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SUMMARY OF THESIS

Aspects of Glucose Metabolism in Uraemia

This thesis takes the form of a tripartite study on aspects of
glucose metabolism in uraemia. The work examines certain biochemical

aspects of glucose metabolism in a clinical context.

Continuous ambulatory peritoneal dialysis (CAPD) is a relatively
new but now established mode of renal replacement therapy, that
presents an unique clinical situation in that glucose is continuously
self-administered intraperitoneally to control fluid balance. The

metabolic consequences are thus clinically important.

The first 4 chapters review the background to the work and include
the topics of glucose homeostasis, glucose metabolism in uraemia, CAPD
and glycosylated haemoglobin. Chapter 5 describes the biochemical

methods and chapters 6, 7 and 8 detail the three projects performed.

1. The first project "Pancreatic Beta Cell Function in Uraemia"”
evaluated beta cell function in renal failure. The specific
objective was to determine if CAPD adversely affected the beta
cell secretory capacity. Beta cell integrity was also
investigated in diabetics to assess the effect of uraemia and

dialysis.

2. Residual beta cell function was assessed, in 70 patients, by
using intravenous glucagon stimulation and measuring in the

peripheral blood the beta cell peptide response.



Fasting glucose and insulin concentrations were normal in uraemic
patients but c-peptide was grossly elevated due to impaired renal
catahblism. Following glucagon stimulation, an exaggerated blood
glucose response with delayed glucose peak was observed, while

&~
the peak insulin response was normal, but the return to basal |
concentrations was delayed. The c-peptide response was
exaggerated and peak concentrations were greatly increased.
Responses were similar in all non-diabetic uraemic patients. The

above features reflect glucose intolerance in uraemia which

persisted despite dialysis therapy.

The glucagon challenge showed significant increments in the beta
cell(peptides reflecting adequate residual pancreatic function.
The response was similar in both new apd established CAPD
patients compared to non-dialysed uraemics and haemodialysis
subjects. Thus, it can be concluded, that despite continuous
glucose administration, CAPD does not adversely affect pancreatic

beta cell function.

Type I insulin-dependent diabetics had no beta cell response to
glucagon, but type II uraemic diabetics had raised fasting
c-peptide concentrations which might suggest hypersecretion of
the beta cell. However, absolute concentrations can be
misleading as the increase was largely due to renal impairment.
This was confirmed by the lack of response to glucagon challenge,
indicating no significant residual beta cell function. The
effect of long-standing diabetes overshadowed any discernible

effect of uraemia or dialysis.



8.

The second project "Glucoregulatory Hormones and Intermediary

Metabolites in CAPD" assessed the acute metabolic consequences of
intraperitdneal glucose administration. Fasting hormones and
metabolites were evaluated in non-dialysed uraemic and
haemodialysis patients for comparison with CAPD subjects.
Metabolic profiles were monitored during a CAPD cycle comparing
high and low dextrose dialysate solutions. Specific groups of
CAPD patients were studied including diabetics,'the elderly and

patients with peritonitis.

In the fasting state blood glucose and insulin were normal in
most uraemic patients, but c—peptide was grossly elevated and
glucagon moderately increased. Growth hormone was normal and
cortisol, although normal in CAPD patients was increased in other
uraemic subjects. The gluconeogenic precursors lactate, ﬁyruvate
and alanine were normal, but ketone bodies and glycerol tendea to

be elevated particularly in the elderly CAPD patient.

The hormone and metabolite profiles during a CAPD cycle showed
greater changes with high dextrose solutions, particularly during
the first two hours of dialysate dwell. Peritoneal glucose
absorption induced hyperglycaemia, hyperinsulinaemia and a
transient fall in glucagon, while growth hormone and cortisol
were unchanged. Lactate increased, largely due to absorption
from the dialysate, rather than via endogenous glycolysis, as the
blood lactate increment was independent of dialysate glucose
concentration. Ketone bodies and glycerol were suppressed in the
early part of the cycle during the period of maximum glucose

absorption. In general, the metabolic variables returned to



10.

11.

12.

their basal state by the end of the 6 hour cycle. Thus
peritoneal glucose absorption causes hyperglycaemia which induces
hyperinsulinaemia, which in turn stimulates glycolysis, inhibits

gluconeogenesis and suppresses ketogenesis and lipolysis.

Peritonitis increased the rate of glucose and lactate absorption
from the dialysate due to increased permeability of the
peritoneum. Elderly patients had similar profiles to younger

CAPD subjects.

The effect of peritoneal glucose absorption in a state of insulin
deficiency was evaluated in diabetics deprived of insulin.
Dialysate glucose absorption induced hyperglycaemia but no beta
cell response and glucagon, growth hormone and cortisol were -
unchanged. Lactate increased but pyruvate and alanine were
essentially unaltered. Ketone bodies and glycerol remained
elevated and were not suppressed despite the ambient
hyperglycaemia. Thus in a state of insulin deficiency peritoneal
glucose ‘absorption failed to stimulate glycolysis or inhibit

gluconeogenesis and ketogenesis and lipolysis were maintained.

The third project evaluated "Glycosylated and Carbamylated
Haemoglobin in Uraemia”. Glycosylated haemoglobin in renal
failure is a controversial subject and was reappraised in a
uraemic population of over 200 patients, including non-dialysis,

dialysis, transplants, diabetics with and without renal failure.

The study confirmed that glycosylated haemoglobin was increased

in non—-diabetics with uraemia, when measured by mini-column



13.

14.

15.

16.

. ion—-exchange chromatography, but was normal when total ketoamine

glycosylation of the red cell was measured by colorimetry.

In diabepics glycosylated haemoglobin was increased independent
of methodology and both techniques showed excellent correlation.
Although colorimetry is unaffected by uraemia and may be the
method of choice, the chromatographic method was still useful for

assessing glycaemic control in diabetics with renal failure.

All chromatographic HbA1 fractions increased in uraemia, but the
HbAlc component was more influenced by diabetes and the HbA1a+b

component by uraemia.

Carbamylated haemoglobin was detected in all subjects but was
grossly elevated in renal failure. The increase paralleled the
rise in the HbAi fractions in non-diabetic uraemics and

correlated with the severity of uraemia.

The concept that carbamylated haemoglobin in uraemia is analogous

to glycosylated haemoglobin in diabetes warrants further

investigation. From the work of this thesis further research is
being done to assess the clinical usefulness and possible

pathophysiological significance of carbamylated haemoglobin.



PREFACE

In the early 1980's, while a registrar in renal medicine in
Glasgow, I developed an interest in continuous ambulatory peritoneal
dialysis (CAPD). At that time, CAPD was a new mode of treatment and
clinical experience was limited, but from this my interest grew. An
increasing number of young diabetic patients with end stage renal
disease were also being treated, particularly with CAPD. This
nurtured my interest in diabetics with renal failure and initiated my
plans to study glucose metabolism in uraemia. While thinking about a
research project in the field of glucose metabolism I was attracted to
a research post in Sheffield.

On arrival in Sheffield in 1984, I was full of enthusiasm to get
started only to realise that no formal research programme or expertise
existed in this busy department of nephrology. However, with an
abundance of renal failure patients, particularly a large CAPD
population, and encouragement and cooperation from many departments in
the Royal Hallamshire Hospital, Sheffield and the metabolic
departments in Newcastle, I set about designing and exploring certain
aspects of glucose metabolism in uraemia.

The first project, "Pancreatic beta cell function in uraemia" was
designed to determine if CAPD treatment, which involves continuous
glucose administration, had an adverse effect on the beta cell
secretory function. This seemed to me an obvious, yet unanswered
question of great clinical significance.

The second project followed, that continuous intraperitoneal
glucose administration was a unique clinical situation, with possible
metabolic consequences and yet, the physiological or

pathophysiological effects had not been investigated. This stimulated



me to study glucoregulatory hormones and intérmediary metabolites
during CAPD treatment in a variety of patients including diabetics and
the elderly.

The third project, "Glycosylated and carbamylated haemoglobin in
uraemia"” originated from both, my endeavours to achieve good blood
glucose control in uraemic diabetics, and the confusing and
conflicting data on glycosylated haemoglobin in the literature. The
suggestion that uraemia interfered with the analysis of glycosylated
haemoglobin directed me to measure carbamylated haemoglpbin. From the
work of this thesis, I believe that carbamylated haemoglobin may have
a clinical usefulness as well as a pathophysiological significance and

in 1987 this continues to be an ongoing research interest.



CHAPTER 1

GLUCOSE METABOLISM AND HOMEOSTASIS




1. INTRODUCTION

Glucose is the major energy source for the human body and is the
only metabolic fuel utilized by the brain under most conditioms
encountered in normal life. The brain cannot synthesize or store
glucose and thus the maintenance of blood glucose concentration is
critical. The concentration of glucose in the blood is kept within a
narrow range although there is some variation as circumstances change,
such as feeding or fasting. The blood glucose‘concentration depends
on the balance between glucose entering or leaving the extracellular
compartment.

Glucose entry into the circulation results from absorption of
glucose derived from digested dietary carbohydrates and release of
endogenous glucose from the liver. Endogenous glucose is derived from
hepatic glycogen (glycogenolysis) and glucose synthesized in the liver
(gluconeogenesis). Gluconeogenic precursors include lactate and
pyruvate transported to the liver from a variety of extrahepatic
tissues and carbon skeleton intermediates which are derived from amino
acids, principally alanine from muscle and to a smaller extent
glycerol from adipose tissue.

Glucose exits from the circulation into a variety of tissues where
it is rapidly metabolized. Glucose has several metabolic fates. It
cén be stored in the liver and muscle as glycogen, undergo glycolysis
to pyruvate which can be reduced to lactate, transaminated to alanine
or converted to acetyl-CoA. Acetyl-CoA can be oxidized to carbon
dioxide and water via the tricarboxylic acid cycle (Krebs or citric
acid cycle), converted to fatty acids (lipogenesis) and stored as
triglycerides, or utilized for ketone body synthesis (ketogenesis). A

schematic presentation of glucose metabolism is summarized in Figures
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1.1 and 1.2. The inter-relationship between glucose and the various

substrates are shown.

2. THE LIVER

The liver is central in the role of glucose metabolism and
flexible depending on the metabolic demands at any given time, such as
fasting or feeding. It is the single most important organ ensuring a
constant energy supply to other tissues (see Figures 1.3 and 1.4).
The liver can store excess glucose as glycogen (glycogenesis). The
rate of glycogen synthesis from glucose 6-phosphate is modulated by
insulin, which is secreted from the pancreatic beta cells in response
to systemic hyperglycaemia. The excess of glucose, following a meal,
results in the hepatic conversion to fatty acids which are ultimateiy
stored as triglyceride in adipose tissue. The entry of glucose into
hepatic cells (as well as cerebral cells) is not affected directly by
insulin but depends on the extracellular glucose concentration. The
conversion of glucose 6-phosphate, the first step in glucose
metabolism in all cells, is catalysed in the liver by the enzyme
gluéokinase, which has a low affinity for glucose compared to that of
hexokinase found in most tissues. Glucokinase activity is induced bj
insulin secreted in response to systemic hyperglycaemia. Thus
proportionately less glucose is extracted by hepatic cells during
fasting éompared to the post prandial state. This helps maintain a
fasting glucose supply to vulnerable tissues such as the brain.

Under aerobic conditions the liver can synthesize glucose by
gluconeogenesis using lactéte, glycerol or carbon chains resulting
from deamination of most amino acids (mainly alanine) which are
products of metabolism of other tissues. The liver contains the

enzyme glucose 6-phophatase, which hydrolyses glucose 6-phosphate



yielded from glycogen breakdown or by gluconeogenesis to produce
glucose and maintain extracellular glucose homeostasis. Hepatic
glycogenolysis is stimulated by glucagon from the alpha cells of the
pancreas.

During fasting the liver can convert fatty acids released from
adipose tissue to\ketones which can be used by other tissues,
including the brain, as an energy source when glucose is in short
supply (Figure 1.4). The renal cortex is also capable of
gluconeogenesis and of converting glucose 6-phosphate to glucose, but
this is generally only significant under certain conditions such as
prolonged fasting. Although other tissues, such as skeletal muscle,
store glycogen it can only be utilized locally in that tissue as
muscle does not have the necessary enzyme glucose 6-phosphatase. Thus
muscle glycogen cannot directly maintain blood glucose concentration.

The effects of an oral glucose load are schematically presented in
Figure 1.3. The liver modifies the potential hyperglycaemic effect of
a high carbohydrate meal by extracting relatively more glucose from
the portal blood than in the fasting state. Some glucose passes
through the liver unchanged and a rise in the systemic concentration
stimulates the pancreas to secrete insulin which further stimulates
hepatic and muscle glycogenesis. The entry of glucose into adipose
tissue and muscle cells, unlike that of liver and brain, is stimulated
by insulin, and the blood glucose falls rapidly to near fasting \
levels. This does not happen if there is a relative or absolute
insulin deficiency (as in diabefes mellitus). Conversion of
intracellular glucose into glucose 6—-phosphate in adipose and muscle
cells is catalysed by hexokinase which, because its affinity for
glucose is greater than that of hepatic glucokinase, ensures that

glucose enters the metabolic pathways in these tissues at lower



BRAIN

MUSCLE
C-s
IKTESTING ‘o i ,Mwm kLYco_su

%-’.c . y
" Glucose
Lucos
|ﬂ\u"ﬂ
lmulm
c o -p c: s

GLYCOGEN "n“ P~

of
AcCaA
‘ ~
. Faty aci » Clycerol -3 - P o fatty acd * Glycerol - 3 - P
\\ i
Gly(em‘ /
Teigiyceride TRIGLYCERIDE
\ viot _/
LIVER ADIPOSE TISSUE

Figure 1. 3 Post-prandial state - feeding

Glucose
BRAIN

KETONES » H®

1 n
e e \7 Trigiyceride
Triose P 4= *L
Glycerol

T Ketones + H
A
Pyruvate AcCoA

ADIPOSE- TISSUE

Figure 1. 4 Post-absorptive state - fasting



concentrations than in liver. Muscle and adipose tissue store the
excess post-prandial glucose although the mode and function of each is

very different.

3. ADIPOSE TISSUE AND THE LIVER

Adipose tissue triglyceride is the most important long term energy
store in the body and increased utilization of fat stores can be
associated with ketosis.

Adipose tissue, in conjunction with the liver, converts excess
glucose to triglyceride and stores it in this form rather than
conversion to glycogen. The component fatty acids are derived from
glucose entering the liver and the component glycerol from glucose
entering adipose tissue cells. 1In the liver triglycerides are formed
from glycerol 3-phosphate (from triose phosphate) and fatty acids
(from acetyl-CoA). This triglyeride is transported to adipose tissue
in VLDL (very low density lipoprotein), where it is hydrolysed by
lipoprotein lipase. The released fatty acids (of hepatic origin)
condense with glycerol 3-phosphate derived from glucose entering
adipose tissue under the influence of insulin and the resultant
triglyceride is stored. More energy can be stored as triglyceride
than glycogen.

During fasting, when exogenous glucose is unavailable, endogenous
adipose tissue triglyceride is reconverted to free fatty acids (FFA)
and glycerol by lipolysis (Figure 1.4). These are transported to the
liver where glycerol enters the gluconeogenic pathway at the triose
phosphate stage. The glucose synthesized can be released into the
circulation to maintain the blood glucose concentration. Most tissues
other than the brain use the FFA as a metabolic fuel after conversion

to acetyl-CoA. The liver can also form acetoacetate by enzymatic



conversion of acetyl-CoA, acetoacetate in turn can be reduced to
3-hydroxybutyrate and decarboxylated to acetone. The ketone bodies
can be used as an energy source by brain and other tissue when glucose
supply is reduced.

Ketosis occurs when fat stores are the main energy source and can
be seen in conditions such as fasting and reduced nutrient absorption
due to vomiting. Mild ketosis may occur after 12 hours of fasting,
but is not usually associated with acidosis unless the fasting is
prolonged. Diabetic ketoacidosis is accompanied by hyperglycaemia
unlike the ketotic hypoglycaemia seen in prolonged fasting such as in
anorexia nervosa. However the mechanism of ketosis is similar. 1In
starvation ketosis the supply of glucose to cells of adipose tissue is
insufficient for normal glycolysis and lipogenesis. 1In diabetes the
insulin deficiency induces intracellular glucose deficiency due to
impaired entry of high extracellular concentrations of glucose into
the fat cells. The high extracellular concentrations of glucose is

thus a misleading index of intracellular events.

4. MUSCLE AND THE LIVER

Glucose enters skeletal muscle post—-prandially under the influence
of insulin and is stored as glycogen (Figure 1.3). The glycogen
cannot be reconverted to glucose due to the absence of glucose
6-phosphatase and therefore muscle glycogen can only supply local
needs.

During muscle activity (Figure 1.5) glycogenolysis is stimulated
by adrenaline and the resultant glucose 6—-phosphate undergoes
glycolysis to pyruvate and lactate. Under aerobic conditions pyruvate
is oxidized via the tricarboxylic acid cycle. However, the oxygen

availability during exercise is readily depleted and anaerobic
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glycolysis with production of lactate becomes important. Lactate is
transported from muscle to liver in the circulation where it can be
used for gluconeogenesis (Cori cycle) and provides further glucose for
muscle activity. Alanine can also be transported from muscle to liver
where it serves as a gluconeogenic precursor (glucose—alanine cycle).
During gluconeogenesis hydrogen ion is also neutralized. Under
aerobic conditions the liver consumes more lactate than it produces.
The physiological accumulation of lactate during increased muscle
activity is temporary and disappears at rest when slowing of anaerobic

glycolysis allows the aerobic processes to equilibrate.

5. LACTIC ACIDOSIS

Lactic acid produced by anaerobic glycolysis may be oxidized to
carbon dioxide and water in the tricarboxylic acid cycle or be
reconverted to glucose by gluconeogenesis in the liver. Pathological
accumulation of lactate can occur due to increased production or
decreased utilization. This may be due to increased production by
anaerobic glycolysis and decreased utilization by impaired
gluconeogenesis or impairment of the tricarboxylic acid cycle. This
is seen in tissue hypoxia due to poor tissue perfusion. The
combination ofvimpaired gluconeogenesis and increased anaerobic
glycolysis converts the liver from a lactate consuming to a lactate

producing organ (Figure 1.6).

6. GLUCOSE HOMEOSTASIS AND INTERMEDIARY METABOLISM

In the post-absorptive state (after an overnight fast) blood
glucose concentrations are stable indicating that production and
utilization are equivalent. The brain accounts for 607% of glucose

utilization (Sherwin, 1980) and the remainder is used for other



glycolysing tissues such as red blood cells, renal medulla, muscle and
fat. Hepatic glucose production after an overnight fast is largely
from glycogeﬁolysis (75%) and the remainder from gluconeogenesis
(25%). Gluconeogenesis from lactate, pyruvate, alanine and glycerol
is estimated to represent 13, 1, 4 and 4% of endogenous glucose
production respectively and, therefore, 52, 4, 16 and 167 of
gluconeogenesis respectively (Cryer, 1985).

Gluconeogenesis is important in providing new glucose and
replenishing hepatic glycogen storage in the post—-absorptive state due
to the limited availability of preformed glucose. The glucose pool
consists of free glucose in the extracellular fluid and in the cells
of some tissues especially the liver, but also small amounts in the
kidney, blood cells, pancreatic islets, brain and intestinal mucosa.
The glucose pool amounts to 15 to 20 g in the normal adult (Searle,
1976) and glycogen can be mobilized to provide 70 g of glucose
(Nilsson, 1973). In more prolonged fasting plasma glucose falls and
then stabilizes, hepatic glycogen falls and gluconeogenesis becomes
the only source of glucose production. Muscle protein is degraded
providing amino acid substrate and glucose utilization by muscle and
fat is inhibited. Lipolysis and ketogenesis accelerate and
circulating ketone concentrations increase with ketone bodies becoming
the major fuel for the brain.

After a meal, in the post-prandial state, glucose absorption
results in a large increase in exogenous glucose delivery to the
circulation, often doubling the rate of post-—absorptive glucose
production. As glucose is absorbed, endogenous glucose production is
suppressed and glucose utilization by the liver, muscle and adipose
tissue increases. Thus exogenous glucose is assimilated and blood

glucose returns towards the post—absorptive state.



In this way glucose homeostatic mechanisms result in keeping blood

glucose within a relatively narrow range. The regulation of systemic

blood glucose involves hormonal, neural, and autoregulatory factors.

7. HORMONAL GLUCOREGULATORY FACTORS

Glucoregulatory hormones include insulin, glucagon, adrenaline,
growth hormone and cortisol (Figure 1.7). Insulin is the dominant
glucose lowering hormone. It suppresses endogenous glucose production
and stimulates glucose utilization. Insulin inhibits hepatic
glycogenolysis and gluconeogenesis and in association with other
factors, including hyperglycaemia and hypoglucagonaemia converts the
liver into an organ of glucose consumption and fuel storage in the
form of glycogen and triglycerides. Insulin stimulates glucose
uptake, storage and utilization by other tissues such as muscle and
fat. 1Insulin also increases fatty acid and triglyceride synthesis and
triglyceride transport via VLDL, increases fatty acid uptake and
incorporation into triglyceride in adipose tissue and suppresses
tissue lipolysis. The latter results in decreased fatty acid flux to
the liver which coupled with direct hepatic effects of ins;lin results
in decreased ketogenesis. 1Insulin also stimulates amino acid uptake
and net protein synthesis in muscle. Thus insulin promotes the
storage of carbohydrate, fat and protein.

Glucose-raising or counterregulatory hormones include glucagon,
adrenaline, growth hormone and cortisol. Glucagon is secreted by the
alpha cells of the pancreas into the portal circulation and acts‘
predominantly on the liver under physiological conditions. Glucagon
is a potent stimulator of glycogenolysis and gluconeogenesis and
rapidly increases hepatic glucose production. Glucagon also

stimulates hepatic ketogenesis particularly when insulin.
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concentrations are low. However, hepatic glucose production induced
by hyperglucagonaemia is only transient and other factors such as
glucose induced insulin reiease and autoregulation due to
hyperglycaemia may also be involved (Cryer, 1985).

The hyperglycaemic effect of adrenaline is complex. Adrenaline
stimulates hepatic glucose production and restricts utilization and
these effects are mediated via élpha and beta adrenergic mechanisms
(Rizza et al., 1980). Adrenaline can also increase hepatic
glycogenolysis and gluconeogenesis independently of other hormones.
Adrenaline, like glucagon, acts rapidly gnd produces a transient
increase in glucose production and continues to support glucose
production even in the fasting state. In contrast to glucagon,
adrenaline also limits glucose utilization. Sustained increases in
adrenaline causes persistent hyperglycaemia due to reduced glugose
utilization.

Long term elevation of growth hormone limits glucose transport
into cells and can produce an insulin resistant state. Growth hormone
may have a glucose lowering effect but it is not obvious for hours
(MacGorman et al., 1981). Thus growth hormone is unlikely to be
important for rapid glucose counter-regulation. Infusion of cortisol
does not increase glucose production by limiting glucose utilization
(Shamoon et_al., 1981) and thus, like growth hormone, cprtisol does
not appear to have a major role in the shortvterm glucose control. In
the long term growth hormone and cortisol may have a permissive role
to play in glucose homeostasis in that their presence is necessary
even though they do not have a direct effect (Cryer, 1984).
Furthermore, the hyperglycaemic effects of glucagon, adrenaline and
cortisol may be synergistic and thus have a role in glucose

counter-regulation (Shamoon et al., 1981).



Neural and autoregulatory factors also have a role in glucose
homeostasis. Vagal stimulation increases hepatic glycogen synthesis
and direct hepatic sympathetic nerve stimulation decreases glycogen
and increases blood glucose (Lautt, 1980). The concept of hepatic
glucose autoregulation, that is, the role of hepatic glucose
production is altered in inverse relation to the blood glucose
concentration independent of the effects of circulating hormones, has

been advocated (Sacca et al., 1979).

a) . Glucose Counter—Regulation

Glucagon plays a primary role in promoting glucose recovery from

hypoglycaemia. Glucose recovery from insulin induced hypoglycaemia is
essentially normal when glucagon secretion is intact and partially
impaired when glucagon secretion is inhibited. The latter is
associated with an increased adrenomedullary adrenaline response
(Rizza et al., 1979). Glucose recovery is impaired little, if at all,
during adrenergic blockade. However, when glucagon secretion is
inhibited glucose recovery from hypoglycaemia is markedly impaired by
adrenergic blockade. Thus glucagon plays a primary role in recovery
from insulin induced hypoglycaemia and glucagon deficiency is largely
compensated by increased adrenomedullary adrenaline secretion.
Glucose recovery is severely impaired in the absence of both glucagon
and adrenaline. The acute release of cortisol and gréwth hormone has
little role in recovery from insulin induced hypoglycaemia, although
chronic deficiency of both cortisol and growth hormone increase the‘

sensitivity to insulin (Rizza et al., 1979).

b) Post-Absorptive State

Diminished insulin secretion is fundamental to the maintenance of



the post-absorptive blood glucose concentration in that it permits
hepatic glucose production to proceed via hepatic glycogenolysis and
gluconeogenesis and limits glucose utilization by the liver, muscle
and adipose tissue. Thus obligatory glucose utilization (brain, renal
medulla, red Blood cells) does not result in hypoglycaemia. However,
insulin is not the sole determinant of the post—absorptive blood
glucose concentration. Glucagon and possibly adrenaline may also have
a role in maintaining the fasting glucose concentration (Rosen et al.,

1984).

¢) Post-Prandial State

After glucose ingestion blood glucose concentration rises as a
result of glucose absorption and endogenous glucose production is
markedly suppressed. The circulating concentration of glucose
declines rapidly due to accelerated glucose utilization coupled with
diminishing glucose absorption towards fasting levels. When glucose
absorption is complete glucose production resumes. The transition
from endogenous glucose declining to endogenous glucose production is
regulated by the coordinated actions of insulin and glucagon. 1In the
state of glucagon deficiency (induced experimentally by somatostatin
and partial insulin replacement) adrenaline has a counter-regulatory
effect but this is not observed in the presence of glucagon (Cryer,

1984).

8. GLUCOSE METABOLISM IN DIABETES

A decrease in insulin production and release and/or decreased
insulin activity in target tissue is fundamental to the development of
diabetes. Consequent to insulin deficiency glucagon concentrations

may rise and a fall in the insulin:glucagon ratio causes increased



production of glucose by the liver, while an absolute decrease in
insulin concentration or insulin action reduces glucose utilization in
peripheral tissues resulting in hyperglycaemia. A further decline in
the insulin:glucagon ratio can lead to syndromes of decompensation
such as diabetic ketoacidosis and hyperosmolar non-ketotic coma. The
release of catecholamines and other stress hormones can act in many
ways and affect both insulin and glucagon secretion from the islets.
Catecholamines can reduce endogenous insulin and increase glucagon
stimulated lipolysis, decrease muscle glucose utilization and increase
hepatic glucose production. Growth hormone can increase insulin and
glucagon secretion, stimulate lipolysis from adipocytes, promote
hepatic glucose production and inhibit muscle glucose utilization.
Cortisol can also have similar actions to growth hormone (Unger and
Foster, 1985).

Insulin deficiency blocks glucose utilization by insulin requiring
tissues, activates lipolysis in adipose tissue, increases proteolysis
in muscle, causes hyperglucagonaemia and enhances glucagon effects on
the liver. Glucagon when opposed by a normal insulin response is
primarily responsible for the hepatic components of diabetic
decompensation, i.e. increase glycogenolysis, gluconeogenesis and
ketogenesis (Unger and Foster, 1985).

The metabolic pathways in liver, muscle and adipose tissue during
insulin deficiency are depicted in Figure 1.8. 1In the liver (Figure
1.8a) glucose release is mediated via glucagon although adrenaline,
cortisol and growth hormone have a complementary role. Aminb acid
catabolism is stimulated by glucagon although cortisol does have an
auxillary role. Ketone body production is modulated by glucagon and
adrenaline also has a 'permissive' role. In muscle (Figure 1.8b),

when the action of insulin is insufficient there is increased fatty
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acid and ketone body uptake. Adrenaline and growth hormone both
contribute to fatty acid utilization in muscle. 1In the adipocyte
(Figure 1.8c), triglycerides are broken down during insulin deficiency
and the fatty acid release is modulated by adrenaline, cortisoi and

growth hormone.

This introductory chapter outlines glucose metabolism and its
complex inter-relationships. The'metabolic pathways and the role of
the liver, muscle and adipose tissue were briefly discussed. Glucose
and intermediary metabolism are regulated by hormonal and other
factors to produce accurate céntrol and reliable homeostasis. Aspects
of glucose metabolism in diabetes were briefly summarized, including
hormone physiology and intermediary metabolism. This chapter gives
the biochemical and endocrine background to part of the research work
of this thesis, in particular the study of glucoregulatory hormones
and intermediary metabolites in uraemia and continuous ambulatory

peritoneal dialysis (CAPD).



CHAPTER 2

GLUCOSE METABOLISM IN URAEMIA




1. INTRODUCTION

Abnormalities of carbohydrate metabolism in uraemia have been
recognised for many years. Neubauer in 1910 first described
hyperglycaemia in renal disease and this was soon confirmed by Hopkins
in 1915. The prevalence of hyperglycaemia was probably overestimated
prior to the mid 1960's as the methods for measuring glucose did not
discriminate between glucose and non-glucose redﬁcing substances
(Reaven, 1974). However, these observations of 'uraemic |
pseudodiabetes' (Westervelt and Schriener, 1962) did not -become
clinically significant until the advent of dialysis. The development
of dialysis and transplantation in the 1960's created a new
significance for uraemic carbohydrate intolerance. The limited
facilities for dialysis and restricted availability of donor kidneys
resulted in exclusion of diabetics for renal replacement therapy. 1In
many centres diabetics had a significantly higher morbidity and
mortality than non-diabetics (Comty and Shapiro, 1975; Kjellstrand et
al., 1972). Thus, it became important to distinguish between true
diabetes and uraemia induced glucose intolerance.

In the past 20 years there has been a multitude of reports on
carbohydrate metabolism which have widened our understanding of the

complicated pathophysiology of renal failure.

2. THE ROLE OF THE KIDNEY IN PANCREATIC PEPTIDE METABOLISM

The kidney plays an important role in the metabolism of low
molecular weight proteins including the alpha and beta cell peptides.
This is characterised by a high extraction from the circulation and
negligible urinary excretion of the intact molecule suggesting that

hormone removed by the kidney is degraded locally (Katz and Emmanouel,



1978). Renal disposition involves both glomerular filtration and
tubular uptake and degradation. The kidney plays an important
function in the lowering and stabilizing of peptide hormone
concentrations but aoes not regulate them, this being a function of
the éecreting endocrine gland. The increased circulating levels of
certain peptide hormones in uraemia suggests that'the secretory rate
remains inappropriately high for the degree of reduction in their
metabolic clearance. This reflects either impaired. feedback control
mechanisms, possibly in some instances due to end-organ resistance, or
to the inability of the endocrine gland to reduce secretion rates

appropriately (Emmanouel et al., 1981).

.a) Insulin

Insulin is normally rapidly removed from the blood by the liver,
which ciears 40-60% in a single passage (Ferrannini et al., 1983).
This proportion of insulin removed is dependent, in part, on the
plasma insulin concentration. The renal arterio-venous concentration
difference is about 30-40% (Rabkin et al., 1970; Katz and Rubenstein,
1973) and this is unaffected by changes in the plasma insulin
concentration within the physiological range (Maude et al., 1981).
The renal clearance of insulin is about 200 ml/min in man and from
this it is estimated that 6-8 units/day are degraded by the kidney
(Rubenstein et al., 1975). This accounts for a quarter of the daily
pancreatic secretion in man. However, only 0.1%Z of the endogenous
pancreatic insulin is excreted in the ﬁrine (Rabkin et al., 1984).
Since the normal glomerular filtration rate (GFR) (120 ml/min) is
significantly less than the renal clearance of insulin (200 ml/min)
peritubular uptake must be responsible for a significant portion of

the renal removal. The physiology of the renal handling of insulin



has been recently reviewed (Rabkin et al., 1984).

The clinical importance of these observations is that there is
little change in the metabolic clearance rate of insulin until the GFR
is decreased to 40 ml/min. Marked prolongation of the half life does
not occur until the GFR is below 20 ml/min (Rabkin et al., 1970;
Rubenstein EE_EE'; 1975). However, with progressively declining GFR
there is a compensatory increase in peritubular insulin uptake such
that insulin clearance changes only minimally. However, when renal
functional méss is reduced to a critical level and the GFR is less
than 20 ml/min the metabolic clearance rate falls precipitously
(Rubenstein et al., 1975).

Impaired hepatic degradation of insulin may contribute to the
prolonged half life observed in uraemia (DeFronzo et al., 1978a).
Improved insulin clearance was observed after haemodialysis and was
aﬁtributed to increased degradation by non-renal tissues, liver and
muscle (Mondon et al., 1978). The accumulation of uraemic toxins that
might inhibit insulin dégrading systems may be removed by
haemodialysis and account for the improved clearance of insulin
(DeFronzo et al., 1978a). Metabolic clearance‘rates and secretory
rates of insulin have been reported to improve after haemodialysis
(Navalesi et al., 1975; Ferrannini et al., 1979). However, several
direct studies have not detected any hepatic abnormality of insulin
clearance even in hepatic cirrhosis (Proietta et al., 1984; Taylor et

al., 1985).

b) C-peptide
Insulin and c-peptide are secreted into the portal circulation in
equimolar concentrations, but in the peripheral blood c-peptide is 5-7

fold higher due to differences in the metabolic clearance rate (MCR).



The MCR for insulin (11 ml/min/kg) is higher than for c-peptide (4.4
ml/min/kg). Unlike insulin, c-peptide passes through the liver
without significant extraction and is almost exclusively metabolized
and degraded by the kidney. The immunological half life for insulin
(5 mins) is considerably shorter than c-peptide (11-33 mins depending
on experimental conditions). Normally 5-207% of pancreatic secretion
of c-peptide is excreted in the urine. Renal dysfunction causes an
increase in serum c-peptide level and the relative concentrations may
be dependent upon the quantitative role which the kidneys play in

their removal (Jaspan et al., 1977).

¢) Proinsulin

Small amounts of proinsulin are released into the circulation with
insulin and c-peptide in normal subjects, but this accounts for less
“than 15% of the total circulating insulin immunoreactivity. There is
no evidencé to suggest that proinsulin is converted to insulin in the
circulation (Rubenstein et al., 1977). The metabolic clearance
independent of plasma levels, is slower for proinsulin (3.1 ml/min/kg)
compared to insulin (11 ml/min/kg) and the half life for proinsulin is
about 25 mins compared to 5 min for insulin. In contrast to the
difference in their MCR, the renal disposition of both peptides is
similar with high extraction and very low urinary clearance (Katz and
Rubenstein, 1973). The extraction rate for proinsulin is
approximately 36% while the fractional urinary clearance is about
0.6% indicating more than 997% of the amount filtered is sequestered in
the kidney. Thus the kidney is the major organ for proinsulin
degradation and thus high concentrations of proinsulin may be expected

in renal failure (Katz and Rubenstein, 1973; Mako et al., 1973).



d) Glucagon

Circulating glucagon is heterogeneous, consisting of proglucagon
(molecular weight 9000) and the biologically active glucagon
(molecular weight 3500). Glucagon is freely filtered by the
glomerulus, reabsorbed and catabolized in the proximal tubule. There
is active uptake and degradation by the peritubular membrane
(Emmanouel et al., 1976). The metabolic clearance rate is
approximately 10 ml/min/kg and the half life is 5.5 mins (Alford et
al., 1976).‘ The fractional extraction by the kidney is about 40%Z and
less than 5% is excreted in the urine. Compared to insulin the liver
plays a less important role in glucagon degradation (Felig et al.,
1976) and renal excretion accounts for about half of glucagon
degradation. 1In chronic renal failure the marked increase in
circulating glucagon levels is largely due to proglucagon, but there
is a significant rise in the biologically active glucagon (Emmanouel
et al., 1976). The hyperglucagonaemia in uraemia is due to reduced
renal clearance (Kuku et al., 1976) as the pancreatic secretion of

glucagon is normal (Lefebvre and Luyckx, 1975).

3. GLUCOSE INTOLERANCE

Elevated fasting plasma insulin concentration with normal fasting
giucose has been well documented in uraemia (Hutchings et al., 1966;
Briggs et al., 1967; Horton et al., 1968). The fall in blood glucose
following exogenous insulin administration-is delayed and decreased
(Westervelt and Schriener., 1962; Hampers et al., 1966; Horton et al.,
1968; Spitz et al., 1970). The fall in blood glucose following IV
tolbutamide was also diminished and delayed (Cerletty and Engbring,
1967; Spitz et al., 1970) and the concomitant insulin levels were

elevated. All these studies suggest insulin antagonism. However,



there are confiicting reports on the plasma insulin response to both
oral and IV glucose tolerance tests.

The early (2-10 mins) insulin response following IV glucose has
been reported as normal (Horton et al., 1968), increased (Hutchings et
al., 1966) or decreased (Hampers et al., 1966). Insulin levels during
the latter part of the test (25-60 mins) have been uniformly increased
(Horton et al., 1968; Hutchings et al., 1966; Hampers et al., 1966).
Following an oral glucose stimulus the early release of insulin was
found to be normal (Briggs et al., 1967; Cerletty and Engbring, 1967)
or increased (Spitz et _al., 1970) while late responses were elevated
in all the studies.

These effects could be explained in part by prolongation of the
half life of insulin, true hypersecretion of insulin, relative
hypersecretion secondary to the higher glucose concentrations found
later in the tests or a combination of these. Furthermore, the
conflicting results could be explained by differences in the uraemic
populations studied, such as the severity of renal failure (i.e.
residual renal function) and the use and the 'adequacy' of dialysié.
The decreased insulin response to IV glucose, in contrast, to the
increased response to oral glucose (Hampers et al., 1966; Hampers et
al., 1968) has been suggested to be due to insulin-releasing gut
hormones which may have a role for maintenance of insulin secretion in

uraemia (Creutzfeldt et al., 1970).

4. TISSUE SENSITIVITY TO INSULIN AND BETA CELL SENSITIVITY TO GLUCOSE

DeFronzo (1978b) suggests that the seemingly conflicting results
in the literature concerning the plasma insulin response in glucose
tolerance tests may represent two distinct groups of uraemic patients.

He postulates that one group have 'normal' glucose tolerance and



increased plasma insulin levels, while the other group have impaired
glucose tolerance and diminished or normal plasma insulin responses to
infused glucose.

DeFronzo proposed that since peripheral antagonism (tissue
insensitivity) to insulin is uniform in uraemia, glucose tolerance
would only remain normal if the pancreatic beta cells were able to
increase their insulin secretion to overcome the insulin resistance.
This would conform to the first group of patients with 'normal'
glucose tolerance and increased plasma insulin responses. However, if
significant inhibition of insulin secretion was superimposed on a
state of insulin antagonism glucose intolerance would become overtly
impaired. This would conform to the second group, with impaired
glucose tolerance and normal or decreased insulin responses. Thus an
interaction between tissue senéitivity to insulin and beta cell
sensitivity to glucose might explain the seemingly discrepant results
concerning the insulin response to glucose. DeFronzo (1978a)
quantitated the relative contributions of impaired insulin secretion
and insulin resistance using clamp techniques. Using the
hyperglycaemic clamp technique the plasma insulin response was
biphasic, the early (0-10 mins) response was normal but the later
(10-120 mins) was higher in uraemics. After 10 weeks haemodialysis
the late plasma insulin response decreased and was not significantly
different from the controls. The decline in the insulin response was
mainly due to an increase in the metabolic clearance rate of insulin.
The change in insulin secretion was quite variable. 1In the majority
of patients insulin secretion increased negligibly (suggesting that
uraemia had an inhibitory effect on the beta cell). In some insulin
secretion fell post-dialysis (suggesting that the primary disturbance

was one of impaired insulin action). During the hyperglycaemic clamp



performed post dialysis the decreased insulin response resulted from a
small increase in insulin secretion and a larger increase in the
metabolic clearance rate of insulin. The amount of glucose
metabolized during the clamp studies was significantly less in
uraemics than controls. Although haemodialysis resulted in a marked
improvement in glucose metabolism it did not restore it to normal. To
provide an independent measure of tissue sensitivity to insulin,
DeFronzo's group (1978a) employed the euglycaemic insulin clamp
technique and found that tissue sensitivity to insulin was
significantly reduced in uraemics and following haemodialysis insulin
mediated glucose metabolism improved to a level only slightly less
than controls. The observations for the above clamp techniques has
promoted the concept than insulin resistance is present in most
patients with chronic renal failure and plays a dominant role in
glucose intolerance in uraemia. The normal beta cell response to this
insulin antagonism would be to augment its insulin secretion in an
attempt to override the insulin resistance. 1In some patients,
however, uraemia also impairs insulin secretion. In those subjects in
whom both tissue insensitivity to insulin and impaired beta cell
response to glucose occur together, the greater decline in glucose
tolerance is observed (DeFronzo, 1978a;1978b).

However, it should be noted that the increased circulating insulin
in uraemia may not necessarily be due to resistance to the action of
insulin, but delayed insulin degradation due to loss of renal
parenchyma may also be important (Reaven and Olefsky, 1978). The
insulin response to a constant glucose infusion was studied in an
animal model of acute uraemia induced without loss of renal mass.
There was no difference between pre- and post—insulin responses

(Swenson et al., 1973). The authors concluded that there was no



increase in insulin response when there was no loss of renal
parenchymal tissue. These results suggest that the elevation of the
insulin response in uraemia may be due to a defect in insulin removal
rather than insulin hypersecretion. Thﬁs the rise in insulin
concentration does not necessarily mean an increased pancreatic

insulin response.

5. THE SITE OF INSULIN RESISTANCE

Impairment of insulin-mediated glucose metabolism in uraemia could
result from increased hepatic glucose production that does not
suppress normally following insulin, diminished glucose uptake by the
liver or impaired glucose uptake by peripheral (muscle and adipose)
tissues. Using the euglycaemic insulin clamp téchnique in combination
with radioisotope (H3—glucose) turnover methodology and
hepatic/femoral vein catheterisation (DeFronzo et al. 1978a; 1980;
1981) showed that both suppression of hepatic glucose production and
splanchnic (hepatic) glucose uptake are normal in uraemia. In
contrast, the ability of insulin to increase glucose uptake in the leg
was markedly impaired in uraemic subjects. These results suggest that
the major site of insulin resistance resides in the periphery. This
is consistent with the forearm perfusion studies with constant
intra—arterial insulin infusion which showed reduced glucose uptake in
uraemia (Westervelt, 1969). Following haemodialysis tissue
insensitivity to insulin was found to return towards normal and

overall glucose intolerance improved (DeFronzo et al., 1978a).

6. INSULIN RECEPTOR AND POST RECEPTOR DEFECTS

Insulin, like other peptide hormones, is known to initiate its

effects on target tissues by binding to specific surface receptors



(Pastan et al., 1966). The resultant hormone receptor interaction
triggers a sequence of membrane and intracellular events that produce
the biological response. Thus insulin resistance could result from
either a receptor or post receptor (intracellular) defect.

Decreased insulin binding to red cellé has been reported in
non-dialysed uraemics, however, after 1 year of haemodialysis
erythrocyte binding decreased relative to controls (Gambhir et al.,
1981). 1In contrast, insulin binding to rat adipocytes was normal
(Maloff and Lockwood, 1981) and insulin binding to circulating
monocytes in uraemic subjects was also normal (Smith and DeFronzo,
1982). Thus, by inference if receptor binding is normal in uraemia
then it may be predicted that intracellular defects are responsible
for the insulin resistance.

The site of insulin resistance has been studied by constructing an
in' vivo dose-response curve using the euglycaemic clamp technique.
Insulin resistance can be classified as being due to either a
decreased sensitivity or a decreased responsiveness to insulin. These
two abnormalities are manifest by a shift to the right in the
dose-response curve or a reduced maximum response respectively. The
spare receptor concept indicates that reduced insulin receptor binding
usually results in a decreased sensitivity while a post-receptor
defect results in insulin unresponsiveness. The maximal
responsiveness tb insulin was decreased in uraemics and partially
corrected by dialysis (Schmitz et al., 1983). A similar study showed
both a decreased sensitivity and reduced responsiveness but the
monocyte insulin binding was normal in keeping with a post-binding
defect (Smith and DeFronzo, 1982). Thus, there is evidence that the
site of insulin resistance is due to impaired intracellular glucose

metabolism or abnormal glucose transport within the cell.



7. THE ROLE OF THE LIVER

The role of the liver in the development of glucose intolerance
has been examined by measuring the’rate of glucose turnover and by
quantifying the hepatic responses to glucose and insulin infusion.

Data on hepatic glucose production in uraemia are conflicting.
Rubenfeld and Garber, 1978, observed a 50% increase in glucose
turnover, a 2-fold rise in alanine and that gluconeogenesis (mainly
from alanine) increased in non—dialyéed uraemic patients. Following
haemodialysis there was a reduction, but not a complete reversal of
the accelerated gluconeogenesis (Rubenfeld and Garber, 1979). They
postulated an increase in glucose utilization following dialysis
treatment. The increased gluconeogenesis could also be due to
increased hepatic sensitivity to glucagon (Sherwin et al., 1976).

The importance of gluconeogenesis for glucose homeostasis has been
underlined by the observation of hypoalaninaemia and decreased rates
of gluconeogenesis in debilitated uraemic patients presenting with
hypoglycaemia (Garber et al., 1974). The kidney also has a role in
gluconeogenesis. During prolonged starvation the normal kidney has
been reported to contribute about half of the glucose production
through recruitment of the gluconeogenic pathway (Owen et al., 1969).

However, in contrast, normal rates of glucose production have been
reported (DeFronzo et al., 1981; Ricanati et al., 1983). Both
suppression of hepatic glucose production and splanchnic (heﬁatic)
glucose uﬁtake were normal in uraemia. Kalhan et al. (1983) showed
that in chronic renal failure glucose production did not change, but
glucose carbon recycling increased and glucose oxidation decreased.

Haemodialysis had no effect on any of these variables.



8. GLUCAGON AND GLUCOSE METABOLISM

Increased circulating levels of glucagon have been implicated in
the development of carbohydrate intolerance and insulin resistance in
uraemia. Although proglucagon is primarily responsible for the
elevated levels of increased circulating glucagon, there is up to
3-fold elevation of the biologically active glucagon (MW 3500)
(Emmanouel et al., 1976). High circulating plasma glucagon
concentrations result from decreased renal clearance (Kuku et al.,
1976). The increase in glucagon (MW 3500) is due to the decrease in
metabolic clearance rate as glucagon secretion is normal (Lefebvre and
Luyckx, 1975). Compared to insulin the liver plays a much less
important role in glucagon degradation (Felig et al., 1974). The
primary effect of glucagon is to stimulate hepatic glucose production.
 Basal hepatic glucose production is not increased and is normally
suppressed by insulin in uraemia and glucagon has no clear effect on
the peripheral utilization of glucose (DeFronzo et al., 1978a). Thus
it is unlikely that hyperglucagonaemia per se plays a role in glucose
intolerance under conditions where the plasma insulin is elevated.

However, the plasma glucose response to glucagon is enhanced in
uraemia indicating increased hepatic sensitivity to glucagon.
Following glucagon infusion the increase in plasma glucose
concentration in uraemia was 3-4 fold greater than controls.
Haemodialysis corrected the excessive glycaemic response to glucagon
(Sherwin et al., 1976). These findings suggest that hepatic |
sensitivity to glucagon is increased while tissue sensitivity to
insulin is decreased in uraemia. 1In the situation, for example after
a protein meal, when the plasma glucagon response is high and the
insulin response is relatively low excessive stimulation of hepatic

glucose output may ensue and result in glucose intolerance. Elevated



glucagon levels may also contribute to increaéed gluconeogenesis from
alanine in skeletal muscle (Rubenfeld and Garber, 1978). Furthermore,
DeFronzo and Smith (1985) have found increased alanine uptake by
splanchnic tissue (liver) in uraemia suggesting gluconeogenesis is
increased in chronic renal failure. This has important clinical
implications and may explain the muscle wasting and negative nitrogen

balance commonly observed in uraemia.

9. PARATHYROID HORMONE AND GLUCOSE METABOLISM

Abnormalities in the metabolism of parathyroid hormone (PTH) have
also been implicated in the pathogenesis of carbohydrate intolerance
associated with uraemia.

Increased insulin secretion was observed in uraemic patients with
severe secondary hyperparathyroidism which improved following
parathyroidectomy (Lindall et al., 1971). This observation was
attributed to the parathyroid hormone effect on pancreatic islet
function. However, others have failed to show any relationship
between secondary hyperparathyroidism and glucose tolerance, insulin
secretion and insulin sensitivity (Amend EE_EL;’ 1975).

More recently studies in animals (Akmal et al., 1984) and humans
(Mak et al., 1983) suggest that excess PTH inhibits the compensatory
increase in insulin secretion in a insulin resistant state, thus
contributing to the glucose intolerance of chronic renal failure.
Graf et al. (1985) using the hyperglycaemic clamp technique evaluated
the role of PTH on glucose metabolism in chronic renal failure and
dialysis. They found that patients on haemodialysis had normal
peripheral glucose uptake. The beta cell response to hyperglycaemia
(during the early phase as well as during the steady state) was the

same in controls and non—-parathyroidectomised uraemics, whereas, those



who had parathyroidectomy, i.e. previous severe and long standing
secondary hyperparathyroidism, had markedly increased insulin
secretion. Tissue sensitivity to insulin was normal in the
non—-parathyroidectomised haemodialysis group but was decreased in the
parathyroidectomy group. Thus PTH may have a suppressive effect on

insulin secretion.

10. GROWTH HORMONE AND GLUCOSE METABOLISM

Growth hormone (GH) concentrations are frequently elevated in
renal failure but do not correlate with glucose intolerance in
individual patients (Horton et al., 1968; Saaman and Freeman, 1970;
Orskov and Christensen, 1971). Further, despite an apparent
improvement in carbohydrate intolerance and insulin sensitivity with
haemodialysis levels of growth hormone remain unaffected (Saaman and
Freeman, 1970). Abnormal growth hormone concentration in chronic
renal failure results from both impaired degradation and abnormalities
in secretion. Peripheral disposal of this peptide depends largély on
renal mechanisms (Cameron et al., 1972; Gottheiner et al., 1979). The
normal response of reduction in growth hormone following glucose
administration does not occur in renal féilure suggesting that the
secretory dynamics are altered. In fact, levels of growth hormone
often show a paradoxical rise during glucose tolerance testing (Wright
et al., 1968; Saaman and Freeman, 1970). The latter change has been
attributed to protein and caloric malnutrition since this paradoxical
response is observed in conditions such as kwashiorkor and marasmus
(Pimstone et al., 1966).

DeFronzo (1978b) found no difference in fasting GH levels pre—~ and
post—dialysis. The majority of patients showed no change in GH

response with sustained hyperglycaemia. Thus the deranged growth



hormone physiology in uraemia is unlikely to be related to

carbohydrate metabolism.

11. LIPID METABOLISM AND CARBOHYDRATE METABOLISM

There is an important inter-relationship between carbohydrate and
lipid metabolism in uraemia. Type IV -~ (carbohydrate induced and
accompanied by glucose intolerance) hyperlipidaemia is common in renal
failure. |

Hypertriglyceridaemia with normal or increased cholesterol is
common in uraemia. The lipid abnormalities in chronic renal failure
include an increase in very low density lipoproteins (VLDL), normal or
increased low density lipoproteins (LDL) and decreased high density
lipoproteins (HDL). There is also an increase in saturated fatty acid
esters and a reduction in linoleic acid. Low concentrations of
HDL~cholesterol, high total serum cholesterol (Kannel et al., 1979),
high VLDL-triglyceride (Norbeck et al., 1980) and relatively low
linoleic acid and high fatty esters (Norbeck et al., 1982) are thought
to promote atherosclerosis.

The aetiology and pathogenesis of lipid abnormalities in uraemia
are still unclear. Abnormalities from deranged carbohydrate
metabolism have been long implicated (Bagdade et al., 1968; Olefsky et
al., 1974). 1Increased hepatic synthesis of triglycerides or impaired
removal of triglycerides from the circulation have been suggested as
the cause of hypertriglyceridaemia.

Peripheral insulin resistaﬁce combined with hyperinsulinaemia,
resulting from insulin antagonism and/or impaired degradation, have
been reported to increasevthe hepatic synthesis of VLDL triglyceride
(Bagdade et al., 1968). However, later studies have failed to show

any relationship between hyperinsulinaemia and hypertriglyceridaemia



in chronic renal failure (Cattran et al., 1976). Indeed, reduced
rates of triglyceride syntheéis has been reported (Cattran.fgijéL.,
1976; Sanfelippo et al., 1977).

The main abnormality appears to be diminished catabolism of
_lipoproteins. Impaired removal of circﬁlating triglycerides has been
well documented (Cattran et al., 1976; Ibels et al., 19?6). This may
be due to low enzyme levels of both serum and hepatic lipoprotein
lipase (Chan et al., 1982).

Serum lipoprotein abnormalities occur early in chronic renal
failure and are only marginally, if at all, affected by haemodialysis
(Hass et al., 1983) or low protein diets (Attman et al., 1984). In
uraemia increased dietary intake of carbohydrate markedly increasés
triglyceride concentrations which may reverse with dietary restriction
(Sanfelippo et al., 1978). 1In CAPD, patients are exposed to large
quantities of glucose and subsequently develop an increase in both

triglyceride and cholesterol (Gokal et al., 1981).

12. URAEMIA AND DIABETES

In type I (insulin dependent) diabetes mellitus, destruction of
the beta cells leads to loss of insulin secretory capacity and the
insensitivity to insulin appears to be secondary to the metabolic
consequences of insulin deficiency (Nankervis et al., 1984).

In type II (non-insulin dependent) diabetes mellitus, the
mechanism of the disorder is still not clear. Abnormalities of both
insulin secretion and insulin action are found in patients with
established type II diabetes (Weir, 1982) and in glucose intolerance
(Reaven and Miller, 1979).

Insulin insensitivity was found to be a more constant feature of

type II diabetes than defective insulin secretion which might result



from secondary decompensation of the beta cells in response to
hyperglycaemia (Reaven, 1984). In contrast, others have found
impaired beta cell secretory activity as the dominant. feature
(Kadowski et al., 1984). Recently, using the technique of continuous
infusion of glucose with model assessment (CIGMA), O'Rahilly et al.
(1986) found beta cell function the primary defect in type II
diabetes.

In uraemia, insulin insensitivity appears to be the dominant
feature whereas the beta cell response is variable and probably plays
a minor role. Basal hepatic production of glucose is normal or only
minimally elevated in both uraemia and type II diabetes (DeFronzo,
1978b). Futhermore, glucose production decreases in both groups
following physiological hyperinsulinaemia. Thus uraemia and type II
diabetes share some similarities, with insulin resistance being more
prominent in uraemia and beta cell dysfunction being more
characteristic of type II diabetes (Figure 2.1). However, despite
insulin insensitivity it is uncommon for uraemics to develop overt
diabetes unless there is an underlying genetic diabetic
predisposition. Both type I and II diabetes often have marked
deterioration in their glucose control with progression of renal
failure. 1Insulin requirements may need to be increased and type II
diabetes may need insulin supplementation to control their glycaemia.
However, when the GFR falls below 20 ml/min a paradoxical situation
arises. - The clearance of insulin becomes markedly reduced and less
insulin is degraded resulting often in better control or reduced
requirements and improved glucose tolerance. Following the
institution of dialysis a complex situation situation develops.
Dialysis may increase the tissue sensitivity to insulin thereby

decreasing insulin requirements. However, dialysis may also improve
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insulin degradation towards normal thereby increasing the need for
insulin. 1In view of this paradox it is difficult to predict for any

individual what will happen to their insulin requirements.

13. CLINICAL IMPLICATIONS OF GLUCOSE INTOLERANCE IN URAEMIA

As previously discussed, it is unusual for uraemic patients to
develop overt diabetes despite their underlying glucose intolerance.
However, impaired glucose metabolism in uraemia may have potential
adverse effects.

Patients Qith chronic renal failure have a higher incidence of
cardiovascular disease (Linder et al., 1974). Figure 2.2 shows the
possible inter-relationship of disturbed carbohydrate, lipid and
protein metabolism. However, there is no direct evidence that glucose
intolerance per se contributes to atherosclerosis and its subsequent
complications. Nevertheless, some insight can be gained from data
available on patients with diabetes mellitus.

Accelerated atherosclerosis is common in diabetes.
Hyperinsulinaemia in diabetes has been implicated as a causative
factor in the pathogenesis of atherosclerosis (Stout, 1979). Insulin
has been shown to increase the transport of cholesterol into
arteriolar smooth muscle cells and to stimulate the proliferation of
endothelial cells lining the arterial vassular’wall. Thus the uraemic
hyperinsulinaemic state may play a role in hyperlipidaemia.

Diabetes has been associated with an increase in cardiovascular
mortality in clinical (Kessler, 1971), life insurance (Goodkin, 1975)°
and population studies (Garcia et al., 1974). Although other risk
factors such as hypertension, obesity and hyperlipidaemia are well
known, the presence of fasting hyperglycaemia and a diabetic glucose

tolerance curve is an independent risk factor in cardiovascular



disease (National Diabetes Data Group, 1979).

However, most uraemic patients do not fulfil the criteria for the
diagnosis of diabetes but do have impaired glucose tolerance. Some
cross sectional population studies have shown that impaired glucose
tolerance carries an increase in prevalence of coronary artery disease
and is independent of hypertension and hyperlipidaemia (Keen et al.,
1965; Yano et al., 1982).

Although it is difficult to separate the other risk factors in
uraemia, in particular hypertension and hyperlipidaemia, there is
suggestive evidence that impaired glucose tolerance carries an
increase risk of cardiovascular complications. Hyperglycaemia per se
can result in production of abnormal circulating proteins such as
glycosylated haemoglobin and albumin and this may contribute to
abnormalities in structural proteins of the capillary basement
membrane in muscle and kidney in diabetics (Skyler, 1979; Jovanovic
and Petersen, 1981). Glycosylated haemoglobin has also been found to
be elevated in uraemia in the absence of diabetes and is discussed in
detail in Chapters 4 and 8. If uraemia per se increases glycosylated
haemoglobin or some similar substance then possibly structural changes
may ensue which might have a role in atherosclerosis (DeFronzo and

Smith, 1985).

14. SUMMARY

In summary, abnormal glucoée metabolism in uraemia is
characterised by fasting normoglycaemia, abnormal glucose tolerance,
hyperinsulinaemia and hyperglucagonaemia. Impaired renal degradation
plays a significant role in the circulating concentrations of both
insulin and glucagon. Glucose intolerance results from impaired

glucose utilization manifested by reduced glucose uptake in peripheral



sites such as skeletal muscle due to the resistance to the action of
insulin. 1In addition and possibly inter-related to tissue
insensitivity to insulin impaired beta cell function to glucose may
play a role. This concept could explain some of the conflicting
evidence in the literature. Increased glucose production by the liver
is controversial. Recent studies have shown that hepatic glucose
production is normal but increased gluconeogenesis from amino acid
pathways in skeletal muscle may be important. Hepatic sensitivity to
glucagon is increased while peripheral insulin sensitivity is reduced.
The site of peripheral antagonism appears to be post-receptor, that
is, an intracellular rather than a receptor defect. The suppressive
effect of parathyroid hofmone on insulin secretion remains
controversial but recent work suggests that it may have a role in
carbohydrate metabolism in uraemia.

The pathophysiology of carbohydrate metabolism in uraemia remains
complex and probably multifactorial. The abnormalities may partly be
improved with dialysis treatment but complete reversal is uncommon.
The similarities between glucose intolerance in uraemia and diabetes
mellitus, and the inter-relationship between disturbed carbohydrate
and lipid metabolism and the resultant hyperlipidaemia, provide
suggestive evidence that impaired glucose metabolism predisposes to

cardiovascular disease.



CHAPTER 3

GLUCOSE METABOLISM AND CAPD




1. CONTINUOUS AMBULATORY PERITONEAL DIALYSIS

The term dialysis was introduced by the Scottish chemist Thomas
Graham who demonstrated the process of separating substances using a
semipermeable membrane made of parchment and albumin (Graham, 1854);
As well as designing a 'dialyser' he suggested that tissue could be
used as a functioning semipermeable membrane. However, it was not
until the 1920's that both haemodialysis and peritoneal dialysis were
used in man to treat acute renal failure. 1In the 1960's significant
advanceé were made in the treatment of chronic renal failure. Vessel
access in the form of arteriovenous shunts and the subcutaneous
fistula were developed for haemodialysis, while Tenckhoff and
Schechter (1968) designed a permanent peritoneal catheter for chronic
intermittent peritoneal dialysis. Further development in machine and
artificial dialyser technology made haemodialysis a more efficient and
acceptable treatment for general use. However, intermittent |
peritoneal dialysis remained less popular because of inferior solute
clearances, the high incidence of peritonitisland the relatively long
periods patients were attached to fluid cycling machines. Continuous
ambulatory peritoneal dialysis (CAPD) was developed in 1975 when
Popovich and Moncrief described a 'portable equilibrium dialysis
technique' (Popovich et al., 1976). Modifications (Oreopoulos et al.,
1978) and clinical experience have now made CAPD an acceptable mode of

renal replacement therapy.

a) Principle

CAPD is based on solute diffusion across a semipermeable membrane
and fluid movement by osmosis. The fluid compartments, blood and
dialysis fluid in the peritoneal cavity are separated by a natural

semipermeable membrane, the peritoneum. The process of



transperitoneal equilibration between dialysate and plasma is
determined by time of exposure of the dialysate to the peritoneum and
the molecular size of the solute.

Small molecules, such as urea (60 Daltons) achieve equilibration
within 2 hours of dialysate dwell whereas larger solutes (500-5000
Daltons) take proportionately longer to approach equilibrium.

Although it may be expected that after small solutes achieve rapid
equilibration clearances would be reduced with dwell times longer than
3-4 hours the continuous nature of the system compensates such that
weekly clearances are satisfactory to control uraemia. ‘Small solute
clearances in CAPD are superior to intermittent peritoneal dialysis
though inferior to haemodialysis. Thé process of equilibration for
large solutes continues for long periods and favours long dwell times.
Clearance of large molecules falls less rapidly with long exchanges
than small solutes. Large solutes are cleared more efficiently in
CAPD than either intermittent peritoneal dialysis or haemodialysis.
Thus CAPD has a low solute flow rate but this is compensated by the

continuous process of the technique.

b) Technique

The procedure consists of instilling by gravity dialysis fluid,
contained in plastic (PVC) bags, through a plastic tube (transfer set)
which is connected to a permanent peritoneal catheter. The fluid
equilibrates within the peritoneal cavity for 4 to 6 hours and is then
drained out by gravity. Generally, three 2 litre exchanges are
performed during the day and a longer (8 hours) exchange is done
overnight. Following instillation of the fluid the empty plastic bag
is rolled up and attached to the body, allowing the patient freedom to

carry out normal daily activities, till the end of the cycle. At the



end of the exchange the bag is disconnected and replaced by fresh
dialysis fluid. The instilling and drainage procedure takes about 25
minutes. Several modifications of the system and innovations in
'connector' technology have improved the technique and reduced the
incidence of peritonitis.

Variations in the technique can be applied to meet the needs of
the individual patient. Continuous cyclic peritoneal dialysis (CCPD)
is a vafiation of CAPD which involves using a machine to instil and
drain fluid automatically. Generally several cycles are performed
during the night when the patient is asleep and one exchange (or none
- empty peritoneum) is done during the day. Currently experience with

this technique is limited.

. 2. THE ROLE OF GLUCOSE IN CAPD

a) Dialysis solutions

The chemical composition of peritoneal dialysis solutions is
fundamental in the process of CAPD. Commercially available solutiomns
are now relatively standardised and provide satisfactory electrolyte,
mineral and acid-base balance. Ultrafiltration is achieved by an
osmotic agent which to date has been glucose. Dialysis solutions and
systems in CAPD have been recently reviewed by Winchester (1986).

There are minor differences in the non-osmotic composition of
fluids which vary between manufacturers. 1In general, the constituents
are sodium (130-134 mmol/1), chloride (100-103 mmol/1), calcium
(1.35-1.75 mmol/1), magnesium (0.5-1.5 mmol/l)‘and lactate (35
mmol/1). Fluids are usually potaésium free. The osmotic component of
the fluid is glucose (dextrose), which varies between 1.36 g/dl (%)
and 4.25 g/dl. This allows manipulation of the osmotic strength of

the fluid to achieve the desired degree of ultrafiltrationmn.



A sodium content of about 132 mmol/l is adequate in most clinical
situations in CAPD and any extracellular fluid contraction and
postﬁral hypotension due to excessive ultrafiltration can be corrected
by adjustment to the osmotic strength of the fluid or to the sodium
and water oral intake. This is in contrast to intermittent peritoneal
dialysis when a lower sodium concentration is often recommended,
particularly when the dwell times are short and h&pertonic soiutions
result in disproportionately greater removal of extracellular water
than sodium. Potassium is generally not reqﬁired to maintain normal
serum concentrations and any change in serum potassium éan be
corrected by oral or dietary manipulation. A positive calcium balance
is maintained in most patients, but underlying renal osteodystrophy
may require alterations in either the calcium content of the fluid or
more usually oral supplementation with calcium and vitamin D
analogues. Magnesium concentrations are usually well maintained anﬂ
rarely require alteration, but the increased use of magnesium
containing phosphate binders may in the future warrant changes in the
dialysate magnesium concentration.

Acid-base balance is achieved by lactate. Bicarbonate would be
ideal but there are two drawbacks related to the manufacturing process
that prevents its use. In the presence of bicarbonate insoluble
calcium and magnesium salts precipitate on storage and the alkali pH
of bicarbonate produces caramelisation of glucose during autoclaving.
Acetate and lactate have been used as alternative buffers without- the
above problems. However, recently the use of acetate has been
associated with loss of ultrafiltration (International Study Group,
1984) and a possible association with the rare, but lethal, condition
of sclerosing peritonitis (Slingeneyer et al., 1983). Thus lactate is

now exclusively used as the buffer in CAPD fluids.



b) Osmotic agents

fluid removal during peritoneal dialysis depends on osmotic
forces. Glucose has been used as an osmotic agent since the early
experimental days and has proven to be safe, effective and
inexpensive. 1Indeed dextrose is the only commercially available
osmotic agent at present. However, the high rate of peritoneal
glucose absorption has lead to obesity, hypertriglyceridaemia and the
potential hazardous effects on carbohydrate metabolism and accelerated
atherosclerosis has generated interest in alternative osmotic agents.

Glucose in dialysis fluids can undergo spontaneous breakdown to
aldehyde, 5-hydroxymethylfurfural, laevulinic and formic a;ids. This
process may be accentuated by extreme heat during the sterilization of
fluids during manufacture. The effect of storage and heating of the
dialysis solution by the patient prior to instillation has been shown
to increase glucose metabolites (Henderson et al., 1984). Henderson
et al. (1984) propose that metabolites (5—hydroxyﬁethylfurfural) may
combine with lactate to form Schiff bases which can alter the
properties of tissue components. Thus glucose metabolites may have an
adverse effect on the peritoneal membrane. To prevent the
caramelisation of glucose during autoclaving, hydrochloric acid is
added to the dialysis solution to keep the pH below 5.5. This low pH
may have disadvantages, as it has been attributed to the pain some
patients have on initial instillation. It can also inhibit
phagocytosis and affect intracellular killing of bacteria, but this is
probably only transient as the dialysate pH rises to 7 within 1 hr
after instillation (Vas et al., 1981).

Alternative agents have been investigated and reviewed by

Winchester (1986). Currently, no agent has shown any definite



advantage over dextrose. Some agents have shown good ultrafiltration
characteristics but adverse effects have prevented theif use.
Sorbitol, fructose, xylitol and polyanions have revealed toxic
effects. Amino acid solutions are potentially useful and have both
good ultrafiltration properties and nutritional value but at presént
are too expensive for general use. Glucose polymers which are not
significantly absorbed, with sustained ultrafiltration characteristics
and reduced caloric load look promising but some have shown prolonged
retention and impaired metabolism. Future research may soon find a

suitable alternative to dextrose.

3. CLINICAL EXPERIENCE

Since its conception in 1975 there has been a vasﬁ global
expansion in CAPD. The reasons are multiple and include medical,
social and economic factors.

In recent years many reports on the clinical experience with CAPD
have revealed variable results (Chan et al., 1981; Kurtz et al., 1983;
Ramos et al., 1983; Heaton et al., 1986; Morgan et al., 1986, Tsakiris
et al., 1986). Although patient seiection can have a strong bias on
clinical data (Coward et al., 1982), with experience clinical outcome
has significantly improved. Peritonitis is undoubtedly the major
complication (Williams et al., 1981l; Gokal et al., 1982; Smith et al.,
1986), but catheter related problems are responsible for many hospital
admissions and technical failures. CAPD is parficularly suitable for
diabetics (Flynn, 1983), the elderly (Nicholls et al., 1984) and young
children (Bélfe and Watson, 1986). These groups were often denied
treatment in the recent past as they were considered 'poor candidates'
for haemodiaiysis or transplantationm.

The merits of CAPD are generally compared to those of



haemodialysis as it is accepted that for most patients a successful
transplant is the optimal treatment. 1In brief, CAPD provides adequate
control of uraemic symptoms and signs. Salt and water removal is
achieved by hypertonic glucose solutions and helps maintain fluid
balance and controls hypertension. Electrolyte, mineral and acid-base
balance are regulated by the chemical constituents of the dialysis
fluid. The advantages of CAPD are; a feeling of well being (perhaps
due to several factors including better clearance of 'uraemic
toxins'), less restricted fluid and diet control, steady state
biochemistry, improved control of anaemia and hypertension and is
generally more appropriate for diabetics, young children and the
elderly. Social factors such as relative independence, freedom to
travel and lower financial cost are also important. The disadvantages
include peritonitis and catheter-related problems, particularly if
they require regular hospital admissions, obesity and other forms of
malnutrition, hyperlipidaemia and the uncertainty of long term
viability of the peritoneun.

It is estimated that about 30,000 patients are on CAPD worldwide
(Gokal, 1986). - In the UK the 'CAPD explosion' has resulted in more
patients being treated with CAPD than home haemodialysis (EDTA report,
1985). Patient and technique survival have improved and are now
similar to haemodialysis. Patient survival is about 80%Z at 2 years
and 50% at 4 years, and the main reason for 'drop out' from CAPD is

now transplantation (Gokal, 1986).

a)b Diabetes and CAPD

Prior to 1970 most diabetics with end stage renal disease were
denied treatment largely due to the high morbidity and mortality

(Drukker et al., 1971; White et al., 1973). Progress on the

[}



understanding of the pathophysiology of diabetes, improved control of
glycaemia and management of complications as well as advances and
improved facilities in dialysis and transplantation have dramatically
changed the outlook. It is now estimated that 257 of new dialysis
patients and 20% of transplanﬁ recipients in the USA are diabetic
(Friedman, 1985). 1In the UK the proportion of diabetics on renal
replacement therapy has increased from 1.47%Z in 1975 to 11.17% in 1984
(Cameron and Challah, 1986).

The advantages of CAPD over haemodialysis for diabetics is partly
factual, partly anecdotal and still debatable (Legrain and'Keen, 1983;
Whitley and Kjellstrand, 1984; Friedman and Peterson, 1986).‘ In
brief, the advaptages of CAPD include steady state control of uraemia,
good control of hypertension and a stable cardiovascular state without
rapid fluid shifts and tighter blood glucose control by the use of
intraperitoneal insulin. Heparinisation and vessel access are
avoided. However, the peritoneal glucose load may promote obesity,
hyperglycaemia, hyperlipidaemia and aggravate accelerated
atherosclerosis. Despite the theoretical advantage of removal of
middle molecules and uraemic toxins in CAPD peripheral neuropathy is

generally unchanged.

b) Blood glucose control and intraperitoneal insulin

Improved blood glucose control is seen in most diabetics on CAPD
and is largely due to the use of intraperitoneal insulin
administration (Flynn et al., 1979; Khanna et al., 1983; Rottembourg
et al., 1983). Normally insulin is secreted into the portal vein in
response to various stimuli and about 507 is removed by paésage
through the liver. Intraperitoneal insglin acts like an 'artificial

pancreas' and mimics this physiological route. Clinical experience in



CAPD suggests that intraperitoneal insulin is superior to the
subcutaneous route. However, the dose of insulin requires to be
increased (often 3-4 fold) to achieve adequate glycaemic control. 1In
addition to the peritoneal glucose load, insulin binding and retention
to the dialysate bags, slow transperitoneal absorption because of its
large molecular size, losses to the dialysate and possibly other
metabolic and kinetic factors contribute to the higher insulin
requirements (Khanna et al., 1986).

The use of intraperitoneal insulin to reduce hypertriglyceridaemia
is unclear. A fall in triglyceride concentrations has been reported
by some (Moncrief et al., 1981) but not by others (Beardsworth et al.,
1983). Despite the use of intraperitoneal insulin, which usually
involves injecting directly into the dialysate bags, the incidence of
peritonitis in diabetics is no different from non-diabetics on CAPD
(Rottembourg et al., 1983).

The use of glycosylated haemoglobin in monitoring glycaemic
control in diabetics is well established but the value of this
indicator in uraemic diabetics is controversial and is discussed and
investigated in Chapters 4 and 8.

The survival of diabetics on dialysis and transplantation has
significantly improved in recent years (Friedman and Peterson, 1986).
Recent data from tﬁo large centres show that CAPD (Toronto) and
haemodialysis (Minnesota) have similar morbidity and mortality and
this was largely due to accelerated atherosclerosis (Khanna and

Oreopoulos, 1986).



4. GLUCOSE ABSORPTION AND CAPD

CAPD provides the patient with a continuous glucose infusion and
quantification of this carbohydrate load is important due to its
nutritional consequences.

The average daily absorption of glucose from dialysis solutions
varies between 100 to 200g (Grodstein et al., 1981; Von Baeyer et al.,
1981). On a typical regimen of 3 isotonic (1.36%) and 1 hypertonic
(3.86%) 2 litres exchanges about 120g of glucose will be absorbed per
day (Nolph et al., 1979). During a 6 hour cycle 60-80% of glucose
instilled into the peritoneal cavity is absorbed. This amounts to
45-60g from a 3.867% solution and 15-22g from a 1.367% solution
(Grodstein et al., 1981). These workers calculated that on average
182g of glucose was absorbed per day, which represented 8.4
Kcal/Kg/day or between 12% and 347% of the total emergy intake.

Similar studies have reported that glucose absorption from peritoneal
dialysis fluid accounts for about 207 of the total energy intake
(Lindholm and Bergstrom, 1986).

The rate of glucose absorption varies between patients, indicating
individual differences in peritoneal permeability. However, within an
individual patient the glucose absorption is fairly constant for a
given fluid regimen (Grodstein et al., 1981; Lindholm and Bergstrom,
1986).

The rate of glucose absorption may increase during episodes of
peritonitis due to increased peritoneal permeability and increased
diffusive transperitoneal transport of glucose (Rubin et al., 1981la;
Verger et al., 1984). The accelerated glucose absorption results in a
rapid decrease in dialysate glucose concentration and a reduction in
the osmotic driving force for water removal (Henderson, 1985). This

may result in the need for more hypertonic and/or more frequent



exchanges to maintain adequate ultrafiltration.

The long term effect of glucose absorption through the peritoneum
is unknown. Loss of ultrafiltration has been reported with time on
CAPD and several aetiological factors have been proposed, including
the use of hypertonic dextrose, acetate, impurities such as |
particulate matter, endotoxins and glucose metabolites. Morphological
and functional changes in the peritoneum have also been observed and
associated with some of these factors. This subject has been reviewd

by Diaz Buxo (1984) and more recently by Henderson and Gokal (1986).

5. METABOLIC AND NUTRITIONAL ASPECTS OF CAPD

The continuous' absorption of glucose in CAPD may contribute to:
hype;glycaemia, hyperinsulinaemia, excess weight gain, aggravation‘of
lipid and lipoprotein abnormalities, alteration in protein and amino
acid metabolism which may induce malnutrition, and possibly promote

premature atherosclerosis.

a) Glucose intolerance in CAPD

Glucose intolerance is common in uraemia and is largely due to
impaired peripheral insensitivity to the action of insulin (DeFronzo
et al., 1978a). The effect of CAPD on glucose intolerance is unclear.
Further deteriération in glucose tolerance and a decreased rate of
insulin secretion was found with oral glucose testing (Armstrong et
al., 1980) and a suggestion of beta cell depletion after intravenous
glucose loading has also been reported (Panzetta et al., 1982). 1In
contrast, others have found no change in the degree of glucose
intolerance up to 1 year after commencing CAPDV(Lindholm et al., 1981;
Von Baeyer et al., 1983). The continuous glucose administration could

potentially alter pancreatic beta cell function possibly by depleting



the beta cells. This is discussed in Chapters 2 and 6.

During CAPD a hypertonic exchange induces hyperglycaemia and
hyperinsulinaemia in a similar manner to an oral or intravenous
glucose load. Isotonic solutions, however, appear to have only a
marginal effect on blood glucose and insulin (Heaton et al., 1983;
Armstrong et al., 1985). Although the occasional patient on CAPD may
develop diabetes mellitus de novo, there is no convincing data
currently to suggest that CAPD induces diabetes. However, it is not
uncommon to find type II diabetics on CAPD to require insulin
supplementation to control their blood glucose (DeFremont et al.,
1981). It is possible, therefore, that patients with a genetic
predisposition to diabetes may have precipitation of type II diséase

induced by the continuous hyperglycaemic stress of CAPD.

b) Nutritional state

Weight gain, particularly during the first year on CAPD, is well
documented (Kutz et al., 1983; Young et al., 1983; Tsakiris et al.,
1986). This may be due to increased body fat (Young EE_il" 1983;
Bouma et al., 1984) and has been attributed to excessive glucose
absorption and hyperinsulinaemia. However, most patients return to
their premorbid non-uraemic weight after 1 year on CAPD (Rubin et al.,
1983). Weight gain has also been attributed to an increase in lean
body mass indicating an improved nutritionai state (Rubiﬁ et al.,
1983; Lindholm et al., 1981). Accumulation of body water is usually
easily recognisable and readily correctable provided there is no loss
of ultrafiltration. In the early years of CAPD a liberal oral intake
of fluid was prescribed which often resulted in the frequent use of
hypertonic solutions to control fluid balance and lead to excessive

caloric intake.



On the contrafy, malnutrition and loss of appetite may also be
related to glucose absorption. The abdominal distension due to the
volume of fluid in the peritoneal cavity may suppress satiety and the
continuous peritoneal absorption of glucose has been reported to

contribute to anorexia (Von Baeyer et al., 1983; Young et al., 1983).

" ¢) Lipid metabolism

Lipid metabolism is deranged in uraemia and further changes occur
in CAPD. Excessive carbohydrate and abnormalities in glucose
metabolism (hyperinsulinaemia and insulin insensitivity) may lead to
hyperlipidaemia (Olefsky et al., 1974; Coulston et al., 1983). Serum
VLDL and total triglyceride concentrations in renal failure strongly
correlate with the quantity of carbohydrate consumed (Cattran et al.,
1976; Sanfelippo et al., 1977). Thus in CAPD with continuous glucose
absorption one might anticipate deterioration in lipid status.

Indeed, within the first year of CAPD hyperlipidaemia is §ery common
(Gokal et al., 1981; Nolph et al., 1984) and about one third of
patients may develop hypertriglyceridaemia. The latter change has
been associated with protein loss in the dialysate (Gokal et al.,
1981) similar to that seen in the nephrotic syndrome. However, many
studies have shown that after about 1 year on CAPD there is a tendency
for both cholesterol, and triglycerideé to fall (Khanna et al., 1983;
Lindholm et al., 1983). This may indicate a metabolic adaption to the
glucose load and also correlates with weight reduction in many
patients. This may be due to changes in energy intake over time. It
has been shown that the total carbohydrate intake in some CAPD
patients is regulated by a spontaneous reduction of the oral

carbohydrate intake (Von Baeyer et al., 1981).



d) Protein and amino acid metabolism

Protein and amino acid abnormalities are well recognised in
uraemia and CAPD. 1In CAPD protein is lost (5-15 g/day) in the
dialysate and this is membrane permeability dependent (Rubin et al.,
1981b; Blumenkrantz et al., 1981). This explains the large
interindividual difference in dialysate loss. Variations in
ultrafiltration volume and the use of hypertonic exchanges appear to
have little effect on protein losses (Rubin et al., 1981b;
Blumenkrantz et al., 1981). Small proteins may be depleted rapidly,
particularly after peritonitis, that synthesis or oral replacement is
insufficient. Thus protein depletion can contribute to malnutrition
in CAPD. A high protein diet is generally recommended but compliance
can be a problem. Patients may have a reduced appetite for reasons
previously discussed or may genuinely have difficulty consuming
protein, especially if they have been accustomed to a low protein diet
for many years as part of their chronic renal failure management.

CAPD patients often require to be re—educated to reduce their
carbohydrate and fat intake and increase the protein content of their
diet.

Deranged amino acid metabolism is observed in chronic renal
failure, haemodialysis and CAPD (Bergstom et al., 1978). In CAPD the
loss of amino acids depends largely on the plasma concentration and
ultrafiltration volume (Dombros et al., 1982). The decreased
essential amino acids and reduced valine—glycine ratio seen in CAPD is
also observed in non-dialysed uraemics. This tends to suggest that
the amino acid abnormalities may largely reflect the underlying
uraemia. Sustained hyperinsulinaemia in CAPD has been reported to
contribute to reduced amino acid concentrations (Dombros et al., 1982;

Martin et al., 1982). Glucose administration to non-uraemic patients



has been shown to lower plasma amino acid concentrations (Martin et
al., 1982). Thus peritoneal glucose may affect amino acid metabolism.
Dialysate solutions containing amino acid have been studied and may

have a further role in selected patients (Winchester, 1986).

6. SUMMARY

CAPD, at least in the short term, has proven to be an effective
and acceptable treatment for end stage renal failure. Glucose plays a
major role in this therapy being responsible for the osmotic and
ultrafiltration effect. However, the long term effect of glucose on
the integrity of the peritoneum is unknown. Glucose exerts metabolic
and nutritional changes during CAPD. The hyperglycaemia and
hyperinsulinaemia can, at times, be an advantage in promoting
anabolism and improving the nutritional state. However, CAPD may also
be detrimental by promoting nutritional imbalances in the form of
protein deficiency and net catabolism. Furthermore, the increased
body fat in some patients, in addition to hyperlipidaemia may
aggravate atherosclerosis. The continuous effect of peritoneal
glucose absorption on pancreatic beta cell function is still not
known. Nevertheless, despite these possible adverse effects of
glucose, the use of CAPD has resulted in good control of uraemia,
hypertension and blood glucose.

The future of CAPD ultimately depends on the preservation of the
peritoneum to retain its solute clearances and ultrafiltration. New
dialysis solutions, substituting non—-glucose osmotic agents, may prove
advantageous in reducing the metabolic and nutritional consequences of

glucose.



CHAPTER 4

GLYCOSYLATED HAEMOGLOBIN




Glycosylated haemoglobin has become universally aécepted in the
past 10 years as an independent and objective indicator of glycaemic
control in diabetes. 1Its clinical value is clear, but it also
provides an important tool for research as a model of non—enzymatic
glycosylation and has opened up new avenues into the pathogenesis of
the complications of diabetes as well as advancing the concept of

non—-enzymatic carbamylation.

1. INTRODUCTION

]

The non-enzymatic 'browning' reaction was recognised in 1916 by
Maillard who pioneered work on sugar and amino acid condensation in
food. In the past 20 years there has been a great surge of interest
in non-enzymatic glycosylation, that is, the attachment of glucose to
certain amino acid residues of proteins, particularly in the field of
diabetes. Current interest in glycosylated haemoglobin began with the
potential clinical application of the measurement of modified
haemoglobins. Blood from diabetic patients was observed to contain
increased amounts of unusual haemoglobin fractions that migrated
faster on electrophoresis or chromatography (Rahbar et al., 1968;
Trivelli et al., 1971). In addition to identifying the haemoglobin
species it was also demonstrated that non—enzymatic glycosylation
occurred slowly and cumulatively, and the measured percentage of
glycosyiated haemoglobin in an individual could reflect ambient
glucose concentrations over an integrated period of time (Bunn et al.,
1976; Koenig et al., 1976).

In the past 10 years, there has been an explosion of data, on
glycosylated haemoglobin as a tool in assessing diabetic status, on
the development of new and improved methodology, on the understanding

of the nature and use of haemoglobin glycosylation and the widespread



use of glycosylated haemoglobin as an indicatér of blood glucose
control in diabetics.

Non—-enzymatic glycosylation of haemoglobin has stimulated research
into the pathogenesis of the complications of diabetes. Increased
glycosylation of other proteins, in particular proteins derived from
specific tissues typically involved in diabetic complications suggest
that the glycosylated proteins may have altered structure and function
(Cohen, 1986).

It has been suggested that non—-enzymatic carbamylation of
haemoglobin, that is, the attachment of urea-derived cyanate to
‘haemoglobin, occurs in uraemia (Fluckiger et al., 1981) and this is
analogous to non-enzymatic glycosylation in diabetes. However, little
is known about carbamylated haemoglobin and tﬁe possible clinical
relevance and pathophysiological significance in uraemia remains to be

seen.

2. CHEMISTRY

a) Structure and Biosynthesis of Glycosylated Haemoglobin

Enzymatic glycosylation is a normal post—translational process
which greatly expands the structure and function of proteins that are
synthesized from the 20 amino acids. Collagen, basement membrane
protein, HLA antigens, some cell surface receptors and certain
hormones are but a few glycoproteins synthesized enzymatically. When
a protein is exposed to a high glucose concentration for a relatively
long duration non-enzymatic incorporation of glucose can occur.

Structural heterogeneity of a protein is generally due to either
multiple gene coding for that protein or to post-translational
modifications. Normal human red cells contain one major haemoglobin

component, HbA [@,, B,] and two minor components, HbA, [a@,, &,] and
2° 72 : 2 %22 V2



HbF [az, YZ] each with 4 polypeptide chains. These proteins are coded
by 4 different globin genes. Haemoglobin consists of HbA which
accounts for 97% of the total and HbA, and HbF, 2.5% and 0.57%
respectively. Additional minor components arise because of
non—enzymétic glycosylation. Chromatographic analysis of HbA has
identified HbAla’ HbAléZ’ HbAlb’ HbAlc’ HbAld’ HbAle' The latter two
are not clearly elucidated and will not be discussed further.

The components of HbA1 result from post-translational
non—enzymatic modification of HbA1 by a variety of small molecular
weight substances, such as glucose, phosphorylated sugars, cyanate and
aspirin, and comprise about 7% of the total haemoglobin in normal
subjects. Each of the chromatographically determined components is
not homogenous and may be composed of many different entities. The
major component of the HbA1c peak is glycosylated haemoglobin (about
70%Z in normal subjects).

Glycosylated haemoglobin is formed when a glucose molecule
attaches to the N-terminal amino group (valine) of the B chain of
haemoglobin to form a Schiff base (Bunn et al., 1975). The labile
Schiff base, often called 'pre HbAlc' or the 'labile fraction', is an
intermediate which is reversible and increases rapidly in amount
.within a few hours after incubation of HbA with glucose (Higgins et
al., 1981). The Schiff base subsequently undergoes an Amadori
rearrangement to a stable ketoamine linkage (Bumn et al., 1975). This
is present in increased amounts in diabetics as a consequence of
increased blood glucose concentrations. The post—translational
non—enzymatic glycosylation of HbA occurs slowly but continuously
within the red cell throughout its 120 day life span in the
circulation. |

The attachment of glucose to haemoglobin occurs non-enzymatically



via a 2 step mechanism (Figure 4.1). 1In the initial rapid and
reversible condensation the Schiff base aldimine is formed and slowlf
undergoes the Amadori rearrangement to the more stable ketoamine form.
The Schiff base formation is dependent on the glucose concentration
and is readily reversible with dialysis of the reaction mixture or
lowering of the Blood glucose concentration. The Schiff base accounts
for the labile fraction as it elutes from the cation exchange resin
with the same mobility as the more stable ketoamine form. Although
there is equilibrium between the 2 configurations the balance is in
favour of the ketoamine.

The formation of 5-hydroxymethylfurfural (5HMF) by mild acid
hydrolysis of the Amadori rearrangement of HbAlc is shown in Figure
4.2. The characteristic spectrum of the adduct formed with
thiobarbituric acid is specific for ketoamine linked hexoses and forms
the basis of the specific chemical method to detect total ketoamine
glycosylation of proteins (Gabbay et al., 1979).

HbA1al and HbA1a2 (Table 4.I) are predominantly the B chain
N-terminal adducts of fructose-1,6,—-diphosphate and
glucose-6-phosphate respectively (McDonald et al., 1978), while HbAlb
is not yet fully clarified but may be a deamidisation product of HbA
(Krisnamoorthy et al., 1977). 1In addition to the NH, termini of the B
chain, glucose adducts can form with the amino terminal of the & chain
as well as free amino groups in the haemoglobin molecule. Various
lysine residues (Table 4.II) in the @ and B chains become glycosylated
on exposure to glucose (Bunn EE_Ei;’ 1979) and glucose can also
condense with €-amino groups of lysine residues along the polypeptide
chains of many proteins. Thus haemoglobin glycosylation is a general
and non-specific process. The amount of HbA in red cells, like HbA, .

is increased in diabetics, but unlike HbAlc, the modification of
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Figure 4. 1 Non-enzymatic interaction of glucose with amino groups. The labile and easily
reversible aldimine (Schiff base) is readily formed. The aldimine slowly enolizes to form the
more stable ketoamine configuration via an Amadori rearrangement
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Figure 4. 2  Chemistry of the TBA colorimetric test for detection of glycosyla(ibn. Only the ’
kctoamine rearranged form reacts to yield 5-hydroxymethylfurfural (S-HMF). The latter is
detected by forming an adduct with thiobarbituric acid



Table 4. I Minor Components of Haemoglobin A

Abundance
Haemoglobin Modification (2)
A (a38,) . 95*
An, aB-N-fructose-1,6-diphosphate)L(?) 0.2
1ag a,(B-N-glucose-6-phosphate), 0.2
A aAB-N-carbohydrate),(?) 0.5
A a,(B-N-glucose), 4

*An estimated 8% to 10% is glycosylated at sites other than N termini.

Table 4. II Sites on Human Haemoglo.bin which

Undergo Nonenzymatic Glycosylation
In Vitro In Vivo
B Val 1 g Val 1
a Lys 16 B Lys 66

“B Lys 66 a Lys 61
B Lys 17 p Lys 17
a Val 1 a Val1
a Lys7 a Lys 40

B Lys 8




glucose at these other sites do not result in changes in the
electrophoretic or ion exchange chromatographic properties (Gabbay et

al., 1979).

b) Modifying Factors

Non-enzymatic glycosylation takes place under physiological
conditions in normal individuals. The reaction follows second order
kinetics (McDonald et al., 1979) and the amount of glycosylated
product is proportional to the concentration of reactants. The major
determinant is the glucose concentration which according to the law of
mass action will cause a proportionate increase in the amount of
Amadori product formed. The second main determinant is the time of
exposure of the protein to the increased glucose concentration. Thus,
in vivo, fhe degree and duration of hyperglycaemia are the prime
factors in determining the amount of glycosylated haemoglobin.

Temperature and pH are important in vitro factors and are
critical, particularly in column chromatography (see later). The
half-life of the protein in the circulation or tissue is also
significant. Reduced half-life of the protein such as in haemolytic
anaemia and shortened red cell survival can cause a decrease in HbA1c
even in diabetics (Bunn et al., 1976) and old erythrocytes contain
more HbAlc than young ones (Fitzgibbons et al., 1976).

The permeability and availability of glucose in different tissues
will influence the extent of glycosylation. The erythrocyte is freely
permeable to glucose and hence the ease of haemoglobin glycosylation.
It is interesting that several characteristic complications of
diabetes occur in tissue that do not require insulin for glucose
transport and can dispose of glucose via insulin-independent pathways.

This adds to the concept that non—enzymatic glycosylation contributes



to the pathogenesis of diabetic complications in these tissues.
Biochemical factors such as the number of free amino groups,
accessibility and pK of the amino group within the structure of the

protein also influence the formation of glycosylated proteins (Cohen,

1986).

c¢) The Maillard Reaction

The ketoamine adduct formed from the reaction between glucose.and
protein amino groups can undergo a series of dehydration,
rearrangement and cleavage reactions collectively known as the
Mailléfd or browning reaction (Figure 4.3). The products of such
reactions are highly cross-linked, insoluble pigmented and fluorescent
polymers. The formation of these substances has been studied
extensively in vitro, particularly in the food industry but recent
evidence indicates that these products can form in vivo, particularly
in long-lived proteins and when non-enzymatic glycosylation is
increased. These advanced glycosylation products have recently been
implicated in the pathogenesis of diabetic complications (recently
reviewed by Cohen, 1986) as well as in the aging process. Thus the
Maillard browning reaction involves three stages, first the formation
of a ketoamine (as seen in Figure 4.1), i.e. non-enzymatic
glycosylation, then deamination followed by dehydration, cyclization
and fusion to generate secondary products such as
hydroxymethylfurfural (Figure 4.2) and the final stage involves
polymerization (Figure 4.3). The biological significance of advanced
glycosylation end-product formation is at present unclear but has

stimulated a new area of research in the field of glucose metabolism.
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3. MEASUREMENT OF GLYCOSYLATED HAEMOGLOBIN

a) Nomenclature

There has been some confusion about the nomenclature of
glycosylated haemoglobin and this is mainly due to the fact that our
knowledge of the subject has been changing rapidly. Glycosylated
haemoglobin (is synonomous with glycohaemoglobin and glycated
haemogiobin) refers to a series of stable adducts that are formed
between haemoglobin and sugars and whose concentrations are increased
within the red cell of patients with diabetes. Some assay methods
quantify all glycosylated haemoglobin species regardless of the
haemoglobin tetramer and this is called total glycosylated
haemoglobin. Other assays measure the products formed by
glycosylation of the amino termini of HbA (az, BZ)' Some are specific
for one product, e.g. HbAlc’ while others measure the sum of HbAla’
HbA1b and HbAlc’ which is called HbA1 or 'fast' haemoglobin (Figure
4.4). 1t is generally accepted that regardless of the particular
glycosylated haemoglobin, values obtained from the same blood sample,
but assayed by different methods are clinically comparable. However,
there are exceptions such as in remal failure which will be discussed

later.

b) Methods

Glycosylated haemoglobin is currently estimated by 2 basic methods
which operate on different principles and yield independent results
which are nonetheless related. The chromatographic methods depend on
a net change in the charge of the haemoglobin molecule when the
N-terminal position of the B chain is modified. Thus the components
of HbAla—c are eluted readily from a cation éxchange resin and can be

quantified and expressed as a percentage of total haemoglobin.

S -



Haemoglobin molecules glycosylated at sites other than the B
N-terminal do not have sufficiently altered net charge to increase
their mobilities and are thus not measured by these techniques. These
chromatographic operations are very sensitive to minor changes in
buffer pH and temperature which can significantly affect the values
obtained.

Separation based on a charge difference is the principle for the
macro—-column (Biorex-70 column chromatography - Trivelli et al.,
1971), isoelectric focus ing (Spicer et al., 1978), agar gel
electrophoresis (Nathan, 1981), high performance liquid chromatography
(HPLC) (Dunn et al., 1979a) and the convenient commercial mini-column
kits (Bio—-Rad, Richmond, Calif.). The latter columns can measure the
sum of HbAla—c (HbAl) or specific fractions (HbA1c and HbAla+b).

These are detailed in Chapter 5.

The other general type of method involves direct chemical
measurement of total glycosylation in the red cell. 1In the
thiobarbituruic acid (TBA)-colorimetric method (Fluckiger and
Winterhalter, 1978), furfural compounds are generated from the
ketoamine-linked carbohydrate moieties upon heating under acidic
conditions and are quantified colorimetrically with TBA (Figure 4.2).
This method is detailed in Chapter 5.

Several new methods have been developed in recent years and one of
the most promising is affinity chromatography (Klenk et al., 1982),
which uses affinity gel columns to separate glycosylated haemoglobin
from the non-glycosylated fraction. Results from this method suggest
that glycosylation accounts for only about 70% of the HbA1c peak
isolated by cation-exchange cﬁromatography. This is consistent with
the finding that a variety of non-glucose substances can modify the

N-terminal amino acid of the B chain such as carbamylation and



acetylation (see later).

c) Limitations of Assay Methods

Despite the variety of methods all have some limitations although
all are adequate for assessing clinical status and glycaemic control.
Ion exchange chromatography is greatly influenced by buffer pH, the
temperature of reagents, interference by non-glucose adducts, aldimine
intermediates (pre—HbAlc) and haemoglobinopathies. It also requires a
high degree of operator skill for precision, but has the advantage of
being rapid to perform, relatively inexpensive to run and suitable for
the small laboratory. HPLC has similar limitations and is expensive
to install but is useful particularly for research purposes.
Electrophoresis is subject to interference by several reactants
including non-glucose adducts, can be time consuming and relatively
expensive. The TBA-colorimetry methodkis unaffected by non-glucose
adducts, aldimine intermediates and haemoglobinopathies and is
relatively inexpensive to run. However, standardization can be a
problem (with no universally accepted standard) and hydrolysis
conditions must be carefully controlled for precision. Generally it
is a time consuming manual process but can be semiautomated for use in

large laboratories.

d) Interference

The chromatographic-type procedures can under certain conditions
produce falsely abnormal results due to interference. These are
listed in Table 4.III (adapted from Gabbay, 1983). Conditions such as
uraemia, chronic aspirin intake, antibiotic therapy and recent alcohol
intake can lead to false elevation of glycosylated haemoglobin. These

effects are due to changes in charge of the haemoglobin molecule



I - Conditions leading to false elevation of HbA,

A. Chromatographic abnormalities:

1.
2.
3.
4,

Hyperlipidaemia -~ due to lactescence
Elevated temperature and/or buffer pH
Negatively charged Hb variants - e.g. HbF
Acute hyperglycaemia - 'fast glycosylation'

B. Other post-translational Hb modifications:

1.
2.
3.
4,

Aspirin - acetylation

Antibiotics - penicilloylation
Alcohol - 5-deoxy-xylulose-l-phosphate
Uraemia - carbamylation

IT - Conditions leading to falsely low Hb Al values

A. Chromatographic abnormalities:

1.
2.

Low temperature and/or buffer pH
Positively charged Hb variants - e.g. HbS,C

B. Altered red blood cell dynamics:

1.
2.
3.

Increased destruction - e.g. haemolytic anaemia
Active erythropoeisis - e.g. pregnancy
Recent transfusions

Table 4. ITI Factors interfering with HbA
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'‘Carbamylated protein'

Figure 4. 5 Formation of isocyanate from urea and its reaction
with an amino group



brought about by post—translational modification occurring via
mechanisms other than glycosylation. Elevation of HbA1 in uraemia has
been reported to be due to a carbamylation species (Fluckiger et al.,
1981) which is detected by the chromatographic technique but not by
the TBA-colorimetric method. Glycosylated haemoglobin measured by any
method will be significantly reduced in patients with decreased red
cell life span (Elseweidy et al., 1983) such as in haemolytic anaemia,
uraemia or in patients with active erythropoiesis such as pregnancy.
The use of whole blood haemolysates iﬁ chromatography may give rise to

artefacts which can falsely elevate HbA1 or HbA1 The presence of

o*
the labile fraction or pre—HbAlc is influenced by the ambient blood
glucose concentration and in a poorly controlled diabetic acute
hyperglycaemia can cause false elevation of HbAlc unless fhe labile
fraction is removed (Nathan et al., 1951). Hyperlipaemic blood,
common in both diabetes and uraemia, can also increase the 'fast'

(HbA ) fraction due to interference from lactescence, which elutes

la-c
with the HbA1 fraction and is absorbed at the same wavelength (Dix et
al., 1979a). However, these complications are circumvented by the

- TBA-colorimetric method with the exception of shortened red cell

survival.

4. CLINICAL SIGNIFICANCE

The clinical usefulness of glycosylated haemoglobin in diabetes

has been firmly established.

a) Blood Glucose Control

Periodic monitoring of glycosylated haemoglobin is useful in
documenting the degree of glucose control that has prevailed during an

interval of weeks to months before the sample is taken since



glycosylated haemoglobin concentration reflects the time averaged
coﬁcentration of glucose within the erythrocyte during that period.
The evidence supporting the correlation between glycosylated
haemoglobin and glucose control is well established (Gabbay et al.,
1977; Gonmnen et al., 1977; Koenig et al., 1976; Jovanic et al; 1981).
Periodic measurement of glycosylated haemoglobin concentrations
provides an objective assessment of glycaemic control that complements
and extends information obtained from traditional methods (such as
regular home urine and blood glucose testing). This assessment is
independent of the daily variations due to meals, insulin dosage and
physical activity and improves the clinical management of diabetes.
The technique employed to measure glycosylated haemoglobin is less
critical than the consistent use of the same technique with reliable
performance, since normal ranges will differ according to what is

being measured by different methods.

b) Diagnosis

Attempts to use glycosylated haemoglobin as a more sensitive or
specific test and to replace the oral glucose tolerance test have not
been corroborated in clinical studies (Santiago et al., 1978; Dunn et
al., 1979b; Flock et al., 1979). The combination of an elevated
fasting blood glucose and elevated glycosylated haemoglobin usually
obviates the need for further testing and indicates clinically
significant hyperglycaemia. However, the value of glycosylated
haemoglobin in detecting degrees of glucose intolerance is limited.
Screening studies have shown that there is considerable overlap in
glycosylated haemoglobin values in patients with normal and abnormal
glucose tolerance (Dix et al., 1979b; Cederholm et al., 1984; Hall et

al., 1984).



¢) Complications of Diabetes

Thevcomplications of diabetes include microvascular and
macrovascular disease, retinopathy, neuropathy and nephropathy, but
the biochemical basis for the development of such sequelae is not
known. Moreover, considerable controversy exists about the
relationship between the degree of control of blood glucose and the
eventual development of such sequelae. Strict control of carbohydrate
metabolism should reduce the risk of secondary complications, but it
has been difficult to dqcument this because of the lack of means of
measuring both the degree of control and the pathological changes that
occur with chronic disease. Long term prospective clinical studies
are necessary to assess the contribution of the severity and duration
of hyperglycaemia to the development and progression of diabetic
complications.

Several short term studies show a correlation between HbA, . and
cholesterol possibly indicative of hyperglycaemia as a causative
factor in macroangiopathy (Gabbay et al., 1977; Sosenko‘gg;gi., 1980).
Muscle basement capillary membrane thickness has been reported to
decrease after optimal glucose control assessed by glycosylated
haemoglobin (Petersen, 1980; Raskin, 1983). Increased glomerular
filtration rate (GFR), an early marker of diabetic nephropathy, has
been shown to fall in conjunction with normalisation of HbAl (Wiseman
et al., 1985). Thus microangiopathy may be influenced by persistent
hyperglycaemia. However, although glycosylated haemoglobin can be
used as an index of metabolic control much more investigation is
needed before a definite link can be established between

hyperglycaemia and t