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Preface

In man, the branched chain amino acids (leucine, isoleucine, and valine) are essential amino acids and
thus must be obtained from dietary components. The branched chain amino acids are not only neces-
sary for the synthesis of proteins but also have other metabolic functions and roles. For example, over
several decades’ evidence has supported the notion that branched chain amino acids, particularly
leucine, are important in ameliorating or restoring metabolic imbalance. Studies in the 1970s showed
that leucine promoted protein synthesis in muscle in vitro. Later, in the 1980s, it was shown that the
branched chain amino acids stimulated protein synthesis in vivo. Subsequently, studies showed that
branched chain amino acids could potentially be used clinically in ameliorating muscle catabolism.
More recently the branched chain amino acids have been added to performance-enhancing supple-
ments. Although this is a simplistic synopsis of historical events, it is now evident that the branched
chain amino acids have a variety of functions. In simple terms the knowledge base associated with the
branched chain amino acids have now been successfully harvested to enhance human health. Branched
chain amino acids, like some other amino acids, have an almost ubiquitous function and are important
in maintaining the cellular milieu of virtually every organ in the human body. For example, branched
chain amino acids have roles in carbohydrate and lipid metabolism, insulin release and resistance,
proteolysis, formation of keto acids, obesity prevention, and cancer. This does not mean to say that
branched chain amino acids are the universal panacea. Indeed the administration of high amounts of
branched chain amino acids may be toxic. The science of branched chain amino acids is complex and
finding all the relevant information in a single source has hitherto been problematic. This is, therefore,
addressed in Branched Chain Amino Acids in Clinical Nutrition.
The book has seven major Parts in two volumes.

Volume I

Part I: Basic Processes at the Cellular Level
Part II: Inherited Defects in Branched Chain Amino Acid Metabolism
Part III: Experimental Models of Growth and Disease States: Role of Branched Chain Amino Acids

Volume II

Part I: Role of Branched Chain Amino Acids in Healthy Individuals

Part II: Branched Chain Amino Acids: Status in Disease States

Part I1I: Branched Chain Amino Acids and Liver Diseases

Part I'V: Branched Chain Amino Acid Supplementation Studies in Certain Patient Populations

Coverage includes the individual branched chain amino acids, amino acid ratios, essential amino
acids, metabolism, amino acids cocktails, aminotransferases, tRNA, PPAR, uncoupling proteins,
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insulin and insulin resistance, glucose and glycemic control, the hypothalamus, sirtuin, ammonia,
cirrhosis, encephalopathy, apoproteins, maple syrup urine disease and oxidation disorders, mental
retardation, fetal growth, skeletal and cardiac muscles, muscular dystrophy, amyotrophic lateral
sclerosis, anorexia, obesity and weight loss, bladder carcinogenesis, tolerability, recovery, exercise,
functional adaptations, psychomotor performance, whey protein, brain injury, obstructive pulmonary
disease, ethanol oxidation, albumin, late evening snacks, organ transplantation, quality of life, and
skin and radiotherapy. Finally there is a chapter on web-based material and additional reading.

Contributors are authors of international and national standing, leaders in the field, and trendset-
ters. Emerging fields of science and important discoveries are also incorporated in Branched Chain
Amino Acids in Clinical Nutrition.

This book is designed for nutritionists and dietitians, public health scientists, doctors, epidemiolo-
gists, health care professionals of various disciplines, policy makers, and marketing and economic
strategists. It is designed for teachers and lecturers, undergraduates and graduates, and researchers
and professors.

London, UK Rajkumar Rajendram
Victor R. Preedy
Vinood B. Patel
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The great success of the Nutrition and Health Series is the result of the consistent overriding mission
of providing health professionals with texts that are essential because each includes (1) a synthesis of
the state of the science; (2) timely, in-depth reviews by the leading researchers and clinicians in their
respective fields; (3) extensive, up-to-date fully annotated reference lists; (4) a detailed index; (5)
relevant tables and figures; (6) identification of paradigm shifts and the consequences; (7) virtually no
overlap of information between chapters, but targeted, interchapter referrals; (8) suggestions of areas
for future research; and (9) balanced, data-driven answers to patient as well as health professional
questions which are based upon the totality of evidence rather than the findings of any single study.

The series volumes are not the outcome of a symposium. Rather, each editor has the potential to
examine a chosen area with a broad perspective, both in subject matter as well as in the choice of
chapter authors. The international perspective, especially with regard to public health initiatives, is
emphasized where appropriate. The editors, whose trainings are both research and practice oriented,
have the opportunity to develop a primary objective for their book, define the scope and focus, and
then invite the leading authorities from around the world to be part of their initiative. The authors are
encouraged to provide an overview of the field, discuss their own research and relate the research
findings to potential human health consequences. Because each book is developed de novo, the chap-
ters are coordinated so that the resulting volume imparts greater knowledge than the sum of the infor-
mation contained in the individual chapters.

Branched Chain Amino Acids in Clinical Nutrition, a two-volume book, edited by Rajkumar
Rajendram, Victor R. Preedy, and Vinood B. Patel, is a very welcome addition to the Nutrition and
Health Series and fully exemplifies the Series’ goals. The first volume of Branched Chain Amino
Acids in Clinical Nutrition, “Cellular Processes, Genetic Factors and Experimental Models of
Branched Chain Amino Acid Functions and Metabolism,” is organized into three relevant parts. The
ten introductory chapters in the first part, entitled “Basic Processes at the Cellular Level,” provide
readers with the basics so that the more clinically related chapters can be easily understood. The first
chapter provides a broad-based perspective on the protein requirements for humans and describes the
20 amino acids that are classified as essential for humans to consume as these cannot be synthesized
de novo in the human body. Tables and figures included describe major food sources of essential
amino acids and specific food sources of branched chain amino acids. The second chapter describes
the structures and functions of the three branched chain amino acids, leucine, isoleucine, and valine,
that are classified as essential amino acids. We learn that these three branched chain amino acids make
up approximately one third of all the amino acids in the body. The majority of the three amino acids
are found in skeletal muscle where these function as both structural elements and stores for systemic
nitrogen. The dietary requirements are approximately 40, 20, and 19 mg/kg of body weight/day of
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leucine, valine, and isoleucine, respectively. Excellent sources of these amino acids are red meat,
dairy, and soy protein-containing products. The typical Western diet provides sufficient protein to
normally assure consumption of adequate levels of branched chain amino acids. The enzymes involved
in the catabolism of these amino acids are described in detail and their locations within the body are
reviewed with emphasis on their roles in muscle and the brain. The third chapter provides more
detailed descriptions of the 15 enzymes responsible for the transamination and metabolism of the
individual branched chain amino acids and describes the enzymatic reactions that share the same
enzymes as well as those that differ in the metabolism of these amino acids. Peripheral as well as brain
enzyme systems and shuttles are described in detail and illustrated in the included figures.

Chapter 4 describes in detail the role of isoleucine specifically in the functioning of certain adipo-
cytes as well as its function in glucose metabolism. Laboratory animal studies are reviewed and the
importance of isoleucine in the activation of liver and skeletal muscle free fatty acid uptake and oxida-
tion is linked to a potential role in the development of obesity. The fifth chapter describes the unique
metabolic activities of leucine. Leucine has been found to be a potent activator of the mammalian
target of rapamycin (mTOR) pathway which is a critical nutrient-sensing pathway that governs cell
metabolism, cell growth, and proliferation. Leucine also has a role in regulating insulin secretion and
glucose utilization. The chapter includes an in-depth investigation of leucine regulation of several
critical cellular processes in pancreatic p-cells, including metabolism, growth, proliferation, and insu-
lin secretion, which ultimately influence overall glucose homeostasis. The multiple routes that are
involved in acute regulation of insulin secretion are illustrated in the included figures.

Chapter 6 looks at the data from laboratory animal experiments that examine the effects of leucine
and isoleucine on glucose metabolism and insulin regulation. These three chapters provide a compre-
hensive review of the roles of these amino acids in energy metabolism and suggest that this is an area
where well-controlled clinical studies are needed. The seventh chapter provides additional detailed
information concerning the importance of the hypothalamic metabolism of leucine in the brain and its
effects on liver glucose production. The eighth chapter reviews new studies in cell culture and labora-
tory animals that are exposed to leucine and resveratrol. The rationale for this combination is that both
leucine and resveratrol stimulate sirtuin-dependent pathways that are linked to enhancing longevity.
The authors describe the synergistic actions of both substances on sirtuin-dependent downstream
metabolic effects.

The next chapter in this part describes the role of branched chain amino acids in the metabolism of
ammonia. This is a complex area of basic as well as clinical investigation and both are well described
in this chapter. The author also describes the open questions concerning the interactions between mus-
cle and liver metabolism of ammonia and the potential for unexpected effects when branched chain
amino acids are given therapeutically. The last chapter in this part, Chapter 10, describes the use of a
stable isotope form of leucine to calculate the in vivo rates of synthesis and catabolism of lipoproteins
that are important in the determination of cardiovascular risk, survival of HIV, and other clinical mani-
festations of abnormal lipoprotein levels. This detailed chapter describes the calculations required to
determine in vivo circulating HDL, VLDL, and LDL levels without exposing the patient to radiation.

Part II contains four chapters that review the inherited defects in branched chain amino acid metab-
olism and describes the resultant inborn errors of metabolism. The first chapter in this part focuses on
genetic defects in the oxidative pathways involved in the breakdown of valine, leucine, and isoleu-
cine. We learn that there are a total of 15 different enzyme reactions that are required for the break-
down of valine, leucine, and isoleucine. The chapter focuses on the 11 genetic defects and the
enzymatic consequences of 11 of the pathways. Descriptions of the pathophysiological changes that
are seen with each of the amino acid’s associated genetic mutations in critical enzymes are described.
Maple sugar urine disease is the most common manifestation of errors in the coding of the catabolic
enzymes involved in the decomposition of the three branched chain amino acids and results in higher
than normal levels of the amino acids in the blood and urine. Chapter 12 describes in detailed text and
tables the 202 mutations described in 2013 that are associated with maple sugar urine disease. Because
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of the rapid onset of severe brain damage in neonates with this disease, newborn screening is done on
all infants in the USA and in many other parts of the world. Clinically, treatments involve the provi-
sion of a diet low in branched chain amino acids. There is ongoing research concerning the biochemi-
cal mechanisms associated with the clinical presentations of the many of the genetic defects associated
with this disease. Chapter 13 describes other adverse consequence of genetic mutations specifically to
the isoleucine degradation enzymes. The authors have documented cases of mental retardation, motor
dysfunctions, behavioral disorders, and other abnormal manifestations of physical and mental func-
tions in children and young adults that carry these mutations. The X-linked inborn errors of isoleucine
degradation are described in detail and the author clearly indicates the need for further research. The
next chapter examines the results of laboratory animal studies that look at the effects of a genetic
defect in the metabolism of valine and the consequences to eating behaviors. The authors posit that
the resultant valine deficiency specifically can affect satiety centers in the brain resulting in anorexia.
Translating this research into clinical studies has not as yet occurred.

Part II1: Experimental Models

Part I1I includes seven chapters that describe laboratory studies with experimental models of growth
and certain disease states where branched chain amino acids have been examined to determine the
metabolic role of these amino acids; in several chapters the administration of one or all of the branched
chain amino acids has been shown to provide some improvement. Chapters 15 and 16 review the
importance of protein and specific amino acids in the growth of the fetus (Chapter 15) and the neonate
(Chapter 16). Intrauterine growth retardation is associated with a reduction in organ growth and per-
manent changes in organ metabolism and/or structure. As discussed by the author, intrauterine growth
retardation (IUGR) may result from maternal undernutrition that can increase the risk of lifelong
adverse health effects. Experimental models have provided data indicating that IUGR causes changes
in islet cells, in the hypothalamic-pituitary-adrenal axis, and in the secretion of prolactin, progester-
one, estradiol, and insulin, as well as in the glucose uptake by muscles, body fat content, and mito-
chondrial function. IUGR increases the risk of cardiovascular diseases, diabetes, and obesity in adult
life. IUGR causes a reduction in organ growth and permanent changes in organ metabolism and/or
structure. The experimental models have shown that leucine supplementation in models of low pro-
tein intake may not be as valuable as increase in total protein intake. The chapter includes excellent
tables and figures. Chapter 16 provides unique data from a neonatal pig model on the role of leucine
in muscle metabolism. The authors have used parenteral leucine infusions and show that a physiologi-
cal rise in leucine enhances protein synthesis in skeletal muscle and cardiac muscle. They have also
shown that leucine supplementation of a meal acutely stimulated protein synthesis in the neonatal pig
model. Two chapters examined the importance of branched chain amino acids in models of obesity.
Chapter 17 reviews the data from rodent models concerning the effects of branched chain amino acid
status on insulin resistance and alterations in adipose tissue. Chapter 18 examines the data from mod-
els of high fat intake that have shown that leucine functions as a nutrient signal to coordinately regu-
late three major signaling pathways in the liver, skeletal muscle, and adipose tissue. Dietary
supplementation of leucine significantly ameliorated the deleterious effects of consumption of a high-
fat diet including obesity, hepatic lipid accumulation, mitochondrial dysfunction, and insulin resis-
tance. The metabolic benefits of leucine supplementation included upregulation of genes related to
mitochondrial synthesis of critical enzymes, increases in metabolic rates, and suppression of inflam-
mation in adipose tissue.

The last three chapters in this part discuss different models that reflect the functions of branched
chain amino acids. Chapter 19 describes research underway to understand the etiology of amyo-
trophic lateral sclerosis (ALS), an adult-onset neurodegenerative disease, also known as Lou Gehrig
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disease, that is characterized by degeneration of neurons in the brain and spinal cord leading to
progressive paralysis of respiratory and limb muscles. Both in vitro and laboratory animal studies are
reviewed. There are indications of adverse effects of branched chain amino acids in certain of the
models as a result of neurotoxicity that may be linked to oxidative stress. At present it is not known if
these effects would be seen in humans, but caution is urged. The next chapter provides a unique per-
spective on the potential for leucine to enhance ethanol metabolism in the liver. The author describes
experiments showing that leucine specifically (and not valine) accelerates ethanol clearance after
acute ethanol administration by enhancing alcohol-metabolizing enzyme activities. Leucine treatment
before alcohol intake also enhanced alcoholic enzyme activities and accelerates ethanol metabolism.
It is well recognized that chronic alcohol intake leads to liver failure, such as hepatic inflammation
and fatty liver, and induces liver cirrhosis. Accelerating ethanol oxidation may prevent liver failure.
The last chapter in this part describes the development of a two-stage model of bladder cancer that
involves the use of known cancer initiators and promoters. In this model, branched chain amino acid
supplementation at very high doses compared to normal human dietary intakes enhanced tumor for-
mation when certain basal diets were fed, but not with others. As indicated by the authors, “To date,
however, there is no epidemiological data relevant to a relationship of dietary BCAA with the risk of
bladder cancer.”

Volume I1

The second volume of Branched Chain Amino Acids in Clinical Nutrition concentrates on the role of
these amino acids in healthy individuals, the effects of certain diseases on branched chain amino acid
status, and finally, data from clinical studies that included therapeutic use of the amino acids in patients.

Part I: Role of Branched Chain Amino Acids in Healthy Individuals

The first part contains five chapters that begin with an in-depth examination of the safety of leucine
supplementation in healthy adults. Often healthy adults use leucine supplements when they are exer-
cising or attempting to build muscle. The next three chapters review the effects of leucine on muscle.
The last chapter in the Part describes the potential for optimal surgery outcomes when amino acid
ratios are used as an index of protein status. Chapter 1 describes the process used by the authors to
determine the tolerable, and presumably safe, upper limit of intake of leucine in healthy adults. They
define this value as the point at which the metabolic capacity to catabolize or oxidize the excess amino
acid is exceeded because it represents the intake where the normal regulatory mechanisms are no
longer sufficient to dispose of the excess. The amino acid intake corresponding to this inflection point
does not represent a toxic intake level, but rather suggests that with increasing dietary intakes above
this level the potential or risk for adverse events will increase. Also, amino acid intakes above this
point are usually characterized by an increasing rate of accumulation in blood and excretion of the
amino acid, and its secondary catabolites in urine. The figures included in this chapter help to illus-
trate these relationships. The experimental design used for leucine is reviewed and the authors report
that with increasing intakes of leucine, a dose-response in leucine oxidative capacity was observed,
with a breakpoint estimated at 550 mg/kg bw/day or 39 g/day for a 70 kg healthy adult. Simultaneous
and significant increases in blood ammonia concentrations, plasma leucine concentrations, and urinary
leucine excretion were observed with leucine intakes higher than 500 mg/kg bw/day. Thus, under acute
dietary conditions, intakes greater than 500 mg leucine/kg bw/day may potentially increase the risk of
adverse events, and is proposed as the tolerable upper safe intake (UL) for leucine in healthy adults.
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Series Editor Page Xi

The next chapter examines the requirements for protein and leucine intake in elite athletes to
support skeletal muscle regeneration processes following endurance exercise in trained skeletal
muscle. The authors present their rationale for adding free leucine to dietary protein to enhance the
combined exercise-nutrient muscle response to the post-exercise regenerative processes and protein
synthesis. Both the high dose (70 g whey protein/15 g leucine) and low dose (23 g whey protein, 5 g
leucine) co-ingested with carbohydrate and fat over the first 90 min following intense cycling resulted
in a proinflammatory transcriptome associated with increased leukocytes that reverted by 240 min to
an anti-inflammatory signal in skeletal muscle. The other measurements also pointed to a positive
effect of the post-exercise supplementation; however, in addition to the acute studies, long-term stud-
ies in trained athletes are needed. Chapter 3 reviews studies that used whey protein (from milk) plus
leucine. The doses of L-leucine used in the studies reviewed varied from 2.24 to 7.5 g while the whey
protein doses varied from 6.7 to 25 g. Outcomes also varied and included muscle responses post-
exercise, in different aged populations and immune functions following exercise. The authors suggest
that future studies assess dietary intakes and use consistent outcomes. The next chapter in this part
reviews the data linking muscle atrophy in patients caused by several diseases to metabolic rationales
for administering branched chain amino acids. The authors describe both animal models and patients
with cancer-induced muscle loss (cachexia), glucocorticoid-induced muscle atrophy from Cushing’s
syndrome, as well as long-term therapeutic use of glucocorticoids, sarcopenia, and sepsis-induced
muscle protein degradation. The final chapter, Chapter 5, describes the use of a ratio of branched
chain amino acids to tyrosine as an index of presurgery health in patients with liver cancer; the index
can also help to identify patients who would benefit with amino acid supplementation post surgery.
Liver cancer patients undergoing surgical resection who had a low ratio before surgery had signifi-
cantly more complications as well as more severe complications than patients with higher ratios. The
authors suggest that liver cancer patients who have higher albumin levels (indicative of better liver
function) and also have a higher ratio are at reduced risk for postsurgery complications. Patients with
high albumin levels and low ratio may be the best candidates for supplementation with branched
chain amino acids postsurgery.

Part II: Branched Chain Amino Acids: Status in Disease States

Part IT contains five chapters that examine diseases of the heart, brain, and lungs and how these dis-
eases affect the branched chain amino acid status of the patient. Branched chain amino acids, as dis-
cussed above, are critical for skeletal muscle integrity and are a major site of these amino acids’
metabolism. Their role in cardiac muscle is the topic of Chapters 6 and 7. Chapter 6 examines clinical
manifestations of genetic defects in branched chain amino acid metabolism as seen in propionic aci-
demia and methylmalonic acidemia that have been associated with dilated and hypertrophic cardio-
myopathies. In addition to genetically related changes in branched chain amino acid metabolism,
alterations in their metabolism are also seen in heart failure patients independent of a genetic cause.
This is a new area of clinical research and a number of metabolic paths involving the catabolism of
branched chain amino acids are hypothesized to potentially adversely affect cardiac tissue. Another
new area that links branched chain amino acids with heart function, reviewed in Chapter 7, is the
complex outcomes of mitochondrial cardiomyopathies (MCM) produced by mutational defects in
energetic metabolism. Specifically, a mutation involving the branched chain amino acid valine has
been identified and linked to impaired heart functions in the neonates that inherit this defect.

The next two chapters examine the effects of branched chain amino acids on brain functions, first
as related to psychomotor skills and, in Chapter 9, their role in traumatic brain injury. With regard to
psychomotor skills, we learn that these coordinated actions are used in everyday life, occupational
work, and sport activities. Psychomotor performance depends mainly on cognitive function, attention,
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concentration, and decision-making. Branched chain amino acids, especially leucine, can cross the
blood-brain barrier and influence these functions through their involvement in the synthesis of neu-
rotransmitters. Ingestion of small doses of branched chain amino acids has been shown to improve
psychomotor performance. However, higher doses can exert negative effects on some brain functions
and may impair psychomotor performance. New research is underway to better understand the bio-
chemical changes in the brain following traumatic brain injury. Clinical research has reported that
immediately following the brain injury, there are phase-dependent changes in plasma amino acids
with a different profile in the acute, subacute, and rehabilitation phase. During the acute phase,
decreased plasma branched chain amino acid levels are associated with increased plasma aromatic
amino acid concentrations. There are numerous other changes in the brain and the authors of Chapter 9
indicate that currently, it is not known if repletion of the branched chain amino acids is of benefit
immediately or will be of more value during a different phase of recovery. The last chapter in this sec-
tion reviews the effects of chronic obstructive pulmonary disease (COPD) on branched chain amino
acid status and the potential to enhance the strength of these patients with nutritional addition of these
amino acids. The authors point out that COPD patients with low body mass index (BMI) and/or severe
airflow limitations exhibit reduced branched chain amino acid profiles, but those with a normal BMI
and/or moderate airflow limitations do not. Nevertheless, both muscle and plasma levels of the amino
acid levels are directly related to the levels of muscle wasting seen in patients with COPD.

Part III contains five chapters that examine the influence of branched chain amino acids in patients
with liver diseases. Chapter 11 describes the effects of liver disease on branched chain amino acid
status and then reviews the use of the amino acids as therapeutic supplements in patients with liver
cirrhosis, liver cancer, and additional adverse consequences of liver disease. In patients with liver cir-
rhosis, levels of branched chain amino acids are decreased in the blood and the levels of aromatic
amino acids and methionine are increased. The authors examine in depth the adverse effects of these
changes on brain and muscle biochemistry and by using global gene expression analysis, the authors
provide critical data on the molecular mechanisms by which hepatic damage can be reversed follow-
ing branched chain amino acid supplementation. The next chapter discusses the importance of the
liver in the synthesis of albumin. Albumin is the major protein produced in the liver and albumin
represents over 50% of the total plasma proteins. Plasma albumin level is a standard index of nutri-
tional status, liver function, and/or pathophysiological conditions. One of the most important factors
regulating plasma albumin levels is ingestion of a protein-rich meal. The authors indicate that in
Japan, pharmacological supplementation of branched chain amino acids is used to improve hypoalbu-
minemia in patients with liver cirrhosis. The chapter focuses on the effects of amino acid supplemen-
tation, including branched chain amino acids, on the regulation of albumin synthesis and provides
excellent figures to help the reader. Chapter 13 describes the effects of liver cirrhosis caused by hepa-
titis C and nonalcoholic fatty liver disease and the consequent protein energy malnutrition and muscle
wasting that can accompany these serious liver diseases. The author indicates that these major meta-
bolic defects result in a state of starvation during the overnight sleep time and provides clinical evi-
dence of the benefits of a nighttime snack that includes branched chain amino acids. Based upon the
preliminary findings, it is suggested that well-controlled studies be undertaken.

The next chapter reviews the importance of stabilizing the nutritional status in patients with end-
stage liver disease requiring liver transplantation. Accurate nutritional assessment and adequate peri-
operative nutritional treatment are essential for improving outcomes after liver transplant. The overall
survival rate in patients with low skeletal muscle mass was found to be significantly lower than in
patients with normal/high skeletal muscle mass. The authors report that perioperative nutritional ther-
apy including branched chain amino acids is useful for patients with sarcopenia, whose prognosis is
poor without nutritional therapy. The final two chapters in this part review the importance of branched
chain amino acid supplementation in the treatment of the post-liver surgery patient. In Chapter 15, we
learn that post-transplant bacteremia is one of the most serious complications following liver trans-
plantation. One potential avenue for prevention of bacteremia that is being tested is nutritional
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support. It is known that in patients who have not been given supplementation prior to transplantation,
serum levels of branched chain amino acids generally decrease and have been reported to be a risk
factor for post-transplant bacteremia. This chapter reviews previous studies on the beneficial effects
of branched chain amino acid supplementation in liver transplant patients: prevention of bacteremia,
potential mechanisms of action, and avenues for future research. Chapter 16 examines the effects of
liver surgery as a result of liver cancer and the data suggesting that branched chain amino acid supple-
mentation may enhance the prognosis of these patients. The authors indicate that most liver cancers
occur in patients with chronic liver disease. Advances in surgical technology and perioperative man-
agement have led to the standard use of hepatic surgical procedures for liver cancer and also meta-
static liver tumors. Branched chain amino acid supplementation improves postoperative quality of life
over the long term after hepatic resection by restoring and maintaining nutritional status and whole-
body kinetics.

The last part in volume II examines the use of branched chain amino acid supplementation in sev-
eral different patient populations that further attests to the growing interest in the clinical value of
these amino acids. The final chapter provides an extensive and up-to-date listing of relevant websites
and other resources. The first four chapters discuss the importance of these amino acids in patients
who are losing muscle mass and may at the same time show symptoms of insulin resistance. Chapter 17
provides an overview of the most promising therapeutic uses of branched chain amino acids. Topics
discussed include the effects of physical immobility in the elderly, cancer cachexia, and weight reduc-
tion in the obese patient. The common thread is the loss of muscle mass and the potential for leucine
and/or branched chain amino acid-rich protein supplementation to reduce the muscle loss seen in
these conditions. Chapter 18 reviews the data that link liver cirrhosis with insulin resistance. Insulin
resistance increases in chronic liver disease and is a risk factor for the progression of liver disease, the
potential for the development of liver cancer, and a decrease in long-term survival. The authors sug-
gest that insulin resistance should be considered as an important therapeutic target in patients at any
stage of chronic liver disease. They hypothesize that branched chain amino acids play a dual role in
glucose metabolism in skeletal muscle, enhancing glucose uptake under normal insulin conditions
while causing insulin resistance under high insulin conditions. The next chapter concentrates on the
actions of leucine on glucose metabolism. Since its discovery, leucine has been shown to affect glu-
cose homeostasis in liver, muscle, adipose tissue, and pancreatic p cells. In the p cells, leucine acutely
stimulates insulin secretion by several mechanisms. These mechanisms can be modulated by factors
that include, but are not limited to, the body weight of the patient, whether they are type 2 diabetics
and whether or not they routinely exercise. Chapter 20 focuses on protein metabolism during insulin
resistance and the effects of surgically implemented weight loss on branched chain amino acid status
and requirements. Elevated plasma amino acid levels have been associated with obesity and insulin
resistance and circulating branched chain amino acids have been identified as early biomarker predic-
tors of diabetes risk in obese insulin-resistant subjects. The chapter includes detailed discussions of
the results of bariatric surgery on branched chain amino acid levels and examines the data from twin
studies to better understand the interactions between branched chain amino acid status and improve-
ments in glucose control following acute, significant weight loss.

Chapter 21 examines the metabolism of branched chain amino acids within the skin and provides
a unique perspective on the importance of these amino acids, especially leucine, in stimulating dermal
collagen synthesis in wound healing. The chapter reviews the requirements for mixtures of amino
acids to optimize skin collagen formation in the face of protein malnutrition, wound healing, and UV
radiation and discusses the mechanism of action of these stressor to the skin. Chapter 22 reviews the
potential for branched chain amino acid supplementation to reduce the muscle wasting seen in boys
that have inherited the genetic disorder, Duchenne muscular dystrophy (DMD). The disease is char-
acterized by progressive loss of muscle mass and accumulation of body fat. Steroids (e.g., prednisone)
are the only treatment available at this time, but the drugs increase the accumulation of body fat and
have other adverse side effects. The chapter provides a strong biochemically based rationale for
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supplementing DMD patients with branched chain amino acids; however as yet, there are no large,
well-controlled and patient-monitored intervention studies.

Part III, above, contained chapters that consistently reported a decreased branched chain amino
acid status in patients with liver diseases including liver cancer. The next two chapters investigate
branched chain amino acid supplementation in patients with serious liver diseases. Chapter 23 exam-
ines the potential for branched chain amino acid supplementation to reduce the adverse effects of
radiotherapy used in patients with liver cancer. The chapter reviews the recent development of radio-
therapeutic technologies that permit their application in this patient population. The authors inform us
that most of the patients undergoing radiation therapy have chronic liver disease and frequently also
have protein-calorie malnutrition. In addition, radiation can result in general fatigue, nausea, and
vomiting that further aggravate the patients’ nutritional status. Preliminary clinical investigations sug-
gest that supplementation with branched chain amino acids during radiation therapy helped to reduce
the loss of these amino acids and may be of benefit in maintaining albumin levels. Chapter 24 describes
the condition called hepatic encephalopathy, which is a metabolic neuropsychiatric syndrome of cere-
bral dysfunctions due to severe chronic or acute liver disease. The manifestations of hepatic encepha-
lopathy range from minor symptoms with personality changes and altered sleep patterns to deep
coma. The chapter includes a detailed review of all clinical trials and meta-analyses that included
studies where patients have been given branched chain amino acids for the treatment of hepatic
encephalopathy regardless of route of administration. The combined evidence supported the use of
oral branched chain amino acids as treatment for patients with hepatic encephalopathy based upon the
results from several large, high-quality randomized controlled trials. However, further research is
required to determine the optimal dose of these amino acids.

The above descriptions of the two volumes’ 46 chapters attest to the depth of information provided
by the 156 well-recognized and respected editors and chapter authors. Each chapter includes complete
definitions of terms with the abbreviations fully defined for the reader and consistent use of terms
between chapters. Key features of the two comprehensive volumes include over 250 detailed tables
and informative figures, an extensive, detailed index, and more than 1,900 up-to-date references that
provide the reader with excellent sources of worthwhile information. Moreover, the final chapter
contains a comprehensive list of web-based resources that will be of great value to the health provider
as well as graduate and medical students.

In conclusion, Branched Chain Amino Acids in Clinical Nutrition, a two-volume book, edited by
Rajkumar Rajendram, Victor R. Preedy, and Vinood B. Patel, provides health professionals in many
areas of research and practice with the most up-to-date, well-referenced volume on the importance of
branched chain amino acids in maintaining the nutritional status and overall health of the individual
especially in certain disease conditions. The volumes will serve the reader as the benchmarks in this
complex area of interrelationships between dietary protein intakes and individual amino acid supple-
mentation, the unique role of the branched chain amino acids in the synthesis of brain neurotransmit-
ters, collagen formation, insulin and glucose modulation, and the functioning of all organ systems that
are involved in the maintenance of the body’s metabolic integrity. Moreover, the physiological,
genetic, and pathological interactions between plasma levels of branched chain amino acids and aro-
matic amino acids are clearly delineated so that students as well as practitioners can better understand
the complexities of these interactions. Unique chapters examine the effects of branched chain amino
acid status and the effects of genetic mutations from pre-pregnancy, during fetal development and
birth, and infancy through the aging process. The editors are applauded for their efforts to develop the
most authoritative and unique resource in the area of branched chain amino acids in health and disease
to date and this excellent text is a very welcome addition to the Nutrition and Health Series.

Adrianne Bendich, Ph.D., FA.C.N., FA.S.N.
Series Editor
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Part 1
Basic Processes at the Cellular Level



Chapter 1
Impact of Dietary Essential Amino Acids in Man

Kenji Nagao, Hiroko Jinzu, Yasushi Noguchi, and Makoto Bannai

Key Points

During the course of evolution, animals lost their enzymatic capacity to synthesize certain amino acids
that are required for growth and tissue function. These substances are called essential amino acids and
include at least nine types of amino acids depending on the animal’s pathophysiological conditions.
Dietary essential amino acids have two distinct nutritional functions: (1) the substrates act as protein
building blocks and (2) they act as nutritional signals to evoke physiological reactions.

In the past, nitrogen balance studies suggested the essential amino acid requirements for humans,
but these values have been upwardly revised by a number of studies using tracer techniques and
approaches.

Essential amino acids have unique physiological signaling roles in obesity-related metabolism.
The supplementation or fortification of dietary essential amino acids or branched chain amino
acids exerts beneficial effects on body weight, body fat, lean body mass, and insulin sensitivity in
animals and humans.

To enjoy the health benefits of essential amino acids, both as building blocks of proteins and as
physiological signals, choosing food ingredients based on their amino acid composition would be
a new approach, together with amino acid supplementation.

Keywords Essential amino acids ® Branched chain amino acids ¢ Requirements ¢ Antiobesogenic
effect » Anabolic effect * Food ingredients
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Phe Phenylalanine

Thr Threonine

Trp Tryptophan

Val Valine

Glu Glutamate

Gln Glutamine

Ala Alanine

Asp Asparagine

BCAA Branched chain amino acid
TAAB Indicator amino acid balance
DAAB Direct amino acid balance
BCAT Branched chain aminotransferase

INTERMAP International Study of Macro-/Micronutrients and Blood Pressure

Introduction

During the course of evolution, animals lost their enzymatic capacity to synthesize certain molecules
that are required for growth and tissue function. These molecules are classified as essential dietary
nutrients, including vitamins, specific fatty acids, and certain amino acids. Although all plants can
synthesize the 20 types of amino acids commonly found in proteins, animals, from protozoa to mam-
mals, are dependent on external sources for at least 9 amino acids: histidine (His), isoleucine (Ile),
leucine (Leu), lysine (Lys), methionine (Met), phenylalanine (Phe), threonine (Thr), tryptophan (Trp),
and valine (Val). Depending on the physiological and pathological conditions of the individual, in
addition to these 9 amino acids, some of the other 11 common protein-bound amino acids may be
required to maintain body protein homeostasis. These other amino acids are called “conditionally
indispensable” amino acids.

For humans, the amino acid requirements of adults are stated in the 1985 FAO/WHO/UNU report [1],
which was based on data in the 1973 FAO/WHO/UNU report [2] (Table 1.1). The amino acid values
were primarily based on N balance studies by Rose [3]. However, the 1985 FAO/WHO/UNU report
suggested that further research was needed on amino acid requirements because several new tracer
techniques and approaches emerged in the early 1980s for estimating the efficiency of amino acid
utilization and the requirements for specific essential amino acids. Essential amino acids not only play

Table 1.1 1985 FAO/WHO/UNU recommendations for essential amino acid requirements in adults [1]

Requirement
Amino acids mg/kg/day mg/g of protein
Histidine 8-12 16
Isoleucine 10 13
Leucine 14 19
Lysine 12 16
Methionine + Cystine 13 17
Phenylalanine + Tyrosine 14 19
Threonine 7 9
Tryptophan 35 5
Valine 10 13
Total (minus histidine) 83.5 111

Source: FAO/'WHO/UNU, Energy and Protein Requirements, Report of a Joint FAO/WHO/UNU Expert
Consultation, Technical Report Series 724, World Health Organization, Geneva, 1985, page 206 [1]
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a role as building blocks of proteins but also act as physiological signals. There is clinical evidence
suggesting that the supplementation of essential amino acids or branched chain amino acids (BCAAs)
has beneficial effects on body weight, body fat, lean body mass, and insulin sensitivity. In the last
part of this chapter, we will introduce variations in the amino acid composition of commonly used
food ingredients.

Dietary Essential Amino Acids as Required Nutrition

Vernon R. Young defines the minimum physiological requirement for an essential amino acid as “the
continuing dietary intake of an indispensable amino acid that is just sufficient to balance whole-body
irreversible losses in an initially healthy individual at energy balance under conditions of moderate
physical activity and as determined after a brief period of adjustment to a new quasi-steady state with
a change in test amino acid intake. For pregnant and lactating women, the amino acid requirement is
taken to also include the extra dietary need associated with the deposition of protein in tissues or
secretion of milk at rates consistent with good health” [4].

Amino acid requirements for adult humans have been determined using one of the following
methods: (1) the nitrogen balance method, (2) the plasma amino acid response method, (3) the indicator
of amino acid balance (IAAB) approach, and (4) the direct amino acid balance (DAAB) approach [4].
The nitrogen balance method, a simple way to estimate amino acid requirements, examines the differ-
ence between nitrogen intake and total nitrogen excretion. The earlier estimates of the required values
for adults proposed and used by the FAO/WHO/UNU were determined using the nitrogen balance
method, but they are now considered significant underestimates (Table 1.1). It is technically difficult
to accurately evaluate N intake and all of the N loss routes, including integumental and other minor
routes of N loss. These additional unmeasured N losses can have a profound influence on the esti-
mated amino acid requirements. Moreover, N balance estimates are affected by overestimates of
intake and underestimates of losses via urine and feces, which are also affected by various dietary/
metabolic factors.

Plasma amino acid concentrations change in response to various dietary factors, including the
levels and sources of energy-yielding substrates and the amount and profile of amino acid intake [4, 5].
Excessive or inadequate intake of single essential amino acids is reflected in increases or decreases,
respectively, in the plasma free amino acid concentration [6]. Studies in experimental animals suggest
that there may be an even greater change in the plasma concentration of the free amino acid pool in
body tissues, especially in skeletal muscle [7]. The qualitative relationship between the adequacy of
dietary amino acid intake and plasma amino acid concentrations has been reasonably well established
[4, 5]. Consequently, the quantitative relationship between the intake of a specific amino acid and the
level of that amino acid in plasma was assessed in a series of studies [8, 9].

With advances in the mass spectrometric measurements of stable isotope enrichment in biological
matrices and the expanded use of tracers enriched with these isotopes in human metabolic research, a
series of experiments using tracer techniques was conducted in the early 1980s to revise the estimates
of the amino acid requirements for adults. There are several methods for determining human amino
acid requirements using tracer-based studies [4]. These methods can be divided into categories based
on tracer choice and the protocol design:

1. Studies that use a tracer to analyze a dietary amino acid by measuring its rate of oxidation at vari-
ous intake levels (the DAAO approach).

2. Studies that use an indicator tracer to assess the status of whole-body amino acid oxidation (IAAO)
at varying levels of a dietary amino acid.

3. Kinetic studies designed to assess the retention of protein during the postprandial phase of amino
acid metabolism using *C-leucine as a tracer (the postprandial protein utilization (PPU) approach).
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Table 1.2 The essential amino acid requirements (mg/kg/day) in recent reports

IOM/FNB Young and Young and Tharakan’s
(2002) Borgonha (2000) review (2004)
Histidine 11 - 8-12
Isoleucine 15 23 19
Leucine 34 40 40
Lysine 31 30 30
Methionine + Cystine 15 13 15
Phenylalanine + Tyrosine 27 39 39
Threonine 16 15 15
Tryptophan 4 6 5
Valine 19 20 25

Source: “Nutritional essentiality of amino acids and amino acid requirements in healthy
adult” in “Metabolic and Therapeutic Aspects of Amino Acids in Clinical Nutrition” CRC
Press, London and New York, 2004, page 463 [4] with permission

Each method has pros and cons for estimating the requirements. Despite some variability in the
results, there is general agreement that the requirements for nitrogen balance considerably exceed the
theoretical estimate for optimum amino acid intake, suggesting that human adults can efficiently use
no more than approximately 60 % of proteins, even high-class types. The FAO/WHO/UNU report in
1985 [1] concluded that 52.5 g of first-class protein would meet the needs of 97 % of the adult popula-
tion; however, Vermon R. Young insisted that some populations are unable to obtain nitrogen balance
with such small intake amounts [4]. Young repeatedly argued that it was unsafe to accept the 1985
international standards for adult amino acid requirements (Table 1.2) based solely on the results of
the nitrogen approach, which used an indirect measure of the balance of individual amino acids [4].
The general conclusion from such studies was that the adult requirements for individual essential
amino acids appeared considerably greater than the standards derived from earlier balance studies.
Because of the errors in balance studies and the complexity of isotope studies, final conclusions
regarding amino acid requirements have remained controversial; however, there has been growing
acceptance that the former estimates were too low.

Dietary Essential Amino Acids as Physiological Signals

Dietary essential amino acids have two distinct nutritional functions: (1) the substrates act as protein
building blocks, as described above, and (2) they act as nutritional signals to evoke physiological reac-
tions. Among the essential amino acids, BCAAs (Val, Leu, and Ile) are abundant in food, accounting
for approximately 20 % of total protein intake [10, 11]. Because of the low hepatic expression of
mitochondrial branched chain aminotransferase (BCAT2 or BCATm; EC 2.6.1.42), BCAAs from
dietary protein bypass the initial metabolism in the liver; in contrast, the other 17 amino acids are
predominantly metabolized in this organ [12, 13]. This bypass may contribute to the sharp elevation
of plasma BCAA levels in response to a meal, thereby playing a signaling role in the peripheral tissues
and the brain that is unique among amino acids. Thus, circulating BCAAs act as nutrient signals and
regulate protein synthesis and degradation, as well as insulin secretion.

Studies have investigated the effects of dietary BCAA ingestion on a number of diseases and con-
ditions, such as obesity and metabolic disorders, liver disease, muscle atrophy, cancer, impaired
immunity, and a variety of injuries (postoperative injuries, trauma, burns, and sepsis) [14]. Of these,
BCAAs play unique roles in obesity-related metabolism. For example, Leu in food improves muscle
glucose uptake and whole-body glucose metabolism [15], mediates the postprandial leptin increase [16],
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and decreases food intake and body weight via central mTOR signaling. Macotela et al. showed that
doubling dietary Leu reversed many of the metabolite abnormalities in diet-induced obesity models
and caused a marked improvement in glucose tolerance and insulin signaling without altering food
intake or weight status. Increased dietary Leu was also associated with a decrease in hepatic steatosis
and a decrease in inflammation in adipose tissue, indicating that Leu acts on multiple tissues and at
multiple levels of metabolism to impact insulin resistance [17]. Doi et al. reported a hypoglycemic
effect of Ile ingestion that involves increases in muscle glucose uptake and whole-body glucose oxida-
tion and a decrease in hepatic gluconeogenesis [18].

Recently, there have been some reports with the intriguing conclusion that specific mixtures of
amino acids, rather than a single amino acid supplement, may be more efficacious in lowering the
blood glucose response to a glucose challenge. For example, Noguchi et al. [19] designed a novel diet
with an elevated ratio of essential to nonessential amino acids (high-E/N diet). Dietary proteins in the
high-E/N diet were partially replaced with a mixture of five free essential amino acids (Leu, Ile, Val,
Lys, and Thr) without altering the carbohydrate and fat content of the diet. This dietary amino acid
manipulation improved glucose tolerance, decreased lipogenesis, and prevented hepatic steatosis in
mice with diet-induced obesity; the approach was suggested as a novel preventive and therapeutic
approach to nonalcoholic fatty liver disease in humans [20]. Similarly, another report found that rats
orally administered an amino acid mixture (containing cysteine, Met, Val, Ile, and Leu) combined
with a high-glucose solution showed improved glucose tolerance via an increase in skeletal muscle
glucose uptake and intracellular disposal through enhanced intracellular signaling compared with
nonsupplemented rats [21]. The other interesting effect of amino acid mixtures is that combinations
of BCAAs and glutamine or proline play a role in restoring dermal collagen protein synthesis impaired
by UV irradiation [22].

There have also been several clinical studies suggesting that supplementing essential amino acids
or BCAAs has beneficial effects on body weight, body fat, and insulin sensitivity. Solerte et al. studied
the effects of a balanced amino acid formula containing BCAAs in a long-term randomized study of
elderly subjects with type 2 diabetes and found improved glucose control and insulin sensitivity [23].
From the perspective of nutritional epidemiology, the population-based International Study of Macro-/
Micronutrients and Blood Pressure INTERMAP) provided unique evidence to evaluate the effects
of dietary BCAAs across different cultures. Higher dietary BCAA intake was associated with a
lower prevalence of overweight and obesity in middle-aged individuals from East Asian and Western
countries [24].

The anabolic effect after consuming a protein-containing meal, thus supplying essential amino
acids to the blood, has been thoroughly studied. Protein synthesis increases and protein breakdown
decreases after essential amino acid ingestion. In skeletal muscle, which is the major contributor to
lean body mass in humans, eating appears to double the rate of muscle protein deposition [25], and
much of this change can be attributed to the action of amino acids alone [26], without substantial
insulin involvement [26]. Bohe et al. concluded that the rates of synthesis of all classes of muscle
proteins are acutely regulated by the levels of essential amino acids in the blood. The stimulation of
protein synthesis depends on the concentration of extracellular, rather than intramuscular, essential
amino acids [27].

Furthermore, Dillon et al. [28] reported that 3 months of essential amino acid supplementation
increased muscle IGF-1 levels and lean body mass in older women without affecting kidney function.
The acute anabolic response to this supplementation (i.e., the increased muscle protein fractional
synthesis rate) was maintained over time [28]. Moreover, many papers have reported that BCAA
dietary supplements reduce sarcopenia in elderly subjects, and a variety of amino acid mixtures have
been used to restore the protein content of defective tissues, especially skeletal muscles, in older sub-
jects [28]. In a randomized trial involving 41 subjects with sarcopenia aged 66—84 years, consuming
a special mixture of amino acids containing BCAAs increased muscle mass, reduced tumor necrosis
factor-a, and improved insulin sensitivity [29]. As a result, The Society for Sarcopenia, Cachexia, and
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Wasting Disease now recommends leucine-enriched balanced amino acid supplements in the nutritional
recommendations for the management of sarcopenia [30]. Furthermore, in sarcopenic women, the
combined effect of exercise and essential amino acids resulted in improvements in muscle strength,
the combined variables of muscle mass and walking speed, and muscle mass [31].

In addition, the ingestion of essential amino acids, including BCAA:s, is reported to have an influ-
ence on the incidence of infections. In geriatric long-term rehabilitation centers, the ingestion of
BCAAs reduced the incidence of infections by 30 % and increased the serum albumin and total pro-
tein levels in hemodialysis patients while reducing inflammation markers and correcting anemia [32].
Three months of essential amino acid supplementation had comprehensive effects on nutritional sta-
tus, muscle energy metabolism, blood oxygen tension, physical autonomy, cognitive function, and
perceived health status in patients with severe COPD and secondary sarcopenia [33]. The parenteral
supplementation of BCAAs also enhanced the cognitive recovery of patients with traumatic brain
injury, even those in a vegetative or minimally conscious state [34].

In addition to BCAAs, the other essential amino acids are also associated with unique physiologi-
cal signals. For example, Lys is one of the limiting amino acids (the essential amino acid found in the
smallest quantity in a particular foodstuff) in most cereal grains. A 3-month randomized double-blind
study was conducted to determine whether the Lys fortification of wheat reduced anxiety and stress
responses in family members in poor Syrian communities that consumed wheat as a staple food [35].
In the Lys-fortified group, the plasma cortisol response to a blood draw as a cause of stress was
reduced in females, as was sympathetic arousal in males, as measured by skin conductance. Lys for-
tification also significantly reduced chronic anxiety, as measured by the trait anxiety inventory in
males. These results suggest that some stress responses can be improved by Lys fortification in eco-
nomically weak populations that consume cereal-based diets [35]. Moreover, a series of studies has
also shown that Lys fortification of wheat flour had a positive effect on diarrheal morbidity in women
in Syria [35]. Lys is considered a partial 5-HT4 receptor antagonist; it suppresses 5-HT4 receptor-
mediated intestinal pathologies and anxiety [36].

Variations in the Amino Acid Content of Food Ingredients

To date, although the amino acid content is known to vary considerably among various food ingredi-
ents, few analyses have been performed. Using data on the amino acid composition of food ingredi-
ents [11] published by the Ministry of Education, Culture, Sports, Science and Technology in Japan,
we determined the unique amino acid composition of commonly used Japanese food ingredients.
Hierarchical cluster analyses were conducted to obtain a visual representation of the amino acid con-
tent (Fig. 1.1). Ward’s linkage method was performed on Euclidean distances from the standardized
amino acid compositions. A cluster analysis of the amino acid composition of food ingredients
(Fig. 1.1) showed three clusters. The first cluster mainly consisted of grain-based ingredients, the
second cluster mainly consisted of meat and fish, and the third cluster included the remaining food
ingredients. There were smaller amounts of Lys, Thr, Ala, and Asp in the first cluster, which contained
grain-based ingredients, whereas this cluster had greater amounts of Glx (sum of Glu and Gln) and
Pro. The second cluster, which contained meat and fish, had higher amounts of Lys, Thr, and Met
(essential amino acids) and smaller amounts of Pro, Glx, and Ser.

Using this database, it is possible to determine not only the total amount of protein but also the
amount of each essential amino acid. Figure 1.2 shows the food ingredients with the highest BCAA
compositions for each 100 g edible portion according to the “Standard Tables of Food Composition in
Japan: Amino Acid Composition of Foods, 2010 [11]. The highest values were observed in special
proteins that are rarely used in home cooking, such as casein or isolated soy protein. In addition to
these special proteins, there were certain types of fish (e.g., skipjack (bonito) and tuna), soybeans,
cheese, chicken, and turkey but no beef or pork. Figure 1.3 shows the differences between the amino
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Cluster analysis of the amino acid composition of food ingredients

Food ingredients shown in the "Standard tables of food
composition in Japan: Amino acid composition of foods, 2010
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Fig. 1.1 Cluster analysis of the amino acid composition of food ingredients. A hierarchical cluster analysis using
Ward’s linkage method was performed to obtain a visual representation of the amino acid content of food ingredients.
The analysis included 337 food ingredients that were listed in the “Standard Tables of Food Composition in Japan:

Amino Acid Composition of Foods, 2010” [11]
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Fig. 1.2 The 30 food ingredients with the highest BCAA content among commonly used Japanese food ingredients.
The BCAA content is shown for a 100 g edible portion. The food ingredients with high BCAA content were taken from
the “Standard Tables of Food Composition in Japan: Amino Acid Composition of Foods, 2010 [11]
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Fig. 1.3 Discriminant analysis using the amino acid composition of major dietary protein sources (meat, fish and shell-
fishes, pulses, eggs, and milk). A visual representation of the differences in the amino acid composition of major dietary
protein sources (meat, fish and shellfish, pulses, eggs, and milk) that was obtained by conducting a discriminant analy-
sis. The food ingredients were chosen from the meat, fish and shellfish, pulses (beans), eggs, and milk (dairy products)
categories in the “Standard Tables of Food Composition in Japan: Amino Acid Composition of Foods, 2010” [11]

acid compositions of major dietary protein sources (meat, fish and shellfish, pulses, eggs, and milk),
as assessed with discriminant analysis. Intriguingly, pulses (beans), eggs, and milk (dairy products)
were different from fish and meat. Although the amino acid score is frequently used to evaluate the
amino acid content of a diet, focusing on the amino acid content of foods (e.g., the content of Leu or
BCAAs in a 100 g edible portion) would be a new way to consider dietary amino acid intake that
could be applied whenever amino acid supplementation is necessary. To reap the health benefits of a
specific dietary amino acid composition, selecting appropriate food ingredients can be an effective
tool in addition to amino acid supplementation. Further studies should be conducted to advance the
understanding of the importance of food selection with regard to amino acid composition.

Conclusions

Dietary essential amino acids have two distinct nutritional functions: (1) substrates act as protein
building blocks, and (2) they act as nutritional signals to evoke physiological reactions. To determine
amino acid requirements, a number of tracer techniques and approaches have emerged, and the general
conclusion from these studies is that the adult requirements for individual essential amino acids are
considerably greater than the standards derived from earlier N balance studies. The final conclusion
regarding each requirement is still under discussion. Dietary essential amino acids, including BCAAs,
have important physiological signaling effects. Enhancing the essential amino acid composition
improved glucose tolerance, decreased lipogenesis, and prevented hepatic steatosis in mice with diet-
induced obesity, and this strategy could be a novel preventive and therapeutic approach to nonalco-
holic fatty liver disease. There is clinical evidence suggesting that the supplementation of essential
amino acids or BCAAs has beneficial effects on body weight, body fat, lean body mass, and insulin
sensitivity. BCAAs are known to be abundant in food, accounting for approximately 20 % of total
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protein intake, and they bypass initial metabolism in the liver, in contrast to the other 17 amino acids.
These characteristics may contribute to the sharp elevation in plasma BCAA levels in response to a
meal; BCAAs may therefore play a signaling role in the peripheral tissues and brain that is unique
among amino acids. It would be reasonable to hypothesize that the signaling role of BCAAs developed
as a result of evolutionary adaptations to organisms’ metabolism. To reap the health benefits of essen-
tial amino acids (both as building blocks of proteins and as physiological signals), choosing food
ingredients based on their amino acid composition is a potential new approach that could be combined
with amino acid supplementation.
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Chapter 2
Metabolism of BCAAs

Jeffrey T. Cole

Key Points

* Branched chain amino acids are essential amino acids that cannot be synthesized in the body.

e Leucine, isoleucine and valine share enzymes for catabolizing the first two steps in their
metabolism.

* The three branched chain amino acids are unique among amino acids in that their first catabolic
step cannot occur in the liver.

» Disturbances in branched chain amino acids metabolism are primarily genetic in origin.

e Traumatic brain injury appears to uniquely influence the concentration of branched chain amino
acids in the brain.

Keywords Traumatic brain injury ¢ BCATm ¢« BCKD e Astroglial-neuronal nitrogen cycle e
Transamination * Michaelis constant * Nitrogen

Introduction

Leucine, isoleucine and valine are collectively known as the branched chain amino acids (BCAAs), a
descriptive term derived from the structure of their side chains.

In addition to the structural similarity, and the metabolic synchronization discussed below, the
plasma levels of the three BCAAs are remarkably consistent with one another in a variety of physio-
logical conditions, including both Type 1 and Type 2 diabetes [1]. However, despite these remarkable
similarities, there are subtle but important differences in their metabolism and function. Despite their
similar structure, the side chains differ in the structural conformation and hydrophobicity. These dif-
ferences account for the variability of roles the three BCAAs play in structural elements. For example,
leucine is more common in o-helices, while valine and isoleucine tend to be found primarily in
B-sheets. These slight differences in structure also suggest an underlying reason for why leucine is so
often the BCAA involved in helical zippers. Additionally, these differences emphasize why the
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Fig. 2.1 The chemical structure of the three branched chain amino acids—Ileucine, valine and isoleucine. For each
amino acid, the square outlines the R-group which gives all amino acids, not just BCAAs, their structural uniqueness
and specificity. The slightly different structure of the BCAAs also accounts for their different formula weights (131 for
leucine and isoleucine, 117 for valine). Unpublished figure from Cole

BCAAs should be considered, and researched, as separate entities. Often leucine, isoleucine and
valine are treated as interchangeable amino acids and frequently, results gained from research into one
of the three amino acids is thought to apply automatically to the other two BCAAs.

Structure and Physical Characteristics of BCAAs

The side chains of amino acids are what give each of the more than 20 amino acids their unique char-
acteristics. In the case of leucine, isoleucine and vlaine, these side chains referred to as aliphatic, a
general term which designates organic compounds composed of hydrogen and carbon atoms, that do
not contain a benzene-like ring. The 3 BCAAs (Fig. 2.1) contain a 3 or 4 carbon side chain and are of
virtually the same molecular weight (leucine 131.17 g/mol; isoleucine 131.17 g/mol; valine 117.15 g/
mol). Collectively, the three branched chain amino acids make up approximately 33 % of all the
amino acids in the body. A great proportion of these three amino acids are found in skeletal muscle,
where they act as both a structural element and as a store for systemic nitrogen.

These amino acids are “essential” amino acids, meaning that mammals cannot de novo synthesize
them, necessitating their intake from external sources. As essential amino acids, the human body must
consume approximately 40, 20 and 19 mg/kg/day of leucine, valine and isoleucine, respectively.
Collectively, this amounts in total to approximately 5.5 g/day for a 70 kg adult. The best sources of
these amino acids are red meat or dairy products. However, it is possible for vegans to consume suf-
ficient amounts to meet their needs by judicious consumption of soy protein and other vegetarian
sources. In the typical Western diet, approximately 20 % of all dietary protein consists of the three
BCAAs which makes deficiency an exceptionally rare occurrence. In fact, metabolic and physiologi-
cal disorders associated with BCAAs typically involve the genetic disruptions in their metabolism or
as secondary to other primary health problems and not due to deficiency (see Chap. 12 on MSUD and
below for further discussion)[2-5].

Catabolism of BCAAs

To completely catabolize BCAAs it requires a number of enzymatic steps (Fig. 2.2), most of which
occur in the mitochondria [6-8]. As with most amino acids, the final catabolic step results in the pro-
duction of acetyl-CoA, propionyl-CoA and succinyl-CoA. However, it should be remembered that at
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a Leucine b Isoleucine c Valine
1 7 13
a-Ketoisocaproicacid 2-Keto-3-methylvalericacid a-Ketoisovalericacid
2 8 14
Iso-valeryl-CoA 2-Methylbutyryl-CoA Isobutyryl-CoA
3 ) 15
3-Methylcrotonyl-CoA Tiglyl-CoA Methylacrylyl-CoA
4 10 16
3-Methylglutaconyl-CoA 2-Methyl-3-hydroxy-butyryl-CoA 3-Hydroxy-isobutyryl-CoA
5 11 17
3-hydroxy-3-methylglutaryl-CoA 2-Methyl-acetoacetyl-CoA 3-Hydroxybutyricacid
l 6 l l 12 l 18
Acetoacetate Acetyl-CoA  Propionyl-CoA Acetyl-CoA  MethylmalonicSemialdehyde
19
Propionyl-CoA
20
Methylmalonyl-CoA
21
Succinyl-CoA

Fig. 2.2 Schematic depicting the complete metabolism of leucine, isoleucine and valine. The numbers correspond to
the appropriate enzymes for each reaction. 1. Branched Chain AminoTransferase; 2. Branched Chain Keto-Acid
Dehydrogenase; 3. Isovaleryl-CoA Dehydrogenase; 4. 3-Methylcrotonyl-CoA Carboxylase; 5. 3-Methylglutaconyl-
CoA Hydratase; 6. 3-Hydroxy-3-Methylglutaryl-CoA lyase; 7. Branched Chain AminoTransferase; 8. Branched Chain
Keto-Acid Dehydrogenase; 9. 2-Methylbutyryl-CoA Dehydrogenase; 10. Enol-CoA Dehydrogenase; 11.
2-Methylhydroxybutyryl CoA Thiolase;12. 3-Methylacetoacetyl-CoA Thiolase; 13. Branched Chain AminoTransferase;
14. Branched Chain Keto-Acid Dehydrogenase; 15. 2-Methylbutyryl-CoA Dehydrogenase; 16. Enol-CoA
Dehydrogenase; 17. 3-Hydroxyisobutyryl-CoA Deacylase; 18. 3-Hydroxyisobutyryl-CoA Dehydrogenase; 19.
Methylmalonic semialdehyde Dehydrogenase; 20. Propionyl-CoA Carboxylase; 21. Methylmalonyl-CoA Mutase.
Unpublished figure from Cole

virtually every catabolic step, the metabolite can be diverted for other uses, such as fatty acid or cho-
lesterol synthesis. Additionally, while some reactions are reversible, leucine, isoleucine and valine
cannot be synthesized de novo by the body.

Two shared enzymes catabolize the first step: BCAA catabolism begins with a transamination reaction
catalyzed by the branched chain aminotransferase (BCATs). The distribution of these enzymes will be
discussed in greater depth in Chap. 3; briefly however, there are two isoforms—mitochondrial BCATm
and cytosolic BCATc. In fact, the cytosolic isoform catalyzes the only catabolic step in BCAA metab-
olism that occurs outside of the mitochondria [9-12]. These isozymes transfer the a-amino group
from leucine, isoleucine or valine to a-ketoglutarate [13, 14]. This metabolic step is unique to BCAA
metabolism as the BCAT isozymes (and the second step, catabolized by BCKD) are common to three
different amino acids, while no other amino acids share a primary first step enzyme. The products
resulting from this reaction are glutamate, which now contains a nitrogen-containing group provided
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Fig. 2.3 An example of the first step of BCAA catabolism, using leucine as an example. In the first half of this “ping-
pong” reaction, leucine is deaminated, forming a-ketoisocaproic acid, with the amino group being temporarily trans-
ferred to the BCAT isozyme. Both the mitochondrial and cytosolic isozymes function identically in this reaction.
Accepting the amino group converts BCAT-PLP to BCAT-PMP. In the second half of the reaction, BCAT-PMP donates
the amino group to an acceptor molecule, typically a-ketoglutarate, to form the amino acid glutamate. The BCAT-PMP
is thus returned to its initial BCAT-PLP state. PLP—pyridoxal 5’ phosphate. PMP—pyridoxamine 5’ phosphate.
Unpublished figure from Cole

by the BCAAs and a branched chain keto-acid (BCKA) [15-17]. Once deaminated, leucine, isoleu-
cine and valine form a-ketoisocaproic acid, a-keto-p-methylvaleric acid and a-ketoisovaleric acid,
respectively.

Both BCATm and BCATc use Vitamin B-6 cofactors to catalyze the reaction. During the first half
of reaction, pyridoxal-5-phosphate (PLP) acts as a temporary acceptor of the o« amino group being
donated from the BCAA and becomes pyridoxamine-5-phosphate, which converts BCAT-PLP to
BCAT-PMP. In the second half of the reaction, BCAT-PMP donates the amino group to a-ketoglutarate.
This converts the BCAT-PMP back to BCAT-PLP, while simultaneously transaminating a-ketoglutarate
to glutamate (Fig. 2.3). This is often referred to as “ping-pong metabolism”, as the enzyme and cofac-
tor revert back to their initial state following release of the temporarily attached amino group.

As mentioned, studies of the BCAAs frequently “lump” the three amino acids together and use one
BCAA, usually leucine, as a representative for the other two BCAAs. However, there is a marked
substrate preference for the BCAT enzymes for isoleucine, followed by leucine and then valine.
Typically, a-ketoglutarate is presumed to be the default amino group acceptor although other ketoac-
ids can serve this function. Indeed, kinetic data indicates that BCKAs themselves can act as substrates
for the second half of the reaction (i.e. the donation of amino group from BCAT-PMP), with K, values
indicating that KIC is preferred to KIV and KMV, and even a-ketoglutarate. The Michaelis constant
(K.,) characterizes the affinity of an enzyme for a substrate. In an enzymatic reaction, the K, value is
the substrate concentration at which the reaction proceeds at half its maximum speed. A low K, value
means that the enzyme reaction has a high affinity for its substrates, with just a small amount of sub-
strate needed to make the reaction proceed at its maximum rate. However, despite this marked prefer-
ence, Islam and Hutson clearly demonstrate that specificity constant (k.,/K;,) for BCATm determine
that o-ketoglutarate is the major substrate in vivo for the second half reaction. A specificity constant
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is the efficiency of the enzyme reaction and is determined by the K., (maximum rate at which an
enzyme can function) divided by the K, (the rate of substrate-enzyme interaction) [18].

Enzymatic characteristics of BCATc and BCATm: There are many unique features of BCAT enzymes, one
of which is a redox-sensitive CXXC center that plays a major role in catalytic reactions. In this case, the C’s
represent the amino acid cysteine, while the X’s can be any amino acid. Both isozymes of BCAT are revers-
ible, and it is this redox center that permits this reversibility. In most cells, BCAT enzymes operate near
equilibrium, with both substrate and product concentrations being at or below their K, values. This allows
BCAT isozymes to quickly respond to changes in tissue concentrations of substrate or product, which
allows BCAAs to be an ideal reserve for both carbon skeletons and nitrogen for glutamate synthesis.

However, this near equilibrium status also means that for the reaction to proceed, rather than cycle
between BCAAs and BCKAs, BCKAs must be eliminated. This can occur via simple removal from
the cell which is not typical as demonstrated by the exceptionally low circulating levels of BCKAs in
the serum [19]. However, the movement of BCKAs between tissues (or cell types, as seen in the brain,
discussed above) would provide a mechanism for the transfer of BCAA-derived nitrogen between
organs and tissues. The other, more prevalent, mechanism by which BCKAs can be eliminated is
through simple oxidation within the cells. Removal of the BCKA carbon skeleton following transami-
nation results in the net transfer of the amino group from BCAAs to glutamate.

BCKD catabolizes the second step: The oxidation of BCKAs following BCAA deamination is regu-
lated by the second enzyme in BCAA catabolism. As with the BCAT isozymes, this enzyme is also
shared among the three BCAAs. The mitochondrial branched chain a-keto acid dehydrogenase
(BCKD) irreversibly catabolizes BCKAs and regulates the rate of BCAA metabolism. Interestingly,
the rate at which BCAA carbon skeletons are oxidized mirrors the rate of net transfer of nitrogen to
glutamate from BCAAs. BCKD, also sometimes referred to as BCKDC (the “C” designating “com-
plex™), is one of a family of macromolecular proteins which include pyruvate dehydrogenase (PDH)
and a-ketoglutarate dehydrogenase (a-KDH).

Structural arrangement of BCKD: BCKD contains within its complex 3 enzymes, each of which also
has multiple copies. The three subunits have been identified as branched chain a-keto acid decarboxyl-
ase (E1), a dihydrolipoyl transacylase (E2) and a dihydrolipoyl dehydrogenase (E3). Ultimately, BCKD
oxidatively decarboxylates any of the three BCKAs, forming isovaleryl-CoA from KIC, isobutyryl-
CoA from KIV, and alpha-methylbutyryl-CoA from KMV, with NADH being also produced. This
reaction is both rate limiting and highly regulated, with BCKD kinase (BCKD-K) mediating the reac-
tion by associating and dissociating from the complex. BCKD-K association with BCKD results in
phosphorylation and inactivation of E1 enzyme. The regulation of BCKD-K is in turn regulated by
changes in the local concentrations of KIC. Elevated levels of KIC inactivate BCKD-K, which facili-
tates oxidation of all three BCKAs. When levels of KIC drop, the BCKD-K is reactivated, signaling it
to inhibit BCKD activity. Some research groups have speculated about the existence of a BCKD phos-
phatase. However, it has yet to be identified and the exact function and role of this enzyme has not been
determined, nor have the possible protein regulators of this phosphatase been identified [20-22].

All three enzymes catalyze multi-step reactions and irreversibly oxidatively decarboxylate a-keto
acids. Due to its complexity, the structure and function of BCKD enzyme has only been partially
elucidated [18]. However, the enzyme complex is assembled around a scaffolding consisting of a
dihydrolipoamide transacylase (E2 subunit). This 24-meric core is the noncovalent attachment site for
multiple copies each of the BCKA dehydrogenase (E1 subunit) and the dihydrolipoamide dehydroge-
nase (E3 subunit). It is the E1 subunit that catalyzes the decarboxylation of BCKAs, using as a cofac-
tor thiamine diphosphate (ThDP). The reaction produces carbanion ThDP, which is then reduced by
El, transferring the carbanion to the lipoyl moiety bound to the E2 subunit. The acyl group is trans-
ferred to the active site of E2 by the sacyldihydrdolipoamide domain. The FAD moiety of E2 re-
oxidizes the dihydrolipoyl residue, while NAD+serves as the electron acceptor. In turn, the
mitochondria will oxidize the NADH to provide energy (Fig. 2.4).
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Fig. 2.4 Branched chain ketoacid dehydrogenase catabolizes the second, irreversible, step in BCAA catabolism. While
any of the three ketoacids generated during BCAA catabolism can act as a substrate, this figure uses a-ketoisocaproic
acid as an example. In step A, the E1 subunit of BCKD, in a thiamine pyrophosphate-mediated reaction temporarily
binds to the BCKA, releasing a carbon dioxide (CO,). This complex then interacts with the E2 subunit (step B), transfer-
ring the decarboxylated BCKA and releasing the E1 subunit. This E2 complex then transfers the BCKA derivative to
CoASH, forming the third product in BCAA metabolism (after the BCAA and BCKA), which are isovaleryl-CoA,
2-methylbutyryl-CoA and isobutyryl-CoA. During this release, the FAD-linked E3 subunit acts as a temporary proton
acceptor, mediating the conversion of NAD* to NADH. FAD—flavin adenine dinucleotide. NAD—nicotinamide ade-
nine dinucleotide. Unpublished figure from Cole

BCATm and BCKD- a metabolon?: The efficiency of BCATm and BCKD is enhanced not just by the
close physical proximity of the enzymes, but through an actual structural relationship referred to as a
metabolon. Islam and Hutson demonstrated channeling of the BCKAs formed via BCATm activity
directly to the E1 component of the BCKD complex [18, 23]. This direct channeling enhanced the
capacity of BCKD to decarboxylate BCKA and the overall complex activity. Using isothermal calo-
rimetry, Islam et al. determined that BCATm and the E1 subunit of BCKD directly, structurally, inter-
act. However, this association, with a binding constant of 6 mM, is relatively weak. Despite this weak
association, when a BCAA donates its amino group to BCATm-PLP, the resultant BCKA is channeled
directly to the active site of E1, while the BCATm-PMP, having transaminated alpha-ketoglutarate, is
released. These results suggest that not only is the activity of BCATm and BCKD dependent on sub-
strate availability, but also on the ratio of BCATm to BCKD El. This close relationship drives trans-
amination and glutamate synthesis while providing additional carbon skeletons for energy
generation.
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Downstream BCAA Catabolism: The remaining catabolic steps are, like BCKD, mitochondrial
in location. Two different dehydrogenases (isovaleryl-CoA dehydrogenase for leucine products and
2-methyl-butyryl-CoA dehydrogenase for isoleucine and valine products) oxidize the branched chain
acyl-CoA products to form 3-methylcrotonyl CoA, tigloyl-CoA and methylacryl-CoA [24]. Following
this step, the catabolic pathways of leucine, isoleucine and valine, which had shared enzymes and
pathways, diverge (Fig. 2.2) The ketogenic leucine product Isovaleryl-CoA is ultimately catabolized
to form acetyl-CoA and acetoacetate. Its metabolism involves p-methylcrotonyl-CoA carboxylase,
which is both ATP and biotin dependent. In contrast, both valine and isoleucine are considered to be
glucogenic, with both BCAAs being metabolized to propionyl-CoA (and Acetyl-CoA in the case of
isoleucine) then succinate via methylmalonyl-CoA. Additionally, valine catabolism results in the pro-
duction of 3-hydroxybutyrate (3-HB) which can be released from tissue. As a ketone body, 3-HB can
be used as an alternative fuel source when glucose is depleted.

Distribution of BCAA Metabolism

Unique characteristics of BCAA metabolism: The metabolism of BCAAs is relatively well-understood
and straightforward. However, it is the cellular and tissue distribution of their primary metabolizing
enzymes that gives leucine, isoleucine and valine such an important role in nitrogen metabolism [25].
Significantly, neither isoform of BCAT is expressed in the liver. BCATc is expressed primarily in the
brain, testes and ovaries, while BCATm is found throughout the body. The distribution of BCAT and
BCKD will be discussed further in Chap. 3. This makes BCAAs somewhat unique in comparison to
the other amino acids in that not only is their first catabolic step not occurring in the liver, but that its
primary catabolism occurs in the skeletal muscle [26, 27]. Despite the fact that dietary amino acids
typically contain about 20 % BCAAs, amino acids in the blood exiting the splanchnic bed typically
consist of about 50 % BCAAs. In fact, approximately 50 % of all skeletal muscle amino acid uptake
consists of BCAAs, since leucine, isoleucine and valine all avoid “first pass metabolism”. The phrase
“first pass metabolism” refers to hepatic metabolism of substrates immediately following their absorp-
tion from the intestine [25]. Indeed, following consumption of a protein rich meal (beef) in which
BCAAs make up about 20 % of the amino acids, the splanchnic output consisted of about 50 %
BCAAs [28-30]. This caused speculation that about half the capacity to catabolize BCAAs is found
in the skeletal muscle, with a substantial portion also being seen in adipose tissue. This prompted
experiments in which forearm metabolism was monitored after the ingestion of a steak. Following
consumption of this high protein meal, BCAA uptake into the muscle was significantly increased.
However the release of BCKAs was only minimally affected. This suggests that BCAAs are being
completely catabolized in the muscle, or contributing to protein deposition, which may account for
the popularity of these amino acids as muscle building supplements.

A key function of the BCAAS in the skeletal muscle is to provide the nitrogen needed to maintain
muscle pools of glutamate, alanine and glutamine. In the skeletal muscle, BCAT activity is substan-
tially higher than BCKD activity. The high ratio of BCAT:BCKD activity indicates a tissue capacity
for efficiently transferring nitrogen from BCAAs to alpha-ketoglutarate and also possibility of a high
release of BCKAs from the tissue instead of their being oxidized in situ. Despite the extensive release
of BCKAs from the skeletal muscle, the concentrations of circulating BCKAs are exceptionally low.
This is due to the complete absence of BCAT isozymes in the liver, while the hepatocytes demonstrate
an extremely high level of BCKD activity. This allows virtually complete oxidation of BCKAs and
maintains low levels.

Interorgan BCAA metabolism: Since muscle is not a gluconeogenic tissue, valine and isoleucine can-
not be completely oxidized in this tissue if they are to be converted to glucose. Studies in cardiac
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muscle have demonstrated that KIC is almost completely oxidized, while KIV is not. In fact, in both
cardiac and skeletal muscle, the primary end product of valine metabolism is not complete oxidation
but instead beta-hydroxyisobutyrate. This metabolite is a key indicator for the fate of valine in the
muscle. While in a fed state, plasma beta-hydroxyisobutyrate levels are approximately 20 mM, there
is a fivefold increase in fasted humans. This is due to the role of f-hydroxyisobutyrate as a key inter-
organ gluconeogenic substrate, and is in fact, an ideal gluconeogenic substrate in hepatocytes and
renal cortical tubules.

BCAA metabolism in the brain: The metabolism of BCAAs in the brain represents a somewhat unique
case, in comparison to the rest of the body. This is due to the unique distribution of the BCAA metaboliz-
ing enzymes, with the brain being the only tissue (along with the ovaries and testes) that express BCATc,
BCATm and BCKD. In the central nervous system (CNS), BCATm and BCKD are expressed in differ-
ent cell types, despite convincing evidence that elsewhere the two enzymes form a metabolon to facili-
tate BCAA catabolism. This suggests, perhaps, a slightly different role for BCAAs in the brain than in
the rest of the body. In the CNS, BCATc is expresses primarily in neurons, as is BCKD, while in BCATm
it appears to be limited to astrocytes [31, 32]. This will be discussed more in depth in Chap. 3.

Metabolic Disorders

While BCAA deficiency is exceptionally rare, there are several disorders in their metabolism that can
cause significant health problems. Perhaps the most well-known is Maple Syrup Urine Disease, which
is caused by mutations in the BCKD enzyme complex. This will be discussed completely in Chap. 12.
There is another, equally rare, autosomal recessive disease known as Isovaleric Acidemia. This disor-
der is caused by a mutation in the enzyme isovaleryl-CoA dehydrogenase, which converts isovaleryl
CoA to 3-methylcrotonyl-CoA. The accumulation of isovaleryl-CoA results in many of the symptoms
of this disorder, which may prove fatal. As with MSUD, this disorder can best be treated by strict
regulation of the dietary intake of BCAAs.

Extra-metabolic functions of BCAAs in the brain: In the brain, the BCAAs play a key role in maintain-
ing the supply of the neurotransmitter glutamate. To understand this contribution, a brief discussion
of the glutamate:glutamine cycle and the astroglial:neuronal nitrogen hypothesis are in order. In the
brain, glutamate serves as an excitatory neurotransmitter and is released from the synaptic cleft. After
interacting with receptors on the post-synaptic neuron, it is removed from the synapse by astrocytes.
Collectively, the astrocyte and pre- and post-synaptic neuron are referred to as a “tripartite synapse”.
The glutamate is removed from the synaptic cleft to prevent unrestrained, uncontrolled hyperactiva-
tion of the post-synaptic neuron. The astrocyte aminates the glutamate in a glutamine synthetase-
mediated reaction to form glutamine. This amino acid is then returned to the pre-synaptic neuron
where it can be deaminated by glutaminase to re-enter the pool of neurotransmitter glutamate. This
process has been named the “glutamate:glutamine cycle”, and allows for the conservation of excit-
atory neurotransmitters within the brain. However, as with any physiological processes, the
glutamate:glutamine cycle is not 100 % efficient [15—17]. At each step of the process, glutamate can
be lost or diverted for other purposes. In the astrocyte, glutamate can be aminated to form glutamine.
However, astrocytes also convert a significant fraction of the glutamate to alpha-ketoglutarate via
glutamate dehydrogenase, which then enters the TCA cycle and is catabolized eventually to lactate.
In fact, the flow of TCA cycle intermediates to glycolytic products means that significant glutamate
synthesis must occur to replace the lost glutamate. Additionally, the glutamine produced in the astro-
cyte can be used both within the astroycte or neuron for purine and pyrimidine synthesis, or for nitro-
gen fixation. When glutamine has been returned to the pre-synaptic neuron, the glutamate produced
by its deamination by glutaminase can similarly be scavenged for other uses, notably for energy
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Fig. 2.5 Scheme for the Astroglial-Neuronal Shuttle depicts the current model for BCAA function in the brain. The
glutamate:glutamine cycle (within the dotted line box) depicts the uptake of glutamate from the synaptic cleft following
release from the pre-synaptic neuron. After re-amination, to form glutamine, the synaptically inert glutamine is returned
from the astrocyte to the pre-synaptic neuron. It is deaminated to form the excitatory neurotransmitter glutamate. Since
this reaction is not 100 % efficient, it requires a continual input of new glutamate (and nitrogen), which led to the devel-
opment of the astroglial-neuronal nitrogen shuttle hypothesis. Astrocytic BCATm transaminates BCAAs to form gluta-
mate. The resultant BCKA carbon skeleton is returned to the neuron for re-amination, prior to return to the astrocyte.
Alternatively, the BCKAs are disposed of in the neuron by irreversible catabolism by branched chain keto acid dehy-
drogenase (BCKD). BCAT- branched chain aminotransferase. BCKD- branched chain ketoacid dehydrogenase. GAD-
glutamic acid decarboxylase. BCAA, branched chain amino acid. Glu- glutamate. a-kg—ketoglutarate. Unpublished
figure from Cole

production via the TCA cycle, as in the astrocyte. Put simply, there is no guarantee that the glutamate
released from the pre-synaptic neuron will be returned to the pre-synaptic neuron as a neurotransmit-
ter without being used for other physiological purposes.

Astroglial-neuronal nitrogen shuttle: While the glutamate:glutamine pool is well-documented, less
well understood is the means by which the glutamate pool is maintained despite losses for other pur-
poses. This led to the creation of the “astroglial-neuronal nitrogen shuttle hypothesis” based on the
contribution of BCAAs to glutamate metabolism in the brain (Fig. 2.5). Approximately 40 % of glu-
tamate in the brain contains an amino group that was derived from a BCAA. This hypothesis was
originally developed from results obtained in cultured astrocytes in which leucine oxidation is very
slow, while release of alpha-ketoisocaproic acid is high, as well as studies using radio-labeled leucine
to track the nitrogen label.

In the astroglial-neuronal nitrogen shuttle, BCATm-mediated BCAA transamination occurs in the
astrocyte, with alpha-ketoglutarate being the amino group receptor resulting in glutamate production.
The glutamate can then be further aminated as it enters the glutamate:glutamine cycle. However, the
BCKAs are not primarily catabolized in the astrocyte. In fact, the BCKAs themselves are also
putatively transferred to the neuron. Once in the neuron, the BCKAs are re-aminated by BCATc.
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The re-capitulated BCAAs are then shuttled back to the astrocyte to complete the shuttle process and
further produce glutamate. However, while the contribution of BCAAs to glutamate synthesis is indis-
putable, there are several paradoxes about the astroglial neuronal nitrogen shuttle that require further
elaboration. First, in the neuron, BCKAs are re-aminated to BCAAs using a glutamate-derived amino
group. Thus, neuronal pools of glutamate are being utilized to synthesis BCAAs for the return trip
back to the astrocyte to make additional glutamate. This seems to be something of a futile cycle,
although the existence of distinct pools of glutamate render this hypothesis less unlikely than it first
appears. A number of researchers speculated on the existence of at least two pools of glutamate in the
neuron which have little to no communication. The metabolic pool is many orders of magnitude larger
than the synaptic pool and can therefore provide the needed amino group to BCKAs without depleting
synaptic glutamate. Why the neuron does not simply transfer glutamate from one pool to the other
remains to be answered.

Traumatic Brain Injury and BCAA Metabolism

BCAAs play a major role in maintaining glutamate stores in the brain. However, disruption of their
metabolism or the provision of excess BCAAs is only rarely thought to cause neurological problems.
While the classical example is Maple Syrup Urine Disease (discussed Chap. 12), a research effort led
by Drs. Cole and Verma determined that following a traumatic brain injury (TBI) [33], in the damaged
region of the brain, there is a significant decrease in the concentration of BCAAs. Decreases in
BCAAs correlated very strongly to impairments in electrophysiological activity and neurological/
cognitive function. Interestingly, application of BCAAs restored brain function in the injured areas
and performance on memory tasks used to assess cognitive function was improved. Aquilani et al.
(2005, 2008) conducted a clinical trial in which severely brain injured patients are given IV BCAAs.
Using a Disability Rating Score, these researchers demonstrated a significant improvement in the
neurological health of these individuals. See chapter regarding “The branched chain amino acids in
the context of other amino acids in traumatic brain injury” for more details.

Conclusions

Leucine, isoleucine and valine are key amino acids in a number of systemic functions, most particu-
larly nitrogen homeostasis and neurological function. In comparison to other amino acids, the three
BCAAs have a unique distribution of enzymes, and, perhaps more uniquely, the property of sharing
key enzymes. Understanding these structural, biochemical, and metabolic properties of BCAAs will
shed significant light onto the following chapters.
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Chapter 3
The Cytosolic and Mitochondrial Branched Chain

Aminotransferase

Myra E. Conway and Susan M. Hutson

Key Points

The branched chain aminotransferases (BCAT) are PLP-dependent proteins which catalyze the
transfer of an amino group from the donor amino acid to a-ketoglutarate, forming glutamate and
the respective keto acids.

Structurally the BCAT proteins are homodimers, where the active site between each isoform is
largely conserved.

The cytosolic and mitochondrial isoforms show cell and tissue specific expression where the ami-
notransferase proteins play an integrated role in shuttling metabolites between cells and tissues.
These anaplerotic shuttles interface with core metabolic pathways and protein complexes such as
the branched chain o-keto acid dehydrogenase complex and glutamate dehydrogenase, respec-
tively, indicating a role in the regeneration of key metabolites such as the primary neurotransmitter
glutamate.

Leucine is a nutrient signal and involved in mTOR signalling, which controls the synthesis of cellular
protein levels.

Moreover, the BCAT proteins have a unique redox-active CXXC motif regulated through changes
in the redox environment, likely to play a key role in this signalling mechanism.

Site-directed mutagenesis studies have identified that the N-terminal cysteine acts as the ‘redox
sensor’ and the C-terminal cysteine as its resolving partner, which permits reversible regulation.
Oxidation, S-nitrosation and S-glutathionylation are important redox regulators of BCAT activity
and are reversibly controlled through the glutaredoxin/glutathione system.

Biochemical and X-ray crystallography studies of the redox-active mutant proteins describe
the importance of the N-terminal cysteine in the orientation of the substrate and its interaction with
key residues of the interdomain loop.
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Abbreviations

PLP Pyridoxal phosphate

PMP Pyridoxamine

BCKA Branched chain a—keto acids

KIC a-Ketoisocaproate

KIV a-Ketoisovalerate

KMV a-Keto-p-methylvalerate

BCAT Branched chain aminotransferase

ALT Alanine aminotransferase

AST Aspartate aminotransferase

BCAAs Branched chain amino acids

BCKDC Branched chain a-keto acid dehydrogenase complex
E2 Dihydrolipoamide acyltransferase

El Branched chain a-keto acid dehydrogenase
E3 Dihydrolipoamide dehydrogenase

ThDP Thiamine diphosphate

BCATm Mitochondrial BCAT

BCATc Cytosolic BCAT

GDH1 Glutamate dehydrogenase

mTORC1 Mammalian target of rapamycin complex 1
GSNO S-nitrosoglutathione

NO Nitric oxide

eBCAT E. coli branched chain aminotransferase
4MeVa 4-Methylvalerate

BCATm-ox Oxidized BCATm

Introduction

Transamination reactions are catalysed by pyridoxal phosphate-dependent (PLP) enzymes [1]. The key
aminotransferase proteins have two predominant isoforms, a mitochondrial and cytosolic isoform.
These include the branched chain aminotransferases (BCAT) [E.C. 2.6.1.42], the alanine aminotrans-
ferases (ALT) [glutamate pyruvate tranaminase or alanine 2-oxo-glutarate E.C. 2.6.1.2] and the aspar-
tate aminotransferase proteins (AST) [glutamic oxaloacetic transaminase or L-aspartate:2-oxo-glutarate
aminotransferase, E.C. 2.6.1.1]. These enzymes all require the cofactor PLP for activity and have the
same basic transamination mechanism. The PLP-dependent aminotransferases are largely placed with
the fold-type I or L-aspartate aminotransferase family [2, 3]. However, the BCAT proteins fall into the
fold-type IV class of proteins, in part due the fact that the proton is abstracted from the C4’ atom of the
coenzyme-imine or external aldimine on the Re face instead of the Si face of the PLP cofactor [4].
The BCAT proteins are key metabolic proteins responsible for the metabolism of the branched
chain amino acids (BCAAs). Products of their metabolism are essential nutrient signals and glutamate
is one of the major neurotransmitters in the brain. These proteins are distributed throughout the body
but show tissue and cell specific compartmentalization which facilitates the interplay of highly regu-
lated pathways. Knowledge of these pathways is not only important to our understanding of normal
physiological mechanisms but more so how they are altered and contribute to the pathogenesis of
disease. This chapter details the whole body distribution of the BCAT aminotransferases with particu-
lar focus on their role in anaplerotic pathways to generate and maintain the pool of brain and whole
body glutamate through their involvement in metabolic shuttles that channel nitrogen. Furthermore,
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the structure/function relationship of these proteins is discussed in detail with particular emphasis on
how these proteins are regulated through changes in the redox environment.

Transamination

The first step in BCAA catabolism is a nitrogen transfer reaction transamination catalyzed by the
BCAT isozymes. Deamindation of amino acids was first observed by H. A. Krebs in the 1930s in tissue
slices, and subsequently it was observed that amino acid transformations could occur without changes
in total nitrogen, i.e., nitrogen transfer [5]. The identity of amino group acceptors such as
a-ketoglutarate, pyruvate and oxaloacetate soon followed. Thus, transamination is a nitrogen transfer
reaction with the a-amino group of one amino acid transferred to a receptor a-keto acid to form the
respective amino acid and a-keto acids [5].

Purification of the first BCAT enzyme was reported in 1966 [6, 7]. Subsequent research in the
1980s and 1990s by Hutson and co-workers established that there are only two mammalian BCAT (for
review see [8])—mitochondrial BCATm (BCAT2) and cytosolic BCATc (BCATI). Like other amino-
transferases, BCAT use vitamin B¢-(PLP) as a cofactor and exhibit ping-pong kinetic mechanisms
(Fig. 3.1). In the first half-reaction, the PLP form of the enzyme reacts with the a-amino group of a
BCAA, leucine, isoleucine or valine. Then the reaction proceeds to the pyridoxamine (PMP) form of
the enzyme releasing the respective branched chain a-keto acids (BCKA), a-ketoisocaproate (KIC),
a-keto-B-methylvalerate (KMV) or a-ketoisovalerate (KIV) (Reaction 1). The PMP enzyme then
reaminates a second a-keto acid, usually a-ketoglutarate, followed by reversal of the first half reaction
to reform the PLP enzyme and release glutamate (Reaction 2).

BCAT+PLP+R, —CH(NH, )~ COOH =2 BCAT * PMP+R, -CO - COOH (3.1
BCAT +«PMP+R, —CO—-COOH &2 BCAT +PLP+R, —CH(NH, ) - COOH (3.2)

The mammalian enzymes are very specific for BCAA and glutamate with substrate preferences for
isoleucine > leucine > valine >>glutamate [9-11]. Once BCAA nitrogen enters the large glutamate
pool, it is available for the synthesis of amino acids that transaminate with glutamate such as alanine
and aspartate and synthesis of glutamine via glutamine synthetase [12]. Thus, through transamination,
BCAA contribute to the synthesis of nonessential amino acids (glutamate, alanine and glutamine),
nevertheless, net nitrogen transfer into the nonessential amino acid pool only occurs when the BCKA
products are oxidized.

Transamination is a reversible reaction and net transfer of BCAA nitrogen into the nonessential
amino pool requires oxidation of the BCAA carbon skeleton. The committed step in BCAA oxidation
is catalyzed by the second enzyme in the catabolic pathway, the branched chain a-keto acid dehydro-
genase complex (BCKDC) (Reaction 3). The enzyme complex catalyzes multistep reactions that lead
to the irreversible oxidative decarboxylation of the BCKA giving rise to branched chain acyl-CoAs.

R-CO-COOH+CoA—-SH+NAD" - R-CO-S- CoA+CO, +NADH+H" 3.3)
Fig. 3.1 Transamination of BCAA BCKA a-Ketoglutarate
the BCAAs. Transamination Leu, lle, Val KIC , KMV, KIV aKG Glu
of the BCAA with a-keto
glutarate forming glutamate
and the a-keto acids by the

BCAT isozymes via a
ping-pong kinetic mechanism E-PLP E-PMP E-PLP
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BCKDC is organized around a 24-meric core scaffold consisting of dihydrolipoamide acyltransferase
(E2) subunits to which multiple copies of the branched chain a-keto acid dehydrogenase (E1) and
dihydrolipoamide dehydrogenase (E3) are noncovalently attached [13]. The E1 enzyme binds
thiamine diphosphate (ThDP) and catalyzes the ThDP-mediated decarboxylation of BCKAs [14].
The product of the reaction, carbanion-ThDP, undergoes the E1-catalyzed reductive transfer of carb-
anion to the lipoyl moiety that is covalently bound to dihydrolipoyl transacylase (E2) [15]. The dihy-
drolipoyl residue is re-oxidized by the FAD moiety of E3, and NAD" is the electron acceptor which is
oxidized in the mitochondria to provide energy. These first two steps in BCAA catabolism are com-
mon to all three BCAA and regulation of BCKDC is achieved by phosphorylation/dephosphorylation;
however, BCATm and BCKDC activities may also be regulated by complex formation.

Substrate Channelling Between Mitochondrial BCAT and the BCKDC Complex

The mitochondria BCAT (BCATm) isozyme has been found to form a metabolon protein complex
with the BCKDC and other proteins [16—-18]. Metabolon formation promoted channelling of the
BCATm transamination product to the E1 component of BCKDC which enhanced El-catalyzed
decarboxylation of the BCKAs and overall BCKDC activity [16—18]. The reaction cycle is depicted
schematically in Fig. 3.2. The interaction between BCATm and the E1 enzyme of BCKDC was con-
firmed in vitro with human recombinant enzymes to identify the protein partner for PLP-BCATm
as the E1 dehydrogenase of BCKDC with a binding constant of 6 pM, indicating a weak association.
The highest activity was obtained when a-ketoglutarate was also added, because it facilitated
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Fig. 3.2 Metabolon formation between BCATm, the BCKDC complex and GDH. Human BCATm binds directly to the
E1 subunit of BCKDC, forming the BCAA metabolon. Binding of BCATm to the E1 component promotes channelling
of substrate from BCATm to E1. The PMP form of BCATm is released from the E1 component. a-KG then binds to the
PMP form of BCATm regenerating the PLP form of BCATm, initiating a new reaction cycle. GDHI, binds to the PMP-
form of human BCATm facilitating reamination of the a-KG product of the GDH1 oxidative deamination (Adapted from
Islam MM, et al., J Biol Chem. 2007;282(16):11893-903, and Hutson SM, Islam MM, Zaganas I. Interaction between
glutamate dehydrogenase (GDH) and L-leucine catabolic enzymes: intersecting metabolic pathways. Neurochem Int.
2011;59(4):518-24)
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converting PMP-BCATm back to PLP-BCATm which can then initiate another cycle, i.e., cycling versus
a single turnover reaction [16]. Binding of BCATm to BCKDC is blocked by phosphorylation of E1.

More recently, GDH1 was identified as a potential metabolon component in rat tissues [17, 18].
GDHI1, but not GDH2, binds to the PMP form of human BCATm (PMP-BCATm) but not to
PLP-BCATm in vitro. This protein interaction facilitates reamination of the a-ketoglutarate product
of the GDHI1 oxidative deamination reaction. Another metabolic enzyme also found in the metabolon
is pyruvate carboxylase. Kinetic results suggest that PC binds to the E1 decarboxylase of BCKDC but
does not affect BCAA catabolism. The protein interaction of BCATm and GDH1 promotes regenera-
tion of PLP-BCATm which then binds to BCKDC resulting in channelling of the BCKA products
from BCATm first half reaction to E1 and promoting BCAA oxidation and net nitrogen transfer from
BCAAs (Fig. 3.2). The cycling of nitrogen through glutamate via the actions of BCATm and GDH1
releases free ammonia. Formation of ammonia may be important for astrocyte glutamine synthesis in
the central nervous system of rodents.

Shuttling of BCAA Metabolites and Their Role in Brain Metabolism

BCAA metabolite shuttling has been observed for astrocytes and neurons in rodent brain [19]. In the
rodent brain BCATm and BCKDC do not co-localize, but in human brain the localization of BCKDC
is not yet known. Immunolocalization of BCATm and BCKDC in rats revealed that BCATm is present
in astrocytes in white matter and in neuropil, while BCKDC is essentially found in neuronal popula-
tions. In the rat, BCATm appears uniformly distributed in astrocyte cell bodies throughout the brain.
The segregation of BCATm to astrocytes and BCKDC to neurons provides further support for the
existence of a BCAA-dependent astroglial-neuronal nitrogen shuttle since the data show that BCKAs
produced by glial BCATm must be exported to neurons and support the hypothesis that BCATm asso-
ciation with GDHI in astrocytes could provide ammonia for glutamine synthesis. Thus, in rodent
brain the hypothetical astrocyte neuronal shuttle involving BCKA produced from BCATm trans-
amination in astrocytes shuttling to neurons where the cytosolic isoform, BCATc, reaminates
BCKA transferring BCAA nitrogen between the two cell types and providing nitrogen for glutamate/
glutamine synthesis is supported by enzyme localization [20, 21]. Because BCKDC is also local-
ized in neurons, though BCKDC and BCATc are not necessarily found in the same neurons, net
nitrogen transfer occurs when the BCKA product is oxidized. The localization of these key enzymes
provides the potential for significant shuttling of BCAA metabolites between different cell types in
the rodent brain.

On the other hand, the localization of BCAT isozymes in human brain has been reported recently.
Like the rat/mouse, BCATc is primarily found in neurons that are GABAergic or glutamatergic with
more immunopositive GABAergic neurons [22]. As in rodents, neurons that were neither glutamatergic
nor GABAergic were also labeled (serotonergic, dopaminergic) with some neuroendocrine cells also
showing BCATc immunolabeling. BCATc labeling was found in the paraventricular nucleus of the
hypothalamus and substantia nigra among other structures in both human and rodent brain [22, 23].
The expression of BCATm in the vasculature and not in astrocytes in human brain presents a clear
difference between humans and rodents. The localization of BCKDC in human brain cells is not known
nor are there reports that GDH1 is localized in the vascular endothelium. It is clear that there is the
potential for shuttling of BCAA and their metabolites in human brain, but how BCAA nitrogen and
other metabolites contribute to human brain metabolism is not known at this time. Based on human
tissue BCAT and BCKDC activities which represent about 20 % of human whole body BCAA meta-
bolic capacity, the potential for brain oxidation of BCAAs suggests brain may contribute significantly
to human BCAA metabolism.
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Metabolite Shuttling in Peripheral BCAA Metabolism

Metabolite shuttling is also a hallmark of peripheral BCAA metabolism [24, 25]. The high ratio of
transaminase to oxidative capacity in skeletal muscle of the rat, absence of BCAT and high oxidative
capacity in liver led to the prediction of extensive interorgan shuttling of BCAA metabolites, first
postulated by Harper and collaborators [24-26]. The majority of peripheral tissues contain both
BCATm and BCKDC [27] whereas GDHI1 is found at varying levels in tissues, and it is not clear if
BCATm and GDHI1 co-localize, certainly not in liver. This led to the hypothesis that BCAAs play an
important role in body nitrogen metabolism, particularly as nitrogen donors for the major nitrogen
carriers alanine and glutamine [28, 29]. BCATm is not expressed nor it is expressed at low levels in
liver, and at higher levels in other organs, leaving the initial step in BCAA degradation to tissues other
than liver [26, 30].

BCAAs represent about 50 % of skeletal muscle amino acid uptake, and skeletal muscle is not the
primary site for catabolism of most of the other plasma amino acids. The BCAAs can be used for
maintenance of muscle pools of glutamate, alanine and glutamine and to provide nitrogen for alanine
and glutamine release from muscle with subsequent uptake by the liver, kidney and intestines.
In human skeletal muscle, BCAT activity is high compared to BCKDC activity (ratio of measured
BCAT/actual BCKDC activities and for total dephosphorylated BCKDC activity) [31]. The high
ratios of BCAT/BCKDC activities favor (1) release of BCKASs rather than their oxidation [24, 25, 30]
and (2) efficient transfer of BCAA nitrogen. In hepatocytes, the absence of the BCATm isozyme and
high activity of BCKDC favors liver oxidation of circulating BCKAs. This would account for the low
concentrations of BCKAs found in liver [32]. The flexibility of metabolic sites also explains the success
of liver transplantation in patients with the inborn error of BCAA metabolism at the BCKDC step,
Maple Syrup Urine Disease. On the other hand, not all tissues actively metabolize BCAAs. A recent
study suggests that adipose tissue is not a site of BCAA disposable due to the limited uptake of BCAAs
by this tissue [33].

Another unique feature of BCAA metabolism is the compartmentalization of BCAT isozymes and
BCKDC within organs and tissues. The mitochondrial BCATm is expressed ubiquitously whereas
the cytosolic isozyme BCATc is found almost exclusively in nervous tissue (Fig. 3.3). Sweatt et al.
[23, 27] have shown that in the rat, BCATc is expressed in peripheral nerves. Neither BCATm nor
BCKDC were found in peripheral nerves. In peripheral tissues BCATm is by far the predominant
isoform expressed. Its expression, however, is cell specific. It is often localized in secretory epithelial
cells [23]. Surprisingly the enzyme is highly expressed in the acinar cells of the exocrine pancreas and
parietal and chief cells of the stomach whereas the enzyme was not found in the secretory epithelial
cells of the intestine. The physiological significance of BCAA metabolism in the digestive system is
not known, but it may be important for glutamine synthesis.

With a few exceptions (liver, kidney and brain), the BCKDC complex appears to co-localize with
BCATm in rat and primate tissues. Major advantages of metabolite shuttling are: (1) BCAA nitrogen
can be transferred within and between organs and tissues; (2) oxidation of BCAA carbon skeleton
can occur throughout the body in a tissue and cell-specific manner depending on metabolic state;
(3) leucine signalling can be regulated within a specific cell-type within a tissue. Because leucine
activates mammalian target of rapamycin complex 1 (mTORC1) leading to increased cellular protein
synthesis, reduced autophagy and regulation of lipid homeostasis [34, 35], the ability to adjust intra-
cellular leucine concentrations and nutrient activation of mTORC] is advantageous. Studies with
transgenic mice with deletion of BCATm [36] show that blocking BCAA catabolism at the transami-
nation step throughout the body has profound effects on mTOR signalling. The BCATm knockout
mouse has elevated BCAAs without accumulation of BCKAs. The mouse is lean and resistant to
high fat diet-induced obesity, and it appears to be hypermetabolic as a result of increased protein
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Fig. 3.3 Whole body distribution of the BCAT and BCKDC proteins. The mitochondrial isoform is ubiquitously expressed
whereas the cytosolic isoform is largely expressed in neuronal cells of the brain and peripheral nervous system

turnover (increased synthesis and degradation) [36]. The BCATc (unpublished data) knockout mouse
does not exhibit an obvious phenotype, however, BCATc may modulate mTOR signalling in cells of
the immune system (unpublished data). Whether or not BCATc impacts mTOR signalling, through
modulation of leucine/KIC concentrations or influencing a-ketoglutarate concentrations, remains to
be determined. A recent publication suggests that leucine and not leucine metabolites are key regula-
tors [37]. However, the lack of BCATc in T lymphocytes, which prevents induction of BCATc during
T cell receptor engagement, strongly influences mTOR signalling leading to higher mTORCI acti-
vation (unpublished data). The hypothesis that BCATc is an oncogene was first postulated in the
1970s by Ichihara [38]. Tonjes et al. have just reported that BCATc promotes cell proliferation in glio-
mas and expression is highly correlated with proliferation. The mechanism appears to be BCATc’s
contribution to glioma glutamate excretion which is essential for glioma invasion [39].

The response of the BCAT proteins to cellular events that regulate BCAA catabolism (oxidation)
and impact on intracellular leucine is likely to be governed by its regulatory CXXC motif [40, 41],
which has been shown to be important for binding of BCATm to the E1 subunit of the BCKDC, facili-
tating substrate channelling as previously discussed [16]. In a separate study [42], using extracts from
the neuronal IMR32 cells, overexpressed mammalian BCATc was shown to have specific peroxide
related redox associations with several proteins, including septin 4, kalirin tho GEF, p-tubulin, myo-
sin-6 and the sodium channel type 10 a subunit. These proteins have either known reactive cysteine
residues or CXXC motifs with phosphorylation sites and/or are directly involved or controlled by
G protein cell signalling, which is known to be modulated by peroxide. These associations were
abolished when the environment became more oxidising. Thus, this indicates a potential novel role for
human BCATc in neuronal cell signalling.
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The Redox Regulation of the BCAT Proteins: Impact of the CXXC Motif

The redox-active CXXC motif, which is ~10 A from the active site, is unique to the mammalian BCAT
proteins [43, 44]. X-ray crystallography and biochemical studies have shown that these thiol groups
confer redox-linked regulation to the BCAT proteins and that the active and inactive forms result from
the reduced and oxidized CXXC motif, respectively [41, 42, 45, 46]. Initially it was observed that a
reducing environment was required for maximum BCAT activity [11] and further mapping of the reac-
tive cysteine residues by Conway et al. demonstrated that the N- and C-terminal cysteine groups of the
CXXC motif (Cys315-XX-Cys318; BCATm and Cys335-XX-Cys338; BCATc) were the residues
responsible [41]. Studies using electron spray ionization mass spectrometry analysis and site-directed
mutagenesis demonstrated that the thiol at the N-terminal position was the ‘redox sensor’ and the most
reactive of the thiol groups whereas, the C-terminal residue appeared to permit reversible regulation
through the formation of a disulphide bond via a sulphenic acid intermediate (Fig. 3.4) [41, 46].
Peroxide induced complete reversible inactivation of BCATm, whereas air oxidation alone resulted in
a loss of 40-45 % functional activity for BCATc, with no further loss on treatment with peroxide
[40, 42]. X-ray crystallography studies and kinetic analysis demonstrated that the predominant effect
of oxidation was on the second half reaction rather than the first half reaction, where disruption of
the CXXC center results in altered substrate orientation and an unprotonated PMP amino group,
thus rendering the enzyme catalytically inactive [46]. As previously discussed, physiologically, the
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Fig. 3.4 Trapping of the sulphenic acid intermediate using dimedone and activity loss for the H,O,-treated C318A
mutant of hBCATm. Dimedone adduct formation and activity loss for the H,0,-treated C318 A mutant of hBCATm.
Samples (4.5 nmol each) were incubated with 1.5 mM (open circle) or 2 mM H,0, (closed circles) and 5 mM dimedone
at 25 °C prior to removal of aliquots, addition of catalase and BCAT activity and electrospray ionization mass spectrom-
etery analyses, as described in Materials and Methods. Panel (a) shows the transformed mass spectrometry data for the
sample after 427 min treatment, with peaks of maximal abundance at 41,708 and 41,848 atomic mass units for the free
and dimedone-adducted protein, respectively. Panel (b) illustrates the correlation between the fraction of dimedone
adduct formed and the BCAT activity of the C318A samples from two independent experiments, after treatment for 224,
427, 1180 and 1375 min (in order of increasing adduct formation; r=0.936 and slope =—0.987). (Reprinted with permis-
sion from Conway ME, Poole LB, Hutson SM. Roles for cysteine residues in the regulatory CXXC motif of human
mitochondrial branched chain aminotransferase enzyme. Biochemistry. 2004;43(23), 7356-7364. Copyright (2004)
American Chemical Society.)
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reduced state of the CXXC motif of the BCAT proteins has been shown to be essential for substrate
channelling and redox associations with proteins involved in G-protein cell signalling.

The reactive cysteines of both isoforms are also targets for the S-nitrosylating agent, S-nitroso
glutathione (GSNO) (a reaction transferring a NO group to the reactive cysteine of this protein). Nitric
oxide (NO) plays numerous important roles in maintaining cell function including inflammation and
cell signalling cascades. However, when intracellular levels of NO become elevated a series of pathol-
ogies associated with prolonged exposure have been identified, including diabetes, malignancy, ath-
erosclerosis and neurodegeneration. Recent studies demonstrated that human BCATc and BCATm
were differentially inactivated through S-nitrosation suggesting alternative mechanisms of regulation
in response to levels of NO in the mitochondria and the cytosol [47]. In these studies, low concentra-
tions of the physiologically relevant NO donor, GSNO, caused a reversible time-dependent loss of
50 % activity, characterized predominantly through S-nitrosation [47]. However, increased exposure
resulted in a shift towards S-glutathionylation (addition of GSH to the reactive thiol), a marker of
oxidative stress, which was considered to play a role in protecting BCAT, pointing to an adaptive
response to cellular stress (Fig. 3.5) [47]. Moreover, the BCAT transaminase activity was recovered
with the physiologically important reducing system, the glutaredoxin/glutathione system, supporting
a role for BCAT in cellular redox control. Recent work by Conway’s group has established that the
BCAT proteins have endogenous dithiol disulphide isomerase activity that catalyse the refolding of
proteins, indicating new redox substrates for the BCAT proteins (unpublished data). Further studies
are currently ongoing to investigate the interactions of these proteins with redox systems in cells.

Substrate Orientation and the Structural Importance
of the Interdomain Loop in Catalysis

The analysis of the 3D-structure of the BCAT proteins has provided invaluable insight into their struc-
ture/function relationship in particular with respect to the importance of the redox-active CXXC motif.
The human BCAT share 58 % sequence homology and although they share only 29 % homology with
eBCAT, similarities exist in the active sites [43—45, 48, 49]. Both BCAT isoforms are homodimers with
each monomer existing as a large and small domain and have a molecular weight of 41,730 Da
(BCATm) and 43,400 Da (BCATc), respectively [11, 43, 49]. Although they share the same substrate
specificity they have subtle catalytic differences and as previously described are differentially regulated
through changes in the redox environment. The steady-state kinetics are summarised in Table 3.1. In brief,
for deamination of the BCAA and reamination for KIC and KIV the k., /K., for BCATc was found to
range between 2 and 5 times faster than its mitochondrial isoform [11]. Although the catalytic turn-
over is different between isozymes the key active-site residues involved in substrate and cofactor
binding were found to be largely identical in amino acid sequence in both structures [43, 49]. Thus, this
variation in steady-state kinetics was not readily explained by the active-site binding pocket. Rather the
residues that surround the active site have been considered to play a more important role. Moreover,
BCATc but not BCATm is inhibited by the neuroactive drug Gabapentin, a drug used in the treatment of
epilepsy but more recently used to reduce neuropathic pain. The interaction of BCATc with gabapentin
facilitated the previously elusive 3D-structure.

The Structure of BCATm Complexed with Isoleucine

Using molecular replacement methods with eBCAT [48] as a search model the crystal structure of
BCATm has been resolved in several forms; the PLP (PDB codes 1EKP, 1EKF), ketimine (PDB
code 1KT8) and PMP (PDB code 1KTA) form [49]. In addition a TRIS-inhibited structure has also
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Fig. 3.5 GSNO-mediated S-nitrosylation and S-glutathionylation of hBCATc. Twenty nmol of hBCATc was exchanged
into 10 mM ammonium hydrogen carbonate (pH 7.5), and incubated with 300 pM GSNO for 30 min at 37 °C prior to
Q-TOF MS analysis as described in Experimental Procedures. Panel (a). The principal peak has a mass of 43,480 cor-
responding to control hBCATc. Panel (b). A total of 4 peaks were identified with GSNO-modified protein, with masses
of 43,510, 43,570, 43,630 and 43,850, corresponding to hBCATc with 1 NO, 3 NO, 5 NO and 2 NO plus 1 GSH
adducts, respectively. In addition, 4 nmol of hBCATc in 50 mM HEPES (pH 7.2) and 1 mM EDTA was incubated for
30 min at 37 °C with increasing concentrations of GSNO. Aliquots were removed for Western Blot analysis using the
anti-GSH antibody (Virogen). Panel (¢). Lanes 1-6, hBCATc incubated with 0 pM, 10 pM, 30 uM, 100 pM, 300 pM
and 1000 pM of GSNO respectively (i) Western blot analysis of these NO-modified proteins using anti-GSH (ii) SDS-
PAGE on a 12 % resolving gel. The extent of thiol modification was monitored using F5M as described in Experimental
Procedures. (Reprinted with permission from Coles SJ, Easton P, Sharrod H, et al. S-Nitrosoglutathione inactivation of
the mitochondrial and cytosolic BCAT proteins: S-nitrosation and S-thiolation. Biochemistry. 2009;48(3):645-656
Copyright (2009) American Chemical Society)
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Table 3.1 Kinetic constants for the reactions of human branched chain aminotransferase isoenzymes

Variable  Fixed BCATm BCATc
substrate  substrate ks~ K, mM ke Ky X103 M7 571 gy 87! K, mM kel Ky x10° M1 57!
BCAA?
Leu o-KGP 10511 1.21+0.12 88 132+7 0.60+0.04 220
Ile o-KG 80«1 0.60£0.02 165 1729  0.77x0.02 223
Val o-KG 68+2 6.10+0.11 11 122+8 2.40+0.09 51
BCKA®
KIC Glu 244 +1 0.16+£0.004 1525 309+11  0.063+£0.002 4,905
Ile 47629 0.12+0.006 3967 3815 0.057+0.002 6,684
Ile? 426+34 0.50+0.080 852 482+31 0.120x0.005 4,017
K1V Glu 1474  0.50+0.050 294 221£3  0.150+0.003 1,473
Ile 1869  0.20+£0.010 930 2174  0.070+£0.004 3,100
Iled 121+8  0.42+0.010 288 295+6  0.180+0.010 1,639

The fixed substrates were 10x K,,. Glutamate was fixed at 100 mM K, and V,,,, values (used to calculate k) were
obtained from hyperbolic plots fit to the Michaelis-Menten equation. Means and S.E. values are from 3 to 5 separate
determinations. (Adapted from Davoodi et al. 1998)

“Branched chain amino acids

*a-KG, a-ketoglutarate

“Branched chain a-keto acids

dAssays were performed in the presence of 150 mM KCl

been reported (PDB code 1EKV). The structure showed that each homodimer of BCATm has two
monomers linked by an interdomain loop, 11 amino acids in length. Each monomer has 365 amino
acids with one PLP cofactor attached, and is composed of a small domain (residues 1-175) and a large
domain (residues 176 to 365), where the active site is close to the dimer interface. Each domain has
four a-helical structures and the small subunit has a funnel shaped twisted p-pleated sheet whereas the
large domain has a ten-stranded antiparallel B-pleated sheet in each of the monomers [43, 44].

In the PLP form, the 4’-aldehyde of the cofactor is covalently linked to the e-amino group of the
active site Lys202, which lies at the bottom of the Re-face, via a Schiff-base linkage. Most of the active-
site residues at the PLP end are conserved or are similar to those found in eBCAT [44, 48]. However,
structural differences in these fold-type IV proteins occur around the O3 of PLP together with altered
hydrogen—bonding interactions due to the presence of water molecules. The substrate binding pocket
was characterized by three binding surfaces, noted as A, B and C that surround the BCAAs [45]. The key
residues in the substrate binding pocket are predominantly hydrophobic including Phe75, Tyr207 and
Thr240 that form surface A and Phe30, Tyr141 plus Ala314 form surface B with Tyr70*, Leul53* and
Val155* (*from the opposite subunit) forming surface C. These surfaces together with van der Waals
interactions confer substrate specificity. Domain closure is considered to be governed by Tyr173, which
is essential for catalysis. Binding of the substrate initiates movement of the interdomain loop, increasing
access to the active site, controlling the entry or exit of substrates and products [43-45].

The thiols of the CXXC motif of BCATm (C315, Val336, Val337, C318) in its reduced state form
a thiol-thiolate hydrogen bond and are 3.17-3.46 A apart. Structural determinants were prepared for
C315A (PDB code 2HGX), C315A-substrate mimic N-methyl leucine (PDB 2HGS), C318A (PDB
code 2HGW), C315/8A (PDB 2HDK) and oxidized BCATm (BCATm-ox) (PDB code 2HHF) and all
resolved to <2.4 A [46]. These studies determined that the redox reactive thiol, C315, was identified
as key for optimal substrate active-site orientation and for critical van der Waals forces influencing
enzyme catalysis [46]. Moreover, the peptide dipole alignment between residues 312 and 315 was also
important in stabilizing the carboxylate binding site. Here, the hydrogen bonding at the CXXC centre
and at the pB-turn preceding it results in the rotation of the peptide plane following C315 (Fig. 3.61).
Mutation of both cysteines also changed the hydrogen bonding at the p-turn and influenced substrate
binding with KIC (Fig. 3.6ii) [46].
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Fig. 3.6 Active-site structures of C315A mutant BCATm in complex with N-methylleucine (C315a-NML) (i) and active-
site structures of C315A/C318A double mutant BCATm complexed with a-ketoisocaproate (ii). (I). A and B show the
2F—F. difference Fourier electron density maps of the active site in monomer A and monomer B, respectively. C, the super-
imposed model of the N-methylleucine-bound (NML) WT-BCATm structure and structure of NML-C315A mutant. (II). A,
2F~F. difference Fourier electron density map of the active site in monomer B of the double mutant in complex with KIC.
B, the superimposed model of NML-WT and the structure of KIC-bound double mutant BCATm. The carbon skeletons
are in khaki in WT-BCATm and in green in the single and double mutant structures, respectively. (Cited with permission:
This research was originally published in J Biol Chem. Yennawar NH, Islam MM, Conway M, et al. Human mitochondrial
branched chain aminotransferase isozyme: Structural role of the CXXC center in catalysis. 2006;281(51):39660-71)
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Furthermore, Tyr173 of the interdomain loop, which is essential to catalysis, forms a weak S-h...z
hydrogen bonding interaction with C315 in the native conformation [46]. In the oxidized protein this
becomes abolished causing a flip in the orientation of Tyr173 away from the active site. Other key
residues such as Phe30, Argl43, Tyr207 and Argl41 are also reoriented weakening the side chain
binding of the substrate. Moreover, mutation of the thiol at C318 did not alter the structural integrity
of the protein with the refined structure showing similarities to WT protein explaining why the C318
mutant has similar kinetic parameters to WT BCAT [42, 46].

The Structure of BCATc with the Neuroactive Drug, Gabapentin

The crystal structure of BCATc was elusive for quite some time until Goto et al. 2008 crystallized
BCATc complexed with Gabapentin both in the oxidized (PDB code: 2coi) and reduced states (PDB
code: 2coj) at 1.9 and 2.4 A resolution, respectively and also with the leucine analog 4-methylvalerate
(4MeVa) (PDB code: 2coq) at 2.1 A [49]. Although larger in molecular weight (43,400 Da) with 395
amino acids, each monomeric form of BCATc, like BCATm, consists of a small domain (residues
1-188), an interdomain loop (pro-189-Pro-201) and a large domain (residues 202 to the C terminus).
The small and large domain is folded into an open o/f and a pseudo-barrel structure, respectively with
PLP showing similar structural alignment with its catalytic Lys-222 as observed for BCATm.

The residues of the substrate binding pocket of BCATc are identical to those found in BCATm with
exception of one residue (Val-336 in BCATc is Gln in BCATm) [43, 44, 49]. The main groups of
amino acids that surround and enclose gabapentin include the OH group of Tyr-90*, the guandino
group of Arg-163, the OH group of Tyr-161, water molecules W1 and W2, the main chain C=0 of
Gly-97, the carboxylate of gabapentin and the phosphate O1 atom of PLP that form a hydrogen bond
network. At the Si-face of PLP gabapentin fits in a hollow, where the a-carboxylate is coordinated to
residues in the small and large sites. These small and large sites are surrounded by Phe-49, Phe-95,
Tyr-161, Tyr-227, Thr-260, Thr-333, Ala-334, Tyr-90*, Leu-173* and Val-175* and with Phe-49, Tyr-161
and Thr-260 located at the boundary region between these areas (Fig. 3.7) [49]. Additionally, the side

Fig. 3.7 Stereo diagram of the superimposed active sites of BCATc-ox-gabapentin and BCATc-gabapentin. The residues
and gabapentin, which represent BCATc-ox-gabapentin and BCATc-gabapentin, are shown in brown and deep blue,
respectively. (Cited with permission: This research was originally published in J Biol Chem. Goto M, Miyahara I, Hirotsu
K, et al. Structural determinants for branched-chain aminotransferase isozyme-specific inhibition by the anticonvulsant
drug gabapentin. 2005;280 (44), 37246-37256)
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chain of Tyr193 of the interdomain loop approaches the aminomethyl group from the solvent side.
As a result, in this oxidised form gabapentin is almost shielded in the protein inside by access of
Tyr193, suggesting that BCATc-ox-gabapentin has a closed form of the active site indicating a weaker
binding with gabapentin as opposed to that observed for the reduced form of the complex. When
superimposed the active site for both forms are identical suggesting that changes to the redox environ-
ment should not alter gabapentin inhibition. However, in the oxidized and reduced BCATc-gabapentin
complex, the interdomain loop shield gabapentin differentially where the interdomain loop of the
reduced enzyme is closer to the central part of the active site than in the oxidized form. Here, Tyr-193
has closer access to gabapentin facilitating a stronger interaction with the cyclohexane ring of gaba-
pentin, indicating that binding would be weaker in the oxidised form [49]. With exception to the
aminomethyl group the active-site structure for 4MeVa was similar to BCATc-ox-gabapentin [49].
Thus, as observed with BCATm the Tyr residue of the interdomain loop is central to dictating access
of substrates to the active site.

Conclusions

The BCAT proteins are key metabolic proteins that play a central role in shuttling metabolites between
cells and tissues, regenerating nitrogen and key amino acids. Data from studies with human enzymes,
evidence for protein-protein interactions with the BCKDC and GDH1 demonstrate that the BCAT
proteins are part of a wider metabolon, supporting a role for substrate channelling. Clear evidence
supports shuttling of metabolites between astrocytes and neurons in rat brain but in humans’ expression
of BCATm specifically to the vascular endothelium offers intriguing new frontiers of investigation to
evaluate if similar shuttles exist and with equivalent metabolic partners in the human brain.
Furthermore, the BCATc isozyme is a target of the neuroactive drug, gabapentin (Neurontin), which
is used in the treatment of epilepsy and neuropathic pain.

The ability of the BCAT to interact with other proteins and structural changes that influence cataly-
sis and protein-protein interactions may form the basis for a role for the BCAT redox regulatory switch
that may influence BCAA metabolism and signalling. Evidently, despite significant advances much is
still unknown about these metabolic pathways in particular in the human brain and the need for more
sensitive models, and specific inhibitors, would further enhance our knowledge. This is important not
just from the point of our understanding of the normal physiological processes but more so under dis-
eased conditions, where biochemical pathways are altered. Of particular interest are neurodegenerative
conditions such as Alzheimer’s disease where glutamate toxicity features into the disease pathology.
One would expect that as the aminotransferase proteins play a key role in facilitating the anaplerotic
generation of glutamate it is highly likely that their metabolism will be altered where glutamate toxicity
presents. Therefore, it will be important to understand if these suggested shuttles are altered in disease,
because they may offer possible targets for novel therapeutic treatment to either delay onset or prevent
further neuronal destruction.
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Chapter 4
Isoleucine, PPAR and Uncoupling Proteins

Takayuki Masaki

Key Points

» Adipocytokines regulate whole body homeostasis and inflammatory state

* Ile regulates the levels of adipocytokine leptin and adiponectin

* Ile and glucose homeostasis

* Uncoupling protein and peroxisome proliferator-activated receptors are involved in fatty acid
oxidation.

e Ile is involved in tissue fatty acid oxidation

Keywords Isoleucine * Obesity * Adiponectin ¢ Leptin ¢ Peroxisome proliferator-activated receptors

Abbreviations

Ile Isoleucine
PPAR Peroxisome proliferator-activated receptors
UCP  Uncoupling protein

Introduction

Isoleucine (Ile) is an essential branched chain amino acid (BCAA) that plays a variety of roles in the
body. Ile has been shown to increase free fatty acid oxidation in skeletal muscle and liver. In addition,
Ile prevents the accumulation of tissue triglycerides and up-regulates the expression of peroxisome
proliferator-activated receptor (PPAR)-alpha and uncoupling protein (UCP) in diet-induced obese
mice. These results provide Ile may find applications in the treatment of obesity and related metabolic
disorder.
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Adipocyte as an Endocrine Organ

Dietary overload and an inactive lifestyle are modern phenomena leading to excess accumulation of
body fat that is connected to insulin resistance.

A primary role for adipocyte is energy storage. Adipose tissue is an endogenous source of circulating
lipids as well as the site of the production and secretion of several hormones and cytokines, including
leptin, adiponectin and tumor necrosis factor-alpha [1, 2] (Fig. 4.1). Indeed, several adipocytokines
regulate whole body homeostasis and inflammatory state [3].

The inflammation does not rely on the classic instigators of immune responses. Rather, it is an
immunological response to adipose tissue malfunction. This type of inflammation is referred to as
para-inflammation and is dependent on white adipose tissue infiltration by macrophages [3].
Mechanisms involved in the self-maintenance of this inflammatory state in response to chronic caloric
overload are being investigated. Evidence suggests that adipose tissue resident macrophages secrete
bioactive molecules including inflammatory and anti-inflammatory cytokines that could be related
to the development of obesity and insulin resistance. The adipose-derived signaling molecules such as
adiponectin and leptin are likely to play a key role in the complex network modulating obesity, inflam-
mation and related disorders [4].

Ile Regulates the Levels of Adipocytokine Leptin and Adiponectin

Leptin is the product of the ob gene, and it is secreted by adipocytes with circulating levels proportional
to fat mass. Levels of circulating leptin have a diurnal and pulsatile pattern. Leptin has several effects
on the central nervous system [5]. Leptin is transported across the blood brain barrier by a saturable
transporter system and it exerts its anorectic effect via the arcuate nucleus, where both neuropeptide Y
(NPY)/agouti related protein (AgRP) and pro-opiomelanocortin (POMC)/cocaine- and amphetamine-
regulated transcript (CART) neurons express leptin receptors. Leptin inhibits NPY/AgRP neurons and
activates POMC/CART neurons, resulting in reduced food intake and increased energy expenditure.
There are three types of leptin receptors identified: long, short and secreted form. Among those,
Ob-Rb receptor, which is highly expressed in the hypothalamus is thought to act as the main receptor
involved in appetite control [6]. The db/db mouse, with an inactivating mutation in the Ob-Rb receptor,
has an obese phenotype and leptin-deficient ob/ob mice exhibit hyperphagia and obesity, which can
be reversed by leptin administration.
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Fig. 4.2 Structure and domains of adiponectin. Adiponectin is composed of an N-terminal collagen-like sequence and
a C-terminal globular region

Subcutaneous administration of recombinant leptin reduces fat mass, hyperinsulinaemia, and
hyperlipidaemia in obese patients with congenital leptin deficiency. However, obese individuals often
have high leptin levels which result in a failure to respond to exogenous leptin.

Previous study revealed the relationship between Ile and adipocytokine leptin [7]. High-fat
diet-induced leptin elevation that related to leptin resistance in obesity. The levels of circulating leptin
in the Ile-treated diet-induced obese mice were lower than in the controls. In addition, Ile decreased
body adiposity and the size of adipose tissue enlargement in the obese mice. The data thus suggest that
supplementation with Ile might be useful in the treatment of obesity and leptin resistance.

Adiponectin was identified in adipose tissue by screening for adipose-specific genes and have been
shown to regulate metabolic syndrome [8]. Adiponectin mRNA is expressed in adipose tissue and the
protein is abundant in the plasma of humans and rodents. In addition, patients with type 2 diabetes
and/or obesity showed lower levels of plasma adiponectin, indicating the involvement of this adipo-
nectin in glucose and fat metabolism. Serum adiponectin levels were decreased in obese mice on a HF
diet. Lower serum adiponectin levels in obese mice on the HF diet were partially restored by replen-
ishment of recombinant adiponectin. Importantly, replenishment of adiponectin significantly amelio-
rated HF diet-induced insulin resistance and hypertriglyceridaemia. These data raise the possibility
that the replenishment of adiponectin may provide a treatment modality for insulin resistance and type
2 diabetes. Adiponectin structurally belongs to the complement 1q family and is known to form a
characteristic homomultimer (Fig. 4.2). It has been demonstrated that simple SDS-PAGE under non-
reducing and non-heat-denaturing conditions clearly separates multimeric species of adiponectin.
Adiponectin in human or mouse serum and adiponectin expressed in NIH-3T3 cells or Escherichia
coli forms a wide range of multimers from trimers and hexamers to high molecular weight multimers
[9, 10]. Adiponectin can exist as full-length or a smaller, globular fragment; however, almost all
adiponectin appears to exist as full-length adiponectin in plasma (Fig. 4.2).

The relationship between Ile and adipocytokine adiponectin is described in obese mice [7]. The
hepatic and skeletal muscle triglyceride concentrations and degree of hyperinsulinaemia in the Ile group
mice were lower than the control group. The levels of adiponectin in the adipose tissue of the Ile-treated
obese mice were higher than in the controls (Fig. 4.3). This implies that a mechanism through the regulation
of adiponectin contributes to the Ile-effects on insulin resistance and type 2 diabetes.

Ile and Glucose Homeostasis

BCAA Ile is dietary essential amino acid which plays a role in glucose and lipid metabolism. Ile sup-
presses the plasma glucose concentration with an activation of the glucose transporter in rats. In muscle
cells, Ile stimulate glucose uptake in an insulin-independent manner [11]. Phosphatidylinositol
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3-kinase and protein kinase C are involved in the enhancement of glucose uptake by Ile. The hypoglycemic
effect of Ile was confirmed in a human study of administration of Ile [12].

The maintenance of blood glucose levels is due to an optimal balance between glucose uptake
by peripheral tissues and glucose production occurring mainly in the liver. Glucose uptake was
significantly increased in the muscle of Ile-administered rats when compared with that in controls.
A previous study revealed that glucose uptake by Ile is involved in increased glucose transporter
GLUTI1 and GLUT#4 translocation in the skeletal muscle of rats with liver cirrhosis [13]. Hepatic
gluconeogenesis, as well as glucose utilization by peripheral and hepatic tissues, may be a possible
mechanism by which amino acids lower blood glucose levels. The mRNA levels of phosphoenolpyr-
uvatecarboxykinase (PEPCK), which is a well-researched key gluconeogenic enzyme, parallel both
PEPCK activity and the rate of gluconeogenesis [14]. Expression levels of hepatic PEPCK mRNA
were lower in Ile-administered rats than in controls, thus suggesting that PEPCK activity was lower in
Ile-administered rats and that the inhibitory effects of Ile on PEPCK are regulated at the transcriptional
level. Furthermore, the expression levels of hepatic glucose-6-phosphatase (G6Pase) mRNA and
G6Pase activity were also lower in Ile-administered rats.

In conclusion, Ile administration stimulates both glucose uptake in the muscle and whole body
glucose oxidation, in addition to depressing gluconeogenesis in the liver, thereby leading to a hypo-
glycemic effect.

UCP1 in Brown Adipose Tissue

UCPs are mitochondrial transporters present in the inner mitochondrial membrane. The first member
of the family, UCP1, is expressed in brown adipocytes and it confers on brown adipose tissue its ther-
mogenic capacity. UCP1 confers to the mitochondrial inner membrane an enhanced conductivity to
protons, thus resulting in the uncoupling of the respiratory chain and heat production. This action of
UCP1 in brown adipose tissue constitutes the main molecular basis for nonshivering thermogenesisin
rodents in response to cold exposure and diet [15]. The thermogenic activity of brown fat is mainly
regulated by norepinephrine released from the sympathetic nervous system innervating the tissue,
acting through beta-adrenergic, cAMP-dependent pathways.

Accumulating pieces of evidence over more than two decades have indicated that energy expendi-
ture processes elicited by UCP1 are involved in the control of energy balance, and that UCP1 activity
in brown adipose tissue may provide the basis for diet-induced thermogenesis. In fact, obesity models
in rodents are in most cases associated with low levels and activity of UCP1 in brown fat.
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UCPs and PPARs Are Involved in Fatty Acid Oxidation

Fatty acids oxidation was performed in liver and skeletal muscle (Fig. 4.4). The levels of FAT/CD36,
UCP2, UCP3 and PPAR-alpha are key regulators of FFA uptake in the tissue (Fig. 4.5). PPAR-alpha
expression increases in the liver in several models of murine obesity [16]. Chronic treatment of rodents
with PPAR-alpha agonists increases hepatic UCP2mRNA expression. UCP2 mRNA levels are also
up-regulated in cultured hepatocytes in response to polyunsaturated fatty acids, PPAR-alpha agonists.
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Fig. 4.5 Free fatty acid metabolism in the liver. Schematic representation of the regulation of UCP2 and CD36 expres-
sion by ligand-dependent activation of PPAR-alpha
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Multiple lines of evidence have shown that PPAR-alpha plays a role in the induction of the UCP3
gene in response to fatty acids in skeletal muscle. Acute treatment of mice pups with the specific acti-
vator of PPAR-alpha mimics the postnatal skeletal muscle UCP3 gene. Moreover, PPAR-alpha-null
mice show reduced levels of UCP3 gene expression. This occurs in concert with induction of many
other genes involved in fatty acid oxidation. Thus, these observations strongly suggest that UCP3
function in skeletal muscle is likely to be related to fatty acid metabolism.

Ile Is Involved in Tissue Fatty Acid Oxidation

Ile treatment was further found to reduce the levels of adiposity in each analyzed tissue without affecting
food intake of the DIO mice, which suggests that this amino acid is involved in energy metabolism or
lipid mobilization [7].

However, Ile treatment does not affect BAT UCP1 expression [7]. This implies that a mechanism
other than the regulation of BAT energy expenditure contributes to the reduction in tissue adiposity.
The levels of PPAR-alpha expression in the liver and skeletal muscle of the Ile-treated mice were
higher than in the controls. Given that the activation of PPAR-alpha in these tissues accelerates FFA
oxidation. A previous study has demonstrated that PPAR-alpha activation prevents the development
of DIO and insulin resistance. In contrast, PPAR-alpha-knockout mice become obese when fed a
high-fat diet.

Thus, Ile-induced PPAR-alpha activation contributes to the reduction in tissue adiposity.

The levels of liver UCP2 and muscle UCP3 were greater after Ile treatment than in the controls [7].
UCP2 and UCP3 genes are regulated by PPAR-alpha in liver and muscle. The Ile-induced UCPs
expression in both tissues is mediated by PPAR-alpha. UCP2 and UCP3 were reported to play a role
in the control of FFA oxidation rather than in the regulation of energy expenditure. The up-regulation
of muscle UCP3 and hepaticUCP2 may also contribute to the activation of FFA oxidation in the tis-
sues. The levels of FAT/CD36, a key protein regulator of FFA uptake in skeletal muscle and liver, were
greater in the Ile treatment group than in the control mice. Although FFA transporters other than
FAT/CD36 have been shown to function in the liver, the Ile-induced differences in skeletal muscle
and liver FAT/CD36 levels that we observed indicate that FFA uptake may be accelerated in muscle
and liver. Taken together, Ile simultaneously activates liver and skeletal muscle FFA uptake and oxida-
tion through PPAR-alpha, FAT/CD36, UCP2 or UCP3 (Fig. 4.6).
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Fig. 4.6 Distinctive molecular pathway for ile-induced fatty acids oxidation. Ile increase PPAR-alpha expression and
subsequent UCP-2 in liver and UCP-3 in muscle
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Conclusions

PPAR-alpha is a major controller of UCPs gene expression in liver and skeletal muscle. Ile simultane-
ously activates liver and skeletal muscle FFA uptake and oxidation through PPAR-alpha and UCPs.
The studies have revealed distinct cross-talk mechanisms between Ile, FFA oxidation and obesity.
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Chapter 5
Leucine as a Stimulant of Insulin

Jun Yang, Michael Dolinger, Gabrielle Ritaccio, David Conti, Xinjun Zhu, and Yunfei Huang

Key Points

* Leucine regulates a large array of cellular processes in pancreatic B-cells, including metabolism,
growth, proliferation and insulin secretion.

* Leucine stimulates insulin release by serving as a fuel source for ATP production and an allosteric
regulator of glutamate dehydrogenase (GDH).

* Leucine also exerts its secretagogue effects by triggering calcium oscillations.

» Leucine regulates the expression of some key genes those are critical for insulin secretion in pan-
creatic cells.

* Leucine was found to regulate insulin release by influencing adrenergic activity via the mTOR pathway.

Keywords Leucine * ATP-sensitive K* channels * Glutamate dehydrogenase * mTOR ¢ Insulin
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GDH Glutamate dehydrogenase

SUR Sulfonylurea receptor

BCATs Branched chain aminotransferase isozymes
BCKDH Branched chain a-keto acid dehydrogenase
DES Diethylstilbestrol

BCH B-2-aminobicyclo [2.2.1]-heptane-2-carboxylic acid
PKB Protein kinase B

PKCs Protein kinase Cs

SGK1 Serum/glucocorticoid-induced kinase 1
TSC Tuberous sclerosis complex

AMPK AMP-activated protein kinase

M3R Muscarinic receptor M3

Caf2 B2 subunit of the L-type calcium channel
ATPSp ATP synthase B-subunit

cAMP Cyclic adenosine monophosphate

GLP-1 Glucagon-like peptide-1

GK rat Goto-Kakizaki rat

SNPs Single-nucleotide polymorphisms

NODAT New-onset diabetes after transplantation
Introduction

Leucine is one of the three branched chain amino acids and also an essential amino acid that cannot
be synthesized de novo in mammals and other vertebrates. Therefore, it has to be acquired from the diet.
Besides serving as a building block for protein synthesis, leucine also can be catabolically converted
to generate energy or to produce intermediates for biosynthesis of non-essential amino acids, carbo-
hydrates, nucleotides and fatty acids. Leucine has recently gained particular attention because it is a
potent activator of the mammalian target of rapamycin (mTOR) pathway, a critical nutrient-sensing
pathway that governs cell metabolism, cell growth and proliferation. This newly recognized role thus
expands the known modes of biological action of leucine. In particular, we are now beginning to
appreciate how leucine regulates insulin secretion and glucose homeostasis by its influence on mTOR
activity. The mTOR pathway becomes complementary to canonical metabolic processes such as those
that provide fuel for energy production or intermediates to regulate insulin secretion.

Historically, glucose was considered the major insulinotropic factor and it dominated research into
the physiology of insulin secretion for nearly five decades before the role of amino acids in insulin
secretion was recognized. The general consensus is that, after absorption into pancreatic cells, glucose
is metabolized via glycolysis to generate intermediates and ATP, which in turn impinge on ATP-
sensitive K* channels (Karp channels) in pancreatic p-cells, leading to membrane depolarization and
intracellular Ca** mobilization and subsequently the triggering of insulin release (Fig. 5.1). However,
it was not until the late 1950s and early 1960s that Cochrane et al., Yalow et al. and Floyd et al. were able
to show that proteins and the branched-amino acid L-leucine also possess hypoglycemia-inducing
activities [1-3]. The effect of leucine on blood glucose apparently does not solely reflect enhanced
glucose uptake by tissues, because Floyd et al. were also able to demonstrate that proteins and leucine
promote insulin secretion. These initial findings indicated that leucine is catabolized in pancreatic
B-cells to produce metabolic intermediates and ATP so that it acts similarly to glucose to regulate
insulin release. Consistent with this notion, the two other branched chain amino acids, valine and
isoleucine, which share a similar metabolic pathway to leucine, also have insulinotropic effects; how-
ever, the effect of leucine is much more potent. For example, the insulinotropic effect of L-valine is
less than 20 % of that of L-leucine. Moreover, leucine can act synergistically to facilitate insulin
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release elicited by glucose. These observations raise the possibility that the regulatory effects of
leucine on insulin secretion may involve additional mechanisms besides those shared with glucose.

Indeed, over the past decade, leucine was found to exert its secretagogue effects via multiple mecha-
nisms [4] (Fig. 5.2). Leucine can serve as a fuel source for ATP production, which inhibits K channel
activity, leading to membrane depolarization and triggering of insulin secretion. Leucine can also be
converted to a-ketoisocaproate (KIC), a metabolic intermediate which exhibits an insulinotropic effect
via direct inhibition of K,rp channel activity. Moreover, leucine was found to be an allosteric regulator
of glutamate dehydrogenase (GDH) [5], a key enzyme that fuels amino acids into the tricarboxylic acid
cycle, which is an alternate pathway able to influence insulin secretion. Additional routes of action
include triggering calcium oscillations in pancreatic p-cells [6] and regulating the expression of some
key genes that are critical for insulin secretion in pancreatic islets. Most recently, leucine was found
to regulate insulin release by influencing adrenergic activity via the mTOR pathway. In this review,
we will summarize the studies on the mechanisms of insulin secretion elicited by leucine.

K,rp Channel in Insulin Secretion

The general consensus for the metabolic regulation of insulin release is that mitochondrial oxidation
of glucose or amino acids in pancreatic f-cells leads to accumulation of high-energy triphosphate
nucleotides (ATP and GTP). The rise in the ATP/ADP ratio triggers closing of the Kurp channels,
which in turn depolarizes membrane potential and subsequently opens voltage-gated Ca’* channels.
As a consequence, intracellular Ca?* is mobilized, as reflected in the rise of free cytoplasmic Ca?*,
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which triggers a series of membrane events, including insulin vesicle membrane docking, fusion and
insulin secretion.

A wealth of studies using various molecular, cellular and electrophysiological tools revealed that the
Karp channel is a key regulator of insulin release in pancreatic B-cells. In terms of glucose, which is a
major physiological stimulus for insulin secretion in pancreatic f-cells, initial studies of pancreatic
B-cells observed that glucose-induced insulin secretion proceeds through a slow membrane depolar-
ization which is then followed by either oscillatory bursts of action potential at low glucose concentra-
tion (5—15 mM glucose) or continuous spiking when glucose is high (>16 mM) [7]. The membrane
depolarization elicited by glucose is closely associated with reduced potassium permeability. By block-
ing the metabolism of glucose, the electrical and secretory responses to glucose are largely diminished,
suggesting metabolic products from glucose regulate ion channel activity and insulin release.

In the early 1980s, patch-clamp, a revolutionary electrophysiological technique, was invented,
which made it possible to directly monitor ion channel activity at the single-molecule level. Cook and
Hales employed this method to examine potassium channels in pancreatic p-cells [8]. They identified a
particular potassium channel activity sensitive to intracellular ATP. The potassium channel is spontane-
ously active in the membrane patch excised from p-cells in the recording bath solution, but was found
to be rapidly and reversibly inhibited when the cytoplasmic side of the membrane was exposed to solu-
tion containing ATP. These experiments led to the discovery of the K channel, a key player in the
coupling of cellular metabolism and membrane electrical activity. In the meantime, using a cell-
attached configuration to preserve glucose metabolism in intact B-cells, Ashcroft et al. demonstrated
that inhibition of potassium channels by glucose requires the metabolism of glucose in those p-cells
[7]. These two studies represent a milestone in understanding how insulin release is coupled to glucose
metabolism in p-cells. Overall, in B-cells, the K,rp channel is the main regulator of resting membrane
potential. Alteration of the channel activity, for example by inhibition by ATP, will cause membrane
depolarization, which in turn triggers intracellular mobilization and insulin release. The intracellular
ATP/ADP ratio is considered to be the primary factor regulating channel activity. Molecular cloning
revealed that the Kupp channel is a large heteromultimeric macromolecular complex in which four
inwardly rectifying potassium channels (Kir6.2) form a central pore surrounded by four regulatory
sulfonylurea receptor (SUR) subunits [9]. SURI is expressed in pancreatic -cells and neurons. It has
been shown that loss-of-function mutations in Kir6.2 (KCNJ11) and SUR1 (ABCCS8) cause over-
secretion of insulin and result in hyperinsulinism of infancy [10, 11], confirming a critical role of the
Karp channel in the regulation of insulin secretion. Notably, leucine-sensitive hyperinsulinemia and
hypoglycemia is a genetic disorder that was first reported by Cochrane in 1956 [1] and soon after by
DiGeorge [12]. Patients tend to display hypoglycemia following high-protein feedings or administra-
tion of oral or IV infusions of leucine. Genomic sequencing revealed several mutations in SURI in
pediatric patients. While these studies further confirm the role of the Kyp channel in the regulation of
insulin release, they also provide genetic evidence supporting a role for leucine in regulating insulin
secretion and glucose homeostasis. Leucine can stimulate insulin release through at least two major
metabolic routes. The first route involves a transamination reaction in which leucine is converted to
KIC. The second route is to activate GDH allosterically, which in turn promotes oxidation of gluta-
mate and catabolism of intermediates of a-ketoglutarate via the Krebs cycle.

Transamination Reaction of Leucine and Its Role in Regulating Insulin
Secretion

In the first route, leucine is catabolized to produce KIC, which can be fed into the TCA cycle for ATP
production (Fig. 5.3). The two initial enzymatic steps that mediate catabolism of leucine are shared by
all three branched chain amino acids, and thus are critical in terms of maintaining the balance of the
levels of individual branched chain amino acids in the cells. Leucine is first converted to KIC via a
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transamination reaction catalyzed by branched chain aminotransferase isozymes (BCATSs) (including
mitochondrial BCAT and cytosolic BCAT). In this reaction, the a-amino group of leucine is reversibly
transferred to a-ketoglutarate. In the second reaction, KIC is decarboxylated to branched chain acyl-
CoAs by branched chain a-keto acid dehydrogenase (BCKDH). This enzyme is a complex formed by
three enzymes, a branched chain a-keto acid decarboxylase (E1), a dihydrolipoyl transacylase (E2)
and a dihydrolipoyl dehydrogenase (E3). The enzymatic activity of the BCKDH complex is entirely
dependent on the status of phosphorylation of the E1 subunit. The BCKDH kinase phosphorylates the
Elsubunit, resulting in activation of BCKDH, whereas dephosphorylation of the Elsubunit by
BCKDH phosphatase inactivates BCKDH. The branched chain acyl-CoA can be further converted to
intermediates and then fed into the TCA cycle for production of ATP.

Although ATP generated from oxidation of leucine or KIC regulates K,rp channel activity [13],
interestingly, KIC was also found to regulate K, channel activity directly. In 1972, Panten et al.
examined a few metabolites of leucine to determine if they have any effect on insulin secretion in
pancreatic islets. They found that KIC at 10 mM can trigger a marked release of insulin, comparable
to the effect elicited by leucine at 10 mM, but that other intermediates, including isovalerate, pyruvate,
d,] mevalonate and acetoacetate which are also relevant to leucine metabolism even at similar concen-
trations, had either no or a very slight effect. Using the patch—clamp technique, Branstrom et al.
proved that KIC can directly inhibit the K,rp channel in isolated patches and intact pancreatic p-cells,
with a half-maximal concentration of approximately 8 mM [14]. In contrast, leucine, the precursor of
KIC, has no direct effect on K,rp channel activity. However, other interesting observations complicate
the interpretation of how KIC regulates insulin release. For example, it appears that KIC is not an
effective resource for production of ATP in rat pancreatic B-cells [15]. Moreover, KIC can be revers-
ibly converted to leucine through transamination in the pancreatic islet homogenate. This reverse
route was reported to regulate Ca** mobilization and insulin release [16]. Macdonald et al. and
Wollheim et al. reported that pre-exposure of pancreatic islets to high glucose for overnight dimin-
ishes the response to leucine-induced insulin release [17, 18]. It was thus postulated that BCKDH,
the enzyme that mediates metabolism of leucine and KIC, is the rate-limiting step for the action of
leucine and KIC in p-cells. However, Matschinsky and his colleagues found that leucine and KIC
show distinct effects on stimulation of insulin secretion from pancreatic islets [19]. That group also
found that, although pre-incubation of islets in high glucose for overnight completely blocks the
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effects of leucine-stimulated insulin release which is accompanied by slow mobilization of Ca*,
high glucose does not attenuate the effect of KIC [19]. This observation suggests that breakdown of
leucine and KIC via oxidation is not the essential step in the regulation of insulin release. The authors
thus raised the argument that BCKDH perhaps is not the key regulator in leucine-induced insulin
release. A further observation in support of this argument is that insulin secretion in patients with
mutations in BCKDH appears to be normal, although mitochondrial oxidation of leucine or KIC is not
compromised [20]. Therefore, these observations suggest that an additional target likely mediates
leucine-induced insulin release.

Allosteric Regulation of GDH by Leucine and Its Role in Regulating Insulin
Secretion

GDH is a mitochondrial matrix enzyme that catalyzes the reversible oxidative deamination of glutamate
to a-ketoglutarate using NAD(H) or NADPH(H) as a co-factor. a-Ketoglutarate is a component of the
TCA cycle. Therefore, when amino acids are abundant, GDH is a critical enzyme in the catabolism of
amino acids and in driving the reaction toward the TCA cycle for production of energy and other
important metabolic intermediates (Fig. 5.4). GDH is broadly expressed in pancreatic $-cells and
several other organs, including the brain, heart, kidney, liver and lung. Although GDH could theoreti-
cally drive the reaction in the reverse direction (involving a reductive amination reaction) toward
glutamate, under normal conditions the forward oxidative deamination reaction is more favorable
[21]. This enzymatic reaction is very sensitive to the fuel status of the cell, thereby dictating the rate
at which amino acids undergo catabolism when conditions become favorable, for example when cells
experience low glucose levels. Among the triphosphate nucleotides, GTP is a potent inhibitor of the
GDH-mediated deamination reaction. GDH has a 100-fold higher affinity for GTP over ATP [22].
GTP exerts its inhibitory effect through stabilizing the binding of the enzymatic product to GDH,
thereby slowing the release of the product from GDH and consequently reducing the overall turnover
of the enzymatic reaction [23]. The low-energy form of the nucleotide, GDP, is an activator of
GDH. Binding of GDP to GDH promotes the release of the enzymatic products, thereby facilitating
the forward reaction. Besides glutamate, l-leucine can also be catabolized by GDH, but it is a very
weak substrate. Struck and Sizer reported that the rate of deamination of leucine is about 1.7 % of that
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of 1-glutamate [24]. However, leucine can stimulate the oxidation of glutamate. Therefore, leucine is
an activator of GDH. The branched chain amino acid isoleucine along with methionine and the unnat-
ural amino acid norvaline are also able to stimulate GDH activity, but are considerably less effective
than leucine. All other amino acids and the intermediate metabolites from leucine, including KIC or
isocaproate, have no noticeable effect on the rate of the GDH-mediated reaction. Interestingly, several
compounds that are relatively hydrophobic such as palmitoyl coenzyme A (CoA) [25], steroid hor-
mones [26] and the hormone analogue diethylstilbestrol (DES) [27] have a negative impact on GDH
enzymatic activity. Zn>* also inhibits GDH activity, by stabilizing ineffective enzymatic multimeric
protein complexes [5]. At a high concentration, NADH inhibits GDH activity, which represents
feedback inhibition of the catabolic reactions [28]. A non-hydrolyzable form of leucine is a potent
activator of GDH [29]. Together, ADP, NAD", leucine and BCH are activators of GDH, whereas ATP,
GTP, NADH, palmitoyl-CoA, DES and Zn?* are the inhibitors of GDH (Fig. 5.4). In a search for the
mechanisms of regulation of GDH activity, Yielding et al. observed that DES disrupts the GDH
protein complex into subunits, resulting in inhibition of GDH activity. The dissociation effect of DES
can be blocked by leucine. This observation suggests that leucine could stimulate GDH activity by
physically stabilizing the protein complex.

Structurally, GDH is an oligomeric protein complex consisting of two trimers that directly stack on
top of each other. Keeping the entire complex intact appears to be essential for enzymatic activity [5].
However, recent crystal structural studies revealed that prolonged occupation of the double-stack
complex from one side by coenzyme NADH and the other side by substrate such as glutamate could
transform an active form of GDH into a non-functional or “abortive” complex. This is thought to be
the mechanism by which GTP and Zn?* inhibits GDH. Although the structure of GDH is in general
conserved in the entire kingdom of living organisms, GDHs in mammals and other vertebrates have
an additional helix-loop-helix stretch, called the “antenna”. Interestingly, GDHs with an antenna tend
to be regulated by ligands, whereas those without are not. Therefore, the antenna motif in GDH
appears to play a major role in the regulation of enzymatic activity by ligands. In an effort to identify
the amino acid residues responsible for GTP binding and inhibition of GDH activity, Lee et al. per-
formed mutagenesis studies. Human GDH mutants at Tyr-266 or Lys-450 were made based on the fact
that those residues were found to be mutated in hyperinsulinism-hyperammonemia syndrome.
Whereas wild-type GDH was completely inhibited by 30 pM GTP, GDH with a Lys-450 mutation in
the antenna domain was immune from inhibition and could maintain 90 % of basal activity in the
presence of GTP up to 300 pM [30]. Humans have two GDH isoforms, GLUDI (ubiquitously
expressed) and GLUD?2 (brain-specific), with marked differences in terms of their basal activities and
allosteric regulation. To elucidate the structural basis for the functional differences, Zaganas et al.
mutagenized four residues that are unique to GLUDI [31]. They found that substitution of Ser-443
with Arg, but not three other substitutions (Ser-331 replaced with Thr, Met-370 with Leu and Met-415
with Leu), nearly completely eliminated the basal enzymatic activity and also conferred loss of regu-
lation by leucine in the absence of other effectors. However, in the presence of both leucine and ADP,
GDH activity surged by 20-fold relative to the control, indicating a synergistic effect of ADP and
leucine and a critical role of Ser-443 in regulation of GDH activity. Interestingly, Ser-443 resides in
the antenna domain. These observations further support the notion that the helical antenna domain
perhaps mediates a conformational change as well as inter-subunit interactions in response to alloste-
ric regulators and during the catalytic reaction. The largely exclusive presence of this regulation in
animals may help to explain the essential role of GDH in regulating insulin secretion.

To identify the binding site for leucine in GDH, Tomita et al. used Thermus thermophilus GDH
as a model molecule to elucidate the structural basis for leucine-induced allosteric activation of GDH.
T. thermophilus GDH is composed of two different subunits, GdhA (regulatory subunit) and GdhB
(catalytic subunit). Crystallography revealed that the GdhA-GdhB-Leu complex is a heterohexamer
composed of four GdhA subunits and two GdhB subunits. Each complex binds six leucine molecules.
Leucine binds to the interface formed by three subunits in various combinations. The crystal struc-
tures also suggest that the binding site for leucine may be shared for glutamate-binding. Interestingly,
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leucine mainly impacts the rate of turnover of the reaction, but not the affinity of the substrate such as
glutamate binding. Nevertheless, alteration of amino acid residues of 7. thermophilus GDH respon-
sible for leucine binding at the interface formed by three subunits markedly decreased the activation
of GDH elicited by leucine. Similarly, mutation of amino acid residues Arg-151 and Asp-185 of
human GDH (GLUD1), which are equivalent to those mutated above in 7. thermophilus GDH, caused
a loss of allosteric regulation to leucine [32].

In pancreatic -cells, the importance of GDH as a key enzyme in the regulation of insulin secretion
was recognized more than three decades ago [33]. The non-metabolizable leucine analogue BCH
(B-2-aminobicyclo [2.2.1]-heptane-2-carboxylic acid) that activates GDH was also found to effec-
tively stimulate insulin secretion [29], providing a first clue that leucine may regulate insulin secretion
by acting on GDH. Inhibition of GDH activity was shown to decrease insulin release [34]. Subsequent
genetic studies of congenital hyperinsulinism/hypoglycemia cases revealed that GDH is a critical
mediator of leucine-induced insulin secretion [35-38].

There are various types of genetic defects that can cause congenital hyperinsulinism/hypoglyce-
mia. In a particular group of cases that patients presented with hyperammonemia following a protein
meal, the levels of ammonia in patients were up to 3—8 times the normal range. However, this hyper-
ammonemia is not influenced by changes in blood glucose concentration nor is it associated with any
defects in enzymes of the urea cycle. Genetic studies revealed that these patients carry dominant,
gain-of-function mutations in the allosteric domain of GDH. GDH purified from lymphoblasts dis-
played reduced sensitivity to inhibition by GTP [35]. Transgenic mice carrying a GTP-insensitive
mutation of GDH found in patients also developed hypoglycemia. Moreover, islets isolated from
these mice were more sensitive to leucine-stimulated insulin release. These studies have established
that GDH is the key enzyme that mediates leucine sensing in insulin release. GDH has since been
postulated as a therapeutic target, at least in some patients carrying mutations in GDH.

The Mammalian Target of Rapamycin (mTOR) Pathway and Its Role
in Leucine-Elicited Insulin Secretion

The mTOR pathway regulates cell metabolism, cell growth, proliferation and survival in response to
environmental cues such as growth factors, insulin, nutrients and stress. Activation of mTOR pro-
motes anabolic cellular processes, such as translation and nucleotide biosynthesis. mTOR is a Ser/Thr
kinase belonging to the phosphatidylinositol kinase-related family of proteins. It resides in two dis-
tinct multiprotein complexes, mMTORC1 and mTORC2, which mediate different signaling cascades
(Fig.5.5). mTORCI contains primarily mTOR, mammalian orthologue of lethal with sec 13 (mLST8),
regulatory-associated protein of target of rapamycin (raptor), pro-rich Akt substrate of 40 kDa
(PRAS40) and several others. This protein complex is sensitive to rapamycin. It phosphorylates S6K1,
4E-BP1 and ULK1 when activated, and influences cell growth by regulating protein translation, de
novo pyrimidine synthesis, ribosome biogenesis, autophagy and others. Inhibition of mTORC1 by
rapamycin, nutrient starvation or hypoxic stress stimulates autophagy and stress-responsive transcrip-
tion. In contrast, mMTORC2 contains mTOR, mLST8 and rapamycin-insensitive companion of TOR
(rictor). This complex is relatively insensitive to rapamycin, although it can still be inhibited when
exposed to a high concentration of rapamycin for a long period of time. mTORC?2 regulates actin
organization and is responsible for the phosphorylation and activation of several members of the AGC
kinase subfamily, including protein kinase B (PKB, otherwise known as AKT), serum/glucocorticoid-
induced kinase 1 (SGK1), conventional protein kinase Cs (PKCs) and PKCe [39].

Growth factors and nutrients activate mTOR via different signaling cascades. Growth factors bind
to their receptors to activate PI3 kinase, which in turn recruits Akt to the membrane, resulting in
Akt phosphorylation and activation. Akt phosphorylates and inhibits its downstream target, tuberous
sclerosis complex (TSC1/TSC2). TSCI1 is a tumor suppressor that associates with TSC2 to inactivate the
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small G-protein Rheb and inhibits mTORCI1. Phosphorylation of TSC1 by Akt relieves the inhibitory
effect of TSC1/TSC2 on Rheb, resulting in activation of mTOR. In contrast, amino acids activates
mTOR through a PI3K-independent pathway, acting on TSC1/TSC2, Rheb, Rag family members and
leucyl-tRNA-synthetase [40, 41].

It has become increasingly evident that the mTOR pathway plays a critical role in regulating glu-
cose homeostasis, presumably through influencing pancreatic f-cell growth and proliferation, insulin
secretion and glucose uptake. Excessive activation of mTOR increases p-cell size and promotes p-cell
proliferation [42]. Mice with genetic deletion of TSC2, an upstream negative regulator of mMTORCI,
displayed increased f-cell mass largely due to increased cell size and proliferation [43]. Similarly,
animals with restrictive deletion of TSCI1 in p-cells exhibited larger -cell size, produced more insulin
and better handled blood glucose [44]. f-Cell-specific deletion of Rictor in mice, an essential component
of the mTORC2 complex, impairs B-cell proliferation, resulting in mild hyperglycemia and glucose
intolerance [45]. Mice with genetic deletion of S6K1, a downstream component of mTOR, become
glucose intolerant. These animals show reduced fB-cell mass and low blood insulin [46], further
supporting a role for the mTOR pathway in regulation of insulin secretion.

Rapamycin is an mTOR inhibitor and an FDA-approved immunosuppressant for organ transplant.
Chronic rapamycin treatment impaired glucose homeostasis, reduced the insulin content and f-cell
mass of pancreatic islets and decreased glucose-stimulated insulin secretion in vivo and ex vivo [47].
Rapamycin reduces p-cell viability through inhibition of mMTORC?2 and inhibition of Akt. However, a
recent study reported that knockdown of raptor, a component in the rapamycin-sensitive mTORC1
complex, in INS-1 cells using siRNA, surprisingly increased glucose-stimulated insulin secretion and
intracellular insulin content. Possible explanations for this apparently contradictory result to the
previous observations in pancreatic islets are the differences in cells used for the experiments and
non-specific effects that could be associated with experimental approaches such as using siRNA.
In pancreatic cells, rapamycin inhibits glucose-induced protein synthesis in pancreatic islets [48].

Besides growth factors, leucine is the most potent activator of the mTOR pathway among the
amino acids. Depletion of amino acids, specifically leucine, is sufficient to inactivate mTOR and
additionally attenuates growth factor signaling, indicating the importance of this nutrient-sensing
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pathway in regulating insulin secretion and glucose homeostasis. Leucine can effectively stimulate
phosphorylation of PHAS1 and p705%, important indicators of mTOR activation in RINm5F cells and
rat pancreatic islets [48, 49]. Activation of mTOR appears to involve the intracellular metabolism of
leucine in pancreatic islet cells and derived insulin secretion cell lines. First, two other branched chain
amino acids (isoleucine and valine) that can be similarly metabolized also stimulate mTOR activation
in RINmSF cells. Moreover, KIC, an intermediate from transamination of leucine, can effectively
activate mTOR. Blocking the transamination of leucine by AOAA attenuates mTOR activation in
RINmMSF cells. A leucine analogue that blocks leucine metabolism also inhibits mTOR. Finally, inhi-
bition of mitochondrial oxidation by azide largely eliminates the phosphorylation of p705°K in RINm5F
cells. These data suggest that metabolism of leucine is what activates mTOR. This is consistent with
the observation that glucose can effectively activate mTOR in pancreatic islets [50]. AMP-activated
protein kinase (AMPK) is a key regulator of the energy status of cells and also regulates mTOR.It
senses the intracellular levels of AMP and ATP. AMPK is activated when the ratio of AMP to ATP is
high and inactivated when the ratio is low. Amino acids and glucose are catabolized in order to inhibit
AMPK in MING cells [51]. However, expression of a constitutive form of AMPK in INS-derived cells
or pharmacological activation of AMPK in rat pancreatic islets did not affect insulin secretion, sug-
gesting that the AMPK pathway is not involved in insulin release. Leucine-mediated activation of
protein translation through mTOR may contribute to enhanced B-cell function by stimulating growth-
related protein synthesis and enhancing the proliferation associated with the maintenance of p-cell
mass. In malnourished mice, leucine supplementation increases the expression of key proteins
involved in the mechanism of insulin secretion, such as the muscarinic receptor M3 (M3R), PKCa,
PKAa, the B2 subunit of the L-type calcium channel (Cap2) and phospho-AKT/AKT [52]. In addi-
tion, long-term treatment with leucine upregulates the levels of both glucokinase and ATP synthase
B-subunit (ATPSP) via mTOR-independent pathways [53].

G-protein-coupled receptors also influence insulin secretion through regulating the production of
cyclic adenosine monophosphate (cAMP) via acting on G-protein Gs or Gi. This route appears to be
involved in leucine-induced insulin secretion and is implicated in type-2 diabetes [54]. For example,
glucagon-like peptide-1 (GLP-1), a hormone secreted from the intestine typically following a meal,
regulates insulin release. Binding of GLP-1 to its receptor activates adenylyl cyclases to increase
cAMP, which in turn mobilize intracellular Ca?* stores, resulting in insulin release [55]. Pancreatic
[B-cells are also heavily innervated by the peripheral sympathetic nervous system. It is well known that
the sympathetic system mediates acute regulation of blood glucose, for example under stress condi-
tions. Adrenergic receptor a2A is the major subtype regulating insulin release. By coupling to Gi to
inhibit cAMP production, activation of a2A adrenergic receptor negatively influences glucose-
stimulated insulin secretion [56]. Previous studies revealed that activation of a2A by either electric
stimulation or norepinephrine inhibits insulin secretion in islets, which is likely through inhibition of
cAMP production [57]. Genetic studies revealed the importance of the a2A adrenergic receptor in
regulating pancreatic function and glucose homeostasis. Genetic knockout of a2A increases insulin
secretion [58]. Conversely, mice overexpressing a2A restrictively in f-cells displayed glucose intoler-
ance [56]. The role of a2 A in glucose homeostasis was further cemented by revealing that overexpres-
sion of a2A in the Goto-Kakizaki (GK) rat [59], a spontaneous diabetes model, causes impaired
insulin granule membrane docking and secretion in P-cells. Pharmacological inhibition of a2A
restores insulin secretion to normalcy. Genotyping of single-nucleotide polymorphisms (SNPs) in a
large cohort of patients found that a SNP from GA to GG or AA in the 3’ untranslated region of the
a2A gene is associated with type-2 diabetes. Islets from type-2 diabetes patients displayed increased
expression of mRNA and protein of the a2 A receptor, therefore establishing a pathogenic role of aber-
rant expression of a2A in type-2 diabetes. Interestingly, it has long been known that pancreatic islets
prepared from GK rats exhibit a reduced response to leucine [60]. The mechanism underlying the
impaired leucine sensing of pancreatic insulin release in GK rats was unclear. However, a recent study
shed new light on how leucine regulates insulin secretion through the a2 A receptor (Fig. 5.6). Leucine-
induced insulin release was blocked by the mTOR inhibitor rapamycin and by an a2A receptor
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agonist, clonidine, in pancreatic islets in vivo and in vitro, suggesting a convergence of the mTOR
pathway and the adrenergic system in regulating leucine-induced insulin release. Leucine was found
to increase the production of cAMP by stimulating the endocytosis of the a2A receptor. This process
involves activation of mTOR, because rapamycin blocks both endocytosis of the a2A receptor and
cAMP production. The impaired leucine-induced insulin secretion is associated with overexpression
of the a2 A receptor in GK rats, because blocking the a2A receptor at least partially restores leucine-
induced insulin release. Together, by activating the mTOR pathway, leucine promotes the endocytosis
of a2A receptors, thereby relieving the inhibitory effect on insulin secretion from the a2A receptor.
The same study identified a novel regulatory path of insulin secretion by leucine in pancreatic islets.
The detailed mechanism by which leucine regulates membrane trafficking of a2 A remains to be elu-
cidated. Leucine was reported to elicit a transient rise in intracellular calcium, resulting in activation
of the class III lipid kinase Vps34 and mTORCI1 [61]. Other studies revealed that leucine also induces
slow calcium oscillation in pancreatic islets as well, which is relevant in regulating insulin granule
docking and membrane fusion [13, 62]. Because Vps34 is known to regulate receptor vesicle recy-
cling [63], it has been postulated that Vps34 may regulate a2 A trafficking.

The role of the mTOR pathway and the a2 A receptor in regulation of insulin secretion also led to a
new understanding of new-onset diabetes after transplantation (NODAT). New-onset diabetes is a com-
plication frequently associated with organ transplantation. NODAT creates additional challenges for
patient care and likely generates significant negative impacts on long-term patient survival following
organ transplantation [64]. NODAT is strongly associated with immunosuppressive medications [64].
Among the immunosuppressants, rapamycin is one of the major risk factors. Other previous studies
have shown that rapamycin causes diabetes in obese sand rats (Psammomys obesus), lean rats and DIO
mice. The a2A agonist clonidine was frequently administrated to patients with hypertension after renal
transplantation. Interestingly, the incidence of NODAT was found to be significantly higher in patients
treated with both rapamycin and clonidine than those just receiving rapamycin alone. Patients who
received clonidine, but not rapamycin, experienced minimal NODAT, perhaps due to a general attenu-
ation of adrenergic input into the pancreas because of clonidine’s additional effect on sympathetic
output [65]. Nevertheless, administration of both rapamycin and clonidine could have a synergistic
action that contributes to the high incidence of NODAT in renal transplant patients. This finding has
important clinical implications. For example, clonidine should be prescribed with caution in renal
transplant patients who are undergoing treatment with rapamycin.

Conclusions

In summary, leucine regulates a large array of cellular processes in pancreatic f-cells, including
metabolism, growth, proliferation and insulin secretion, which ultimately influence overall glucose
homeostasis. Multiple routes are involved in acute regulation of insulin secretion. The catabolic
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courses of leucine, which generate energy by oxidation or intermediates that allosterically impinge
on GDH, clearly play a role in insulin secretion. Leucine also influences insulin secretion through the
mTOR pathway and adrenergic system. Of particular note, insulin binds its tyrosine kinase receptor,
leading to phosphorylation of the insulin receptor substrate (IRS), which in turn activates the down-
stream PI3K/mTOR signaling pathway. This pathway mediates insulin actions, for example glucose
uptake in the liver and skeletal muscles and perhaps the autocrine effect of insulin in pancreatic islet
cells [48]. Leucine may exert its action on glucose homeostasis via impinging on the insulin/mTOR
pathway. Therefore, the complexity of the regulatory pathways through which leucine acts on insulin
secretion and glucose homeostasis helps to explain the huge diversity in the etiology of diabetes.
Better understanding of the regulation of insulin release will ultimately guide development of more
effective strategies for the management and prevention of diabetes.
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Chapter 6
Effects of Leucine and Isoleucine on Glucose Metabolism

Fumiaki Yoshizawa

Key Points

* BCAAs have recently been recognized as having functions other than simple nutrition.

* The signaling action of leucine in protein synthesis has been well studied, but the pharmacological
effects of isoleucine and valine have not been clarified.

It has recently been reported that, among the BCAAs, leucine and isoleucine act as signals in glu-
cose metabolism.

*  We revealed that isoleucine stimulates both glucose uptake in the muscle and whole body glucose
oxidation, in addition to depressing gluconeogenesis in the liver, thereby leading to a hypoglyce-
mic effect in rats.

*  We speculate that isoleucine signaling accelerates catabolism of incorporated glucose for energy
production and consumption.

Keywords Isoleucine * Leucine * Skeletal muscle ¢ Liver « Hypoglycemic effect « Glucose uptake *
Glucose production
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L-GK Liver-type glucokinase

LXR Liver X receptor

mTOR Mammalian target of rapamycin

PEPCK Phosphoenolpyruvate carboxykinase
PI3K Phosphoinositide 3-kinase

PKB/Akt Protein kinase B

PKC Protein kinase C

PPAR Peroxisome proliferator-activated receptor
S6K1 70-kDa ribosomal protein S6 kinase
SREBP Sterol regulatory element binding protein
Introduction

The branched chain amino acids (BCAAs) leucine, isoleucine, and valine are the most abundant of the
essential amino acids. In addition to their critical role as substrates for protein synthesis, these amino
acids play a variety of roles in the body. It is believed that BCAAs contribute to energy metabolism dur-
ing exercise as energy sources and substrates to expand the pool of citric acid-cycle intermediates
(anaplerosis) and for gluconeogenesis. Moreover, BCAAs serve as regulatory (signaling) molecules that
modulate numerous cellular functions (Table 6.1). BCAAs, acting as nutrient signals, regulate protein
synthesis and degradation, and insulin secretion, and have been implicated in central nervous system
control of food intake and energy balance. Of the BCAAs, leucine has been the most thoroughly inves-
tigated as a signaling molecule. In particular, the signaling action of leucine in protein synthesis has been
well studied, and the mechanism is currently under investigation [1]. Leucine appears to be the specific
effector of protein synthesis in several tissues including skeletal muscle [2], liver [3], and adipose tissue
[4]. However, the pharmacological effects of the other BCAAs, isoleucine and valine, have not been well
clarified. We have focused on the pharmacological effects of BCAAs for the last 10 years, and found that
among the BCAAs, isoleucine acts as a nutrient regulator of glucose metabolism [5, 6]. Another group
has also showed that leucine plays a key role in regulating glucose homeostasis [7]. Today, it is generally
accepted that one of the features of BCAA administration is modification of glucose metabolism.
The major focus of this chapter is on the role of BCAAs in regulating glucose metabolism in rats.

Effects of Amino Acids on Glucose Metabolism

BCAAs, particularly leucine, play essential roles in hormonal secretion and action, as well as in
intracellular signaling. In glucose metabolism, despite the fact that amino acids can stimulate the
release of insulin, it has been shown that amino acid infusion actually inhibits glucose utilization.
Previous studies have also shown that amino acids, particularly leucine, inhibit insulin-stimulated

Table 6.1 The functions of BCAAs

Action of regulatory molecules

Substrates for Sources of ~ Protein metabolism

protein synthesis energy Synthesis Degradation Glucose metabolism Lipid metabolism
Leu ® O] O] ® O A
Tle 0] O] A - O A
Val © [0) — — _ A

©: well known function; QO: there are some studies that demonstrate function; A: there are few studies that demonstrate
function; —: at present unknown function
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glucose uptake [8—11]. One mechanism through which this could occur is the preferential oxidation
of amino acids leading to glucose sparing. As an alternative to glucose oxidation, amino acids may
serve as fuel, and amino acids, including the glucogenic amino acids (alanine, valine, or glutamine),
are considered to be able to increase glucose production and blood glucose levels. More recent work
has begun to identify intracellular mechanisms through which amino acids appear to control glucose
metabolism. This inhibitory action is mediated through the attenuated tyrosine phosphorylation of
insulin receptor substrates (IRS)-1 and IRS-2 and subsequent interaction with the regulatory subunit
of phosphoinositide 3-kinase (PI3K), leading to decreased activity of PI3K, protein kinase B (PKB/
Akt), and mammalian target of rapamycin (mTOR) [11-13].

Of the amino acids, leucine is involved in glucose uptake in isolated muscle [7], in glycogen syn-
thesis via the inactivation of glycogen synthase kinase-3 (GSK-3) [14], and in the insulin-secretion
effect in the pancreas [15]. On the other hand, leucine, but not isoleucine or valine, also inhibits
insulin-stimulated glucose uptake in L6 cells by degrading IRS-1 via activation of the mTOR/S6K1
signaling pathway, leading to desensitization of insulin signaling [11, 13, 16]. In addition, leucine
reduces the duration of insulin-induced IRS-1-associated PI3K activity in rat skeletal muscle [17].
Given these results, it is to be expected that amino acids will decrease glucose oxidation and lead to
amino acid-induced insulin resistance. However, it has been reported that amino acid infusion causes
a decrease in blood glucose levels and an increase in glucose oxidation in humans [18, 19], although
there have been few investigations of this hypoglycemic effect to date. These changes appear to occur
via the action of insulin, as leucine, but not isoleucine or valine, stimulates insulin release from the
pancreas, thereby decreasing blood glucose [20, 21]. Thus, this contradicts the amino acid-induced
insulin resistance described above, and this issue therefore remains controversial.

Hypoglycemic Effect of Isoleucine

Some studies have demonstrated that a BCAAs mixture decreases plasma glucose levels in vivo. Oral
administration of a BCAAs mixture has been shown to ameliorate hyperglycemia in a virus-induced
noninsulin-dependent diabetes mellitus mouse model [22]. In streptozotocin-induced rats, oral adminis-
tration of a BCAAs mixture (0.75-1.5 g/kg body weight) significantly decreased plasma glucose levels
[23]. However, it was unknown whether this reflected glucose metabolism caused by leucine, isoleucine,
or valine, and the mechanism of action of the individual BCAAs was not understood in vivo or in vitro.
Our collaborators reported that isoleucine prevents a rise in the plasma glucose concentration and
that the effect of isoleucine is greater than that of leucine or valine in oral glucose tolerance tests in
normal 7-week-old rats [24]. Oral administration of isoleucine (0.30 g/kg body weight) significantly
alleviated the increase of plasma glucose at 30 and 60 min after glucose infusion in these young rats
compared to saline-administered control rats. In contrast, the administration of valine (0.30 g/kg body
weight) significantly increased the glucose level at 30 min after glucose administration, which sug-
gests that valine, a glycogenic amino acid, is used as a substrate for gluconeogenesis in the liver.
Leucine had a similar effect at 120 min compared to saline-administered control rats. Oral administra-
tion of leucine, isoleucine, and valine (0.30 g/kg body weight) in these rats did not alter plasma insulin
at 30, 60, or 120 min after oral glucose administration compared to the control. Moreover, a dose-
dependent effect that lowered plasma glucose levels by isoleucine was observed in 18-week-old rats.
In these older rats, oral administration of isoleucine (0.30 g/kg body weight) significantly lowered
plasma glucose levels at 30, 60, and 120 min after glucose infusion, whereas oral administration of
lower amounts of isoleucine (0.05 or 0.10 g/kg body weight) caused no significant changes in plasma
glucose levels. The plasma insulin levels in the isoleucine-administered 18-week-old rats were below
those in the controls at 30 and 60 min after glucose infusion. The hypoglycemic effect of isoleucine
was recently confirmed in a human study using oral administration of isoleucine [25]. In C,C;, myotubes,
leucine and isoleucine stimulate glucose uptake in an insulin-independent manner, and the effect of
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isoleucine is greater than that of leucine [24]. In such cells, signaling pathway analysis using a PI3K
inhibitor (LY294002), a protein kinase C (PKC) inhibitor (GF109203X), and an mTOR inhibitor
(rapamycin) suggests that PI3K and PKC, but not mTOR, are involved in the enhancement of glucose
uptake by isoleucine. These data suggest that isoleucine assumes the role of a signal for glucose
metabolism, thereby stimulating insulin-independent and mTOR-independent glucose transport in
cultured skeletal muscle cells.

We focused on the blood glucose-lowering effects of isoleucine and examined whether isoleucine
decreased the plasma glucose concentration in food-deprived rats, and whether isoleucine increased
glucose uptake in skeletal muscles in vivo. Valine was excluded from the scope of this research, as
valine caused an increase in plasma glucose levels. Oral administration of isoleucine, but not leucine,
significantly decreased plasma glucose concentrations in food-deprived rats [5]. Glucose uptake in the
skeletal muscle did not differ after leucine administration, but glucose uptake in the muscles of rats
given isoleucine was 73 % greater than that in food-deprived controls, suggesting that isoleucine
increases skeletal muscle glucose uptake in vivo. These results indicate a relationship between the
reduction in blood glucose and the increase in skeletal muscle glucose uptake that occur with isoleu-
cine administration in rats (Table 6.2).

Furthermore, we investigated the possible involvement of the energy sensor 5’'-AMP-activated
protein kinase (AMPK) in the modulation of glucose uptake in skeletal muscle, which is independent
of insulin, and also in isoleucine-stimulated glucose uptake [5]. AMPK is a serine/threonine kinase
consisting of a catalytic subunit (&) and two regulatory subunits ( and y). The catalytic o subunit
occurs in two distinct isoforms in mammals. AMPK al is widely expressed, whereas the a2 isoform
is expressed predominantly in the liver, heart, and skeletal muscle [26]. AMPK a1 activity in skeletal
muscle was not affected by leucine or isoleucine administration (Table 6.3). However, isoleucine,

Table 6.2 Plasma concentrations of glucose, insulin, leucine, and isoleucine in rats 1 h after administration of saline
(control), leucine, or isoleucine, and the effect of leucine or isoleucine on glucose uptake and [U-'*C]-glucose incorporation
into glycogen in gastrocnemius muscles in rats 1 h after administration of saline (control), leucine, or isoleucine

[U-"C]-Glucose

Treatment incorporation into
group Glucose Insulin Leucine Isoleucine Glucose uptake glycogen

% of control

Control 100.0+£2.6* 100.0+22.9 100.0+9.7¢ 100.0+4.6° 100.0+18.9* 100.0+£16.6*
Leucine 91.7+£58% 105.7+13.8 1,280.6+158.3°> 47.2+3.7* 118.4+17.1**  174.5+8.5°
Isoleucine  75.9x4.42 110.0x11.1 97.2+6.3% 4,029.6+£148.1> 172.8+15.7° 119.3+10.4%b

2Rats were food-deprived for 18 h and then administered saline (0.155 mol/L), 1.35 g L-leucine/kg body weight (pre-
pared as 54.0 g/L of the L-amino acid in distilled water), or 1.35 g L-isoleucine/kg body weight by oral gavage

"Value are means+SEM, n=5 for plasma concentrations of glucose and insulin; n=6 for plasma concentrations of
leucine and isoleucine and glucose uptake; n=4 for [U-'“C]-glucose. Means in a column with superscripts without a
common letter differ, P<0.05. This table is partially modified from the original reported by Doi et al. [5]

Table 6.3 Effects of leucine or isoleucine on adenine nucleotide contents, the AMP:ATP ratio, and activity of the AMPK
al and o2 isoforms in gastrocnemius muscles of rats 1 h after administration of saline (control), leucine, or isoleucine

Treatment group AMP ADP ATP AMP:ATP AMPK «al AMPK a2

% of control

Control 100.0£3.7* 100.0£3.0 100.0£2.6 100.0£3.8* 100.0£10.3 100.0+9.5°
Leucine 100.0£6.5° 106.1£3.0 108.9+3.2 91.0+4.5%° 97.4£2.5 97.0+7.6*°
Isoleucine 78.5+4.7° 96.0+3.0 99.4+3.4 79.7+6.0° 91.3+5.1 71.9+5.1°

4Rats were food-deprived for 18 h and then administered saline (0.155 mol/L), 1.35 g L-leucine/kg body weight (prepared
as 54.0 g/L of the L-amino acid in distilled water), or 1.35 g L-isoleucine/kg body weight by oral gavage

®Value are means+SEM, n=5 for adenine nucleotide contents and the AMP:ATP ratio; n==6 for activity of the AMPK
al and o2 isoforms. Means in a column with superscripts without a common letter differ, P <0.05. This table is partially
modified from the original reported by Doi et al. [5]
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but not leucine, significantly decreased AMPK a2 activity (Table 6.3). These results indicate that
isoleucine-stimulated glucose uptake increases in the absence of increased AMPK al and o2 activity
in skeletal muscle in food-deprived rats.

Effects of Isoleucine on Glycogen Synthesis and Glucose Oxidation

As mentioned above, the administration of isoleucine leads to an increase in glucose uptake in skeletal
muscle in vivo [5]. However, it remains unknown how the glucose incorporated by isoleucine is
metabolized. Leucine stimulates glycogen synthesis through the inactivation of GSK-3 in L6 muscle
cells in a manner that is dependent on mTOR and independent of insulin [14]. Our collaborators
reported that leucine causes a significant increase in p-[U-'*C] glucose incorporation into intracellular
glycogen in myotube cells in vitro, whereas isoleucine does not affect glycogen synthesis when com-
pared to controls [24]. Therefore, we first examined the effects of isoleucine on glycogen synthesis in
skeletal muscle.

Muscle glycogen synthesis, as determined by [U-'*C] glucose incorporation into glycogen, was
significantly increased by administration of leucine, but not isoleucine, in rat skeletal muscles
in vivo when compared with food-deprived control rats (Table 6.2). Although leucine has less of an
effect on glucose uptake in skeletal muscle, it stimulates glycogen synthesis in skeletal muscle
(Table 6.2). In contrast, isoleucine stimulates glucose uptake, although it has less of an effect on
glycogen synthesis (Table 6.2) [5]. We also measured the contents of high-energy phosphate metab-
olites (AMP, ADP, and ATP) in the skeletal muscles of rats administered with leucine and isoleucine
to evaluate the cellular energy state [5]. Oral administration of leucine or isoleucine did not alter the
ADP or ATP contents in the skeletal muscle when compared with control rats (Table 6.3). Although
isoleucine caused a decrease in AMP content in skeletal muscle when compared with the control
and leucine groups, the AMP content was not affected after administration of leucine when com-
pared with the control group (Table 6.3). Furthermore, although leucine did not change the
AMP:ATP ratio, isoleucine caused a significant decrease in this ratio in the skeletal muscle when
compared with the control group (Table 6.3). We assume that a depletion of cellular AMP would
result in a decrease in the AMP:ATP ratio and improve the availability of ATP in the skeletal muscle
without any marked increase in ATP concentration, thereby resulting in an improvement in the cel-
lular energy state.

In order to determine whether the hypoglycemic effect of isoleucine affects whole body glucose
oxidation, we examined the effects of isoleucine on the expiratory excretion of “CO, from [U-“C]
glucose in vivo at a dose where the hypoglycemic effect was greatest [6]. The expiratory excretion of
H4CO, of rats treated with isoleucine was significantly elevated between 60 and 90 min after adminis-
tration when compared with controls. Based on the above results, muscle glucose uptake in isoleucine-
administered rats was elevated at 60 min. As the time to achieve maximum plasma isoleucine levels
was 60 min [5, 24], this indicates a strong correlation among the increase in muscle glucose uptake,
the decrease in blood glucose, and the subsequent increase in glucose oxidation. In contrast, it has
been reported that isoleucine suppresses “CO, production from [1-*C] pyruvate in isolated skeletal
muscle [8]. As a potential explanation, the suppression might have been caused by an increase in total
pyruvate content in the skeletal muscle [27] due to increased glucose uptake by isoleucine [5, 24],
which results in a diluting effect for [1-'*C] pyruvate and an increase in total CO, production.
Meanwhile, glycogen synthesis in isoleucine-administered rats was not altered in skeletal muscle [5],
thus suggesting that when there is a lowering of blood glucose levels, isoleucine increases glucose
uptake in skeletal muscle with the incorporated glucose mainly oxidized in the muscle immediately
after uptake (Table 6.4).
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Table 6.4 The effects of leucine and isoleucine on blood glucose and insulin in
rats and on glucose metabolism in skeletal muscle in vivo

Blood glucose lowering effect . Isoleucine > Leucine
Insulinotropic effect . Leucine > Isoleucine
Glucose uptake in vivo : Isoleucine > Leucine
Glycogen synthesis in vivo . Leucine > Isoleucine
Glucose oxidation in vivo : Isoleucine > Leucine

By what mechanism dose isoleucine decrease

the blood glucose concentration?
Stimulation of glucose uptake | Inhibition of gluconeogenesis?
in peripheral tissues?
” Liver
Adipose tissue  Liver + Muscle

I Stimulation of glycogen synthesis? ‘ I Stimulation of glucose oxidation? |

Muscle Muscle

Fig. 6.1 A possible mechanism for the glucose-lowering effects of isoleucine in rats. Glucose uptake was significantly
increased in the muscles of isoleucine-administered rats when compared with controls. In contrast, there were no sig-
nificant differences in the glucose uptake in liver or adipose tissue in isoleucine-administered rats. Glycogen synthesis
in isoleucine-administered rats was not altered in skeletal muscle, thus suggesting that when there is a lowering of blood
glucose levels, isoleucine increases glucose uptake in skeletal muscle with the incorporated glucose mainly oxidized
immediately after uptake. Isoleucine also reduces hepatic glucose production in vitro and the expression and activity of
hepatic gluconeogenic enzymes both in vitro and in vivo

Effects of Isoleucine on Glucose Uptake in Peripheral Tissues
and Hepatic Glucose Production

Generally, the maintenance of blood glucose levels is due to an optimal balance between glucose
uptake by peripheral tissues and glucose production occurring mainly in the liver. Therefore, we
examined the effects of isoleucine administration on glucose uptake in peripheral tissues and hepatic
glucose production.

Glucose uptake was significantly increased in the muscles of isoleucine-administered rats when
compared with controls at the most effective dose of isoleucine. In contrast, there were no significant
differences in the glucose uptake in liver or adipose tissue in isoleucine-administered rats when com-
pared with controls. These results suggest that skeletal muscle is the major organ contributing to the
hypoglycemic effects of isoleucine on glucose uptake (Fig. 6.1). Leucine has a stimulatory effect on
insulin secretion [9]. As a temporal increase in plasma insulin levels after oral administration of
leucine was observed in this study, the effect of leucine on glucose metabolism may primarily be
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insulin dependent. On the other hand, the hypoglycemic effect of isoleucine was more potent than that
of leucine, although significant changes in plasma insulin and glucagon levels were not observed after
isoleucine administration. Furthermore, isoleucine had an additive effect on insulin-stimulated glu-
cose uptake via PI3K [24], in contrast to leucine, which inhibited insulin-stimulated glucose uptake in
skeletal muscle cells [11]. Although the molecular basis of increased glucose uptake by isoleucine
remains unclear, a previous study by another group revealed that glucose uptake by isoleucine is
involved in increased glucose transporter (GLUT)1 and GLUT4 translocation in the skeletal muscles
of rats with liver cirrhosis [28]. These data suggest that isoleucine improves insulin sensitivity in
skeletal muscle via an intracellular signaling pathway.

The liver plays a role in the uptake of blood glucose as with skeletal muscles. The primary trans-
porter for glucose uptake in the liver is GLUT2. Glucose is taken up into the hepatocytes through
GLUT2, and liver-type glucokinase (L-GK) traps glucose in the cytoplasm by phosphorylation.
Therefore, GLUT2 and L-GK play important roles in the liver as a glucose-sensing apparatus [29].
We have not evaluated the effect of leucine or isoleucine on the glucose-sensing apparatus in the liver,
because there were no significant differences in the glucose uptake in liver in leucine-administered or
isoleucine-administered rats when compared with controls. Recently, it was demonstrated that BCAAs
strongly accelerated GLUT2 and L-GK mRNA expression in HepG2 cells in a glucose-dependent
manner, and dose-dependently enhanced the mRNA levels of L-GK in rat liver [30]. The glucose-
sensing apparatus enables glucose to regulate the expression of glucose-responsive genes such as
L-type pyruvate kinase, S14, fatty acid synthase (FAS), and GLUT2 [31]. Thus, the glucose-sensing
apparatus exerts a strong influence on glucose utilization and glycogen synthesis. The biological
activity of the glucose-sensing apparatus is tightly regulated by transcriptional mechanisms. The tran-
scriptional factors sterol regulatory element binding protein (SREBP)-1c and peroxisome prolifera-
tor-activated receptor (PPAR)-y are thought to be involved in the transcriptional regulation of the
glucose-sensing apparatus, because the functional binding sites for SREBP-1c and PPAR-y have been
identified in the GLUT2 and L-GK promoter regions, and the mRNA expression of these genes is
upregulated by SREBP-1c and PPAR-y [29, 32-34]. BCAAs markedly upregulated the expression of
SREBP-1c, carbohydrate responsive element binding protein (ChREBP), and liver X receptor (LXR)
o in HepG?2 cells, and upregulated SREBP-1c and LXRa in rat liver [30]. Because LXRa is known to
transactivate SREBP-1c and ChREBP in the presence of glucose or glucose-6-phosphate, as direct
agonists, the increased glucose or glucose-6-phosphate, through the activation of the glucose-sensing
apparatus by BCAAs, may have a role in the activation of LXRa. From these results, it has been
speculated that the LXRa-induced SREBP-1c-dependent mechanism may be the main signaling path-
way for BCAAs-induced transactivation of the glucose-sensing apparatus [30].

Hepatic gluconeogenesis, as well as glucose utilization by peripheral and hepatic tissues, may be a
possible mechanism by which amino acids lower blood glucose levels. During the fasting state, glu-
cose production is largely a result of gluconeogenesis as opposed to hepatic glycogenolysis [35].
Therefore, we examined the effects of isoleucine on the gluconeogenic rate-limiting enzymes in vivo.
The mRNA levels of phosphoenolpyruvate carboxykinase (PEPCK), which is a well-researched
key gluconeogenic enzyme, parallel both PEPCK activity and the rate of gluconeogenesis [36, 37].
The data showed that expression levels of hepatic PEPCK mRNA were lower in isoleucine-adminis-
tered rats than in controls, suggesting that PEPCK activity was lower in isoleucine-administered rats
and that the inhibitory effects of isoleucine on PEPCK are regulated at the transcriptional level [6].
Furthermore, we demonstrated that expression levels of hepatic glucose-6-phosphatase (G6Pase)
mRNA, and G6Pase activity were also lower in isoleucine-administered rats [6]. Enzyme activity is
regulated by controlling both protein expression and existing enzymes. Although whether isoleucine
regulates existing enzymes is unknown, we believe that isoleucine inhibits G6Pase activity by decreasing
G6Pase mRNA expression. These findings suggest that isoleucine also downregulates G6Pase activity
and associated mRNA, in addition to inhibiting gluconeogenesis in the liver in vivo (Fig. 6.1).
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Under in vitro conditions, there is an inhibitory effect of isoleucine on the expression of PEPCK
and G6Pase in isolated hepatocytes [6]. It has also been demonstrated that the G6Pase activity is lower
in isoleucine-added cells when compared with controls [6]. These findings suggest that isoleucine
downregulates the transcription of gluconeogenic enzymes and inhibits glucose production in the
liver under insulin-free conditions. This suggests that the inhibitory effects of gluconeogenesis by
isoleucine involve an insulin-independent signaling pathway as well as the insulinotropic effects of
isoleucine in vivo.

Although we can calculate the glucose uptake and endogenous glucose production values at the
same time through the use of a tracer, the value of endogenous glucose production may be underesti-
mated in experiments in which glucose uptake values are markedly elevated. Therefore, we measured
glucose production by using isolated hepatocytes in order to determine the mechanism underlying the
hypoglycemic effects of isoleucine [6]. As a glucogenic substrate, we examined alanine, because
plasma alanine levels were found to be significantly higher in the 0.45 g/kg body weight isoleucine
group, which was also the most effective dose for decreasing plasma glucose when compared with
controls [6]. Isoleucine significantly inhibited glucose production when alanine was used as a gluco-
genic substrate in isolated hepatocytes [6]. In addition, phenylalanine, which is a neutral amino acid
transported via the same neutral amino acid transport system as alanine, leucine, and isoleucine
[38, 39], also significantly reduced glucose production [6]. These results indicate that the inhibitory
effects of isoleucine on glucose production with alanine may be due to a competitive inhibitory effect
with alanine for transport via the neutral amino acid transporter.

In conclusion, isoleucine administration stimulates both glucose uptake in the muscles and whole
body glucose oxidation, in addition to depressing gluconeogenesis in the liver, thereby leading to a
hypoglycemic effect in rats (Fig. 6.2).

Glycogen
M TTITILLET Glucose

Gluconeogenesis | /
= Ji
AL ‘ Glucose-Alanine cycle |/ pyryyate —>| Energy production 4
Alanine % — - Alanine

Plasma Alanine 1

o Muscle
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| Alanine uptake ‘

Liver

(.u........ * Promotion
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Fig. 6.2 Schematic diagram of the effects of isoleucine on glucose metabolism. Isoleucine stimulates glucose uptake
in skeletal muscle and the incorporated glucose is oxidized without significant elevation of plasma insulin levels. In the
liver, isoleucine decreases hepatic gluconeogenic enzyme activity and glucose production. These mechanisms are
responsible for the hypoglycemic effect of isoleucine that improves the energy state of the muscle and liver, and that
may improve insulin resistance in vivo. This figure is partially modified from an original reported by Doi et al. [6]
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The Clinical Utility of BCAAs as Regulators of Glucose Metabolism

The clinical importance of BCAAs as regulators of glucose metabolism has been studied. Nuttall et al.
have systematically evaluated the insulin and glucose responses to individual amino acids ingested
with and without glucose in healthy nondiabetic volunteers. When ingested alone, isoleucine did not
affect the insulin concentration but did decrease the glucose concentration [25]. It increased glucagon
modestly. When isoleucine was ingested with glucose it resulted in a smaller increase in glucose con-
centration, but a similar increase in insulin. The data suggest that this was associated with an increased
removal rate of peripheral circulating glucose. They also determined whether leucine stimulates insu-
lin and/or glucagon secretion, and whether when ingested with glucose it modifies the glucose, insu-
lin, or glucagon response [40]. Leucine at a dose equivalent to that present in a high-protein meal had
little effect on serum glucose or insulin concentrations but did increase the glucagon concentration.
When leucine was ingested with glucose, it attenuated the serum glucose response and strongly
stimulated additional insulin secretion. Leucine also attenuated the decrease in glucagon expected
when glucose alone is ingested. The data suggest that a rise in glucose concentration is necessary for
leucine to stimulate significant insulin secretion. This in turn reduces the glucose response to ingested
glucose.

The blood glucose-lowering effects of BCAAs in patients with chronic liver disease have been
reported [41, 42]. BCAAs supplementation improved the homeostasis model assessment of insulin
resistance (HOMA-IR) [41] and decreased plasma glucose levels in a glucose tolerance test [42].
Chronic liver disease, especially hepatitis C, is associated with insulin resistance and diabetes. The
effects of BCAASs on glucose tolerance and insulin sensitivity in patients with chronic hepatitis C and
insulin resistance have been reported [43]. BCAAs supplementation therapy did not have adverse
effects on glucose tolerance or insulin sensitivity in patients with chronic hepatitis C and insulin
resistance. BCAAs did not significantly improve overall glycemic control in this study. However,
BCAAs therapy may exert a beneficial effect on hemoglobin Alc (HbAlc) values in patients with
marked insulin resistance in skeletal muscles. Based on these preliminary observations, future clinical
trials should also evaluate the effect of BCAAs in patients with type 2 diabetes.

Conclusions

Numerous hormones play important roles in the metabolic regulation of nutrients. Among these, insulin
functions to regulate the metabolism of all macronutrients (e.g., proteins, carbohydrates, and fats),
making it a crucial metabolic hormone. Insulin acts anabolically on protein metabolism by stimulat-
ing protein synthesis and inhibiting its breakdown. Similarly, leucine functions to stimulate protein
synthesis and inhibit its breakdown. The role of isoleucine has been overshadowed by leucine, but it
has also been demonstrated to have glucose metabolism-regulating functions similar to insulin, such
as stimulation of glucose uptake into cells and inhibition of gluconeogenesis. These findings suggest
that leucine and isoleucine share metabolic regulatory functions with insulin. Recent studies suggest
a close relationship between BCAAs and insulin resistance and demonstrate that BCAAs may play a
major role in the modulation of insulin action [44]. In addition, it has been reported that certain
BCAA-containing bioactive peptides derived from whey protein can reduce postprandial glucose levels
and stimulate insulin release in healthy subjects and in subjects with type 2 diabetes by reducing
dipeptidyl peptidase-4 (DPP-4) activity in the proximal bowel, hence increasing intact incretin levels [45].
Although we have not been able to find reports on the effects of single BCAAs on DPP-4 activity, the
possibility that a single BCAA can regulate glucose metabolism by affecting the activity of DPP4
cannot be excluded.
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As BCAAs serve to regulate the metabolism of major nutrients, similarly to insulin, the value of

their use as biological regulators cannot be overestimated. BCAAs are nutrients that should therefore
be a focus of investigation as next-generation biological regulators.
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Chapter 7

Regulation of Liver Glucose Metabolism
by the Metabolic Sensing of Leucine

in the Hypothalamus

Roger Gutiérrez-Juarez

Key Points

* Leucine has profound effects on insulin action and food intake in mammals

* Direct as well as indirect actions of leucine in the liver and skeletal muscle account in part for the
effects of leucine on insulin action

* The sensing of leucine levels in the hypothalamus controls glucose metabolism

* Circulating leucine modulates liver glucose production by a mechanism requiring leucine metabolism
in the hypothalamus

» Faltering of the hypothalamic leucine sensing mechanism leads to disregulation of glycemic
control

* The glucoregulatory action of leucine is a contributing factor in the maintenance of glucose homeo-
stasis and is altered in diet-induced insulin resistance

Keywords Leucine * Mediobasal hypothalamus ¢ Glucose homeostasis ® Nutrient sensing * Liver
glucose metabolism ¢ Brain-liver circuit ® Branched chain amino acids ¢ Insulin action * Diabetes
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HYP Hypothalamus

MBH Mediobasal hypothalamus

ARC Arcuate nucleus of the hypothalamus

NTS Nucleus of the solitary tract

DMX Dorsal motor nucleus of the vagus

BCAT Branched chain amino acid aminotransferase

BCKDH Branched chain ketoacid dehydrogenase
BCKDK Branched chain ketoacid dehydrogenase kinase
ACC Acetyl CoA carboxylase
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MCD Malonyl CoA decarboxylase
AMPK AMP-activated kinase

FAS Fatty acid synthase

Karp Ch ATP-dependent potassium channel
Surl Sulfonylurea receptor 1

mTOR Mammalian target of rapamycin
Leu Leucine

KIC a-keto-isocaproate

CoA Coenzyme A

a-CIC a-chloro-isocaproate

AICAR  5-aminoimidazole-4-carboxamide ribonucleotide
BCATi BCAT inhibitor
AOAA Amino oxyacetic acid

PEP Phosphoenol pyruvate
GNG Gluconeogenesis

GLS Glycogenolysis
Introduction

Cellular sensing of branched chain amino acids constitutes an ancestral form of nutrient sensing
that is preserved across multiple species including mammals [1-3]. Overwhelming evidence has
shown that protein and amino acids exert pronounced effects on food intake, insulin action, and
glucose metabolism in mammals [4-9] and the mechanisms responsible for these effects are begin-
ning to emerge thanks to recent work by numerous groups. A loss of the ability to properly modu-
late insulin action and glucose metabolism are at the center of a number of metabolic diseases of
pandemic dimensions such as diabetes and obesity. We will focus here on the effects of amino acids
on insulin action and glucose metabolism and specifically examine the effects of leucine. Although,
there has been controversy as to whether amino acids improve or worsen insulin action, recent
in vivo studies point towards a positive (improving) effect [6, 7, 10, 11]. Early work identified a
variety of direct and indirect effects of amino acids on insulin action mainly in the liver and skeletal
muscle. These tissues were considered the principal candidates as mediators of the effects of amino
acids. What are these direct and indirect effects? Postprandial elevations of plasma amino acids
stimulate endogenous secretion of insulin and glucagon [12, 13] which in turn are proposed to
modulate hepatic glucose metabolism (indirect effect) by changing the portal insulin/glucagon ratio
[14]. Amino acids may act as substrates (direct effects) for gluconeogenesis [15], a metabolic path-
way that contributes to glucose production in the liver. The direct and indirect effects of amino
acids on glucose metabolism have been generally examined using complex mixtures of amino
acids, an experimental approach that made hard to identify the individual actions of specific amino
acids. Fortunately, further studies identified the branched chain amino acid (BCAA) leucine as a
major contributor to the effects on insulin action [5]. In this work we will review recent evidence,
supporting a role for the central nervous system in the effects of leucine on insulin action and
glucose metabolism. We intend to advance the hypothesis that in the postabsorptive state, in
response to elevations of circulating levels of amino acids, the sensing of leucine in the hypothala-
mus contributes to the maintenance of normal blood glucose levels by acutely inhibiting hepatic
glucose production.
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Nutrient Sensing, Overnutrition, and Diabetes

The maintenance of glucose homeostasis is a vital requirement for mammalian survival and failure to
maintain glucose homeostasis is a key component of important metabolic diseases such as diabetes
and obesity. Worldwide prevalence of obesity has been on the rise, along with its dreaded health con-
sequences: diabetes, vascular diseases, and hypertension [16, 17]. Mammals have developed redun-
dant neural mechanisms to control energy and glucose homeostasis [ 18-20]. Currently, the mediobasal
hypothalamus (MBH) has been established as major center for the integration of multiple nutritional
cues that inform the brain on the nutritional status of the body. This concept is often referred to as
hypothalamic “nutrient sensing”. Hypothalamic centers monitor the availability of circulating nutri-
ents via nutrient-induced peripheral signals (e.g., leptin and insulin) as well as direct nutrient meta-
bolic signaling (Fig. 7.1). As we will see later, the second mechanism relies on the key role played by
malonyl-CoA in the regulation of metabolism [21, 22]. The activation of hypothalamic “sensors”
networks exerts a negative feedback on food intake, and liver glucose and lipid output. Examples of
this kind of regulatory loop include the modulation of hepatic glucose metabolism and triglyceride
secretion by glucose, lactate, and oleic acid [23-26]. Until recently, only the third major group of
macronutrients, amino acids, was absent from the list until recently. In fact, the regulation of hepatic
glucose production by leucine was the first example of an amino acid acting in the brain to modulate
glucose metabolism, soon followed by a second one, proline [27, 28]. Because the topic of this book
is on BCAA:s, in this review, we will focus on the role of leucine in the regulation of liver glucose
metabolism. Leucine has all the metabolic features necessary to participate in hypothalamic nutrient
sensing, mainly because the metabolism of leucine directly generates acetyl-CoA. This metabolite
can be oxidized to carbon dioxide for energy production or used for the synthesis of malonyl-CoA, a
precursor for fatty acid synthesis. Amino acids enter the central nervous system (CNS) through a
facilitative transport system [29] and their concentration in the hypothalamus reflects the variations of
circulating amino acid levels [30]. Moreover, leucine is a well-known activator of the mammalian
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Fig. 7.1 Simplified schematic of the central regulation of food intake and endogenous nutrient production. The levels
of circulating nutrients are informed to the brain via two major mechanisms: (a) indirectly through the hypothalamic
action of nutrient-dependent hormones such as leptin and insulin; (b) directly, through metabolic sensing of circulating
nutrients in the hypothalamus. HYP hypothalamus
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Fig. 7.2 Schematic of mTOR activation by leucine and leucine cellular metabolism in the brain. The ketogenic amino acid
leucine is metabolized first to a-ketoisocaproic acid (KIC), then to isovaleryl-CoA (IVA-CoA), and eventually to acetyl-
CoA. Leucine is also a well-known activator of the mTOR pathway via the mTOR complex 1. The schematic also shows
pharmacological and molecular tools that have been used to delineate the mechanism of action of leucine in the hypothala-
mus. BCAT branched chain amino acid amino transferase, BCKDH branched chain ketoacid dehydrogenase, ACC acetyl
CoA carboxylase, MCD malonyl CoA decarboxylase, AMPK AMP-dependent kinase, a-CIC a-chloroisocaproic acid,
AICAR 5-Aminoimidazole-4-carboxyamide ribonucleoside

target of rapamycin (mTOR) pathway [1-3], and any effects of this amino acid activation of mTOR
should be considered as a potential mechanism (Fig. 7.2). For example, it has been shown that leucine
administered in the third cerebral ventricle decreases food intake via mTOR activation [8]. The focus
of this article will be on the role of the CNS in the effects of leucine on insulin action and glucose
metabolism. We will now briefly review the metabolism of leucine, graphically summarized in
Fig. 7.2. Leucine is first step transaminated to a-ketoisocaproic acid (KIC) by the enzyme branched
chain aminotransferase (BCAT) [31]. Next, KIC is oxidatively decarboxylated via the branched chain
ketoacid dehydrogenase (BCKDH) [31, 32] to produce isovaleryl-CoA. KIC is further oxidized to
acetyl-CoA through the sequential action of five enzymes. Finally, acetyl-CoA can be carboxylated
to malonyl-CoA by the enzyme acetyl CoA carboxylase (ACC). ACC activity is tightly regulated
(inhibited) by AMP kinase (AMPK). Here we will discuss our own evidence supporting the concept
that the metabolism of leucine in the MBH couples the central sensing of leucine with the control of
hepatic glucose production [27], and put this evidence in context with work by other groups.
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Leucine Regulates Glucose Metabolism

Figure 7.3a, b shows a schematic of the experimental paradigm used in the studies described below.
The strategy consisted of a combination of intraparenchymal infusions of leucine, KIC, pharmaco-
logical compounds, and recombinant vectors, in the MBH or rats combined with pancreatic insulin
clamps to monitor hepatic glucose production. Figure 7.3c shows a simplified schematic of the meta-
bolic fluxes that contribute to hepatic glucose production, mainly glucogenolysis and gluconeogene-
sis. First to determine if leucine modulates hepatic glucose metabolism, we delivered this amino acid
into the MBH of conscious rats. Under basal conditions, leucine lowered the circulating levels of
glucose. To better understand this glucose lowering effect, pancreatic clamps were used. As we know,
changes in blood glucose levels produce adaptive regulatory changes of hormones that control glu-
cose metabolism. Pancreatic insulin clamps are designed to control for changes in glucoregulatory
hormones and eliminate their variations as confounding factors. Through measurements of whole
body glucose kinetics using isotopic dilution, it was possible to determine whether the decrease of
circulating glucose was due to increased glucose uptake (mainly in skeletal muscle and adipose tissue)
or to a decrease of endogenous glucose production (mainly in the liver). The studies showed that
central leucine inhibits hepatic glucose production without changing peripheral glucose disposal.
The decrease of hepatic glucose production was the result of a marked inhibition in the in vivo rate of
glycogenolysis and gluconeogenesis in the liver. These results are schematically summarized in
Fig. 7.4. Because leucine is an activator of the mTOR complex 1 [2, 3], rapamicyn was used to prevent
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Fig. 7.3 Experimental paradigm for the in vivo study of hypothalamic leucine sensing and liver glucose metabolism.
(a) A double cannula is implanted in the mediobasal hypothalamus (MBH) in the vicinity of the arcuate nucleus (ARC)
for delivering of amino acids (AA) and other test compounds. (b) During the central infusions a pancreatic clamp study
is performed in conscious unrestrained rodents according to the protocol shown. During the clamp, whole body glucose
kinetics is assessed by isotopic tracer dilution methodology using tritiated glucose. (¢) Simplified schematic of meta-
bolic pathways contributing to glucose production in the liver: gluconeogenesis and glycogenolysis. PEP phospho-enol
pyruvate, GLS glycogenolysis, GNG gluconeogenesis



80 R. Gutiérrez-Juarez

NORMAL REDUCED
GLUCOSE GLUCOSE
OUTPUT OUTPUT

>

HYPOTHALAMIC
LEUCINE SENSING

BASAL CIRCULATING HIGH CIRCULATING
LEUCINE LEUCINE

BCAT inhibitor

Fig. 7.4 Metabolic leucine sensing in the hypothalamus decreases glucose production by inhibiting hepatic glucose
fluxes. Centrally acting leucine decreases the levels of circulating glucose and hepatic glucose production by a mecha-
nism requiring its central metabolism. Inhibition of hypothalamic leucine metabolism with a BCAT inhibitor (BCAT1)
blunts the glucoregulatory effect. BCAT branched chain amino acid aminotransferase, PEP phospho-enol pyruvate,
GLS glycogenolysis, GNG gluconeogenesis

this activation (Fig. 7.2). In the presence of rapamycin, the inhibitory effects of central leucine on
plasma glucose, endogenous glucose production, liver glycogenolysis, and gluconeogenesis were all
completely preserved, ruling out the participation of mTOR. Separate experiments showed that the dose
of rapamycin used in these studies was sufficient to effectively block mTOR activation by leucine or
insulin in the hypothalamus [27].

The Hypothalamic Metabolism of Leucine Modulates
Liver Glucose Production

As mentioned earlier, the first step in the metabolism of leucine is its transamination to a-ketoisocaproic
acid (KIC) (Fig. 7.2) [31, 32]. To determine if leucine conversion to KIC was required for the modula-
tion of glucose metabolism, we tested the effect of leucine in the presence of the BCAT inhibitor
amino-oxyacetic acid (AOAA) [33]. Coinfusion of AOAA into the MBH markedly blunted the effect
of leucine on liver glucose metabolism. Furthermore, the infusion of KIC into the MBH completely
recapitulated the effects of leucine. Thus, the metabolism of leucine to KIC is required for the inhibi-
tion of glucose production. KIC is further metabolized to acetyl-CoA by the sequential action of five
enzymes [31, 32]. The oxidative decarboxylation of KIC to form isovaleryl-CoA is the first and rate-
limiting step in this five-step process. This reaction is catalyzed by the BCKDH complex. The activity
of BCKDH is robustly inhibited after a phosphorylation by the enzyme BCKDH kinase or BCKDK
(Fig. 7.2). Pharmacologically, BCKDH can be activated by the compound a-chloro-isocaproic acid
(a-CIC), a potent and specific inhibitor of BCKDK [34]. a-CIC relieves the inhibitory tone on
BCKDH and can be used to stimulate endogenous leucine metabolism. The infusion of a-CIC into
the MBH fully recapitulated the effect of leucine in the absence of either exogenous leucine or KIC,
further supporting the concept that hypothalamic leucine metabolism can regulate glucose metabolism.
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Fig. 7.5 Regulation of hepatic glucose metabolism by leucine sensing in the hypothalamus. Circulating leucine enters
the hypothalamus where its metabolism generates a regulatory signal which, relayed via the vagus nerve, inhibits
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Redundant and independent confirmation of this finding was obtained through the overexpression
of BCKDK in the MBH which was predicted to inhibit leucine metabolism. As expected, this inter-
vention blunted the effect of leucine on hepatic glucose fluxes. Altogether, these studies demonstrate
that the metabolism of leucine in the MBH is required for the inhibition of liver glucose production
by leucine sensing.

Leucine can generate malonyl-CoA from acetyl-CoA by the action of acetyl-CoA carboxylase
(ACC) (Fig. 7.2). Because our hypothesis postulates that malonyl-CoA is key intermediate required
for generating the signal(s) that modify liver glucose metabolism we used AMPK activator 5-amino-
imidazole-4-carboxamide ribonucleotide (AICAR) to antagonize the effect of KIC. The activation of
AMPK by AICAR should result in inhibition of ACC and prevent the increase of malonyl-CoA in
response to KIC (or leucine) infusion. The coinfusion of AICAR obliterated the effect of KIC on
hepatic glucose metabolism thus indicating that malonyl-CoA was required for glucoregulation by
leucine/KIC. The opposite approach was also tested. Malonyl-CoA is decarboxylated back to acetyl-
CoA (Fig. 7.2) by the action of malonyl-CoA decarboxylase (MCD). We have previously shown that
overexpression of this enzyme in the MBH reduces the local pool of malonyl-CoA [22]. We applied
this strategy to the case of leucine. When we overexpressed MCD in the MBH of rats, the ability of
leucine to modulate glucose metabolism was significantly diminished compared to animals overex-
pressing a control protein. Taken together, these results indicate that the metabolism of leucine to
malonyl-CoA in the MBH is necessary for the regulation of glucose metabolism (Fig. 7.5).

We end our detailed description of the molecular characterization of hypothalamic leucine sensing
with a discussion about the role of K,rp channels. Studies have shown that hypothalamic ATP-sensitive
potassium (Kurp) channels are critical for the modulation of glucose metabolism by insulin [35] and
oleic acid [19, 23, 24]. Of great interest, we found that the central administration of leucine or KIC
increases the levels of oleyl-CoA in the MBH. Thus we investigated if functional K,rp channels were
required for leucine’s effects. We first used the Kurp channel blocker glibenclamide. In the presence
of glibenclamide, the administration of KIC in the MBH failed to modulate hepatic glucose metabo-
lism, indicating functional K, channels were required. To obtain redundant but independent confir-
mation, we also examined amino acid sensing in mice lacking functional K,pp channels in the brain,
the Surl~~ mice [36]. In these animals the central administration of KIC failed to modulate liver
glucose metabolism, in contrast to wild type animals which were fully responsive [27]. These mice
studies confirmed the pharmacological evidence and demonstrated that the action of leucine on glucose
metabolism requires functional brain Kpp channels (See Fig. 7.5).
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Physiological and Pathophysiological Relevance
of Hypothalamic Leucine Sensing

Having outlined the brain-liver circuit by which leucine modulates glucose production, the next most
relevant issue was to determine the physiological significance of hypothalamic leucine sensing. In
light of the various reports showing beneficial effects of protein-rich diets on insulin action, we won-
dered if central amino acid sensing could be a contributing factor. Some studies have shown that feed-
ing protein-rich diets to rats produces an increase in the levels of BCAAs and specifically of leucine
in plasma and brain [37, 38]. Thus, to examine the physiological relevance of leucine sensing, we
performed systemic leucine infusions to generate moderate increases of its plasma concentration
similar to those observed after consumption of diets enriched in protein [37-39]. In the course of
pancreatic clamps with basal insulin and with vehicle infused in the MBH, gradual elevations of cir-
culating leucine inhibited endogenous glucose production in a dose-independent manner, similarly to
the centrally administered leucine. Furthermore, the sole infusion of a BCAT inhibitor into the MBH
blunted the inhibitory effect of increasing circulating leucine. These results, summarized schemati-
cally in Fig. 7.4, indicate that the action of central leucine is not just a pharmacological artifact but
that physiologically relevant variations of circulating leucine modulate hepatic glucose production.
Interestingly, high circulating levels of leucine activate the mTOR-S6K pathway in liver and skeletal
muscle and this has been suggested to induce insulin resistance [40] and oppose the effects of central
leucine. In light of our findings we believe that when circulating leucine is high, its central actions
predominate over the peripheral effects, overall resulting in enhanced insulin action. In this regard, it
is of interest that mice, with a global deletion of mitochondrial BCAT, display a lean phenotype, high
levels of circulating leucine, enhanced insulin sensitivity, and resistance to diet-induced obesity [41].
In these animals only the brain was still capable of metabolizing leucine due to the presence of an
alternative isoform of BCAT that was not affected by the gene disruption. It is possible that central
leucine sensing could at least in part explain the phenotype of these mice. Recent studies also showed
that oral leucine supplementation improves glucose metabolism in both normal and diabetic mice [10, 11],
in agreement with the effects of central leucine.

Studies in humans have shown similar effects of leucine on glucose metabolism. Subjects [42, 43]
receiving systemic infusions of leucine showed a decrease in glucose production although, in contrast
with rodents, a decrease in glucose utilization was also observed. Of interest, studies in humans have
found elevated levels of circulating leucine linked to the development of insulin resistance and diabe-
tes [44, 45]. Although it is currently unclear how these results relate to our findings on the central
sensing of leucine, add to the concept that leucine plays a significant role in the control of glucose
metabolism, insulin action, and energy metabolism.

The consumption of calorie dense (carbohydrate and fat rich) diets play a major role in the increas-
ing incidence of obesity and diabetes in susceptible individuals. Studies have shown that rodents
presented with a highly palatable, fat-rich diet promptly double their daily caloric intake and develop
severe hepatic insulin resistance. Under these conditions, the animals develop a defect in the nutrient
sensing mechanisms leading to a failure to decrease food intake and hepatic glucose or lipid produc-
tion in response to macronutrients [26, 46]. This faltering of hypothalamic nutrient sensing (Fig. 7.6)
is proposed to contribute to the susceptibility to obesity and insulin resistance in response to voluntary
overfeeding. It was thus important to examine the impact of diet-induced insulin resistance on hypo-
thalamic leucine sensing. Unpublished results from our laboratory showed that diet-induced insulin
resistance obliterates the ability of animals to respond to leucine sensing. In these studies, the central
administration of leucine to short-term overfed (3 days) rats failed to decrease liver glucose produc-
tion when compared to fully responsive animals fed with a regular chow diet. This is a very rapid
effect, long before any effects on body adiposity develop. Furthermore, genetic attenuation of hypo-
thalamic leucine sensing through the overexpression of BCKDK in the MBH impaired the ability of
animals to maintain glycemic control as indicated by the higher circulating glucose and insulin
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observed during fasting and in response to a protein-rich meal in BCKDK overexpressing animals
compared to control rats. These experiments strongly suggest that the hypothalamic sensing of leu-
cine is required to maintain proper glycemic control. It is conceivable that a combination of environ-
mental and genetic factors such as individual predisposition and exposure to fat-rich diets could lead
to chronic faltering of hypothalamic nutrient sensing and, in the long run, hyperglycemia (Fig. 7.6).

Based on the evidence just presented, we postulate a novel brain-liver circuit that couples the
metabolism of leucine in the MBH with the regulation of glucose metabolism in the liver (summa-
rized in Fig. 7.5). In the postabsorptive state, this circuit is engaged by leucine in response to eleva-
tions of its circulating levels and contributes to maintain physiological levels of blood glucose by
reducing hepatic glucose production. The sensing of leucine is completely dependent on its metabo-
lism to acetyl-CoA and malonyl-CoA, in contrast with the regulation of food intake studies which is
mTOR dependent [8]. Perhaps these distinct responses to leucine sensing represent mechanisms of
the differential regulation of food intake and glucose production. Interestingly, a recent report sug-
gesting that leucine metabolism may also play a role [9] in food intake regulation adds yet another
layer of complexity. In this regard, considering that leucine can reduce food intake and stimulate
glucose metabolism, it is tempting to speculate that the sensing of leucine derived from dietary
protein, could be a contributing factor to the weight reduction and improvement of insulin action
reportedly produced by high-protein, low-fat diets in humans [47-49].
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Glucoregulation by Other Amino Acids

Although the regulation of hepatic glucose production by leucine in the MBH was the first report of
an amino acid regulating carbohydrate metabolism via a central mechanism, recently other two
non-BCAAs have been reported to exert a similar central regulatory action. These amino acids are proline
and histidine. The action of proline was recently reported by our group [28], and like leucine [27],
proline uses a metabolic sensing mechanism. There are however several distinctive differences at the
biochemical and cellular level. As to the case of histidine, recently reported to inhibit hepatic glucose
production, its mechanism does not seem to involve metabolic conversion in the brain but rather a
ligand-receptor interaction [50].

Conclusions

The experimental data discussed here suggest the existence of a novel brain-liver circuit that couples
the metabolism of leucine in the MBH with the regulation of glucose metabolism in the liver
(summarized in Fig. 7.5). In the postabsorptive state, this circuit is engaged by leucine in response to
elevations of its circulating levels and contributes to the maintainance of physiological levels of blood
glucose by reducing hepatic glucose production. In susceptible individuals, the faltering of this sens-
ing mechanism would lead to the disregulation of glycemic control. Thus, the novel biochemical
mechanisms for central leucine sensing that we have just discussed may be helpful for designing more
rational approaches to nutritional as well as pharmacological interventions for the treatment (or pre-
vention) of diabetes and other insulin-resistant metabolic disorders. Additionally, regardless of the
specific mechanisms of action, all these recent studies clearly show that BCAAs as well as other
amino acids are emerging as new players in the regulation of various physiological and metabolic
processes. These novel functions are in addition to their role as metabolic substrates for energy pro-
duction and as building blocks for proteins. Future studies will most certainly unveil new regulatory
functions of amino acids and provide new drug targets for the treatment of a variety of disorders.
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Chapter 8
Leucine and Resveratrol: Experimental Model
of Sirtuin Pathway Activation

Antje Bruckbauer and Michael B. Zemel

Key Points

* Leucine is an activator of Sirtl signaling.

* Low-dose resveratrol combined with leucine acts synergistically to stimulate fat oxidation, improve
insulin sensitivity and increase overall energy metabolism.

» The synergistic effects of the resveratrol/leucine combination are mediated by activation of the
AMPK/Sirtuin pathway.

¢ The resveratrol/leucine combination counteracts the effects of over-nutrition, which inhibits the
AMPK/sirtuin pathway.

* The combination of resveratrol/leucine mimics, in part, the effects of exercise by stimulating irisin
secretion in muscle cells, thus promoting cross-talk between muscle cells and adipose tissue.

» The synergistic effects of resveratrol/leucine are exerted with low concentrations of the individual
compounds that can be easily achieved via oral administration.

Keywords Leucine ¢ Resveratrol * Sirtl « AMPK ¢ Energy metabolism ¢ Insulin resistance °
Synergy e Irisin * Mitochondrial biogenesis
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AMPK AMP-activated protein kinase

mTOR Mammalian target of rapamycin

BCATm Mitochondrial branched chain amino acid transferase
BCKDm Mitochondrial branched chain a-keto-acid dehydrogenase
BCAA Branched chain amino acid

HMB B-Hydroxy-p-methylbutyrate

KIC a-Keto-isocaproate

Crax Maximum concentration

DIO Diet-induced obese

PET/CT Positron Emission Tomography—Computed Tomography
RER Respiratory exchange ratio

HOMAR Homeostatic assessment of insulin resistance

FDG Fluorine-18-deoxy-glucose

IL-6 Interleukin 6

MCP-1 Monocyte chemoattractant protein-1

CRP C-reactive protein

LKB1 Liver kinase B1

TCA cycle Tricarboxylic acid cycle
FNDC5 Fibronectin type III domain containing 5

UCPI1 Uncoupling protein 1

Cox7a Cytochrome c oxidase subunit VIla
CM Conditioned media
Introduction

The beneficial effects of leucine and resveratrol on health are largely dependent on activation of the
sirtuin pathway. The silent information regulator (Sir) proteins, also called sirtuins, are a conserved
family of histone and protein deacetylases that use NAD* as a co-substrate [1]. This NAD*-dependence
links sirtuins to the metabolic activity of cells, thus regulating numerous physiologic and metabolic
pathways. Accordingly, they have been implicated in the prevention of metabolic disorders such as
insulin resistance, diabetes, cardiovascular disease, cancer as well as aging [2].

In mammals there are seven sirtuins that differ in their tissue specifity, subcellular localization and
enzymatic function [3]. The most extensively studied sirtuin is Sirt] which deacetylates a variety of
proteins, including the peroxisome proliferator-activated receptor-y co-activator (PGCla) and the
forkhead box O (FOXO) transcription factor, thus playing an important role in regulating mitochon-
drial biogenesis, lipid and glucose metabolism and overall energy homeostasis [3]. Activation of Sirtl
has also been reported as a key mediator of the beneficial effects of caloric restriction on lifespan
extension in yeast, worms and mammals [3]. Thus, Sirtl activators may have therapeutic potential to
protect against metabolic diseases and therefore it is of great interest to find safe and effective strate-
gies to activate the sirtuin pathway.

Resveratrol

Resveratrol is a polyphenol found in the skin of red grapes and other fruits. In addition to its antioxidant
capacity, it has been reported as a Sirt] activator that mimics the effects of caloric restriction on life span,
oxidative and inflammatory stress, insulin sensitivity and adiposity [4, 5]. However, the underlying
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mechanism of action is still debated. While recent evidence suggests that this Sirtl activation may be
an indirect effect mediated by inhibiting cAMP phosphodiesterase, resulting in upregulation of AMPK
and increased levels of NAD* [6], others have shown that this may be the case only at high concentra-
tion (50 pM) while lower concentration result in direct Sirtl activation [7]. Although activation of
Sirtl by resveratrol has been linked by some to the fluorophore used in the activity assay [8, 9], recent
data demonstrate direct activation and show that the fluorophore substitutes for hydrophobic amino
acids endogenously present in the substrate [10]. These observed concentration-dependent differences
in the mode of resveratrol action (indirect vs direct) may explain its dose- and time-dependent effects
and different outcomes found in some studies. For example, anti-inflammatory and anti-oxidant
effects were found in the low micromolar range while others such as pro-apoptotic and anti-cancer
effects require higher concentrations (>50 pM to mM range) [11, 12]. Similarly, biphasic responses
were found with regards to weight gain in mice fed a high-fat diet supplemented with low or high dose
of resveratrol [13, 14]. However, even the low micromolar concentrations used in in vitro studies are
difficult to obtain by humans, since resveratrol is rapidly metabolized and undergoes extensive entero-
hepatic sulfation and glucuronidation resulting in up to 20-fold higher plasma levels of conjugated
metabolites [15]. Accordingly, an oral intake of 25 mg of trans-resveratrol per day resulted only in a peak
plasma concentration of about 7 pg/L (~0.026 pM) of resveratrol in human subjects [16]. Thus, human
plasma concentrations are usually 10- to 100-fold lower than those used in cell studies (uM range) [15].
Moreover, there are still many unanswered questions such as about the concentration necessary to
achieve physiological effects in humans, the bioavailability and function of resveratrol metabolites,
inter-individual variation and variation of tissue specifity [17]. Therefore, results from cell and animals
studies cannot be readily translated and some may even not be relevant for humans.

Leucine

In addition to its primary role as a substrates for protein synthesis, leucine has a unique role in participat-
ing in signaling pathways, including regulation of muscle protein synthesis via both mTOR-dependent
and independent pathways, as well as exerting an anti-proteolytic effect in muscle and other tissues
[18, 19]. Leucine has been reported to attenuate adiposity and promote weight loss during energy
restriction while preventing muscle loss [20, 21]. Chronic leucine supplementation in combination
with a caloric restricted diet for 6 weeks in rats resulted in significant lower amount of body fat and
prevention of muscle loss compared to the control restricted diet group [20]. Similarly, twofold leu-
cine supplementation in drinking water in high-fat diet fed mice reduced weight gain up to 32 % and
decreased adiposity by 25 % without energy restriction while no effects were seen in regular chow fed
mice. These changes were accompanied by decreased hyperglycemia and improved insulin sensitivity
as well as decreased hypercholesterolemia [21].

These findings appear incongruent with the observation that plasma branched chain amino acids
including leucine are increased in conditions such as obesity, insulin resistance and type 2 diabetes
[22-25]. Moreover, activation of the mTOR pathway may promote insulin resistance under high-fat
feeding conditions [22, 25, 26]. However, this rise in plasma amino acid concentration appears to
be secondary to aberrant branched chain amino acid catabolism and is therefore a result, not a
cause, of the insulin resistance [35]. Studies have shown that obesity and insulin resistance are
associated with down-regulation of the first two catabolic enzymes (a simplified overview of the
leucine catabolism is depicted in Fig. 8.1), the mitochondrial branched chain amino acid transferase
(BCATm) and the branched chain a-keto-acid dehydrogenase (BCKD), in liver and adipose tissue
[27-29]. While the BCATm expression in liver is negligible, liver BCKD activity is highly regu-
lated and the rate-limiting enzyme for total oxidation. Therefore, a reduction in BCKD activity
contributes substantially to increased plasma BCAA concentrations [27]. However, these changes
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Fig. 8.1 Leucine catabolism. Leucine obtained from the diet is transaminated to a-ketoisocaproate (KIC) by the mito-
chondrial branched chain aminoacid transferase (BCATm), predominately extrahepatically. KIC may follow two path-
ways: either it is further metabolized to isovaleryl-CoA via the mitochondrial multi-enzyme complex branched chain
keto acid dehydrogenase (BCKDm), or it can be converted to HMB by the cytosolic enzyme KIC dioxygenase in the
liver. About 5-10 % of ingested leucine is converted to HMB under physiological conditions. Both, HMB and isovaleryl-
CoA can be further metabolized in multiple reactions to f-hydroxy-methylglutaryl-CoA (HMB-CoA), in which either
is used for cholesterol synthesis or further metabolized to acetoacetyl-CoA, acetyl-CoA or acetoacetate (adapted from
[78)

in BCAA metabolism in obese and insulin-resistant states do not infer a causal relationship, and
many studies indicate that high-protein/BCAA diets restore BCKD activity and improve glucose
and insulin tolerance [21, 28, 30, 31].

High-protein diets have been demonstrated to preserve lean body mass loss and to promote fat loss
under energy restriction [32, 33] and leucine appears to be a key mediator of these effects [31, 34].
Therefore it seems plausible that leucine increases fatty acid oxidation as a result from the higher
energetic cost of protein synthesis and turnover. Consistent with this concept, leucine promotes energy
partitioning from adipocytes to skeletal myotubes in a co-culture system resulting in net reductions in
adipocyte lipid storage and increases in muscle fatty acid oxidation [35, 36]. These effects were asso-
ciated with an increase in mitochondrial biogenesis and mediated, at least in part, by activation of
Sirtl-dependent pathways [36]. Moreover, leucine and its metabolites f-hydroxy-f-methylbutyrate
(HMB) and a-keto-isocaproate (KIC) appear to activate Sirtl directly, as shown in a cell-free system
[37]. Although it may be possible that the Sirtl activation in this activity assay is dependent on the
fluorophore used in that assay [38], it was recently demonstrated that hydrophobic amino acids such
as leucine may substitute for these fluorophores in an endogenous system [10], as discussed later.
Therefore, leucine may act as an allosteric activator for Sirtl to increase enzyme activity.



8 Leucine and Resveratrol: Experimental Model of Sirtuin Pathway Activation 91
Leucine-Resveratrol-Synergy

Based on the ability of both leucine and resveratrol, to stimulate sirtuin-dependent pathways in higher
concentrations, we sought to evaluate possible synergistic actions of both on sirtuin-dependent down-
stream metabolic effects, thereby lowering the necessary concentrations of the individual compounds
to a level which can be readily achieved via diet or supplement. The resveratrol concentration in these
experiments is about 10- to 100-fold lower than in other comparable studies and is similar to human
plasma concentrations (C,,,) achieved after single ingestion of less than 0.5 g or repeated dose of
150 mg resveratrol [15, 39]. This low concentration was not sufficient to produce any metabolic effects
independently while the combination with leucine or with its metabolite HMB exhibited similar effects
to those achieved with a 20-fold higher dose.

Using this combination of low-dose resveratrol with leucine or HMB, we found significant syn-
ergistic effects on lipid and glucose metabolism, improved insulin sensitivity and a reduction of
inflammatory stress.

Effects on Lipid Metabolism

The resveratrol/leucine combination elicited increases in fatty acid oxidation under both low-glucose
and high-glucose conditions in cultured muscle cells and adipocytes (Fig. 8.2). Notably, the increase
in fat oxidation under high-glucose conditions, which simulates glycemic stress, was about 6 times
higher than under low-glucose conditions [40]. Similar results were also found in vivo after feeding
diet-induced obese (DIO) mice a high-fat diet supplemented with low-dose resveratrol/leucine or
HMB for 6 weeks [40]. Fat oxidation in muscle, measured by palmitate uptake via PET/CT, and heat
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Fig. 8.2 Effects of resveratrol, leucine and HMB on fat oxidation under low- and high-glucose conditions. Differentiated
mouse adipocytes were incubated with indicated treatments for 4 h in low-glucose (5 mM) or high-glucose (25 mM)
media to mimic physiologic or hyperglycemic conditions. Fatty acid oxidation was measured using [*H]-palmitate. Data
are presented as mean+SE (n=6) and are expressed as % stimulation over control, where low-glucose con-
trol=193 +39 cpm/ng DNA and high-glucose control =302 +24 cpm/ng DNA. Stars above the bars indicate significant
difference * compared to control (p<0.05), ** compared to control, Leucine, and HMB (p <0.005) (adapted from [40])
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control Resv/low HMB

Fig. 8.3 Resveratrol-HMB synergy in low-glucose uptake using FDG-PET. Diet-induced obese mice were fed a high-
fat diet (control) or high-fat diet supplemented with a combination of low-dose resveratrol (12.5 mg/kg diet) and HMB
(2 g/kg diet) for 6 weeks. At the end of the treatment period, whole body glucose uptake was measured via PET/
CT. Glucose was labeled with fluorine-18 (Fluorine-18-deoxy glucose, FDG) and injected into the tail vein of the mouse
after an overnight fast. PET/CT images were acquired using an Inveon trimodality (PET/SCPECT/CT platform
(Siemens Medical Solution, Knoxville, TN). Left side: respresentative image of control diet group. Right side: represen-
tative image of resveratrol-HMB diet group. Arrow heads point to muscle tissue of fore- and hindleg with increased
uptake in Resv/HMB group [40]

production was increased while respiratory exchange ratio (RER) was decreased, indicating a whole
body shift towards fat oxidation. This was associated with significant reductions in body weight,
weight gain and visceral adipose tissue mass.

Effects on Insulin Sensitivity

The resveratrol/leucine combination exerted also synergistic effects on insulin sensitivity. Although the
combination did not show any effect on fasting plasma glucose concentrations, fasting plasma insulin
levels were significantly decreased in these insulin-resistant, diet-induced obese mice treated for
6 weeks with low resveratrol/leucine. This resulted in a significant decrease in HOMA (homeostatic
assessment of insulin resistance), a marker of insulin sensitivity. Also skeletal muscle Fluorine-18-
deoxy-glucose ("*FDG) uptake measured via PET/CT was increased (Fig. 8.3), indicating stimulated
muscle glucose uptake and metabolism [40].

Effects on Inflammatory Stress

Low-dose resveratrol combined with leucine or HMB synergistically reduced inflammatory stress in
DIO-mice treated for 6 weeks with this combination [40]. The circulating plasma concentrations of IL-6,
MCP-1 and CRP were significantly reduced while the individual components did not show any effects.
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Fig. 8.4 Effects of resveratrol, leucine and HMB on adipose tissue Sirtl activity in diet-induced obese mice. Diet-
induced obese mice were fed a high-fat diet (control) or a high-fat diet supplemented with indicated treatments for 6
weeks. At the end of the treatment period, Sirt] activity in white adipose tissue lysates was measured. Data are presented
as means+SE (n=9-10). Stars above the bars indicate significant difference compared to control (p<0.02) (adapted
from [40]). Treatment: Low resveratrol: 12.5 mg/kg diet, High resveratrol: 225 mg/kg diet, Low HMB: 2 g/kg diet, High
HMB: 10 g/kg diet, Leucine: 24.2 g/kg diet

Although the high-dose resveratrol showed some reduction in these markers, the combination was
more effective. Moreover, the anti-inflammatory cytokine adiponectin was increased in response to
low-dose resveratrol in combination with either HMB or leucine, while the individual components at
these doses exerted no significant effect.

Effects on AMPK/Sirtuin Pathway

The above-mentioned effects were associated with up-regulation of the sirtuin pathway. Both Sirtl and
mitochondrial Sirt3 activity were increased in response to the low-dose resveratrol/leucine combina-
tion in mouse adipocytes, while the individual treatments in this concentration did not have any effect.
Also Sirtl activity in white adipose tissue of the DIO-mice was up-regulated in response to 6 week
supplementation (Fig. 8.4) [40]. In addition, the resveratrol/leucine or HMB combination produced a
significant increase in AMPK activity in mouse adipocytes [41].

Although the exact underlying mechanism of this activation of the Sirtuin pathway is not fully under-
stood, the synergistic effects between resveratrol and leucine/HMB are most likely mediated by alloste-
ric activation of Sirtl by leucine. As noted earlier in this review, we found leucine and its metabolites
B-hydroxy-p-methylbutyrate (HMB) and a-keto-isocaproate (KIC) to activate Sirt] directly in a cell-free
system [37]. Although resveratrol’s direct activation of Sirtl had been linked to the fluorophore used in
the activity assay [38], recent evidence demonstrates that hydrophobic amino acids, which are endoge-
nously present, may substitute for the fluorophore [10]. It has also been suggested that resveratrol and
other resveratrol-like substances bind on top of the Sirtuin-bound substrate peptide which leads, depend-
ing on the fit between substrate and resveratrol-like substance, either to closure of the active catalytic site
of the sirtuin and stabilization of the enzyme/substrate resulting in activation or to a non-productive
complex resulting in inhibition [42]. Thus, depending on the substrate-peptide the fluorophore is nec-
essary to connect the substrate with resveratrol. Therefore, the highly hydrophobic amino acid leucine
may replace the fluorophore and act as an allosteric activator of Sirtl.
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Effects of AMPK/Sirtuin Pathway Activation on Energy Metabolism

Sirtl, Sirt3 and AMPK have been demonstrated to modulate glucose and lipid metabolism and to
regulate energy metabolism by promoting mitochondrial biogenesis and respiration. Most of these
effects are mediated by peroxisome proliferator-activated receptor y co-activator lao (PGC-1a), the
key regulator of mitochondrial proliferation and metabolism [43] which is regulated by a finely tuned
interaction between Sirtl and AMPK in response to cellular and energetic demands.

AMPK directly activates PGC-1a by increasing both its expression and its protein phosphorylation
[44, 45]. In addition, PGC-1a is a downstream target of Sirtl; deacetylation of cytosolic PGC-1a pro-
motes its translocation to the nucleus, where it induces the up-regulation of multiple genes required for
mitochondrial biogenesis and respiration [46]. Furthermore, there is a bidirectional interaction of Sirtl
and AMPK; Sirtl activates AMPK by deacetylation and activation of its upstream kinase LKB1, and
AMPK activates Sirtl by increasing cellular NAD" [47, 48]. Moreover, the sirtuin Sirt3 has recently
been demonstrated to regulate multiple mitochondrial regulatory proteins as well as proteins involved in
TCA cycle, fatty acid oxidation and oxidative phosphorylation [49]. Sirt3, in turn, is activated by PGC-1a
as well as indirectly by AMPK due to the increased cellular NAD* levels [46]. Thus, this interdependent
relationship between AMPK, Sirtl and Sirt3 leads to overlapping effects on metabolic outcomes.
Notably, high-fat diet down-regulates Sirtl and Sirt3 and up-regulates acetyltransferases leading to an
overall hyperacetylation of proteins including PGC-1a [50, 51]. Accordingly, mitochondrial loss and/or
dysfunction play a key role in metabolic disorders such as insulin resistance, type II diabetes and cardio-
vascular disease [52—-54]. A summary of these interacting effects is depicted in Fig. 8.5.
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Exercise Caloric Excess
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Fig. 8.5 Summary of the synergistic effects of Resveratrol/Leucine combination on AMPK/Sirtuin pathway. AMPK
and the sirtuin Sirt] and Sirt3 act together as nutrient sensors to stimulate PGC-1a-dependent mitochondrial biogenesis
and activity, thus exerting beneficial effects in prevention and improvement of metabolic disease. High-fat diet and
caloric excess inhibit AMPK and Sirt1/Sirt3 activity leading to hyperacetylation and thereby decreased PGC-1a activ-
ity. In contrast, low-dose resveratrol in combination with leucine synergistically activates Sirtl and Sirt3, counteracting
the inhibitory effects of overnutrition
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In support of this concept, expression of PGC-1a, as well as other genes involved in mitochondrial
biogenesis, were down-regulated in skeletal muscle by high-fat diets in both mice and humans [55].
Further, Sirtl expression was down-regulated in visceral adipose tissue from morbidly obese patients
with severe hepatic steatosis compared to patients with slight or moderate steatosis, indicating that
Sirt] may have a protective role against the development of nonalcoholic fatty liver disease [56]. Sirtl
heterozygous knockout mice (SIRT1+-) exhibit increased body fat content, increased hepatic steatosis
and reduced energy expenditure on high-fat diet but not on a low-fat diet [57], and similarly liver-
specific Sirtl knockout mice developed hepatic steatosis and had impaired lipid homoestasis upon
high-fat diet feeding [58]. In contrast, modest global overexpression of Sirtl protected mice against
metabolic damage from a high-fat diet by lowering inflammation, improving glucose tolerance and
preventing hepatic steatosis [59], and increased Sirt1 expression induced by diet improved insulin and
glucose tolerance in mice [60]. Similarly, Sirt3 expression is decreased in muscle from diabetic mice
and after chronic high-fat diet, and Sirt3 knockout mice displayed a lower rate of oxygen consumption
and impaired insulin sensitivity and mitochondrial function in skeletal muscle [61]. Finally, lower
levels of AMPK activity were found in visceral fat of obese insulin-resistant patients and were associ-
ated with a higher expression of inflammatory genes compared to insulin sensitive obese controls [62],
and global AMPKal deficiency in mice leads to higher weight gain, inflammation and insulin resis-
tance under high-fat diet feeding [63]. On the other hand, AMPK stimulation by AICAR treatment
restored palmitate-induced insulin resistance in human skeletal myotubes from lean and obese [64]
and AMPK stimulation by metformin ameliorated high-fat induced insulin resistance in rats [65].

Effects on Irisin Secretion

The beneficial effects of regular exercise on overall health, and specifically on insulin resistance, are
well known. These effects are also associated with changes in AMPK activity, Sirtl and Sirt3 activity
and result in PGC-1a-dependent increases in mitochondrial biogenesis and metabolism to fulfill the
higher metabolic demands [66—68]. However, these changes are not only found in skeletal muscle but
also in other tissues such as white adipose tissue, resulting in “browning” with increased mitochon-
drial content and activity [69, 70]. Bostrom et al. [71] recently demonstrated that the myokine irisin
mediates some of these systemic effects in response to exercise. Irisin is cleaved and released in the
circulation from FNDCS5, a type I membrane protein that is expressed in response to exercised-induced
PGC-1a stimulation. A 65 % and 100 % increase of irisin in blood was detected after 3 weeks of free
wheel running in mice and 10 weeks of endurance training in humans, respectively [71]. Treating
primary subcutaneous white adipocytes with FNDCS5 protein promoted a sevenfold induction of
UCP1 and three other brown fat genes as well as an increase in mitochondrial content and oxygen
consumption, consistent with a brown-fat-like phenotype and increased thermogenesis. Similarly,
increasing FNDCS5 by adenoviral transfection in diet-induced obese mice resulted in higher density of
mitochondria in adipocytes, increased mitochondrial gene expression such as UCP1 and Cox7a,
increased oxygen consumption as well as improved insulin sensitivity and reduced body weight [71].
Although FNDCS seems to be mainly expressed in skeletal muscle, it was also recently suggested that
white adipose tissue expresses FNDCS and secretes irisin, and that obese animals over-secret this
hormone, suggesting the phenomenon of irisin resistance [72].

Irisin’s role in humans is still not fully elucidated; however, current data suggest an important
metabolic role and, thus, it may be a potential therapeutic target for metabolic diseases. For example,
a positive correlation with muscle mass and body mass index was found in non-diabetic subjects,
while irisin was down-regulated after surgically induced weight loss [73, 74]. However, irisin blood
levels and FNDCS5 expression in muscle and adipose tissue were reduced in obese insulin-resistant
patients compared to normal weight controls [74, 75].
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Fig. 8.6 Proposed model of irisin secretion and muscle adipose cross-talk by the Resveratrol/Leucine combination.
The resveratrol/leucine combination mimics the effects of exercise by activating PGC-1a-induced upregulation of
FNDCS in skeletal muscle and subsequent cleavage to release irisin into the circulation. Irisin binds to unknown recep-
tors in white adipose tissue, resulting in “browning” of white adipose tissue, characterized by an increase in mitochon-
drial biogenesis and upregulation of UPCI. This results in an increase in overall energy expenditure and improvements
in metabolic disturbances, such as insulin sensitivity

Based on the overlapping effects of the Resveratrol/leucine or HMB combination and exercise on
metabolic outcomes in vitro and in vivo, we considered the possibility that this combination could
also induce cross-talk between muscle cells and adipose tissue mediated by irisin secretion, as depicted
in Fig. 8.6. Indeed, when cultured mouse adipocytes were incubated with conditioned media (CM),
which was generated by treating differentiated C2C12 muscle cells for 48 h with resveratrol/leucine
or HMB combinations, both AMPK and Sirtl] activity was significantly increased in adipocytes by up
to 60 and 100 % compared to the CM-control group, respectively. Also the combination induced a
~2-fold increase in FNDCS5 expression in muscle cells and a ~40 % increase in irisin secretion in the
incubation media [76]. Similar results were found in vivo; irisin was increased nearly twofold in
plasma from diet-induced obese mice fed a diet supplemented with a combination of low-dose resveratrol
(12.5 mg/kg diet) and leucine (24.2 g/kg diet) for 6 weeks which was also accompanied by a 344 %
increase in UCP1 expression and a 200 % increase in PGCla expression in white adipose tissue from
these mice, suggesting adipose browning. Moreover, a clinical study with a resveratrol/leucine con-
taining supplement showed a ~50 % increase in human plasma irisin levels after 4 weeks of treatment
while there was no change in the placebo group [77]. These results are comparable to those reported
by Bostrom after exercise in humans and mice.



8 Leucine and Resveratrol: Experimental Model of Sirtuin Pathway Activation 97
Conclusions

The AMPK/Sirtuin pathway has been shown to be an important regulator of energy metabolism and
therefore is a potential target for prevention and therapy of metabolic diseases such as obesity, insulin
resistance and diabetes. The combination of low-dose resveratrol with leucine increases energy
metabolism by stimulating lipid oxidation and improving insulin sensitivity in muscle and adipose
tissue, as well as reducing obesity-associated inflammatory stress. These effects are mediated by
stimulation of Sirtl and Sirt3 as well as by up-regulation of AMPK. Moreover, this combination mim-
ics, at least in part, the effects of exercise on muscle by stimulation of irisin release and promoting
cross-talk between muscle and adipose tissue. These effects are found with low concentrations of the
individual compounds, which independently exert no significant effect and are readily achieved via
oral administration.
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Chapter 9
Branched Chain Amino Acids and Blood Ammonia
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Key Points

» The pathogenesis of hepatic encephalopathy is related to increased blood ammonia concentration.

e During hyperammonemia muscle tissue becomes an alternative organ for ammonia
detoxification.

e BCAA is believed to supply carbon skeletons for the TCA cycle and enhance muscle ammonia
detoxification.

* BCAA supplementation increases skeletal muscle ammonia removal by accelerated glutamine
formation.

* Acute ingestion of BCAA increases the arterial ammonia concentration.
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Introduction

Virtually all organs are involved in the metabolism of ammonia and arterial ammonia levels are deter-
mined by an interaction and balance between ammonia-producing and ammonia-removing organs
[1]. In health, ammonia transport and metabolism are regulated to maintain low plasma concentra-
tions (normal venous range 10-50 pmol/L). Ammonia is toxic to the organism and the body therefore
depends on metabolism and removal of ammonia. The urea cycle plays a crucial role, as urea is the
main end-product of nitrogen metabolism and is definitively removed from the body by renal excre-
tion. Alternatively, ammonia can temporarily be incorporated into different amino acids. Glutamine
plays a central role in this nitrogen traffic by serving as a non-toxic transporter of useful nitrogen [2].
Glutamine supplies nitrogen from glutamine-producing organs (muscle and kidney) to organs capable
of consuming glutamine (liver, kidney and gut). Different enzymes in these organs play key roles in
the inter-organ ammonia metabolism. Glutamine synthetase (GS) catalyzes the condensation of
ammonia and glutamate in the cytosol to form glutamine [3], whereas glutaminase has the opposite
action in the mitochondria. Glutamine and glutamate in the organs therefore serve as nitrogen donors
and acceptors, respectively.

Under normal conditions, detoxification of ammonia predominantly takes place in the liver,
whereas the major ammonia producing organs are the gut and the kidney. The healthy kidney is
capable of producing ammonia which can be either released into the systemic circulation or excreted
into the urine. This process depends on the acid—base state of the body rather than on the need for
ammonia elimination. The brain contributes insignificantly in the healthy state but can turn into a net
ammonia removing organ during hyperammonemia. Data on lung, heart and skin ammonia uptake is
scarce and inconclusive. Lung tissue contains GS, ammonia has been detected in exhaled gas from the
lungs and lung ammonia uptake and glutamine release has been demonstrated in pigs with acute liver
failure [4].

In healthy subjects, muscle tissue does not contribute significantly to ammonia removal [5].
However, ammonia homeostasis is profoundly altered in hyperammonemic situations where muscle
tissue becomes the main alternative organ, besides liver, for at least temporary detoxification of ammo-
nia [6-9].

Branched chain amino acids (BCAA; Isoleucine, leucine and valine) have attracted particular
interest as they are believed to support this muscle ammonia detoxification and they have, therefore,
been utilized as a therapeutic nutritional supplement in patients with hyperammonemia. Elevation of
blood ammonia concentration occurs in a variety of situations. Physiologically, ammonia is increased
during strenuous exercise. Pathophysiologically ammonia is increased in hepatocellular dysfunction,
development of porto-systemic shunt circulation and in urea cycle disorders. Liver disease represents
the field in which the BCAA have been most extensively studied. Their potential ammonia lowering
effect has been intensely investigated in hepatic encephalopathy (HE). The pathogenesis of HE is
believed to be related to increased blood ammonia concentration.

Organ Contribution to Ammonia Metabolism

Liver

The role of the liver in maintaining normal ammonia metabolism is crucial and urea synthesis is a
unique liver function that is essential to the health and survival of the individual. During normal physi-
ological conditions ammonia detoxification in the liver takes place at two anatomically aligned sites.
The urea-cycle operates in the peri-portally located hepatocytes where ammonia and bicarbonate are
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condensed in the mitochondria to yield carbamoylphosphate, initiating and feeding the urea-cycle [10].
Urea-synthesis is quantitatively by far the major mechanism of ammonia removal in mammals and is
the only ammonia removal mechanism that is regulated by the metabolic excess of nitrogen. Any
ammonia escaping detoxification in the urea-cycle will be trapped downstream in the last row of the
perivenous hepatocytes that are the only ones that express GS and convert ammonia and glutamate
into glutamine [11]. In healthy subjects, the liver has a huge capacity for increasing urea synthesis
after a large protein meal, where ammonia and amino acids are released from the gut into the portal
blood. The anatomical interposition of the liver between the intestines and the systemic blood thus
makes the liver able to scavenge all ammonia produced in the gut. In patients with liver cirrhosis,
the hepatic clearance of ammonia is limited by diminished urea synthesis as part of the decreased
functional liver mass [12, 13], loss of normal perisinusoidal expression of GS [14] and by porto-
systemic shunting [15]. Consequently, ammonia reaches the systemic circulation, the arterial ammo-
nia concentration increases and ammonia will exert unusual and potentially dangerous effects on the
organs of the body.

Gut

The gut is considered to be the main source of systemic ammonia production. About 50 % of intestinal
ammonia arises directly from metabolism of dietary protein after feeding. In healthy subjects, inges-
tion of amino acids does not induce hyperammonemia as the ammonia is cleared by the liver. However
in patients with cirrhosis the liver fails to clear the ammonia load after a meal and the arterial ammo-
nia concentration increases [16]. Ingestion of different proteins has a diverse potency to induce hyper-
ammonemia. The potency relies on the amino acid composition of food proteins, which depends on
the provenience of the proteins. Meat protein is more ammoniagenic than diary and vegetable protein
[16]. Still, the increased splanchnic contribution to hyperammonemia in cirrhosis seems to be primar-
ily a result of intra—and extrahepatic portacaval shunting rather than altered intestinal ammonia
production [17].

Enterocytes express high glutaminase and minimal GS activities and utilize glutamine as their
main energy source. Glutamine promotes growth of intestinal mucosa; large amounts of glutamine is
taken up from either the intestinal lumen or from the blood stream and is converted by glutaminase to
ammonia and glutamate which is released into the mesenteric vein [18]. In accordance, the amount of
ammonia released from the intestines mirrors the glutamine extraction by the small and large intes-
tines in humans. Likewise, the intestinal ammonia production in stable cirrhosis patients is related to
the glutamine uptake [17].

Finally, the colonic luminal bacterial flora metabolize urea and amino acids and thereby releases
ammonia [19]. About one-third of all urea produced is hydrolyzed by gut bacterial ureases, giving rise
to a large hepatic re-uptake of ammonia and re-synthesis of urea. The amount of urea produced is
considerably larger than the amount excreted into the urine. Patient with cirrhosis frequently have
bacterial overgrowth and are reported to hydrolyze a larger fraction of their urea synthesis, resulting
in a larger ammonia load to the liver and the systemic circulation [20].

Brain

In brain tissue, there is intense activity of both GS and glutaminase, with GS present only in astrocytes
and glutaminase also in neurons [21]. Therefore the brain predominantly detoxifies ammonia by pro-
duction of glutamine. Data are variable, but most studies indicate that ammonia uptake is negligible
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in healthy subjects at rest. It has recently been shown that brain ammonia uptake depends linearly on the
arterial concentration of ammonia [22] resulting in a net uptake of ammonia into the brain during liver
failure [22, 23]. Accordingly, liver transplantation immediately stops the cerebral ammonia uptake in
fulminant hepatic failure [24]. The accumulation of glutamine in astrocytes during hyperammonemia
and the limitation of glutamine transport out of the cells seem to lead to osmotic stress and cellular
overhydration. This event has been associated with the development of HE [25].

Kidney

The kidneys contain both glutaminase and GS [26] and the main overall substrate for kidney ammonia
production is glutamine [27]. In the fasting state, alanine may, however, be the main ammonia precur-
sor, also in patients with cirrhosis [28, 29].

In healthy individuals, the ammonia produced by the kidney can be released into the systemic
circulation or excreted into the urine. During normal steady state, the ratio is about one-third into the
urine and two-thirds into the blood stream [27]. The urinary ammonia excretion is a means of excret-
ing protons and generating bicarbonate in acidosis [27]. This means that the renal ammonia excretion
is primarily regulated by the acid-base status, metabolic acidosis increasing the ammonia excretion
and alkalosis reducing it. The lifesaving adaptations allow the kidney to remove large excess of H*.
However, the previous paradigms of passive, lipid-phase NH; diffusion and NH4* trapping in the
acidic urine have now been replaced by more complicated models in which transporter-mediated
movement of NH; and NH,* are fundamental components of renal ammonia physiology [30].

Artificial hyperammonemia can push the balance in favor of urinary ammonia excretion [31], and
under such circumstances the kidneys may in fact even turn into an organ of net ammonia removal
from the body [28]. This renal potential may be overridden by severe hyperammonemia. In experi-
mental acute ischemic liver failure, no more ammonia appeared in the urine than after establishment
of a portacaval shunt which lead to only moderate hyperammonemia [28]. It is not known whether this
is due to incipient multiorgan failure or differences in regulation.

Muscle

Muscle tissue is the largest organ in the body and in spite of its low GS activity, muscle plays a substan-
tial role in whole-body ammonia metabolism [32]. Originally Lockwood, by a *N-ammonia PET
method, found 50 % of the arterial ammonia to be metabolized by skeletal muscle [33]. In contrast, more
recent studies found no muscle uptake in healthy subjects. In one such study, there was no significant
ammonia uptake across the leg in healthy subjects, as measured simultaneously by the *N-ammonia
PET method and directly by arterio-venous concentration differences and flow measurements [5]. There
was, however, a significant muscle ammonia uptake in patients with liver disease (Fig. 9.1) [5].

Hence, when the liver fails, muscle tissue may become an important alternative pathway for ammo-
nia detoxification.

Metabolism of BCAA

Under normal conditions, a protein meal is followed by a shift from hepato-splanchnic amino acid
uptake to amino acid release. The BCAA are unique as they escape splanchnic uptake by the gut and
the liver and are therefore among the predominant amino acids released to the periphery after feeding
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Fig. 9.1 Muscle ammonia uptake at baseline and after ingestion of BCAA. Metabolic removal rate of ammonia mea-
sured by *N-ammonia PET; (a) patients with cirrhosis (n=10) and (b) healthy subjects (n=6). Ammonia flux (uptake)
measured by A-V differences; (c) patients with cirrhosis (n=12) and (d) healthy subjects (n=6). The figure was
reprinted with permission [5]

[34, 35]. BCAA are primarily utilized by skeletal muscle under insulin control to cover about 10 % of
the energy requirements [36].

The catabolic pathway for BCAA is located in the mitochondria. The first two steps are common
to all three BCAAs. They comprise first the transamination of BCAA to branched chain ketoacids
(BCKA), which is catalyzed by branched chain aminotransferase [37]. The second reaction is the
irreversible oxidative decarboxylation of BCKA to form Acyl-CoA derivatives, catalyzed by the
branched chain a-keto acid dehydrogenase (BCKDH) complex. These reactants are converted into
either Acetyl-CoA or succinyl-CoA that can enter the tricarboxylic acid (TCA) cycle [37].

Oxidation of BCAA, besides serving as energy source, also yields precursors for other amino acids
and play important roles in promoting protein synthesis by activating (phosphorylating) the regulatory
mechanisms of mRNA translation [38, 39]. When BCAA are energized, the BCKA provide carbon
skeletons for the TCA cycle. BCAA hereby give rise to the two TCA cycle intermediates, Acetyl-CoA
and Succinyl-CoA. The detoxification of high ammonia concentration via glutamine synthesis
depletes the glutamate pools, and the ensuing increased synthesis of glutamate secondarily deprives
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Fig. 9.2 Schematic representation of the TCA-cycle. BCAA supply the TCA-cycle with carbon skeletons and thereby
enhance the production of alfa-ketoglutarate (a-KG). a-KG can be reductively aminated to glutamate (Glu) and gluta-
mate may be amidated to glutamine (Gln). The figure was reprinted with permission from “Springer” (Metab Brain Dis
2013. PMID: 23315357)

the TCA cycle of carbon skeletons (Fig. 9.2). In that situation, metabolism of BCAA theoretically can
replenish carbon skeletons for cycle reactants to keep the TCA cycle running and produce energy.
If so, the metabolism of BCAA would reconstitute alfa-ketoglutarate (anaplerosis) and maintain the
glutamate pool, allowing the subsequent amidation with free ammonia to form glutamine. Thus,
BCAA might, at least transiently, reduce the ammonia level, because formation of glutamine from
alfa-keto-glutarate removes two nitrogen atoms while deamination of BCAA produces only one.
Consequently, there will be a net fixation of one ammonia molecule for each BCAA metabolized.

Experimental data support this line of thought. BCAA metabolism in muscle is associated with
metabolism of ammonia [40]. Brain metabolism of BCAA with relation to detoxification of ammo-
nia is described in detail in the chapter written by Arne Schousboe. Studies investigating amino acid
fluxes across the kidney are scarce but kidney BCAA metabolism will be discussed briefly followed
by a review of the studies dealing with muscle ammonia and BCAA metabolism and its relation
to HE.

Renal BCAA Metabolism

In kidney there is a low BCKDH complex activity which shows that little BCKA is used to form
Acyl-CoA derivatives in the renal parenchyma. The activity of BCA A-transferase is high and BCAAs are
hence mainly involved in transamination processes. This results in production of ammonia. BCAA are
also to some degree involved in ammoniagenesis during metabolic acidosis. It has been shown that
acidosis stimulates BCAA oxidation in renal tubule cells by increasing both the amount and activation
state of BCKDH-complex [41].
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In dogs, the kidney significantly takes up BCAA after an amino acid meal [42]. In normal man and
patients with chronic liver disease in the post-absorptive phase, the kidneys releases leucine, while
there is no net exchange of valine or isoleucine [43]. The effects of an intragastric dose of amino acids
mimicking the composition of hemoglobin, was given with or without intragastric administration of
isoleucine [44]. There was a substantial increase in renal ammoniagenesis which was not ameliorated
by co-administration of isoleucine. This is the only available study on the effects of one or all of the
BCAAs on renal ammonia metabolism. The study suggests that the kidney, under certain conditions,
may be an important ammonia producing organ. It does, however, not indicate that the ammonia
production is reduced by isoleucine.

From these scarce data it can only be concluded that the kidneys take up BCAA and produce
ammonia in the absorptive phase and release leucine during the fasted state. However the available
studies do not allow speculations on a possible effect of BCAA on renal ammonia metabolism.

Muscle BCAA and Ammonia Metabolism with a Special Focus
on Hepatic Encephalopathy

HE is a reversible neuropsychiatric disorder associated with acute or chronic liver failure [45]. Patients
with HE virtually always have higher blood ammonia levels than normal and usually higher than
cirrhosis patients without HE [22]. Ammonia is believed to play a key role as ‘the first hit” in the
pathogenesis of HE and treatment and prevention strategies are aimed at lowering blood ammonia.

The treatment with BCAA is one such intervention. Pavlov and his colleagues in Saint Petersburg
were the first to discover that intake of different proteins had effects on the confusional state of porto-
caval shunted dogs. In 1893 they saw that dogs that were fed with meat developed ataxia and coma.
They called it the “meat intoxication syndrome”. The derangement was reversed in dogs shifted to a
milk and bread diet [46]. Dairy proteins have a higher percentage of BCAA which later give rise to
the idea that BCAA may improve HE.

More than 60 years later it was shown that patients with liver cirrhosis have an altered amino acid
plasma pool, including low BCAA levels [47]. The concentrations of most other amino acids are
elevated, particularly of glutamine and also the aromatic amino acids (AAA; phenylalanine, tyrosin
and tryptophan). These observations were confirmed in several publications and were summarized as
the ratio between BCAA and AAA, the so-called Fischers’s ratio. A low ratio was shown to correlate
with a high grade of HE [48, 49]. The mechanism of the decreased BCAA levels in cirrhosis has
been debated for decades. Hyperinsulinemia and accelerated starvation are both suggested to have
a modifying influence [50, 51] and most authors agree that skeletal muscle metabolism is important
for the phenomenon. The co-occurrence of high ammonia suggests that ammonia in some way may
induce muscle BCAA catabolism and lead to the low plasma concentration [40].

Accordingly, Iob in 1966 demonstrated an increased whole-body clearance of BCAA in patients
with cirrhosis [52] and the clearance was later shown to relate to the ammonia concentration [51].
Marchesini was, however, unable to explain the low BCAA by an increased clearance, but found a
decreased endogenous release of BCAA into the plasma pool [53]. It was then found in rats that
ammonia infusion increases glutamine and decreases glutamate and BCAA concentrations in both
skeletal muscle and plasma [54]. Similarly, the muscles of patients with advanced cirrhosis take up more
BCAA with higher ammonia levels, shown by higher muscular a-v BCAA gradients [40]. In 2011
Holecek studied the importance of ammonia on the reduction of BCAA in cirrhosis, with the aim of
showing whether there is an effect of ammonia on the BCAA metabolism in muscle [55]. By using an
in-vitro technique they controlled for indirect effects such as alterations in glucose, insulin and pH.
They showed that in both red and white muscle high levels of ammonia stimulates the oxidation of
leucine and the release of glutamine whereas the release of BCAA is inhibited. This supports that
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Table 9.1 Flux of BCAA across leg muscle before and after intake of BCAA (pmol/min)

Patients with cirrhosis (n=12) Healthy subjects (n=6)

Baseline 1h® 3h* Baseline 1h® 3h*
Leucine -1.5%£6.5 261 +66.4* -52.0+44.1 -0.3£2.3 272+90.8* 92.3+32.2%
Valine 1.8+24 230+63.9%* -20.8+37.6 -2.1£2.5 178 £57.0* 38.3+10.4*
Isoleucine 1.6+4.3 173+£35.2* -12.0+63.2 -0.1£1.5 170+£55.3* 65.1+26.1*

Total BCAA 1.93+14.9 664.0+142% -84.7+110 -2.5+6 620+202% 196 +67*

*p <0.05, compared to baseline

Values are given as mean+SEM

Positive flux indicates uptake; negative release

No significant difference In BCAA flux was observed at baseline between patients and healthy subjects
The table was reprinted with permission [5]

1 and 3 h after intake of BCAA

ammonia may lower the plasma levels of BCAA by diverting their carbon skeletons towards
glutamine synthesis in muscle. In contrast, we found no overall difference in muscle BCAA uptake
between patients with cirrhosis and high ammonia levels and healthy persons (Table 9.1). However,
the findings may be blurred by the fact that cirrhosis patients frequently suffer from muscle wasting
and our measurements were not corrected for muscle mass, so the muscle BCAA uptake were still
probably higher per kg muscle.

Taken together, the available data makes it meaningful to assume that the low plasma BCAA con-
centration in liver disease is caused by a higher skeletal muscle metabolism of BCAA which is in turn
stimulated by hyperammonemia.

Does Muscle BCAA Metabolism Stimulate Muscle Ammonia Metabolism?

BCAA supplementation improves the manifestations of HE and seem to prevent recurrent HE [56].
Furthermore, BCAA reduce ammonia and improve nitrogen balance in long-term studies on cirrhosis
patients [57] and seem also to lower the risk of death and progression to liver failure [58, 59]. The
mechanisms of these beneficial effects are unknown in detail and probably complex. Recent thinking
focuses on the effects of BCAA on skeletal muscle metabolism and ammonia removal. The hypoth-
esis is that BCAA supplementation increases skeletal muscle ammonia removal by accelerated gluta-
mine formation (Fig. 9.2). This would be central, because skeletal muscle removal of ammonia
becomes important in patients with failing liver. In acute and chronic liver failure skeletal muscle
takes part in regulation of ammonia by taking up ammonia and releasing glutamine [6-9]. This effect
may actually be larger than that of the cirrhotic liver [17]. Hence, skeletal muscle plays an important
role in ammonia detoxification in patients with liver dysfunction.

Despite the theoretically and also experimentally well founded presumptions, we still lack data
showing that ingestion or infusion of BCAA treatment actually has an effect on ammonia metabolism
in skeletal muscle in patients with cirrhosis. Most evidence is indirect and direct data based on experi-
mentally controlled effects of BCAA supplementation on ammonia and amino acid organ fluxes are
limited. The acute effects of BCAA on ammonia and amino acid metabolism in human muscle were
investigated by a short-term intervention in patients with cirrhosis and healthy controls [5]. Data
showed that ingestion of BCAA increased the muscular uptake of BCAA (Table 9.1). Furthermore,
BCAA increased the ammonia uptake across the thigh muscle measured by both the *N-ammonia
PET method and by means of a-v differences in both healthy persons and patients with cirrhosis
(Fig. 9.2) [5]. As expected this was followed by a massive muscle release of glutamine [5]. This finding
directly supports the hypothesis that BCAA may be used to replenish a-ketoglutarate and thereby
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Fig. 9.3 Arterial blood concentrations of ammonia at baseline and after ingestion of BCAA. Arterial ammonia in (a)
patients with cirrhosis (n=14) and (b) healthy subjects (n=7). The figure was reprinted with permission [5]

facilitate glutamine production and increase muscle removal of ammonia. However, the BCAA load
also caused an acute and substantial increase in blood ammonia concentration by more than 30 %
(Fig. 9.3) [5], a finding which actually agrees with Marchesini’s BCAA clearance study from 1987
where the venous ammonia concentration doubled after infusion of BCAA [53]. We ascribe this
increase to deamidation in other organs such as intestines and kidneys of the glutamine released from
the muscles [9, 18]. This underlines that the ammonia detoxification in muscle by production of
glutamine still leaves the body with the need for definitive elimination of ammonia.

Our findings are in apparent conflict with reports from long-term therapeutic trials where BCAA
supplementation is reported to reduce blood ammonia [57]. The beneficial long-term effects of
BCAA could be related to effects other than the ammonia lowering. BCAA enhance muscle mass
build-up [60] and exert strong anabolic effects via stimulation of protein synthesis. The mechanism
involves activation of anabolic signaling pathways, which increase the translation of mRNA [39].
Furthermore, it has been demonstrated in partial hepatectomy studies in rats that BCAA accelerate
liver regeneration [61]. This effect involves increased liver protein synthesis via stimulation of hepa-
tocyte growth factor.

Conclusions

BCAA are metabolized extra-hepatically, in renal and primarily muscle tissue. Studies on the effects
of BCAA metabolism in the kidneys is limited whereas there is evidence to support that muscle
BCAA metabolism increases in hyperammonemic states. BCAA metabolism in muscle tissue, driven
by ammonia, contributes towards the lower BCAA plasma levels in patients with liver disease.
However, the effect of BCAA on muscle ammonia detoxification is not definitively settled. Ingestion
of BCAA enhances muscle removal of ammonia and production of glutamine but also causes an acute
increase in blood ammonia. This emphasizes that supplementation with BCAA may just stimulate the
futile cycle of circulation of nitrogen between muscle, gut, kidney and liver. Further studies are needed
to examine both the short-term effects of BCAA on inter-organ amino acid and ammonia metabolism
and the effect of long-term treatment with BCAA on muscle mass and ammonia levels.
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Chapter 10
Use of >’H;-Leucine to Monitor Apoproteins

Asha V. Badaloo, Marvin Reid, and Farook Jahoor

Key Points

¢ 2Hj;-leucine is a stable isotopomer of leucine.

e The rate of incorporation of Hs-leucine into apoproteins of lipoproteins is used to calculate
their in vivo rates of synthesis and catabolism.

* In older studies, lipoprotein synthesis rates were inferred from rates of catabolism using radioactive
labelled lipoproteins.

* A major advantage of the use of *H;-leucine in stable isotope tracer methodology is that stable
isotopes are not radioactive and are safe for use in children and during pregnancy.

e The main early use of *Hs-leucine to monitor apoproteins was related to exploring the role of
plasma lipoproteins in the development of atherosclerosis and cardiovascular disease.

e The methodology using ?Hs-leucine as tracer has been extended to exploring mechanisms
underlying shifts in concentrations of different lipoproteins in various clinical states such as human
immunodeficiency virus infection (HIV) and malnutrition related fatty liver.
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FCR Fractional catabolic rate

CAD Coronary artery disease

NIDDM  Non-insulin-dependent diabetes mellitus
a-KICA  Alpha-keto isocaproic acid

HIV Human immunodeficiency virus infection
ART Antiretroviral therapy

TAG Triacylglycerol

NLD Normolipidaemic without lipodystrophy

LD Dyslipidaemic with lipodystrophy

FDB Familial defective apolipoprotein B-100
SAM Severe acute malnutrition
Introduction

Apoproteins are proteins that combine with non-protein groups referred to as prosthetic groups to
form conjugated proteins. The apoproteins that have been mostly monitored using Hs-leucine are
those incorporated into lipoproteins. Specifically, these apoproteins are referred to as apolipoproteins
distinguishing them from other apoproteins such as apoenzymes. Lipoproteins are molecular com-
plexes of lipids and specific apoproteins. They are important in the inter-organal transport of lipids for
metabolism. 2H;-leucine is a stable isotopomer of the branched chain amino acid leucine. As a precursor
amino acid for the synthesis of apoproteins, it is frequently used as a tracer to measure the kinetics of
the apoprotein moieties of blood lipoproteins in vivo, providing valuable insights about the mecha-
nisms underlying changes in the relative amounts of lipoproteins in various clinical and pathological
states. The focus of this chapter will be on the use of Hs-leucine as a tracer to measure the kinetics of
apolipoproteins. A general outline of the composition of lipoproteins and their role in lipid transport
is presented in the introduction, followed by a brief historical perspective of methods used to assess
their metabolism. This leads to two other sections, starting with details of the 2H;-leucine tracer
method mainly used to measure apolipoproteins kinetics and then a review of relevant research in
which the 2H;-leucine tracer technique was used in different physiological and pathological states.

Composition and General Functions of Lipoproteins

Lipoproteins transport most of the body’s lipids (cholesterol, phospholipids and triacylglycerols)
through the lymphatic and circulatory systems and also participate in lipid metabolism. They are clas-
sified based on their density. The main lipoprotein particles are chylomicrons (CM), very low density
lipoproteins (VLDL), low density lipoproteins (LDL) and high density lipoproteins (HDL). They are
in a constant state of integrated synthesis and degradation, and removal from plasma entailing the
formation of other intermediate particles, namely chylomicron remnants and intermediate density
lipoproteins (IDL).

Lipoproteins consist of a neutral lipid core surrounded by more polar lipids and one or more types
of apoproteins. The five main classes of apolipoproteins are apoA, apoB, apoC, apoE and apo(a) with
most having subclasses such as apoB-48 and apoB-100. Table 10.1 gives a summary of plasma lipo-
proteins, their origin, and main lipid pattern and apoprotein composition. There are other classes of
apoproteins with no clearly established functions. Apolipoproteins are essential for maintaining the
structure and solubility of the lipoproteins. In addition, they have specific structural domains and cell
targeting signals that are recognized by cell receptors, and they determine the activities of a range of
other proteins such as lipases and lipid transfer factors.
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Table 10.1 Plasma lipoproteins, their origin, main lipid pattern and apoprotein composition

Lipoproteins Origin Main lipid pattern Apoprotein

CM Intestine TAG>C Apo B-48, apo C-11, apo E
CM remnants From CM in plasma C & CE>TAG ApoB-48, apoE

VLDL Liver TAG>C & CE ApoB-100, apoC-11, apoE
LDL From VLDL in plasma C & CE>TAG ApoB-100

HDL liver CE ApoA, apoC-11, apoE

TAG triacylglycerol, C cholesterol, CE cholesteryl ester. Adapted from Champe and Harvey [49]

CM are formed in the intestinal mucosal cells. They carry dietary lipids and other lipids made in
the mucosal cells to the peripheral tissues. VLDL particles are synthesized in the liver and are secreted
into the blood circulation where their main function is to transport triacylglycerols (TAG) from the
liver to peripheral tissues. HDL, also synthesized and secreted from the liver removes free cholesterol
from extrahepatic tissues and immediately esterify it to form cholesteryl esters. TAG, which is the
major component of VLDL, is exchanged with cholesteryl esters of HDL resulting in conversion of
VLDL to the intermediate density lipoprotein (IDL) and then to LDL. Also, HDL carries cholesteryl
esters mostly to the liver or steriodogenic organs. In the liver, cholesteryl esters are degraded and the
released cholesterol can be converted to bile acids, secreted into bile or repackaged into lipoproteins.
Triacylglycerols in HDL are degraded by hepatic lipases reforming small HDL particles which restart
the uptake of cholesterol from cells.

LDL is removed from the circulation by the LDL-receptor endocytosis pathway that has a regula-
tory effect on intracellular cholesterol levels. However, LDL chemically modified by oxidation or
acetylation can be taken up by circulating macrophages which possess receptors having broad binding
specificity. In this process there is no control of intracellular cholesterol levels and excessive uptake
of modified LDL causes the formation of “foam” cells which contribute to atherosclerotic plaque
formation.

Historical Perspective of Monitoring Apolipoprotein Kinetics

Evidence that plasma lipoproteins play a central role in the development of atherosclerosis and car-
diovascular disease has been the catalyst for an interest in measuring their rates of production and
clearance. In particular, there is much evidence that elevated concentration of LDL and decreased
concentration of HDL are associated with an increased risk of coronary artery disease [1, 2] which is
a major global cause of disability and death.

Early attempts to assess lipoprotein synthesis beginning in the 1970s were inferred from rates of
catabolism using radioactive labeled lipoproteins [3, 4]. This assumes a steady state where production
and clearance are equal, which may not be the case. The method involves isolating the apolipoprotein
of interest from a participant to be radioiodinated and re-injected into the participant. A major disad-
vantage of this approach is that lipoproteins and apoproteins can be modified during isolation and
radioiodination. Also, exposure to radiation limits use of the method in young children and pregnant
women and in conducting multiple measurements in the same individual such as before and after an
intervention. The opportunity to use other methods to overcome some of the problems associated with
using radioactive tracers became possible with the availability of highly sensitive gas chromatography
mass spectrometers and synthetic stable isotopic forms of amino acids.

The general principle of this new method is that the fractional synthesis rate (FSR) of a product
(apoprotein) can be determined following infusion of a stable isotope labeled amino acid tracer
(the precursor) that is incorporated into the product. As a precursor of the apolipoproteins, stable
isotopically labeled leucine, particularly 2Hs- leucine, was shown to be a suitable tracer [3, 5, 6]



116 AV. Badaloo et al.

and it has been frequently used to measure synthesis rates and to derive catabolic rates of several
apolipoproteins. This kinetic information has been used to assess how variations in apolipoprotein
turnover rates influence the function of the parent lipoprotein(s). The isotopic technique gives a direct
measure of production rather than inferring from rate of catabolism. A major advantage of this method
is due to the fact that stable isotopes are not radioactive and therefore are safe for use in children and
during pregnancy.

Isotopes of an element contain different number of neutrons and hence varying mass. Isotopomers
of a molecule refer to different number or arrangement of isotopically labeled positions within the
molecule. Within *Hs-leucine, three hydrogen atoms are replaced with the stable isotope deuterium
which has a mass of 2 compared to mass of 1 of nearly all naturally occurring hydrogen atoms. The role
as a tracer depends on the difference in mass of the tracer (heavier) compared to its naturally occurring
form (tracee) and can be detected by a mass spectrometer in biological samples. Isotopic enrichment is
a general term used for the tracer to tracee ratio or amount of tracer relative to tracee.

Measurement of the Synthesis Rates of Plasma Apolipoproteins
Using *H;-Leucine

In most studies, FSR of apoproteins derived in the liver is calculated from the rate of 2H;-leucine
incorporation into the proteins over time using a prime-constant infusion of the tracer and applying
steady state Kinetics. To a lesser extent, a bolus dose of H;-leucine and non-steady kinetic models
have been used to assess turnover rates of apolipoproteins (e.g. [7, 8]). Details of general principles
underlying the use of isotopic tracers in metabolic research are given by Wolfe and Chinkes [9]. The
prime-constant infusion method is addressed in this section.

Theoretical Considerations of Using the Prime-Constant Infusion Method

The method is based on applying the steady state kinetic equation to the conversion of the isotopic
tracer (e.g. *Hs-leucine) as a precursor into a product (e.g. apolipoprotein). It is assumed that the prod-
uct comprises a single homogenous pool that is turning over with a single order rate constant (10).
Thus if the pool is in a metabolic constant state the fractional turnover rate is equal to FSR. Based on
this, the underlying theory for FSR calculation is based on the linear increase in the isotopic enrich-
ment of the apoprotein (product) as it asymptotically approach plateau enrichment, while the isotopic
enrichment of the precursor (*H;-leucine) is at a plateau (Fig. 10.1). According to the kinetic equation
fitting this single exponential curve [5, 10] the fractional turnover rate or FSR is equal to the initial

Fig. 10.1 Tllustration of IEp!
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rate of change of product enrichment (slope) divided by the plateau precursor enrichment. A few
investigators, for example Ouguerram and colleagues [11, 12] have used computer software for
simulation, analysis and modeling to perform analysis of kinetic data obtained using primed constant
infusion of 2H;-leucine.

As indicated, the constant infusion is to produce a constant isotopic enrichment in the precursor
amino acid pool; but it may take a long time to reach an isotopic equilibrium if the pool size of the
precursor is large relative to its rate of turnover. This may lead to significant recycling of the tracer
back into the precursor pool [13] that will alter the kinetics of the protein. Therefore, a prime-constant
infusion of tracer is important to achieve isotopic equilibrium in the precursor pool in as short a time
as possible. The appropriate priming dose is determined empirically based on the premise that at
isotopic equilibrium, the rate of appearance of unlabelled precursor is equal to the isotopic tracer
infusion rate [9].

Choice of Tracer

It is ideal to use a tracer amino acid that does not have a large gradient between extra- and intracellular
enrichment. Usually, an essential amino acid such as leucine is preferred because de novo synthesis
of non-essential amino acids will greatly dilute their intracellular enrichments. In fact, Lichtenstein
et al. [5] reported that they originally selected to administer a primed-constant infusion of deuterated
leucine (*H;-leucine) to measure synthesis of apoB-100 in VLDL and LDL, and apoA-1in HDL for
several reasons. These are: (1) leucine is a dietary essential amino acid. Hence the enrichment of
leucine pools in the liver are not affected by endogenous synthesis; (2) as a branched chain amino
acid, leucine is metabolized to a large extent in muscle, reducing the possibility of label recycling in
the liver; (3) leucine is converted to its keto acid (alpha-ketoisocaproate) and is rapidly released into
plasma, resulting in less effect of the tracer on other amino acid pools in the liver; and (4) deuterated
leucine is commercially available and is relatively affordable in the quantities required for this tech-
nique. In the study by Lichtenstein et al. [5], deuterated leucine, valine and lysine gave similar results in
normal healthy individuals. Another consideration is that the abundance of leucine in the apolipopro-
tein is appropriate to determine enrichment in a small amount of sample.

Sampling the Precursor Pool

The most direct measurement of the isotopic enrichment of the precursor pool for protein synthesis is
to measure the enrichment of the amino acyl-charged tRNA. This is difficult to measure accurately,
and cannot be applied when the tissue is not available in human studies. Furthermore, more tissue is
needed than is commonly available. Several investigations have indicated indirect surrogates of the
actual precursor pool enrichment [9, 10]. These markers can be plasma metabolites of the tracer that
are derived from the tissue of interest. One approach has been to use the enrichment of plasma alpha-
keto isocaproic acid (a-KICA) to estimate the intrahepatic leucine precursor pool enrichment.
However, a-KICA enrichment may not be an accurate marker of the hepatic leucine pool under all
conditions because studies show that there may be significant differences between the steady state
isotopic enrichment of plasma a-KICA and VLDL-apoB-100-bound leucine [14, 15]. For example,
Reeds et al. [15] infused Hs-leucine intravenously in adult human subjects in the fed and fasted states
and found that enrichment of plasma a-KICA was ~30 % less than that of VLDL-apoB-100-bound
leucine in the fed state.

Later, the use of plasma VLDL-apoB-100 enrichment to represent intra-hepatic enrichment of the
tracer was widely adopted for plasma proteins that are made in the liver. This approach was based on
the theory that rapidly turning over hepatic proteins such as VLDL-apoB-100 will reach an isotopic
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equilibrium after 6 to 8 h of tracer infusion at which time its enrichment will be equal to that of the
amino acid precursor pool from which all plasma proteins are derived. Subsequent studies revealed
that VLDL-apoB-100-bound tracer amino acid reaches a plateau in 4-6 h and requires only ~0.5 ml
of plasma at timed intervals for GCMS analysis [16]. Furthermore, reports from primed-constant infu-
sion tracer studies in fasted pigs show that VLDL-apoB-100-bound tracer enrichment is the same as
the hepatic t-RNA enrichments [14, 17]. Hence, the plateau enrichment of isolated plasma VLDL-
apoB-100 is a reasonable surrogate for enrichment in the hepatic precursor pool from which the pro-
tein is synthesized. A concern is that gut derived VLDL-apoB-48 may co-precipitate with
VLDL-apolipoprotein B-100 during extraction, especially in the fed state. Therefore, pure apo B-100
must be further extracted from the lipoprotein [16].

Typical Procedures Using Prime-Constant *H;-Leucine Infusion

Dose and duration of infusion time can vary depending on the nature of the study. Therefore, pilot
measurements should be conducted to identify plateau enrichment in the precursor pool. If possible,
the measurements are made after a 10 h overnight fast. The prime-constant ?H;-leucine tracer meth-
odology for measuring rates of synthesis of plasma apolipoproteins and of other hepatic derived
plasma proteins is similar. A practical example for measuring the synthesis rate of prealbumin in
adults using the steady state isotopic enrichment of VLDL-apoB-100 to estimate the isotopic enrich-
ment of the hepatic precursor pool has been described in detail by Jahoor [16]. A similar method used
to measure VLDL-apo B-100 rate of synthesis in children admitted to hospital for treatment of severe
acute malnutrition (SAM) is described herein. The same procedure was used in the severely malnour-
ished state [18] and in the well-nourished state on recovery from malnutrition [19]. According to the
ward protocol for dietary treatment, the children are fed boluses of milk feeds every 3 h or 4 h each
day over 24 h, but not during measurements. The isotope infusion was performed over a 6-h period
starting 2 h after the last bolus meal. Feeds missed during the study were given over the remainder
of the 24 h.

Tracer Infusion and Sample Collection

As described before [16, 18, 19], a catheter is inserted in each arm of the participant after applying
topical anaesthetic (EMLA cream; Astra Pharmaceuticals Ltd, Langley, United Kingdom). One cath-
eter is used for infusion of the H;-leucine and the other for blood sampling. All blood samples are
collected in pre-chilled tubes containing Na,EDTA and a cocktail of sodium azide, merthiolate, and
soybean trypsin inhibitor. After taking a 2-ml blood sample for baseline isotopic measurements, a
10 pmol kg™! priming dose of ?Hs-leucine is administered and followed immediately by a continuous
infusion at 10 pmol kg™! h™! for 6 h. Additional 1-mL blood samples are taken hourly during the infusion.
The blood samples are centrifuged immediately at 1000 g for 15 min at 4 °C and the plasma is
removed and stored at —70 °C for later analyses.

Sample Analysis

VLDL is isolated from plasma by ultracentrifugation followed by isopropanol precipitation [14, 20],
and its apoB-100 is precipitated, isolated, and acid hydrolyzed to amino acids [16]. The amino acids
released from the apoprotein are purified by cation exchange chromatography and the tracer/tracee
ratio of the protein-derived leucine is determined by negative chemical ionization gas
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chromatography—mass spectrometry. Leucine is converted to the n-propyl ester, heptaflourobutyramide
derivative, and its isotope ratio is determined by monitoring ions at m/z 349 to 352 as previously
described [14, 21]. Each sample is analyzed on the gas chromatography-mass spectrometer in tripli-
cate and the average value used in the calculation.

Calculation

The FSR of VLDL-apoB-100 is calculated from the rate of incorporation of *Hs-leucine into the
apoprotein during the rise to a plateau using the following equation:

FSR (% /h)=[ (IE,, ~IE, )x100/IE , xt, -, |

where IE,,—IE, is the increase in isotopic enrichment of VLDL-apoB-100-bound leucine over the period
,—1, h of the infusion, and IE, is the plateau isotopic enrichment of VLDL-apoB-100-bound leucine.

FSR represents the fraction of the apoprotein pool synthesized per unit of time. The absolute synthetic
rate is calculated as the product of FSR and the protein pool size. The apoprotein pool mass is the
product of plasma volume and concentration of the apoprotein.

Monitoring of Apolipoproteins in Different Physiological
and Pathological States Using 2H;-Leucine

This section reviews some relevant studies showing how direct measurements of apolipoprotein kinet-
ics using *H;-leucine have been useful in filling gaps in understanding the mechanisms underlying
defects in lipoprotein metabolism. The studies were carried out in the areas of cardiovascular and
related disease, human immunodeficiency virus infection (HIV) and malnutrition related fatty liver. In
particular, the kinetic measurements have been useful in providing insight in mechanisms underlying
shifts in concentrations of different lipoproteins. The ability to measure rates of synthesis and catabo-
lism of any metabolite provides an evaluation of balance between production and catabolism. Such
information can be useful for the approach to treatment. Typically, the methods entail a primed-
constant infusion of 2H;-leucine as described before.

Apolipoproteins in Cardiovascular and Related States

Reduced HDL and elevated LDL concentrations are associated with hypercholesterolaemia, athero-
sclerosis and risk of coronary artery disease (CAD) as a result of lipid deposition and plaque forma-
tion. CAD is a major health problem worldwide. Also, atherosclerosis is an important complication of
non-insulin-dependent diabetes mellitus (NIDDM).

HDL-Apolipoproteins apo-A1l and apo-A11l

The major protein of HDL is apoA-I and is found in two distinct HDL subpopulations, HDL-
apolipoprotein-Al, which contains apoA-I only, and HDL-apolipoprotein-AI:AIl which contains
apoA-I and apoA-II. Low levels of apoA-I have been shown in normotriglyceridaemic patients with
CAD [22] whereas others found low levels of both apoA-I and apoA-II in patients with CAD and
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reduced HDL cholesterol [23, 24]. At puberty, HDL cholesterol levels diverge between sexes resulting
in higher levels of HDL cholesterol and apoA-I in women compared to men. However, whereas con-
centrations of HDL cholesterol and apoA-I are similar in premenopausal and postmenopausal women
[25, 26], postmenopausal women have higher levels of LDL and triglyceride-rich lipoprotein than
premenopausal women. This change is related to risk of women developing CAD as they age. These
observations led Tilly-Kiesi et al. [27] to investigate the role of apoA-1 kinetics in the mechanism
accounting for the sex difference in plasma HDL cholesterol concentration in postmenopausal females
and in older males matched for plasma triglyceride and total cholesterol levels. ApoA-I synthesis rates
in both HDL-apolipoprotein-Al and HDL-apolipoprotein-AI:AIl were higher in females than in
males. Therefore, Tilly-Kiesi et al. [27] suggested that lower HDL cholesterol concentration in males
compared to females is attributable to the production rate and not the catabolic rate of apoA-1. On the
other hand, Frenais et al. [28] found that a decrease in plasma apoA-1 level in NIDDM was due to an
increase of HDL-apoA-I fractional catabolic rate (FCR).

Furthermore, based on the suggestion that lipoprotein lipase deficiency is a cause of low plasma
HDL-cholesterol, Pérez-Méndez et al. [29] investigated the role of apoAl and apoA-II in two hetero-
zygous carriers (male and female) of lipoprotein lipase deficiency. Both carriers had low plasma
HDL-cholesterol levels and only the male patient was hypertriglyceridaemic. There was no difference
in the apoA-1 FCR between the carriers and the 5 controls, whereas its production rate was low in the
male and normal in the female patient. ApoA-II production rate in both patients was similar to con-
trols but ApoA-II FCR in patient 1 was about 20 % lower than the mean of the control group but was
normal in patient 2. FCR of VLDL-apoB was 4-times slower in patient 1 compared to patient 2. The
researchers concluded that the results did not support the proposed enhanced FCR of apoA-I in lipo-
protein lipase deficient patients and suggest the need to reconsider the effects of lipoprotein lipase
activity on HDL metabolism.

Also, the discovery of heterogeneity within lipoproteins has expanded the exploration to identify
specific aberration of dyslipidaemia. It had been shown that carriers of an apolipoprotein A-I variant
(apoA-I (Zaragoza) L144R) have HDL-cholesterol levels below the 5th percentile for age and sex,
low apoA-I concentrations and no evidence of coronary artery disease. They have higher percentage
of HDL triglyceride and lower percentage of HDL esterified cholesterol compared to control subjects.
On this basis, Recalde et at. [30] measured kinetics of apoA-I and apoA-II in two patients carrying the
apoA-I (Zaragoza). The results revealed that FCR of both apoA-I and apoA-II were markedly elevated
in both carriers of apoA-I (Zaragoza) when compared with controls without affecting production of
these apolipoproteins.

VLDL-Apolipoprotein

VLDL transports predominantly TAG from the liver to the blood stream. ApoB-100 is the major apo-
protein in VLDL. This lipoprotein has 2 subclasses: VLDL; and VLDL, particles. Compared to the
small dense VLDL, particles, VLDL, are large and buoyant because they contain more TAG. VLDL,
is increased in NIDDM and is proposed to be the major determinant of plasma TAG in this condition.
Using bolus doses of *Hs-leucine and Hs-glycerol, Adiels et al. [7] investigated the mechanism for the
increase in VLDL, in NIDDM. They found that overproduction of VLDL in NIDDM was related to
enhanced secretion of VLDL,-apoB-100 and TAG similar in size and composition to non-diabetic
controls. Fifty-five percent of the variation in VLDL, —TAG production rate was explained by plasma
glucose, insulin and fatty acids. Production of VLDL, was not affected by NIDDM. Hence, the inves-
tigators proposed that hyperglycaemia is the driving force for overproduction of VLDL, Indeed, with
respect to treatment, Ouguerram et al. [12] showed that the beneficial effect of long-chain n-3 PUFA
supplementation in diabetic subjects was through a reduction in VLDL-apoB-100 concentration
in association with a decrease in VLDL, production rate. Also, there was an increase in the VLDL
conversion rate to IDL with no change in FCR.
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To examine the role of insulin in regulating lipid metabolism in the liver, Malmstrom et al. [8]
explored differential effect of insulin or acipimox on VLDL-apolipoprotein production in normal
adult men aged about 40 years. They use *Hs-leucine to trace apoB kinetics in VLDL, and VLDL,
subclasses, and a non-steady-state multicompartmental model for data analysis. The study was
designed to explore the effect of hyperinsulinaemia versus lowering of free fatty acids by acipimox on
the production of VLDL subclasses. With acipomox, production of VLDL, increased but VLDL,
decreased, hence overall VLDL production did not change. The total production rate of VLDL-apoB
was reduced with insulin infusion in association with decreasing production of large TAG-rich VLDL,
particles. Therefore the authors postulated that “insulin has a direct suppressive effect on the produc-
tion of VLDL-apoB in the liver, independent of the availability of free fatty acids” [8].

Familial Defective Apolipoprotein B-100

During the transition from VLDL to LDL, the intermediate density lipoprotein (IDL) is formed. ApoB-
100 is a major apoprotein constituent of VLDL, IDL and LDL. Familial defective apolipoprotein B-100
(FDB) is an inherited disorder caused by an amino acid substitution of apoB-100 leading to its defec-
tive binding to LDL receptor and accumulation of LDL cholesterol in the plasma. Pietzch et al. [31]
investigated kinetics of apoB-100 containing lipoproteins in FDB heterozygotes using labeling of
apoB-100 with [ring-®*Cs] phenylalanine and 2Hj-leucine with compartmental analysis using the
SAAM31 program. They reported that their results suggest that “relatively small increase of LDL con-
centrations in FDB is due to an increased clearance of LDL precursor particles via the LDL-receptor
and apoA-receptors as well as a decreased conversion of IDL to LDL” [31]. These findings were simi-
lar to that of Schaefer et al. [32] using a different approach of primed constant infusion of ?H;-leucine
to assess apoB-100 and ApoE kinetics in a patient homozygous for FDB. They found decreased pro-
duction of LDL apoB-100, low concentration and increased catabolism of VLDL-ApoE.

HIV

Antiretroviral therapy (ART) in HIV patients leads to a reduction in morbidity and mortality, but is
associated with dyslipidaemia, lipodystrophy, insulin resistance and risk of cardiovascular disease
with increased exposure [33]. The dyslipidaemia is characterized by elevated serum TAG and reduced
HDL-cholesterol with a predominance of small dense LDL. A relationship between hypertriglyceri-
daemia and increased hepatic secretion of VLDL-TAG into plasma and/or reduced TAG clearance
from plasma is expected. One of the early studies to investigate the metabolism of VLDL to LDL in
dyslipidaemic HIV patients receiving antiretroviral combination therapy was by Schmitz et al. [34]
using 2Hs-leucine as tracer. Controls were healthy normolipidaemic subjects. They measured the
kinetics of apoB containing lipoproteins (VLDL,;, VLDL,, IDL and LDL). The HIV patients had
higher concentrations of TAG and cholesterol and exhibited insulin resistance compared to the con-
trols. In the HIV patients, total apoB synthesis increased and was shifted toward triglyceride rich
VLDL,; and transfer of apoB from the buoyant VLDL, to denser VLDL, was reduced. These results
suggested that elevated TAG in HIV-infected patients with ART are primarily due to reduced rates of
VLDL transfer into denser lipoproteins implying a lower rate of lipoprotein lipase-mediated delipida-
tion. Later Ouguerram et al. [35] also investigated apoB containing lipoproteins but in a more com-
prehensive study and in two groups of HIV patients receiving ART. One group was normolipidaemic
without lipodystrophy (NLD) and the other was dyslipidaemic with lipodystrophy (LD). The data by
Ouguerram et al. [35] (Table 10.2) support the findings of Schmitz et al. [34]. They found an increase
in VLDL, a decrease in IDL and no difference in LDL production rate. The LD subjects also showed
marked decrease in transformation of VLDL to IDL, IDL to LDL and a decrease in FCR of VLDL,
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Table 10.2 Apolipoprotein B100 containing lipoprotein metabolism in HIV male patients on combined
antiretroviral therapy

Production rate (mg kg™' h™") Fractional catabolic rate (h™")
Group VLDL IDL LDL VLDL IDL LDL
LD 1.24+0.33*  0.20x0.10* 0.38+0.19  0.199+0.132* 0.110+0.08* 0.010+0.005*

NLD 0.80+0.21 0.48+0.24 0.45+0.25  0.555+0.398 0.523+0.275  0.025+0.014

Data (mean + SD) adapted from Ouguerram et al. [35]. Data was analyzed using computer software for simu-
lation, analysis and modeling (SAAMII). LD; dyslipidaemic with lipodystrophy, n=7, age; 38+10 year.
NLD; normolipidaemic without lipodystrophy, n=7, age; 43 +4 year

P <0.05

and LDL. They also had higher plasma concentration of TAG and total cholesterol and were insulin
resistant. Therefore, Ouguerram et al. [35] suggested that the metabolic disturbances of apoB100
observed in ART related lipodystrophy is consecutive to induced insulin resistance because the
pattern of results is similar to that observed using the same protocol in insulin resistant subjects.

Childhood Malnutrition

The accumulation of excess TAG in the liver is a common feature of childhood severe acute malnutri-
tion (SAM) [36, 37] and it is associated with poor prognosis especially when the lipid content of the
liver is greater than 40 % of liver weight [38]. Fatty liver is more prevalent in oedematous malnutri-
tion, which is the form that is generally more difficult to treat. Therefore, there has been interest in
understanding the pathogenesis of the hepatic steatosis so that treatment modalities can be designed
to accelerate the removal of excess lipid from the liver. Hence, the role of VLDL has been investigated
because it transports TAG from the liver to the circulatory system. Two lines of indirect evidence led
to the general belief that impaired synthesis of the apoB-100 in VLDL results in reduced formation
and secretion of VLDL and hence, in accumulation of liver TAG. First, plasma TAG and cholesterol
concentrations in some children with SAM and fatty livers were shown to be low at admission and
increased during treatment when it was believed that VLDL synthesis improved [39-41]. However,
low TAG has not been a consistent finding in the severely malnourished state [42, 43]. The other
premise for slow VLDL synthesis was based on a slower rate of incorporation of radiolabeled glycine
into the apoproteins of LDL and VLDL in rats fed a low-protein 6 % casein diet [44] and of the greater
amount of radiolabeled oleic acid incorporated into TAG of plasma lipoprotein after rats fed a protein-
free diet for 15 to 17 days developed fatty liver and were injected with LDL apolipoprotein [44, 45].
This led to further assumption that protein deficiency in SAM results in reduced VLDL-apoB-100
synthesis. After a long period accepting as fact that impaired synthesis of apoB-100 was the underly-
ing cause of the fatty liver in SAM, we measured VLDL-apoB-100 rate of synthesis directly using
?H;-leucine as tracer and found no impairment in its synthesis rate [18]. Instead, VLDL-apoB-100
synthesis rate in children with SAM, aged 7 — 18 months, increased as liver fat increased suggesting
a compensatory response (see Fig. 10.2). Lower ratio of liver attenuation to spleen attenuation by
computerized tomography indicates more fatty liver [46]. Also, plasma VLDL-apoB-100 (Fig. 10.3)
and cholesterol concentrations were positively related to the degree of liver fat supporting enhanced
secretion of liver lipid in the children with greater degrees of hepatic steatosis.

Furthermore, as shown in Table 10.3, measurement of VLDL-apoB-100 synthesis rate showed no
difference between children (aged 4-20 months) with oedematous and non-oedematous SAM or from
the initial malnourished stage to when they had recovered from malnutrition [19]. Overall the use of
tracer methodology with 2H;-leucine shows that VLDL- apoB-100 synthesis is not reduced when
children develop either oedematous or non-oedematous SAM. Other factors such as high rate of
lipolysis and reduced whole body lipid oxidation seem to play a role in the development of hepatic
steatosis in SAM [47, 48].
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Fig. 10.2 Relationship
between VLDL-apo B-100
absolute synthesis rate (ASR)
and ratio of liver to spleen
attenuation by computerized
tomography (CT) in children
with severe acute
malnutrition. mean slope:
—0.88+£0.28 (*=0.48,
p<0.02)

Fig. 10.3 Relationship
between VLDL-apo B-100
concentration and the ratio of
liver to spleen attenuation by
computerized tomography
(CT) in children with severe
acute malnutrition. Mean
slope: =44 +12 (r*=0.53,
p<0.02)
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Table 10.3 VLDL apo B-100 absolute synthesis rates during rehabilitation of children
diagnosed with edematous and non-edematous malnutrition

Absolute synthesis rates of VLDL-apo

B-100 mg kg™' h™

I mean (95 % CI)

Oedematous n=15

Non-oedematous n="7

Severely malnourished
Mid catch-up growth
Recovery

1.71 (1.36, 2.14)
1.77 (1.51,2.08)
1.35(1.17, 1.57)

1.33(1.02, 1.74)
1.47 (1.08, 2.01)
1.37 (1.02, 1.84)

Mid catch-up growth: on replacing 50 % of weight deficit. Recovery: attaining at least 90 % of
reference weight for length. Adapted from Badaloo et al. [19]

Conclusions

The use of 2Hs-leucine in stable isotopic tracer methodology to monitor apolipoproteins kinetics is
well established. In contrast to radioisotopes, a significant advantage of stable isotopes is that they
are safe for use in humans of all age and during pregnancy. Before the technique to measure in vivo rates
of synthesis and catabolism was developed, much was assumed based on concentrations of lipopro-
teins and on other indirect evidence. Thus direct measurements of apolipoproteins kinetics using
?H;-leucine have contributed not only new information about mechanisms underlying shifts in their
concentrations in different clinical states such as in the development of atherosclerosis and cardiovascular
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disease; but have assisted in confirming if assumptions based on indirect evidence were valid. In
particular, use of ?Hs-leucine in making direct measurement of VLDL-apoB-100 synthesis revealed
that hepatic steatosis in malnourished children is not due to a reduction in the synthesis of VLDL-
apoB-100 when they become malnourished, as was the belief for a long time. Overall the use of
stable isotope tracer methods with *Hs-leucine has the potential to explore mechanisms of alteration
in lipoprotein metabolism in various clinical states that can be important in developing treatment.
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Chapter 11
Branched Chain Amino Acid Oxidation Disorders

Ronald J.A. Wanders, Marinus Duran, and Ference Loupatty

Key Points

* Branched chain amino acids are degraded in mitochondria in virtually every human cell except the
erythrocyte.

* Genetic deficiencies in virtually every enzyme involved in the breakdown of leucine, isoleucine,
and valine are known.

* The clinical signs and symptoms of patients with a genetic defect in the oxidation of leucine,
isoleucine, and valine vary widely from virtually asymptomatic to lethal at young age.

* The laboratory diagnosis of patients affected by an inborn error of branched chain amino acid
degradation involves metabolite analysis in body fluids using different platforms followed by enzy-
matic and molecular studies.

» The pathophysiology of the different inborn errors of branched chain amino acid oxidation remains
largely unresolved.

» Screening for several of the branched chain amino acid degradation defects is included in newborn
screening programs around the world.
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Introduction

Leucine, isoleucine, and valine are neutral, aliphatic amino acids (AAs) which each contain a methyl
branch in their side chain. As the human body is unable to synthesize these three branched chain
amino acids (BCAAs) de novo, leucine, isoleucine, and valine are essential nutrients. Although they
are present in all protein containing food products, the most prominent sources are dairy products, red
meat, whey, and egg protein. Humans require 25-65 mg per kg body weight per day as provided by
most diets unless a very unbalanced protein restricted diet is taken. The BCAAs are indispensable
AAs as building blocks of newly synthesized proteins but also fulfil other functions as signalling
molecules for instance. BCAAs obtained in excess are immediately degraded in cells because AAs
cannot be stored like carbohydrates (as glycogen) and fatty acids (as triglycerides).

In humans, the BCAAs are degraded in the mitochondrion via the concerted action of a series of
enzymes with acetyl-CoA, propionyl-CoA, and acetoacetic acid as end products (see Fig. 11.1).
Catabolism starts with the transamination either in the cytosol or in the mitochondrion to produce the
different 2-oxo acids after which the 2-oxo acids undergo oxidative decarboxylation to yield the dif-
ferent CoA esters including isobutyryl-CoA, 2-methylbutyryl-CoA, and isobutyryl-CoA from valine,
isoleucine, and leucine, respectively. Oxidative decarboxylation of all three 2-oxo acids is catalyzed
by the enzyme branched chain 2-oxo acid dehydrogenase (BCKADH) which is deficient in maple
syrup urine disease (MSUD) as described in detail elsewhere in this book. The subsequent catabolism
is different for each of the CoA esters as shown in Fig. 11.1. Defects in 11 of the 13 enzymes involved
in the degradation of the different CoA esters have been described in literature. In this chapter we
describe these enzyme deficiencies in detail.

Inborn Errors of Valine Degradation

Isobutyryl-CoA as derived from valine after prior transamination and oxidative decarboxylation is
converted into the common intermediate propionyl-CoA via a sequence of five different enzyme reac-
tions. Deficiencies in four out of the five enzymes have been described.

o Isobutyryl-CoA dehydrogenase (IBD) deficiency (MIM 604773) was first reported in 1998 by Roe
and coworkers [1] as “an unrecognized defect in human valine metabolism” in a 2-year-old female
who was well until 12 months of age but was then found to be anaemic with cardiomyopathy in
addition. Acylcarnitine analysis revealed elevated C4 carnitine and a low free carnitine level
whereas urine organic acids were normal. Later studies revealed that the C4 carnitine was in fact
isobutyrylcarnitine. Since the description of the first case by Roe and coworkers in 1998 many
additional cases have been reported [2—5]. Screening for IBD deficiency has been introduced in the
USA already since many years by means of acylcarnitine analysis in dry blood spots. Ogelsbee
et al. have developed a newborn screening follow-up algorithm for the diagnosis of IBD deficiency
[5]. This algorithm allows discrimination between IBD deficiency and short-chain acyl-CoA
dehydrogenase (SCAD) deficiency which are both characterized by elevated C4 carnitine.
Resolution between IBD deficiency and SCAD deficiency is usually done by urine analysis since
IBD deficient patients excrete isobutyrylglycine whereas in SCAD deficient patients ethylmalonic
acid is excreted. Many patients have been picked up since then with isolated IBD deficiency.
Importantly, most patients have remained asymptomatic which explains why in most countries
IBD deficiency has not been included in neonatal screening programs.

» The principal metabolites which accumulate in IBD deficient patients are isobutyrylglycine, isobu-
tyrylcarnitine, and isobutyric acid although these metabolites are definitely not found in all patients
(Fig. 11.2). The activity of IBD is very low in cells usually used for diagnostic purposes, including



11 Branched Chain Amino Acid Oxidation Disorders

CH, O
H,C OH
K,
Valine
1
CH, O
nc A on
o

2-oxo-isovaleric acid

CH, O
H,C OH
Nl-fz
Isoleucine
1
CH, O
H,C OH
o]

2-oxo0-3-methylvaleric acid

131

0
H,C oH
CH, NH,

Leucine
o
H,C OH
CH, O
2-oxo-isocaproic acid

CH,
s.

H,C CoA

o
isobutyryl-CoA

'

CH,
oy Scon
o

methacrylyl-CoA
1

3
Ho\/Krrs\ CoA
o
3-hydroxyisobutyryl-CoA

i
CH,
no\/‘ﬁron
o

3-hydroxyisobutyric acid

}
CH,
OV\H/OH
o

methylmalonic semialdehyde

He N S con
)

propionyl-CoA

3
"3‘:\/\(3‘@»«

o
2-methylbutyryl-CoA

'
H,C N _S.
CoA
o
tiglyl-CoA

i
CH

3
H’cﬁ)\lf&
OH O

CoA

2-methyl-3-hydroxybutyryl-CoA

1l
H,C S.
o o
2-methylacetoacetyl-CoA

CoA

M~ S con
(o)

acetyl-CoA

Hsc\(\'rssm
CH, O
Isovaleryl-CoA

¥
HC >
CH, O
3-methylcrotonyl-CoA
'

HO 2 S,

O CH,0
3-methylglutaconyl-CoA
i
OH
HO S<coa
O CH, 0

s‘CoA

CoA

3-hydroxy-3-methylglutaryl-CoA

H’CWOH

0O O
acetoacetic acid

Fig. 11.1 Enzymology of the oxidative pathways involved in the breakdown of the branched chain amino acids valine,
leucine, and isoleucine. The structures and names of each of the intermediates are shown

lymphocytes and cultured skin fibroblasts. For this reason molecular analysis of the ACADS gene
which codes for isobutyryl-CoA dehydrogenase is the first line of investigation following meta-
bolic studies. In case new mutations are identified, expression studies in Chang cells as done by

Pedersen and coworkers should be done to prove pathogenicity [4].

*  3-Hydroxyisobutyryl-CoA hydrolase (HIBCH) deficiency (MIM 250620). So far, only few patients
with 3-hydroxyisobutyryl-CoA hydrolase deficiency have been described in literature. The first
patient, as described by Brown et al. had dysmorphic features at birth, poor feeding, failure to thrive,
lack of development of motor skills, hypotonia, and absence of neurologic development [6]. The
infant died at 3 months. Other abnormalities included vertebral abnormalities, tetralogy of Fallot, and
agenesis of the cingulate gyrus and corpus callosum. The deficiency of 3-hydroxyisobutyryl-CoA
hydrolase was suspected based on the finding of elevated urinary levels of S-2-carboxypropyl-cysteine
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and S-2-carboxypropyl-cysteamine. The activity of 3-hydroxyisobutyryl-CoA hydrolase was subse-
quently measured and found to be markedly deficient. We described a second patient with HIBCH
deficiency [7]. This patient also showed hypotonia, poor feeding, motor delay, and neurological
regression in infancy. Additional features in the newly identified patient included episodes of ketoaci-
dosis, and Leigh-like changes in the basal ganglia on MRI. Except from the two patients described by
Brown et al. [6] and Loupatty et al. [7] we have been involved in the identification of additional
patients. In these patients there was also severe neurological deterioration.

The characteristic metabolites which accumulate in case of HIBCH deficiency include methacry-
lylglycine, 3-hydroxyisobutyric acid, S-2-carboxypropyl-cysteine and S-2-carboxypropyl-
cysteamine. The latter two metabolites are formed from methacrylyl-CoA reacting with either
cysteine or cysteamine (Fig. 11.2). The enzyme HIBCH is well expressed in multiple cell types
including fibroblasts, which allows the enzyme activity to be determined in fibroblasts from candi-
date patients. We have set up a simple spectrophotometric assay as described in detail in Loupatty
et al. [7]. The enzyme assay we have developed measures the HIBCH-driven hydrolysis of
3-hydroxyisobutyryl-CoA by following the reduction of DTNB by coenzyme A (CoASH) in time
at 412 nm. Molecular analysis in the two patients identified have shown clear-cut mutations (see
[7] for more details). In the meantime we have been involved in the identification of new patients
with HIBCH deficiency who remain to be reported. It is remarkable that the clinical signs and
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symptoms of HIBCH deficiency are very severe with cranial facial dysmorphia, Leigh-like
symptoms, and severe neurological abnormalities, whereas both the defect upstream of HIBCH
(IBD-deficiency) as well as downstream (HIBADH deficiency) do not exhibit these features which
probably has to do with the extreme toxicity of methacrylic acid which may react with multiple
cellular targets.

3-Hydroxyisobutyric acid dehydrogenase (HIBADH) deficiency (MIM 236795). In literature many
patients with 3-hydroxyisobutyric aciduria have been described [8]. Patients may show widely
different phenotypes ranging from mild vomiting attacks with normal brain and cognitive devel-
opment to delayed motor development, profound mental retardation and early death. Some
patients exhibit dysmorphic features including a small triangular face, low-set ears, long philtrum
and microcephaly. Patients with 3-hydroxy-isobutyric aciduria usually excrete elevated amounts
of 3-hydroxyisobutyric acid in urine ranging from 60 to 390 mmol/mol creatinine (normal <40).
In half of the reported cases, elevated lactic acid levels have been observed. In many of these
patients we have performed enzymatic analysis of 3-hydroxyisobutyric dehydrogenase using a
specifically developed assay as described in Loupatty et al. [8]. In none of these patients a defi-
ciency of HIBADH was found. Recently, however, we have identified the first two cases of
3-hydroxyisobutyric acid dehydrogenase deficiency in an Italian family with no apparent consan-
guinity. The index patient was the second child of healthy unrelated Italian parents and was born
at 35 weeks of gestation by normal delivery with an APGAR score of 9/10, weight: 2,450 g;
length: 46 cm, and head circumference: 33 cm. There was poor sucking, vomiting, and failure to
thrive from the beginning. At weaning, he started to refuse meat and showed chronic watery diar-
rhea. At the end of the first year he showed growth delay and normal motor development, whereas
speech development was delayed. Since the first year he presented recurrent respiratory infec-
tions. At the age of 2 years he was hospitalized because of anorexia and alopecia. He presented
mild dysmorphic features, no clinodactyly of the fifth finger, and no syndactyly. At hospitaliza-
tion his weight was: 10.5 kg (3rd-5th percentile), height 84.5 cm (25th percentile), and head cir-
cumference 50 cm (50th—70th percentile). He presented hypoglycemia after prolonged fasting
without metabolic acidosis and ketonuria. He showed mild leucopenia with neutropenia and nor-
mal transaminases. There was neither lactic acidemia nor hyperammonemia. Plasma biotinidase,
plasma amino acids, and acylcarnitine profiling revealed no abnormalities. Urinary organic acid
analysis showed repeated elevation of 3-hydroxyisobutyric acid (2,583-3,550 mmol/mol creatinine)
and 2-ethyl-3-hydroxypropionic acid. Echocardiography and abdominal ultrasound were normal.
A defect in the metabolism of 3-hydroxyisobutyric acid was suspected and for this reason a therapy
with a low-protein diet (1.2 g/kg/day) and carnitine (100 mg/kg/day) was initiated at 3 years of age.
Under this regimen 3-hydroxyisobutyric acid and 2-ethyl-3-hydroxypropionic acid decreased but
never normalized (852-901 mmol/mol creatinine and 46—50 mmol/mol creatinine respectively).
Family compliance was very poor and they refused brain MRS. Speech and attention ameliorated:
WPPSI scale: verbal 1Q 94, Performance 1Q 85, Total IQ 88. At 5 years and 2 months of age weight
is 16.8 kg (25th percentile), length 108 cm (25th—50th percentile), and head circumference 53 cm
(70th percentile). The alopecia disappeared although areas of patchy hair loss have remained and
hair is wiry. There is also a second affected child in the family who was only identified after identi-
fication of the first patient which occurred at 14 years and 5 months of age.

Based on the findings in the two patients with bonafide HIBADH deficiency the characteristic
metabolites which accumulate in case of HIBADH deficiency are 3-hydroxyisobutyric acid and
2-ethyl-3-hydroxypropionic acid. The enzyme HIBADH is well expressed in fibroblasts and
molecular analysis of the HIBADH-gene has identified clear-cut mutations in the gene involved
(Wanders et al., submitted for publication).

Methylmalonic semialdehyde dehydrogenase (MMSDH) deficiency (MIM 603178). The first patient
with methylmalonic semialdehyde dehydrogenase (MMSDH) deficiency has been described by
Pollitt et al. [9] and Gray et al. [10]. The male patient was hospitalized at the age of 3 weeks with
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unexplained episodes of diarrhea and vomiting. Subsequent urinary organic acid analysis revealed
extremely elevated levels of 3-hydroxyisobutyric acid, which led to the discovery that 3-hydroxy-
propionic acid, 2-(hydroxymethyl)butyric acid (2-ethylhydracrylic acid), beta-alanine, and both iso-
mers of 3-aminoisobutyric acids were also being excreted in excess. These findings prompted Pollitt
et al. [9] to conclude that “this new metabolic disorder is probably due to deficient activities of
malonic, methylmalonic, and ethylmalonic semialdehyde dehydrogenases which could either be
catalyzed by one enzyme, or by different enzymes with a common subunit”. No enzyme studies
were done in the index patient. In 1989 Harris and coworkers reported the purification of MMSDH
from rat liver and provided convincing evidence suggesting that MMSDH was the single enzyme
reacting with malonic, methylmalonic, and ethylmalonic semialdehyde [11]. This report was soon
followed by another paper from the same group [12] describing the cDNA cloning of MMSDH.
It took another few years before Chambliss et al. [13] reported cloning of the human MMSDH
c¢DNA and corresponding gene. This allowed molecular analysis of MMSDH in the original patient
described by Pollitt et al. and Gray et al. [9, 10] which revealed homozygosity for a missense muta-
tion (c.1336G>A; G446R) and deletion of exon 10. Sass et al. [14] reported another two patients
with methylmalonic semialdehyde dehydrogenase deficiency. The first patient, a boy, first came to
medical attention at 12 months of age because of developmental delay. Upon admission he was
noticed to have a relative microcephaly and mildly dysmorphic facial features (bulbous nose with
hypoplastic nasae alae and a long philtrum) along with bilateral obstructed nasolacrimal ducts.
Plasma amino acid profiling revealed no abnormalities whereas urinary organic acid profiling
showed huge excretion of 3-hydroxyisobutyric acid amounting to 7,000 mmol/mol creatinine (nor-
mal <100 mmol/mol creatinine) and mildly increased concentrations of 3-hydroxypropionic and
2-ethyl-3-hydroxypropionic acids. He received a low-protein valine-restricted diet, supplemented
with carnitine and did make developmental progress. At 26 months of age, however, he developed a
febrile illness and the patient ultimately died. At autopsy there was cerebral edema with vacuoliza-
tion of the white matter, bilateral cerebellar tonsillar swelling, edema, and herniation along with an
acute parietal subarachnoid hemorrhage. Patient two was a girl with consanguineous parents
reported by Shields et al. in 2001 [15]. In brief the girl was noticed at birth to have bilateral microph-
thalmia with cataracts and hypotonia. There was facial dysmorphia. Subsequent urinary organic
acid analysis revealed excess 3-hydroxyisobutyric acid (1,615 mmol/mol creatinine) as the key
metabolite. The child was placed on a diet moderately reduced in protein, but the progress was poor
and she showed severe developmental delay. In the patients so far described with methylmalonic
semialdehyde dehydrogenase (MMSDH) deficiency there is accumulation of 3-hydroxyisobutyric
acid often, but not always, combined with increased urinary excretion of beta-alanine, 3-hydroxy-
propionic acid, and both isomers of 3-aminoisobutyric acids.

We have recently developed a solid enzymatic assay for MMSDH in fibroblasts which has
allowed identification of additional patients with MMSDH deficiency (manuscript in preparation).
The enzyme MMSDH is expressed in multiple cell types including fibroblasts and can readily be
measured provided the substrate which is unstable can be generated in sufficient amounts.
Furthermore, molecular analysis in patients in whom a true enzyme deficiency was determined has
shown clear-cut mutations in the ALDH6AI gene as first described by Chambliss et al. ([13]; see
also Sass et al. [14]).

Inborn Errors of Leucine Degradation

Leucine is first transaminated to 2-oxo-isocaproic acid followed by oxidative decarboxylation by
BCKADH to produce isovaleryl-CoA. In contrast to 2-methylbutyryl-CoA, isovaleryl-CoA cannot
undergo beta-oxidation due to the methyl group at the 3-position which makes beta-oxidation impos-
sible. Accordingly, isovaleryl-CoA follows a different pathway of oxidation which starts with a
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dehydrogenation step to generate 3-methylcrotonyl-CoA but is then followed by a carboxylation step
as catalyzed by the enzyme 3-methylcrotonyl-CoA carboxylase (3MCC) with 3-methylglutaconyl-
CoA as product. Subsequently, there is hydration of the double-bond as catalyzed by the enzyme
3-methylglutaconyl-CoA hydratase. The product of this reaction is 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) which is split into acetyl-CoA and acetoacetic acid by the enzyme HMG-CoA lyase.
Four inborn errors of the distal pathway of leucine degradation have been identified including: (1)
isovaleric acidemia; (2) 3-methylcrotonyl-CoA carboxylase deficiency; (3) 3-methylglutaconyl-CoA
hydratase deficiency; and (4) 3-hydroxy-3-methylglutaryl-CoA lyase deficiency as described in more
detail below.

* Isovaleric aciduria (MIM 243500). Isovaleric aciduria is caused by a deficiency of the enzyme
isovaleryl-CoA dehydrogenase (IVD). This flavoenzyme catalyses the conversion of isovaleryl-
CoA to 3-methylcrotonyl-CoA. Reoxidation of enzyme-bound FADH?2 to FAD is mediated by the
electron-transfer-protein system consisting of ETF and ETF dehydrogenase. Since its first report
by Tanaka and coworkers [16] approximately 100 cases have been reported [17-19], but many
more are known to date. Initially, two distinct forms of isovaleric aciduria were discerned including
an acute, early-onset form and a much milder presentation. The acute neonatal form is associated
with massive metabolic acidosis, encephalopathy, and early death, whereas the chronic form is
characterized by episodes of severe ketoacidotic attacks with asymptomatic intervals. More
recently, a third phenotype has been identified in which patients manifest mild biochemical abnor-
malities and are asymptomatic [20]. The phenotypic abnormalities of isovaleric aciduria are sup-
posed to be due to the accumulation of isovaleric acid which is toxic to the central nervous system.
Interestingly, during episodes of acute metabolic decompensation the concentration of isovaleric
acid can reach levels as high as several hundred times normal values, but due to its rapid conjuga-
tion to other compounds isovaleric acid itself is not the hallmark of this disorder. In fact, isovaler-
ylcarnitine in conjunction with extremely low carnitine, and isovalerylglycine are the distinctive
metabolites elevated in this disorder in plasma and urine, respectively [21-23] (Fig. 11.3). The
majority of patients with isovaleric acidemia today are diagnosed through newborn screening by
use of acylcarnitine profiling in dried blood spots which reveals increased amounts of Cs-
acylcarnitine, i.e., isovaleryl carnitine. The enzyme isovaleryl-CoA dehydrogenase is a tetramer of
four identical 43 kDa subunits and belongs to the family of acyl-CoA dehydrogenases which all
donate their electrons to electron-transfer flavoprotein (ETF) which is subsequently reoxidized by
ETF dehydrogenase with the electrons ending up in the respiratory chain at the level of ubiquinone.
Several methods have been described in literature to measure the activity of glutaryl-CoA dehydro-
genase including the ETF-based assay and an assay in which radiolabeled glutaryl-CoA is used
and activity is measured by determination of the radioactive CO, produced. We have developed an
easy nonradioactive HPLC-based method which involves incubation of lymphocyte or fibroblast
homogenates in the presence of glutaryl-CoA with ferrocenium hexafluorophosphate as electron
acceptor followed by a resolution of the different acyl-CoA esters by HPLC. This method allows
the activity of isovaleryl-CoA dehydrogenase to be determined accurately (Wanders et al., in prep-
aration). The gene encoding isovaleryl-CoA dehydrogenase is mapped to chromosome 15q14-q15
and consists of 12 exons that span 15 kb of genomic DNA. A range of different disease-causing
mutations have been documented in the numerous patients with isovaleric aciduria. No genotype—
phenotype correlation has been found. Reduction of leucine intake and supplementation with either
glycine or carnitine are useful strategies in the management of this disorder [24, 25].

e 3-Methylcrotonyl-CoA carboxylase (MCC) deficiency (MIM 210200 and MIM 210210). Isolated
3-methylcrotonyl-CoA carboxylase (MCC) deficiency is an autosomal recessive disorder of leu-
cine catabolism caused by the deficient activity of the mitochondrial enzyme MCC. The enzyme
belongs to the group of biotin-dependent carboxylases which also includes pyruvate carboxylase
(PC), propionyl-CoA carboxylase (PCC), and acetyl-CoA carboxylase (ACC). MCC consists of an
alpha and a beta subunit assembled into an alpha6, beta6 configuration. The clinical picture of
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MCC deficiency is extremely heterogeneous, even within the same family as exemplified by the
reports of Eminoglu et al. [26] and Visser et al. [27]. The phenotype ranges between the severe
early-onset form to an adult form with no signs and symptoms. Indeed, some patients rapidly
develop an acute metabolic crisis usually triggered by intercurrent infections or a protein-rich diet.
Symptoms include vomiting, opisthotonus, involuntary movements, seizures, coma, and apnea,
typically associated with metabolic acidosis, hypoglycemia, and in some cases hyperammonemia.
Other patients present with neurological abnormalities such as seizures, muscular hypotonia, and/
or developmental delay (see [28] for recent review). At the other end of the disease spectrum are
MCC deficient individuals showing no signs and symptoms even at older age. This includes MCC
deficient parents and siblings identified by family screening once MCC deficiency has been estab-
lished in an index case. Furthermore, the majority of children diagnosed by newborn screening
(NBS) have remained asymptomatic so far [29-32]. Interestingly, a thorough analysis by Stadler
et al. [29] revealed that only 10 % of MCC deficient individuals do develop symptoms. Recently,
a comprehensive study has been published by Baumgartner and coworkers [28] in a cohort of 88
MCC deficient individuals of which 53 were identified by newborn screening, 26 were diagnosed
on the basis of clinical signs and symptoms of a positive family history, and 9 mothers were
identified following the positive newborn screening result of their baby. Only 5 of the 53 patients
identified by newborn screening presented with acute metabolic decompensations which under-
scores the conclusions by Stadler and coworkers [29].
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The characteristic metabolites in MCC deficiency are: elevated 3-hydroxy-isovaleric acid,
3-hydroxy-isovaleryl carnitine, 3-methylcrotonyl carnitine, and 3-methylcrotonyl glycine
(Fig. 11.3). The enzyme 3MCC is widely expressed which implies that MCC deficiency can read-
ily be confirmed enzymatically by analyses in blood cells and/or fibroblasts.

As discussed above MCC is a hetero-multimeric enzyme which the alpha and beta subunit encoded
by different genes named MCCCI (formerly called MCCA) and MCCC?2 (formerly called MCBB).
MCC deficiency may be caused by mutations in either MCCC1 or MCCC?2 with the majority being
missense mutations along with small insertions/deletions, nonsense, frameshift, and splice site
mutations (see [28] for recent review).

3-Methylglutaconic aciduria type 1 (MIM 250950). The 3-methylglutaconic acidurias represent a
heterogeneous group of disorders with elevated 3-methylglutaconic acid as unifying factor.
Wortmann et al. [33] has proposed to classify this group into two distinct subgroups. Subgroup 1
contains the primary 3-methylglutaconic acidurias with only one member identified so far which is
3-methylglutaconyl-CoA hydratase deficiency formerly known as 3-methylglutaconic aciduria
type 1. Subgroup 2 includes the secondary 3-methylglutaconic acidurias and consists of a number
of different defects including Barth syndrome (TAZ deficiency) [34, 35], MEGDEL syndrome
(SERACI deficiency) [36], Costeff syndrome (OPA3 deficiency) [37], DCMA syndrome
(DNAIJC19 deficiency) [38], and TMEM?70 deficiency [39]. True 3-methylglutaconyl-CoA hydra-
tase deficiency was first described by Duran et al. [40] in two brothers with speech retardation as
only abnormality. As true for most of the other disorders of branched chain amino acid degrada-
tion, the clinical phenotype associated with 3-methylglutaconyl-CoA hydratase deficiency is very
heterogeneous as exemplified recently by Wortmann et al. [41]. Indeed, whereas in some patients
the signs and symptoms may be confined to just a mild delay in speech development as in the
patients described by Duran et al. [40], several other patients have been reported with severe
(leuko)encephalopathy in the neonatal period but also later in adulthood [41].

The characteristic metabolic abnormalities associated with 3-methylglutaconyl-CoA hydratase
deficiency include elevated 3-methylglutaconic acid, 3-methylglutaric acid, and 3-methylglutaryl-
carnitine (Fig. 11.3), although these abnormalities are not observed in all patients. The hydratase
enzyme can readily be measured in blood cells and/or fibroblasts. The original assay described for
this enzyme was laborious and complicated one problem being the lack of a commercial source of
the substrate 3-methylglutaconyl-CoA. We have recently found that the enzyme can be readily
measured in the reverse direction using commercially available 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) [42]. The molecular basis of 3-methylglutaconyl-CoA hydratase deficiency has been
identified simultaneously by 1JIst et al. [43] and by Ly et al. [44].
3-Hydroxy-3-methylglutaryl-CoA lyase(HMG-CoA lyase) deficiency (MIM 246450). The first
description of HMG-CoA lyase deficiency was by Faull and coworkers in 1976 [45]. The index
patient presented at 7 months of age with vomiting and diarrhea which was rapidly, i.e., within
24 h, followed by additional signs and symptoms including lethargy, dehydration, cyanosis, and
apnea. This acute crisis required resuscitation. Upon proper treatment, the patient recovered and
has developed very well since then. Following this first patient, many additional patients with
HMG-CoA lyase deficiency have been described since then. The clinical presentation of HMG-
CoA lyase deficiency is very variable even within families. The disorder may be lethal if not prop-
erly treated. The key features associated with HMG-CoA lyase deficiency include severe infantile
hypoglycemia, metabolic acidosis, which may be life-threating, with hepatomegaly, lethargy, or
coma, and the characteristic absence of ketosis as additional features. Neurological complications
may be severe due to the hypoketotic hypoglycemia and acidosis which may result in severe and
permanent handicaps. Patients may also manifest Reye-like episodes, characterized by increased
levels of ammonia and abnormal liver function tests, fever, hepatomegaly, altered levels of con-
sciousness, and seizures.
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The characteristic metabolites of HMG-CoA lyase deficiency include 3-hydroxy-3-methylglu-
taric acid, 3-methylglutaconic acid, 3-methylglutaric acid, 3-hydroxyisovaleric acid, and
3-hydroxy-3-methylglutarylcarnitine and 3-methylglutarylcarnitine (see Fig. 11.3). The enzyme
HMG-CoA lyase is present in multiple cell types including lymphocytes, platelets, and cultured
skin fibroblasts. Earlier we have developed a very simple, straightforward spectrophotometric
assay which allows HMG-CoA lyase to be determined in different blood cell types (see [46] for
review).

Inborn Errors of Isoleucine Degradation

Isoleucine is first transaminated to 2-oxo-3-methylvaleric acid, followed by oxidative decarboxyl-
ation by BCKADH to produce 2-methylbutyryl-CoA. Since 2-methylbutyryl-CoA has the methyl
group at the 2-position this CoA ester can be beta-oxidized directly. Accordingly, 2-methylbutyryl-
CoA is dehydrogenated by the acyl-CoA dehydrogenase called short branched chain acyl-CoA dehy-
drogenase (SBCAD) to produce tiglyl-CoA. Hydration of tiglyl-CoA by the enzyme crotonase yields
2-methyl-3-hydroxybutyryl-CoA. Subsequently, the enzyme 2-methyl-3-hydroxybutyryl-CoA dehy-
drogenase generates 2-methylacetoacetyl-CoA lyase which can then undergo thiolytic cleavage by the
enzyme beta-ketothiolase to produce propionyl-CoA and acetyl-CoA. Defects in each of the four
enzymes involved in the degradation of 2-methylbutyryl-CoA have been described.

o 2-Methylbutyryl-CoA dehydrogenase (SBCAD) deficiency (MIM 610006). SBCAD deficiency was
first described by Gibson et al. [47] and Andresen et al. [48]. The clinical spectrum of SBCAD
deficiency is very wide with some patients showing neurological symptoms comprising retarded
motor development, generalized muscular atrophy, and strabismus, whereas in other patients, espe-
cially those identified by expanded newborn screening programs, no clinical manifestations have
become apparent. Metabolic abnormalities associated with SBCAD deficiency include
2-methylbutyrylglycine, 2-methylglutarylcarnitine, and 2-methylbutyric acid (Fig. 11.4). Most
patients, especially those identified by newborn screening, are identified by means of acylcarnitine
analysis. Since 2-methylbutyrylcarnitine is a C5 carnitine, discrimination has to be made between
SBCAD deficiency and isovaleryl-CoA dehydrogenase deficiency which can be done by means of
organic acid analysis.

* The enzyme SBCAD belongs to the family of acyl-CoA dehydrogenases and is expressed in mul-
tiple cell types. We have developed a method allowing measurement of SBCAD in fibroblast
homogenates which includes incubation of (S5)-2-methylbutyryl-CoA with ferrocenium hexafluo-
rophosphate as electron acceptor followed by resolution of the different acyl-CoA esters by means
of HPLC as described in Andresen et al. [48] and Madsen et al. [49]. The gene encoding
2-methylbutyryl-CoA dehydrogenase, named ACADSB is located on chromosome 10q26.13 and
contains 11 exons. At present many different mutations have been reported in SBCAD deficient
patients (see [48-51] for review).

o 2-Methyl-3-hydroxybutyryl-CoA dehydrogenase deficiency (MHBD) (MIM 300438). One of the
most puzzling and mysterious disorders of branched chain amino acid oxidation is 2-methyl-3-
hydroxybutyryl-CoA dehydrogenase deficiency which was first described by Zschocke et al. in a
boy who experienced a transient metabolic derangement in the neonatal period and subsequently
manifested mild developmental delay. The finding of increased urinary excretion of 2-methyl-3-
hydroxybutyrate and tiglylglycine prompted the diagnosis beta-ketothiolase deficiency. However,
the subsequent course of the disease in this boy was highly unusual and did not mimic that described
for patients with beta-ketothiolase deficiency. Indeed, although psychomotor development was
only moderately delayed at 1 year of age, the boy showed progressive psychomotor regression with
loss of motor skills, marked restlessness, choreoathetoid movements, loss of vision, and epilepsy.
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Triggered by this unusual disease course, the diagnosis of beta-ketothiolase deficiency was recon-
sidered and proper enzyme studies were done which revealed normal beta-ketothiolase activity but
deficient 2-methyl-3-hydroxybutyryl-CoA dehydrogenase activity [52]. The molecular basis of
this defect was resolved in our own laboratory in 2003 [53]. The gene involved was initially named
HADH2, is located on the short arm of the X chromosome (Xp11.2), and is now officially termed
HSD17B10.

Since the first description by Zschocke et al. in 2000, many additional patients have been
described. Indeed, in the last comprehensive review on the topic by Zschocke in 2012 [54] 19 fami-
lies with pathogenic mutations in the HSD17B 10 gene have been reported. According to Zschocke,
2012 different forms of HSD17B10 deficiency can be discriminated. These include: (1) a severe
form starting in the neonatal period with little neurological development, severe progressive car-
diomyopathy, and early death; (2) the more frequent, classical form characterized by a more or less
normal development in the first 6—18 months of life followed by a progressive neurodegenerative
course with retinopathy and cardiomyopathy leading to death at 2—4 years of age; and (3) a juve-
nile form described in only few patients. Interestingly, heterozygous females may also show symp-
toms ranging from severe with psychomotor delay, intellectual disability, and a sensorineural
hearing impairment to asymptomatic (see [54] for more detailed discussion and references).

Through the years it has become clear that there is no correlation between residual enzyme
activity and phenotype. In fact, patients have been described with the severe form of HSD17B10
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deficiency with early death with only partially reduced enzyme activity amounting to 30 % of
mean control [55-57]. Although not definitively resolved yet, the fact that the HSD17B10 enzyme
protein also harbors a second functionality may well be of major significance in this respect.
Indeed, work by Rauschenberger et al. [57] has shown that HSD17B10 is crucial for mitochon-
drial integrity and cell survival. Interestingly, earlier work by Holzmann et al. [58] had already
shown that MRPP2 which later turned out to be the same protein as HSD17B10, plays an indis-
pensable role in mitochondrial tRNA processing. It remains to be demonstrated whether the true
pathophysiological mechanism in this disease is indeed the disturbance in tRNA processing as
caused by the deficiency of MRPP2/HSD17B10 subsequently leading to mitochondrial dysfunc-
tion and cell death. HSD17B10 deficient patients show increased urinary excretion of tiglylgly-
cine and 2-methyl-3-hydroxybutyric acid. Other metabolic abnormalities include: elevated CSF
and/or blood lactate, and increased urinary excretion of 3-hydroxyisobutyric acid, 2-ethylhy-
dracrylic acid, and 3-methylglutaconic acid.

We have developed a sensitive and robust enzyme assay allowing the activity of the enzyme to
be determined accurately in many different cell types including lymphocytes and fibroblasts [53].
With respect to the molecular basis of HSD17B 10 deficiency many different mutations have been
described with one frequent mutation as discussed in Zschocke [54].

* Beta-ketothiolase deficiency (MIM 203750). Beta-ketothiolase deficiency was first described by
Daum et al. in 1971 [59] as a new disorder of isoleucine metabolism characterized by the excretion
of 2-methyl-3-hydroxybutyric acid, 2-methylacetoacetic acid, tiglylglycine, and butanone in all
four patients identified except one in whom tiglylglycine was normal. Subsequent studies in fibro-
blasts from one of the patients established that oxidation of 1-[U-14C]Jisoleucine was indeed defi-
cient. Subsequently, a number of additional patients with this condition were reported. In 1979
Robinson et al. [60] published their detailed studies aimed to resolve the true enzyme defect in this
condition and concluded that it was the mitochondrial potassium-dependent, acetoacetyl-CoA spe-
cific thiolase which was deficient. Delineation of the precise enzyme defect was hampered by the
lack of the presumed true substrate of the enzyme, i.e., 2-methylacetoacetyl-CoA which was only
resolved in 1983 when Middleton and Bartlett [61] reported the successful synthesis of
2-methylacetoacetyl-CoA. Since then many patients with true 2-methylacetoacetyl-CoA specific
thiolase deficiency often referred to as beta-ketothiolase deficiency, have been described. Taken
together, the main clinical manifestations of beta-ketothiolase deficiency include intermittent epi-
sodes of acute ketoacidosis which typically occur in a previously healthy child. Age of onset is
usually between 6 and 24 months as triggered by a febrile illness although clinical heterogeneity is
considerable. Vomiting and dehydration may occur which may progress to lethargy and coma if not
properly treated. Some patients have died in fact or have suffered severe neurological sequelae as
a result of prolonged episodes of ketoacidosis. Beta-ketothiolase deficiency may also go unnoticed
as deduced from family studies once a patient has been identified in a family.

» Patients suffering from beta-ketothiolase deficiency may show a range of metabolic abnormalities
especially during crises. These include: massive amounts of ketone bodies, 2-methylacetoacetic
acid, 2-methyl-3-hydroxybutyric acid, and tiglylglycine.

* In candidate patients enzyme studies should be done. Since the enzyme is expressed in multiple
cell types including white blood cells like lymphocytes, the true enzyme defect can be ascertained
quickly. Enzyme studies should be done with the true substrate, i.e., 2-methylacetoacetyl-CoA
rather than with acetoacetyl-CoA simply because acetoacetyl-CoA is also reactive with other thio-
lases in contrast to 2-methylacetoacetyl-CoA which is fully specific. Indeed, in cells from patients
with mutations in the ACAT1 gene allowing no protein to be synthesized, there is no enzyme activ-
ity to be detected with 2-methylacetoacetyl-CoA as substrate which is not true if acetoacetyl-CoA
is used as substrate. Molecular analysis of the ACAT1 gene notably by Fukao and coworkers has
identified a great number of different mutations (see for instance [62]).
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Chapter 12
Branched Chain Amino Acids and Maple

Syrup Urine Disease

Kevin Carpenter

Key Points

Maple syrup urine disease is an autosomal recessive condition affecting metabolism of valine,
leucine, and isoleucine, caused by mutations in four genes encoding the proteins which make up
the branched chain a-keto acid decarboxylase enzyme complex.

The disorder may be classified according to clinical and biochemical presentation.

Classical MSUD is the most common form and untreated neonates will begin to develop symptoms
by 48 h including “maple syrup” odor, particularly in the cerumen, lethargy, poor feeding, cerebral
edema, encephalopathy, and coma.

Milder forms of the disorder may present later with intermittent, intermediate, and thiamine
responsive classifications described.

Newborn screening programs which use tandem mass spectrometry to measure leucine isomers
will detect classical MSUD but milder forms may be missed.

Presence of alloisoleucine in plasma is considered pathognomonic for the condition.

Patients are treated by restriction of dietary leucine, supplementation with BCAA free medical
foods, valine, and isoleucine as indicated by biochemical monitoring.

Acute metabolic decompensation may require extracorporeal removal of leucine to prevent life
threatening cerebral edema.

Neurological outcome appears to be related to the degree and duration of hyperleucinemia.

Keywords Inborn error » Maple syrup urine disease ® Alloisoleucine * Newborn screening ® Branched
chain amino acids
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BCKDC Branched chain a-keto acid decarboxylase complex

BIA Bacterial inhibition assay
CT Computerized tomography
GABA Gamma-aminobutyric acid
KIC 2-ketoisocaproic acid

KIV 2-ketoisovaleric acid

KMV 2-keto-3-methylvaleric acid
LNAA Large neutral amino acids
MR Magnetic resonance
MSUD  Maple syrup urine disease
NMDA  N-methyl-p-aspartate

Introduction

In 1954 Menkes et al. [1] described a new syndrome affecting four siblings with a progressive infantile
cerebral dysfunction, commencing in the first week of life and resulting in death within 3 months of
age. The patient’s urine had a distinctive smell resembling burnt sugar or maple syrup. Three years
later, Westall et al. coined the term Maple Syrup Urine Disease (MSUD) and found the branched
chain amino acids (BCAA), valine, leucine, and isoleucine were markedly elevated in these patients
[2]. Menkes subsequently identified the corresponding branched chain keto acids in the urine, suggest-
ing the defect lay in the decarboxylase step of the catabolic pathway [3]. MSUD is thus an organic
acid disorder although some of the clinical features result from accumulation of the amino acid pre-
cursors. Overall incidence is around 1:185,000 but is much higher in certain populations (see Sect.
“Genetics” below).

Enzymology

The first two steps in the catabolic pathway are shared by all three branched chain amino acids (Fig. 12.1).
The first step is a reversible transamination catalyzed by branched chain amino acid aminotransferase
(BCAT) to produce the keto acids. The second step is an oxidative decarboxylation catalyzed by the
branched chain a-keto acid decarboxylase complex (BCKDC). These two enzymes are now known to
associate as a supramolecular complex effecting efficient channelling of substrates and control over the
initial step of BCAA oxidation [4].

The branched chain a-keto acid decarboxylase enzyme complex comprises the catalytic components;
branched chain a-keto acid decarboxylase/dehydrogenase, E1 (EC 1.2.4.4), an a2f2 heterotetramer,
dihydrolipoyltransacylase, E2, (EC 2.3.1.168), and dihydrolipoamide dehydrogenase E3, (EC
1.8.1.4). There are also a BCKD kinase and BCKD phosphatase which have a regulatory role effected
through phosphorylation of the E1 component which results in complete inactivation. Inactivating
mutations of BCKD kinase have recently been associated with low levels of BCAA, autism, epi-
lepsy, and intellectual disability that may respond to dietary treatment [5].

The BCKD complex is organized around a core of 24 E2 subunits forming a cuboid structure,
which is surrounded by multiple copies of the E1 and E3 proteins, the BCKD kinase, and the BCKD
phosphatase through a subunit-binding domain [6].
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Fig. 12.1 Early steps in the catabolic pathways for branched chain amino acids. The first step is a reversible transamina-
tion catalyzed by branched chain amino acid aminotransferase (BCAT) to produce the keto acids. The second step is an
oxidative decarboxylation catalyzed by the branched chain a-keto acid decarboxylase complex (BCKDC). These two
enzymes associate as a supramolecular complex effecting efficient channelling of substrates and control over the initial
step of BCAA oxidation

Table 12.1 Summary of MSUD mutations reported in the literature to March 2013 [8, 9]

Summary of reported MSUD mutations

Missense/ Small deletions/ Large Other (splicing,
Gene nonsense insertions deletions regulatory) Total
BCKHDA 47 10 2 6 65
BCKHDB 48 16 0 2 66
DBT 27 11 8 8 54
DLD 12 3 0 2 17

Genetics

Two genes, BKCDHA, chromosomal locus 19q13.2 and BKCDHB, 6q14.1, encode the Ela and E1p
subunits with the E2 subunit encoded by the gene DBT, 1p21.2. Homozygous or compound heterozy-
gous mutations on the same allele in any of these genes can lead to reduced activity of the BCKD
complex and the biochemical and clinical features of MSUD.

The E3 subunit, encoded by DLD, is also a component of pyruvate dehydrogenase complex,
a-ketoglutarate dehydrogenase complex and the glycine cleavage system and mutations in this gene
have a different and usually more severe phenotype.

Maple syrup urine disease can be classified based on mutation groups. Mutations in the BKCDHDA
and BKCDHB genes result in type IA and IB respectively. Type I MSUD results from mutations in the
E2 subunit and missense mutations in this gene mostly result in thiamine responsive or intermittent
clinical phenotypes [7]. Type IIl MSUD is more often referred to as dihydrolipoamide dehydrogenase
deficiency, reflecting the multiple pathways involved.

There is great heterogeneity in the mutations underlying MSUD. In early 2013 there were 202 muta-
tions described; 65 in type IA, 66 in type IB, 54 in type II, and 17 in type III [8, 9] (Tables 12.1).

Type IA mutations are mostly missense with small numbers of splicing, frameshift and nonsense
mutations. They are predominantly associated with a classical MSUD phenotype and appear panethnic
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in origin. The commonest mutation, c.1312T>A, is responsible for the very high disease frequency
amongst Old Order Mennonites (1:176) due to a founder effect [10]. However this mutation has also
been found in non-Mennonite patients not all of whom share common Mennonite haplotypes, suggesting
the occurrence of the defect in these families is due to either pre-Mennonite or de novo events [11].

A second founder effect type IA mutation occurs in Portuguese Gypsies, c.117delC, but this muta-
tion has also been identified in another distinct population group, suggesting this may be a mutation
hotspot [12].

Type IB mutations also largely result in a classical phenotype but with some milder variants [6].
There is one founder mutation, c.832G>A, found in Ashkenazi Jews with a carrier frequency of
approximately 1:113 found in the New York Ashkenazi Jewish population [13]. The remaining type
IB mutations are distributed across several ethnic groups and include nonsense and missense muta-
tions but with a significant number of small deletions.

Type I mutations are also widely distributed amongst ethnic groups. Two significant deletions, one
of 4.7 kb in the Paiwan aboriginal tribe in Taiwan [14], and the other 4.1 kb with a carrier frequency
of 1:100 in the Filipino population [15] represent founder effects. A 2-bp deletion, ¢.75_76delAT, has
been reported in a number of different populations [16]. Almost 40 % of type II mutations are associ-
ated with an intermittent or thiamine responsive phenotype [6].

Type III mutations reported in the DLD gene are predominantly missense with c.685G>T being the
most frequent and found in the Ashkenazi Jewish population worldwide [17]. Several other mutations
have been reported in this group with most other type III mutations representing private mutations.

Clinical Presentations

Classical MSUD

The condition described by Menkes in 1954 is now known to represent the severe end of the clinical
spectrum, typically with less than 2 % residual enzyme activity in fibroblasts. Around 80 % of MSUD
patients fall into this category [18] and are characterized by irritability and poor feeding with onset
typically within the first 48 h of life (Tables 12.2). Untreated, they develop cerebral edema which
results in encephalopathy, alternating hypertonia and hypotonia, opisthotonus, lethargy, and coma,
within the first 2 weeks [19]. Irreversible brain damage will occur without detoxification and initiation
of dietary leucine restriction.

Intermediate MSUD

Schulman et al. reported a new variant of MSUD with a milder phenotype [20]. This child had an
unremarkable neonatal course and had several mild illnesses without acute symptoms. However, she
exhibited marked developmental delay and was unable to sit alone at 16 months of age. Her physi-
cians noted she had a smell of maple syrup and her blood showed increased branched chain amino
acids. Residual enzyme activity (in leucocytes) ranged from 15 to 25 % of normal for each of the three
branched chain amino acid substrates.

Untreated, intermediate MSUD patients show consistently abnormal plasma branch chain amino
acids but may escape acute metabolic crises except during severe catabolism. However, the chronic
increases in leucine and keto acids result in developmental delays and because these patients are
unlikely to present clinically and start treatment early, developmental outcomes are often worse than
neonatal presenting cases [21].
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Table 12.2 Summary of clinical and biochemical phenotypes in MSUD

Clinical presentations of maple syrup urine disease

Age of
Type Biochemical features Clinical features presentation
Classical Increased plasma BCAA with loss of Poor feeding, lethargy Neonatal
normal ratios Cerebral edema
Presence of alloisoleucine Hypertonia/hypotonia
in plasma Opisthotonus
Increased urine BCKA on organic acids Coma
Ketosis Maple syrup odor
Intermittent Increased BCAA and alloisoleucine in ~ Failure to thrive Variable
(including plasma but may not be detected on  Developmental delay
thiamine newborn screening
responsive) Increased urine BCKA on organic acids Encephalopathy during intercurrent illness
Intermediate ~~ Plasma BCAA may be normal when Episodic ataxia, lethargy, and confusion, Variable
well or on protein restriction associated with intercurrent illness
During catabolic illness, pattern similar Normal development unless metabolic
to classical decompensation causes acute brain injury
Intermittent MSUD

This variant form of MSUD was first described by Morris et al. [22]. The patient developed episodes
of ataxia, lethargy, and semi-coma following otitis media at the age of 16 months. Symptoms recurred
several times over a 12-month period and each time a smell of maple syrup and increased excretion of
keto acids was noted. Previously her growth and development were normal and between episodes her
biochemistry was normal. Several other patients have been described with normal development but
episodic presentation of MSUD typically associated with intercurrent illness [19]. Residual enzyme
activity is in the 5-20 % range but unlike the intermediate form, BCAA levels are normal when well.

Thiamine Responsive MSUD

This variant was first described by Scriver et al. [23] who reported a patient with the intermediate form
of the disease who’s metabolic phenotype improved when given pharmacological doses of thiamine.
This patient was reviewed at 15 years of age and there was no definitive long-term response to thia-
mine in vivo [24]. Several other patients with varying degrees of biochemical response to thiamine
have been described but none have been treated with thiamine alone and the phenotype is similar to
intermediate MSUD [19].

Diagnosis
Newborn Screening

Maple syrup urine disease was one of the first disorders for which a newborn blood spot screening test
was developed. A bacterial inhibition assay (BIA) for increased leucine, similar in principle to the
PKU test, was developed by Children’s Hospital Buffalo in 1964 and its use was reviewed in 1974
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by which time over 9.5 million newborns had been screened and 43 confirmed cases detected [25].
The introduction of tandem mass spectrometry based newborn screening in the late 1990s allowed
quantitation of total leucine species (leucine, isoleucine and alloisoleucine) as well as valine and
phenylalanine and afforded improved discrimination over BIA method when amino acid values were
used in combination [total leucines:phenylalanine ratio] [26]. False positive rates can be improved
further by second tier testing on the initial dried blood spot to separate leucine isomers [27].

Newborn screening has allowed early treatment and less severe biochemical disturbances com-
pared to unscreened clinically presenting cases [28]. Median day of life for confirmation of diagnosis
was 7 days in the screened population compared to 12 days in the clinically presenting cohort. Plasma
leucine concentration at commencement of treatment was also lower; mean 2,100 pmol/L in cases
identified on screening, 2,873 pmol/L in clinically presenting cases. However, newborn screening
may fail to identify intermediate and intermittent forms of the condition [21] so MSUD still needs to
be considered in appropriate clinical situations later in life.

Plasma Amino Acids

Abnormalities in plasma amino acid concentrations in classical MSUD include marked elevations of
valine, leucine, and isoleucine with a characteristic loss of the normal ratios between valine—leucine
(normally 2:1) and leucine—isoleucine (normally 2:1). Leucine may reach concentrations of 5 mmol/L
with valine and isoleucine as high as 1 mmol/L. There is also a strong reciprocal relationship between
the concentrations of leucine and alanine and leucine and glutamine [19]. In addition, patients with
MSUD produce alloisoleucine in vivo from isoleucine by a mechanism which appears to involve
condensation with the aldehyde moiety of the pyridoxyl phosphate—aminotransferase enzyme com-
plex to form an aldimine Schiff base, followed by enzyme-mediated isomerization, and formation of
alloisoleucine by reversal of the transamination step [29]. Although formation of alloisoleucine occurs
in healthy individuals, plasma levels are very low and typically undetectable. In MSUD there is both
increased level of isoleucine resulting in enhanced formation and impaired metabolism of alloisoleu-
cine and the presence of this amino acid above the cutoff value of 5 pmol/L is the most specific and
most sensitive diagnostic marker for all forms of MSUD [30].

Urine Organic Acids

As expected the characteristic organic acids excreted in MSUD are 2-ketoisocaproic acid (KIC)
from leucine, 2-keto-3-methylvaleric acid (KMV) from isoleucine, and 2-ketoisovaleric acid (KIV)
from valine. The hydroxyl derivatives 2-hydroxyisovaleric, 2-hydroxyisocaproic, and 2-hydroxy-3-
methylvaleric acids, produced by the reduction of their respective a-keto acids, also accumulate
[31]. These metabolites can be detected using the dinitrophenylhydrazine (DNPH) test by mixing
equal volumes of urine and DNPH reagent (1 g/LL DNPH in 2 M HCI) and observing for yellow-
white precipitate after 10 min. This test is still used by some centers to allow parents to identify
impending decompensation and initiate changes to therapy. During metabolic decompensation
patients are also ketotic and often have elevated lactate. Urine test strips to identify ketonuria may
be used as a marker of metabolic instability if access to more formal testing is unavailable or
delayed. Although not required to confirm a diagnosis in a patient with elevated alloisoleucine,
organic acid analysis is useful in identifying intermediate MSUD patients as part of a differential
diagnosis of developmental delay.
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Pathophysiology

The neurotoxic mechanisms involved in MSUD are still being elucidated. Leucine and KIC are
considered to be the primary neurotoxins since acute symptoms are closely correlated with plasma
concentrations [6]. During acute decompensation, MR and CT imaging shows diffuse generalized
brain edema. In addition, a localized, more severe edema which involves the deep cerebellar white
matter, the dorsal part of the brainstem, the cerebral peduncles, and the dorsal limb of the internal
capsule is seen [32]. The cerebral edema may lead to herniation and death [33]. Jan et al. [34] used
diffusion weighted imaging and demonstrated reversible marked restriction of proton diffusion com-
patible with cytotoxic or intramyelinic sheath edema in the brainstem, basal ganglia, thalami, cerebel-
lar and periventricular white matter, and the cerebral cortex. This suggests increased intracellular and
decreased extracellular fluid resulting from sodium pump failure. There is evidence that KIC acts as
an uncoupler of oxidative phosphorylation and as a metabolic inhibitor possibly through its inhibitory
effect on a-ketoglutarate dehydrogenase activity, while leucine acts as a metabolic inhibitor [35].
Branched chain amino acids and corresponding keto acids significantly inhibited Na(+), K(+)-ATPase
activity in synaptic plasma membranes in rat cerebral cortex [36].

Hyperleucinemia also induces significant reductions in large neutral amino acids (LNAA) in brain
[37, 38]. Since leucine and the other LNAA penetrate the blood—brain barrier exclusively through the
L-amino acid transporter and leucine has the highest affinity for this system, gross increases in leucine
would compromise the influx of the other amino acids. This may lead to an acute depletion of the
neurotransmitters dopamine and serotonin due to restricted availability of tyrosine and tryptophan.
This may account for some of the early changes, such as dystonia, seen during decompensation events.
More chronic effects on protein synthesis may contribute to brain-specific growth restriction.

Leucine, isoleucine, KIV, and KMV also reduce glutamate uptake by the synaptic vesicles by up to
60 % [39]. The presence of high amounts of glutamate in the synaptic cleft may lead to excitotoxicity
which has been implicated in the neuropathology of acute and chronic brain disorders [40]. In the rat, KIV
has been shown to elicit clonic convulsions in a dose responsive manner which are attenuated by musci-
mol and MK-801, suggesting GABAergic and glutamatergic NMDA mechanisms are involved [41].

The pathophysiology of the chronic effects of MSUD on brain development probably includes the
energy deprivation and neurotransmitter and protein synthesis failures described above. Oxidative
stress is also implicated in the pathophysiology with BCKA inducing marked reduction of the non-
enzymatic antioxidant defences and reduced activity of superoxide dismutase and glutathione peroxi-
dase [42]. Plasma from MSUD patients shows thiobarbituric acid-reactive species are increased and
inversely correlated with methionine and tryptophan levels [43]. Supplementing with L-carnitine may
have an antioxidant effect, protecting against lipid peroxidation [44] and antioxidant treatment
(N-acetylcysteine plus deferoxamine) prevented DNA damage in an animal model for MSUD [45].

Treatment

Dietary Therapy

The possible beneficial effects of a diet low in BCAA was proposed as early as 1959 by Mackenzie
and Woolf [46] and this remains the cornerstone of management in MSUD today. Commercial BCAA
free formula and protein substitutes are used to prevent deficiencies of essential amino acids and allow
adequate growth. Because the levels of isoleucine and valine in natural protein are lower than leucine,
restriction of natural protein may lead to low levels of other BCAA, even when leucine is high,
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Fig. 12.2 Plasma leucine measurements over a 5-year period in a classical MSUD patient detected on newborn screen-
ing and admitted for CVVH on day 7 of life. Note repeated admissions triggered by intercurrent infections requiring
parenteral nutrition

and valine and isoleucine may need to be supplemented to effect protein synthesis [47]. In contrast to
leucine, elevated levels of these amino acids appear to be well tolerated [6].

Monitoring of blood or plasma levels of BCAA is an essential part of management and the use of
blood spot cards mailed to a reference center has been shown to be effective for patients living in rural
and regional areas where there are no local laboratory services [48]. The aim of dietary therapy is to
achieve age appropriate tolerance of leucine and maintain stable plasma branched chain amino acid
concentrations and ratios [19]. During intercurrent illness an enteral “sick day formula” with no leu-
cine and enriched with calories, isoleucine, valine, and BCAA-free amino acids is routinely used but
hospital admission and more aggressive therapy are sometimes inevitable (Fig. 12.2). Parenteral nutri-
tion with BCAA free amino acid mixtures, if available, and use of intralipid to promote anabolism is
used when oral intake is being poorly tolerated.

Extracorporeal Removal Therapies

In the acute encephalopathy of classical MSUD, it may be necessary to induce rapid removal of toxic
metabolites to control cerebral edema and reduce the risk of herniation. There is also evidence that
long-term intellectual outcome may be related to the length of exposure and degree of hyperleucin-
emia in the neonatal period [49]. Peritoneal dialysis was shown to increase the clearance of BCAA
over sevenfold compared to urinary clearance and was successfully used in an 8-day-old patient [50].
Hemodialysis is also highly effective in reducing leucine levels [51] and continuous venovenous
hemofiltration has been successfully used in our institution for many years [52]. In all instances the
extracorporeal removal therapies are used in combination with nutritional therapy and promotion of
anabolism. Some centers have found a combination of enteral and parenteral treatment results in leucine
clearance rates consistently higher than those reported for dialysis or hemoperfusion alone [47].
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Other Therapeutic Options

A trial of pharmacological doses of thiamine will reveal the small proportion of patients with the
thiamine responsive form of the disorder. Although responsive patients will show increased leucine
tolerance on thiamine, dietary restriction is still required [19].

Sodium phenylbutyrate has been proposed as a treatment to reduce plasma levels of branch chain
amino and keto acids in intermediate MSUD [53]. The phenylbutyrate appears to prevent phosphory-
lation of E1 by inhibition of the BCKDC kinase, increasing BCKDC overall activity.

Reduction of leucine accumulation in the brain by competition for the L-amino acid transporter at
the blood-brain barrier has been demonstrated in the mouse model using norleucine, an isomer of
leucine and isoleucine [54]. The authors also reported a reduction in accumulation in KIC, suggesting
norleucine may also inhibit transamination of leucine to KIC.

Liver transplantation has been used to correct MSUD. Strauss et al. [55] reviewed ten cases of
orthotopic liver transplantation in classical MSUD patients. All patients were alive after a median
follow-up period of 14 months and plasma amino acid concentration ratios were less variable and
remained appropriately regulated through periods of dietary fluctuation, fasting and illness although
alloisoleucine remained detectable at low levels in the plasma. The risks of surgery and immune sup-
pression were not found to be different from those for other pediatric transplant patients and this was
considered a potentially cost-effective alternative to lifelong dietary therapy and the risks of recurrent
metabolic decompensation. However, recent data shows psychiatric morbidity remains significant in
MSUD patients who have undergone liver transplant [56].

Hepatocyte transplantation has been investigated in a mouse model of intermediate MSUD and
has shown improved leucine tolerance and extended survival [57]. The same researchers have
recently described direct intrahepatic injections of human amnion epithelial cells performed eight
times over the first 35 days of life in their mouse model. Branched chain a-keto acid dehydrogenase
enzyme activity was significantly increased in transplanted livers [58]. The authors suggest treat-
ment at the neonatal stage is clinically relevant for MSUD and may offer a donor cell engraftment
advantage.

Long-Term Outcome

Despite improvements in early diagnosis and treatment, unimpaired outcome of patients with classic
or very severe variant MSUD is rare. A 2007 study of 22 adults with severe MSUD found low educa-
tional levels, a low participation in the workforce and most could not live autonomously, did not have
a steady partnership and had no children [59].

Mental health outcomes in patients with classic MSUD have been studied by Muelly et al. [56].
They reported on a cohort of 37 patients, aged 5-35 years, with the majority of subjects Old Order
Mennonite and homozygous for the BCKDHA c¢.1312T>A mutation. Twenty-six were on conven-
tional dietary therapy and 11 had undergone liver transplantation. Results were compared with 26 age
matched control subjects.

Incidence of depression, anxiety, inattention, and impulsivity were all higher in MSUD patients
and had a cumulative lifetime incidence of 83 % by age of 36 years. Neonatal encephalopathy was a
strong predictor of mood disorders but depression and anxiety did not correlate strongly with indices
of lifetime metabolic control.

1Q was lower in MSUD patients treated with diet (81+19) or transplant (90+ 15), compared to
controls (106+15). Measures of intelligence were inversely correlated to average lifetime plasma
leucine and positively correlated with the frequency of amino acid monitoring.
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Quantitative proton magnetic resonance spectroscopy revealed low glutamate in all brain regions
of MSUD patients, and deficits of NAA and creatine in the anterior cingulate cortex and parietal white
matter. The authors suggest depletion of glutamate may have consequences for cognition and behavior,
whilst cortical NAA and creatine deficiency may simply reflect reduced neuronal density.

Simon et al. reviewed 16 individuals with non-classical MSUD aged between 6 and 30 years [18].
Eight patients had an early diagnosis either through newborn screening or early clinical presentation.
Only one of these were considered to have significant mental impairment but she was able to live an
independent life and the remainder were attending normal schools or were employed.

Six subjects presented with encephalopathy triggered by catabolic stress consistent with intermit-
tent phenotype between the ages of 5 months and 7 years. Five of this group were treated with either
modest protein restriction or full MSUD diet. The remaining patient had no protein restriction. Two
treated patients had further metabolic crises but all patients in this group had normal psychomotor
development.

The remaining two patients presented at ages of 4 and 5 years. One had a history of ketoacidotic
episodes, ataxia, and somnolence. Both had psychomotor delay, spasticity, and seizures with no
response to diet.

Conclusions

Maple syrup urine disease represents a significant proportion of the patient cohort in most inherited
metabolic disease centers around the world. Despite the advances in early detection through newborn
screening, classical patients require intensive monitoring and aggressive treatment throughout life.
Intermittent and intermediate forms are likely to be missed by newborn screening and can have poor
developmental outcomes despite their milder disease.

Dietary treatment remains the mainstay of therapy but liver transplantation is an option for the
severe classical cases.
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Chapter 13
Mental Retardation and Isoleucine Metabolism

Song-Yu Yang, Xue-Ying He, Carl Dobkin, Charles Isaacs, and W. Ted Brown

Key Points

* Mutations of the HSD17B10 gene result in mental retardation.

e Accumulation of isoleucine metabolites is a clinical marker of hydroxysteroid (17p) dehydroge-
nase 10 (HSD10) deficiency.

¢ Mental retardation, X-linked, choreoathetosis, and abnormal behavior (MRXS10) is a HSD17B10
transcript splicing disorder.

* Designations Endoplasmic Reticulum-Associated amyloid-f# peptide Binding protein and
Amyloid-f peptide Binding Alcohol Dehydrogenase reflect some dubious features of hydroxyster-
oid (17f) dehydrogenase 10.

* Loss of enzymatic as well as non-enzymatic functions of hydroxysteroid (17f) dehydrogenase 10
affects human development.

Keywords HSD17BI0 gene » Mutation * HSD10 deficiency ¢ Developmental disability * ERAB/
ABAD e Neurodegeneration

Abbreviations

ABAD Amyloid p-peptide-binding alcohol dehydrogenase

AD Alzheimer’s disease

APP Amyloid precursor protein

ERAB Endoplasmic reticulum-associated amyloid p-peptide-binding protein
HSD10 Hydroxysteroid (17p) dehydrogenase X

MR Mental retardation

MRXS10 Mental retardation, X-linked, choreoathetosis, and abnormal behavior
TCA Tricarboxylic acid cycle
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