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SOMMARY

STRUCTURE OF THE THESIS

In Chapter 1 I have discussed the assessment of control of
carbohydrate, lipid and protein metabolism in insulin treated
 diabetes mellitus, those factors which can affect metabolic
control, and epidemiological and pathophysiological aspects of
diabetic complications. In Chapter 2 the design of the Salford
Home Blood Glucose Monitoring Study is reported and the subjects,
materials and methods described along with results from the
initial laboratory evaluations of the assays for glycosylated
serun albumin, urinary albumin and filter paper blood glucose
measurement. The effects of continued blood glucose monitoring
in the hame blood glucose monitoring study when compared to urine
glucose monitoring are discussed in Chapter 3. 1In Chapter 4 I
have reported the results of the various analyses on aspects of
lipid metabolism that were carried out and in }Chapter 5 on the
clinical utility of the various measures of glycaémic control
used in the home blood glucose monitoring study. The effects of
residual C-peptide secretion on metabolic control and
canplications during the blood glucose monitoring study are
presented in Chapter 6 along with an assessment of the
association between autonamic neuropathy and renal function in
insulin-dependent diabetes mellitus. In Chapter 7 I have
presented the results of the psychological evaluations that were
carried out at inception to the blood glucose monitoring study
and after 1 year. Finally in Chapter 8 I have discussed the
results in relation to previously published work and the

implications for future research into metabolic control and



camplications in insulin-treated diabetes mellitus.

RESULTS

A filter card blood glucose assay was modified for large-
scale use and blood glucose levels were found to be stable
without the need for preservatives if filter cards were
refrigerated. A commercial kit for measurement of glycosylated
albumin was evaluated and found to be insensitive at low levels
necessitating establishment of a two stage affinity
chromatography and immunoturbidimetric method for accurate
retrieval and measurement of glycosylated and non-glycosylated
serum albumin. The Friedewald formula for the measurement of
IDL cholesterol in insulin dependent diabetes mellitus (IDDM) was
compared with IDL cholesterol measured by preparative
ultracentrifugation and found to correlate closely in subjects
without advanced nephropathy.

The Salford Home blood glucose monitoring study initially
involved 153 diabetic patients and showed that continued access
to a blood glucose meter following an intensified period of
management and education was associated with marginal
improvements in various measures of glycaemic control over 1
year, and somewhat better retention of diabetic self-care skills.
Regardless of the means of glucose monitoring, stable glycaemic
control and improved educational skills were maintained for a
period of 1 year following the intensive management period. The
Reflolux blood glucose meter was found consistently to
overestimate low normal and hypoglycaerﬁic blood glucose values.

Conformational changes in low density lipoprotein(LDL) vand

high density lipoprotein(HDL) are described in stable IDDM in the



absence of nephropathy which were modified by genetically
determined structural changes in apolipoprotein E, early diabetic
nephropathy, and inadequate diabetic care. 40% of 205 patients
with IDDM were found to have hypercholesterolaemia and/or
hypertriglyceridaemia at the initial assessment. 7

The use of several glycosylated blood protein measures
provided complimentary information about glycaemic instability in_
IDDM in addition to direct measures of glycaemia. Glycosylated
albumin (GSA) was found to be a more sensitive indicator of short
tem improvements or fluctuations in glycaemia than HbA, or
fructosamine. GSA and fructosamine measurements in IDDM provided
discrepant information on occasions and fructosamine levels were
apparently lowered in hypertriglyceridaemic sera.

Residual C-peptide secretion was associated with minor
improvements in glycaemic control and lower insulin requirements,
although it was not associated with any differences in measures
of lipid metabolism. Subjects with long standing IDDM and
residual C-peptide secretion had more peripheral vascular disease
but less prolifei:ative retinopathy at entry to the Salford Hame
Blood Glucose Monitoring ‘Study but after 1 year significant
differences were no longer apparent. Autonamic neuropathy was
associated with enhanced natriuresis and albumin excretion,
particularly in overnight urine collections.

Higher anxiety and depression ratings were reported more
frequently in patients with neuropathy, impotence, coronary and
peripheral vascular disease and proliferative retinopathy, but
bore no relation to glycaemic control apart fram a higher anxiety

score in patients who allegedly experienced daily hypoglycaemic



episodes.
The importance of these findings to patient management, the
natural history of diabetic camplications, and the link between

metabolic control and camplications are discussed.
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INTRODUCTION

The introduction of insulin into clinical use in 1922 for
the management of insulin-dependent diabetes mellitus (IDDM)
transformed the prognosis from one of inevitable early death to 'a
situation where symptams could be relieved and life prolonged.
At that time controversy existed over the degree of metabolic
control that should be achieved owing to the development of
hypoglycaemic reactions which were sometimes severe or even, on’
occasions,' fatal (1). This controversy still éxists not only
because of the acute consequences and possible Sequelae of
hypoglycaemia (2-5), but with the realisation that the long temm
vascular complications of diabetes might be the result of
inadequate metabolic control (6). Diabetic microangiopathy and
the aggressive atherosclerotic phenamena that accampany IDDM have
been found primarily to be associated with the duration of the
diabetes and the age of the individual (7, 8, 9). Glycaemic
control has been suggested fram both prospective and
retrospective epidemiological studies to be a major determinant
of microangiopathic camplications (10-15), although the evidence
forr atheromatous cardiovascular disease is less campelling; here
additional environmental, clinical (14-18) and genetic (19)
camnponents are likely to be more important.

At present the question of whether effective metabolic
control prevents or leads to regression of established vascular
disease is unresolved for several reasons:

(i) the means by which effective metabolic control could be
achieved has only recently became available.

(ii) objective assessment of long term glycaemic control

25



has only became possible with the introduction of the

measurement of glycosylated (glycated) proteins into

clinical practice.

(iii) the intimate association between the development of
camplications and the duration of diabetes means that the
question of prevention of vascular camplications will not
be answered until prospective studies have run for perhaps
ten years or more.

Over the last 5 years several small prospective clinical
trials have evaluated the effeéts of improved glycaemic control
on established diabetic microvascular camplications. No
prospective studies as yet have attempted to investigate the role
of glycaemic control in the development or progression of
atheramatous (macrovascular) disease in IDDM.

Critical scrutiny of studies of the effects of near-normo-
glycaemia on established microvascular complications reveals
conflicting results (20), due to the paucity of randomised trials
with well characterised insulin-dependent diabetics and adequate
quantification of end points. Diabetic retinopathy probably
improves or its progression is arrested after two years of
improved glycaemic control (21, 22), assuming that normoglycaemic
re-entry is gradually achieved because of the frequently noted
transient deterioration after 1 year (23-25), due possibly to the
effects of relative hypoglycaemia on the impaired autoregulation
of retinal blood flow. Other studies (26, 27) conducted over 1-2
years, however, did not support such reports. Although
established diabetic nephropathy (persistent protéinuria) is

unlikely to resolve with improved glycaemic control (26, 28, 29),
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the situation for incipient nephropathy (albuminuria excretion
rates > 15pg/minute without overt proteinuria) remains
inconclusive, and the progression of overt nephropathy may be
delayed (20, 24, 30-35). Peripheral neuropathy, likewise, ma;y
improve  with near  nommoglycaemia when assessed by ‘
neurophysiological measures (21, 36-40), but autonomic
dysfunction is probably not amenable to correction (22, 40).
Most of these prospective studies (21-35, 37, 39) instituted:
effective glycaemic control by continuous subcutaneous insulin
infusion (CSII) pumps, which however are applicable and effective
only in selected highly-motivated patients (41, 42).

In practical terms, there is probably enough evidence for the
modern diabetic clinic to employ the general principle that, the
better glycaemic control, the better the long term outlook for
patients with IDDM. However, despite these recent studies, major
questions remain unresolved. Perhaps most important, are  how
best to manage all individuals with IDDM in the outpatient clinic
setting, how to evaluate and improve their metabolic control, and
whether effective metabolic control can prevent macrovascular as
well as microvascular disease.

Although IDDM is clearly a disorder of lipid and protein as
well as carbohydrate metabolism, the assumption has been that
control of the latter will nomalise protein and lipoprotein
metabolism. This is supported by findings in several short-term
studies (43-49), but only a few long term studies of small
numbers have reported the effects of intensified insulin therapy
either by CSII or‘multiple insulin injections on protein (50) or

lipid (50-54) metabolism, where qualitative as well as
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quantitative disturbances may ‘be present (54-56). Furthermore,
abnomal postprandial pattems of intermediary metabolites of
lipid and protein metabolism persist with all modes of
subcutaneous insulin delivery (42,43). Macrovascular disease ;'.s
the major cause of premature death in IDDM, and epidemiological
studies have suggested that hypertension and disturbed 1lipid
metabolism are more important than glycaemic control in

determining the risk of cardiovascular death and morbidity (17,

18, 57, 58). ‘

The work reported in this thesis extends back to 1983 when
over 150 insulin-dependent diabetics were consecutively recruited
to a large prospective study to try to answer the following broad
questions:-

1. Do different measures of carbohydrate, lipid and protein
metabolism give comparable or complementary information in
assessing metabolic control in IDDM?

2. What factors determine metabolic control in IDDM, and does hame

blood glucose monitoring help, independently of other factors?

3. What is the effect of improved metabolic control on the

health of patients with IDDM?

1. METABOLIC OONTROL

The concept of 'control' of diabetes relates to
pharmacological and dietary efforts to regulate those metabolic
disturbances in diabetics which have immediate or long temm
adverse consequences. The relationship between metabolic control

and the development and progression of complications has still to
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be fully resolved, perhaps because most studies have relied
solely on assessment of glycaemic control to investigate the
issue.

If one does take into account other aspects of metabolism i-t
has been questioned whether conventional insulin therapy could
ever fully nommalize all the biochemical disturbances of IDDM
(59).

Within the limitations of measures of glycaemia that are
generally used to reflect metabolic control, thefe are still no
accepted criteria as to what constitutes perfect, adequate or
poor control. The suggestion that poor metabolic control is
reflected by a fasting blood glucose of greater than 8.2mmol/l or
a post prandial value greater than 11.2mmol/1 (60, 61), would
condemn the vast majority of people with IDDM to this category.
If one accepts a variation from nomal mean blood glucose as
assessed by an M value (an index of glycaemic fluctuation) of
less than 10 (62) as perfect metabolic control, then even CSII
does not nommalize such fluctuations (63). Data suggesting that
'impaired glucose tolerance' is a risk factor for vascular
disease (18) suggests that even near normoglycaemia may not
reduce the risk of angiopathy to that of the general population.
| The assessment of diabetic control is further camplicated by the
| inherent variability of results on retesting under identical
conditions, in individuals who are said to have 'labile' diabetes
(64).

The other purpose of the assessment of diabetic control, in
addition to investigation of a pathogenetic role, is to allow

optimization of therapy which has to take into account all
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factors which may determine metabolic control (vide infra). At
present, clinical evaluation and quantitative measures of
carbohydrate metabolism remain the standards whereby the

metabolic status of diabetic patients is judged.
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1:1 CARBCHYDRATE METABOLISM

URINARY GLUCOSE MEASUREMENT

Perhaps the first 'qualitative' assessment of glycosuria was
made by the Hindu physician Sushrutu 2000 years ago whefl he
desqribed the sweet flavour of the urine of individuals afflicted
with diabetes (65). After the introduction of insulin,
qualitative assessments of glycosuria by the Clinitabs methods
was superceded by semiquantitative and quantitative methods which
remain in clinical practice. Most semi-quahtitative methods
employ glucose as a reducing agent, for exainple in the glucose
oxidase/peroxidase reaction when glucose is oxidised to S-(D)-
gluconolactone, with the production of hydrogen peroxide which
oxidiseé the colour sensitive indicator. In the absence of large
quantities of ascorbic and salicylic acid, the test is
reproducible and accurate (66). Currently Clinistix, Diastix,
Clinitest and Diabur-test 5000 are cammonly used in clinical
practice with reasonable accuracy (67, 68). The use of well
timed urine collections has been reported to provide a reasonable
indicator of simultaneously recorded continuously analysed blood
glucose (69) in insulin-dependent diabetics without advanced
nephropathy. Timing of urine analysis is important and post-
prandial measurements may reflect more closely the tendency for
hyperglycaemia (70), although double voiding of urine does not
necessarily improve the precision (71). The question of altered
renal threshold and collection problems has focussed disfavour on
urinary glucose measurement as an assessment of carbohydrate
metabolism particularly in patients with high renal thresholds

(70). A diurnal variation of the renal threshold for glucose may
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further confound matters (69-70). The less direct information
may prejudice against the patient with IDDM achieving better
glycaemic control than with blood glucose testing, although this
question remains unresolved. A poor quantitative correlatién
between semi-quantitative measures of urine glucose concentration
and simultaneous blood glucose values has been noted (72),
although fractional quantitative glucose analysis (gm/hour) is
more reproducable (69) but impractical for routine use. Even
fractional quantitative urine collection may be inadequate as a
basis for therapeutic decision making (73). In the volatile
state of childhood IDDM, studies camparing urine and blood
glucose testing as a means of assessing glycaemic control have
produced conflicting conclusions (74, 75). In careful studies of
adult IDDM the degree of glycosuria was found to be of value as a
index of glycaemia when the blood/urine glucose relationship was
known for each individual, in the absence of established diabetic
nephropathy (76). The most recent study to try to isolate the -
effects of blood versus urine glucose monitoring failed to
demonstrate any advantage of the former (77).

The premature suggestion that urine glucose testing is
obsolete in any case neglects the fact that many patients with
IDDM are reluctant to carry out blood testing and with
appropriate advice might use urine analysis to achieve reasonable
glycaemic control without hypoglycaemia.

Perhaps more important is the potential role of 24 hour
urinary glucose excretion not only as a marker of carbohydrate
nmetabolism but as a possible direct independent mediator of renal

damage. Excessive glycosuria for example has direct effects on
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renal tubular handling of cations which may explain the disturbed
glamerulo-proximal tubular balance in diabetes (78). This may be
of relevance to the pathogenesis of diabetic hypertension, in
that sodium reabsorption may be altered leading to the phencmenc;n
of increased total éxchangeable sodium seen in diabetes (79).
Furthermore, glycosuria may be relevant to the development of
early changes in the glameruli such as basement membrane
thickening which may result from glycosylation secondary to the

free filtration of excess amounts of glucose (80) .‘

GLYCAEMIA

The measurement of glycaemic control as an aid té management
of IDDM is less straightforward than is at first apparent. First,
there are methodological differences in the measurement of blood
glucose. The capillary tends to be higher than the venous blood
glucose value, and whole blood glucose values tend to be lower
than those in plasma or serum (81). In addition enzymatic
measurements of glucose by glucose dehydrogenase and hexokinase
fnay give different degrees of precision, with the hexokinase
method more accurate in the measurement of borderline
hypoglycaemic levels (81, 82).

The inherent variation in blood glucose in IDDM makes a
random measurement of little use in assessing glycaemia, and
fasting blood glucose levels, whilst important in reflecting the
efficacy of nocturnal insulin delivery and the frequency of the
'dawn phenomenon' in IDDM (83, 84), have been found to correlate
poorly with integrated measures of glycaemia such as glycosylated
(glycated) haemoglobin (HA, ) in IDDM (85-88). Mean blood glucose

33



determination, based on a series of blood glucose measurements,
is more closely related to HoA, (83, 85, 87, 89-92). However for
obvious reasons this often does not include a measure of
nocturnal blood glucose levels. Since intermediate actit.lg
insulin is frequently administered in the evening in IDDM, and a
high fasting blood glucose raises the question of either relative
insulin deficiency or an excessive counter-regulatory response as
part of the Somogyi effect in hypoglycaemia (83), the failure to
use nocturnal glucose measures in mean blood glucose
determination may give incomplete information.

In addition mean blood glucose values do not reflect the
variability of glycaemia. The mean amplitude of glucose
excursions (MAGE) or the mean of daily difference (MODD) reflect
the within day or day to day glycaemic variability frbm the mean
value (83, 93-96). This approach may be more fruitful in
assessing the potential for changes in transmembrane glucose flux
to initiate or aggravate cellular damage in diabetes. The 'M'
value of Schlichtkrull is a quantitative index of the deviations
of several blood glucose determinations fram the mean over a 24
hour period (97), and has been modified to measure glycaemic
variability in SI units. It gives as a single figure an
expression of mean glycaemia and the effect of glucose swings and
may be the most relevant measure of glycaemic stability in that
it gives a weighted average of glucose values with hypoglycaemic
fluctuations having relatively more bearing on the derived M
value (83). Hypoglycaemia per se or nommoglycaemiac 're-entry',
as stated previously, has clearly been demonstrated to be

relevant to exacerbation of retinopathy (3, 5), and potentially
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to other microvascular complications.

Therefore the measurement of glycaemia to assess metabolic
control effectively should utilise a robust method, stating what
the source of blood was, and should provide an estimate of fastj:ng
and mean blood glucose levels as well as some estimation of the

diurnal instability.

NON-ENZYMATTIC GLYCOSYLATION OF BLOOD PROTEINS AS AN INDICATOR OF
SHORT AND LONG-TERM INTEGRATED GLYCAEMIA |

1. Glycosylated (Glycated) Haemoglobin

Glycosylated haemoglobin was first isolated by starch gel
electrophoresis in 1955 (98), and it was identified as a
heterogeneous fast fraction in 1958 (Hba,,, Hod,, and Hba,.) (99).
However it was only in 1962 that Huisman and Dozy (100) correlated
this haemoglobin variant with diabetes mellitus, and in 1969
Rahbar et al (101) confimmed that it was the HbA,, fraction that
was specifically elevated. Improvements in elution conditions
revealed that glycosylated haemoglobin (HbA,.) was formed as a
consequence of non-enzymatic post-translational modifications of
haemoglobin (HWA,). The prime site for glycosylation is the
temminal amino group of the B-chain of HbA,, but glycosylation
also takes place at the alpha chain amino temini and at the o-
amino groups of lysyl residues. In health roughly 5-8% of HbA,
has detectable glycosylation (102).

The chemical process involved is camon to all blood
proteins. First, glucose forms an aldimine adduct with the amino
group. This rapidly formed 'Schiff base' is labile and reflects

ambient glycaemia in addition to 'prevailing' glycaemic control.

35



Thereafter 'Amadori' rearrangement, which is a slower process,

takes place, to produce a stable ketoamine. Both the labile and

ketoamine bonded fractions of HbA,. may be clinically relevant in
the assessment of glycaemic control (102-106). A longer term
rearrangement after stable glycosylation to the state of protein

'browning' in tissue glycosylated proteins by the 'Maillard'

reaction may be relevant to the pathogenesis of diabetic

angiopathy.

Assuming a steady state of synthesis of red blood cells, 'a
slightly reversible' equation for the determination of the rate
of synthesis and net accumulation of HbA, was developed. Based
on an assumption of red cell life span of 120 days a camputer
simulated model (107) reached the following conclusions:-—

1. The maximal half time for approach to a new equilibrium if a
patient with persistent hyperglycaemia was abruptly returned
to normoglycaemia would be eight and a half weeks.
Decreased red cell survival would clearly shorten the time.

2. A short term loss of glucose control (2-4 fold increase in
mean blood glucose) will cause a more rapid rise in HbA, .
than the fall which occurs following improved glycaemic
control of an equivalent degree.

This model does not necessarily operate precisely the same in
different individuals. For example, the rate of glycosylation of
HbA, has also been found to be dependent on red cell glucose
permeability (108), red cell oxygenation and pH, and erythrocyte
concentration of 2, 3 diphosphoglycerate (2, 3 DPG) (109).
However the extent of these alterations in vivo is unlikely to

have a major bearing on HbA; levels in clinical practice (110).

36



The system is 1likely to be saturable however, and post
translational modification of HBA,. may be influenced by the

duration of diabetes (92).

METHODS FOR DETERMINING GLYCOSYLATED HAEMOGLOBIN

For clinical use the ideal method should be quick,
econamical, sensitive and reproducible. The most widely used
methods involve spectrophotametric estimation following isolation
by chromatographic or electrophoretic procedures. |

1. Ion Exchange Chromatography

Cation exchange chromatography utilises the difference in
molecular charge arising from glycosylation of the N-temminus of
the B chain, and was the method used initially in the assessment
of HbA, . in diabetes. When macrocolumns or HPLC (high performance
liquid chramatography) are used, HbA,. can be differentiated from
HbA, and the other minor fast haemoglobin components (Hbd;, and
HbA, ), although in practice this is unnecessary and measurement
of the total fast fraction (HbA;) has been found to be more
easily measured and as precise for clinical use (92,102). The
mini column method reliably isolates the total HWbA, fraction,
assuming there is rigid temperature control and due attention to
buffer camposition and a relatively consistent sample load (92,
102). The labile aldimine fraction will be incorporated into the
measurement so preparatory elimination by dialysis, saline
incubation or chemical treatment (e.g. cell lysis with saponic
reagent at pH 5.0) is required (111). Other factors which may
affect values are the presence of haemoglobin variants such as

HoF, HbG and HbH, which by virtue of their negative charge lead
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to an artefactual increase in 'HbA,' measurement, or positively
charged HbS and HbC where false decreases result (102).

Additional sources of artefactual elevations are marked
jaundice, severe lactescence, heparin monoidoacetate in f:he
collection vial, sample ageing and high dose aspirin therapy
leading to acetylation of haemoglobin (102, 112, 113). A more
clinically relevant limitation is the measurement of carbamylated
haemoglobin in uraemic diabetics which would lead to an apparent

increase in glycosylated haemoglobin (102, 114, 115).

2. Boronic Acid Affinity Chramatography

Cross-linked agarose activated with carbonyl dimidazole and
subsequently coupled to M-aminophenyl boronic acid provides a
highly efficieﬁt matrix for separation of all sugar cis-glycols
(102). This method has the capacity to detect haemoglobin
glycosylated at sites in addition to the N-temminus of the B chain
(115). Modification of the ligand by addition of sepharose
particles allows separation of proteins containing sugar. After

application of haemolysate, only glycosylated haemoglobin

therefore remains adherent to the gel until it is eluted with

sorbitol or acetic acid (116). The percentage of glycosylated
haemoglobin is thereafter determined by measuring
spectrophotametric absorbance at 414nm by the formula:-

$HoA, = Bound A414 x100
Bound A414 + Non Bound A414

Unlike ion exchange chromatography, the affinity method is
relatively insensitive to changes in pH and temperature (116-
118). The labile aldimine fraction has been suggested to account

for up to 6% of the total HbA; measured in one study where its
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removal was recammended (119)