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Foreword 

It is fairly commonplace for patients to be admitted to hospitals with varying degrees of 
malnutrition. In some of the more deprived areas of the world, this is usually due entirely 
to starvation. In this country, however, there are many reasons for malnutrition. In the 
past, many people suffered from vitamin deficiencies before these were well identified. 
Today, some are admitted with cachexia due to advanced cancer, others are burn victims, 
and still others suffer from chronic sinus draining such as empyemas. Many other examples 
can be cited. Recently we have begun to recognize that hospital regimes often cause 
malnutrition and this is paticularly true where there has been some degree of deprivation 
before admission. A classic example, of course, is the chronic ulcer patient with a scarred 
and stenotic pylorus. Such a patient is often admitted after having lost a good deal of 
weight from anorexia and vomiting. Several days may be spent in various studies, some 
of which may require withholding food for a day at a time. For example, with this type 
of patient it is often desirable for the stomach to be empty prior to surgery and this may 
require a few days of gastric draining with rinsing. To this end, the patient may be on 
gastric suction for 48-72 hours. Surgery involves blood loss and excites a catabolic 
response, and some surgeons may want the stomach to rest for a few days before feeding 
is resumed. Thus, multiple factors may augment a food nitrogen deficit that was already 
established at the time of admission. 

This volume addresses such problems from both a theoretical and a practical point of 
view. As its title suggests, this book is appropriately divided into two parts. Part I, "Basic 
Science," is really a crisp review of the science of nutrition by a series of widely known 
experts. Part II, "Principles of Practice," begins with nutritional assessment and a new 
statement on nutritional requirements in various states of health and disease. Chapters are 
devoted successively to the contrasting techniques of enteral and parenteral feeding, 
followed by chapters on total parenteral nutrition solutions and enteral feeding formulas. 
Vascular access and enteral feeding techniques are covered, followed by a discussion of 
the complications frequently encountered in the use of these methods. A series of chapters 
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on nutrition and specific clinical problems, e.g., sepsis, cancer, gastrointestinal disease, 
and burns, provides insight into the management of these conditions. The chapter on 
preoperative nutrition support is based, in part, on an extensive group study in nine V A 
hospitals. And, finally, several chapters focus on cardiac and pulmonary disease, renal 
failure, newborns, pregnant women, AIDS patients, and neurologically impaired patients, 
respecti vel y . 

I would like to call attention to three chapters, in particular, perhaps because these 
subjects have been less covered in the past. First, the chapter on immunonutrition, by 
John Daly and Arnold Hill, focuses on the role of the macrophage in resistance to infection 
through its influence on B cells, T cells and T helper cells, and natural killer cells and 
the relationship between nutrition and immunity. 

Second, the chapter on alternative lipids, by Manjakkollai Veerabagu, George Black-
burn, and Edward Mascioli, introduces a good bit of new material or material that is less 
well known to many people who make extensive use of intravenous feeding techniques. 

And third, the chapter on anabolic hormones, by Thomas Ziegler and Danny Jacobs, 
covers this topic in considerable depth and, in addition, keeps the discussion closely 
related to malnutrition as one sees and appreciates it in the modem hospital setting. 

While much of the long-term parenteral and enteral nutrition will necessarily be given 
at home, the more severe cases of malnutrition will usually be hospital based and it is 
here that home programs will largely be planned. This volume gives a very complete 
background of the present status of therapeutic nutrition. It provides thoroughly practical 
techniques of assessing patients who require special attention, information as to how these 
requirements are best met, and a description of the pitfalls that may be encountered. 

In this book, Dr. Torosian has provided a comprehensive overview of the subject. He 
has chosen the contributors wisely, based on their expertise in their respective fields. The 
volume will be of interest as a compendium on therapeutic nutrition and, at the same 
time, as a useful handbook when applying these principles to practice. 

Jonathan E. Rhoads, M.D. 
Professor of Surgery 

Provost Emeritus 
University of Pennsylvania 

Philadelphia, Pennsylvania 



Preface 

Over the past 30 years, a revolution has occurred in the basic science research and clinical 
practice of nutritional support of the hospitalized patient. During this period, we have 
witnessed a tremendous increase in the understanding of critical metabolic events that 
occur at the host, organ, cellular, and molecular levels. This basic knowledge has led the 
way for the development of specialized nutritional support not dreamed of only a few 
years earlier. The concept of nourishing patients entirely by the parenteral route has 
become a reality-primarily through the pioneering efforts led by Dr. Jonathan E. Rhoads 
and colleagues at the University of Pennsylvania. Furthermore, we now recognize that 
nutritional support accomplishes much more than simply providing nutrients to prevent 
malnutrition-i.e., it affects host immunity, cytokine response, and hormone secretion 
essential for preventing morbidity in critically ill patients. 

This book is organized into two parts based on my concept of the development of 
nutritional support for hospitalized patients-"Basic Science" and "Principles of Practice." 
The Basic Science chapters deal with concepts of macro- and micronutrient metabolism 
that are clinically relevant for the provision of nutritional support to patients. Carbohy-
drate, protein, lipid, vitamin, and trace element metabolism are reviewed in detail and 
emphasize biochemical processes that are critical to clinical illness and health. The impact 
of nutrients on wound healing, host immunity, and cytokine response is significant and 
chapters dealing with these phenomena constitute the foundation for active basic and 
clinical research. State-of-the-art chapters review the use of alternative lipids, amino acids, 
and anabolic hormones in specific clinical situations. 

The section on principles of practice brings research concepts from the section on basic 
science into clinical reality. Basic concepts of enteral and parenteral nutrition, nutritional 
assessment, nutrient solutions, and practical aspects of providing nutritional support are 
reviewed. Nutritional support of specific clinical populations is extensively reviewed in 
chapters covering critical care and sepsis, cancer, perioperative support, gastrointestinal 
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disease, burns, cardiac and pulmonary disease, renal failure, newborns and pediatrics, 
pregnancy, AIDS, and the neurologically impaired patient. Current chapters that discuss 
the effect of nutrition on aging and disease prevention are important components of this 
book. Nutritional support complications and home nutritional support are extensively 
reviewed. Finally, the cost-effectiveness and legislative challenges of nutritional support 
are discussed and are clearly essential to integrate this rapidly evolving field into today's 
complex health care environment. 

I wish to express my sincere gratitude to each of the contributors for the diligence and 
accuracy with which they prepared the chapters. It is a distinct pleasure for me to have 
worked with and known each of them-I take great joy in their personal friendship and 
in my respect for their professional talents. They are all clearly experts in their fields and 
have made tremendous scientific and clinical contributions to the care of the hospitalized 
patient receiving nutritional support. 

This book is as dynamic as the extraordinary revolution in nutritional support that it 
recounts. We should no longer view nutritional support with tunnel vision-it is not simply 
the provision of protein and calories to patients to prevent malnutrition. We must expand 
our perspective of nutritional support to consist of comprehensive, metabolic support of 
the hospitalized patient. Metabolic therapy of the future will include anabolic hormones, 
cytokines, metabolic blocking agents, nutritional pharmacology, immunity-enhancing 
agents, specialized amino acid formulas for specific disease states, alternative lipid 
substrates, and other designer molecules. The next era of metabolic support of the 
hospitalized patient promises to be just as exciting as the past. 

Michael H. Torosian 
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INTRODUCTION 

1 

Carbohydrate Metabolism 

Malayappa Jeevanandam 
St. Joseph's Hospital and Medical Center, Phoenix, Arizona 

Carbohydrates are simple sugars or polymers of sugars that can be hydrolyzed to simple 
sugars by the action of enzymes in the digestive system. Dietary carbohydrate presently 
comprises 40-45% of the calories consumed by the average American and consists of 
60% starch, 30% sucrose, and 10% lactose. Sucrose (table sugar) and lactose (milk sugar) 
are disaccharides composed of glucose and fructose (sucrose) and glucose and galactose 
(lactose). About half of the ingested carbohydrate is digested to glucose and the rest 
mainly to fructose and galactose. The principal product of carbohydrate digestion and the 
principal circulating sugar is glucose, which is taken up by the body cells and metabolized 
for energy. The normal fasting level of glucose in peripheral venous blood, determined 
by the highly specific glucose oxidase method, is 60-80 mg/dl. In arterial blood, the 
glucose level is 15-30 mg/dl higher than in venous blood. 

The amount of carbohydrate in the adult body is about 300-400 g. Of this, 100 g are 
stored as glycogen in the liver, another 200-250 g are present as glycogen in skeletal, 
cardiac, and smooth muscle, and about 15 g consist of the glucose in the blood and 
extracellular fluid. The carbon skeletons for the synthesis of the nonessential amino acids 
in the body are provided by carbohydrates. Each gram of carbohydrate when oxidized 
yields, on the average, 4 kcal. Administered glucose solutions (dextrose) provide 3.4 
kcal/g dextrose. 

DIGESTION AND ABSORPTION 
Carbohydrate digestion is essentially the hydrolysis of di- and polysaccharides in the diet 
to their constituent simple sugars by enzymes of the digestive juices. Digestion of complex 
carbohydrates begins in the mouth with salivary amylase, which hydrolyzes starches 
(amylose, amylopectin, glycogen) to smaller units. Although some hydrolysis of starch 
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to maltose occurs in the mouth and continues in the stomach until the food mass is 
acidified, the principal site of digestion of carbohydrate is in the small intestine. Here, 
pancreatic and intestinal digestive enzymes reduce the complex carbohydrates to dimeric 
units. The disaccharidases (enzymes splitting the dimers) in the brush border of the 
intestinal mucosal cells break the dimers into their constituent hexoses. Sucrose is split 
rapidly by sucrase into glucose and fructose, lactose more slowly by lactase into glucose 
and galactose, and maltose rapidly by maltase into glucose and glucose. The resulting 
simple hexose units in the brush border are then absorbed across the adjacent plasma 
membrane into the cells of the intestinal mucosa. Dietary fiber, on the other hand, is 
resistant to hydrolysis by human digestive enzymes. However, in the lower intestine and 
colon, degradation of some types of dietary fiber may occur through the action of bacterial 
enzymes. 

For absorption, the simple sugars must enter the epithelial cell, be transported across 
the cell, enter the interstitial fluid, and then pass through the walls of the blood capillaries 
for transport to the portal circulation and the liver and be dispensed according to need to 
the systemic circulation. Energy-dependent active transport accounts for most of the 
absorption of glucose and galactose. It is effected by the sodium pump and a mobile 
carrier system. When intraluminal concentrations of the sugars are high, passive diffusion 
accounts for a small amount of the total glucose absorbed. Fructose absorption is not 
energy dependent or rapid; it occurs by facilitated diffusion at rates dependent upon its 
local concentration. 

About 97-98% of the carbohydrate in most American diets is digested and absorbed. 
Due to the avidity of the intestinal mucosa for uptake of mono- and disaccharides, intake 
of these sugars and of many other carbohydrates results in rapid and substantial increases 
in plasma glucose, galactose, or fructose concentrations. These generate a series of 
adaptive activities to maintain plasma homeostasis. Less drastic adaptive actions may be 
required when the carbohydrate is taken in the form of foods with starches versus sugars. 

METABOLISM OF GLUCOSE 

Quantitatively the most important carbohydrate available to the body, whether by synthesis 
within the body or by absorption from the diet, is glucose, and hence any discussion of 
carbohydrate metabolism is essentially one about glucose. Once it enters the cells, glucose 
is normally phosphorylated to form glucose-6-phosphate (G6P) by the catalytic action of 
hexokinase. The liver contains an enzyme called glucokinase, which has greater specificity 
for glucose and, unlike hexokinase, is increased by insulin and decreased in starvation 
and diabetes. The G6P is either polymerized into glycogen (glycogenesis) or catabolized 
(glycogenolysis), as outlined in Figure 1. The human body contains about 400 g of 
glycogen, the storage form of glucose, of which 100 g are found in the liver and are 
available for systemic use. The larger glycogen stores in skeletal muscle are not available 
to provide glucose to the rest of the body but can be used to supply energy needs of 
muscle cells. The synthesis and storage of glycogen are physically limited, since glycogen 
is a very bulky (hydrated) molecule, and it is estimated that not more than 10-15 h worth 
of glucose energy can be stored as glycogen in the liver. The breakdown of glucose to 
pyruvic acid or lactic acid (or both) is called glycolysis. Glucose catabolism proceeds in 
two ways: via cleavage to trioses or via oxidation and decarboxylation to pentoses. The 
pyruvic acid pathway through the trioses is called the Embden-Meyerhof pathway and 
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Figure 1 Metabolic pathways of glucose in cells. 

3 

the gluconic acid-pentose pathway is known as the direct oxidative pathway or hexose 
monophosphate shunt (Fig. I). 

Glucose metabolism cannot be completely separated from the metabolism of fats and 
proteins. On the one hand, proteins are potential sources of glucose, and, on the other, 
glucose can be converted to acetyl-CoA. Interconversions between carbohydrate, fat, and 
proteins include the conversion of the glycerol from fats to dihydroxyacetone phosphate 
and the conversion of a number of amino acids with carbon skeletons resembling 
intennediates in the Embden-Meyerhof pathway and citric acid cycle to these intennediates 
by deamination. In this way, and by conversion of lactate to glucose, nonglucose 
molecules can be diverted to glucose production. Though acetyl-CoA glucose can be 
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converted to fats, but since the formation of pyruvic acid to acetyl-CoA is irreversible, 
fats are not converted to glucose via this pathway. Therefore, there is very little net 
conversion of fats to carbohydrate in the body because, except for the quantitatively minor 
production from glycerol, there is no pathway for conversion. 

GLUCOSE PARADOX 
Glucose could be incorporated into glycogen both directly, by passing through G6P and 
uridine diphosphate glucose, and indirectly, by being metabolized to 3-carbon precursors 
(lactate, pyruvate), then resynthesized through the gluconeogenic pathway to G6P and 
then glycogen. The existence of such an indirect, apparently inefficient and energy-wasting 
pathway has been termed "the glucose paradox" (l ,2). Although numerous studies indicate 
that both pathways are active, it has been very difficult to quantitate the relative 
contribution of each pathway because of the inability to measure gluconeogenesis and 
glycogen synthesis accurately in vivo. At least in the transition from fasted to fed, liver 
glycogen (and fat) synthesis is fueled not directly by glucose but by 3-carbon precursors 
(2), particularly lactate. The direct pathway appears to dominate in the fed state in humans. 

METABOLISM OF HEXOSES OTHER THAN GLUCOSE 
Galactose and fructose are the other hexoses that are either absorbed from the intestine 
or liberated by hydrolysis of lactose or sucrose. Galactose does not affect insulin secretion, 
and almost all of it enters the liver, where it is converted to glucose by the following 
pathway: 

ATP ADP UDP-Glu glu 

Galactos~gal-I-P04 -- ~ UDP-gal-UDP-glu 
(transferase) (epimerase) 

After phosphorylation, galactose-I-phosphate reacts with uridine diphosphoglucose to 
form glucose and uri dine diphosphogalactose. This uridine diphosphogalactose is then 
converted to uridine diphosphoglucose, which functions in glycogen synthesis. The latter 
reaction is reversible, and this is the way the galactose necessary for formation of 
glycolipids and mucoproteins is formed when dietary galactose intake is inadequate. Since 
equal amounts of glucose are absorbed with the galactose when lactose is the source, the 
glucose will be used for immediate energy by most tissues and for glycogen production 
by the muscles and liver. 

Fructose, a ketohexose, is metabolized mainly in the liver to intermediates of the 
glycolytic pathway, and increased fructose levels in the blood do not evoke a release of 
insulin. Fructose may be phosphorylated on the sixth carbon atom, competing with glucose 
for the hexokinase involved, or it may be phosphorylated on the first carbon atom, a 
reaction catalyzed by a specific fructokinase (Fig. 2). Fructose-I-phosphate is then split 
into dihydroxyacetone-phosphate (DHAP) and glyceraldehyde. The glyceraldehyde is 
phosphorylated and along with DHAP enters the pathways for glucose metabolism via 
pyruvate and acetyl-CoA or enter the pathways for triglyceride (TG) synthesis via 
a-glycerophosphate. When fructose enters the liver paired with glucose (which usually 
happens in the dietary situation), it becomes a direct source of carbons for fatty acid and 
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Figure 2 Outline of the metabolism of fructose. 

5 

TG synthesis rather than for glucose production. Low-dose fructose administration in 
fasting humans exerts a pronounced protein-sparing effect and abolishes the characteristic 
metabolic adaptation to starvation (3). In the presence of fructose, but not glucose, insulin 
stimulates TG production (4). The rapid oxidation of fructose compared with that of 
glucose is probably due to its insulin-dependent cellular uptake, followed by its rapid 
phosphorylation (5). Sucrose supplementation leads to hypertriglyceridemia in humans 
possibly as a consequence of this disaccharide's fructose rather than its glucose (6). There 
is no conclusive evidence that physiological amounts of fructose exacerbate copper 
deficiency or aid in weight control. 

CARBOHYDRATE DERIVATIVES 
Chemical reaction of sugars lead to the formation of sugar alcohols, amino sugars, 
glycosides, uronic acids, more exotic sugars (such as fucose, ribose, mannose, and sialic 
acid), and many complex compounds with proteins and lipids. Glycerol is the 3-carbon 
alcohol that is formed by the hydrolysis of body TG stores. 

Sorbitol, mannitol, and xylitol are sugar alcohols that have energy contents of 4 kcal 
per g, as does sucrose. They occur naturally in fruits but are also commercially prepared. 
Xylitol, a 5-carbon poJyol, is equally as sweet as sucrose, whereas sorbitol and mannitol 
are only half as sweet. Slow intravenous infusion of sorbitol, fructose, and xylitol do not 
alter blood glucose levels, nor do they increase plasma insulin much above basal levels 
(7). The three principal metabolic effects of infused xylitol are to moderate blood glucose 
and insulin elevations and to reduce gluconeogenesis (8). Therefore, xylitol is a suitable 
energy source whenever blood glucose and insulin concentrations are elevated and protein 
wasting occurs (8), as in injury and sepsis. Ingestion of excessive amounts may produce 
an osmotic diarrhea. 
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Inositol is an alcohol related to the hexoses, which occurs in the bran of cereal grains. 
Ascirlic acid, one of the water-soluble vitamins, is a hexose derivative that can be 
synthesized by plants and by some animals but not by human beings. Many carbohydrate 
derivatives are constituents of connective, nervous, and other tissues and are involved in 
many metabolic functions. 

BLOOD GLUCOSE HOMEOSTASIS 
One important requirement for all living organisms is to adapt to changes in their 
environment. Physiological changes are always accompanied by changes in rates of 
metabolism, which are achieved by metabolic regulations. Humans eat intermittently so 
that a period of 8-12 h of starvation (overnight) occurs regularly. During this time, the 
body must utilize fuel stores laid down after previous meals. Glucose levels in plasma 
are most closely regulated and vary only between 4 and 6 mM (72-108 mg/dl), being the 
most "buffered" of all fuels in normal humans (9). The glucose taken from the circulation 
by the cells is constantly replaced by the liver so that the blood glucose level is maintained 
within this relatively narrow limit. There is a net uptake of glucose by the liver when 
blood glucose is high and a net discharge when it is low. This "glucostat" function of 
liver is not automatic but is effected by the actions of various hormones. Elevated blood 
glucose levels stimulate the pancreas to release insulin, and low levels suppress insulin 
release. Insulin in turn lowers the blood glucose level by stopping glycogenolysis, 
promoting glycogenesis, stimulating uptake of glucose by many tissues and converting 
some carbohydrate to lipid. Glucagon, a pancreatic hormone, is believed to activate 
glycogenolysis, and epinephrine, produced by the adrenal gland under conditions of stress, 
increases the rate of glycogen breakdown. Steroid hormones accelerate the catabolism of 
proteins, thus bringing about gluconeogenesis. 

In the kidney, glucose is freely filtered; but at normal blood glucose levels all but a 
very small amount is reabsorbed in the proximal tubules. When the filtered amount 
increases, reabsorption increases, but there is a limit to the amount of glucose the proximal 
tubules can reabsorb. Should the blood sugar level reach 160--180 mg/dl, some glucose 
will be excreted in the urine (glucosuria). This level, varying from one individual to 
another, is known as the renal threshold for glucose. Glucosuria does not normally occur 
due to the efficient handling of the liver. It occurs when the blood glucose is elevated 
because of relative insulin deficiency (diabetes mellitus) or because of excessive 
glycogenolysis after physical or emotional trauma or during excessive intake by total 
parenteral nutrition (TPN). 

During exercise the caloric needs of muscle are initially met by glycogenolysis in 
muscle and increased uptake of muscle glucose. Blood glucose initially rises with 
increased hepatic glycogenolysis but may fall with prolonged, strenuous exercise. Plasma 
insulin falls and glucagon rises. After exercise, liver glycogen is replenished by additional 
gluconeogenesis and a decrease in hepatic glucose output. Insulin levels rise sharply, 
especially in hepatic portal blood. The insulin entering the liver presumably promotes 
glycogen storage. 

Six pathways are available for the removal of glucose from the blood stream: (I) 
continuous uptake for glucose by body cells and its oxidation for energy, (2) conversion 
and storage of glucose to glycogen by the liver (glycogenesis), (3) synthesis of fats from 
glucose (lipogenesis), (4) synthesis of numerous carbohydrate derivatives, (5) glycolysis 
in red blood cells, and (6) glucosuria. A below-normal glucose concentration is known 
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as hypoglycemia and may occur in certain abnormalities of liver function or when 
excessive amounts of insulin are produced by the pancreas or when exogenously infused. 
A blood sugar concentration in excess of normal levels is known as hyperglycemia, which 
is characteristic of diabetes mellitus and trauma. 

HYPOGLYCEMIA 
A lower than normal glucose concentration occurs when there is an increase in glucose 
utilization relative to glucose production. This hypoglycemia results in certain abnormal-
ities of liver function or production of excess insulin by the pancreas. Since the central 
nervous system is primarily dependent on circulating glucose as a fuel, hypoglycemia 
may result in central nervous system dysfunction or even death. The prevention or 
correction of hypoglycemia is critical to survival. Although insulin is the dominant 
glucose-lowering factor, there are redundant glucoregulatory systems that help preserve 
the level of this critical fuel in plasma (9-13). Multiple glucose-raising counterregulatory 
factors collectively constitute a fail-safe system that prevents or minimizes failure of the 
entire system upon failure of one, or perhaps more, of its components (12). 

There is a hierarchy among the glucoregulatory factors. The prevention or correction of 
hypoglycemia is normally the result of both dissipation of insulin and activation of glucose 
counterregulatory systems. Among the glucose counterregulatory factors, glucagon plays a 
primary role. Epinephrine, although involved, is not normally critical, but it becomes so 
when glucagon is deficient. Thus insulin, glucagon, and epinephrine stand high in the 
hierarchy of redundant glucoregulatory factors. Growth hormone and cortisol are not critical 
to the correction of even prolonged hypoglycemia (12) or to the prevention of hypoglycemia 
after an overnight fast. Glucose autoregulation (hepatic glucose production as an inverse 
function of the ambient plasma glucose concentration independent of hormonal and neural 
regulatory factors) may be involved during severe, but not mild or moderate, hypoglycemia. 
Recurrent hypoglycemia may result in alterations in reduction of hepatic glucose production 
(13). An impairment in hepatic gluconeogenesis is responsible for the hypoglycemia during 
sepsis (10). Type I diabetic patients are more vulnerable to hypoglycemia than normal 
persons (11). The presence of insulin resistance, both at the peripheral and the hepatic level, 
serves to "protect" the diabetic from hypoglycemia. Hypoglycemia-associated autonomic 
failure may well be a major risk factor for iatrogenic hypoglycemia in insulin-dependent 
diabetes mellitus (IDDM) (14). The development of posthypoglycemic rebound hypergly-
cemia (the Somogyi phenomenon) in the absence of insulin waning in patients with IDDM 
results primarily from an excessive increase in glucose production due to activation of 
glucose counterregulatory systems (15). Insulin clearance as well as glucose kinetics during 
insulin-induced hypoglycemia are identical in trained (athletes competing in elite-class 
endurance sports) and untrained subjects (16). Intractable hypoglycemia in one patient with 
colon carcinoma was due to a humorally mediated proliferation of insulin receptors in 
inSUlin-responsive cells like circulating mononuclear cells, liver, and muscle (17). 
Controlled hypoglycemia (gluconeogenic blockade) may be a potential therapy for 
high-grade tumors sensitive to glucose deprivation (18). 

HYPERGLYCEMIA 
Following glucose ingestion, endogenous glucose production is suppressed and the body 
switches from a state of net glucose production to one of net glucose assimilation. This 
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switch is regulated by both hyperglycemia and hyperinsulinemia. The concept that 
hyperglycemia per se increases glucose utilization and decreases glucose production is 
well established (19,20) and this inhibition of glucose production happens in normal 
humans independent of changes in glucoregulatory hormones (21). Hyperglycemia 
promotes primarily nonoxidative glucose disposal, while insulin stimulates the oxidation 
of glucose. Hyperglycemia with fixed basal levels of insulin results in a significant 
decrease in lipolysis (22). During hyperglycemic glucose clamp studies, the stimulation 
of insulin secretion is accompanied by a reduction in endogenous insulin clearance (23). 
Hemorrhagic hyperglycemia, which is caused by insulin resistance, has been demonstrated 
to have beneficial effects on fluid homeostasis since glucose can assume the role of an 
important fluid-mobilizing osmole (24). During short-term hyperglycemia, myocardial 
glucose extraction is enhanced in humans (25), and the majority of the extracted glucose 
is stored as glycogen. Chronic hyperglycemia tended to potentiate glucose-induced insulin 
secretion and did not alter the modulating effect of glucose or arginine-stimulated insulin 
release (26). Adverse effects of hyperglycemia on renal function during normothermic 
renal ischemia are due to anaerobic glucose metabolism with marked lactate accumulation 
(27). Mass action of increased plasma glucose during epinephrine-induced hyperglycemia 
plays an important role in the tissue-enhanced rate of glucose utilization (28). However, 
brain glucose utilization is not increased, in agreement with another study (29). 
Hyperglycemia is more marked in major trauma in spite of no exogenous intake of glucose, 
and it may be the driving force for the accelerated metabolic effects of injury. This 
posttrauma hyperglycemia is mainly due to an increased hepatic output of glucose and 
not to a decreased ability of the tissue to extract glucose from the plasma (30). 

GLUCOSE TOLERANCE 
Body response to dietary glucose infusion is monitored to determine "glucose tolerance," 
determined by the rate at which the inherent mechanisms for removing excess glucose 
from the blood perform their functions. Glucose tolerance is usually measured by following 
blood glucose concentrations 15 min to 2-3 h after an oral load of 50-100 g glucose is 
given after overnight fasting. Blood glucose level is plotted against time (Fig. 3), and the 
shape of the curve is determined by (1) the capacity of the body to secrete adequate 
amounts of insulin; (2) the rate of insulin catabolism; (3) the availability of nutritional 
factors necessary for insulin binding and effectiveness; (4) the presence of insulin 
antagonists; and (5) the release of counterregulatory factors, like glucagon, to halt the 
continuing fall in blood glucose when the actions of insulin have been accomplished. 

The degree of insulin release and its effectiveness determine how some blood glucose 
reaches its peak and the height of the peak attained (normally not more than 160 mg/dl 
after 30-60 min). These same mechanisms determine the time required for blood glucose 
to return to normal levels (70-105 mg/dl; 1.5-2.0 h). A high fasting glucose level, a 
higher than normal and/or delayed peak, and delays in returning to normal are the 
hallmarks of glucose intolerance and diabetes. When blood glucose level exceeds the 
renal threshold (160-180 mg/dl), glucose loss in urine (glucosuria) occurs. Repeated 
episodes of hyperglycemia are the primary cause of the neuropathy, microangiopathy, 
and other pathologies associated with the diabetic. An overresponse to glucose intake, 
reSUlting in a lower peak, a more rapid return, and, in fact, an overshooting so that plasma 
glucose falls below normal, are the symptoms of hypoglycemia that may precede the 
development of diabetes. 
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Understanding the etiology of the various forms of impaired glucose tolerance requires 
techniques for measuring both pancreatic responsiveness and insulin sensitivity and a 
means to evaluate their relative contributions to overall glucose tolerance. This is being 
done by fitting to a mathematical model (minimal model) the data obtained after cold or 
labeled intravenous glucose tolerance test (IVGTT) (31,32) or during glucose clamp (33). 
Increased adiposity is not the primary cause of age-related glucose intolerance; both f3-cell 
dysfunction and insulin resistance but not insulin clearance or insulin-dependent glucose 
disappearance contribute to glucose intolerance in older individuals (34). 

GLUCOSE OXIDATION 
The oxidation of glucose is continually taking place within each of the billions of body 
cells. The end products of this oxidation are COb water, and energy. The cells utilize 
the energy efficiently by releasing a small amount of it at a time in a series of steps that 
occur in the mitochondria of the cell. The first step in glucose catabolism is glycolysis, 
principally an anaerobic phase that results in the formation of two molecules of pyruvic 
acid from each molecule of glucose. The second phase of glucose catabolism is an aerobic 
phase that includes the decarboxylation of pyruvic acid to acetic acid, the condensation 
of acetic acid with coenzyme A, and passage through the tricarboxylic acid cycle (TCA) 
to yield hydrogen and electrons, CO2 , and water. This is the common pathway for the 
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oxidation of deaminized amino acids and fatty acids as well as for glucose. Through this 
cycle about 90% of the energy of the body is produced. 

In general terms, the ingested or infused glucose may have one or two immediate fates. 
It can be oxidized to CO2 and water, or it can be stored. From thermodynamic 
considerations alone, it would be impossible for the body to oxidize the large quantities 
of glucose that it is normally presented with and hence the major portion of it is taken 
by the tissues and stored. The ability of the body to oxidize glucose is limited and is in 
the range of 2-3 mg/kg/min (35) in normal humans. The enzymatic steps involved in the 
glucose oxidation become somewhat saturated at plasma insulin and glucose levels within 
the physiological range. The route of glucose administration, oral versus intravenous, has 
no specific effect on glucose oxidation (35). Metabolic glucose clearance is not related 
to glucose oxidation (36). The progressive increase in the ability to clear glucose from 
the blood that occurred as intravenous TPN progressed in postoperative patients was not 
due to an increase in the rate of oxidation of glucose but perhaps stored as glycogen or 
converted to fat (36). Facilitated glucose disposal after successive glucose loads (the 
Staub--Traugott effect) can be independent of circulating hormone and free fatty acid 
levels, but the predominant contribution is oxidative glycolysis (37). 

GLUCOSE OVERFEEDING 
Glucose overfeeding produces nonprotein respiratory exchange ratios (RQ) greater than 
1.0 suggesting net fat synthesis from glucose. Increased carbohydrate oxidation and 
lipogenesis easily account for the improvement in carbohydrate tolerance during short-term 
carbohydrate overloading in normal humans (38). On the other hand, in obese subjects, 
carbohydrate overfeeding does not improve glucose tolerance (39). Resting metabolic rate 
increased during overfeeding in lean but not in obese subjects and fell during underfeeding 
in the obese (40). Metabolic clearance rates (MCR) of norepinephrine were similar in the 
obese compared to lean subjects during both under- and overfeeding. The thermogenic 
response to exercise was also similar in the lean and obese subjects and was unaltered by 
carbohydrate overfeeding or underfeeding (40). Lipolytic response to norepinephrine was 
partially suppressed during overfeeding in both groups. An increase in circulating anabolic 
hormones (IGF-l, testosterone, and insulin) in response to carbohydrate overfeeding in 
normal subjects adds strength to the concept that nutritional status can influence hormonal 
function (41). Even though short-term carbohydrate overfeeding may produce modest 
stimulation of sympathetic nervous system activity in humans, the increase in thermogen-
esis induced by overfeeding is neither suppressed by f3-adrenergic blockade nor accom-
panied by an increased sensitivity to the thermogenic effects of norepinephrine (42). 
Excess calorie intake, without an increase in protein intake, stimulates postabsorptive 
proteolysis and protein synthesis, and the positive nitrogen balance induced by overfeeding 
is caused by enhanced postprandial nitrogen retention rather than a change in baseline 
protein metabolism (43). 

Administration of a large glucose load (1.35-2.55 X REE) to hypermetabolic critically 
ill patients does not totally suppress fat oxidation as it does in normals (44) and in depleted 
patients (45). Gluconeogenesis, which is normally suppressed in the presence of high 
glucose concentrations, persists in traumatized or septic (46) patients. This "glucose 
resistance" would continue to express itself during high rates of glucose administration 
(47). Excessive carbohydrate loading also enhances CO 2 production, which may precip-
itate respiratory distress, especially in patients with borderline pulmonary function (48,49). 



carbohydrate Metabolism 11 

These observations imply the need for optimal nutrient supply during the early posttrau-
matic days. The continued oxidation of fat during high-dose glucose infusion provides an 
important physiological rationale for providing nonprotein calories in the form of both 
lipid and glucose. 

GLUCOSE METABOLISM AND TUMOR NECROSIS 
FACTOR 
Among the cytokines, which comprise a family of inflammatory mediators induced by 
infectious stimuli, tumor necrosis factor-a (TNF) has recently gained more attention since 
it is considered to be the first factor in the cytokine cascade in sepsis. TNF stimulates 
hepatic glucose production and has a variable effect on peripheral glucose utilization, 
which is likely to be dose dependent (SO,SI). A relatively low dose of TNF administered 
to normal human subjects resulted in stress hormone release and a decrease in glucose 
clearance, suggesting that the putative insulinlike action of TNF may not exist or may be 
overruled by counterregulatory responses (SO). High doses of TNF invariably caused 
hypoglycemia, which could be strongly potentiated by removing the counterregulatory 
effect of adrenal corticosteroids (SI). Lactate, another precursor for gluconeogenesis, has 
also been reported to increase after systematic TNF administration (SI,S2). Altered 
glucose metabolism in septicemia may be the result of an interplay between the classical 
hormones, induced by TNF and other cytokines, on one side, and the cytokine network 
on the other side (S3). Infusion of TNF induced an increase in substrate availability for 
gluconeogenesis by stimulating amino acid uptake by the liver. Pronounced increase in 
the net forearm efflux of amino acids in patients with cancer during TNF infusion 
suggested redistribution of amino acids from muscle to other tissues such as the liver 
(S2). 

GLUCOSE AND EXERCISE 
The uptake of glucose by muscle during exercise is markedly stimulated, and it is rapidly 
converted to lactate and CO2, During prolonged exercise the rate of gluconeogenesis is 
increased due to increases in the activities of pyruvate carboxylase, fructose-l,6-
diphosphatase, and glucose-6-phosphatase and diminished activities of phosphofructoki-
nase and particularly pyruvate kinase (S4). The overall hormonal response to exercise 
creates a metabolic milieu that favors the release of glucose from the liver (glycogenolysis 
and gluconeogenesis) and the release of fatty acids from adipose tissue (lipolysis). The 
extent of these hormonal alterations is accentuated as the intensity of the exercise increases 
and is blunted by physical training (SS). In addition, an increase in activity in the 
splanchnic sympathetic nerves may also be a contributory factor. During light exercise 
plasma glucose homeostasis is maintained by a reduction in insulin concentration and/or 
an increase in glucagon concentration. The blood glucose concentration remains virtually 
constant during exercise either before starvation or after 4 days of total starvation, and 
very little is known about this adaptive mechanism (S6). 

The influence of exercise on body fuel metabolism extends to the postrecovery period. 
The hormonal profile seen during exercise (decreased insulin, increased counterregulatory 
hormones) is rapidly reversed during the first minutes of recovery from acute exercise 
(S7). The early rise in plasma glucose during recovery is due to an imbalance between 
glucose production and utilization caused by a more rapid decline than production in the 
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initial 5 min. The recovery period beyond 5 min is characterized by bidirectional changes 
in insulin sensitivity in the liver and muscle, which provides a mechanism of muscle 
glycogen repletion in preference to hepatic glycogen repletion (57). 

Physical training induces a greater muscle mass coupled with an enhanced oxidative 
capacity in muscle. This is associated with a lower rate of terminal oxidation of glucose 
(resulting in a higher blood glucose concentration) and an enhanced metabolic clearance 
oflactate (55). Plasma free tryptophan and its ratio to BCAA increase progressively during 
prolonged cycling to fatigue, and this response is attenuated by glucose feeding (58). 

GLUCOSE KINETICS QUANTITATION 
Pool model analysis of isotopic (stable or radioactive) data derived after infusing a tracer 
quantity of glucose and analyzing its pattern of disappearance from plasma and breath 
has been extensively used in quantifying the rates of glucose kinetics (appearance, 
oxidation, and recycling) under various pathological considerations (59). Both steady-state 
and non-steady-state kinetics were assumed. Depending upon the experimental design, 
single (noncompartmental) or multiple pool models were fitted to the data. Bolus or 
primed continuous infusion of stable (l3c, 2H) or radioactive e4C, 3H) tracer glucoses 
were used. Recent technological advances in the development of analytical instruments 
(mass spectrometers for stable isotopes and scintillation counters for radioactive isotopes), 
the availability of highly enriched tracer isotopes at reasonable cost, and the possibility 
of replacing the tracers in several positions of the intact glucose molecule made it possible 
to quantitate the metabolic rates used to elucidate the mechanisms of the biochemical 
pathways. 

The most frequently followed methodology (noncompartmental model) for the quan-
titation of glucose kinetics uses a primed constant continuous infusion (80: I ratio) of 
U-l3C or U)4C or 1_I3C glucose for the determination of the rate of direct oxidation of 
glucose and 6-3H glucose or 6-6-2H glucose for measuring total glucose production (60). 
An isotopic steady-state equilibration takes about 2-3 h. The difference between the rates 
of glucose appearance determined using 6-3H or 6-6-2H and U_ 14C or U-l3C glucoses, in 
the absence of any exogenous supply of glucose, gives directly the rate of glucose carbon 
recycling through phosphorylation-dephosphorylation (Cori cycle). Glucose appearance 
rate in a postabsorptive normal adult is 2.5 mg/kg/min (30,60) and is increased 
significantly in many pathological states, including severe trauma, burn, and hyperthy-
roidism (30). Although glucose appearance is markedly enhanced in severe trauma, 
glucose clearance, oxidation, and recycling are not affected, and this results in hypergly-
cemia, which seems to be the driving force for the hormonal milieu (30). 

GLUCOSE RECYCLING 
A substrate cycle exists when opposing, nonequilibrium reactions catalyzed by different 
enzymes are active simultaneously. Such potential substrate cycles are present in the 
processes of glycolysis and gluconeogenesis. One such cycle involves glucose conversion 
to G6P and back to glucose (glucose cycle). Another involves the conversion of 
fructose-I-phosphate to fructose-I ,6-diphosphate and back to fructose-I-phosphate (fruc-
tose cycle) and yet another of phosphoenolpyruvate to pyruvate and back to phosphoenol-
pyruvate. High-energy phosphate bonds in ATP are involved in glucose substrate cycling, 
with the net result being the production of heat. There is no change in the amount of 
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either the substrate of the product, but energy expenditure is increased in order to 
resynthesize the A TP, which results in loss of heat energy. This so-called "futile" cycling 
provides a unique and rapid mechanism to accelerate metabolic pathways in times of 
urgent need and to improve sensitivity of metabolic regulation. 

The use of isotopic tracers allows the quantitation of the rates of glucose cycling as 
described before. The activity of glucose recycling in healthy and sick humans has been 
summarized (30), and the compiled data are shown in Table l. Newborn infants exhibit 
the highest recycling rates of glucose, accounting for about one third of glucose production 
in the fasting state. Normal adults recycle 10 ± 2% of their glucose production, and aging 
has little effect on glucose kinetics. Prolonged fasting does not increase the absolute 
amount of glucose recycled, although glucose production is decreased appreciably. 
Glucose kinetics is not much affected in colorectal cancer patients. In chronic uremia and 
acromegaly the glucose production and clearance rates are not different from normals but 
the recycling rate is increased. The production and clearance rates of glucose are decreased 
in hypothyroidism with no change in the recycling compared to normals. In obese subjects 
with noninsulin-dependent diabetes mellitus (NIDDM, or Type II) the rates of endogenous 
glucose production and Cori cycle activity are increased compared to the rates observed 
in obese subjects with normal glucose tolerance. In insulin-dependent diabetes (Type I), 
during the normoglycemic state the rates of endogenous glucose production and recycling 
are comparable to those found in nondiabetic controls, but during the hyperglycemic state 
both of these rates are increased, with a decrease in clearance and no change in oxidation. 
Hypermetabolic states such as hyperthyroidism, thermal injury, and acute trauma result 
in hyperglycemia with enhanced glucose production. In contrast to acute trauma patients, 
severely burned patients recycled and oxidized more glucose. Anaerobic glucose 
metabolism by the cutaneous burn wound with increased lactic acid production may be 
a partial reason for the increased Cori cycle activity. On the other hand, the absence of 
an increased activity ofCori cycle in acute trauma patients indicates the efficient utilization 
of the available glucose for tissue uptake at the time of increased demand. The absolute 
amount of glucose recycled in trauma victims is 0.07 mg/kg/min, similar to unstressed 
normals. This is energetically wasteful but represents only a trivial amount of energy lost: 
20 kJ (4.5 kcal) per day. 

SUMMARY 
Among the carbohydrates, glucose is a necessary major energy source and a potent 
regulator of metabolic and physiological functions with extensive mechanisms for close 
regulation of blood glucose concentration. How the liver regulates the synthesis and 
utilization of glucose has been studied intensively by biochemists and physiologists for 
decades. Metabolism of glucose consists of an interrelated series of biochemical reactions 
facilitated by specific enzymatic activities, which are under the influence of hormones 
secreted by the pancreas and the adrenal, pituitary, and thyroid glands. 

It has long been appreciated that insulin is the glucose regulatory hormone; it suppresses 
glucose production and accelerates glucose utilization, thus lowering the plasma glucose 
concentration. In contrast, glucose counterregulation could be accomplished by hormonal 
signals, neural signals, glucose autoregulation, or a combination of these mechanisms. 

Glucose metabolism cannot be completely separated from the metabolism of fats and 
proteins. A decrease in carbohydrate metabolism is accompanied by an increase in fatty 
acid oxidation. Only a small amount of carbohydrate is stored in the body in the form of 
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glycogen. If there is an excess of carbohydrate beyond the body's immediate need, it is 
converted and stored as fat. In the absence of an exogenous feed, production of glucose 
occurs at the expense of body protein stores, particularly skeletal muscle. Optimal intake 
of glucose will spare body protein sources. Humans can be healthy with wide variations 
in carbohydrate intake. Some carbohydrate is necessary in the diet for the oxidation of 
fats to proceed normally. As little as 50 g of carbohydrate in the diet will reduce ketosis 
under normal conditions. Glucose intolerance is the hallmark of the injured state, which 
results in enhanced glucose production, sustained oxidation, and hyperglycemia. Better 
understanding of the mechanisms related to glucose kinetics is imperative for the successful 
management of hospital-bound patients. 
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Poor nutrition and weight loss, with an attendant depletion of body protein are frequent 
occurrences in surgical patients. This is a serious problem because many studies have 
shown that poor nutritional status is generally associated with decreased survival. The 
protein loss can occur either before surgery as a consequence of the presurgery disease 
process or as a result of trauma or sepsis. Nutritional support focuses on ensuring that 
the body's protein metabolism is functioning normally and is capable of responding to 
the initial injury and the subsequent associated recovery processes. Other chapters in this 
volume describe the clinical details; the purpose of this chapter is to discuss why so much 
emphasis is placed on protein metabolism. 

Quantitatively, the major site of protein loss is skeletal muscle because muscle is by 
far the largest single metabolically active protein pool in the body. Half of the protein in 
an adult is structural protein, principally collagen and elastin (Fig. 1). The remainder is 
about equally divided between skeletal muscle and viscera. Elastin and collagen tum over 
at negligible rates (half-lives of a year or more), so their turnover is not a factor in either 
protein deficiency or the response to stress. 

Changes in lean body mass and nitrogen balance primarily reflect changes in muscle 
protein content. Other, smaller systems are also impacted by protein deficiency. Of 
particular importance to the surgical patient are the immune, respiratory, and gastrointes-
tinal systems. Undernutrition results in decreased immunocompetence (11,13 ,27) and 
deterioration of the respiratory system (5). Thus pneumonia is a common complication 
in malnourished patients (17,22). The gut, which has recently been shown to play an 
important role in the immune system, also atrophies with undernutrition (13,41). 

BODY COMPOSITION 
Part of the rationale for being concerned with nutritional status is to determine whether 
nutrition is a limiting factor in the body's ability to function normally and respond to the 
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disease and any associated infections. Assessment of nutritional status encompasses the 
measurement of total body protein, energy reserves (principally fat), vitamins, minerals, 
and micronutrients. The emphasis is primarily on energy stores and body protein. The 
most important component is the body protein status. Assessment of body fat content is 
not a reliable index of wasting because it depends on prior activity levels and dietary 
habits (18). When surgical patients are described as being malnourished or nutritionally 
depleted, the inference is that they are protein and usually energy depleted. 

Protein is important because of its role in the body. Protein serves both as the machinery 
and as part of the strucutre of the body. All of the metabolic functions in the body, from 
cell division to obtaining energy from foodstuffs to host defense mechanisms, are affected 
by proteins. In addition, some proteins, such as collagen and elastin, are involved in 
structural support of the body. The role of the other nutrients (fats, carbohydrates, 
vitamins, and minerals) is primarily, although not exclusively, to support protein 
metabolism. Death inevitably results when body protein losses approach 30-40% 
(8,19,28). 

Assessment of body protein content is difficult because of the necessity of making the 
measurements noninvasively with minimal inconvenience to the subject and at low cost. 
Only neutron activation analysis gives a direct measurement of body nitrogen and therefore 
an absolute value for body and tissue protein. Dual emission x-ray (DEXA) also gives a 
highly accurate measurement of body composition. Other methods are less direct, inferring 
protein status from measurements of body fat or water content. 

The more rigorous methods such as neutron activation analysis, DEXA, nmr, total 
body potassium, and total body water by isotope dilution tend to be technically complex, 
expensive, and hence impractical in the clinical setting. At the other extreme are 
anthropomorphic measurements based on such measurements as body weight (especially 
changes in body weight) and skinfolds. These measurements give reasonable assessment 
of the status of body composition, particularly if applied to large groups, but need to be 
treated with caution when applied to individuals. To obtain reliable data on an individual 
using these methods, it is advisable to make several measurements (e.g., anthropometrics, 
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body weight, plasma proteins) and draw conclusions from the overall picture. In between 
are controversial methods such as TOBEC and bioelectic impedance; although they have 
been extensively validated in healthy individuals , validation in disease states is limited. 
Despite these caveats, it is not difficult to detect protein depletion when it is specifically 
looked for. 

PROTEIN TURNOVER 

It is , however, not only the amount of protein present in the body that is important, but 
whether it is able to function normally . The body's proteins are in a dynamic state: they 
are continually being broken down to their constituent amino acids and resynthesized 
(Fig. 2) . Although the rate of muscle protein synthesis is low, the total amount of muscle 
protein made per day is large because of the large amount of muscle in the body (37,45) 
(Figs. 1 and 3) . 

There are two major advantages to protein turnover. First, a dynamic protein turnover 
makes maximum use of a minimum amount of amino acids. The body has no spare amino 
acid stores per se as it has for carbohydrate (glycogen) and fat (adipose tissue) . Second, 
protein turnover is a major means of metabolic regulation (18,45). The disadvantage of 
a dynamic protein turnover is that it has high energy costs. 

For a terrestrial animal storage of any unnecessary products in quantity takes up space, 
increases body mass and energy needs, and therefore decreases mobility. It also increases 
the amount of time spent in gathering scarce resources . Amino acids are not widely 
distributed in nature; they are concentrated in other animals and plants. Animals are 
relatively scarce, but their protein quality is high; plants are more common, but the protein 
quality is poor because of their low essential amino acid content (Fig. 4) . The more time 
that is spent foraging for food, the less time there is available for other activities and , 
more importantly, the greater the dependence on exogenous food. Therefore, there is a 
high premium on minimizing the dependence on exogenous resources. 

Blood Proteins 44-
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Viscera 120 

Gut 70 

Figure 2 Amount of protein made per day by different tissues. 
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Three pathways for the conservation of nitrogen have been described in the literature. 
The first and most important is protein turnover: the reincorporation of catabolism-derived 
amino acids back into protein (4). The efficiency of this process is about 80%. Second, 
urea nitrogen recycling recycles about 15% of the daily nitrogen, which would otherwise 
be excreted (44). Third, and probably of marginal importance, is de novo synthesis by 
bacteria: death of the bacteria with the subsequent absorption of the bacterial amino acids 
into the body (24,39). 

PROTEIN TURNOVER, A SUBSTRATE CYCLE 
The more important a protein'S role in the regulation of metabolism, the faster it turns 
over. Thus, enzymes, particularly those at the branch points of metabolic pathways, have 
very short half-lives, whereas structural proteins such as collagen hardly tum over at all 
(Table 1) (18). Other proteins with short half-lives are those involved in immunological 
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Figure 4 Relationship between essential amino acid content and protein quality as 
measured by the ability of the test protein to support growth in a rat. 
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Table 1 Some Representative Protein Turnover RatesQ 

Approximate 
Protein Tissue half-life 

Ornithine decarboxylase Liver 0.2 h 
Tyrosine aminotransferase Liver 2.0 h 
Phosphoenolpyruvate Liver 5.0 h 
Glucokinase Liver 12.0 h 
Glucose-6-phosphate dehydrogenase Liver 15.0 h 
Fructose-bisphosphate aldolase Muscle 120 h 
Lactate dehydrogenase Muscle 144 h 
Cytochrome c Muscle 144 h 
Myosin Muscle Weeks 
Elastin Various Months 
Collagen Various Years 

"Enzymes have the fastest protein turnover rates and structural proteins 
the slowest. 
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surveillance. For immune proteins there is a good correlation between plasma concentra-
tion and protein synthesis (Fig. 5) (25). 

Protein turnover is an example of a substrate cycle. A substrate cycle exists when 
opposing, nonequilibrium reactions catalyzed by different enzymes are active simulta-
neously. Metabolically important cycles occur with all three macronutrients (47). For 
lipids there is the breakdown of stored fat (lipolysis) and the resynthesis (reesterification) 
of trigylcerides (triglyceride-fatty acid cycling). The major carbohydrate cycle is the 
conversion of glucose to glucose-6-phosphate and back to glucose (2,36,47,48). Unlike 
the carbohydrate and lipid cycles mentioned above, protein turnover involves many steps 
in both the forward and backward directions. Because many of the steps, especially in 
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protein synthesis, require ATP, protein turnover is the most energetically expensive of 
the macronutrient cycles (43). 

The importance of protein turnover can be illustrated with an example (Table 2). 
Suppose that the liver has an acute need to double the rate of production of a particular 
protein. Three situations can be envisaged. Situation 1, with no cycle involved, would 
be to activate the necessary mRNA/protein synthesis machinery. Having to start from the 
beginning is not likely to result in a rapid response. Situations 2 and 3 assume the presence 
of an active substrate cycle. Assume that in the basal state the rate of protein synthesis 
is 10 mg/min and of protein breakdown is 9 mg/min. Net throughput (flux) is the same 
as without the cycle. If the rate of the forward reaction (protein synthesis) is increased 
by only 10%, the throughput doubles (situation 2). In situation 3, the back reaction (protein 
breakdown) rate is decreased by 10%, and again the net product flux is increased almost 
twofold. Without cycling, a 10% increase in the forward reaction rate leads to a 10% 
increase in product production. With substrate cycling a 10% increase in either synthesis 
or breakdown rates leads to doubling of the rate of protein accumulation. 

Thus, small changes in hormones, activators, or other regulators can rapidly effect large 
changes in protein concentration. This ability to respond rapidly allows the body to maintain 
levels of many different proteins and to increase the concentration of any protein as needed. 
Protein turnover is also necessary because there is no space in the body to maintain optimal 
levels of all proteins at their optimal concentrations. Many proteins are needed at high 
concentrations only intermittently; for example, immunoglobulins and host defense proteins 
are needed to combat external threats, which can be infrequent and unpredictable. 

Because there are no "reserve" amino acids, any loss of protein means that somewhere 
in the body there will be a shortfall of amino acids for making protein. Initially the deficit 
is met by skeletal muscle. Skeletal muscle is by far the largest metabolically active single 
protein pool in the body (Fig. 3). In spite of being about 50% of the total protein in the 
body, the contribution of collagen and elastin to the net protein loss is negligible (Table 
1, Fig. 1). Collagen and elastin tum over extremely slowly, with half-lives measured in 
years. Collagen is a unique protein in another way: it contains few of the amino acids 
and therefore is a useless source of amino acids for protein synthesis. 

Table 2 Importance of Protein Turnover (Substrate Cycling) in 
Regulating Tissue Protein Levels 

Enzyme 
activities 

Throughput % Increase 
Forward Backward (net flux) in flux 

Situation 1 (no cycling) 
Basal 0 1.0 
10% increase in PSR 1.1 0 1.1 10 

Situation 2 (with cycling) 
Basal lO 9.0 1.0 
19% increase in PSR 11 9.0 2.0 200 

Situation 3 (with cycling) 
Basal lO 9.0 1.0 
10% decrease in PBR 10 8.1 1.9 190 

PSR, protein-synthesis rate; PBR, protein-breakdown rate. 
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NORMAL PROTEIN REQUIREMENTS 

It takes a calorie-to-nitrogen ratio of about 150: 1 for the body to convert amino acids into 
protein. If energy is lacking, the amino acids are oxidized to supply energy and the 
nitrogen is excreted in the urine as urea. The classical method for determining protein 
requirements is the nitrogen balance method, which in spite of its limitations (21) is still 
the accepted standard (15,35). Although other methods-for example, determining the 
point at which isotopically labeled amino acids are oxidized rather than incorporated into 
protein-are currently under investigation, the results have not been generally accepted 
(14,51). The values tend to be much higher than those found by the nitrogen balance 
method (51,53). Part of the reason may be that the nitrogen balance method gives the 
value over an extended period of time, whereas isotope kinetic studies last only a few 
hours. Another method, which is really a variant of the nitrogen balance method, is to 
use urea synthesis versus urea excretion (14). 

Over the years, many nitrogen balance studies have been done on normals and on sick 
and injured patients (see Chap. 19) The data on normals are collected and published 
by many countries as the Recommended Dietary Allowances (35). Stated briefly, the 
U.S. RDA for high-quality protein is 0.8 g protein/kg/day for an adult. To ensure that 
human variability is factored into the RDA, the requirements are purposely set 30-50% 
above actual needs. An exception is the requirement for energy, where excess intake is 
contraindicated. The latest compilation of the RDA for protein is shown in Table 3. 

Protein requirements (Table 4) are actually restricted to the amino acids that the body 
is unable to synthesize-the "essential" amino acids (Table 5). During the course of 
evolution humans have lost the ability to synthesize about half of the amino acids. For 
the most part these amino acids' principal biochemical role is the incorporation into 
protein. 

Many amino acids have important nonprotein metabolic functions (33,52). In some 
cases incorporation into protein accounts for only a small part of the daily production of 
amino acids, for example, alanine, glutamate, and aspartate. The carbon skeletons of 
these amino acids are key components in the Krebs cycle. Other amino acids where the 
nonprotein functions represent a significant proportion of the flux are glycine and serine, 
which serve as sources of one-carbon fragments for biosynethetic processes. Also in this 
category is glutamine, which is involved in the interorgan transport of nitrogen and as a 

Table 3 RDA for Amino Acids 

Infants Children Children 
Amino acid 3-4 months -2y 10-12 Y Adults 

Histidine 28 ? ? 8-12 
Isoleucine 70 31 28 10 
Leucine 161 73 42 14 
Lysine 103 64 44 12 
Methionine + Cystine 58 27 22 113 
Phenylalanine + Tyrosine 125 69 22 14 
Threonine 87 37 28 7 
Tryptophan 17 12.5 3.3 3.5 
Valine 93 38 25 10 

Total without histidine 714 352 214 84 
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Table 4 RDA for Dietary Protein 

Age (y)/ 
Category Condition Weight g/kg/day g/day 

Both sexes 0-0.5 6 2.2 13 
0.5-1 9 1.6 14 

1-3 13 1.2 16 
4-6 20 1.1 2.4 
7-10 28 1.0 28 

Males 
11-14 45 1.0 45 
15-18 66 0.9 59 
19-24 72 0.8 58 
25-50 79 0.8 63 
51+ 77 0.8 63 

Females 
11-14 46 1.0 46 
15-18 55 0.8 44 
19-24 58 0.8 46 
25-50 63 0.8 50 
51+ 65 0.8 50 

Pregnancy 
First trimester +10 
Second trimester +10 
Third trimester +10 

Lactation 
First 6 months +12 
Second 6 months +12 

preferred fuel for the gut and rapidly proliferating immune cells (4,36). Any shortfall in 
these amino acids would rapidly be lethal, so humans have retained the capacity to 
synthesize them. 

PROTEIN REQUIREMENTS IN STRESSED STATES 
In stressed states protein requirements are higher, but too much protein can cause 
complications, for example, hepatic and renal insufficiency. Thus most authors recom-
mend only a conservatively increased intake. (For a review of protein requirements in 
stressed states, see Chap. 19.) Protein losses can be very high in stressed states, 
particularly in the immediate postinjury phase or in chronic stressed states such as sepsis 
and bums. There are two components to this protein loss: (1) the decreased intake that 
usually occurs after injury/trauma and (2) the systemic response to the injury. 

Decreased Intake 
The effect of decreased intake is similar in the stressed and the unstressed patient. If either 
energy or dietary protein is inadequate to meet needs, there is a progressive loss of muscle 
mass (37,46,52). Eventually a point is reached when other tissues start to lose amino 
acids as the body progressively restricts protein synthesis to the more essential functions. 
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Table 5 Nonprotein Functions of Essential and Nonessential Amino Acids 

Amino acid 

Nonessential 
Glycine 
Serine 
Alanine 
Glutamine 
Glutamic 
Aspartic 
Arginine 
Proline 
Hydroxyproline 

Essential 
Methionine 
Phenylalanine 
Tyrosine 
Cysteine 
Tryptophan 
Lysine 
Leucine 
Isoleucine 
Valine 
Threonine 

Marginal 
Histidine 

Minor pathways 

Creatinine 

CH3, polyamines 
Catecholamines 
Catecholamines, T3,T4 
Taurine 
Serotonin 
Carnitine 

Histamine 

Major pathways 

I C source/Glycine synthesis 
I C source/Serine synthesis 
TCA cycle, N transport 
TCA cycle, N transport, fuela 

TCA intermediates 
TCA intermediates 
Urea cycle, immune stimulanta 

A major pathway is defined as a pathway in which a substantial amount of the amino acid or 
its keto acid is needed. In some cases, e.g., nitrogen transport and TeA cycle activity, the 
amount used will far exceed the quantity needed for protein synthesis. A minor pathway is one 
in which the amount of amino acid needed is only a small fraction of the amount needed for 
protein synthesis. 

"Probably stressed states only. 

27 

Eventually the low-priority protein pools can be depleted no further and the more important 
protein pools become depleted. Then, if the body is challenged by an infection, the normal 
response mechanisms such as mobilization of the immune system are compromised 
because the available resources are limited. By mobilizing the immune system, another 
protein pool becomes weakened and vulnerable, for example, the lungs (5,42). This is 
why the immediate cause of death from starvation is usually pneumonia. The difference 
between the stressed state and the unstressed state is that the process occurs much faster 
because the undernutrition response is superimposed on the injury-related protein loss. 

The same result can occur with either an energy or a protein deficiency. With the 
former, it is the amino acids that have become limiting; with the latter, the energy is not 
available. The protein deficiency situation is more serious because the resources just are 
not there. With an energy deficiency the body can partially adapt by conserving energy, 
for example, by reducing the rate of protein turnover (43). But if mobilization is needed, 
it can still be effected. 

The protein turnover theory explains why declining nutritional status results in a vicious 
cycle of continued depletion of lean body mass, weakening of host defenses, leading to 
more and more prolonged infections, leading to further weakening of the body. It is 
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important to emphasize that the deficiencies are primarily of macronutrients, protein, and 
energy and not of vitamins and minerals, so that assessment of a patient's nutritional 
status should focus on energy and protein metabolism. 

Hypermetabolism and Protein Loss 
The second component of the postinjury/stress-related protein loss is stress specific. The 
amount of protein lost after injury is greater than would be expected from the magnitude 
of the injury alone, indicating that a systemic rather than a local response was occurring 
(29). Protein loss increases with the severity and duration of the injury. The metabolic 
responses to infection, trauma, or presence of a tumor are manifestations of a common 
response pattern (the hypermetabolic response) involving Iymphokines and other macro-
phage-originated factors (Fig. 6) (9,26,34). Thus a similar pattern of metabolic abnor-
malities in host intermediary metabolism found with infection, trauma, and sepsis occur 
with cancer cachexia (6,9,12,23,26,34,38,47). The hypermetabolic response serves to 
limit the extent of the injury/infection, initiate countermeasures such as wound repair, 
and restore normal metabolic homeostasis as rapidly as possible (16,30). 

Characteristic features of the hypermetabolic response are increased protein turnover, 
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KERATINOCYTES, 
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Figure 6 The cascade of events leading to the acute phase response. (From Ref. 30.) 
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acute phase protein synthesis, gluconeogenesis, lipolysis, increased substrate cycling, and 
loss of body protein (9,26,38,42,47). The energy component is provided for by the 
mobilization of endogenous nutrients from peripheral muscle and fat (9,26,36). A 
particularly interesting feature of the hypermetabolic response is that endogenous energy 
is still mobilized even when exogenous intake is apparently adequate (9,26,36). The 
purpose of this response is to restore metabolic homeostasis, facilitate the response to any 
infection, and promote wound repair. The hypermetabolic response is associated with the 
loss of body protein (16,30,40). 

The hypermetabolic response involves three complementary changes in protein 
metabolism. The pathways are (1) increased synthesis of stress-related proteins and the 
two fuel-related responses; (2) shifting the body's energy metabolism toward a greater 
reliance on endogenous fat (Fig. 7); and (3) development of tissue-specific nutrition. The 
two fuel-related changes serve to minimize the need for exogenous nutrients, use available 
nutrients sparingly, and selectively target nutrients for those cells where great increases 
in activity are needed (36). 

The hypermetabolic response involves the synthesis of substantial quantities of proteins 
already being made in small amounts (e.g., immune proteins) or increasing the rate of 
synthesis of proteins already present in appreciable amounts (e.g., acute phase proteins) 
and, if necessary, new proteins (e.g., wound repair proteins). This additional protein 
synthesis is outside the daily ebb and flow of proteins associated with metabolic fuel 
homeostasis. Which proteins are made in increased amounts will depend on the specific 
stress involved. 

The questions of interest are (1) what determines which hypermetabolism stress-specific 
proteins are made; (2) how this process results in a net loss of body protein; and (3) how 
adequate nutrition is supplied to the cells involved (tissue-selective nutrition) at a time 
when the body is under pressure to conserve resources. For the immune system, the 
answer is known: the actual proteins made in quantity are determined by clonal selection. 
Clonal selection is a common cellular mechanism when there is the need to rapidly screen 
many possible proteins and select the few suitable for the particular situation. It now 
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Figure 7 Schematic of the time course for the three major metabolic processes 
involved in the stress response. 
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seems likely on both theoretical and experimental grounds that the same clonal-selection 
mechanism also applies to the acute phase as well as to injury-specific proteins (32). 

As a part of the stress response, the liver secretes a family of proteins that have been 
collectively termed acute phase proteins (40). Typical acute phase proteins are fibrinogen, 
alpha-macroglobulin, and the various antiproteases. In theory, each hepatocyte can make 
any number of acute phase proteins depending on the message activated. In fact, there 
appears to be one hepatocyte per acute phase protein (32). Thus in turpentine-treated 
mice, the number of hepatocytes making fibrinogen increases dramatically while the 
number making albumin goes down, and these changes in cell populations are reflected 
in the changed synthesis rates of the two proteins (Fig. 8). Probably only a limited increase 
can be obtained by increasing protein production by an individual cell. This need for 
increasing cell number may account for the time lag in acute phase protein synthesis after 
the actual injury (Fig. 8). 

Given the multiplicity of liver-originated plasma proteins, what governs which 
hepatocytes proliferate and which ones decline? The selection process can be either 
Lamarckian or Darwinian (32). With Lamarckian selection, the type of proteins a cell 
makes depend on the external environment. Clonal selection is a Darwinian process, 
where cells making the right sort of protein multiply and those making the wrong sort 
die. There is a complex feedback loop, the fine details of which are still to be elucidated. 

Tissue-Selective Nutrition 
Following injury, energy expenditure and protein turnover are increased, while the 
opportunity to obtain food is severely restricted by immobility. The body normally has 
about a day's supply of carbohydrate in reserve (glycogen) and several weeks of lipid 
reserves. Minimizing the need for exogenous nutrients is accomplished by a switching 
over from glucose to lipid by the fed-starved cycle. During this brief adaptation period 
there is an increase in gluconeogenesis. By doing so scarce fuels such as glucose and its 
precursors (protein) are conserved. Glucose utilization is restricted to those tissues that 

0.0001 f------+------t--------+ 
o 1 2 3 

Eu\PSED TIME (DAYS) 

Figure 8 Relationship between hepatocyte type and plasma albumin and fibrinogen 
levels. (e) and (A) are the % of hepatocytes staining positive for albumin or fibrinogen, 
respectively. (6) and (0) are the plasma concentrations of albumin and fibrinogen, 
respectively. (From Refs. 32,40.) 
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are obligate glucose users, e.g., brain and red blood cells. With time these tissues too 
will adapt to a predominantly lipid-based fuel source. Uptake of glucose by omnivorous 
tissues such as muscle is decreased by the development of insulin resistance (7). Activation 
of the fed-starved cycle is not unique to the stress response, but is a normal part of the 
regulation of intermediary metabolism. Nevertheless it is an integral part of the stress 
response, but is a normal part of the regulation of intermediary metabolism. 

Some cells and tissues, for example, those involved in the immune system, wound 
repair, and acute phase protein synthesis, require additional nutrition because of their 
greatly increased activity. Rather than flood the plasma with the nonspecific fuel glucose 
or lipid or rely on hormonal means to meet the increased needs of specific cells or tissues, 
the body generates tissue- and cell-specific nutrients for the occasion. Examples of these 
nutrients are glutamine, the branched-chain amino acids, and arginine. Tissue-selective 
nutrition enables the body to rapidly and specifically supply additional scarce nutrients 
to those cell populations that critically need it while other tissues are restricted. It is a 
much more selective mechanism than altered blood flow, and, unlike the reprogramming 
of metabolism from carbohydrate to lipid, the provision of tissue-specific nutrients is 
stress specific. 

Hypermetabolism and Protein Loss After Injury 
The acute endogenous tissue-selective fuels usually are amino acids or are derived from 
amino acids; possible exceptions are the ketone bodies. Muscle is a source of amino acids 
(36,38). Since tissue-selective nutrients are needed for their carbon skeletons, the nitrogen 
component is redundant and is excreted in the urine as urea. The more tissue-selective 
nutrients needed, the greater the loss of nitrogen in the urine and the more negative the 
nitrogen balance. The result of tissue-selective nutrition by cells that would otherwise use 
glucose is to spare protein by decreasing the need for gluconeogenesis until adaptation to 
a lipid-based nutrient mix is accomplished. 

Hypermetabolism and Amino Acid Supplementation 
Much effort has been expended over the last 20 years to find specific nutrients 
(branched-chain amino acids (BCAAs), glutamine, keto acid analogs, etc.) that will 
attenuate postinjury protein loss. Each of these specific nutritional interventions is based 
on a sound biochemical rationale. 

An example from the BCAA literature is given in Figure 9. The keto analogs of 
the BCAAs are predominantly oxidized by muscle. The posttrauma insulin resistance 
decreases glucose uptake, which forces muscle to oxidize the BCAA keto acids for 
energy. Since protein synthesis requires a full complement of amino acids, the remaining 
17 amino acids are useless for protein synthesis, and the carbon skeletons are oxidized 
for energy and the nitrogen excreted in the urine as urea. There is also some evidence 
that leucine may stimulate muscle protein synthesis in vivo, in which case giving more 
leucine should decrease the loss of muscle protein due to the depressed muscle protein 
synthesis posttrama (37). Providing supplemental BCAAs does attenuate the negative 
posttrauma nitrogen balance, but only in the early phase; by day 4 the advantage has 
disappeared (Fig. 9). 

Another example is the preference of the immune cells for glutamine. Glutamine 
provides both energy for protein synthesis and the building blocks for anabolic processes 
such as nucleotide synthesis (1,3,41). The initial need for glutamine is met mainly by the 
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Figure 9 Nitrogen retention becomes positive earlier when a solution enriched with 
branched-chain amino acids is given to traumatized patients. (From Ref. 10.) 

breakdown of skeletal muscle (20,36,50). The carbon skeletons of the other amino acids 
are converted into glutamine via a shift in the Krebs cycle away from oxidation toward 
anaplerosis. Even the branched-chain amino acids contribute to the increased glutamine 
synthesis (49). 

It appears that at the biochemical level all of these mechanisms are operative and have 
for the most part been demonstrated successfully in rat models. In humans, similar 
biochemical results are found, but there is a critical difference in the desired endpoint. 
In the rodent it is usually the demonstration of an effect and an understanding of the 
mechanism involved; in humans the crucial endpoint is clinical outcome. Almost without 
exception, none of the amino acid manipulation strategies have been able to convincingly 
show improved clinical outcome as defined by hospital stay or survival. Any benefit is 
usually transient; the body adjusts to the change in nutrient intake and reestablishes 
homeostasis. A common finding is that using biochemical endpoints, e.g., protein 
synthesis and nitrogen balance, there is improvement, but the results are transient and 
apply only to the immediate postinjury phase. 

The reason for the limited success with tissue-specific nutrients is that such a vital 
process as the response to injury is too important to be left to the vagaries of obtaining 
exogenous food. After injury, the ability to obtain protein is often compromised. Thus 
the resources for the initial stages of the response are already present in the body. Since 
the process has already been optimized and is so tightly controlled, it is relatively 
insensitive to exogenous manipulation by nutrition. The process is hormonally mediated 
with the various cytokines playing a critical role (Fig. 6). To date there is little evidence 
that cytokine activation is much affected by nutrition. This generalization appears to apply 
to the whole spectrum of the hypermetabolic response, from injury-specific nutrition to 
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attempts to manipulate the tumor-host relationship by feeding amino acid-deficient or 
-supplemented diets. 

The stress-specific nutrients provide tissue-specific nutrients a little earlier than the 
body can, but once the new metabolic steady state required by the stress response has 
been attained, the effect of the specific nutrients disappears (Fig. 9). Once the new steady 
state is established, the system is capable of rapidly adjusting to either a deficit in key 
nutrients or disposing of an excess, which is what the stress-specific nutrients now become. 
At this point the need is for a diet sufficient in energy and protein that is balanced in 
amino acids. If this is provided, the negative nitrogen balance is greatly reduced and, 
provided that the hypermetabolic phase of the response to injury is self-limiting, of no 
clinical consequence. 

Important possible exceptions occur if the hypermetabolic response is low grade but 
chronic, for example, in cancer and probably in AIDS patients. In these cases the protein 
loss continues, is relatively independent of exogenous nutrition, and protein wasting 
becomes a major factor leading to the patient's poor prognosis. 

In summary, provided the basic energy and amino acid requirements are met, 
tissue-selective nutrition will only be effective in the gluconeogenic and fuel-adaptation 
phases, which occur early on and are usually transient and, for a normal person, not 
limiting. Once the adaptation is complete, exogenous tissue-specific nutrients are treated 
as any other dietary excess-they are either oxidized or stored. Where the hypermetab-
olism is ongoing, for example, in cancer and possible AIDS, other means are needed to 
end the hypermetabolism, such as by pharmacological intervention or, preferably, by 
treating the cause. 
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Until the 1930s biologists viewed adipose as a metabolically inert tissue. In the following 
10-20 years evidence accumulated suggesting that adipose was metabolically active and 
played an important role in caloric homeostasis. Wertheimer and Shapiro presented this 
evidence in a classic review in 1948 (1), which largely shaped our present view of adipose 
as a highly active tissue with very important functions in storage, synthesis, and 
mobilization of lipids for provision of energy. 

Similarly, our view of lipids and their derivatives continues to evolve. The classic 
description of lipid function is fourfold: (1) they serve as an efficient energy storage depot; 
(2) they are integral elements of cell membranes; (3) they are precursors of many hormones 
and vitamins; and (4) they emulsify and transport other lipids. As we will see, this 
description of lipid function, though accurate, does not reflect the innumerable complex 
functions that lipids and their derivatives perform in biological systems. 

Fatty acids, acylglycerides, phospholipids, and sterols make up the majority of plasma 
lipids. Additionally, several lipid derivatives play major roles in normal metabolism. 
These include lipoproteins, which transport various lipids through the circulation, and 
eicosanoids, which are important autocoid regulatory compounds. 

PWMALIPIDS 

FaHyAcids 
The general structural formula CH3(CH2)nCOOH represents all fatty acids. The single 
carboxyl group makes them weak acids, and most natural fatty acids contain an even 
number of carbon atoms. Saturated fatty acids contain no carbon-carbon double bonds, 
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while monounsaturated, or monoenoic, fatty acids contain one carbon-carbon double bond 
in the aliphatic chain. Polyunsaturated fatty acids contain more than one double bond. 

Palmitic acid (C16) and stearic acid (C18) are the two most abundant saturated fatty 
acids, while oleic acid (C18) is the most common monounsaturated fatty acid in mammals. 
Linoleic acid and linolenic acid are unsaturated fatty acids important for normal 
metabolism, but they are not synthesized by mammals. Therefore, linoleic and linolenic 
acids are a dietary requirement and are termed essential fatty acids. 

Fatty acids are commonly abbreviated as shown in Table 1. The number to the left of 
the colon indicates the number of carbon atoms, and the number to the right indicates the 
number of double bonds in each compound. The position of the double bond is preceded 
by the superscript .:l followed by the number of carbon atoms between the double bond 
and the carboxyl group. In this case numbering begins at the carboxyl group. Often, 
however, numbering of unsaturated fatty acids proceeds from the terminal methyl group. 
In such cases, the numbering is preceded by a lowercase omega (w). Therefore, linoleic 
acid (18:2, A9,12) can be called .:l9,12-octadecadienoic acid or w-6,9-octadecadienoic acid. 
Additionally, unsaturated fatty acids may be classified by the nomenclature (n-), which 
designates the position of the first double bond counting from the terminal methyl group. 
Using this convention, linoleic acid would be 18:2(n-6). This nomenclature is useful for 
quickly identifying fatty acids derived from the same precursors, such as arachidonic acid 
[20:4(n-6)], which is synthesized from linoleic acid [18:2(n-6)]. 

The physical form of a fatty acid at room temperature depends on the number of carbon 
atoms and the number of double bonds. If it contains 8 or fewer carbons, the fatty acid 
is a liquid; if it has 10 or more carbons, the fatty acid is a solid. An unsaturated fatty 
acid will have a lower melting point than a saturated fatty acid with the same number of 
carbon atoms. Because the double bonds in virtually all naturally occurring fatty acids 
are cis, the aliphatic chains are shorter and curved relative to their saturated counterparts. 
This curved shape interferes with the tight packing in membranes that occurs with saturated 
fatty acids. 

Triglycerides 
Acylglycerides result from the binding of fatty acids to a glycerol backbone via 
esterification of the hydroxyl groups. If each of the three hydroxyl groups of glycerol 
binds a fatty acid, triglycerides result (Fig. 1). If only one or two of the hydroxyl groups 
of glycerol are esterified, the compounds are call mono and diglycerides, respectively. It 
is by incorporation into triglycerides that fatty acids are stored as an energy reserve. 
Binding of the carboxyl groups of the fatty acids within the ester linkages renders the 
acylglycerides neutral in charge. 

Adipocytes, the primary cells that make up adipose tissue (fat), are the storage depots 
for triacylglycerol. The nucleus and cytoplasm of the adipocyte occupy a narrow band 
surrounding a central lipid vacuole, which in the fed state fills most of the cell. This lipid 
vacuole is the distinguishing feature of the adipocyte and is made up almost exclusively 
of triglycerides. 

Phosphoglycerides 
Phosphoglycerides are quantitatively the most important class of phospholipids. They are 
the major structural lipids of biological membranes, as well as an important component 
of lipoproteins and bile. Phosphoglycerides have a glycerol-3-phosphate backbone and 
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are phosphate esters of diglycerides. Carbons I and 2 are usually esterified with fatty 
acids to produce the phosphatidic acids, which are intermediates in the synthesis of 
triacylglycerols and various phospholipids. Phosphoglycerides are named according to the 
substituent (X) on the phosphate group (Fig. 2). 

Phosphatidylcholine (lecithin) is the predominant phospholipid found on the surface 
of lipoproteins. Its interaction with lecithin-cholesterol acyltransferase (LCAT) results in 
esterification of free cholesterol for transport in plasma lipoproteins. 

The phosphate group and X-substituent of the phosphoglycerides form a polar region 
of the molecule that is hydrophilic, while the acyl substituents form a nonpolar, 
hydrophobic region. Thus the phospholipids as a group are considered amphipathic and 
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are able to form an interface between aqueous and nonaqueous microenvironments. This 
property makes phospholipids ideal emulsifying agents for the more nonpolar triglycerides 
and cholesterol esters. It also allows the phospholipids to spontaneously form bilayers 
when in an aqueous environment, a property vitally important to all biological membranes. 

Sterols 
Cholesterol is the most famous (or infamous) member of the sterol family. Biological 
membranes incorporate cholesterol, and cholesterol serves as the precursor for steroid and 
bile acid synthesis. The essential "steroid nucleus" of it and all sterols consists of three 
fused cyclohexane rings (Fig. 3, A-C) joined to a cyclopentane ring (Fig. 3, D). The 
carbons are numbered as shown. In addition to the steroid nucleus, cholesterol contains 
an hydroxyl group at C-3, an aliphatic chain at C-17, methyl groups at C-lO and C-13, 
and a Ll5 double bond (Fig. 3). 

Cholesterol synthesized from acetate by the liver and injested from the diet is widely 
distributed to other tissues, transported predominantly in esterified form within the core 
of plasma lipoproteins. Lipoprotein particles harbor unesterified (free) cholesterol on their 
surface, which diffuses passively between tissues and lipoprotein particles. Adult humans 
excrete approximately 1100 mg of this sterol every day, hepatic biosynthesis replaces 850 
mg, and absorption of dietary cholesterol accounts for another 250 mg daily. 

Bile acids are dihydroxylated and trihydroxylated steroids with 24 carbons, which are 
degradation products of cholesterol. All hydroxyl groups are in the alpha orientation, 
whereas the two methyl groups are in the beta orientation. This arrangement results in a 
polar face and a nonpolar face for the bile acids. Bile acids exist in bile primarily as 
amide conjugates of taurine or glycine and when conjugated in this way are referred to 
as bile salts. 

The amphipathic properties of bile salts make them ideally suited to their task of 
solubilizing dietary lipids to make them more readily degraded by intestinallipases. The 
hydrophilic polar groups all lie on the alpha face of the steroid nucleus, and the nonpolar, 
beta face interacts with the hydrophobic lipids. The proximal jejunum absorbs digested 
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lipids and the ileum absorbs the bile acids, which recycle through the liver via the 
enterohepatic circulation. 

Other Lipids 

The sphingolipids are fatty acid-containing compounds, which are abundant in the nervous 
system as components of myelin and other structural lipids . Terpenes are a class of isoprene 
derivatives that are mainly found in plants. In humans, the cholesterol precursors squalene, 
geraniol, and famesol are terpine derivatives. Additionally, beta-carotene and retinol are 
derived from terpines as well. Finally, the fat-soluble vitamins A, E, K, and D are essential 
factors that cannot be synthesized in sufficient amounts by humans. 

LIPID CATABOLISM 

Adipose Tissue, FaHy Acid Absorption, 
and Chylomicrons 

Adipose tissue synthesizes and stores lipids during the fed state. When glycogen reserves 
are insufficient to meet the body's energy demands, the fatty acyl components of the 
stored triglycerides are mobilized and transported to other tissues to meet those demands. 
Also, by surrounding internal organs such as the heart and kidneys, adipose tissue protects 
the organs from mechanical trauma, and subcutaneous adipose tissue insulates against 
heat loss. 

Two properties of fat make it more than ninefold more efficient than carbohydrate as 
an energy store. First, oxidation of 1 g of fat releases more energy (9.3 kcal) than the 
oxidation of 1 g of carbohydrate (3.7 kcal). The more reduced state of fat relative to the 
partially oxidized state of carbohydrate accounts for this difference in oxidative energy 
yield. Also, the adipose tissue stores the hydrophobic fats in an anhydrous state, which 
produces a tight, concentrated energy storage pool. 

Dietary triglycerides supply the major source of fatty acids, although the liver 
synthesizes them from carbohydrates and, to a lesser extent, from amino acids. The fatty 
acid components of ingested complex lipids (triglycerides and phospholipids) provide 
30-40% of the daily caloric intake in the human diet. 

In the duodenum, pancreatic lipase and phospholipase hydrolyze the triglycerides, 
resulting mostly in free fatty acids (FFA) and monoglycerides. The enterocytes of the 
intestinal wall absorb the FFA and monoglycerides via passive diffusion, then resynthesize 
the triglyceride by direct esterification of the monoglyceride with fatty acyl-CoA (Fig. 
4). Long-chain fatty acids (ClO or longer) tend to be esterified in this way, while the 
more soluble shorter ones may escape esterification and directly enter the portal blood 
where they combine with albumin for transport to the liver (2). 

The liver could then oxidize these FFA or use them in the synthesis of triglyceride or 
phospholipid. In the fed state, these FFA would be esterified, but because the liver has 
limited triglyceride storage capacity, the hepatocytes secrete most of the triglycerides into 
the plasma in the form of very low-density lipoproteins. 

The resynthesized triglycerides collect within the endoplasmic reticulum, where 
enterocytes incorporate them into chylomicrons, the largest of the lipoproteins. Trigly-
cerides comprise >90% of the total mass of lymph chylomicrons. Chylomicrons exit the 
enterocytes via secretion into the mesenteric lymph, which enters the circulation through 
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Figure 4 Duodenyl enzymes hydrolyze dietary fats to faHy acids and monoglycerides, 
which diffuse into the enterocytes. The enterocytes resynthesize the triglycerides and 
Incorporate them into chylomicrons that are secreted into the mesenteric lymph and 
enter the circulation via the thoracic duct. 

the thoracic duct, Liver and extrahepatic tissues rapidly clear the chylomicrons from the 
plasma, the half-life being 10--15 min. 

Chylomicron and VLDL triglyceride hydrolysis requires the enzyme lipoprotein lipase, 
which is synthesized by adipose, muscle, and several other tissues. After synthesis, the 
parenchymal cells transport the enzyme to the luminal surface of the capillary endothelial 
cells of these tissues, where it binds to heparan sulfate proteoglycans. Here lipoprotein 
lipase binds rapidly and avidly to the phospholipid surface of circulating lipoproteins and 
catalyzes the hydrolysis of the triglycerides contained therein, producing locally high FFA 
and monoglyceride concentrations (Fig. 5). Most of the monoglycerides and a portion of 
the FFA diffuse into the adjacent tissues, where they can be esterified or oxidized for 
energy production. Albumin binds the remainder of the FF A and transports them through 
the circulation. 

Nutritional and hormonal signals control the synthesis, release, and activity of 
lipoprotein lipase. The response to these signals varies among the responsive tissues. For 
example, starvation decreases lipoprotein lipase activity in adipose and increases it in 
muscle, while during the fed state, insulin induces the opposite response. Free fatty acids 
that are not immediately absorbed by adjacent tissues exert an inhibitory effect on 
lipoprotein lipase and appear also to cause dissociation of lipoprotein lipase from its 
binding to endothelial heparan sulfate. 

FaHy Acid Catabolism 

Mobilization of Fatty Acids from Adipose 
When dietary energy supplies become limited, the animal responds with hormonal 
signals leading to mobilization and release of FF A from adipose tissue to meet energy 
demands in other tissues such as heart and skeletal muscle. Through a cAMP-mediated 
response, epinephrine, norepinephrine, ACTH, thyroid hormone, growth hormone, and 



44 

Adipose, Heart, or M.:;:.u.=.sc=..;l;.::.e _________ \''___ 

Capillary endothelium 

Triglyceride-rich 
chylomicrons 

Heparan sulfate 

Fatty Acids 

-1--1--' Glycerol 

H 
Lipoprotein Lipase 

Ulland and Caldwell 

Figure 5 Parenchymal cells synthesize lipoprotein lipase and secrete it into capillar-
ies where it binds to heparan sulfate on the endothelial surface. This enzyme catalyzes 
the hydrolysis of triglyceride and glycerol from chylomicrons and LOL. 

glucagon stimulate activity of triglyceride (hormone-sensitive) lipase. Insulin inhibits 
triglyceride lipase. Triglyceride lipase hydrolyzes triglyceride to diglyceride with the 
release of a fatty acid. The hydrolysis of the remaining di- and monoglycerides to 
glycerol and FFA proceeds more rapidly, suggesting that the first hydrolysis of 
triglyceride is rate limiting. The FFA mobilized in this way move through the plasma 
membrane by passive diffusion and bind to serum albumin, which carries them to the 
energy-deficient tissues (Fig. 6). 

In the well-fed state, adequate carbohydrate supplies and the high plasma insulin 
concentration inhibit lipolysis and favor triglyceride synthesis. Insulin stimulates adipose 
lipoprotein lipase activity, which increases the local extracellular FFA concentration. 
Insulin also increases glucose uptake and synthesis of glycerol-3-phosphate, which favors 
triglyceride synthesis as well. 

The fate of the glycerol released from triglyceride hydrolysis depends upon the 
availability of the enzyme glycerokinase, which converts glycerol to glycerol-3-phosphate. 
Liver and kidney contain large amounts of this enzyme; muscle and adipose have little, 
if any. Glycerol-3-phosphate can be esterified with fatty acids to form triglycerides (as 
described above), can be oxidized to CO2 and water, or can be used as a gluconeogenic 
precursor in the liver and kidney. 

Oxidation of Fatty Acids 
Cells that have absorbed FFA for energy needs activate them by a reaction with coenzyme 
A and ATP to form fatty acyl-CoA. Oxidation of fatty acyl-CoA occurs within the 
mitochondria, and since fatty acyl-CoA cannot cross the inner mitochondrial membrane, 
the acyl-CoA reacts with camitine to form an acyl camitine derivative. Camitine 
acyltransferase I catalyzes this reaction in the cytoplasm. A carrier protein within the 
inner mitochondrial membrane carries this derivative to the inside of the mitochondria. 
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Figure 6 Hormonal signals activate triglyceride (hormone-sensitive) lipase, which 
hydrolyzes triglycerides to free fatty acids and glycerol. Insulin inhibits triglyceride 
lipase. 

Once inside, carnitine acyltransferase II catalyzes decoupling of the camitine derivative 
to liberate the fatty acyl-CoA, which now is poised for oxidation (Fig. 7). 

Medium-chain fatty acids, which are relatively water soluble compared to long-chain 
fatty acids, do not require camitine coupling to enter the mitochondria (3). This may 
explain why medium-chain fatty acids are oxidized more rapidly than long-chain fatty 
acids (4,5). 

With each pass through the cycle of {3 oxidation, a series of reactions oxidizes fatty 
acyl-CoA to acetyl-CoA and a fatty acyl-CoA with two fewer carbons and produces 1 mole 
of FADHz and 1 mole of NADH. This yields 5 moles of ATP after reoxidation to FAD and 
NAD+ in the electron transport chain. The reactions are summarized in Figure 8. 

The acetyl-CoA units produced may then enter the tricarboxylic acid (TCA) cycle for 
complete oxidation to carbon dioxide and water, which yields 12 moles of ATP for each 
acetyl-CoA oxidized. If the TCA cycle cannot accept all the acetyl-CoA produced, it may 
be diverted to ketone body synthesis in the liver or transferred to the cytosol as short-chain 
camitine esters (6). 

The complete oxidation of palmitoyl-CoA (CI6) requires seven passes through the 
cycle to yield 8 moles of acetyl-CoA, 7 moles of FADHz, and 7 moles of NADH. The 
electron transport chain utilizes 7 moles of Oz to oxidize these FADH z and NADH to 
yield 35 moles of ATP. If the TCA cycle then oxidizes all 8 moles of acetyl-CoA to 16 
moles of COz, then 8 moles of GTP, 8 moles of FADHz, and 24 moles of NADH are 
generated. Oxidation of these FADHz and NADH requires 16 moles of ~ generates 96 
moles of ATP. These reactions are summarized as follows: 

CH3(CHz)14CO-CoA + 16 O 2 + 131 Pi + 96 ADP-
131 ATP + 16 COz + 146 HzO + CoA 
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I Mitochondrion I 
Figure 7 Carnitine acyltransferase I catalyzes the formation of the acylcarnitine 
derivative of acyl·CoA, which, unlike acyl·CoA, can cross the mitochondrial memo 
brane. Within the mitochondria, acyltransferase II catalyzes the reverse reaction to 
yield the acyl·CoA ready for {3 oxidation. 

Compared to the oxidation of 2.66 moles of glucose (16 carbons), which yields 96 
moles of ATP, complete oxidation of 1 mole of palmitic acid (CI6) to CO2 and water 
produces 33 more moles of ATP. (The net ATP yield for complete oxidation of palmitic 
acid is 129, since two A TP equivalents are used to form palmitoyl-CoA from palmitic 
acid.) 

The respiratory quotient, or RQ (ratio of CO 2 produced to O2 consumed), indicates 
the primary metabolic fuel used. The RQ for palmitic acid is: 

RQ = 16 CO2 produced -:- 23 CO2 consumed = 0.70 

Since oxidation of glucose produces 6 moles of CO 2 and consumes 6 moles of O 2, the 
RQ of glucose is 1.0. An RQ near 1 indicates a reliance on carbohydrate oxidation, while 
an RQ near 0.70 indicates a greater reliance on fatty acid oxidation. 

Ketone Body Synthesis and Ketosis 
When the rate of acetyl-CoA formation exceeds that of acetyl-CoA utilization in the TCA 
cycle, hepatic mitochondria synthesize ketone bodies from the "excess" acetyl-CoA (Fig. 
9). Increased lypolysis and rare glucose availability lead to increased diversion of 
acetyl-CoA from the TCA cycle to ketone synthesis. During starvation, 80% of hepatic 
fatty acid catabolism yields ketone bodies (7). The liver releases acetoacetic acid and 
{3-hydroxybutyric acid into the circulation, and extrahepatic tissues such as muscle, heart, 
and brain take them up and convert the ketones back into acetyl-CoA for oxidation in the 
TCA cycle. The liver does not possess the necessary converting enzyme and so does not 
use ketone bodies as extrahepatic tissues do. During prolonged starvation, the brain uses 
ketone bodies as an important energy source. 
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Figure 8 Beta oxidation of fatty acids. 
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Starvation ketosis and alcoholic and diabetic ketoacidosis occur if the rate of hepatic 
ketone production exceeds the rate of extrahepatic ketone utilization. Severe carbohydrate 
deficiency causes ketosis in at least two ways. First, it depletes TCA cycle intermediates, 
which slows the entry of acetyl-CoA into this cycle. Second, the absence of citrate inhibits 
the rate-limiting enzyme of fatty acid synthesis, acetyl-CoA carboxylase, thereby blocking 
another route of fatty acid metabolism. 

FaHy Acid Synthesis and Regulation of Fat 
Metabolism 

Biosynthesis of fatty acids takes place mainly in the liver to meet the body's demands 
for lipid membrane components, or if energy is in abundant supply the liver synthesizes 
fatty acids for storage as triglycerides to meet future energy demands. Like f3 oxidation, 
fatty acid synthesis proceeds by two-carbon units. In contrast to f3 oxidation, which takes 
place in the mitochondria and uses FADH2 and NADH as electron carriers, fatty acid 
synthesis takes place in the cytosol, is powered by NADPH, and uses none of the same 
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enzymes. Acyl carrier protein (ACP) carries the elongating fatty acid chain during 
synthesis. 

The main substrates for fatty acid synthesis, acetyl-CoA and NADPH, are products of 
glycolysis and the TCA cycle. The NADPH for fatty acid synthesis is supplied chiefly 
by the pentose phosphate shunt, and glycolysis produces pyruvate, which in the 
mitochondria is converted to acetyl-CoA. 

The first step in fatty acid synthesis is the carboxylation of acetyl-CoA by the allosteric 
enzyme acetyl-CoA carboxylase with biotin as a cofactor to form malonyl-CoA (Fig. 10). 
Citrate activates acetyl carboxylase by polymerization, while palmitoyl-CoA inhibits the 
enzyme. This relationship is an important point of control of fatty acid synthesis. When 
the energy needs of the cell are well met, high citrate concentrations activate fatty acid 
synthesis. On the other hand, an abundance of palmitoyl-CoA, the usual end product of 
fatty acid synthesis, not only inhibits acetyl-CoA carboxylase, but inhibits glucose-6-
phosphate degradation by the pentose phosphate pathway, thereby turning off the major 
supply of NADPH. 
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Figure 10 The first step in faHy acid biosynthesis, formation of malonyl-CoA from 
acetyl·CoA, is an important control point in the process. 

As we saw above, the acetyl-CoA formed by f3 oxidation cannot cross the mitochondrial 
membrane, and so the citrate shuttle is necessary to make acetyl-CoA available in the 
cytoplasm for synthesis of malonyl-CoA and fatty acids. Within the mitochondria, citrate 
synthase converts acetyl-CoA and oxaloacetate (OAA) to citrate, which can diffuse into 
the cytosol where ATP-citrate lyase converts it back to into acetyl-CoA and OAA. In this 
way, the mitochondrial acetyl-CoA generated by glycolysis and pyruvate dehydrogenase 
becomes available for fatty acid synthesis. 

After the formation of malonyl-CoA, the remaining steps in fatty acid synthesis all 
take place on the fatty acid synthase multienzyme complex. One full round of reactions 
on this complex employs seven distinct enzyme activities and produces butyryl-ACP. The 
reaction usually turns through six cycles to produce palmitoyl-ACP, which is released 
from the enzyme through the action of a thioesterase to yield palmitate (16:0). Fatty acids 
with chains longer than 16 carbons are synthesized by elongation of palmitic acid by 
two-carbon increments by the addition of malonyl-CoA in the microsomes on the 
endoplasmic reticulum. 

Monounsaturation can occur after the long-chain 16:0 or 18:0 fatty acid has been 
synthesized. This requires the action of an enzyme complex on the endoplasmic reticulum 
consisting of NADH-cytochrome b5 reductase, cytochrome b 5, and desaturase and results 
in the desaturation of stearoyl-CoA (18:0) to oleoyl-CoA (l8:1 119). 

Animals lack .::lI2 and .::lIS desaturases, so they cannot synthesize linoleic acid 
(l8:2119•12) or linolenic acid (18:3M .l2.15). However, both of these polyunsaturated fatty 
acids (PUF A) are absolutely required for normal health and must therefore be obtained 
in the diet from plant foods (i.e., they are essential). Other PUFAs are also obtained from 
the diet or are synthesized from linoleic or linolenic acid by a series of elongation and 
desaturation reactions. 

LIPOPROTEINS AND LIPID TRANSPORT 
General 
With the exception of free fatty acids, whose carrier is albumin, the transport of the 
hydrophobic plasma lipids (triglyceride and cholesteryl esters) through the plasma 
circulation depends upon the formation of lipoprotein particles. These particles consist of 
an emulsifying, hydrophilic surface coat made of phospholipids, free cholesterol, and 
specific lipid-binding proteins (apoproteins). The surface coat surrounds the hydrophobic 
lipids, stabilizing them at the core of the particle. 

Though the lipoproteins form a continuum of sizes and functions, ultracentrifugation 
flotation and electrophoretic mobility divide lipoproteins into four main subclasses: 


