 3 NAD + FAD + GDP + Pi + 2 H2O ¡

CoA + 2 CO2 + 3 NADH + FADH2 + 2 H++ GTP

The only immediate energy benefit of one revolution of the TCA cycle is the formation of a single molecule of GTP (guanosine triphosphate) from GDP (guanosine diphosphate) and Pi. In practical terms, GTP is the equivalent of ATP, because GTP readily transfers a phosphate group to ADP, producing ATP:

GTP + ADP ¡ GDP + ATP

The formation of GTP from GDP in the TCA cycle is an example of substrate-level phosphorylation. In this process, an enzyme uses the energy released by a chemical reaction to transfer a phosphate group to a suitable acceptor molecule. Although GTP is formed in the TCA cycle, many reaction pathways in the cytosol phosphorylate ADP and form ATP directly. For example, the ATP produced during glycolysis is generated through substrate-level phosphorylation. Normally, however, substrate-level phosphorylation provides a relatively small amount of energy compared with oxidative phosphorylation.

Oxidative Phosphorylation and the ETS

Oxidative phosphorylation is the generation of ATP within mitochondria in a reaction sequence that requires coenzymes and consumes oxygen. The process produces more than 90 percent of the ATP used by body cells. The key reactions take place in the electron transport system (ETS), a series of integral and peripheral proteins in the inner mitochondrial membrane. The basis of oxidative phosphorylation is a very simple reaction:

2 H2 + O2 ¡ 2 H2O Cells can easily obtain the ingredients for this reaction: Hydrogen is a component of all organic molecules, and oxygen is an atmospheric gas. The only problem is that the reaction releases a tremendous amount of energy all at once. In fact, this reaction releases so much energy that it is used to launch space shuttles into orbit. Cells cannot handle energy explosions; energy release must be gradual, as it is in oxidative phosphorylation. This powerful reaction proceeds in a series of small, enzymatically controlled steps. Under these conditions, energy can be captured safely, and ATP generated.

Oxidation, Reduction, and Energy Transfer The enzymatic steps of oxidative phosphorylation involve oxidation and reduction. (There are different types of oxidation and reduction reactions, but for our purposes the most important are those involving the transfer of electrons.) The loss of electrons is a form of oxidation; the acceptance of electrons is a form of reduction. The two reactions are always paired. When electrons pass from one molecule to another, the electron donor is oxidized and the electron recipient reduced. Oxidation and reduction are important because electrons carry chemical energy. In a typical oxidation–reduction reaction, the reduced molecule gains energy at the expense of the oxidized molecule.

In such an exchange, the reduced molecule does not acquire all the energy released by the oxidized molecule. Some energy is always released as heat, but the remaining energy may be used to perform physical or chemical work, such as the formation of ATP. By sending the electrons through a series of oxidation–reduction reactions before they ultimately combine with oxygen atoms, cells can capture and use much of the energy released as water is formed.

Coenzymes play a key role in this process. A coenzyme acts as an intermediary that accepts electrons from one molecule and

transfers them to another molecule. In the TCA cycle, NAD and FAD remove hydrogen atoms from organic substrates. Each hydrogen atom consists of an electron (e-) and a proton (a hydrogen ion, H+ ). Thus, when a coenzyme accepts hydrogen atoms, the coenzyme is reduced and gains energy. The donor molecule loses electrons and energy as it gives up its hydrogen atoms.

As indicated in Figure 25–4a•, NADH and FADH2, the reduced forms of NAD and FAD, then transfer their hydrogen atoms to other coenzymes. The protons are subsequently released, and the electrons, which carry the chemical energy, enter a sequence of oxidation–reduction reactions known as the electron transport system. This sequence ends with the electrons’ transfer to oxygen and the formation of a water molecule. At several steps along the oxidation–reduction sequence, enough energy is released to support the synthesis of ATP from ADP. We will now consider that reaction sequence in greater detail.

The coenzyme FAD accepts two hydrogen atoms from the TCA cycle and in doing so gains two electrons, forming FADH2. The oxidized form of the coenzyme NAD has a positive charge (NAD+). This coenzyme also gains two electrons as two hydrogen atoms are removed from the donor molecule, resulting in the formation of NADH and the release of a proton (H+). For this reason, the reduced form of NAD is often described as “NADH + H+ .”

The Electron Transport System The electron transport system (ETS), or respiratory chain, is a sequence of proteins called cyt
ochromes (SI¯

-t

¯o

-kr

¯o

mz; cyto-, cell + chroma, color). Each cytochrome has two components: a protein and a pigment. The pro

tein, embedded in the inner membrane of a mitochondrion, surrounds the pigment complex, which contains a metal ion—either iron (Fe3+) or copper (Cu2+). We will consider four cytochromes: b, c, a, and a3.

Figure 25–5• summarizes the basic steps in oxidative phosphorylation. We will first consider the general path taken by the electrons that are captured and delivered by coenzymes (Figure 25–5a•):

Step 1 A Coenzyme Strips a Pair of Hydrogen Atoms from a Substrate Molecule. As we have seen, different coenzymes are used for different substrate molecules. During glycolysis, which occurs in the cytoplasm, NAD is reduced to NADH. Within mitochondria, both NAD and FAD are reduced through reactions of the TCA cycle, producing NADH and FADH2, respectively.

Step 2 NADH and FADH2 Deliver Hydrogen Atoms to Coenzymes Embedded in the Inner Mitochondrial Membrane. The electrons carry the energy, and the protons that accompany them are released before the electrons are transferred to the ETS. As indi

cated in Figure 25–5a•, one of two paths is taken to the ETS; which one depends on whether the donor is NADH or FADH2. The path from NADH involves the coenzyme FMN (flavin mononucleotide), whereas the path from FADH2 proceeds directly to coenzyme Q (ubiquinone). Both FMN and coenzyme Q are bound to the inner mitochondrial membrane.

Step 3 Coenzyme Q Releases Hydrogen Ions and Passes Electrons to Cytochrome b.

Step 4 Electrons Are Passed along the Electron Transport System, Losing Energy in a Series of Small Steps. The sequence is

cytochrome b to c to a to a3.

Step 5 At the End of the ETS, an Oxygen Atom Accepts the Electrons and Combines with Hydrogen Ions to Form Water.

Notice that this reaction sequence started with the removal of two hydrogen atoms from a substrate molecule and ended with the formation of water from two hydrogen ions and one oxygen ion. This is the reaction previously described as releasing too much energy if performed in a single step. However, because the reaction has occurred in a series of small steps, the combining of hydrogen and oxygen can take place safely rather than explosively.

ATP Generation and the ETS As noted in Chapter 3, concentration gradients across membranes represent a form of potential energy that can be harnessed by the cell. The electron transport system does not produce ATP directly. Instead, it creates the conditions necessary for ATP production by creating a steep concentration gradient across the inner mitochondrial membrane. The electrons that travel along the ETS release energy as they pass from coenzyme to cytochrome and from cytochrome to cytochrome. The energy released at each of several steps drives hydrogen ion pumps that move hydrogen ions from the mitochondrial matrix into the intermembrane space between the inner and outer mitochondrial membranes. These pumps create a large concentration gradient for hydrogen ions across the inner membrane. It is this concentration gradient that provides the energy to convert ADP to ATP.

Despite the concentration gradient, hydrogen ions cannot diffuse into the matrix because they are not lipid soluble. However,

hydrogen ion channels in the inner membrane permit the diffusion of H+ into the matrix. These ion channels and their attached coupling factors use the kinetic energy of passing hydrogen ions to generate ATP in a process known as chemiosmosis (kem-e¯-oz-MO-sis), or chemiosmotic phosphorylation.

¯

Figure 25–5b• diagrams the mechanism of ATP generation. Hydrogen ions are pumped as (1) FMN reduces coenzyme Q,

(2) cytochrome b reduces cytochrome c, and (3) electrons are passed from cytochrome a to cytochrome a3.

For each pair of electrons removed from a substrate in the TCA cycle by NAD, six hydrogen ions are pumped across the inner membrane of the mitochondrion and into the intermembrane space (see Figure 25–5b•). Their reentry into the matrix provides the energy to generate three molecules of ATP. Alternatively, for each pair of electrons removed from a substrate in the TCA cycle by FAD, four hydrogen ions are pumped across the inner membrane and into the intermembrane space. Their reentry into the matrix provides the energy to generate two molecules of ATP.

The Importance of Oxidative Phosphorylation Oxidative phosphorylation is the most important mechanism for the generation of ATP. In most cases, if oxidative phosphorylation slows or stops, the cell dies. If many cells are affected, the individual may die. Oxidative phosphorylation requires both oxygen and electrons; the rate of ATP generation is thus limited by the availability of either oxygen or electrons.

Cells obtain oxygen by diffusion from the extracellular fluid. If the supply of oxygen is cut off, mitochondrial ATP production ceases, because reduced cytochrome a3 will have no acceptor for its electrons. With the last reaction stopped, the entire ETS comes to a halt, like cars at a washed-out bridge. Oxidative phosphorylation can no longer take place, and cells quickly succumb to energy starvation. Because neurons have a high demand for energy, the brain is one of the first organs to be affected.

Hydrogen cyanide gas is sometimes used as a pesticide to kill rats or mice; in some states where capital punishment is legal, it is used to execute criminals. The cyanide ion (CN-) binds to cytochrome a3 and prevents the transfer of electrons to oxygen. As a result, cells die from energy starvation.

Energy Yield of Glycolysis and Cellular Respiration

For most cells, the complete reaction pathway that begins with glucose and ends with carbon dioxide and water is the main method of generating ATP. Figure 25–6• summarizes the process in terms of energy production:

•
Glycolysis. During glycolysis, the cell gains a net two molecules of ATP for each glucose molecule broken down anaerobically to pyruvic acid. Two molecules of NADH are also produced. In most cells, electrons are passed from NADH to FAD via an intermediate in the intermembrane space, and then to CoQ and the electron transport system. This sequence of events ultimately provides an additional four ATP molecules.

•
The Electron Transport System. The TCA cycle breaks down the 2 pyruvic acid molecules, transferring hydrogen atoms to NADH and FADH2. These coenzymes provide electrons to the ETS; each of the 8 molecules of NADH yields 3 molecules of ATP and 1 water molecule; each of the 2 FADH2 molecules yields 2 ATP molecules and 1 water molecule. Thus, the shuffling

from the TCA cycle to the ETS yields 28 molecules of ATP.

•
The TCA Cycle. Each of the two revolutions of the TCA cycle required to break down both pyruvic acid molecules completely yields one molecule of ATP by way of GTP. This cycling provides an additional gain of two molecules of ATP.

Summing up, for each glucose molecule processed, the cell gains 36 molecules of ATP: 2 from glycolysis, 4 from the NADH generated in glycolysis, 2 from the TCA cycle (by means of GTP), and 28 from the ETS. Cardiac muscle cells and liver cells are able to gain an additional two ATP molecules for each glucose molecule broken down. This gain is accomplished by increasing the energy yield from the NADH generated during glycolysis from four to six ATP mole

cules. In these cells, each NADH molecule passes electrons to an intermediate that generates NADH, not FADH2, in the mitochondrial matrix. The subsequent transfer of electrons to FMN, CoQ, and the ETS results in the production of six ATP molecules, just as if the two NADH molecules had been generated in the TCA cycle.

Clinical Note

Eating carbohydrates just before exercise does not improve your performance and can decrease your endurance by slowing the mo

bilization of existing energy reserves. Runners or swimmers preparing for lengthy endurance events, such as a marathon or 5-km

swim, do not eat immediately before participating, and for two hours before the event they limit their intake to drinking water. How

ever, these athletes often eat carbohydrate-rich meals for three days before the event. This carbohydrate loading increases the car

bohydrate reserves of muscle tissue that will be called on while exercising.

You can obtain maximum effects of carbohydrate loading by exercising to exhaustion for three days before starting a high-carbohydrate diet. This practice, called carbohydrate depletion/loading, has a number of potentially harmful side effects, including muscle and kidney damage. Sports physiologists recommend that athletes engage in carbohydrate depletion/loading no more than twice a year. Many clinical practitioners advise against the practice altogether, believing that the potential side effects are too severe to risk for the sake of gains in performance.

Concept Check

✓ What is the primary role of the TCA cycle in the production of ATP?

✓ NADH produced by glycolysis in skeletal muscle fibers leads to the production of two ATP molecules in the mitochondria, but NADH produced by glycolysis in cardiac muscle cells leads to the production of three ATP molecules. Why? ✓ How would a decrease in the level of cytoplasmic NAD affect ATP production in mitochondria?

Answers begin on p. A–1

Gluconeogenesis

Because some of the steps in glycolysis—the breakdown of glucose—are essentially irreversible, cells cannot generate glucose by performing glycolysis in reverse, using the same enzymes (Figure 25–7•). Therefore, glycolysis and the production of glucose involve a different set of regulatory enzymes, and the two processes are independently regulated. Because some three-carbon molecules other than pyruvic acid can be used to synthesize glucose, a cell can create glucose molecules from other carbohydrates, lactic acid, glycerol, or some amino acids. However, cells cannot use acetyl-CoA to make glucose, because the decarboxylation step

between pyruvic acid and acetyl-CoA cannot be reversed. Gluconeogenesis (gloo-k

¯o

-n

¯e

-

¯o

-JEN-e-sis) is the synthesis of glucose

from noncarbohydrate precursors, such as lactic acid, glycerol, or amino acids. Fatty acids and many amino acids cannot be used for gluconeogenesis, because their catabolic pathways produce acetyl-CoA.

Glucose molecules created by gluconeogenesis can be used to manufacture other simple sugars, complex carbohydrates, proteoglycans, or nucleic acids. In the liver and in skeletal muscle, glucose molecules are stored as glycogen. The formation of glycogen from glucose, known as glycogenesis, is a complex process that involves several steps and requires the high-energy compound uridine triphosphate (UTP). Glycogen is an important energy reserve that can be broken down when the cell cannot obtain enough glucose from interstitial fluid. The breakdown of glycogen, called glycogenolysis, occurs quickly and involves a single enzymatic step. Although glycogen molecules are large, glycogen reserves take up very little space because they form compact, insoluble granules.

Lipid Metabolism

Objectives

• Describe the pathways involved in lipid metabolism.

• Summarize the mechanisms of lipid transport and distribution.

Like carbohydrates, lipid molecules contain carbon, hydrogen, and oxygen, but the atoms are present in different proportions. Triglycerides are the most abundant lipid in the body, so our discussion will focus on pathways for triglyceride breakdown and synthesis.

Lipid Catabolism

During lipid catabolism, or lipolysis, lipids are broken down into pieces that can be either converted to pyruvic acid or channeled directly into the TCA cycle. A triglyceride is first split into its component parts by hydrolysis, yielding one molecule of glycerol and three fatty acid molecules. Glycerol enters the TCA cycle after enzymes in the cytosol convert it to pyruvic acid. The catabolism of fatty acids involves a completely different set of enzymes that generate acetyl-CoA directly.

Beta-Oxidation

Fatty acid molecules are broken down into two-carbon fragments in a sequence of reactions known as beta-oxidation. This process occurs inside mitochondria, so the carbon chains can enter the TCA cycle immediately as acetyl-CoA. Figure 25–8• diagrams one step in the process of beta-oxidation. Each step generates molecules of acetyl-CoA, NADH, and FADH2, leaving a shorter carbon chain bound to coenzyme A.

Beta-oxidation provides substantial energy benefits. For each two-carbon fragment removed from the fatty acid, the cell gains 12 ATP molecules from the processing of acetyl-CoA in the TCA cycle, plus 5 ATP molecules from the NADH and FADH2. The cell can therefore gain 144 ATP molecules from the breakdown of one 18-carbon fatty acid molecule. This number of ATP molecules yields almost 1.5 times the energy obtained by the complete breakdown of three 6-carbon glucose molecules. The catabolism of other lipids follows similar patterns, generally ending with the formation of acetyl-CoA.

Lipids and Energy Production

Lipids are important energy reserves because they can provide large amounts of ATP. Because they are insoluble in water, lipids can be stored in compact droplets in the cytosol. This storage method saves space, but when the lipid droplets are large, it is difficult for water-soluble enzymes to get at them. Lipid reserves are therefore more difficult to access than carbohydrate reserves. Also, most lipids are processed inside mitochondria, and mitochondrial activity is limited by the availability of oxygen.

The net result is that lipids cannot provide large amounts of ATP quickly. However, cells with modest energy demands can shift to lipid-based energy production when glucose supplies are limited. Skeletal muscle fibers normally cycle between lipid metabolism and carbohydrate metabolism. At rest (when energy demands are low), these cells break down fatty acids. During activity (when energy demands are large and immediate), skeletal muscle fibers shift to glucose metabolism.

Lipid Synthesis

The synthesis of lipids is known as lipogenesis (lip-o¯-JEN-e-sis). Glycerol is synthesized from dihydroxyacetone phosphate, one of the intermediate products of glycolysis. The synthesis of most other types of lipids, including nonessential fatty acids and steroids, begins with acetyl-CoA. Lipogenesis can use almost any organic substrate, because lipids, amino acids, and carbohydrates can be converted to acetyl-CoA.

Fatty acid synthesis involves a reaction sequence quite distinct from that of beta-oxidation. Body cells cannot build every fatty acid they can break down. For example, linoleic acid and linolenic acid, both 18-carbon unsaturated fatty acids synthesized by plants, cannot be synthesized in the body. They are thus considered essential fatty acids, because they must be included in your diet. These fatty acids are also needed to synthesize prostaglandins and some of the phospholipids incorporated into cell membranes throughout the body.

Lipid Transport and Distribution

Like glucose, lipids are needed throughout the body. All cells require lipids to maintain their cell membranes, and important steroid hormones must reach target cells in many different tissues. Free fatty acids constitute a relatively small percentage of the total circulating lipids. Because most lipids are not soluble in water, special transport mechanisms carry them from one region of the body to another. Most lipids circulate through the bloodstream as lipoproteins.

Free Fatty Acids

Free fatty acids (FFAs) are lipids that can diffuse easily across cell membranes. In the blood, free fatty acids are generally bound to albumin, the most abundant plasma protein. Sources of free fatty acids in the blood include the following:

• Fatty acids that are not used in the synthesis of triglycerides, but diffuse out of the intestinal epithelium and into the blood.

• Fatty acids that diffuse out of lipid stores (such as those in the liver and adipose tissue) when triglycerides are broken down.

Liver cells, cardiac muscle cells, skeletal muscle fibers, and many other body cells can metabolize free fatty acids, which are an important energy source during periods of starvation, when glucose supplies are limited.

Lipoproteins

Lipoproteins are lipid–protein complexes that contain large insoluble glycerides and cholesterol. A superficial coating of phospholipids and proteins makes the entire complex soluble. Exposed proteins, which can bind to specific membrane receptors, determine which cells absorb the associated lipids.

Lipoproteins are usually classified into five major groups according to size and the relative proportions of lipid and protein:

1. Chylomicrons. Roughly 95 percent of the weight of a chylomicron consists of triglycerides. The largest lipoproteins, ranging in

diameter from 0.03 to 0.5 mm, chylomicrons are produced by intestinal epithelial cells. lp. 885 Chylomicrons carry absorbed lipids from the intestinal tract to the bloodstream. The liver is the primary source of all the other groups of lipoproteins,

which shuttle lipids among various tissues.

2. Very Low-Density Lipoproteins (VLDLs). Very low-density lipoproteins contain triglycerides manufactured by the liver, plus small amounts of phospholipids and cholesterol. The primary function of VLDLs is to transport these triglycerides to peripheral tissues. The VLDLs range in diameter from 25 to 75 nm (0.025–0.075 mm)

3. Intermediate-Density Lipoproteins (IDLs). Intermediate-density lipoproteins are intermediate in size and lipid composition between VLDLs and low-density lipoproteins (LDLs). IDLs contain smaller amounts of triglycerides than do VLDLs, and relatively more phospholipids and cholesterol than do LDLs.

4. Low-Density Lipoproteins (LDLs). Low-density lipoproteins contain cholesterol, lesser amounts of phospholipids, and very few triglycerides. These lipoproteins, which are about 25 nm in diameter, deliver cholesterol to peripheral tissues. Because the cholesterol may wind up in arterial plaques, LDL cholesterol is often called “bad cholesterol.”

5. High-Density Lipoproteins (HDLs). High-density lipoproteins, about 10 nm in diameter, have roughly equal amounts of lipid and protein. The lipids are largely cholesterol and phospholipids. The primary function of HDLs is to transport excess cholesterol from peripheral tissues back to the liver for storage or excretion in the bile. Because HDL cholesterol is returning from peripheral tissues and does not cause circulatory problems, it is called “good cholesterol.” Actually, applying the terms good and bad to cholesterol can be misleading, for cholesterol metabolism is complex and variable. (For more details, see the Clinical Note “Dietary Fats and Cholesterol” on p. 929.)

Figure 25–9• depicts the relationships among these lipoproteins. Chylomicrons produced in the intestinal tract enter lymphatic capillaries and travel through the thoracic duct to reach the venous circulation and then the systemic arteries (Figure 25–9a•). Chylomicrons are too large to diffuse across a capillary wall. However, when they contact the endothelial walls of capillaries in skeletal muscle, cardiac muscle, adipose tissue, and the liver, the enzyme lipoprotein lipase breaks down the complex lipids in them, releasing fatty acids and monoglycerides that can diffuse across the endothelium and into interstitial fluid.

The liver controls the distribution of other lipoproteins through a series of steps (Figure 25–9b):

Step 1 Liver cells synthesize VLDLs for discharge into the bloodstream.

Step 2 In peripheral capillaries, lipoprotein lipase removes many of the triglycerides from VLDLs, leaving IDLs; the triglycerides are broken down into fatty acids and monoglycerides.

Step 3 When IDLs reach the liver, additional triglycerides are removed, and the protein content of the lipoprotein is altered. This process creates LDLs, which are transported to peripheral tissues to deliver cholesterol.

Step 4 LDLs leave the bloodstream through capillary pores or cross the endothelium by vesicular transport.

Step 5 Once in peripheral tissues, the LDLs are absorbed by means of receptor-mediated endocytosis. lp. 930 The amino acids and cholesterol then enter the cytoplasm.

Step 6 
The cholesterol not used by the cell (in the synthesis of lipid membranes or other products) diffuses out of the cell.

Step 7 
The cholesterol then reenters the bloodstream, where it is absorbed by HDLs and returned to the liver.

Step 8 
In the liver, the HDLs are absorbed and their cholesterol is extracted. Some of the cholesterol that is recovered is used in

the synthesis of LDLs; the rest is excreted in bile salts.

Step 9 The HDLs stripped of their cholesterol are released into the bloodstream to travel into peripheral tissues and absorb additional cholesterol.

Protein Metabolism

Objectives

• Summarize the main features of protein metabolism and the use of proteins as an energy source.

The body can synthesize 100,000 to 140,000 different proteins with various forms, functions, and structures. Yet, each protein contains some combination of the same 20 amino acids. Under normal conditions, cellular proteins are continuously recycled in the cytosol. Peptide bonds are broken, and the free amino acids are used in new proteins.

If other energy sources are inadequate, mitochondria can generate ATP by breaking down amino acids in the TCA cycle. Not all amino acids enter the cycle at the same point, however, so the ATP benefits vary. Nonetheless, the average ATP yield per gram is comparable to that of carbohydrate catabolism.

Amino Acid Catabolism

The first step in amino acid catabolism is the removal of the amino group ( ¬ NH2). This process requires a coenzyme derivative

of vitamin B6 (pyridoxine). The amino group is removed by transamination (tranz-am-i-N A¯

-shun) or deamination (d

¯e

-am-i-N A¯

-shun). We will consider other aspects of amino acid catabolism in a later section.

Transamination

Transamination attaches the amino group of an amino acid to a keto acid (Figure 25–10a•), which resembles an amino acid except that the second carbon binds an oxygen atom rather than an amino group. Transamination converts the keto acid into an amino acid that can leave the mitochondrion and enter the cytosol, where it can be used for protein synthesis. In the process, the original amino acid becomes a keto acid that can be broken down in the TCA cycle. Cells in many different tissues perform transaminations, enabling cells to synthesize many of the amino acids needed for protein synthesis. Cells of the liver, skeletal muscles, heart, lung, kidney, and brain, which are particularly active in protein synthesis, perform many transaminations.

Deamination

Deamination (Figure 25–10b•) prepares an amino acid for breakdown in the TCA cycle. Deamination is the removal of an amino group and a hydrogen atom in a reaction that generates an ammonium ion (NH4 + ). Ammonium ions are highly toxic, even in low concentrations. Liver cells, the primary sites of deamination, have enzymes that use ammonium ions to synthesize urea, a relatively harmless water-soluble compound excreted in urine. The urea cycle is the reaction sequence responsible for the production of urea (Figure 25–10c•).

When glucose supplies are low and lipid reserves are inadequate, liver cells break down internal proteins and absorb additional amino acids from the blood. The amino acids are deaminated, and the carbon chains are broken down to provide ATP.

Proteins and ATP Production

Three factors make protein catabolism an impractical source of quick energy:

1. Proteins are more difficult to break apart than are complex carbohydrates or lipids.

2. One of the by-products, ammonium ions, is toxic to cells.

3. Proteins form the most important structural and functional components of any cell. Thus extensive protein catabolism threatens homeostasis at the cellular and systems levels.

Several inherited metabolic disorders result from an inability to produce specific enzymes involved in amino acid metabolism.

Individuals with phenylketonuria (fen-il-k
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-t
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-NOO-r
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-uh), or PKU, for example, cannot convert phenylalanine to tyrosine, due

to a defect in the enzyme phenylalanine hydroxylase. This reaction is an essential step in the synthesis of norepinephrine, epinephrine, dopamine, and melanin. If PKU is not detected in infancy, central nervous system development is inhibited, and severe brain damage results. AM: Phenylketonuria

Protein Synthesis

The basic mechanism for protein synthesis was discussed in Chapter 3 (see Figures 3–12 and 3–13, pp. 81, 82–83). Your body can synthesize roughly half of the various amino acids needed to build proteins. There are 10 essential amino acids. Your body cannot synthesize eight of them (isoleucine, leucine, lysine, threonine, tryptophan, phenylalanine, valine, and methionine); the other two (arginine and histidine) can be synthesized, but in amounts that are insufficient for growing children. Because the body can make other amino acids on demand, they are called nonessential amino acids. Your body cells can readily synthesize the carbon frameworks of the nonessential amino acids, and a nitrogen group can be added by amination—the attachment of an amino group (Figure 25–11•)—or by transamination.

Protein deficiency diseases develop when individuals do not consume adequate amounts of all essential amino acids. All amino acids must be available if protein synthesis is to occur. Every transfer RNA molecule must appear at the active ribosome in the proper sequence, bearing its individual amino acid. If that does not happen, the entire process comes to a halt. Regardless of its energy content, if the diet is deficient in essential amino acids, the individual will be malnourished to some degree. Examples of protein deficiency diseases include marasmus, kwashiorkor, and pellagra. More than 100 million children worldwide have symptoms of these disorders, although none of these conditions are common in the United States today. AM: Protein Deficiency Diseases

Figure 25–12• summarizes the metabolic pathways for lipids, carbohydrates, and proteins. Although the diagram presents the reactions in a “typical” cell, no one cell can perform all the anabolic and catabolic operations and interconversions required by the body as a whole. As differentiation proceeds, each type of cell develops its own complement of enzymes that determines the cell’s metabolic capabilities. In the presence of such cellular diversity, homeostasis can be preserved only when the metabolic activities of tissues, organs, and organ systems are coordinated.

Concept Check

✓ How would a diet that is deficient in pyridoxine (vitamin B6) affect protein metabolism?

✓ Elevated levels of urea in the blood can be an indicator of increased metabolism of which organic compound?

✓ Why are high-density lipoproteins (HDLs) considered beneficial?

Answers begin on p. A–1

Metabolic Interactions

Objectives

• Differentiate between the absorptive and postabsorptive metabolic states and summarize the characteristics of each.

The nutrient requirements of each tissue vary with the types and quantities of enzymes present in the cytoplasm of cells. From a metabolic standpoint, we can consider the body to have five distinctive components: the liver, adipose tissue, skeletal muscle, neural tissue, and other peripheral tissues:

1. The Liver. The liver is the focal point of metabolic regulation and control. Liver cells contain a great diversity of enzymes, so they can break down or synthesize most of the carbohydrates, lipids, and amino acids needed by other body cells. Liver cells have an extensive blood supply, so they are in an excellent position to monitor and adjust the nutrient composition of circulating blood. The liver also contains significant energy reserves in the form of glycogen deposits.

2. Adipose Tissue. Adipose tissue stores lipids, primarily as triglycerides. Adipocytes are located in many areas: in areolar tissue, in mesenteries, within red and yellow marrows, in the epicardium, and around the eyes and the kidneys.

3. Skeletal Muscle. Skeletal muscle accounts for almost half of a healthy individual’s body weight, and skeletal muscle fibers maintain substantial glycogen reserves. In addition, if other nutrients are unavailable, their contractile proteins can be broken down and the amino acids used as an energy source.

4. Neural Tissue. Neural tissue has a high demand for energy, but the cells do not maintain reserves of carbohydrates, lipids, or proteins. Neurons must be provided with a reliable supply of glucose, because they are generally unable to metabolize other molecules. If blood glucose levels become too low, neural tissue in the central nervous system cannot continue to function, and the individual falls unconscious.

5. Other Peripheral Tissues. Other peripheral tissues do not maintain large metabolic reserves, but they are able to metabolize glucose, fatty acids, or other substrates. Their preferred source of energy varies according to instructions from the endocrine system.

The interrelationships among these five components can best be understood by considering events over a typical 24-hour period. During this time, the body experiences two broad patterns of metabolic activity: the absorptive state and the postabsorptive state.

The absorptive state is the period following a meal, when nutrient absorption is under way. After a typical meal, the absorptive state continues for about 4 hours. If you are fortunate enough to eat three meals a day, you spend 12 out of every 24 hours in the absorptive state. Insulin is the primary hormone of the absorptive state, although various other hormones stimulate amino acid uptake (growth hormone, or GH) and protein synthesis (GH, androgens, and estrogens) (Table 25–1).

The postabsorptive state is the period when nutrient absorption is not under way and your body must rely on internal energy reserves to continue meeting its energy demands. You spend roughly 12 hours each day in the postabsorptive state, although a person who is skipping meals can extend that time considerably. Metabolic activity in the postabsorptive state is focused on the mobilization of energy reserves and the maintenance of normal blood glucose levels. These activities are coordinated by several hormones, including glucagon, epinephrine, glucocorticoids, and growth hormone (see Table 25–1).

During the postabsorptive state, liver cells conserve glucose and break down lipids and amino acids. Both lipid catabolism and amino acid catabolism generate acetyl-CoA. As the concentration of acetyl-CoA rises, compounds called ketone bodies begin to

form. There are three such compounds: (1) acetoacetate (as-
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ı the cytoplasm and into the general circulation. Cells in peripheral tissues then absorb the ketone bodies and reconvert them to acetyl-CoA for introduction into the TCA cycle.

The normal concentration of ketone bodies in the blood is about 30 mg > dl, and very few of these compounds appear in urine.
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During even a brief period of fasting, the increased production of ketone bodies results in ketosis (k
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-sis), a high concentra

tion of ketone bodies in body fluids. A ketone body is an acid that dissociates in solution, releasing a hydrogen ion. As a result, the appearance of ketone bodies in the bloodstream—ketonemia—lowers plasma pH, which must be controlled by buffers. During prolonged starvation, ketone levels continue to rise. Eventually, buffering capacities are exceeded and a dangerous drop in pH

occurs. This acidification of the blood is called ketoacidosis (k
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-sis). In severe ketoacidosis, the circulating concen

tration of ketone bodies can reach 200 mg > dl, and the pH may fall below 7.05. A pH that low can disrupt tissue activities and cause coma, cardiac arrhythmias, and death.

In summary, during the postabsorptive state, the liver acts to stabilize blood glucose concentrations, first through the breakdown of glycogen reserves and later by gluconeogenesis. Over the remainder of the postabsorptive state, the combination of lipid and amino acid catabolism provides the necessary ATP and generates large quantities of ketone bodies that diffuse into the bloodstream.

The changes in activity of the liver, adipose tissue, skeletal muscle, and other peripheral tissues ensure that the supply of glucose to the nervous system continues unaffected, despite daily or even weekly changes in nutrient availability. Only after a prolonged period of starvation will neural tissue begin to metabolize ketone bodies and lactic acid molecules, as well as glucose.

AM: Metabolic Interactions and Adaptations to Starvation

100 Keys | In the absorption state that follows a meal, cells absorb nutrients that are used to support growth and maintenance and stored as energy reserves. Hours later, in the postabsorptive state, blood glucose levels are maintained by gluconeogenesis within the liver, but most cells begin conserving energy and shifting from glucose-based to lipid-based metabolism and, if necessary, ketone bodies become the preferred energy source. This metabolic shift reserves the circulating glucose for use by neurons.

Concept Check

✓ What process in the liver increases after you have eaten a high-carbohydrate meal?

✓ Why does the amount of urea in blood increase during the postabsorptive state?

✓ If a cell accumulates more acetyl-CoA than it can metabolize in the TCA cycle, what products are likely to form?

Answers begin on p. A–1

Diet and Nutrition

Objective

• Explain what constitutes a balanced diet and why such a diet is important.

The postabsorptive state can be maintained for a considerable period, but homeostasis can be maintained indefinitely only if the digestive tract regularly absorbs enough fluids, organic substrates, minerals, and vitamins to keep pace with cellular demands. The absorption of nutrients from food is called nutrition.

The body’s requirement for each nutrient varies from day to day and from person to person. Nutritionists attempt to analyze a diet in terms of its ability to meet the needs of a specific individual. A balanced diet contains all the ingredients needed to maintain homeostasis, including adequate substrates for energy generation, essential amino acids and fatty acids, minerals, and vitamins. In addition, the diet must include enough water to replace losses in urine, feces, and evaporation. A balanced diet prevents malnutrition, an unhealthy state resulting from inadequate or excessive absorption of one or more nutrients.

Food Groups and the Food Pyramid

One method of avoiding malnutrition is to include members of each of the five basic food groups in the diet: (1) the milk, yogurt, and cheese group; (2) the meat, poultry, fish, dry beans, eggs, and nuts group; (3) the vegetable group; (4) the fruit group; and (5) the bread, cereal, rice, and pasta group. Each group differs in its protein, carbohydrate, and lipid content, as well as in the amount and identity of vitamins and minerals. The components of these groups have been arranged in a food pyramid, which is constructed according to number of recommended daily servings (Figure 25–13• and Table 25–2). (The fats, oils, and sweets category that appears at the top of the pyramid includes things like ice cream, butter, and candies, derived from the other groups.) The aim of this display is to emphasize the need to restrict intake of dietary fats, oils, and sugar, and to increase consumption of foods that are rich in complex carbohydrates (polysaccharides such as starch).

These groupings are rather artificial at best, and downright misleading at worst. Many processed foods, for instance, belong in a combination of groups. What is important is that you obtain nutrients in sufficient quantity (adequate to meet your energy needs) and quality (including essential amino acids, fatty acids, vitamins, and minerals). How these nutrients are packaged is a secondary concern. There is nothing magical about five groups; at various times since 1940, the U.S. government has advocated 11, 7, 4, or 6 food groups. The key is making intelligent choices about what you eat. Poor choices can lead to malnutrition even if all five groups are represented.

For example, consider the essential amino acids. The liver cannot synthesize any of these amino acids, so you must obtain them from your diet. Some members of the meat and dairy groups—specifically, beef, fish, poultry, eggs, and milk—provide all the essential amino acids in sufficient quantities. They are said to contain complete proteins. Many plants also supply adequate amounts of protein but contain incomplete proteins, which are deficient in one or more of the essential amino acids. Vegetarians, who largely restrict themselves to the fruit and vegetable groups (with or without the bread group), must become adept at varying their food choices to include combinations of ingredients that meet all their amino acid requirements. Even with a proper balance of amino acids, vegans, who avoid all animal products, face a significant problem, because vitamin B12 is obtained only from

animal products or from fortified cereals or tofu. (Although some health-food products, such as Spirulina, are marketed as sources of this vitamin, the B12 they contain is in a form that humans cannot utilize.)

Nitrogen Balance

A variety of important compounds in the body contain nitrogen atoms. These N compounds include:

• Amino acids, which are part of the framework of all proteins and protein derivatives, such as glycoproteins and lipoproteins.

• Purines and pyrimidines, the nitrogenous bases of RNA and DNA.

•
Creatine, important in energy storage in muscle tissue (as creatine phosphate).

•
Porphyrins, complex ring-shaped molecules that bind metal ions and are essential to the function of hemoglobin, myoglobin, and the cytochromes.

Despite the importance of nitrogen to these compounds, your body neither stores nitrogen nor maintains reserves of N compounds, as it does carbohydrates (glycogen) and lipids (triglycerides). Your body can synthesize the carbon chains of the N compounds, but you must obtain nitrogen atoms either by recycling N compounds already in the body or by absorbing nitrogen from your diet. You are in nitrogen balance when the amount of nitrogen you absorb from the diet balances the amount you lose in urine and feces. This is the normal condition, and it means that the rates of synthesis and breakdown of N compounds are equivalent.

Growing children, athletes, people recovering from an illness or injury, and pregnant or lactating women actively synthesize N compounds, so these individuals must absorb more nitrogen than they excrete. Such individuals are in a state of positive nitrogen balance. When excretion exceeds ingestion, a negative nitrogen balance exists. This is an extremely unsatisfactory situation: The body contains only about a kilogram of nitrogen tied up in N compounds, and a decrease of one-third can be fatal. Even when energy reserves are mobilized (as during starvation), carbohydrates and lipid reserves are broken down first and N compounds are conserved. AM: RNA Catabolism and Gout

Like N compounds, minerals and vitamins are essential components of the diet. Your body cannot synthesize minerals, and your cells can generate only a small quantity of a very few vitamins. We consider minerals and vitamins next.

100 Keys | A balanced diet contains all the ingredients needed to maintain homeostasis, including adequate substrates

for energy generation, essential amino acids and fatty acids, minerals, vitamins, and water.

Minerals

Minerals are inorganic ions released through the dissociation of electrolytes. Minerals are important for three reasons:

1. Ions Such as Sodium and Chloride Determine the Osmotic Concentrations of Body Fluids. Potassium is important in maintaining the osmotic concentration of the cytoplasm inside body cells.

2. Ions in Various Combinations Play Major Roles in Important Physiological Processes. As we have seen, these processes include the maintenance of transmembrane potentials, the construction and maintenance of the skeleton, muscle contraction, the generation of action potentials, the release of neurotransmitters, hormone production, blood clotting, the transport of respiratory gases, buffer systems, fluid absorption, and waste removal.

3. Ions Are Essential Cofactors in a Variety of Enzymatic Reactions. For example, calcium-dependent ATPase in skeletal muscle also requires the presence of magnesium ions, and another ATPase required for the conversion of glucose to pyruvic acid needs both potassium and magnesium ions. Carbonic anhydrase, important in CO2 transport, buffering systems, and gastric acid secretion,

requires the presence of zinc ions. Finally, each component of the electron transport system requires an iron atom, and the final cytochrome (a3) of the ETS must bind a copper ion as well.

The major minerals and a summary of their functional roles are listed in Table 25–3. Your body contains significant reserves of several important minerals; these reserves help reduce the effects of variations in the dietary supply. However, the reserves are often small, and chronic dietary reductions can lead to a variety of clinical problems. Alternatively, because storage capabilities are limited, a dietary excess of mineral ions can be equally dangerous.

Problems involving iron are particularly common. The body of a healthy man contains about 3.5 g of iron in the ionic form Fe2+ . Of that amount, 2.5 g is bound to the hemoglobin of circulating red blood cells, and the rest is stored in the liver and bone marrow. In women, the total body iron content averages 2.4 g, with roughly 1.9 g incorporated into red blood cells. Thus, a woman’s iron reserves consist of only 0.5 g, half that of a typical man. If the diet contains inadequate amounts of iron, premenopausal women are therefore more likely to develop signs of iron deficiency than are men.

Vitamins

Vitamins are assigned to either of two groups based on their chemical structure and characteristics: fat-soluble vitamins or water-soluble vitamins.

Fat-Soluble Vitamins

Vitamins A, D, E, and K are the fat-soluble vitamins. These vitamins are absorbed primarily from the digestive tract along with the lipid contents of micelles. However, when exposed to sunlight, your skin can synthesize small amounts of vitamin D, and intestinal bacteria produce some vitamin K.

The mode of action of these vitamins is unknown. Vitamin A has long been recognized as a structural component of the visual pigment retinal, but its more general metabolic effects are not well understood. Vitamin D is ultimately converted to calcitriol, which binds to cytoplasmic receptors within the intestinal epithelium and promotes an increase in the rate of intestinal calcium and phosphorus absorption. Vitamin E is thought to stabilize intracellular membranes. Vitamin K is a necessary participant in a reaction essential to the synthesis of several proteins, including at least three of the clotting factors. Current information about the fat-soluble vitamins is summarized in Table 25–4.

Because fat-soluble vitamins dissolve in lipids, they normally diffuse into cell membranes and other lipids in the body, in

cluding the lipid inclusions in the liver and adipose tissue. Your body therefore contains a significant reserve of these vitamins, and normal metabolic operations can continue for several months after dietary sources have been cut off. For this reason, symp

toms of avitaminosis (
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ı vitamins. However, avitaminosis involving either fat-soluble or water-soluble vitamins can be caused by a variety of factors other than dietary deficiencies. An inability to absorb a vitamin from the digestive tract, inadequate storage, or excessive demand may each produce the same result.

¯

Too much of a vitamin can also produce harmful effects. Hypervitaminosis (h -per-vı-ta-mi-N

ı take exceeds the body’s abilities to store, utilize, or excrete a particular vitamin. This condition most commonly involves one of the fat-soluble vitamins, because the excess is retained and stored in body lipids.

Water-Soluble Vitamins

Most of the water-soluble vitamins (Table 25–5) are components of coenzymes. For example, NAD is derived from niacin, FAD from vitamin B2 (riboflavin), and coenzyme A from vitamin B5 (pantothenic acid).

¯Water-soluble vitamins are rapidly exchanged between the fluid compartments of the digestive tract and the circulating blood,

and excessive amounts are readily excreted in urine. For this reason, hypervitaminosis involving water-soluble vitamins is rela

tively uncommon, except among individuals taking large doses of vitamin supplements. However, only vitamins B12 and C are stored in significant quantities, so insufficient intake of other water-soluble vitamins can lead to initial signs and symptoms of vitamin deficiency within a period of days to weeks.

The bacterial inhabitants of the intestines help prevent deficiency diseases by producing small amounts of five of the nine water-soluble vitamins, in addition to fat-soluble vitamin K. The intestinal epithelium can easily absorb all the water-soluble vitamins except B12. The B12 molecule is large, and as discussed in Chapter 24, it must be bound to intrinsic factor from the gastric

¯

mucosa before absorption can occur. lp. 879

Clinical Note

“If a little is good, a lot must be better” is a common, but dangerously incorrect, attitude about vitamins. When the dietary supply of fat-sol-uble vitamins is excessive, tissue lipids absorb the additional vitamins. Because these vitamins later diffuse back into the bloodstream, the signs and symptoms of hypervitaminosis, once apparent, are likely to persist. When absorbed in massive amounts (from ten to thousands of times the recommended daily allowance), fat-soluble vitamins can produce acute symptoms of vitamin toxicity. Vitamin A toxicity is the most common condition, afflicting some children whose parents are overanxious about proper nutrition and vitamins. A single enormous overdose can produce nausea, vomiting, headache, dizziness, lethargy, and even death. Chronic overdose can lead to hair loss, joint pain, hypertension, weight loss, and liver enlargement.

Diet and Disease

Diet has a profound influence on a person’s general health. We have already considered the effects of too many or too few nutrients, above-normal or below-normal concentrations of minerals, and hypervitaminosis or avitaminosis. More-subtle long-term problems can occur when the diet includes the wrong proportions or combinations of nutrients. The average diet in the United States contains too much sodium, too many calories, and lipids provide too great a proportion of those calories. This diet increases the incidence of obesity, heart disease, atherosclerosis, hypertension, and diabetes in the U.S. population. AM: Eating Disorders

Concept Check

✓ Would an athlete in intensive training try to maintain a positive or a negative nitrogen balance?

✓ How would a decrease in the amount of bile salts in the bile affect the amount of vitamin A in the body?

Answers begin on p. A–1

Energy Gains and Losses

Objectives

• Define metabolic rate, and discuss the factors involved in determining an individual’s BMR.

• Discuss the homeostatic mechanisms that maintain a constant body temperature.

When chemical bonds are broken, energy is released. Inside cells, a significant amount of energy may be used to synthesize ATP,
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but much of it is lost to the environment as heat. The process of calorimetry (kal-o-RIM-e-tr ) measures the total amount of energy released when the bonds of organic molecules are broken. The unit of measurement is the calorie (KAL-o-r ), defined as the amount of energy required to raise the temperature of 1 g of water 1 degree centigrade. One gram of water is not a very practical

measure when you are interested in the metabolic operations that keep a 70-kg human alive, so the kilocalorie (KIL-
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) (kc), or Calorie (with a capital C), also known as “large calorie,” is used instead. One Calorie is the amount of energy needed to raise the temperature of 1 kilogram of water 1 degree centigrade. Calorie-counting guides that indicate the caloric value of various foods list Calories, not calories.

The Energy Content of Food

In cells, organic molecules are oxidized to carbon dioxide and water. Oxidation also occurs when something burns, and this process can be experimentally controlled. A known amount of food is placed in a chamber called a calorimeter (kal-o-RIM-e-ter), which is filled with oxygen and surrounded by a known volume of water. Once the food is inside, the chamber is sealed and the contents are electrically ignited. When the material has completely oxidized and only ash remains in the chamber, the number of Calories released can be determined by comparing the water temperatures before and after the test.

The energy potential of food is usually expressed in Calories per gram (C g). The catabolism of lipids entails the release of a

> considerable amount of energy, roughly 9.46 C > g. The catabolism of carbohydrates or proteins is not as productive, because many of the carbon and hydrogen atoms are already bound to oxygen. Their average yields are comparable: 4.18 C > g for carbohydrates and 4.32 C > g for proteins. Most foods are mixtures of fats, proteins, and carbohydrates, so the values listed in a “Calorie counter”

vary.

Metabolic Rate

Clinicians can examine your metabolic state and determine how many Calories you are utilizing. The result can be expressed as Calories per hour, Calories per day, or Calories per unit of body weight per day. What is actually measured is the sum of all the varied anabolic and catabolic processes occurring in your body—your metabolic rate at that time. Metabolic rate changes according to the activity under way; for instance, measurements taken while one is sprinting are quite different from those taken while one is sleeping. In an attempt to reduce the variations, clinicians standardize the testing conditions so as to determine the basal metabolic rate (BMR). Ideally, the BMR is the minimum resting energy expenditure of an awake, alert person.

A direct method of determining the BMR involves monitoring respiratory activity, because in resting individuals energy utilization is proportional to oxygen consumption. If we assume that average amounts of carbohydrates, lipids, and proteins are being catabolized, 4.825 Calories are expended per liter of oxygen consumed.

An average individual has a BMR of 70 C per hour, or about 1680 C per day. Although the test conditions are standardized, many uncontrollable factors, including age, gender, physical condition, body weight, and genetic differences, can influence the BMR.

Because the BMR is technically difficult to measure, and because circulating thyroid hormone levels have a profound effect on the BMR, clinicians usually monitor the concentration of thyroid hormones rather than the actual metabolic rate. The results are then compared with normal values to obtain an index of metabolic activity. One such test, the T4 assay, measures the amount of

thyroxine in the blood.

Daily energy expenditures for a given individual vary widely with activity. For example, a person leading a sedentary life may have near-basal energy demands, but a single hour of swimming can increase the daily caloric requirements by 500 C or more. If your daily energy intake exceeds your total energy demands, you will store the excess energy, primarily as triglycerides in adipose tissue. If your daily caloric expenditures exceed your dietary supply, the result is a net reduction in your body’s energy reserves and a corresponding loss in weight. This relationship accounts for the significance of both Calorie counting and exercise in a weight-control program.

The control of appetite is poorly understood. Stretch receptors along the digestive tract, especially in the stomach, play a role, but other factors are probably more important. Social factors, psychological pressures, and dietary habits are important. Evidence also indicates that complex hormonal stimuli interact to affect appetite. For example, the hormones cholecystokinin (CCK) and adrenocorticotropic hormone (ACTH) suppress the appetite. The hormone leptin, released by adipose tissues, also plays a role. During the absorptive state, adipose tissues release leptin into the bloodstream as they synthesize triglycerides. When leptin binds to CNS neurons that function in emotion and the control of appetite, the result is a sense of satiation and the suppression of appetite.

Thermoregulation

The BMR estimates the rate of energy use by the body. The energy not captured and harnessed by cells is released as heat and serves an important homeostatic purpose. Humans are subject to vast changes in environmental temperatures, but our complex biochemical systems have a major limitation: Enzymes operate over only a relatively narrow temperature range. Accordingly, our bodies have anatomical and physiological mechanisms that keep body temperatures within acceptable limits, regardless of environmental conditions. This homeostatic process is called thermoregulation. Failure to control body temperature can result in a series of physiological changes. For example, a body temperature below 36°C (97°F) or above 40°C (104°F) can cause disorientation, and a temperature above 42°C (108°F) can cause convulsions and permanent cell damage.

We continuously produce heat as a by-product of metabolism. When energy use increases due to physical activity, or when our cells are more active metabolically (as they are during the absorptive state), additional heat is generated. The heat produced by biochemical reactions is retained by water, which accounts for nearly two-thirds of body weight. Water is an excellent conductor of heat, so the heat produced in one region of the body is rapidly distributed by diffusion, as well as through the bloodstream. If body temperature is to remain constant, that heat must be lost to the environment at the same rate it is generated. When environmental conditions rise above or fall below “ideal,” the body must control the gains or losses to maintain homeostasis.

Mechanisms of Heat Transfer

Heat exchange with the environment involves four basic processes: (1) radiation, (2) conduction, (3) convection, and (4) evaporation.

Warm objects lose heat energy as infrared radiation. When you feel the heat from the sun, you are experiencing radiant heat. Your body loses heat the same way, but in proportionately smaller amounts. More than 50 percent of the heat you lose indoors is attributable to radiation; the exact amount varies with both body temperature and skin temperature.

Conduction is the direct transfer of energy through physical contact. When you arrive in an air-conditioned classroom and sit on a cold plastic chair, you are immediately aware of this process. Conduction is generally not an effective mechanism for gaining or losing heat. We cannot estimate the value of its contribution, because it varies with the temperature of the object and with the amount of surface area involved. When you are lying on cool sand in the shade, conductive losses can be considerable; when you are standing, conductive losses are negligible.

Convection is the result of conductive heat loss to the air that overlies the surface of the body. Warm air rises, because it is lighter than cool air. As your body conducts heat to the air next to your skin, that air warms and rises, moving away from the surface of the skin. Cooler air replaces it, and as this air in turn becomes warmed, the pattern repeats. Convection accounts for roughly 15 percent of the body’s heat loss indoors but is insignificant as a mechanism of heat gain.

When water evaporates, it changes from a liquid to a vapor. Evaporation absorbs energy—roughly 0.58 C per gram of water evaporated—and cools the surface where evaporation occurs. The rate of evaporation occurring at your skin is highly variable. Each hour, 20–25 ml of water crosses epithelia and evaporates from the alveolar surfaces and the surface of the skin. This insensible water loss remains relatively constant; at rest, it accounts for roughly 20 percent of your body’s average indoor heat loss. The sweat glands responsible for sensible perspiration have a tremendous scope of activity, ranging from virtual inactivity to secretory rates of 2–4 liters per hour.

The Regulation of Heat Gain and Heat Loss

Heat loss and heat gain involve the activities of many systems. Those activities are coordinated by the heat-loss center and heat-gain center, respectively, in the preoptic area of the anterior hypothalamus. lp. 468 These centers modify the activities of other hypothalamic nuclei. The overall effect is to control temperature by influencing two events: the rate of heat production and the rate of heat loss to the environment. These events may be further supported by behavioral modifications.

Mechanisms for Increasing Heat Loss When the temperature at the preoptic nucleus exceeds its set point, the heat-loss center is stimulated, producing three major effects:

1. The Inhibition of the Vasomotor Center Causes Peripheral Vasodilation, and Warm Blood Flows to the Surface of the Body. The skin takes on a reddish color, skin temperatures rise, and radiational and convective losses increase.

2. As Blood Flow to the Skin Increases, Sweat Glands Are Stimulated to Increase their Secretory Output. The perspiration flows across the body surface, and evaporative heat losses accelerate. Maximal secretion, if completely evaporated, would remove 2320 C per hour.

3. The Respiratory Centers Are Stimulated, and the Depth of Respiration Increases. Often, the individual begins respiring through an open mouth rather than through the nasal passageways, increasing evaporative heat losses through the lungs.

Mechanisms for Promoting Heat Gain
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the heat-loss center is inhibited and the heat-gain center is activated.

Heat Conservation The sympathetic vasomotor center decreases blood flow to the dermis, thus reducing losses by radiation, convection, and conduction. The skin cools, and with blood flow restricted, it may take on a bluish or pale color. The epithelial cells are not damaged, because they can tolerate extended periods at temperatures as low as 25°C (77°F) or as high as 49°C (120°F).

In addition, blood returning from the limbs is shunted into a network of deep veins. lp. 746 Under warm conditions, blood flows in a superficial venous network (Figure 25–14a•). In cold conditions, blood is diverted to a network of veins that lie deep to an insulating layer of subcutaneous fat (Figure 25–14b•). This venous network wraps around the deep arteries, and heat is conducted from the warm blood flowing outward to the limbs to the cooler blood returning from the periphery (Figure 25–14c•). This arrangement traps the heat close to the body core and restricts heat loss. Such exchange between fluids that are moving in opposite directions is called countercurrent exchange. (We will return to this topic in Chapter 26.)

Heat Generation The mechanisms for generating heat can be divided into two broad categories: shivering thermogenesis and

nonshivering thermogenesis. In shivering thermogenesis (ther-m
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energy consumption of skeletal muscle tissue throughout your body, and the more energy consumed, the more heat is produced. Both agonists and antagonists are involved, and the degree of stimulation varies with the demand.

If the heat-gain center is extremely active, muscle tone increases to the point at which stretch receptor stimulation will produce brief, oscillatory contractions of antagonistic muscles. In other words, you begin to shiver. Shivering increases the workload of the muscles and further elevates oxygen and energy consumption. The heat that is produced warms the deep vessels, to which blood has been shunted by the sympathetic vasomotor center. Shivering can elevate body temperature quite effectively, increasing the rate of heat generation by as much as 400 percent.

Nonshivering thermogenesis involves the release of hormones that increase the metabolic activity of all tissues:

•
The heat-gain center stimulates the adrenal medullae via the sympathetic division of the autonomic nervous system, and epinephrine is released. Epinephrine increases the rates of glycogenolysis in liver and skeletal muscle, and the metabolic rate of most tissues. The effects are immediate.

•
The preoptic nucleus regulates the production of thyrotropin-releasing hormone (TRH) by the hypothalamus. In children, when body temperatures are below normal, additional TRH is released, stimulating the release of thyroid-stimulating hormone (TSH) by the anterior lobe of the pituitary gland. The thyroid gland responds to this release of TSH by increasing the rate at which thyroxine is released into the blood. Thyroxine increases not only the rate of carbohydrate catabolism, but also the rate of catabolism of all other nutrients. These effects develop gradually, over a period of days to weeks.

Hypothermia may be intentionally produced during surgery to reduce the metabolic rate of a particular organ or of the pa-tient’s entire body. In controlled hypothermia, the individual is first anesthetized to prevent the shivering that would otherwise fight the induction of hypothermia.

During open-heart surgery, the body is typically cooled to 25°–32°C (79°–89°F). This cooling reduces the metabolic demands of the body, which will be receiving blood from an external pump or oxygenator. The heart must be stopped completely during the operation, and it cannot be well supplied with blood over this period. Consequently, the heart is perfused with an arresting solution at 0°–4°C (32°–39°F) and maintained at a temperature below 15°C (60°F) for the duration of the operation. At these temperatures, the cardiac muscle can tolerate several hours of ischemia without damage.

Sources of Individual Variation in Thermoregulation

The timing of thermoregulatory responses differs from individual to individual. A person may undergo acclimatization (a-kl
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lived naked in the snow, but Hawaii residents often unpack their sweaters when the temperature drops below 22°C (72°F).

Another interesting source of variation is body size. Although heat production occurs within the mass of the body, heat loss occurs across a body surface. As an object (or person) gets larger, its surface area increases at a much slower rate than does its total volume. This relationship affects thermoregulation, because heat generated by the “volume” (that is, by internal tissues) is lost at the body surface. Hence, small individuals lose heat more readily than do large individuals.

Thermoregulatory Problems of Infants During embryonic development, the maternal surroundings are at normal body temperature. At birth, the infant’s temperature-regulating mechanisms are not fully functional; also, infants lose heat quickly as a result of their small size. Consequently, newborns must be dried promptly and kept bundled up; for those born prematurely, a thermally regulated incubator is required. Infants’ body temperatures are also less stable than those of adults. Their metabolic rates decline while they sleep and then rise after they awaken.

Infants cannot shiver, but they have a different mechanism for raising body temperature rapidly. In infants, the adipose tissue between the shoulder blades, around the neck, and possibly elsewhere in the upper body is histologically and functionally different from most of the adipose tissue in adults. The tissue is highly vascularized, and individual adipocytes contain numerous mi

tochondria. Together, these characteristics give the tissue a deep, rich color that is responsible for the name brown fat. lp. 122 Individual adipocytes are innervated by sympathetic autonomic fibers. When these nerves are stimulated, lipolysis accelerates in the adipocytes. The cells do not capture the energy released through fatty acid catabolism, and it radiates into the surrounding tissues as heat. This heat quickly warms the blood passing through the surrounding network of vessels, and it is then distributed throughout the body. In this way, an infant can accelerate metabolic heat generation by 100 percent very quickly, whereas non-shivering thermogenesis in an adult raises heat production by only 10–15 percent after a period of weeks.

With increasing age and size, body temperature becomes more stable, so the importance of this thermoregulatory mechanism declines. Adults have little if any brown fat; with increased body size, skeletal muscle mass, and insulation, shivering thermogenesis is significantly more effective in elevating body temperature.

Thermoregulatory Variations among Adults Adults of a given body weight may differ in their thermal responses if their weight is distributed differently. Which tissues account for their weight is also a factor. Adipose tissue is an excellent insulator, conducting heat at only about one-third the rate of other tissues. As a result, individuals with a more substantial layer of subcutaneous fat may not begin to shiver until long after their thinner companions.

Two otherwise similar individuals may also differ in their response to temperature changes because their hypothalamic “thermostats” are at different settings. We experience daily oscillations in body temperature, with temperatures falling 1°–2° (1.8°–3.6°F) at night and peaking during the day or early evening. The ovulatory cycle also causes temperature fluctuations, as you will see in Chapter 28.

Individuals vary in terms of the timing of their maximum temperature setting; some have a series of peaks, with an afternoon low. The origin of these patterns is unclear. It is not the result of daily activity regimens: The temperatures of people who work at night still peak during the same range of times as the rest of the population.

Fevers
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• Abnormalities affecting the entire thermoregulatory mechanism, such as heat exhaustion or heat stroke.

• Clinical problems that restrict blood flow, such as congestive heart failure.

• Conditions that impair sweat gland activity, such as drug reactions and some skin conditions.

• The resetting of the hypothalamic “thermostat” by circulating pyrogens—most notably, interleukin-1.

The classification of fevers as either chronic or acute, as well as their treatment, is discussed in the Applications Manual. AM: Fevers

Concept Check

✓ How would the BMR of a pregnant woman compare with her own BMR before she became pregnant?

✓ What effect does the vasoconstriction of peripheral blood vessels on a hot day have on an individual’s body temperature?

✓ Why do infants have greater problems with thermoregulation than adults do?

Answers begin on p. A–1

Chapter Review

Selected Clinical Terminology

avitaminosis: A disease caused by a deficiency in one or more vitamins. (p. 939) carbohydrate loading: Eating large quantities of carbohydrates in the days preceding an athletic event in order to increase one’s endurance. (p. 926) eating disorders: Psychological problems that result in inadequate or excessive food consumption. Examples include anorexia nervosa

and bulimia. [AM] heat exhaustion: A malfunction of thermoregulatory mechanisms, caused by excessive fluid loss in perspiration. (p. 945) heat stroke: A condition in which the thermoregulatory center stops functioning and body temperature rises uncontrollably. (p. 945) hyperuricemia: A condition in which the plasma uric acid level exceeds 7.4 mg > dl; can result in the condition called gout. [AM] hypervitaminosis: A disorder caused by the ingestion of excessive quantities of one or more vitamins. (p. 939) hypothermia: Below-normal body temperature. (p. 943 and [AM]) ketoacidosis: The acidification of blood due to the presence of ketone bodies. (p. 935 and [AM]) ketonemia: Elevated levels of ketone bodies in blood. (p. 935) ketonuria: The presence of ketone bodies in urine.[AM] ketosis: Abnormally high concentration of ketone bodies in body fluids. (p. 935) obesity: A body weight more than 20 percent above the ideal weight for a given individual. [AM] phenylketonuria: An inherited metabolic disorder resulting from an inability to convert phenylalanine to tyrosine. (p. 932 and [AM]) protein deficiency diseases: Nutritional disorders resulting from a lack of one or more essential amino acids. (p. 933 and [AM])

Study Outline

An Overview of Metabolism p. 916

1.
In general, during cellular metabolism, cells break down excess carbohydrates first and then lipids, while conserving amino acids. Only about 40 percent of the energy released through catabolism is captured in ATP; the rest is released as heat. (Figure 25–1)

2.
Cells synthesize new compounds (anabolism) (1) to perform structural maintenance or repairs, (2) to support growth, (3) to produce secretions, and (4) to build and store nutrient reserves.

3.
Cells “feed” small organic molecules to their mitochondria; in return, the cells get the ATP they need to perform cellular functions.

(Figure 25–2)

100 Keys | p. 917

Carbohydrate Metabolism p. 918

1.
Most cells generate ATP and other high-energy compounds through the breakdown of carbohydrates.

Glycolysis p. 918

2.
Glycolysis and aerobic metabolism, or cellular respiration, provide most of the ATP used by typical cells. Glycogen can be broken down to glucose molecules. In glycolysis, each molecule of glucose yields two molecules of pyruvic acid (as pyruvate ions), a net two molecules of ATP, and two NADH molecules. (Figure 25–3)

Mitochondrial ATP Production p. 920

3.
In the presence of oxygen, pyruvic acid molecules enter mitochondria, where they are broken down completely in the tricarboxylic acid (TCA) cycle. Carbon and oxygen atoms are lost as carbon dioxide (decarboxylation); hydrogen atoms are passed to coenzymes, which initiate the oxygen-consuming and ATP-generating reaction oxidative phosphorylation. (Figure 25–4)

4.
Cytochromes of the electron transport system (ETS) pass electrons to oxygen, resulting in the formation of water. As this transfer occurs, the ETS generates ATP. (Figure 25–5)

Energy Yield of Glycolysis and Cellular Respiration p. 924

5.
For each glucose molecule processed through glycolysis, the TCA cycle, and the ETS, most cells gain 36 molecules of ATP. (Figure 25–6)

6.
Cells can break down other nutrients to provide substrates for the TCA cycle if supplies of glucose are limited.

Gluconeogenesis p. 926

7.
Gluconeogenesis, the synthesis of glucose from noncarbohydrate precursors such as lactic acid, glycerol, or amino acids, enables a liver cell to synthesize glucose molecules when carbohydrate reserves are depleted. Glycogenesis is the process of glycogen formation. Glycogen is an important energy reserve when cells cannot obtain enough glucose from interstitial fluid. (Figure 25–7)

Lipid Metabolism p. 927 Lipid Catabolism p. 927

1.
During lipolysis (lipid catabolism), lipids are broken down into pieces that can be converted into pyruvic acid or channeled into the TCA cycle.

2.
Triglycerides, the most abundant lipids in the body, are split into glycerol and fatty acids. The glycerol enters the glycolytic pathways, and the fatty acids enter the mitochondria.

3.
Beta-oxidation is the breakdown of a fatty acid molecule into two-carbon fragments that can be used in the TCA cycle. The steps of beta-oxidation cannot be reversed, and the body cannot manufacture all the fatty acids needed for normal metabolic operations.

(Figure 25–8)

4.
Lipids cannot provide large amounts of ATP quickly. However, cells can shift to lipid-based energy production when glucose reserves are limited.

Lipid Synthesis p. 927

5.
In lipogenesis (the synthesis of lipids), almost any organic substrate can be used to form glycerol. Essential fatty acids cannot be synthesized and must be included in the diet.

Lipid Transport and Distribution p. 927

6.
Most lipids circulate as lipoproteins (lipid–protein complexes that contain large glycerides and cholesterol). The largest lipoproteins, chylomicrons, carry absorbed lipids from the intestinal tract to the bloodstream. All other lipoproteins are derived from the liver and carry lipids to and from various tissues of the body. (Figure 25–9)

7.
Capillary walls of adipose tissue, skeletal muscle, cardiac muscle, and the liver contain lipoprotein lipase, an enzyme that breaks down complex lipids, releasing a mixture of fatty acids and monoglycerides. (Figure 25–9)

Protein Metabolism p. 930 Amino Acid Catabolism p. 930

1.
If other energy sources are inadequate, mitochondria can break down amino acids in the TCA cycle to generate ATP. In the mitochondria, the amino group can be removed by either transamination or deamination. (Figure 25–10)

2.
Protein catabolism is impractical as a source of quick energy.

Protein Synthesis p. 933

3.
Roughly half the amino acids needed to build proteins can be synthesized. There are 10 essential amino acids, which must be acquired through the diet. Amination, the attachment of an amino acid group to a carbon framework, is an important step in the synthesis of nonessential amino acids. (Figures 25–11, 25–12)

Metabolic Interactions p. 933

1.
No one cell of a human can perform all the anabolic and catabolic operations necessary to support life. Homeostasis can be preserved only when metabolic activities of different tissues are coordinated.

2.
The body has five metabolic components: the liver, adipose tissue, skeletal muscle, neural tissue, and other peripheral tissues. The liver is the focal point for metabolic regulation and control. Adipose tissue stores lipids, primarily in the form of triglycerides. Skeletal muscle contains substantial glycogen reserves, and the contractile proteins can be mobilized and the amino acids used as an energy source. Neural tissue does not contain energy reserves; glucose must be supplied to it for energy. Other peripheral tissues are able to metabolize glucose, fatty acids, or other substrates under the direction of the endocrine system.

3.
For about four hours after a meal, nutrients enter the blood as intestinal absorption proceeds. (Table 25–1)

4.
The liver closely regulates the glucose content of blood and the circulating levels of amino acids.

5.
The absorptive state exists when nutrients are being absorbed by the digestive tract. Adipocytes remove fatty acids and glycerol from the bloodstream and synthesize new triglycerides to be stored for later use.

6.
During the absorptive state, glucose molecules are catabolized and amino acids are used to build proteins. Skeletal muscles may also

catabolize circulating fatty acids, and the energy obtained is used to increase glycogen reserves.

7.
The postabsorptive state extends from the end of the absorptive state to the next meal.

8.
When blood glucose levels fall, the liver begins breaking down glycogen reserves and releasing glucose into the bloodstream. As the time between meals increases, liver cells synthesize glucose molecules from smaller carbon fragments and from glycerol molecules. Fatty acids undergo beta-oxidation; the fragments enter the TCA cycle or combine to form ketone bodies. (Table 25–1)

9.
Some amino acids can be converted to pyruvic acid and used for gluconeogenesis; others, including most of the essential amino acids, are converted to acetyl-CoA and are either catabolized or converted to ketone bodies.

10. Neural tissue continues to be supplied with glucose as an energy source until blood glucose levels become very low.

100 Keys | p. 935

Diet and Nutrition p. 936

1.
Nutrition is the absorption of nutrients from food. A balanced diet contains all the ingredients needed to maintain homeostasis; a balanced diet prevents malnutrition.

Food Groups and the Food Pyramid p. 936

2.
The five basic food groups are milk, yogurt, and cheese; meat, poultry, fish, dry beans, eggs, and nuts; vegetables; fruits; and bread, cereal, rice, and pasta. These are arranged in a food pyramid according to the number of daily servings recommended. (Figure 25–13; Table 25–2)

Nitrogen Balance p. 937

3.
Amino acids, purines, pyrimidines, creatine, and porphyrins are N compounds, which contain nitrogen atoms. An adequate dietary supply of nitrogen is essential, because the body does not maintain large nitrogen reserves. Nitrogen balance is a state in which the amount of absorbed nitrogen equals that lost in urine and feces.

100 Keys | p. 937

Minerals p. 937

4.
Minerals act as cofactors in a variety of enzymatic reactions. They also contribute to the osmotic concentration of body fluids and play a role in transmembrane potentials, action potentials, the release of neurotransmitters, muscle contraction, skeletal construction and maintenance, gas transport, buffer systems, fluid absorption, and waste removal. (Table 25–3)

Vitamins p. 938

5.
Vitamins are needed in very small amounts. Vitamins A, D, E, and K are fat-soluble vitamins; taken in excess, they can lead to hypervitaminosis. Water-soluble vitamins are not stored in the body; a lack of adequate dietary supplies may lead to vitamin deficiency disease (avitaminosis). (Table 25–4)

Diet and Disease p. 940

6.
A balanced diet can improve one’s general health.

Energy Gains and Losses p. 941

1.
The energy content of food is usually expressed in kilocalories (kc) or as Calories per gram (C g).

>

The Energy Content of Food p. 941

2.
The catabolism of lipids releases 9.46 C > g, about twice the amount released by equivalent weights of carbohydrates or proteins.

Metabolic Rate p. 942

3.
The sum of all the anabolic and catabolic processes under way is an individual’s metabolic rate. The basal metabolic rate (BMR) is the rate of energy utilization by a person at rest.

Thermoregulation p. 942

4.
The homeostatic regulation of body temperature is thermoregulation. Heat exchange with the environment involves four processes: radiation, conduction, convection, and evaporation.

5.
The preoptic area of the hypothalamus acts as the body’s thermostat, affecting the heat-loss center and the heat-gain center.

6.
Mechanisms for increasing heat loss include both physiological mechanisms (peripheral vasodilation, increased perspiration, and increased respiration) and behavioral modifications.

7.
Responses that conserve heat include a decreased blood flow to the dermis and countercurrent exchange. (Figure 25–14)

8.
Heat is generated by shivering thermogenesis and nonshivering thermogenesis.

9.
Thermoregulatory responses differ among individuals. One important source of variation is acclimatization (a physiological adjustment to an environment over time).

10. Pyrexia is an elevated body temperature. Fever, a body temperature above 37.2°C (99°F), can result from problems with the thermoregulatory mechanism, circulation, or sweat gland activity, or from the resetting of the hypothalamic “thermostat” by circulating pyrogens.

Review Questions

MyA&P | Access more review material online at MyA&P. There you’ll find learning activities, case studies, quizzes, Interactive Physiology exercises, and more to help you succeed. To access the site, go to www.myaandp.com.

Answers to the Review Questions begin on page A–1.

LEVEL 1 Reviewing Facts and Terms

1. Catabolism refers to

(a) the creation of a nutrient pool

(b) the sum total of all chemical reactions in the body

(c) the production of organic compounds

(d) the breakdown of organic substrates

2. The breakdown of glucose to pyruvic acid is an _____ process.

(a) anaerobic (b) aerobic

(c) anabolic (d) oxidative

3. The process that produces more than 90 percent of the ATP used by our cells is

(a) glycolysis

(b) the TCA cycle

(c) substrate-level phosphorylation

(d) oxidative phosphorylation

4. The sequence of reactions responsible for the breakdown of fatty acid molecules is

(a) beta-oxidation

(b) the TCA cycle

(c) lipogenesis

(d) a, b, and c are correct

5. The TCA cycle must turn _____ times to completely metabolize the pyruvic acid produced from one glucose molecule.

(a) 1 (b) 2 (c) 3 (d) 4 (e) 5

6. The process by which ATP is synthesized in the mitochondria is known as

(a) decarboxylation

(b) the TCA cycle

(c) chemiosmosis

(d) substrate phosphorylation

(e) anaerobic respiration

7. The largest metabolic reserves for the average adult are stored as

(a) carbohydrates

(b) proteins

(c) amino acids

(d) triglycerides

(e) fatty acids

8. A complete protein contains

(a) the proper balance of amino acids

(b) all the essential amino acids in sufficient quantities

(c) a combination of nutrients selected from the food pyramid

(d) N compounds produced by the body

9. All minerals and most vitamins

(a) are fat soluble

(b) cannot be stored by the body

(c) cannot be synthesized by the body

(d) must be synthesized by the body because they are not present in adequate amounts in the diet

10. The vitamins generally associated with vitamin toxicity are

(a) fat-soluble vitamins

(b) water-soluble vitamins

(c) the B complex vitamins

(d) vitamins C and B12

11. Define the terms metabolism, anabolism, and catabolism.

12. Write the complete reaction sequence for carbohydrate metabolism.

13. What is a lipoprotein? What are the major groups of lipoproteins, and how do they differ?

LEVEL 2 Reviewing Concepts

14. During negative nitrogen balance

(a) more nitrogen compounds are ingested than excreted

(b) more nitrogen compounds are excreted than ingested

(c) protein consumption exceeds amino acid catabolism

(d) protein synthesis is accelerated

(e) protein catabolism is inhibited

15. What is oxidative phosphorylation? Explain how the electron transport system is involved in this process.

16. How are lipids catabolized in the body? How is beta-oxidation involved with lipid catabolism?

17. How do the absorptive and postabsorptive states maintain normal blood glucose levels?

18. Why is the liver the focal point for metabolic regulation and control?

19. How can the food pyramid be used as a tool to obtain nutrients in sufficient quantity and quality? Why are the dietary fats, oils, and sugars at the top of the pyramid and bread, cereal, rice, and pasta at the bottom?

20. Why are vitamins and minerals essential components of the diet?

21. Some articles in popular magazines refer to “good cholesterol” and “bad cholesterol.” To which types and functions of cholesterol might these terms refer? Explain your answer.

LEVEL 3 Critical Thinking and Clinical Applications

22. When blood levels of glucose, amino acids, and insulin are high, and glycogenesis is occurring in the liver, the body is in the _____ state.

(a) fasting

(b) postabsorptive

(c) absorptive

(d) stress

(e) bulimic

23. Charlie has a blood test that shows a normal level of LDLs but an elevated level of HDLs in his blood. Since his family has a history of cardiovascular disease, he wonders if he should modify his lifestyle. What would you tell him?

24. Jill suffers from anorexia nervosa. One afternoon she is rushed to the emergency room because of cardiac arrhythmias. Her breath has the smell of an aromatic hydrocarbon, and blood and urine samples contained high levels of ketone bodies. Why do you think she is having the arrhythmias?

TABLE 25–1 
Regulatory Hormones and Their Effects on Peripheral Metabolism

Hormone 

Effect on General Peripheral Tissues 
Selective Effects on Target Tissues

ABSORPTIVE STATE 



Insulin 

Increased glucose uptake and utilization 
Liver: Glycogenesis




Adipose tissue: Lipogenesis




Skeletal muscle: Glycogenesis

Insulin and growth hormone Increased amino acid uptake and protein synthesis
Skeletal muscle: Fatty acid catabolism

Androgens, estrogens Increased amino acid use in protein synthesis Skeletal muscle: Muscle hypertrophy (especially androgens)

POSTABSORPTIVE STATE Glucagon Liver: Glycogenolysis

Epinephrine
Liver: Glycogenolysis Adipose tissue: Lipolysis

Glucocorticoids Decreased use of glucose; increased reliance on ketone Liver: Glycogenolysis bodies and fatty acids Adipose tissue: Lipolysis, gluconeogenesis Skeletal muscle: Glycogenolysis, protein breakdown, amino acid release

Growth hormone Complements effects of glucocorticoids
Acts with glucocorticoids

TABLE 25–2 Nutrient Groups

Nutrient Group Provides
Is Deficient In

Milk, yogurt, cheese Complete proteins; fats; carbohydrates; calcium; potassium; Dietary fiber, vitamins C, A, B12, pantothenic magnesium; sodium; phosphorus; vitamins acid, thiamine, riboflavin

Meat, poultry, fish, dry Complete proteins; fats; potassium; phosphorus; iron; zinc; vitamins E, Carbohydrates, dietary fiber, several beans, eggs, nuts B6 thiamine vitamins

Fruits
Carbohydrates; vitamins A, C, E, folacin; dietary fiber; potassium Many are low in fats, calories, and protein

Vegetables Carbohydrates; vitamins A, C, E, folacin; dietary fiber; potassium Many are low in fats, calories, and protein

Bread, cereal, rice, 
Carbohydrates; vitamins E, thiamine, niacin, folacin; calcium; 
Fats

pasta 
phosphorus; iron; sodium; dietary fiber 

TABLE 25–3 
Minerals and Mineral Reserves* 





Total Body 
Primary Route 
Recommended

Mineral 
Significance 
Content 
of Excretion 
Daily Intake

BULK MINERALS 



Sodium 
Major cation in body fluids; essential 
110 g, primarily in 
Urine, sweat, 
0.5–1.0 g


for normal membrane function 
body fluids 
feces 

Potassium 
Major cation in cytoplasm; essential 
140 g, primarily in 
Urine 
1.9–5.6 g


for normal membrane function 
cytoplasm 



Chloride 
Major anion in body fluids 
89 g, primarily in 
Urine, sweat 
0.7–1.4 g

body fluids 



Calcium 
Essential for normal muscle and neuron 
1.36 kg, primarily 
Urine, feces 
0.8–1.2 g


function and normal bone structure 
in skeleton 



Phosphorus 
In high-energy compounds, 
744 g, primarily 
Urine, feces 
0.8–1.2 g


nucleic acids, and bone matrix (as phosphate) 
in skeleton 



Magnesium 
Cofactor of enzymes, required for 
29 g (skeleton, 17 g; 
Urine 
0.3–0.4 g


normal membrane functions 
cytoplasm and 



body fluids, 12 g) 



TRACE MINERALS 



Iron 
Component of hemoglobin, myoglobin, 
3.9 g (1.6 g stored 
Urine (traces) 
10–18 mg


cytochromes 
as ferritin or 



hemosiderin) 



Zinc 
Cofactor of enzyme systems, notably 
2 g 
Urine, hair (traces) 
15 mg

carbonic anhydrase 



Copper 
Required as cofactor for hemoglobin synthesis 
127 mg 
Urine, feces (traces) 
2–3 mg

Manganese 
Cofactor for some enzymes 
11 mg 
Feces, urine (traces) 
2.5–5 mg

Cobalt 
Cofactor for transaminations 
1.1 g 
Feces, urine 
0.0001 mg

Selenium 
Antioxidant 
Variable 
Feces, urine 
0.05–0.2 mg

Chromium 
Cofactor for glucose metabolism 
0.0006 mg 
Feces, urine 
0.005–0.2 mg

* For information on the effects of deficiencies and excesses, see Table 27–2, p. 1006. 



TABLE 25–4 
The Fat-Soluble Vitamins 








Daily 
Effects of 
Effects of

Vitamin 
Significance 
Sources 
Requirement 
Deficiency 
Excess

A 
Maintains epithelia; 
Leafy green and 
1 mg 
Retarded growth, 
Liver damage, skin


required for synthesis 
yellow vegetables 

night blindness, 
paling, CNS


of visual pigments; 


deterioration 
effects (nausea,

supports immune system; 
of epithelial 
anorexia)

promotes growth and 
membranes 

bone remodeling 



D (steroids, 
Required for normal 
Synthesized in skin 
5–15 *mg 
Rickets, skeletal 
Calcium deposits

including 
bone growth, calcium 
exposed to 

deterioration 
in many tissues,

cholecalciferol, 
and phosphorus 
sunlight 


disrupting

or D3) 
absorption at gut and 



functions

retention at kidneys 



E (tocopherols) 
Prevents breakdown of 
Meat, milk, vegetables 
12 mg 
Anemia, other 
Nausea, stomach


vitamin A and fatty 


problems 
cramps, blurred


acids 


suspected 
vision, fatigue

K Essential for liver Vegetables; production 0.7–0.14 mg Bleeding disorders Liver dysfunction, synthesis of prothrombin by intestinal bacteria jaundice and other clotting factors

* Unless exposure to sunlight is inadequate for extended periods and alternative sources (fortified milk products) are unavailable.

TABLE 25–5 
The Water-Soluble Vitamins


Daily

Vitamin 
Significance 
Sources 
Requirement 
Effects of Deficiency 
Effects of Excess

B1 (thiamine) 
Coenzyme in 
Milk, meat, 
1.9 mg 
Muscle weakness, CNS and 
Hypotension


decarboxylations 
bread 

cardiovascular problems, 





including heart disease; 





called beriberi 

B2 (riboflavin) Part of FMN and Milk, meat 1.5 mg Epithelial and mucosal Itching, tingling

FAD deterioration

Niacin (nicotinic Part of NAD Meat, bread, 14.6 mg CNS, GI, epithelial, and Itching, burning;

acid) potatoes mucosal deterioration; vasodilation;

called pellagra death after large

dose

B5 (pantothenic Part of acetyl-CoA Milk, meat 4.7 mg Retarded growth, CNS None reported

acid) disturbances

B6 (pyridoxine) Coenzyme in amino Meat

acid and lipid

metabolisms

1.42 mg
Retarded growth, anemia, CNS alterations, convulsions, epithelial perhaps fatal changes

Folacin (folic Coenzyme in amino Vegetables,

acid) acid and nucleic cereal,

acid metabolisms bread

0.1 mg
Retarded growth, anemia, Few noted, except gastrointestinal disorders, at massive doses developmental abnormalities

B12 (cobalamin) Coenzyme in nucleic Milk, meat 4.5 mg Impaired RBC production, Polycythemia

acid metabolism causing pernicious anemia

Biotin Coenzyme in Eggs, meat, 0.1–0.2 mg Fatigue, muscular pain, None reported

decarboxylations vegetables nausea, dermatitis

C (ascorbic acid) Coenzyme; delivers Citrus fruits

hydrogen ions,

antioxidant

60 mg Epithelial and mucosal Kidney stones deterioration; called scurvy

• FIGURE 25–1 An Introduction to Cellular Metabolism. Cells obtain organic molecules from the interstitial fluid and break them down to produce ATP. Only about 40 percent of the energy released by catabolism is captured in the form of ATP; the rest is lost as heat. The ATP generated by catabolism provides energy for all vital cellular activities, including anabolism.

• FIGURE 25–2 Nutrient Use in Cellular Metabolism. Cells use the contents of the nutrient pool to build up reserves and to synthesize cellular structures. Catabolism within mitochondria provides the ATP needed to sustain cell functions. Mitochondria are “fed” small carbon chains produced by the breakdown of carbohydrates (primarily glucose, stored as glycogen), lipids (especially fatty acids from triglycerides) and proteins (amino acids). The mitochondria absorb these breakdown products for further catabolism by means of the tricarboxylic acid (TCA) cycle and the electron transport system. This figure will be repeated, in reduced and simplified form as Navigator icons, as the text changes topics.

• FIGURE 25–3 Glycolysis. The Navigator icon in the shadow box highlights the topic under discussion. Glycolysis breaks down a six-carbon glucose molecule into two three-carbon molecules of pyruvic acid through a series of enzymatic steps. This diagram follows the fate of the carbon chain. There is a net gain of two ATP molecules for each glucose molecule converted to two pyruvic acid molecules. In addition, two molecules of the coenzyme NAD are converted to NADH. Once transferred to mitochondria, both pyruvic acid and NADH can still yield a great deal more energy. The further catabolism of pyruvic acid begins with its entry into a mitochondrion. (See Figure 25–4.)

• FIGURE 25–4 The TCA Cycle. (a) An overview of the TCA cycle and the distribution of carbon, hydrogen, and oxygen atoms. (b) A more detailed view, showing the changes in the carbon chains.

• FIGURE 25–5 Oxidative Phosphorylation. (a) The sequence of oxidation–reduction reactions involved in oxidative phosphorylation. (b) The locations of the coenzymes and the electron transport system. Notice the sites where hydrogen ions are pumped into the intermembrane space,

providing the concentration gradient essential to the generation of ATP. The red line indicates the path taken by the electrons.

• FIGURE 25–6 A Summary of the Energy Yield of Aerobic Metabolism. For each glucose molecule broken down by glycolysis, only two molecules of ATP (net) are produced. However, glycolysis, the formation of acetyl-CoA, and the TCA cycle all yield molecules of reduced coenzymes (NADH or FADH2). Many additional ATP molecules are produced when electrons from these coenzymes pass through the electron transport sys

tem. In most cells, each of the two NADH molecules produced in glycolysis provides another two ATP molecules. Each of the eight NADH molecules produced in the mitochondria yields three ATP molecules, for a total of 24. Another two ATP molecules are gained from each of the two FADH2 molecules generated in the mitochondria. The TCA cycle generates an additional two ATP molecules in the form of GTP.

• FIGURE 25–7 Carbohydrate Breakdown and Synthesis. The pathways for glycolysis and gluconeogenesis. Many of the reactions are freely reversible, but separate regulatory enzymes control the key steps, which are indicated by colored arrows. Some amino acids, carbohydrates (including lactic acid), and glycerol can be converted to glucose. The enzymatic reaction that converts pyruvic acid to acetyl-CoA cannot be reversed.

• FIGURE 25–8 Beta-Oxidation. During beta-oxidation, the carbon chains of fatty acids are broken down to yield molecules of acetyl-CoA, which can be used in the TCA cycle. The reaction also donates hydrogen atoms to coenzymes, which then deliver them to the electron transport system.

• FIGURE 25–9 Lipid Transport and Utilization

• FIGURE 25–10 Amino Acid Catabolism. (a) In transamination, an enzyme removes the amino group ( ¬ NH2) from one molecule and attaches it to a keto acid. (b) In deamination, an enzyme strips the amino group and a hydrogen atom from an amino acid and produces a keto acid and an ammonium ion. (c) The urea cycle takes two metabolic waste products—ammonium ions and carbon dioxide—and produces urea, a relatively harmless, soluble compound that is excreted in the urine.

• FIGURE 25–11 Amination. Amination attaches an amino group to a keto acid. This important step in the synthesis of nonessential amino acids attaches an amino group to a keto acid. Amino groups can also be attached through transamination (see Figure 25–10a).

• FIGURE 25–12 
A Summary of the Pathways of Catabolism and Anabolism

• FIGURE 25–13 
The Food Pyramid and Daily Serving Recommendations

• FIGURE 25–14 
Vascular Adaptations for Heat Loss and Conservation. (a) Circulation through the blood vessels of the forearm in a warm envi

ronment. Blood enters the limb in a deep artery and returns to the trunk in a network of superficial veins that radiate heat into the environment through the overlying skin. (b) Circulation through the blood vessels of the forearm in a cold environment. Blood now returns to the trunk via a network of deep veins that flow around the artery. The amount of heat loss is reduced, as indicated in part (c). (c) Countercurrent heat exchange occurs as heat radiates from the warm arterial blood into the cooler venous blood flowing in the opposite direction. By the time the arterial blood reaches distal capillaries, where most heat loss to the environment occurs, it is already 13°C cooler than it was when it left the trunk. This mechanism conserves body heat by trapping heat near the trunk and thereby reducing the rate of heat loss.
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