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ABSTRACT

Renal failure is one of the most common secondary complications of

diabetes meilitus and uitimately develops in about 40% of all diabetics.

Furthermore, after 75-20 years of diabetes, all diabetics exhibit some renal

impairment. This renal failure occurs as a result of specific lesions which

have developed over mariy years.

- The factors responsible for the development of d.iabetic nephropathy,

as with the other complications of diabetes, are unknown; however,

hyperglycemia which is found in poorly controlled. diabetics, is believed to

be involved. One way in which hyperglycemia may result in the development

of nephropathy is through non-enzymatic glycation.

Non-enzymatic giycation is a common post-translational modification

which occurs in many proteins; it can be expected. to occur for any protein

with a stericaily available amino group to which glucose can bind. Non-

enzymatic glycation can alter both a protein structure and. function. There

is evid.ence to suggest that non-enzymatic glycation of glomerular basement

membrane may be the etiologic factor resulting in diabetic nephropathy.

In our studies, renal functional parameters including creatinine clearance,

r:rinary albumin excretion, basement membrane thickening, and levels of

non-enzymatic glycation of glomerular basement membrane were stud.ied
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in rats rendered diabetic with streptozotocin. Diabetic animals had. elevated

glycated hemoglobin levels (p<0"05), increased creatinine clearance, and. urinary

albumin exeetion rates (p<0"05) as compared to insulin treated. diabetic

(euglycemic), age-matched., and. streptozotocin non-diabetic animals. The

level of non-enzymatic glycation of glomerular basement membrane was

significantly elevated (p<0.05) in the diabetic animals as well. The level

of non-enzymatic glycation of glomerular basement membrane correlated

(r=0.86) to the average blood glucose level of each animal. We also examined

the levels of non-enzymatic glycation of muscle capitlary basement membrane

and found that the Levels corzelated (r=0"óó) with those of glomerular basement

membrane"

Despite changes in functionai parameters, and increased. levels of

non-enzymatic glycation between the hyperglycemic and euglycemic diabetic

animals, there was no difference in glomerular basement membrane thickness.

However, there was a difference in thickness between the diabetic euglycemic

and the age-matched control animals.

We conclude that non-enzymatic glycation of glomerular basement

membrane does not cause an increased thickness of this structure; further

more, a relationship between glomerular basement membrane thickness and.

renal function was not found, thus casting doubt upon the importance of the

former in the development of diabetic nephropathy.
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I" iNTRODUCTION

A. GE}JERAL INTRODUCTION:

Diabetes is a complex syndrome or grouping of a number of anatomical

and biochemical problems resulting from an absolute or relative deficiency

of insulin. The d.isease, if untreated, leads to slow body wasting of body tissues

¿ue to metabolic starvation, and can ultimately result in specific microvascular

and macrovascular complications, which involve specific organs.

1. HISTORICAL ASPECTS: (I,2,3)

Knowledge of diabetes dates back to 1500 B.C. when it was first described

as a condition resulting in "melting down of flesh and limbs into urine" (1).

During the sixth century, scholars in the Far East described a condition of

polyuria, in which the urine was sr¡¡eet and sticky. The presence of sugar

in the urine was confirmed in the 1?00's. However, it was not untii the

twentieth century that anything was really found about the cause of the disease.

It was found. that removal of the pancreas of a dog, produced a diabetic-like

syndrome. In the eariy 1900's it was noted that the beta cells of the islets

of Langerhans were damaged in subjects with the disease (4).

In 79Zl Banting and Best prepared active extracts from the pancreas

of dogs which, when administered to diabetic dogs, could decrease elevated

blood. glucose leve1s (5). In humans, the extract (which was subsequently



-z-

determined to contain insulin) resulted in improved conditions and. was found

to be beneficial in the treatment of diabetics (ó). This same treatment is

still in use today. In the 1940's however, it was found that the patients treated
with insulin in the eariy 1920's were d.eveloping characteristic complications

of diabetes including retinopathy, nephropathy, and nervous an¿ card.iac system

disorders (7,8)" Thus" treatment by insulin improved the immediate cond.ition

of the patient, but patients later developed complications which frequently

lead to death. It was found that retinopathy effected g0% of diabetics and

50% were dying of renal failure (Z). Even with improved treatrnent and blood

glucose monitoring, these compJ.ications aïe still very much manifested in
the diabetic state in the 1980's.

Insulin, a horr¡one prod.uced by the B-cells of the islets of Langerhans,

is released in response to increased blood glucose and other factors, including

amino acids' Its role is to promote storage of glucose, when available in
excess' via lipid formationr protein synthesis and glycogen synthesis for future
energy needs (1,9). A deficiency of insulin results in the breakd.own of lipid,
carbohydrate, and protein stores of the body for the formation of glucose

by the liver, resulting in marked body wasting due to d.estruction of cellular
storage reserves (9). The elevated blood. glucose levels in diabetes results
from the inability of biood. glucose to be transfezred into the cell, d.ue to
the absence of insulin (Type I diabetes), or to a relative d.ecrease in the number

and/or affinity of insulin receptors at target tissues causing a d.ecrease in
insulin action (Type II diabetes).
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Treatment with exogenous insulin promotes utilization of blood glucose

in type I d.iabetes. This is the most common treatment which is used today

to normalize blood glucose in such diabetics. In type II diabetes, however

dietary restrictions, which improve receptor affinity and numbers, may be

sufficient to maintain normal blood glucose levels'

CLASSIFICATTON AND FEATURES OF DIABETES

Diabetes mellitus occurs in all parts of the world and is the third leading

cause of death in the united states, with 150,000 deaths annualiy (10)' The

disease affects ten million people in the u.S" alone. In Canada the mortality

rate from diabetes is 9.5 per 100,000, with over 2500 peopie dying per year

(11), which is slightly less than the rate in the United' States' Diabetes mellitus

can be classified into two major forms (t2,13); the first which occurs primarily

in children is called type I, juvenile, or insulin-dependent diabetes mellitus'

This type of diabetes is associated with an absolute deficiency of insulin

sesretion. The second form is type II, matr:rity-onset, or non-insulin-dependent

d.iabetes mellitus. This form is more common than_type I diabetes" These

patients can still secrete insulin, however there appears to be some insulin

resistance at the tissue level which is responsible for the relative deficiency

ofinsuiin(14)"Tablelsurcmarizesthed'ifferencesinthesetwotypesof

diabetes.

The clinical featr:res of the two types of diabetes are quite different

(15,16). The onset of type I diabetes is rapid and usually occurs in people
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Table 1. Features of Type I and Type II Diabetes Mellitus.

FEATURE TYPE I DIABETES TYPE II DIABETES

Age at onset Usual ly under 30 yrs Usual1y over 40 yrs

Onset Often rapid Insidious

{eight Non-obese Often obese

Ketosis Common Rare

Complications Frequent Frequent

Sex Slight male preference Female preference

Seasonal variation Present ?

HLA association Present Absent

Concordance in

identical twins <50% >90%

Islet antibodies

at onset 60 - 80% <5%

Islet mass Severely reduced Moderateiy reduced
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under 30 years of age, with the highest incidence occurring between 10 and

14 years of age. Males have a slightly increased susceptibility than do females.

There is some seasonal variabiiity in the onset, with the highest incidence

usually occurring in early winter and in summer. The lowest incidence rates

are found in Japan, the Caribbean, and southern Europe; and the highest in

Scandinavia and the United States. The incidence rate in Canada is 9.0 per

100,000 of population per year (17,18), which is less than that of the United

States (9"5-18 per 100,000 per year depending on the study) but higher than

Japan (0"6 per 100,000 per year) (11). The negro population of the United

States has haif the iikelihood of developing type I diabetes when compared

to caucasian Americans (15).

The loss of insulin secretion in type I diabetes appears to result from

an autoimmune process which is directed at insulin-producing beta cells of

the pancreas, ultimately leading to their destruction and thus development

of the disease (19). However, the exact cause of diabetes is still unknown.

Islet ceil antibodies are found in 60-80% of type I diabetics at the onset of

the disease, with a severely reduced mass of islet cells.

Type II diabetes, in contrast, usuaJ.ly occurs in patients over 40 years

of age, with a parallel increase in incidence with age and has a slight female

preference" The rate of incidence of t¡pe II is 4 times as high as is type I

diabetes. There is substantial variability in occurence of diabetes among

caucasians' depending on their locality, suggesting that an environmental

component may be important in the deveiopment of the disease (15). The
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United States, Canada, and Saudi Arabia have some of the highest incidence

rates, with the lowest found in Japan, China, and Singapore. Obesity is a

common condition associated with type II diabetes" The relative risk of

diabetes increases with increasing degree of obesity, with 80% of patients

with type II diabetes being obese.

The precise natr:re of genetic influence in the onset of diabetes mellitus

is unclear. Type I is associated with certain antigens of the HLA system

(20). HLA DR3 and. HLA DR4 are associated with a three to five fold increase

in risk. In contrast, there is no association of the HLA antigens with t-¡pe

II diabetes (21). There is some genetic influence in this type however, since

the concordance of diabetes in identical twins is over 90% in Type Ii diabetes,

whiie the concordance is 50% in Type I diabetes.

B. COMPLICATIONS OF DIABETES MELLITUS

The complications associated with diabetes mellitus present very serious

problems and can affect the eyes, kidneys, nervous system, and both large

and small blood vessels. The complications af f ect both insulin dependent

and non-insulin dependent diabetics, although the former are at a greater

risk. The various complications can be classified as follows:

1"

z.

3.

4"

Retinopathy

Neuropathy

Vascular complications

Nephropathy
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1. RETI\IOPATHY

Diabetic retinopathy and other ocular complications pose a serious

threat to the vision of diabetics (ZZ)" br North America, diabetes is the leading

cause of blindness" Blindness from diabetic retinopathy is responsible for

72% of blindness at all ages and for Z0% of blindness between the ages of

45 and 74 (23)" The prevalence of retinopathy is very low before five years

of diabetes, however it eventually progresses to affect some 80% of diabetics

to ùme degree after 30 years duration of the disease. Diabetics also show

an increase in the prevalence of cataracts over the general public (24).

The earliest lesion in retinopathy is the formation of microaneurysms

or outpouchings of the capiilary walls in the retina (25). Eventuaily this

progresses to proliferative retinopathy with the formation of new blood vessels

in the retina (neovascularization)" As these vessels form, they shrink an¿

cause traction on the retina, and result in detachment of the retina and

subsequent blindness. The blood-retinal barier is also effected. The vessels

may hemorrage due to the traction, resulting in regional ischemia and capillary

occlusion, causing death to the cells of the retina.

NEUROPATHY

Diabetic ner:ropathy refers to a heterogeneous group of neurologic

syndromes associated with diabetes mellitus, and effects both the peripheral

and the autonomic nervous system. At least 50% of. all diabetics have some

ciinical impairment of neural function (26)" The peripheral sensory rnotor
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nervous system changes inciude numbness in the extremities, unsteadiness

in walking, excessive tenderness and pain, muscle weakness and cramps (25)"

The autonomic nervous system changes result in vasomotor disturbances

affecting the gastro-intestinal and r.rrogenital system causing irregular food

absorption, impotence and other endocrine disorders (27\" The neurologic

changes may also play an important role in the increased incidence of cardiac

arrests and strokes which are found in diabetics over the general population

(25,28)"

These changes, many of which are specific for diabetes, are due to

altered nerve electrophysiological properties. They arise from morphological

and biochemical changes in the axon and the myelin sheath (29). Lr general,

there is a slowing of nerve conduction velocities which may be due to segmental

demyelination and/or axonal degeneration (29).

3. M1AC ROVASCULAR COMPLICATIONS

Macrovascular disease is one of the most common, as well as most serious

chronic complications of diabetes. Diabetics are susceptible to d.isease of

the large muscular arteries (atherosclerosis) particularly those supplying

the myocardium, the brain, and the lower limbs (25). Atherosclerotic vascular

disease generaily occlrrs at a younger age and progresses more rapidly in

diabetics than in non-diabetic patíents, resulting in an increased incidence

of heart attacks, strokes, and gangrene (30).
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The vascular changes, which occur in diabetics, plus abnormalities in

blood components, including increased viscosity, is thought to be a result

of decreased red blood cell deformability and increased platelet aggregation.

As well, alterations in the lipoprotein profiles have been found, resulting

in decreased high density lipoproteins (HDL) which are throught to be a protec-

tive agent against atherosclerosis, and an increase in low density lipoproteins

(LDL) (37,32). Hormonal alterations may also play some role in the develop-

*""_, of these macrovascular changes.

4. NEPHROPATHY

Diabetic nephropathy which eventually results in renal failure is a

common complication of diabetes (33)" Renal failure ultimately develops

in about 40% of patients with insuiin dependent diabetes mellitus, and diabetes

represents the single most common cause of renal failure in the adult population

(34). In humans, who develop diabetes before the age of twenty, roughly

70% will develop some proteinr:ria after Z0 years (25). Nephropathy occurs

less frequently in type II diabetes but when present it progresses at an

accelerated rate.

C. ETIOLOGY OF T}IE COMPLICATIONS

The etiology of the complications of diabetes is unknown. Some investi-

gators believe that genetic and immunological factors may be involved. Others,

believe that hyperglycemia, which is the hallmark of diabetes, may be involved.
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this section, the evidence and problems of each of these hypotheses wiil

examined.

1. GENETIC AND IN{MUNOLOGICAL FACTORS

Genetically' type I diabetes is etiologicaliy distinct from type II diabetes,

as there appears to be no HLA association with type II diabetes, whereas,

HLA and immunological factors such as islet cell antibodies are found in

type I diabetics (35,36).

The human J.eukocyte antigens or HLA, are a large group of antig¡ens

(so far over ó0 have been identified.) found on the st¡rface of leukocytes and

are responsible for recognition of self, and are important in transplantation

and the rejection process. The genes which control this specific immune

response are located on chromosome six" These antigens, may piay a role

in influencing susceptibility to diseaser particularly ones which are immuno-

logical in origin (35,3ó). Many studies have been performed. to establish

evidence for an association between one or Elore HLA antigens and the disease

in question.

Studies have been performed to dissociate the role that the HLA antigens

may have in the development of the diabetic complications. Larkins et al

(37) characterized the degree of retinopathy in 1ó patients and their HLA

frequencies to a well matched group of diabetics without significant retin-

opathy. There was some association between retinopathy and the HLA B8
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antigen" Similarly, Standle et al (38) found increased prevalence of HLA

B8 and a deqreased prevalence of HLA 818 in patients with severe retinopathy

when compared to patients with mild or no retinopathy. The alleies 88 and

815 are inherited with DR3 and DR4, the latter which appear to be more

relevant, with the previous two in dis-equilibrium with the iatter two (39).

Barbosa and Sanar (+0) nave recently summarized the results of ZI previous

studies on the subject" Of. 72 studies on retinopathy, five reported association

between DR4 and retinopathy, however, seven did not. only two studies

reported an association between retinopathy and DR3. The evidence of HLA

association with the diabetic complications remains inconclusive. There

are problems in such comparative studies; they are difficult to design and

to control.

Recently, attention has focused on c4, the fourth component of the

complement system, which plays a role in the clearance of immune complexes

(41). Insulin-antibody complexes may be involved in aggravating the misro-

vascular pathoiogy, increasing the susceptibility to the complications. Immune

cornplexes were found to be elevated in patients with retinopathy by Cudworth

and Bodansky (35); however, they did not correlate this to HLA or other pheno-

types" These cornplexes may aggïavate microvascular d.isease, or may just

simply reflect non-specific tissue damage. The C4 protein is coded by two

genes, both of which dispiay a high degree of polymorphism. Twenty five

percent of insulin dependent diabetics were found to have ).ow plasm a C4

concentrations in a study by Barnett et al (41)" Furthermore, this study

suggested that the deficiency may be inherited. A highiy significant association
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between C4B3 (a variant of C4)) and retinopathy has been observed by Mijovic

et at (42).

The role that insulin antibodies and. immune complexes may have in

the development of diabetic complications is not known. Recently, insulin

antibodies have been found to be associated with immunoglobulin heavy chain

markers (Gm) (a3)" Nakao et al (43) hane found that insulin antibod.ies were

associated with Gmzagx hapiotypes. Further more, Mijovic et aI (¿+) have

suggested that this Gmzagx haplotype is associated with retinopathy in type

I diabetics.

Genetic factors ¿rre not likely to be the cause of the cornplications

of diabetes. Since genetic factors influence Type I diabetes mainly, and the

complications are common to atl types of diabetes, it is unlikely that they

are responsible for the developrnent of the latter.

Z" ROLE OF HYPERGLYCEÀ,IIA

COMPLICATIONS

DEVELOPMENT OF DIABETIC

Controversy exists regarding the role hyperglycemia plays in the develop-

ment of the secondary complications of diabetes. There is evidence to support

the hypothesis that the secondary complications of d.iabetes are directiy

associated with hypergiycemia, but there is also evid.ence which disputes

this hypothesis.
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There is inconsistency between the frequency of the diabetic compli-

cations and blood glucose levels. Some poorly controlled diabetics do not

develop complications, where as patients with good control of blood glucose

levels do" Furthermore, Bondy et al (+5) have failed to show a relationship

between the degree of hyperglycemia and the risk of complications, casting

uncertainty on the importance of hyperglycemia" Siperstein et al (4ó) have

observed diabetic-like lesions in normal patients with a strong famiiy history

of diabetes. There is also evidence that strict glycemic control has no effect

on tÀe rate of progression of established nephropathy @l).

In contrast, there is much more evidence which supports the view that

hyperglycemia is cause of the long term complications of diabetes. Very

often, typical complications have been observed in all types of human diabetes

providing that hyperglycemia has been present for many years. As well, the

major complications seen in human diabetes have been observed in experimental

diabetes (48).

In streptozotocin-induced diabetic models, a relationship has been

observed between the degree of hyperglycemia and the degree of microangi-

opathy (49'50). Similar findings in clinical studies on humans have been

suggested by Viassara et al (51). Poorly controLled diabetics have been shown

to have an insreased rate of incidence of nephropathy. Pirart et al (52) have

shown a correlation between the degree of hyperglycemia and the rate of

appearance and progression of human diabetic retinopathy and nephropathy.
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Bennion et al (53) have shown that mitigation of hyperglycemia can often

reverse the complications of diabetes. Similar1y, in other studies where hyper-

glycemia was controlled, there have been cases demonstrating a marked

reversal of retinopathy (54) and neurological complications"

Other evidence to support the importance of hyperglycemia in diabetic

complications comes from studies performed with renal transplant patients"

Dold (55) and Mauer (5ó) have observed that kidneys from non-diabetic donors

develop glomerulosclerotic lesions when transplanted into diabetic subjects.

Steffes (57) has also shown reversal of these lesions in diabetic rats which

have received beta-cell transplants, thereby restoring the insulin levels and

hence the correction of elevated blood glucose levels" However, Gotzche

et aI (58) could not demonstrate the reversibility of glomerular basement

membrane thickening, despite reversing the hyperglycemic state of diabetic

rats by islet transplantation, possibly due to the long half-life of glomerular

basement membrane. Steffes et ai (59) studied glomerular basement membrane

from identical twins discordant for diabetes, and found that the non-diabetic

twins all had normal basement membrane thickness, whereas the diabetic

twins demonstrated increased thickening. This suggests that a metabolic

abnormality due to the diabetes, perhaps hypergiycemia, is responsible for

the development of the glomerular lesions seen.

These studies seem to suggest that hyperglycemia may be the direct

cause of the secondary complications of diabetes mellitus. A relationship

has been observed between the degree of hlperglycemia and the risk of



-=
:.1j r.

- 15 -

retinopathy, neuropathy, and nephropathy; however, the evidence to relate

hlperglycemia to macrovascular complications is less conclusive" This may

be due inpart to the high frequency of arterial disease in the general popuiation.

AIso, other factors may be involved including genetic and environmental

ones. The mechanism through which hyperglycemia could cause the secondary

complications is not known but two hypotheses have been proposed; increased

expression of the polyol pathway and increased non-enzymatic glycation of

proteins.

3. POLYOL PATHWAY:

one hypothesis for the role of hllperglycemia in the etiology of the

diabetic complications involves the polyol pathway which is shown below:

NADPH NADP+ NAD+ NADH

GLUCoSE SORBITOL < \ 
-> 

FRUCTOSE

Aldose Reductase Sorbit ol dehydrogenase

The enzymes involved in the polyol pathway are aldose reductase and

sorbitol dehydrogenase, which are responsible for the conversion of glucose

to sorbitol and fructose (ó0). The enzymes are highly substrate dependent

and are regulated by the cellular glucose levels. The Km for aldose reductase

is 28 mmol which is much higher than that of hexose kinase (0.15 mmol);

so that, under normal conditions, most of the glucose is metabolized to

glucose-6-phosphate by hexokinase. When glucose levels rise, aldose reductase
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metabolizes an increasing portion of glucose to sorbitol. Similarly, under

hyperglycemic conditions, the enzyme sorbitol dehydrogenase is more active.

It can be erpected that in hyperglycemic states, such as in poorly controlled

d.iabetes, both enzymes will be more active resulting in the increased formation

of sorbitol. In fact, in humans (ó1) and in animals (óZ), concentrations of

glucose, sorbitol, and. fructose are elevated in peripheral nerves in poorly

controlled diabetes.

Increased levels of sorbitol have been postulated to be involved in the

formation of cataracts in diabetics (24,63)" Since sorbitoi diffuses across

membranes slowly, it can accumulate intracelluiary under these conditions,

resulting in osmotic sweiling (since sorbitol is highly osmotic)" This can lead

to the inhibition of transport of water into the eye. The millimolar levels

of sorbitol concentrated in the eye result in the formation of sugar aggregates

which lead to the opacity of the lens, impairing vision" Decreased action

of the sodium-potassium ATPase is also observed (64), which may also play

some role.

Lrhibition of sorbitol formation using aldose reductase inhibitors, have

been shown to prevent cataract formation (65). Likewise, it has been found

that normalization of blood glucose levels, and strict glycemic control, can

reverse the formation of early cataracts in diabetic subjects (ó3). This data

suggests that the accumulation of sorbitol may be etiologically important

in the development of diabetic cataracts.
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The polyol pathway may also be involved in diabetic neuropathy. The

increased activity of the poiyol pathway has been shown to result in derange-

ments of nerve myo-inositol metabolism by decreasing the uptake of tissue

myo-inositol by as yet some unidentified mechanism (óó). Myo-inositol is

a cyclic polyalcohol membrane phospholipid which is involved in transmission

of nerve impulses" Tissue myo-inositol levels are decreased in the nerves

of both diabetic animals and patients (óó167)" As its levels decrease in nerve

tissues, there is a drop in motor nerve conduction vetocity (67). Figr:re 3

d.epicts the postulated. relationship between the polyol pathway and possible

neurological changes as proposed by Greene et ai (ó8)"

D. NON-ENZYlv{ATIC GLYCATION

1. THE IvIAILLARD REACTION

The discovery of the non-enzymatic browning reaction by Maiilard over

70 years ago has been studied in great detail by food scientists since its

discovery because of the adverse effects it has on the appearance, nutritional

quality, and safety of food (ó9)" only recentiy have biochemists begun to

explore the relationship between this reaction and the pathological changes

in diabetes"

In 7972, L.C. Maiilard conducted pioneering rvork on sugar-amino acid.

condensations. He observed that yellow-brown pigments were for¡ned when

glucose was heated in the presence of amino acids or proteins (70). The
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Figr:re 1. The Postulated. Relationship between Hyperglycemia, Polyol

Pathway, }/yo-inositol, ATPase, and Nerve Conduction"

HYPERGLYCEMIA
I
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I

inhibition I
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I
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I
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MYO-INOSITOL

METABOLISM
I

I

I

V
OTHER EFFECTS ??

\ALTEREDPHOSPHOINOSITIDE )

DECREASED MOTOR NERVE CONDUCTION

DECREASED SODIUM DEPENDENT AMINO ACID UPTAKE

DECREASED OTHER SODIUM DEPENDENT PROCESSES ??

Modified from Greene et al (ó8).
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reaction occurs readiiy in food preparations and leads to irreversible modifi-

cation of the dietary protein resulting in a decrease in its nutritional value

by two mechanisms; first the reaction leads to modification of lysine, making

it biologically unavailable; secondly, it leads to a desrease in the total nitrogen

that can be digested.

The non-enzymatic browning reaction, or the lv{aiilard reaction, evolves

through several steps (71) as shown in Figr:re Z" The first step involves a

coidensation reaction between an amino group and. the carbonyl group of

a reducing sugar such as glucose, resulting in the formation of a Schiff's base.

Subsequent cyclization and isomerization (Amadori reatrangement) results

in formation of secondary products via enolization. This causes removal

of amino groups from the carbohydrate complex with subsequent dehydration

and cyciization, fragmentation, or amine condensations. The products formed

inciude dicarbonyls, ketols, aldehydes, and reductones. These prod.ucts formed

¿rre responsible for the flavor and aroma developed in processed food. The

third step involves complex poiymerization reactions of the secondary prod.ucts,

resulting in formation of both soiuble and insoluble melanoidin pigments.

Z" NON-ENZYMATICGLYCATION REACTION:

Non-enzymatic glycation is analogous with the early stages of the

Mailiard reaction and is shown in detait in Figr:re 3. The reaction is depend.ent

on the substrate concentration of the carbohydrate and the availabiiity of

an amino group. Pentose sugars are more reactive than hexoses which in
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Simplified scheme of the Maillard reaction.
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Figure Z"
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turrr are more reactive than D-fructose. Only the aldehydic form of the carbo-

hydrate is reactive, and the rate of the reaction depends cin the ability of

the carbohydrate to open its ríng formation to form the aldehyde (72)" Glucose

is the least reactive of the hexoses, with only 0.001% in tlne aldehyde form;

however, it is the carbohydrate of most importance, since it is found in signifi-

cant concentrations in the blood.

The ability of the reducing carbohydrate to react with the amino group

of proteins is dependent on the pKa of the amino gïoup (73174). etpfra-a*ino

groups have a lower pKa than do epsilon-amino groups of }ysine residues,

and are more reactive. However, the lysine groups are present in a greater

number over the aipha-amino groups and are more significantly involved in

the reaction. Primary amines are sterically less hindered than are secondary

amines, and are therefore more reactive. At physiological pH, the amino

groups of all proteins are readily available for reaction with carbohydrates

if they are sterically available.

The formation of the Schiff's base is acid catalyzed" The base itself

is formed rapidly, is very unstable, and can readily dissociate (73'74). In

water, it will rapidly dissociate into the original carbohydrate and the amino

group. The base can readily undergo Amadori rearrangement to form a stable

and i:reversible product (75). The formation of the ketoamine from the

aldimine is very slow however, in the order of days, and is the rate limiting

step in the process.

...1

="#-
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In diabetes, where hyperglycemic conditions are encountered, it has

been shown that the level of non-enzyraatic glycation is increased (7ó). The

level of non-enzymatic glycation is dependent only on the blood gJ.ucose Levels

in vivoo and the half-life of the protein in question. Thç protein should have

a relatively long half-life to facilitate the reaction.

3. STRUCTURAL AND FUNCTIONAL ASPECTS OF THE PROTEINS

iNVOLVED:

Non-enzymatic glycation has been shown to occr:r for many proteins

(see Table z) (77,75-86). It can be expected that any protein, providing it
has a relatively long circulatory half-life or slow turrrover rate with a sterically

available amino groupr can be involved in non-enzymatic glycation. The rate

of the reaction is also dependent on the prevailing glucose concentration.

The reaction occurs under normal glycemic conditions but is elevated. dtrring

hyperglycemic conditions (75) and occr:rs both in vivo and. in vitro (71,75)"

The process can lead to alterations in a protein's structure and function, some

of which are listed in Table 2.

The addition of a bulky hydrophillic group to a protein can have many

effects on its structure. The addition of glucose to the epsilon-amino group

of a protein will remove a positive charge of the protein at physioiogical

pH" This will affect its overall net charge, and may interfere with the foiding

and secondary structure of the polypeptide chain. The removal of the positive

charge will reduce the pKa of the protein, which in the case of hemoglobin
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Table Z.

A) Proteins previously shown to undergo non-enzymatic glycation.

Hemoglobin

Col lagen

basement membrane

tendon

r skin

aorta

Ferritin

Insu I in

A lbumin

Low density lipoprotein

Spectrin

Peripheral nerve proteins

Erythrocyte membrane proteins

Fibrinogen

Myelin

Serum/p lasma proteins

B) Some possible effects of non-enzymatic glycation on structr¡re

and fu¡ction of a protein.

CHANGES IN STRUCTURE CHANGES IN FUNCTION

Charge characteristics enzymatic activity
So I ubi I ity Immunogenicity

Stabilitl¡ Hormonat activitv
resistance to heat

resistance to enzyme attack CeI lular uptake

Size , shape, and viscosity Lnteraction with other mo I ecul es

Molecular cross-links Biological half_tife

.::rf r,':.rt: .

.:ì:N-: .
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allows separation of the glycated from non-glycated form by isoelectric

focusing and ion-exchange chromatography (7 6,87)"

Non-enzymatic glycation of proteins has been shown to alter protein

turnover in diabetic patients. Increased glycation of fibrin reduces its suscepti-

bility to plasmin degradation, resulting in increased accumulation of fibrin

(88). Increased glycation of lipoproteins LDL and. HDL has been shown to

decrease and increase, respectively, their rate of clearance from the circulation

(89). This may have some role in the development of macrovascular d.isease

seen in diabetics" Non-enzymatic glycation of collagen also results in a

decreased susceptibility to proteolytic digestion by proteases (90) leading

to a decreased turnover" This may be responsible for the accumuLation of

basement membrane seen in diabetics. Non-enzymatic giycation of albumin

results in a decrease in its solubility over that of the native form (78),

suggesting a change in its structure.

Non-enzymatic glycation can also cause alterations resulting in resistance

to enzymatic attack. Trypsin, a proteolytic enzyme which cleaves proteins

between lysine and arginine residues, should be inhibited in its attack on non-

enzymatically glycated protein, which has had its lysine residue glycated

(9i).

The non-enzymatic glycation of a protein can result in increased

resistance to heat denaturation. Non-enzymatically glycated collagen is

found to be more stable to heat and less susceptible to thermal rupture (92).
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Non-enzymatic glycation of proteins has been shown to alter the immunogen-

icity of proteins. In vitro glycated rat skin collagen injected into the same

strain of rats elicited an immune response where as unmodified collagen did

not (93)" The specificity of the generated antibodies was shown to be directed

towards the non-enzymatically glycated residues.

Non-enzymatic glycation of a protein can affect its interaction with

other molecuLes" Non-enzymatic glycation of a lysine residue at the active

sitd of an enzyme may affect the enzymes activity, especially if the lysine

residue was important for the binding or interaction of the active site with

the ligand. Collagenase activity has been shown to be d.ecreased. in experi-

mental diabetes in rats (94), perhaps due to non-enzymatic giycation of the

enzyme's active site which involves a lysine resid.ue. Non-enzymatic glycation

of erythrocyte membrane proteins has been shown to decrease erythrocyte

deformabiiity, thus decreasing the ability of erythrocytes to traverse capillary

beds (85,95).

Increased non-enzymatic glycation of lens protein in diabetics is thought

to result in increased protein cross-linking, forming high molecular weight

aggregates causing lens opacity (96) and af fecting vision. Simitarly, Eble

et al (97) have deveioped a model system using RNase to study non-enzymatic

giycation and glucose dependent cross-linking of proteins. Glycation was

shown to lead to a decrease in the primary amino groups of the protein. There

\,vas a time-dependent formation of dirners and trimers of the RNase molecu1e.

The primary cross-linking reaction occurred by condensation of a glycated

amino acid on one RNase molecule with a free amino group on another.
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Glycated protein could polymerize in the absence of glucose with a native

molecule, suggesting that short term increases in glucose, can exert long

term physiologicai impact by activating proteins for subsequent cross-linking

reactions. These cross-links may be important in the pathophysiology of

the diabetic complications.

E" T ROLE OF

FUNCTION

NON-ENZYMATIC GLYCATION IN ALTERED RENAL

1. NORMAL RENAL FUNCTION:

The primary function of the kidney is to help regulate the water, electro-

lyte, and acid-base content of the blood. and other body fluids. Ultrafiltration

of plasma across the giomerular wall is the primary event in urine formation.

The glomerular capillary waIl is a complex membrane which is highiy permeable

to water and small solutes and normally prevents passage of albumin and

other plasma proteins.

The major determinants of glomerular permeability include; the number

and/ot radius of the glomerular pores, hemod.ynamic d.eterminants of the

glomerular filtration rate (GFR), and the electrostatic properties of the

glomerular capillary wall (98).
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Glomerular capillary waIl components and organizatjon (g8,gg)"

In mammals, the glomerular filtration apparatus consists of three layers:

a thin fenestrated enothelium with openings 50-100 nanometers in diameter;

the glomerular basement membrane (GBNI) with an electron d.ense central

Iayer (lamina densa); and the epithelial cell layer, which is composed of pod.o-

cytes with inter-digitating foot processes embedded in the inner layer of

the GBM.

The surface of the endothelial and epithelial cells are coated with hyd.ro-

philic branched oligosaccharides attached to the membrane glycoproteins.

These components are rich in sialic acid residues, giving rise to a poiyanionic

natr¡re of the cells.

The glomerular basement membrane is a heterogenous substance

containing collagen and non-collagenous components (100). The GBM is synthe-

sized by the endothelial cells and is removed or degraded. by the mesangial

cells. The turnover of the material is slow, with a half-life of several months.

The coilagenous component is composed of three identical alpha-chains

arranged in a triple helix (type IV collagen), which is especially rich in the

amino acids giycine, hydroxyproline, and hydroxlysine. It differs from the

other types of collagen in that it contains three times as much hydroxlysine

and large amounts of half-cystine (100). The carbohydrate components of

this material are of two types" The first type is a complex asparagine-linked
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heteropolysaccharide that contains a galactose, mannose, fucose, sialic acid,

and glucosamine. These heteropolysaccharides are not unique to basement

membrane, but are common to most glycoproteins. The second tlpe is a

disaccharide unit of glucose-galactose attached to hydroxylysine.

The non-collagenous component consists of various proteoglycans and

glycoproteins. Proteogì.ycans including heparan sulfate, dermatan sulfate,

and chondroitin sulfate are highly charged anionic molecules found. in a lattice-

likJ pattern along the giomerular basement membrane (ió0,1ó1). Glycoproteins

including laminin, fibronectin, and entactin are fotrnd bound. to the sr:rface

of the basement membrane as well. Laminin and. entactin are glycoproteins

found exclusively in association with basement membranes (162)" These glyco-

proteins are believed to play a role in linking cells to the basement membrane

(163). They have also been shown to bind various proteoglycans, including

heparan sulfate, ultimately forming an integrated. component of the overall

structure of basement membrane (1ó4). These proteoglycans and glycoproteins

are though to contribute to the change selectivity of the filtration barrier,

ultimately determining the net charge and permeability of the basernent

membrane (i63)"

b. Factors determining glomerular permeabiiity.

Tracer studies have been used to study the effect of molecular size

effective radius of the glomerular basement mernbrane with regards to



l1s*F-

-30-

glomerular permeability (99,100,101)" The GBM is the main ba-rrier in the

process of filtration. The endothelial fenestrae allow passage of molecules

with a molecular weight up to 500 Kda (99)" Similar tracer studies by Graham

(702)' showed that molecules as large as 160 Kda could pass through the

glomerular basement membrane" Molecuies smaller than this will not normally

pass through the ba:rier. The molecular shape of a molecule is also important

in the passage through the GBM. Linear, rod-shaped, flexible molecules migrate

easier asross the membrane than do globular molecules of the same size or

radìus (99).

The charge of the membrane itself, and the charge of the molecules

in question are also important parameters in the passage of molecules across

the giomerular capillary wal1. The poiyionic giycoproteins of the glomerular

capillary wall (GCW) play an important role in the permeability of macro-

molecules. Negativeiy charged dextran sulphate has a lower fractional

clearance as comp€rred to a neutral dextran of similar molecular radius (98).

Simiiarly, the exsretion rate of horseradish peroxidase, a cationic molecule,

is six times greater than a neutral protein of the same size, and. fifty times

as much as a negatively charged. one. Glomerular transport of polyanionic

molecules is restricted by the GCW compared to neutral or cationic molecules.

Glomerular transport of molecules is also influenced by the functional

parameters that determine the filtration of water, namely, the ef f ective

fiitration pressure' glomerular pJ.asma flow, and the capillary ultrafiltration

coefficient (103). The exact role that these components play is at present

unknown.
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In summary, the GCW is the main barrier in the filtration of negatively

charged macromolecules" Negatively charged ones will be hindered from

crossing the GCW by both steric factors as well as electrophysical forces

of repulsion, due to the polyanionic nature of the GCW. These forces are,

however, attractive for polycationic molecu-Les. This results in their passage

through the membrane at a much greater rate than that of similar sized

polyanionic molecules" The dynamics of blood flow may also influence the

"":r" of molecules in a yet to be determined mechanism.

Z" THE STAGES OF DIABETIC RENAL FAILURE:

The natr¡ra1 history of deterioration of renal function in diabetes follows

a very characteristic and unique pattern, ultimately resulting in end stage

renal failure (100,104). Five characteristic stages in this progression can

be recognized (105,10ó).

Stage 1 is characterized by early hyperfunction and hlpertrophy (tOS).

These changes are found at diagnosis of diabetes and can continue for many

years in the presence of poor diabetic control (107). Renal size is increased

with a concomitant increase in the GFR (and hence renal function). Urinary

albumin excretion may be increased dr:ring exercise if the giycemic control

is poor. Renal plasma flow can be normal or increased, but the blood pressure

is usually normal (105'108). Good glycemic control can reverse the above

effects, suggesting that the effects of hyperglycemia ¿rre responsible for

the observed changes"
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Stage 2 develops silently over many years eventually resuJ.ting in

structural lesions of the kidney without visible presentation of clinical nephro-

pathy. This stage can be detected within two years of diabetes in some cases,

and progresses siowly over several years (1051107). Fifty to seventy percent

of all diabetics stay at this stage throughout their iives with the remaining

30-40% progressing to clinical nephropathy. The GFR is increased. 20-30%

in poorly treated diabetics. Blood press¡lre and renal plasma flow are normal

but may be increased slightly in some patients (109). Baseline r:rinary albumin

leveìs are normal, but after a few years may become elevated during exercise.

Despite normal r"enal function, structt¡ral and biochemical changes are evident.

On renal biopsy, basement membrane is thickened over normal subjects and

the mesangial region is expanded (109). It is unknown whether strict glycemic

control can reverse these lesions; however, islet transplantation can prevent

the lesions in streptozotocin induced diabetic rats (58).

Stage 3 or incipient diabetic nephropathy is characterized by visible

functional changes, including microalbuminr:ria, despite good giycemic control

and can occur after ten to fifteen years of the disease in 30-40% of diabetics

(105). The GFR is still increased at this stage, however there is a slow decline

in renal plasma flow. Blood pressure is increased, particularly dr:ring exercise,

but can be normalized by anti-hypertensive treatment (109)" Renal structural

changes that occur are more pronounced than those d.escribed. for stage Z,

with a further increase in expansion of the mesangium and build up of basement

membrane material (110). Dr:ring the early stages of microalbuminuria, strict

glycemic control can help to decrease it; however, as it progresses, glycemic

control has less of an effect.
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Microalbuminuria is a condition characterized by increased urinary

excretion of albumin in the absence of visible nephropathy (111)' Urinary

albumin levels can be used to identify abnormalities in renal function in the

early course of diabetic nephropathy before the presence of proteinuria

(1i11112)" since the levels are low, highly sensitive assays such as

rad.ioimmunoassays (113r114) or fluorescence immunoassays (115) are required

for quantification. The clinical range of microalbuminuria is about 15 ug/min

to 200 ug/min in humans. Recently, the urinary albumin level has been shown

to be an excellent predictor of the progression to overt nephropathy from

stage 3 in both insuiin dependent and insulin non-dependent diabetes mellitus

(111,112,116)" It is unlikely that a diabetic with a resting level less than

30 ug/min will progress to overt clinical nephropathy within a decade. In

contrast, d.iabetics with resting urinary albumin levels greater than 30 ug/min

will show yearly insreases of about 25 ug/min and will progress much faster

to overt nephropathY.

Stage 4, or overt clinical nephropathy, which occurs in 30-40% of patients

after 15 to Z0 years since the onset of d.iabetes is characterized by persistant

and pronounced. non-specific proteinuria (105). The GFR decreases below

normal levels and correlates well to the increase in diastolic biood pressure

(112). Anti-hypertensive drugs can red.uce the decline of the GFR (117), but

good control of blood glucose levels has littie effect on improvement of

function at this stage (118). Proteinr:ria is of glomerular origin, until the

stage when GFR falls, at which time it is of both glomerular and tubular

in origin. As the GFR falis the degree of proteinuria increases (101,119),

ultimately resulting in progression to end stage renal failure.
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Stage 5, or end stage renal failure due to diabetic nephropathy occurs

on average after 25 to 30 years of diabetes, eventually due to progressive

glomerular capiilary occlusion (101)" The GFR is less than I0% of normal,

and the blood pressure is high. 25% of. all renal failure patients in North

America are diabetic and at this stage, renal transplantation or diaiysis is

necessary.

3" Diabetic basement membrane chemistry and metabolism.

The composition of glomerular basement membrane isolated from

diabetics both in animal and human subjects differ from that of normal subjects.

The major differences are summarized in Table 3. The giomerular basement

membrane isolated from diabetics shows an increase in hydroxiysine content

with a proportional decrease in lysine content, such that the sum of the two

is constant, when compared to normals. Diabetic basement membrane also

exhibits elevations in glycine and hydroxproline with decreased levels of valine,

tyrosine, haif-cystine and sialic acid content (100). Increased levels of non-

enzymatic glycation has also been observed both in vivo and in vitro (83,84,720).

Electron microscopy studies of renal biopsy tissue obtained from diabetic

subjects with nephropathy show marked thickening of the glomerular basement

membrane with the accumulation of basement membrane material (109).

Overall, there is an excessive accumulation of basement membrane material,

which is a result of increased synthesis and/or decreased degradation.
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Table 3" Compositional Changes in Diabetic Glomerular Basement Membrane.

IhICREASED DECREASED

Hydroxlysine

Lysine

Hydroxyproline

Glycine

HaI f -cystine

Glucose-gal actose

disaacharide

SiaIic acid

Heparan sui fate

Level of non-enzymatic

glycation

+

+

+

+
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F. NON-ENZYN4ATIC GLYCATION AND ALTERED RENAL FUNCTION:

Díabetic glomerulopathy is characterized by a slow development of

basement membrane accumulation ex¡lressed as thickening of the basement

membrane and as accumulation in the mesangial area" This build up of material

ultimateiy results in glomerular occlusion, resulting in decreased renal function"

The exact mechanisms that may influence these developments is unknown,

but it is believed that metabolic abnormalities of diabetes is responsible (109).

Non-enzymatic glycation of proteins, including basement membranes, may

be an explanation for this phenomenon.

The accumulation of basement membrane may be due to increased

synthesis and/or decreased degradation (izl). Non-enzymatic glycation of

collagen has been reported to result in a collagen which is more resistant

to collagenase attack (90). Similarly, it has been reported that the activity

of proteases and other enzymes which may be involved in the degradation

of basement me¡nbrane are effected by non-enzymatic glycation, especially

if a lysine residue is essential for normal function. Reduced collagenase

activity has been reported in the kidneys of streptozotocin diabetic rats (94)"

Diabetes can also result in an increase in synthesis of basement membrane

as has been demonstrated in streptozotocin diabetic rats (7ZZ). Both these

ultimately result in increased amounts of basement membrane material.

It appears that non-enzymatic glycation may directly resuit in increased

basement membrane accumulation by decreasing the susceptibility of the
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membrane to degradation in two ways: decreased enzymatic activity of

collagenase, and production of basement membrane which is resistant to

enzymatic attack" Accumulation of basement membrane is undoubtabiy respon-

sible for glomerular occlusion, but the role that basement membrane thickening

plays is uncertain" The degree of thickening does not correlate to functional

changes, inciuding creatinine clearance and urinary albumin exqretion (IZ3),

casting doubt on its importance"

Another aspect of diabetic nephropathy involves alterations in the

glomerular basement membrane bar"r'ier resulting in altered fil.tration properties

of the kidney ultimately resulting in non-selective proteinr:ria" The altered

fiitration is thought to be due to changes in the pore size of the membrane

andf or changes in membrane charge.

The loss of negative charges on the basement membrane is responsible,

at least in some part for the occr:rence of proteinuria (88). It has been found

that diabetic basement membrane has a reduced amount of siaiic acid (a

negatively charged protein) resuiting in a reduction of the negative charge

of the membrane (IZ4). This results in a more net positive charge of the

membrane, making them more permeable to negatively charged proteins

such as albumin. The mechanism leading to the decrease in the sialic acid

content, however, is unknown. Non-enzymatic glycation of proteins, removes

a positive charge which would further facilitate the passage of the protein.

The basement membrane itself is non-enzymatically glycated, which would

act to counteract these changes, by making the membrane more net negative

by the removal of the positive charge on the lysine during the process"
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DefecTs in the structure of the glomerular basement membrane, mâY

result in increased pore sizes of the membtane (IZ4)' It has been suggested

(gg) that increased non-enzymatic giycation (due to hyperglycemic conditions)

results in incorporation of glucose into the membrane on lysine and hydroxy-

lysine resid.ues, thereby removing a positive charge irnportant in the formation

of cross links. This would result in the formation of a membrane with larger

pores than normal and. would, as a result, lead to an increased passage of

molgcules across the glomerular barrier'

In rats with strict giycemic control the progression of nephropathy

was halted or its progession inhibited (125). However, this was not shown

in humans, suggesting that early renal darnage is irreversible, and that a

primary metabolic abnormality is responsible for the development of tissue

damage. Recently, the accumulation of advanced glycosylated end products

(AGE prod.ucts) and. their role in the long term complications of diabetes

has been investigated. Froteins which ttlÏTr over at a slow rate, such as collagen

and. elastin, und.ergo excessive glycation and. subsequent modification (late

stages of the Maillard reaction) giving rise to these -irreversible AGE proteins"

These prod.ucts are believed to covalently trap serum proteins in the extra-

ceiiular matrix and may contribute to capillary occlusion and the build up

of basement membrane material (121). If this is the case, initial hyperglycemia

in a newly diagnosed d.iabetic may give rise to these irteversible AGE proteins

and the prod.uction of irreversible damage to renal function.
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The role that non-enzymatic glycation plays in the development of

diabetic nephropathy has not been fully eiucidated. Is it responsible for the

changes resulting in progression to renal faih:re or is it just a consequence

of the disease state? If it is involved, then it would be strong evidence for

the need of tight control of biood glucose levels to prevent the long term

complications of diabetes, especially with the recent evidence which suggests

that early damage, may be responsible for the long term changes seen at

a later time (121)"
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RATIONALE AND OBJECTIVES:

There is evidence to suggest that non-enzymatic glycation of glomerular

basement membrane may be the etiologic factor for diabetic nephropathy.

Previous studies on the topic have failed to investigate the relationship between

non-enzymatic glycation of glomerular basement membrane to renal morpho-

logical and functional changes simultaneously in the same group of animals.

Without such a study, the role of non-enzymatic glycation in glomerular base-

ment membrane thickening and diabetic nephropathy will remain speculative.

In this study we propcse to:

i. Determine whether increased levels of blood glucose in diabetes

results in an inæease in the levels of non-enzymatic glycation

of glomerular capiilary basement membrane.

Ascertain whether increased levels of non-enzymatic glycation

are related to basement membrane thickening.

Correlate the changes in functional impairment of the kidney;

namely, urinary albumin excretion and creatinine clearance, to

glomerular basement membrane thickening and to the level of

non-enzymatic glycation of glomerular basement membrane.

Ascertain whether the levels of non-enzymatic glycation of muscle

capiilary basement membrane correlate to those of glomerular

basement membrane.

z.

3.

4.
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III. METHODS:

A. PROCUREMENT OF TISSUES:

At the appropriate time, the animals were anesthetized with sodium

pentobarbital and blood. drawn via cardiac puncture for subsequent analysis

of creatinine, glycated hemoglobin, and blood glucose. Kidneys were rapidly

excised, a slice of the left kidney obtained for electron microscoplr and the

remaining tissue placed in cold isotonic saline for subsequent isolation of

giomeruli. A muscle sample was obtained from the left quadriceps muscle

and placed in cold isotonic saline, and frozen for future analysis.

B" FUNCTIONAL AND METABOLIC METHODS:

I. MEASUREMENT OF BLOOD GLUCOSE:

\ilhole blood was obtained by taii bleed from the study rats. The giucose

was quantitated using Dextrosticks by a glucose oxidase method and read

on a glucometer (Ames Division, Miles Laboratory LTD"; Rexdale, Ontario)"

MEASUREMENT OF URINARY PROTEIN:

Urinary protein was quantitated by the Department of Clinical Chemistry

at the Health Sciences Centre. Briefly, it was measr:red tr:rbidometrically

following precipitation with 3% sulphosalicyiic acid / 7% sodium suiphate

(12ó) with the tr:rbidity measured at 620 nm.
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3. CREATININE CLEARANCE:

Creatinine in urine and serum r,vas measr:red by autoanalyzer (Beckman

Astra, Beckman Instruments INC., Brea, Ca.) by modification of the Jaffe

rate method (alkaline picrate) (127). Analysis was performed by the Depart-

ment of Clinical Chemistry at the Health Sciences Centre and calculated

as follows:

ml/min. =

lne values were

creatinine/serum creatinine X volume/time

corrected for weight and expressed as ml/min/100 gr.

4" MEASUREMENT OF GLYCATED HEMOGLOBIN

Glycated hemoglobin ,tras quantitated by affinity chromatography using

m-aminophenyiboronic acid immobiiized on 5%o beaded agarose as previously

described (87). M-aminophenylboronic acid has an affinity for coplanar cis-diol

groups of glucose, such as that found in glycated hemoglobin. All reagents

for glycated hemoglobin quantitation were provided in a commerically available

kit (128), (Glycotest 100, Pierce Chemical Co., Rockford, I1.).

A hemolysate was prepared by mixing 50 ul of whole blood with 500 ul

of the sample preparation reagent. Subsequently, 50 ul of the hemolysate

was then added to a column which was previously equilibrated with Z ml of

equilibrium wash buffer (0.25 moI/L ammonium acetate, 0.05 mol/L magnessium

chloride, and 0.02% sodium azide, pH=8.5)" The sample was washed onto

the column with 500 ul of the equilibrium wash buffer followed by an additional

urlne



-43-

5 mt of the buffer (the total volume added. was 5.55 m1)" This fraction consisted

of the non-bound., non-glycated. hemogiobin. subsequently, 3 ml of the giyco-

elution buffer (0.2 mo|/L sorbitol, 0.1 mol/L TRIS, and' 0.02% sodium azide)

was added. and the fraction coilected in a separate tube" A1I tubes v/ere

vortexed. well and. the absorbance of each measured at 4I4 nm against deionized

water and the vo glycated hemoglobin calculated as follows:

% GryHB = 3.0 (Absorbance B) x 100

-.5sGb*"b""õe NB) + 3.0 (absorbance B)

The coefficient of variation for this method was found to be 7% and 4"5%

at a low and. a high level (8% and Z0%o) respectively'

5. MEASUREMENT OF URINARY ALBUMIN:

Urinary albumin v/as measured. by Radioimmunoassay by modification

of previous methods (113,174,129) as described below'

A" Reagents.

1. Rabbit anti-rat albumin antisera was obtained from National Bio-

logical Laboratories (Dugald., Manitoba). Briefly, the antibody

rüas raised to globulin free rat albumin obtained from Sigma

chemical company (st. Louis, Mo.) by injection into New Zealand

rabbits with adjuvent. z5 ml of serum was collected monthly,

the titre was determined, and. frozen in Z ml aliquots. The titre

for the antisera used. in all assays was 1/1ó. A working solution

$/as prepared by a dilution of I/76 with saline'
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Z. Non-immune rabbit serum was obtained from rabbits not injected

with rat albumin, and was diluted in a manner similar to the antisera

(1116) to prepare a working solution.

3. Iodinated Bovine serum albumin (specific activity of 2.0 mci/mi)

obtained from Dupont Canada LTD. (New England Nuclear Products,

Lachine, Quebec) was used as a tracer and diluted with saline

so that the working solution had about 50,000 dpm/100 ul.

4" 0.5 mg/ml rat albumin in saiine was prepared as a stock standard

solution and f.rozen in 1 ml aliquots" The working standard was

prepared from this stock solution by diluting 1/100 with saline.

5. 1,% (w/v) solution of gamma-globulins (Sigma Chemical Co.)

saline was prepared to enhance antibody precipitation"

6. Z5% (w/v) Polyethylene glycol ó000 (Koch-Light LTD, Suf folk'

Engiand) in distilled water.

Procedure.

Total counts, non-specific binding (NSB), and standard tubes were

prepared as described in Table 1. Two hundred ul of each rat urine previously

diiuted. 7150, 1/100 and I/200 with saline was analyzed in duplicate. If the

values obtained for the urine specimen was out of the range of the standard

curve, the sample was reanalyzed using more appropriate dilutions. One
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Table 4. Preparation of standards for radioimmunoassay for urinary albumin.

TUBES IDENTTFICATlON AMOUNT OF

10 uglml

RAT ALBUMÏN

SALiNE

l,Z -

3,4

5r6

7'8

g,10

lr,7z

73,14

15, 1ó

17,18

rg,z0

zl,zz

Total counts

NSB

0 standard

Z ug/ml std

3 uglml std

4 ug/ml std

5 uglml std

6 ug/ml std

7 ug/ml std

8 ug/ml std

9 uglml std

40 ul

60 uI

80 ul

100 ut

120 ul

140 uI

1ó0 ul

180 ul

200 ul

200 ul

200 ui

160 ui

140 ui

120 uI

100 ul

B0 ui

60 u]

40 uI

Z0 ul
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hundred ul of the working solution of label was added to each tube and

subsequently, 100 ui of working antigen was added to all tubes except the

total counts and the NSB tubes. To the NSB tubes, 100 ul of the diiuted non-

immune rabbít serum was added" All tubes were vortexed, and incubated

at room temperature for 120 minutes. Subsequently, 25 ul of tt,e t% (w/v)

gamma-globulin in saline was added to all tubes except the total count tubes,

along with 400 uI of 25 polyethylene glycol (PEG)" The tubes were vortexed

well and centrifuged 15 minutes at 1000 x g. The supertratant was aspirated

off, 
_and 

the radioactivity in the pellet was counted by gamma counting (LKB

7Z7Z gamma counter, LKB, Turku, Finland)" The results !vere calculated

using the logit (B/Bo) vs log concentration curve fitting method and expressed

as ug/hr, taking into account the urine volume and the time of collection"

C. BIOCHEMICAL PROCEDURES:

1. PREPARATION AND PURIFICATION OF GLOMERULAR BASEMENT

MEMBRANE.

The method employed to isolate glomerular basement membrane was

modified from the method of Carlson et al (130), which involves the isolation

of glomeruii from the kidney cortex by differential sieving through a series

of nylon meshes. This results in a pure and uniform preparation of glomeruii.

The glomeruli are then treated with sequential detergent extraction (131)

to isolate the glomerular basement membrane" The procedure, unlike ones

which involve sonification (732), does not destroy the structural integrity

of the basement membrane.
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Preparation of Earie's balanced salt solution.

Solutions A, B, and C were made separately in 300 ml of deionized water.

116 mM NaCl

16 mM KC1

0.8 mM MgS04"7H¿0

5"ó mNf glucose

6.77a glL

1"193 elL

0"197 e/L

7"009 e/L

1 mM NaH2PO4'H20 0.138 e/L

C. 1.8 mM CaCT¿ 0.265 e/L

A and B were mixed slowly, with constant stirring, and then solution C was

added (rapid addition will cause precipitation to occr¡r). The solution was

buffered by the addition of 6.672 g/L HEPES (Ze mM), the pH adjusted to

7.4 by the addition of concentrated NaOH, and the volume adjusted to 1 iitre.

The buffer is stable Z-3 days if stored refrigerated.

Isoiation of giomeruli.

The following isolation was carried out on ice or in a cold room whenever

possibie. For each kidney, the renal capsule and perirenal fascia was removed.

The kidney was sliced into a series of sections (Z mm thick) with a sharp razor

blade. Using pointed forceps, the cortex was "pinched off" (outer 1 mm)

to separate it from the medulla. The cortex from both kidneys was weighed
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and then minced with a razor blade to a fine mash. The cortical mash was

then placed in the center of the 254 um wire mesh screen (W.S. Tyier Inc.,

Winnipeg, Manitoba) and placed over a 150 ml beaker" The mash was pressed

through the screen with the aid of a scoopula and occasional washing with

a stream of buffer. The wash was then centrifuged at low speed (300 rpm)

f.or Z-3 minutes. The supernatant was removed and discarded. The peilet

was then washed through the 153 um nylon screen (held taut with the

embroidery screen) in a similar manner as above. The procedure was repeated

for both the 105 and the 88 um nylon screens (B and SH Thompson, Scarborough,

Ontario). The materiai on the 88 and 105 um screens was collected (these

fractions contained the glomeruli), pooled, and washed with buffer. The

glomeruli were then frozen until the basement membrane could be isolated.

C. Isoiation of glomerular basement membrane.

The glomerular basement membrane was isolated as follows. The frozen

glomeruli were thawed, placed in a plastic centrifuge tube, and suspended

in 10 ml of distilled water. The tubes were shaken on the shaker bath at

a low speed for 1-Z hours at 4"C, foilowed by centrifugation at ó000 x g for

10 minutes, and the supernatant discarded. The pellet was resuspended in

10 m] of 3% (w/v) Triton X-100 and shaken ajain at 4oC for Z-4 hours. The

samples were then centrifuged as above with the supernatant being discarded"

The pellet was suspended in 10 mi of a DNase solution (Z mg Type I DNase

(Sigma Chemical Co., product no. D4527) in 0.1 M sodium chloride,0.05

M tris-HC1, and 3 mM magnessium chloride, pH=8.0) (133), and incubated

at 37 "C for t hour. The samples were then centrifuged as before. The pellet

.,t¡tÈ!Èt:t .: .
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was then resuspended in 10 ml of. 4% (w/v) sodium d.esoxycholate, shaken

Z-4 hours at room temperature, and centrifuged as before, with the resulting

pellet being washed. five times with deionized water to remove traces of

the detergents as above, and lyophilized.

Z" PREPARATION AND PURIFICATION OF MUSCLE CAPILLARY BASE-

MENT MEMBRANE.

_ The muscle capillary basement membrane was prepared in a manner

similar to the glomerular basement membrane, with some modifications.

The isoÌated muscle was thalved, the excess connective tissue removed, and

minced with a sharp razor blade or scissors" The minced muscle was then

homogenized. in saline using a polytron homogenizer at medium speed for

five minutes. The homogenate was then centrifuged at 7'500 rpm for 10

minutes and the supernatant ¿isca"¿e¿. The pellet was then washed. twice

with distilled water and similarly centrifuged. The washed muscle extract

was then treated with the detergent extractions to isolate the basement

membrane as described above for the glomeruli, except that the volumes

of the detergents was increased from 10 ml to aåout 50 ml. Similarly' the

washed muscle capillary basement membrane was lyophilized as described

above"

MEASUREMENT OF NON-ENZYMATIC GLYCATION:

THIOBARBITURIC ACID ASSAY.

Ketoamine linked glucose (non-enzymatically linked glucose) upon mild

acid hydrolysis yields S-hydroxymethylfr:rfural (5-HMF) which can be quanti-

3.
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tated with thiobarbituric acid (135) (see figr:re 4 for a chemical representation

of the reaction). Sodium borohydride reduction of the ketoamine derivative

will result in formation of a stable hexitol derivative which lacks the keto-

groupr and for this reason will not form a S-HMF derivative. This principie

is utilized in the assay to develop a blank. Z-thiobarbituric acid (TBA) wili

bind to 1,2 cis-diol groups of carbohydrates forming a yellow colored derivative,

which can be quantitated at 443 nm. The method empioyed in these studies

was developed by modification of methods used by other investigators

(13 5.13 6,137 ).

Five mg of lyophitized muscle capillary basement membrane and 500 ui

of deionized water was added, in duplicate, to a screw topped test tube.

To one tube (blank), a drop of 1-octanol was added to reduce subsequent

foaming, followed by the, addition of 200 ui of sodium borohydride (0.óS g

sodium borohydride/20 mI distilled water) followed by incubation of samples

at room temperature for ó0 minutes. Two mI of. I0% (w/v) trichloroacetic

acid (TCA) was added to both tubes slowly and the tubes were vortexed briefly

and then centrifuged at 2000 r?m for 10 minutes. The supernatant was

discarded. One ml of. 2"5 M phosphoric acid was added to each screw capped

tube, and the tubes sealed and placed in the heating blocks on a hot plate

at 105o C for 90 minutes. Subsequently, the tubes were cooled on ice, 1mI

of I0% TCA added, and the tubes centrifuged for 10 minutes at 1000 x g.

750 ul of the supernatant was aliquoted into 1"0 ml microcentrifuge tubes.

To all tubes and the standards (as prepared in Table 5, using S-hydroxymethyl-

fr.:rfr.rral, Sigma Chemical Co.), 750 ul of 50 mM thiobarbituric acid was added.
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Preparation of the standard curve for the thiobarbituric acid assay

using 5-hydroxym e thyl f urf r:ral"

STANDARD

CONCENTRATION

AMOUNT OF

100 nmol/m I

5_HMF

DiSTILLED

WATER

BLANK

5.3 nmol/ml

11 nmol/ml

Z0 nmol/m1

30 nmol/ml

40 nmol/ml

53 nmol/mI

67 nmol/m1

93 nmol/ml

40 ul

80 ul

150 ul

220 uI

AMOUNT OF

1000 nmol/ml

5-HMF

30 ul

40 ui

50 ul

70 ul

750 ui

?20 ul

670 ul

600 ul

530 ul

720 uL

710 ul

700 ul

680 ul
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The tubes were incubated at 40" C for 60 minutes, allowed to cool and

centrifuged at 11000 x g for 5 minutes in a microcentrifuge" The absorbance

at 443 nm of all standards, samples, and blanks was measured spectrophoto-

metrically. Subsequent to the subtraction of blank absorbances from each

specimen, the concentration of HMF was determined from the standard curve

(a typical standard curve is demonstrated in Figr:re 5), and the result expressed

as mmol 5-HMF/mg protein.

b" TRITIATED SODIUM BOROHYDRIDE PROCEDURE

Reduction of the ketoamine linkage of non-enzymatically giycated

proteins with tritiated sodium borohydride wiil result in the incorporation

of tritium into the double bonds of the sugar resulting in the formation of

a stable hexitol derivative (see Figure ó)" However, this reduction is non-

specific and will also reduce and incorporate tritium into the other double

bonds found in the protein. Strong acid hydrolysis of the protein will result

in breakage of all of the peptide bonds, resuiting in the release of free amino

acids. These amino acids are passed on an m-aminophenyl boronic acid affinity

column, which wili specifically bind carbohydrates containing a I,Z cis-diol

conformation (such as glucose) or compounds bound to glucose. The radio-

activity of the bound fraction can be measured by standard liquid scintillation

procedures and wili be a measure of the extent of non-enzymatic glycation

of the protein"
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Figure 5. Typical standard curve of the thiobarbituric acid assay. Various

concentration of 5-HMF rvere incubated with 50 mmol/L thiobar-

bituric acid" The absorbance was measured at 443 nm.
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i. Procedure. (138,139,140)

Two mg of lyophilized basement membrane lvas suspended in 200 ul

of water, followed by the addition of 200 uI of tritiated sodium borohydride

(Amersham Canada LTD., Oakville, Ontario" Product no. TRA.45,

500 mCi/mmoi) and a drop of l-octanol. Reduction was cart'ied out for 90

minutes on ice in a fumehood, and was terminated by the addition of 4 ml

of In% TCA" The reduced basement membrane was washed I - '10 times

witln l0% TCA, followed by centrifugation and aspiration of the supernatant.

The washed basement membrane was hydrolyzed with 1"5 ml of 6 M HC1

for 16 hours at 110oC, in sealed screw top tubes, then the pH was adjusted

to 8.5 by the addition of concentrated NaOH. The amino acid concentration

of the hydrolysate was determined by the ninhydrin procedure (I4I)' using

a standard curve produced with known concentrations of leucine and expressed

in leucine equivalents. Four hundred ul of the hydrolysate lvas loaded onto

a m-aminophenyiboronic acid affinity column (Glyc-affin GSP columns, Isolab

Inc., Akron, OH) which was previousiy equilibrated with 3 ml of 50 mM

Na2HPO4. The column was then washed with 15 mi of the 50 mM NA2HP04.

The bound fraction was eluted from the column by the addition of 2 ml of

0.1 M HC1 and was collected. One ml of the eluate was added to 10 ml of

PCS scintiilation cocktail (Amersham Inc., Arlington Heights, Il.) and counted

by standard scintillation procedures using a quench corrected counting program

(LKB Rackbeta liquid scintillation counter, LKB, Tr.rku, Finland).
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ii. Measurement of amino acid concentration by the ninhydrin

procedure (141).

One mI of the standards (O.OS to 0.25 mmol/L) were prepared in screw

top tubes using a stock solution of L-leucine (500 umol/L in 0.1 M citrate

buffer, pH 5"0), by various dilutions using 0.1 ll citrate buffer, pH 5"0" The

samples were diluted in the citrate buffer, usualiy 7/20 to 1/100 with 1 ml

being added to a screw topped tube. One ml of ninhydrin reagent (Sigma

Chemical Co., prod.uct no. 163Z) was added, the tubes sealed, and placed

on heating blocks for 15 minutes at 105'C. Subsequently, Z ml of 50% (v/v)

ethanol was added, and the tubes allowed to cool. The absorbances of the

tubes were read against the blank at 570 nm and the results calculated from

the standard curve and expressed as umol leucine equivalents.

iii. Calculations

The results for the tritiated sodium borohydride 1¡/ere expressed as cpm/

umol leucine equiïalents.

LOWRY METHOD OF PROTEIN MEASUREMENT (142)

A standard curve, using a 1 mg/mi solution of bovine serum albumin

in distilled water, was prepared so that the amount of protein in the standards

ranged from Z0 to 100 ug" To 200 ul of each standard and sample (dilutea

so that the protein concentration would be in the ug/ml range). One ml of

the following reagent (1:1:Z; I% (w/v) copper sulfate, Z% (w/"\ sodium
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potassium tartrate, and Z% (w/v) sodium carbonate; respectively) was added

to every sample, blank, and stand.ard. The tubes were. mixed and allowed.

to stand 10 minutes at room temperature. Subsequently, 100 ul of 1N Folin-

phenol reagent (Fisher Scientific) was added, the tubes mixed, and then allowed

to stand 30 minutes at room temperature. Finally, the absorbances were

read at 710 nm against the blank, the standard curve plotted, and the concen-

trations of the samples d.etermined from the standard. curve.

MO RPHOLOGIC AL INVESTTGATION S

The morphological investigations were carried out by Dr. J.A" Thliveris

from the Department of Anatomy, University of l¿lanitoba. Briefly, small

pieces of kidney cortex were fixed in 3% glutaraldehyde in 0.1 lvf phosphate

buffer (pH 7.4) for two hours at 4"C" Tissues were rinsed for 24 hours at

4"C, in 0.1 M phosphate buffer (pH 7.a) containing 0.2 M sucrose. The tissues

were then postfixed for two hours at 4"C, in 7% osmium tetroxide in 0"1 M

phosphate buffer (pH 7.4), dehydrated in ascending concentrations of ethanol

and embedded in Epon 812. Thick sections were-stained with toluidine blue

and examined for routine orientation. Thin sections were stained with uranyl

acetate and lead citrate, viewed and photographed in a Phiiips EM 201 electron

microscope. Quantification of kidney glomerular basement membrane thickness

was performed utilizing the orthogonal intercept method of Jensen et al (143).

The actual measurements were carried out on micrographs (magnification

20,000 X) with an electronic planimeter (Hewlett Packard digitizer, model

9874A) equipped with an electrosensitive cursor connected to a Hewlett

Packard 987 5A calculator/computer.
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The thir:kness of glomerular basement membrane for each rat was

performed on 25 randomly selected micrographs per animal.

E" STATISTICS

The experimental data was analyzed by the unpaired T-test to compare

the means of the various groups. The level of significance v¡as p=0.05. The

statistical analysis was performed on a commercial package (Crunch Interactive

Statistics Package (CRISP), Crunch Software, San Francisco, Ca). The statis-

tical analysis for the morphological studies was by analysis of variance

(ANOVA) and by Tukey's procedure (744)"
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METHOD DEVELOPMENT

A. THE ISOLATiON OF GLOMERULI AND BASEMENT MEMBRANE.

The glomerular isolation procedure was investigated to determine the

actual amount of glomerular protein that was isolated. The protein yieids

for the procedure were determined and the results shown in Table 6" Protein

was measured by the method of Lowry et aI (742) as described previously.

It was found that approximately 10 to 15 pdrcent of the cortical protein was

found in the glomerular fraction (40 mg/g wet kidney weight).

The isolated muscle basement membrane was examined by sodium dodecyl

sulphate (SDS) polyacrylamide gel electrophoresis foilowing digestion with

pepsin (Figure 7) to ensure the presence of Type IV collagen. Fifty mg of

muscle basement me¡nbrane was digested with 5 -g pepsin (Sigma Chemical

Co") in 0.5 M acetic acid, pH 2"5 at 4oC for 48 hours as previously described

(120). The reaction mixtr:re was then centrifuged at 1,000 x g for ten minutes

and the supernatant coilected. Five ug of protein from the supernatant (as

meastrred by the procedure of Lowry et aI (142)) -was loaded onto a 7"5%

polyacrylamide gel with a 5% stacking gel prepared according to Laemmli

(134) and electrophoresed at 100 mA for 4 hours foilowing pre-electrophoresis

at 50 mA for 30 minutes. The gels were stained with 0.25% coomassie bLue

(R250) ]n 70% acetic acid, 50% ethanol, and destained with I0%o acetic acid

and Z5% ethanol. Electrophoresis following pepsin digestion was not performed

on glomerular basement membrane since it was not available in the quantities

required for such analysis.
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Table ó. Protein yields during the isolation of glomeruii.

STEP AMOUNT OF

PROTEINl

YIELD

Sta¡ting

Through

Through

Material

Material

material (cortex)

154 micron screen

108 micron screen

on 108 micron screen

on 88 micron screen

786 ! 42

375 ! Z3

307 ! 4Z

73!4

43x4

mg

mg

mg

mg

mg

700%

40%

38%

9%

5%

14r,.1y"." carried out in duplicate" Results expressed. as mean

+ range.
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Figure ?.

I.lé,'K

r '93'K

Sodium dodecylsulphate (SDS) poiyacrylamide eJ.ectrophoresis
of pepsin digested basement membrane. 50 mg of muscle capillary
basement membrane was previously digested with 5 *g of pepsin
in 0.5 M acetic acid, pH=2.5 at 4"C for 48 hours. 5 mg of the
digest was analyzed on a 7.5% polyacrylamide gel with a 5To
polyacrylamide stacking gel essentially by the method of Laemmli
(134). Lane 1 represents molecular weight markers; |Z,OO (phos-
phorylase b), 716,250 (ß-galactosidase), and 200,000 (myosin).
Lanes Z through 5 represent the pepsin digested basement
membrane.
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The presence of fragments of 125 and 115 kDa is consistent with the

electrophoretic pattern of type IV collagen (basement membrane) after pepsin

digestion as seen by others (iZO). The prepared basement membrane appeared

to be composed of mainly type iV collagen, since it demonstrated an

electrophoretic pattern characteristic of this protein" The lack of other

protein bands on the electrophoretogram fr:rther suggest this" Although

electrophoretic analysis was only performed on basement membrane isolated

from muscle, it is anticipated that simiiar results would be obtained with

glomerular basement membrane" It should be noted that muscle basement

membrane was used for much of the prelimina:'y work and method development

in the place of glomerular basement membrane since it was easily obtainable

in larger quantities than was glomerular basement rnembrane.

B. RADiOIMMUNOASSAY FOR URINARY ALBUMIN

Initially, a commerical radioimmunoassay (RIA) for the measurement

of urinary albumin (Diagnostic Products Corporation, Los Angeles, Ca") was

investigated as a method to quantitate r:rinary albumin excretion. However,

it was found that the antibody in the kit was specific for human albumin'

and showed no cross reactivity with rat albumin. For this reason, we developed

a RIA to measure albumin in rat urine.

Rabbit anti-rat albumin antisera was obtained from National Biological

Laboratories as described under the methods section. The titre of each sera

was determined to establish the optimal amount of antibody which would

bind 50% of the tracer present (iodinated bovine serum albumin).

r:Ë.,-.
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Concentrations of antibody that result in a higher binding will result in a

reduced sensitivity in the Lower range of the standard curve. In contrast,

an antibody concentration resulting in less than 50To binding of tracer will

result in a decrease in the dynamic range on the assay (745, 146).

The rabbit antisera was serially diluted (1/Z to 1/IZB) with saline. To

100 ui of each dilution, 100 u] of iodinated bovine serum albumin (500'000

dpm/mi), and 200 uI saline 'tvas added and incubated two hours at room

temperature. The bound fraction (antibody/antigen complex) was obtained

by centrifugation (1,000 x g for 15 r¡inutes at 4oC) subsequent to the addition

of. 25 ul l% (wtlvol) gamma globulin in saline and 400 ul of 25% polyethylene

glycol (PEG). The radioactivity of the bound fraction for each sample was

measured. and the counts per sample over the totai counts (corrected. for

non-specific binding) was plotted against the antibody dilution as in Figure

8. It was found that a 1/1ó dilution of the antisera gave 50% binding of the

radiolabelied bovine serum albumin. This was the dilution of antibody which

was used for subsequent analysis.

The final step in a RIA is the separation of antibody bound and free

fractions. In our assay, a separation using polyethylene glycol (PEG) was

employed. PEG is a water soluble polymer which precipitates proteins" The

effectiveness of PEG depends on the percent used, the pH and salt content

of the soLution, and the amount of protein present in the assay tube (145).

To optimize the separation, the percentage of PEG which wiÌl give the least

amount of non-specific binding with the maximal amount of antibody precipit-

ation was determined" For:r hundred ul of various concentrations of PEG
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Figure B. The determination of optimai titre of rabbit anti-rat albumin.
The dilution of antisera, which would give 50% binding of the
tracer in the absence of antigen was determined as follows. To
100 ui of antisera which was diluted serially with saline, 100 ul
of iodinated bovine serum albumin was added and the tubes
incubated. The bound fraction was obtained by precipitation with
25 ui of 7% (w/v) gamma-globulin and 400 ul of zs% (w/v)
poiyethylene glycol. The radioactivity was determined in this
fraction and the percentage bound to total counts was calculated
and plotted against the antisera dilution"
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were ad.ded to assay tubes containing 100 ui of labei (500,000 dpm/ml)' 200

u1 saline, and 100 ui of antisera, which were previously incubated at room

temperature for two hours. The radioactivity in the pellet (bound fraction)

was determined after centrifugation, and the percentage bound over total

counts (% Bo/T) plotted against the percentage PEG used, as in Figure 9.

Similarly, various concentrations of PEG were used to obtain the bound fraction

from assay tubes containing 100 ut of label and 100 ul of non-immune rabbit

anti-sera (titre of. I/76) and plotted as above and shown in Figure 9" This

represented non-specific binding. It was found that with Z5% PEG the optimal

precipitation of the bound fraction, with the least amount of non-specific

binding (NSB) was obtained. This was the percentage of PEG used in all fr:rther

analyses. As well, 25 uI of. I% (wt/vol) gamma-globulin was added prior to

addition of the PEG to fr:rther enhance to separation of the bound from free

fraction.

Once the conditions of the RIA were optimized, the performance of

the RIA was evaluated by various methods. Precision studies were undertaken

using urine from two hypergiycemic diabetic rats. The results of the precision

studies undertaken are shown in Table 7. The ässay had a within run

co-efficient of variation (CV) of three percent, and a between run CV of

six to seven percent. Typically, the non-specific binding of this assay system

was about 20 percent.

The accr¡racy of the assay was evaluated by determining the analytical

recovery of albumin added to urine as shown in Table 8. Rat urines were
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Ðetermination of the maximal amount of polyethyiene glycol
(PEG) required for the separation of the bound fraction from
the free fraction for the RIA for urinary albumin. Four-hundred
ul of various percentages of PEG were added to assay tubes
containing 100 ul antisera, i00 ul of iodinated bovine serum
albumin ISOO,OOO dpm/ml), and 200 uI of saliner previously
incubated two hours at room temperature. The assay tubes
were centrifuged and the radioactivity determined in the pellet
(bound fraction), expressed as a percentage of total counts
and graphed against the percent PEG used (@@). The above
was repeated with non-immune rabbit serum to determine the
percent non-specific binding (CC) for each percentage of PEG
used.
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for rat urinary albumin.

1" Within run precision"

Sample 1 Sample 2

n

meen

standard deviation

coefficient of

variation

10

2.24 ug/ml

0. 08

3 "6%

10

4.16 ug/mI

0. 0ó

1.4%

z. Between run precision.

Sample 1 Sample 2

n

me¿rn

standard deviation

coefficient of

variation

10

321 ug/hr

z5

10

51.9 ug/hr

2"3

4"4%7 "8%
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Table 8" Recovery studies for measurement

immunoassay.

of urinary albumin by Radio-

Conc. Measr:red Conc" Added Conc" Recovered % Recovery

2"50 rg/ml (Baseline)

4"35 ug/ml

ó.80 uglml

2.03 uglmI

3.98 ug/m1

3.23 ug/m1 (Baseline)

5"43 ug/aI

7.45 ug/ml

2.03 uglm1

3.98 uglml

Z"?0 ug/mL

4"23 ug/mI

1.85 uglmt

4"3 uglmI

Z"Z5 ug/mL

3.ó8 uglml

3.15 uglml

4"55 ug/mI

4"ZZ ug/mI

91

108

709%

106

111

93

1 . 50 uglm I (Base t ine )

3 "7 5 ug/m\

5.18 uglmI

2.03 ag/ml

3 " 98 uglmi

4"?0 rg/ml (Baseline)

7.35 uglml

8.75 uglml

3.20 uglml

4"20 ug/ml

98

108

100

3 . 14 ug/m I (Base l ine )

7.35 ug/mI 4"20 ug/ml

Mea¡rRecovery I =703%

SD = 7%o



spiked with a weighed out amount of pr:rified rat albumin, and the albumin

concentrations measured RIA. The recovery was calculated as follows:

To Recovery = Spiked - baseline albumin value
concentration of albumin added

Each samPle was

The assay showed

of seven Percent.

evaluated at two different albumin levels (2 and 4 ug/ml)"

a mean recovery of. 703% with a co-efficient of variation

To assess the iinearity of the assay, a rat urine with a high al'bumin

concentration was d.iluted with saline to give concentrations f alling over

the entire range of the standard curve. The concentration of each dilution

was measured by the RIA and the observed concentration was plotted vs the

expected (calculated) concentration for each diiution. AII results obtained

feii on or near the line of identity (see Figr:re 10). This indicates that

specimens having albumin values above the upper iimit of the standard curve

can be appropriately diiuted to bring them into the range of the latter"

DEVELOPMENT OF THE THIOBARBITURIC ACTD ASSAY.

The thiobarbituric acid assay used was a modification of the method

used. by previous investigators (135,136)" Initially, the characteristics of

the colored complex formed between S-hydroxymethylfr:rfural ($-HMF) and

Z-thiobarbitr:ric acid. were examined. Thiobarbituric acid was incubated 60

minutes with $-HMF and the absorbance spectra measr:red with a scanning

spectrophotometer. The complex had a peak absorbance at 443 nm (ttre

complete spectral scan is shown in Figure 11). Similarly, the time of maximal



ffi
M

ffi
LM
@
m
Õ

(þ
Æ
ã
ed

m
d@k

IDET{TITY

500 1,000

ffi XPffiÇTËM

Demonstration of linearity for the RIA for r:rinary albumin.
A rat urire (ó ug/ml albumin) was diluted in saline and the
concentrations of these dilutions determined by RIA (see methods
section). The observed' concentrations were graphed against
the expected (calculated) concentrations.
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Figure 10.
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Absorption spectra of z-thiobarbitr:ric acid. one hr:ndred mmol

s-nuË was incubated. with 50 umol Z-thiobarbituric acid for
one hour at 40oC. The solution was cooled to room temperature
and the absorbance of the solution measured by a scanning

spectrophotometer from 200 to 850 nm' The peak absorbance

was found at 443 nm"
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color d.evelopment was determined (Figure 7z) f.or the compLex at 443 n'm"

with the maximal level occurring after 60 minutes'

Weakacidhydrolysisoftheketoamined'erivativewithphosphoricacid,

results in formation of the 5-HMF d'erivative' The optimal time of acid hydro-

lysis at 105"C was d.etermined. to be 90 minutes (Figure 13) as evidenced

bythemaximalprod.uctionofthe5_HMFd'erivative.Inasimilarmanner,

the optimal acid concentration was determined to be 2.5 M phosphoric acid

(Figr:re 14).

Thethiobarbituricacidassayhasbeenpreviouslyshowntobesomewhat

dependent on protein concentration (136). This feature was investigated

further. It was found that there was a protein d.ependency (Figure 15), however'

between 10 and 30 mg of protein, there was little effect on the results obtained'

At low protein levels, there is a high degree of error, most likely due to the

low absorbance of the resulting S-HMF product'

Asampleblankwhichconsistedof].0to30mgofthesamplewasreduced

with sodium borohydride, and ran in conjunction with each sample' This treat-

ment reduced the ketoamine linkage and prevented the formation of a 5-HMF

d.erivative.Anycolorformedbytheblankwou]dbeduetovarious

interferences. ft has been forrnd. that free glucose and fructose can form

s-HMF derivatives. and will react with the thiobarbituric acid to form a colored

derivative (136). The blank value was subtracted' from the sample result

tod'eterminetheactualamountofS-HMFproduced,andhencetheextent

of non-enzYmatic glYcation.
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60 120

INCUBAT'ION T IfuTE ( M iN.)

Figr,:re 12. Determination of maximal color development for the thiobar-

bitr:ric acid assay. 50 nmol 5-HN4F was incubated with 50 umol

z-thiobarbituric acid for various times (tS mínutes to 3 hours)

at 40'C. Subsequently after cooling to room temperature, the

absorbance was measured at 443 nm"
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Figr:re 13. Determination of maximal time of phosphoric acid hydroiysis
for conversion of a ketoamine derivative to the S:HMF derivative
in the thiobarbituric acid assay. A pooled diabetic serum sample
(56 me/mi protein) was hydroiyzed with 2"5 M phosphoric acid
at 105'C for various times (15 minutes to 3 hor:¡s)" Subsequently,
the release of S-HMF was quantitated using thiobarbituric acid"
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Figure 14. The effect of phosphoric acid concentration on the production
of S-HMF from a ketoamine derivative in the thiobarbitr:ric
acid assay. A pooled d.iabetic serum sample (28 mg/mi protein)
was hydrolyzed at 105'C for 90 minutes with varying
concentrations of phosphoric acid (0"25 M to 3"0 M).
Subsequently, the release of 5-HMF was quantitated using
thiobarbituric acid.
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Figure 15. Effect of protein concentration on the results of the
thiobarbituric acid assay. Various amounts of muscle capillary
basement membrane (S to 30 mg) lvere analyzed by the
thiobarbitr:ric acid assay (see methods section). The results
are e{pressed as nmol HMF/mg protein vs protein concentration.
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lyluscle capillary basement membrane, which was previously glycated

to vatying degrees by in vitro incubation with increasing concentrations of

glucose, was analyzed. by the thiobarbituric acid assay (Figure 16)' It was

found that the extent of non-en zymatic glycation was proportional to the

glucose concentration in which the basement membrane was incubated"

Incubation in 100 mmol/L glucose resulting in a four fold increase in levels

of non-enzymatic glycation over that of control levels'

Jhewith-inrunprecisionoftheassayaSdeterminedusingglycated

muscle capillary basement membrane was found' to have a CV of lg% (mean

of. 94.9 t 18.3 nmol HMF /I0 rrtg, n=10) which is consistent with what has been

reported. by others (136).

The thiobarbituric acid assay is a useful assay for the measurement

of non-enzymatic glycation. However, the assay requires large amounts of

basement rnembrane (10-30 mg range). The samples in some cases have high

blank values, with optical densities nearly as high as the sample itself, resulting

in low net absorbances and low results. The assay is useful for the measr:rement

of non_en zymatic glycation of muscle capillary basçment membrane, where

large sample sizes are available. However, when only a few miltigrams of

material is available, for example from a rat kidney, the assay does not exhibit

the sensitivity required to d.etermine the extent of non-enzymatic glycation

from these samples. Further more' the high degree of imprecision, may prevent

discerr:ment of two samples with similar extents of non-enzymatic glycation'
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Figure Ló. Quantitation of the level of non-enzymatic giycation of in vitro
glycated muscle capillarry basement membrane dete-rmG
by the thiobarbitr-rric acid assay. The basement membrane was
glycated to various degrees by incubation in increasing
concentrations (ZS to 100 mmol/L) giucose in 0.2 M phosphate
buffer, pH=1"4 for seven days at 34"C.
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BOROHYDRIDE ASSAY.

The tritiated sodium borohydride assay was developed by modification

of the methods used by others (1381139) as a means of measuring non-enzymatic

glycation. The assay, as described under the methods section, uses tritiated

sodium borohydride to reduce, and in the process, introduce a radioactive

labe1 into the ketoamine linkage"

- After reduction of the ketoamine linkage by the tritiated sodium boro-

hydride, the excess radioactivity was removed from the reaction mixture

by precipitation of the protein with I0% (wt/vo1) trichloroacetic acid (TCA),

followed by centrifugation and the removal of the radioactive supernatant.

The material was washed in this manner a number of times with the radio-

activity measr:red in the supernatant for each wash, and plotted as shown

in Figr:re 17. It was found that eight to ten such washes with five mi of 10%

TCA were required to remove the excess radioactivity from the protein"

Dialysis couid have been used as an alterrrative method, however, it would

be more tirne consuming and results in a dilutionai effect. On the other hand'

TCA precipitation results in a concentration of the protein.

The separation of the iabeled (glycated) amino acids in the hydroiysate,

following acid hydrolysis, was necessary. This was accomplished by affinity

chromatography using Glyc-affin GSP affinity columns containing m-amino-

phenyiboronic acid, which has an affinity for I,Z cis-diol groups. The amino

acids containing the labelled glycitol residues (the amino acids which were

non-enzymatically glycated) bind the support, since the giucitol derivative
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has a cis-diol group. The radioactivity in this fraction was measured, subse-

quent to elution from the column with 0"1 N HC1" A typical elution profile

is shown in Figure 18. The radioactivity initially eluted, was due to non-specific

reduction and. subsequent labeling of other double bonds, including carboxyl

groups, which may be present in the protein" These amino acids eiuted more

rapidly since they do not contain a cis-diol group, and will therefore not bind

to the column. However, giycated amino acids containing a cis-diol group

wiil bind the column and are eluted with 0.1 L'l HCl"

With the procedure, there was little dependence of protein concentration

on the results obtained when two to eight mg of protein was used. However,

excessive amounts of protein resulted in lower results' since there was a

decrease in the ratio of labei to protein. When less than two mg of protein

was used, especially glomerular basement membrane from non-diabetic kidneys'

the results were imprecise due to the low amount of radioactivity incorporated.

This resulted in low counts per minute, sometimes fairly close to background

levels. When the results for these samples were e)rpressed per umol leucine

equivalents, the error compounded due to the small amount of material.

Le general, two to for¡r milligrams of basement membrane was used and gave

reproducible results"

The âssalr when using 10 mg of giycated muscle capillary basement

membrane, had a with-in run precision CV of. 16% (487 ! 79 cpm/umol leucine

equivalent (mean + standard deviation)). similarly, when two mg of in vitro

giycated basement membrane and basement membrane isolated from normal

rats were analyzed, the assay demonstrated a CV of 13% and 18% respectively.
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The results of the precision studies are shown in Table 9. Basement membrane

from normal rats exhibited some d.egree of background levels of non-enzymatic

glycation, since the reaction is a normal occutTence; however, the extent

of the reaction is elevated in hyperglycemic conditions.

In vitro

It was found

both the time

of glucose.

glycated basement membrane was also analyzed (Figure i9).

that the levei of non-enzymatic glycation was a function of

of incubation (11 as opposed to seven days) and the concentration

The level of non-enzymatic giycation of muscle capiilary basement

membrane from a group of the study animals was measured by both the thiobar-

bituric acid assay and the tritiated sodium borohydride assay (Figure Z0).

A proportional relationship (or correlation) between the level of non-enzymatic

glycation of muscle basement membrane, as measured by the above two

procedures, was found. Simiiar results were also found, using in vitro glycated

basement membrane (results not shown)"

The tritiated sodium borohydride assay developed, exhibits a much higher

sensitivity and hence, much ì.ess protein is required (two mg as opposed to

Z0 mg) as compared to the thiobarbitr.rric acid assay. This fact is particularly

important when working with small amounts of protein, including glomerular

basement membrane which is only available in small quantities.
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Table 9. Between run precision of the tritiated sodium borohydride procedure

for the measurement of non-enzymatic glycation. Both two mg

and 10 mg of basement membrane was used.

1" 10 mg sample size"

n=$

mea.n = 487 cpm/umol leucine equiv.

SD _79

CV = 16%

z" 2 mg sample size.

a) Low Control =6

mean = 165 cpm/umol leucine equiv"

SD =30

CV = 78%

b) High Control n =6
meân = 3180 cpm/umol leucine equiv"

SD = 413

CV = L3To
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Figr:re 19. Non-enzymatic glycation of in vitro glycated muscle capiilarry

basement membrane. Muscle capillary basement membrane was

glycated. in vitro by incubation in various concentrations (ZS to

1.00 mmol/L) glucose in 0.2 M phosphate buffer, pH=1.4 for seven

days (3$;$) an¿ 11 d.ays ( WW) at 37"C" The level of

non-enzymatic glycation was subsequently measured by the tritiated

sodium borohydride procedure (as previously described).
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Correlation between the tritiated sodium borohydride assay
a¡d the thiobarbituric acid assay for the measurement of
non-enzymatic glycation. Muscle capíllary basement membrane
was isolated from diabetic and non-diabetic rats (as previously
described) and analyzed for the levei of non-enzymatic glycation
by both the tritiated sodium borohydride (results expressed
as CPM/pmol leucine equiv") and the thiobarbituric acid assay
(results expressed as nmol S-HMF/mg protein).
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V" EXPERiMENTAL PROTOCOL

A" STUDY 1"

Adult male (300-350 g) Sprague-Dawley rats (n=40) were injected

intraperitoneally with a single injection of streptozotocin (ó5 mg/kg) dissolved

in coid citrate buffer (pH 4.5). Hyperglycemia (blood glucose greater than

Z0 mmol/L) and glycosr:ria were present three days after injection in all rats.

A cantrol group of citrate-injected rats (n=14) was age-matched to the diabetic

groups. The animals were fed Wayne F6 rodent blox and kept for 6 months

with food and water ad libitum" The diabetic animals were divided into 3

groups (see Figr:re 21). Thirteen animals were maintained at a blood glucose

level of 4"5-6"5 mmol/L by daily injection of protoamine-zinc insulin (Connaught

Laboratories, Willowdale, Ontario). The dosage ranged f.rom Z-72 units/day

depending on the animal, and was adjusted according to bi-weekly blood glucose

monitoring. Another 13 animals v¡ere treated similarly with the exception

that the blood glucose levels were maintained at 7I-I4 mmol/L" The final

14 animals were maintained similarly as well, with the exception that the

blood glucose was maintained at l9-ZZ mmol/L"

At times 0, Z, 4 and ó months of duration, 3 animals from each group

were sacrificed (12 animals in total)" Prior to death, 24 lnot¡. urine collections

and biood samples were obtained for analysis of creatinine clearance, urinary

protein, and glycated hemoglobin" Body weights of ail animals were recorded

weekly for the duration of the study and glycated hemoglobin was quantitated

monthly on all animals.



Figure 21. Study 1 Experimental Protocol

40 Male

Sprague-DawleY Rats

(300-350 gI)

Streptozotocin

(ó5 melke)

Injected

14 Male

Sprague-DawleY Rats

(300-350 gr)

Citrate Buffer

Injected
I

l

J,
Diabeti

/

,l
Group A

Group D

Age-Matched Controls

13 Rats

Blood Glucose

4.5-6"5 mmol/L

13 Rats

Blood Glucose

11-14 mmol/L

Group C

14 Rats

Blood Glucose

79-ZZ mmol/L

t

At times OrZ,4 and 6 months three animals from each group

sacrificed, and. functional biochemical and morphological

studies performed.

' :lrj¡ " '
1:rr:::j:::it.i t:i,ì.... :r.: ..

,.,:,jffiIlrt:.tt:,



-90-

STUDY Z.

Adult male (300-350 g) Sprague-Dawley rats were injected intraperi-

toneally with a single injection of streptozotocin (ó5 mg/kg) as in the above

study. 
. 
Hypergiycemia and glycosr:ria was present three days after injection

in 24 animals while another 10 were maintained in a eugiycemic state. A

control group of citrate-injected rats (n=10) was age-matched to the diabetic

g;roup 
_ 

The groups were fed wayne Fó rodent blox and kept for five months

with food. and. water ad }ibitum. Half the diabetic animals (n=12) (see Figr:re 22)

were maintained at a blood glucose ievel of 4.5-6.5 mmol/L by daily injection

of protoamine-zinc insulin as above" The dosage ranged f.rom Z-74 units/day

depending on the animal and. was ad.justed accord.ing to bi-weekly blood glucose

monitoring. The remaining group of animals (n=12) was treated similariy,

with the exception that the blood glucose levels were maintained at

l9-ZZ mmoi/L.

Twenty-four urine collections and blood samples were obtained for

analysis of creatinine clearance, giycated hemoglobin, and urinary albumin

at time 0, Z, and 5 months of the study. Body weights of all animals were

record.ed weekly for the d.uration of the study. The animals were all sacrificed

after 5 months.
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Fignre ZZ. Study Z Experimental Protocol

34 Maie

Sprague-Dawley Rats

Streptozotocin

(ó5 mglkg)

Injected

Group

10 Male

Sprague -Dawley Rats

Citrate

Injected

10 Non-Diabetic

Rats

Group C

12 Rats with

Blood Glucose Maintained

at 4"5-6"5 mmol/L

Group B

Age-Matched

Controls

1Z Rats with

Blood Glucose Maintained

at 19-ZZ mmoi/L

24 Diabetic

Rats

\
\

Group

After 5 months, all rats sacrificed, and final

functional, biochemical as well as morphological

studies performed.

ü
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STUDY 1

RESULTS OF STUDY 1:

METABOLIC AND FUNCTIONAL PARAN{ETERS.1"

The mean blood glucose levels for the four groups of rats sacrificed

after 6 months of the study are shown in Table 10" The metabolic and

functional results at six months parallelled those of the rats sacrificed at

previous months (two and four months). The diabetic hypergiycemic group

had ¿ mean blood glucose level of 1ó.4 mmol/L which was significantly elevated

(p<0.05) over the other three groups; namely, the age-matched control and

the diabetic euglycemic and moderate hyperglycemic groups" Similarly, the

average blood glucose of the diabetic animals which were maintained at a

moderate ievel of hypergiycemia (a blood glucose of 17-14 mmol/L) rvas

elevated (p<0.05) over the remaining two groups. However, the euglycemic

diabetic animals had an elevated blood glucose when compared to the age-

matched control groupr possibly due to difficuity in maintaining euglycemia

in these animals. A correlation existed between the blood glucose levels

and the levels of glycated hemogiobin (r=0.81, see Figure 23), with the hyper-

glycemic diabetic animals having significantly eievated glycated hemoglobin

values over those of the three remaining groups. The percent glycated

hemoglobin values for the final four months of the six month study are shown

in Table 10. The euglycemic diabetic animals had giycated hemoglobin values

which were simiiar to those of the age-matched controls, with the moderate

hyperglycemic diabetic animals having values which were elevated over these

two groups.
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Table 10. Percent Glycated Hemoglobin for Animals of stud.y 1.

GROUP Ave. Blood

G I ucose

(mmol/L)

ó Months

(n=3 )

5 Months

(n=3 )

4 Months

(n=3 )

3 N{onths

(n=3 )

Contro I

Euglycemic

lloderate

Hyperglycemic

__15"5

5.2-5 " 82

7"0

6"8-7.7

rz.5

12.0-13 " 1

16 "4

1 0. 8-20 .4

6 "9%

5. 9-8. 0

6.6

4.4-8.I

8.7

7.0-11.0

11.1

9.ó-13.8

7.5%

ó.2-8.0

5.8

4"9-7.0

9"2

8. ó-9. I

71"2

8.7-13"8

6.8%

6"5-7 "7

o.5

5.5-7 "r

7 "6%

7 .4-7 .9

ó.9

5.9-8. 8

9.0 8.8

7.6-10.9 8.5-9.4

15.5 16"4

IZ.7-18.7 13.3-18.4

1__ _

Values represent mean for the three rats in each group.

-" Range of the individ.ual values.
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Figure 23. Correlation between the average blood glucose level and the

glycated hemoglobin for the animals in Study 1.
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The body weights of ali animals at the beginning of the study were

approximately the same" However, the mean body weight of the diabetic

hlryerglycemic animals was significantly decreased (p<0.05) when compared

to the other three groups at two, four, and six months of the study as shown

in Table 11. There was no significant weight differences between the moderate

and euglycemic diabetic animals and the age-matched control animals at

all times investigated"

Renal function was monitored via two methods; namely, urinary protein

and creatinine clearance" The data for urinary protein exeetion for the

rats at the time of sasifice is shown in Tabie 12" The vaLues obtained were

quite variable, with no significant conclusions being able to be made. The

me¿ul glomerular fiit¡ation rate (GFR) for the animals, as measured by

creatinine clearance, is summarized. in Table 13. As with the urinary protein

results, the va-lues were highly variable; and once again, few conclusions could

be drawn (see discussion for a detailed explanation).

Z. MORPHOLOGICAL STUDIES.

:1,'

The morphoiogical data

thickness is shown in Table 14.

an age-dependent thickening,

at times 0 and ó months" At ó

and hyperglycemic) showed an

for the age-matched controls;

representing glomerular basement membrane

The age-matched control animals demonstrated

as evidenced by the differences in thickness

months, the diabetic animals (both euglycemic

ineease in thickness (p<0.05) over that seen

however, there was no statisticaj difference
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Table 11. Bod.y weights of rats from St,rdy 1.1

GROUP O I\,IONTHS

(n=8 )

Z MONTHS

(n=9 )

4 N,IONTHS

(n=ó )

6 ¡/ONTHS

(n=3 )

Control

Eugiycemic

5Z3tZ8g ó08f32g 644!47g

566 I 48 ó63 r 55 716 L Z4

293

Moderate 528 ! 45 592 ! 30 6ó0 r 54

Hyperglycemic 488 r 37 537 ! 26 546 ! Z7

1-_ --Values represent mean plus or minus the standard deviation of the body

weight of each rat at death"

)"Body weights of animals prior to division into individ.ual groups.

î
tZ7 gz

I
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Tabie 12. Urinary protein excretion rates for each individual rat of Study I

at time of sacrifice.

(Resuits expressed as mg protein/Z4 hrs")

GROUP O MONTHS Z MONTHS 4 MONTHS 6 MONTHS

Control

Euglycemic

N{oderate

35t

Il=

1ó1

1ó

It3r4

6rz

1Z

2,73 z,54,17

9,63,I0 16,64,17

17 ,49 "z 77 ,Z0 rZZ

Hyperglycemic 36 ,30 , 17 5,10

1-Value represents mean plus or minus the standard deviation prior to division

of the animals into the various groups.
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Table 13. Creatinine clearance for each individ.ual rat of Study 1 at time

of sacrifice.

(Resuits expressed as ml/min"1)

GROUP O MONTHS Z MONTHS 4 IvIONTHS 6 IV{ONTHS

Contro I

Euglycemic

Moderate

Hyperglycemic

1.6

(n

+ o.62

10)

1"3; 0.ó;

0"4

0.4

0. 5;

0.8

2.4;0"9;

1"0

0"1; 0.8;

0"2

0.3; 0"8;

1"0

1.0; 1.5;

0.3

Z "0; I .7;

1.0

0.4; Z"Z;

2.1

t " 9; 0.9;

0.9

z.\ 1.0;

1.3

0"5;

0.9

lResults not corrected for body weight.

)-Value represents mean plus or minus the standard

division of the animals into the various groups.

deviation prior to the
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Table 14. Glomerular Basement Membrane thickness for Study 1 animals.

GROUP hfEAN

THICKNESS

(microns )

STANDARD

ERROR

Contro I

T=0 months

Control

T=ó months

Hyperglycemic

T=ó months

Euglycemic

T=ó months

0"075

0" 205

0"231

0 "247

.002

" 006

. 008

.006

1 ,,=3 r" follows: The thickness

determined on

rats per group,

group.

of the glomerular basement membrane was

25 random micrographs for each of the three

with all values being pooled for that particuiar
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between the two diabetic groups previously mentioned. The glomerular base-

ment membrane thickness of the diabetic rats maintained at a moderate

level of hyperglycemia was not determined, since at first we only wanted.

to determine whether changes had occu:red between the hyperglycemic

diabetics and control animals. The glomerular basement membrane thickness

was not measured from any rats at the intermediate times of the study, nor

r¡¡as muscle capiilary basement membrane thickness measured on any of the

study animals.

3" BIOCHEMICAL STUDIES

The level of non-enzymatic glycation of basement membrane u/as

quantitated via the thiobarbitt¡ric acid and the tritiated sodium borohydride

assays. The thiobarbituric acid assay was used to measure the extent of non-

enzymatic glycation of muscle capillary basement membrane isolated. from

the animals sasificed at six months, end the results shown in Table 15. It

was found that the hyperglycemic diabetic animals had an average level of

non-enzymatic glycation of 18.5 nmoi HMF/10 mg protein, which was signifi-

cantly elevated (p<0"05) over the levels for the remaining groups. The

euglycemic diabetic animals had values similar to those of the age-matched.

control groupr 9.4 and 8.3 nmol HMF/10 mg protein respectiveiy. Due to

the large sample requirement, the assay was not suitable for use on glomerular

basement membrane which was available in only small quantitíes.

The tritiated sodium borohydride assay was also used to measure the

extent of non-enzymatic glycation of muscle capiliary basement membrane

as shown in Tab1e 1ó" As with the thiobarbituric acid. assay, the values for



Table 15. Thiobarbituric Acid assay to measure the extent of non-enzymatic

glYcation.

Thelevelofnon-enzymaticglycationwasdeterminedonmuscle

capillarry basement membrane isolated. from animals sacrificed

at six months"

GROUP Level of non-enzYmatic glYcation

(nmol/1O mg Protein)

AVERAGE

Hyperglycemic

(n=3)

Moderate

(n=3)

Euglycemic

(n=3)

Cgntrol

(n=3)

18"ó

15 "z

zt "6

15 "z

10"8

10.0

9"6

7"8

10.8

18.5

1¿.0

9"4

?.8

9.6

t"o

8.3

::.i

ri
'ì1
'..'f

:l'ìI
lìtl

..ji.rÌå*:l. 
'.
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Table 1ó. The extent of non-enzymatic glycation of muscle capillary basement

membrane isolated from the animals sacrificed in Study 1.

Non-enzymatic glycation was determined by the tritiated sodium

borohydride procedure and the results expressed as cpm/umo1

leucine equivalents.

GROUP 6 MONTHS 4 MONTHS 2 MONTHS

Contro I

Euglycemic

Moderate

Hyperglycemic

364r

274-4842

n=5

n=1

575

366-78?-

n=Z

395

1 89- 541

tt=4

335

279-430

n=5

646

4t6-7 68

n=4

759

640-897

n=6

328

243-473

n=ó

3?0

320-445

n=3

400

33ó- 506

n=3

587

s0?.-669

n=3

309

7067

782-L3r9

n--5

lResult 
expressed. as a meân for each group.

ZR.rrg. of values for each group.
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the diabetic hyperglycemic groups were elevated over those of the age-matched

control and diabetic euglycemic animals at six months. The diabetic animals

which were maintained at a moderate degree of hyperglycemia had values

somewhere in between those of the hyperglycemic animals and those of the

eugiycemic diabetic and age-matched control animals. At two months of

the study the leveis of non-enzymatic glycation for all groups was similar"

However, there appeared to be an increase over time in the levels of non-

enzymatic glycation in the diabetic h¡perglycemic Broup¡ rvith the levels

doubling between the two and six months, 587 t ó8 and 1069 I 214 cpm/umol

leucine equivalent, respectively. This was not seen in the age-matched control

animals which had a constant level of non-enzymatic glycation for aII measured

times of the study.

The extent of non-enzymatic glycation of glomerular basement membrane

was also quantitated using the tritiated sodium borohydride assay' the results

ex¡rressed in Table 17. The leve1s of non-enzymatic glycation of glomerular

basement membrane was similar at all times for basement membrane isolated

from the age-matched control animals and the values were similar to those

obtained for the diabetic euglycemic animals. The values for the diabetic

hyperglycemic animals were elevated over the age-matched controls' although

not to a great extent. As with muscle capillary basement membrane, the

diabetic animals maintained at a moderate level of hyperglycemia had levels

of non-enzymatic glycation of glomerular basement membrane somewhere

between the values of the other groups.
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77. The extent of non-enzymatic glycation of glomerular basement

membrane isolated from the animals sacrificed in Study 1.

Non-enzymatic glycation was determinecl by the tritiated sodium

borohydride procedure and the results expressed as cpm/umol

leucine equivalents.

GROUP ó MONTHS 4 MONTHS Z MONTT]S

Contro I

Euglycemic

Moderate

Hyperglycemic

3181

.¿54-4082

n=4

286

27L-296

n=3

407

320-452

n=3

510

n=1

316

296-335

tl=Z

254

198-3 14

n=3

31ó

248-425

n=3

472

29s-627

n=3

264

zrt-304

n=3

331

n=1

384

377-40r

n=3

499

41 1-61 1

n=3

lResult 
expressed as a mean for each group.

ZR"rrgu of values for each group.
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C. DISCUSSION

The overall giycemic state of the euglycemic diabetic animals paralleled

that of the age-matched control animals as evidenced by the similar glycated

hemoglobin values for both groups. However, whole blood glucose levels

were elevated in the former gïoup, possibly due to problems in maintaining

a normal glycemic state in these animals. Insulin doses were adjusted according

to bi-weekly blood glucose measr¡rements. If the biood glucose level was

elev-ated, the dose was increased to return the animai to a euglycemic state"

The animals, in some cases' went from being hyperglycemic to hypoglycemic

when the dose was changed or visa versa" This led to an overall increase

in the average blood glucose levels when all values for each rat were averaged;

where as, the glycated hemoglobin for these animals, a long term indicator

of glycemic control (148), remained comparable to the values for the age-

matched control anirnals.

Another aspect of diabetes, especially in hyperglycemic conditions,

is marked wasting of body tissues. This was evidenced by the lower body

weight of the hyperglycemic animals" A deficiency in insulin leveIs, as

evidenced by increased blood glucose leve1s, results in increased catabolism

of protein and lipolysis, leading to body wasting and breakdown of cellular

reserves of lipids and proteins (9)" A decrease in glucose transport, due to

the lower insulin levels, leads to increased production of glucose due to

increased utilization of the ceÌlular reserves in order to maintain normal

glucose transport and utilization. In the process, the excess glucose is excreted
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into the urine (giycosuria) as the maximum leve1 of renal tubular reabsorption

of glucose is exceed.ed.. Fr:rther more, the urine volume is increased (polyi:ria)

due to osmotic effects of the glucose"

These biochemical abnormalities lead to substantial caloric loss, and

results in weight loss despite normal or even increased caloric intake. Reversal

of hyperglycemia wili correct the abnormalities (i06,125). Since the

eugiycemic diabetic animals had near normal blood gLucose levels, their weight

co¡responded to that of the age-matched control animals and did not exhibit

any body wasting. Further more, the t¡rine output for this group of rats was

similar to the age-matched control rats. The diabetic animals maintained

at a moderate level of hyperglycemia, maintained a normal weight profile,

suggesting that the degree of hyperglycemia in this group was not severe

enough to cause these metabolic abnormalities, at least up to six months

of diabetes.

The methods to monitor renal function, namely urinary protein and

creatinine clea-rance, produced results which could not be readily interpreted

due to the following factors: i) small numbers of animals per group, Z) small

urine volumes, and 3) problems in the methodology used to measure urinary

protein. Another probiem with the functional tests was the collection of

the urine. In many cases, especiaily with normal and euglycemic diabetic

animals, the urine volume was small (in some cases less than 1 mi). The possible

effects due to evaporation or the addition of water from the animal's water

bottle was not investigated. This may have added uncertainty and imprecision

to the results.
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A further problem with the measr:rement of r:rinary protein was the

method employed. The sulphosalicylic acid method is not that sensitive'

with a lower limit of detection of 50 me/L (I49), with the best precision being

obtained between 250 and 1400 mg/L. The values obtained for the rat urines

were all near the detection limit (50 to 100 mg/t in most cases), producing

results with a high degree of imprecision" The measr:rement of urinary protein

has been shown not to be a good indicator of renal function, since it does

not detect subtle changes in renal function" Urinary protein levels are not

inseased until diabetic nephropathy has progressed to a fairly late stage

(98,105), and therefore the use of this method is limited in the detection

of eariy renal changes" Overall, no conclusions as to renal functional status

could be drawn from these studies"

The measurement of non-enzymatic glycation was performed by two

procedures, the thiobarbituric acid assay and the tritiated sodium borohydride

assay. Both methods did detect insreases in the level of non-enzymatic

glycation of muscle capiilarry basement membrane isolated from the h11per

glycemic animals when compared to tbe diabetic euglycemic and age-rratched

control animals; however, both procedures did have certain drawbacks. The

major drawback of the thiobarbitr:ric acid assay was the large sample require-

ment, which was addressed earlier. For this reason, the assay could not be

used to quantitate the level of non-enzymatic glycation of glomerular basement

membrane, which was only obtainable in small quantities (a few milligrams).

The tritiated sodium borohydride assay, in contrast, had a much higher degree

of sensitivity, and as a resuLt less basement membrane v¡as required. For

this reason, this method was chosen to measure the level of non-enzymatic

glycation of glomerular basement membrane isolated from the rats included

:r.::l:$ù($iìiìl



-108-

in this study" The assay, lvas however, more time consuming, and did require

the use of a radioactive labei (which required special precautions in the handling

and disposal of it).

The levels of non-enzymatic glycation of muscle capillary basement

membra¡re isolated from the diabetic hlperglycemic animals was elevated

over the levels found for muscle basement membrane isolated from the

euglycemic and moderate hperglycemic diabetic and age-matched control

animals, as measured by both assays. The levels of non-enzymatic glycation

of glomerular basement membrane was measured. by the tritiated sodíum

borohydride assay. As with muscle capillary basement membrane, there was

no difference in the leve1s of non-enzymatic glycation of glomerular basement

membrane isolated from the diabetic euglycemic and age-matched control

animals" The leveis of non-enzymatic glycation of the giomerular basement

membrane did corzelate somewhat to the average blood. glucose levels,

suggesting that ineeased non-enzymatic glycation is a result of hyperglycemia,

which has been suggested by others (84).

There \¡/as no difference in glomerular basement membrane thickening

between the euglycemic and. hyperglycemic diabetic animals after six months

of diabetes, despite the fact that these groups exhibited differences in the

extent of non-enzymatic glycation of both muscle capillary and glomerular

basement membrane. However, both of these groups of diabetic animals

showed an ineease in glomerular basement membrane thickness over that

of the age-matched control animals" This suggests that non-enzymatic

giycation may not be an etiologic factor in basement membrane thickening"
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Since the results from the functional studies were inconclusive, the relationship

of basement membrane thickness, non-enzymatic glycation, and functional

changes could not be appropriately assessed with this study.
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VII" STUDY Z.

A second study, in which many of the deficiencies of the original study

were corrected, was undertaken to further elucidate the relationship between

non-enzymatic glycationu basement membrane thickness, and renal functional

parameters" To correct the problem of the smal1 number of a¡ima-is per groupr

the following changes were made" The moderate hyperglycemic diabetic

group (btood glucose in the range of 7l-14 mmoi/L) was deleted since this

group did not dif fer substantially from the diabetic euglycemic group.

Secondly, the sacrifice of rats at two and for:r months was also'deleted to

ineease the number of animals available for sacrifice at 5 months" T'he rats

were to be initially saeificed at ó months, but due to an insreased incidence

of mortality than anticipated and in order to maintain as many animals per

group as possible, they were sasrified at five months" These modifications

allowed us to ineease the number of animals per group without causing a

drastic inaease in the total number of animals in the study.

Lr the second study, to insr:re that the streptozotocin used to induce

experimental diabetes did not have any effects on the results, a group of

animals which were given the drug, but failed to prod.uce experimental d.iabetes

was added to the study protocol" If the dnrg has no effect on renal function,

the results obtained with this group should parallel the age-matched control

group with respect to functional, biochemical, and. morphological find.ings.

The r:rinarry protein resul.ts were inconclusive and a more specific and

sensitive method was required to measure subtle changes in renal function

which may occur. Also, more care u/as taken with the coilection of urine.
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Smaller collection bottles were used to improve

of urine. As well, the containers were held'

funnel, to help prevent evaporation'

The mean monthiY biood glucose

for the duration of the study are

the collection of small volumes

tight uP against the collection

Inthesecond'studyrenalproteinexcretionwasmonitoredusingamore

sensitive and specific assay. A radioimmunoassay was used to quantitate

urinary albumin" since the method is much more sensitive than the measure-

mentofurinaryproteinbysulphosalicylicacidprecipitation,subtlechanges

in early renal function impairment can be detected' urinary albumin has

been shown to be an important predictor of clinical nephropathy (111)' changes

in r:rinary albumin excretion are d.etected. d.uring the early stages of diabetic

nephropathy before the presence of clinical nephropathy, and are therefore

a good indicator of early renal ftrnctional changes"

The measurement of non-enzymatic glycation of both isolated glomerular

and. muscle capiilary basement membrane was measured by the tritiated sodium

borohyd.rid.e assay. Non-enzymatic glycation was not measured by the thiobar-

bitr:ric acid assay since it iacked. the sensitivity required for analysis of

glomerular basement membrane"

RESULTS

METABOLIC AND FUNCTION AL PARAMETERS.

A"

1.

levels of the four groups of animals

shown in Figure 24. The diabetic
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Months of Study

Figure 24" Monthly blood glucose profiies for the four groups of animals

in Study 2. Values are represented as me¿ur t SEM for each group.

The symbols represent: & , hypergiycemic diabetic rats, n=8;

@, euglycemic diabetic rats, n=5; W, "ge--atched. 
control rats,

n=7; and. @, "t""ptozotocin injected non-d.iabetic rats, n=ó. The

blood giucose levels for the h¡gergiycemic diabetic rats was

significantly elevated (p<0.05) over the other three groups.
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hypergiycemic group had a mean blood glucose level of 16"4 t 2"6 mmol/L

which was significantly elevated (p<0.05) over the other three groups; namely

the age-matched control, streptozotocin injected non-diabetic, and diabetic

euglycemic groups of animals. There lvas no signficant difference between

the mean monthly blood glucose levels of these latter three groups. Similarly,

the diabetic hyperglycemic animals had glycated hemoglobin values which

were significantly elevated (p<0.05) over the other three groups of animals

(see Figure 25). The monthly weight profiles for all groups of animals is shown

in Figure 26. At the beginning of the study, all animals had similar bod.y

weights; however, it was found that the hyperglycemic rnaintained diabetic

animals had significantiy decreased (p<0.05) body weights cornpared to the

other three groups at 2 and 5 months of the study. These three groups, all

demonstrated similar weight profiles through out the study.

The mean body weight of the diabetic hyperglycemic animals was

523 ! 49 g, which was significantly decreased (p<0.05) when compared to

the other three groups. The kidney weights of the study animals are

summarized in Table 18. The kidney weights of the hyperglycemic animals

was significantly increased (p<0.05) over that ...r, ,r, the diabetic euglycemic,

age-matched control, and streptozotocin non-diabetic group of animals.

The mean glomerular filtration rate (GFR), measured by creatinine

clearance, for the 4 groups of animals is summarized in Figure 27. The diabetic

hyperglycemic animals had an elevated creatinine clearance (p<0.05) at both

Z and 5 months of the study over the three other groups. At Z and 5 months,
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MONTHS OF STUDY

Figr:re 25" Percent giycated hemogiobin profiles for the four groups of animals

in Study 2" Values represent mean t SD. The symbols represent:

&, byperglycemic diabetic rats, n=8; @, euglycemic diabetic

rats, n=5; W!, age--atched. controlrats, n=7; and $, streptozotocin

injected nontiabetic rats, n=6. The percent glycated hemoglobin

for the hyperglycemic diabetic rats was significantly elevated

(p<0"05) over the three other groups at both Z and 5 months of

the study.
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500

400

2

MONTHS OF STUDY

Figure 26. Body weight profiies for the for:r groups of animals in Study 2"

The values represent mean + SD" The symbols represent: &,

hyperglycemic diabetic rats, n=8; @, euglycemic d.iabetic rats,

n=5; W, age-matched. control rats, n=7; and @ , streptozotocin

injected non-diabetic rats, n=ó. The hyperglycemic diabetic rats

had weights significantly deeeased (p<0.05) over the three other

groups at both 2 and 5 months of the study.
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of the isolated kidneys

of death.

from the animals of study Z at

GROUP KIDNEY WEIGHT1

@/100 g body weight)

Control

Drug Control

Diabetic Euglycemic

Diabetic Hyperglycemic

0.29 ! 0"02

0"28 r 0.02

0.30 r 0.03

0.42 t 0.072

1-_ --Values expressed as rnean 1 SD.

)"Significantly different at p<0.05 from the other groups.
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2

MONTHS OF STUDY

Figure 27. Corrected creatinine clearance profiles for the four groups of

animals of Study 2" The values represent mean t SD except for

the diabetic hyperglycemic group in which only the means are

listed due to the iarge SD's encountered. The symbols represent:

A, hyperglycemic diabetic rats, n=8; @,euglycemic diabetic

rats, n=5; ffi, age-matched control rats, n=?; "na @, streptozotocin

injected non-diabetic rats, n=ó. The creatinine clearance for

the hlperglycemic rats !vas significantiy (p<0.05) elevated at

both Z and 5 months of the study.

IU
O=*o
fE

I,IJ

o^ o
l.rl¿. -ì
=ó
ñÊ o
ITËõ>
[rJbo
tJJfr
É.
o
C)



- 118 -

the diabetic euglycemic, age-matched controls, and streptozotocin non-diabetic

groups had similar values"

Urinary albumin excretion profiles for the various groups are shown

in Figure 28" The excretion appears somewhat age-dependent. The hyper-

glycemic diabetic animals had values significantly elevated (p<0.05) over

the other three groups of animals. Within each group, there was quite a

variable range of values, in albumin excretion by the rats" A correlation

between the functional results and the blood glucose levels was also found

in our study; blood glucose levels and GFR correlated directly (r=0"ó8, p<0.01)

as did r:rinary albumin levels (r=0.63, p<0.01) with blood glucose levels.

Simiiarly, the % glycated hemoglobin corrrelated with the GFR (r=0.71, p<0.05).

The functional and metabolic data at the completion of the study is

summarized in Table i9" The diabetic hyperglycemic group differed with

respect both to functional and metabolical parameters when compared to

the three other groups. In contrast, the diabetic euglycemic group paralleied

the control and drug treated non-diabetic animals with respect to these para-

meters"

N{ORPHOLOGY

The morphologicai data representing glomerular basement membrane

thickness' is shown in Table 20" Al1 animals showed an age-dependent

thickening over the course of the study. After 5 months, the diabetic animals

(both euglycemic and hypergiycemic) showed an increase (p<0.05) in thickness
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2

MONTHS OF STUDY

Figure 28" Urinarry albumin exeetion profiles for the enimals of Study 2"

The values represent mean + SD, except for the diabetic hyper

glycemic groupr in which oniy the me_¿rns ¿rre listed due to the

large SD's encountered. The symbols represent: & , hl4pergiycemic

diabetic ratso n=8; @, diabetic eugiycemic rats, n=5; ffil ,

age-matched control rats, n=7; and @ streptozotocin injected

non-diabetic rats, n=ó. The trrinarrT albumin excretion for the

hypergiycemic diabetic rats v¡as significantly elevated (p<0.05)

at both 2 and 5 months of the study.
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Table 19. l{etabolic and functional results for diabetic and control animals

at 5 rnonths of study 2.1

Group \ileight Average CorrectedZ yo Glycated

Blood Glucose Creatinine Hemoglobin

(g) (mmol/L) Clearance

(m i /min/100g )

- control 676 t 38 6.4 ! 0"4 0.1ó5 t 0"05ó 5"21 t 1.13

n=7

Drug 657t66 5.9t0.6 0.154 10.065 6"42!0"79

Control

n=ó

Diabetic óó8 r 58 ?.0 r 0"5 0.152 t 0.074 4.ó5 f 0.61

Euglycemic

n=5

Diabetic sz3 t 4g3 t6.+ ¡ 2"63 0.409 r 0.2303 13.08 r 3.963

Hyperglycemic

n=8

lResults ¿rre expressed. as mean t SD.

Zvu.lr'tu" corrected for bod.y weight.

3Significantly d.ifferent at p<0.05 from the other groups.
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Tab1e 20. Morphometric analysis of glomerular

in control and diabetic rats at 0 and 5

basement membrane thickness

months of study Z.

GROUP BASEN{ET.IT MEMBRANE THICKNESS

(microns)1

Rats at time 0

-(n=ó 
)

Control at 5 months

(n=ó )

Drug Control at 5 months

(n=ó )

Diabetic Euglycemic at 5 months

(n=ó )

Diabetic Hyperglycemic at 5 months

(n=ó )

0.085 r.002

0"197 r .004

0.191 t .003

o.zr7 ! "oo4z

0.zzo t .0042

lv"In"s represent mean

error of the mean.

plus or minus the standard

Zsignificantly different at p<0.05 from other groups

but not from each other.
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over that seen in the two control groups of animals; however, there was no

significant difference in glomerular basement membrane thickening between

the hyperglycemic or the euglycemic animals. The thickness of muscle

capillary basement membrane was not investigated.

Jô BiOCHEMISTRY

_ The levels of non-enzymatic glycation of muscle capillary basement

membrane measured by the tritiated sodium borohydride assay at the duration

of the study are shown in Table 21. The diabetic euglycemic animals showed

levels of non-enzymatic giycation which paraileled those of the age-matched

control animals. Lr contrast, the level of non-enzymatic glycation of muscle

capillary basement membrane from the diabetic hyperglycemic animals were

significantly elevated (p<0.05) over those of the age-matched control and

diabetic euglycemic animals.

The ievel of non-enzymatic giycation of glomerular basement membrane

isolated from the study animals at 5 months is shown in Figr:re 29 and Table ZZ"

The hyperglycemic diabetic animals had significantly elevated levels (p<0.05)

in comparison to the other three groups. There was no statistical difference

in non-enzymatic glycation of both the control groups and the diabetic

euglycemic group" The level of non-enzymatic giycation of gLomerular

basement membrane and average blood glucose values correlated directly

(r=0.86, p<0.01) as shown in Figure 30.
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Tabie 21" Non-enzymatic glycation of muscle capillary basement membrane

isolated from the rats of StudY 2.

The level of non-enzymatic giycation was determined on

muscle capillary basement membrane isolated from the

rats of Study 2 and quantitated using the tritiated sodium

borohydride assay.

CROUP LeveIs of non-en zymatic glycationl

(CPM/pmol leucine equiv. )

Control
(n=4)

Drug Control
(n=3 )

Diabetic Eugiycemic
(n=5 )

Diabetic Hyperglycemic
(n=8 )

855 I 57

952 t 727

906 I 103

LTIZ t rsrz

lResults represent mean pJ.us or minus the standard

deviation.

Zsignificantly different at p<0.05 from other groups.
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Table ZZ. Non-enzymatic giycation of glomerular capillary basement

membrane isolated from the rats of Study Z.

The leveI of non-enzymatic giycation was determined on

glomerular basement membrane isolated from the rats of

Study 2 and quantitated using the tritiated sodium borohydride

assay.

GROUP LEVEL OF NON-ENZYMATIC GLYCATIONl

OF GLOMERULAR BASEN,IENT MEMBRANE

(CPM/umol leucine equiv. )

CONTROL

n=7

DRUG CONTROL

n=ó

DIABETIC EUGLYCEMIC

n--5

DIABETIC HYPERGLYCEMIC

n=8

351 t 203

366 t 237

468 ! I8Z

1260 t Szrz

lv.l.t.s expressed as mean t SD.

ZSignificantly different at p<0.05 from the other groups.
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400 1000 2000

Non-Enzymatic Glycation of Glomerular Basement Membrane

CPM,/umol leucine equiv'

Figr:re 30. The relationship between average blood' glucose and the level

ofnon-enzymaticg}ycationofglomerularbasementmembrane"
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The levels of non-enzymatic glycation of isolated glomerular basement

membrane and muscle capillary basement membrane from the study animals

were compared (Figure 31). It was found that the levels of non-enzymatic

glycation of both tissues for each animal correlated significantly (r=0"óó,

p<0.01)"

,.:r'a*s';lll:
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400 1000 2000

Glomerular Basement Membrane

CPM/pmol leucine equiv.

Figr:re 31. The relationship between the extent of non-enzymatic glycation

of isolated muscle capillary and glomerular basement membrane

from the animals of Study 2.
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B. DISCUSSION

The etiology of diabetic nephropathy is unknown, but hyperglycemia

experienced in pooriy controlled diabetics may be involved. The diabetic

hyperglycemic animals of this present study exhibited elevated blood glucose

levels and percent glycated hemoglobin values over the other three groups;

namèly the diabetic euglycemic, streptozotocin injected non-diabetic, and

age-matched control animals. In contrast, the overall glycemic state of the

diabetic eugiycemic animals paralleled that of the age-matched control and

streptozotocin non-diabetic animals as evidenced by the similar blood glucose

and percent glycated hemoglobin profiles" The above results reflected those

of the first study.

In the hyperglycemic diabetic state, marked body wasting can occur

due to biochemical abnormalities involved in insuiin and blood glucose balance.

This marked. body wasting was evidenced in the study by the significant (p<0.05)

decrease in body weights of the hyperglycemic diabetic animals over the

euglycemic diabetic and control animals. The hyperglycemia ultimateiy leads

to increased catabolism of protein and lipolysis leading to the breakdown

of cellular reserves (as discussed in study 1). As stated earlier, the abolishment

of hyperglycemia will correct these abnormalities (10ó,125).
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Similarly, another aspect of hyperglycemia in diabetes is a marked

increase in renal weight. Induction of experimental diabetes in the rat results

in an almost immediate increase in the kidney weight if hyperglycemia is

maintained (150)" In humans with type I diabetes, similar findings have been

shown (151). It has been found that there is enhanced RNA and DNA synthesis

which is responsible for increased protein production and content in the kidney

(150). The reason for this increased protein synthesis is not known; however,

blood glucose levels may be involved. l: rats, after six weeks of streptozotocin

induced diabetes, the average renal cell is Z5% Iarger and the cell numbers

have increased by neariy 50% (150)" The increase in weight is not due to

the accumuiation of water, but is due to increased protein content" There

is a close correlation between blood glucose levels and the rate of kidney

growth (152). Since the diabetic euglycemic animals had blood glucose levels

similar to those of the control (non-diabetic) animals, it would be expected

that the kidney weights be similar for both gïoups, which was in fact found.

In contrast, the hyperglycemic diabetic animals would be expected to, and

did have, significantly elevated (p<0"05) kidney weights over these eugiycemic

animals"

The hyperglycemic diabetic animals demonstrated an elevation in the

glomerular filtration rate (as measured by sreatinine clearance) as well as

urinary albumin excretion over the three other groups. These changes suggest

that the hyperglycemic diabetic animals rvere at an early stage of renal

impairment or diabetic nephropathy (105). The increase in the GFR of the

diabetic hyperglycemic group could be due to several possible mechanisms"
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The GFR has been shown to increase with an insrease in kidney size (153)

subsequently teading to glomerular enlargement and an increase in the

glomerular filtration area" Glomerular hyperfiltration has been shown to

result in an increase in GFR (106); however, the exact cause is not known.

Hyperglycemia is also thought to have some role in the increase in GFR

observed. The correlation between giycated hemoglobin and GFR in or:r study

animals (r=0.71) would support this statement"

The mechanisms by which hyperglycemia may lead to an increased GFR

are uncertain; however, rretabolic and hormonal mechanisms ¿rre likely

involved. High biood gÌ.ucose level may induce vasodilatation of the giomerular

arterioles (154) which has been seen to occr:r in the retinal circulation (155).

This vasodilation could lead to hyperfiltration in the kidney resulting in an

increase in the GFR" It has been found that strict glycemic control, as

evidenced by or:r d.iabetic euglycemic animals, can prevent such an increase,

especially dr:ring the early stages of diabetes. Other factors, including growth

hormone, angiotensin, and catecholamines, have been shown to elevate the

GFR (15ó,157)" The role that these may play in diabetic nephropathy was

not investigated in this studY.

Another aspect of the early changes of renal frrnction in diabetes is

an elevation in trrinary albumin levels. Due to the low concentrations of

this analyte in early diabetic nephropathy, sensitive assays, such as radio-

immunoassays a.re required for its measurement. The increase in urinary

albumin excretion is due to alterations of the glomerular filtration barrier
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resulting in a selective increase in its permeability" Factors responsibì'e for

the increase in glomerular filtration include the pore size of the basement

membrane, which separates molecules due to their molecular size, GFR'

and the net molecu-lar charge of the membrane (158)'

Non-enzymatic glycation may be involved. in the urinary albumin excretion

d.escribed. above. Insreased biood glucose levels, as seen in the hy'pergiycemic

diabetic animals, has been shown to result in increased levels of non-enzymatic

glycation of many proteins, inctuding basement membranes (83'90) and serum

proteins (73178,8ó) over animals maintained at euglycemic levels. This inqrease

in non-enzymatic glycation can be e)<pected to iead to structural and functional

alterations of the glomerular basement membrane which may lead to the

development of diabetic nephropathy.

Non-enzymatic glycation of glomerular basement membrane can be

expected to alter its net charge. The addition of a glucose molecuìe to a

iysine or hydroxylysine residue will remove a positive charge from the basement

membrane or physiological pH. This will result in an increase in the overall

net negative charge of the membrane. Schober.J "1 
(165) have shown that

the immunoelectrophonetic patterrr of in vitro glycated basement membrane

was d.ifferent than that of native basement membrane, thus confirming that

non-enzymatic glycation can alter the net charge.

The charge relationship between the glomerular basement membrane

and. a protein in question is important in the passage of molecules through
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the fittration ba¡rier (100). The negative charge of the glomerular basement

membrane will normally repel the passage of negatively charged proteins,

such as albumin; and faciiitate the passage of neutral and especially cationic

ones (98). The non-enzymatic glycation of albumin can be expected to increase

its anionic nature, fr:rther repelling its passage. However, due to its relatively

short half-iife (<gO days) in comparison to that of glomerular basement

membrane, it can be expected that it will not be giycated to the same extent

as the latter. This could change its charge relationship with glomerular

basement membrane such that albumin will have a more net positive charge.

This couid result in passage of albumin through the filtration ba:sier, r'esulting

in microalbuminuria.

Non-enzymatic giycation of glomerular basement membrane, may also

be responsible for increasing the pore size of the glomerular filtration barrier

(another factor responsible for renal filtration). The removal of the positive

charge on hydroxylysine by non-enzymatic glycation may prevent interchain

crosslinking (98), and could interfere with the packing of the collagen fibrils,

resulting in increased pore size and increased membrane permeability.

Other factors, independent of non-enzymatic glycation may also affect

thr-. passge of molecules across the filtration ba:rier. Decreased sialic acid

(124) and heparan sulfate (16ó) incorporation have been observed in glomerular

basement membrane isolated from diabetics. This is thought to result in

the reduction in its negative charge, decreasing the repulsion of anionic
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molecules such as albumin. The influence that this may have on or'¡r results

was not examined.

Diabetic glomerulopathy is characterized by a very slow development

of basement membrane accumulation. This basement membrane thickening

is thought to start at the onset of d.iabetes' for it may be detected within

a few years subsequent to the diagnosis of the disease (747). The pathogenesis

is unclear, however biochemical studies have been interpreted to suggest

thaf hyperglycemia causes the increased thickness of glomerular basement

membrane (83r84r120). Previous investigators have suggested that

non-enzymatic glycation may be responsible for the increase in glomerular

basement membrane thickness. Trueb et aI (120) have suggested that increased

non-enzymatic glycation of basement membrane may inhibit its turnover'

ultimately resulting in increased basement membrane thickness' Cohen et

al (83,84) have also shown similar results and have also suggested the

importance of non-enzymatic glycation in the insrease in glomerular basement

membrane seen in diabetics"

The diabetic animals (¡ottr hyperglycemic and euglycemic) exhibited

insreased levels of glomerular basement membrane thickness over that of

non-diabetic control animals. However, only the hlperglycemic diabetic

animals exhibited. an elevated level of non-enzymatic glycation" This suggests

that the two processes, namely, non-enzymatic glycation and glomerular

basement membrane thickening' are not related, which we have recently

reported (see Appendix). Furthermore' the results of this study suggest that
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non-enzymatic glycation d.oes not cause basement membrane thickening,

which is in contrast to what has been suggested by others (83'120).

Several stud.ies, to d.ate, have examined the non-enzymatic glycation

of glomerular basement membrane (84,120,1651167), however all have failed

to examine the role of the latter in glomerular basement membrane thickening

and renal functional changes. Ati studies have demonstrated Érn increase

in the non-enzymatic glycation of basement membrane in hllperglycemic

cond.itions over that seen in eugiycemic conditions, both in humans and in

various animal models of diabetes. Generally, the extent of non-enzymatic

glycation found. is similar in ali studies, regardless of the method employed

to quantitate it. We have observed that the hypergiycemic animals had values

about twice that seen in the euglycemic animals which is similar to what

has been reported by others (84,120). The majority of the above mentioned

studies conclude with speculative statements to the ef fect "whether

non-enzymatic giycation causes morpho- logicai and functional changes

requires fr:rther investígation" (1ó5) or else they hypothesize that "it can

be expected that non-enzymatic glycation may lead to glomerular basement

membrane thickening" (1 67).

Our study, unlike previous ones, addresses the relationship that non-

enzymatic giycation may play in basement membrane thickness and renal

functional changes simultaneously in the same set of animals. Mauer and

Steffes (123) have examined glomerular basement membrane thickness and

renal function including misroalbuminr:ria and creatinine clearance in
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streptozotocin-induced. d.iabetic rats. Their conclusion that glomerular

basement membrane thickness is not responsible for renal functional changes

is similar to what we propose" However, they did not examine the role that

non-enzymatic glycation may play in renal functional changes, which is

important in addressing diabetic nephropathy"

Brenner et al (1ó9) believe that hyperperfusion and h¡gerglycemia must

be dissociated to better address the factors responsible for diabetic

nephropathy. Wen et al (170) have ad.dressed this problem, bY studying diabetic

nephropathy in streptozotocin ind.uced diabetic rats on a low protein diet'

Since a low protein d.iet can reduce the GFR (171), it can be used to prevent

glomerular hyperfiltration (171). Thus, the role hypergiycemia piays in diabetic

nephropathy can be investigated independent of hyperfusion. They found

that a low protein diet ameliorates but does not prevent nephropathy, and

suggest that both hemodynamic factors as well as hyperglycemic related

factors may be important. As with Maurer & Steffes (123) they did not examine

the levels of non-enzymatic glycation of glomerular basement membrane

in their experiments.

Recently, it has been suggested that the renal lesions, including

glomerular basement membrane thickening, are thought to be due to the

d.iabetic state of the animal and not genetic factors (159). In rat models

of diabetes, it has been found. that a kidney from a normal tat when

transplanted into a diabetic rat, will develop the early lesions characteristic

of diabetic nephropathy (159). Similariy in human diabetes, it has been shown
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that characteristic diabetic lesions, including glomerular basement membrane

thickening, have been seen in kidneys from normal donors which were

transplanted into a diabetic subject (5ó). This evidence suggests that the

glomerular basement membrane thickening may arise from the diabetic

environment, with genetic factors not being directly involved"

In long term diabetic animals, in which normalization of blood glucose

levels was obtained by islet ceIl transplantation, the glomerular basement

membrane thickening did not revert to normal values after one yeal', despite

the improved glycemic envircnment (5?). In contrast, functional changes'

including urinary albumin exsretion returned to normal. This data further

suggests that glomerular basement membrane thickening is not directly

responsible for urinary aibumin excretion. This is similar to what we have

observed, and. suggests that, at least early on in diabetic nephropathy'

glomerular basement membrane thickening is not likeiy the direct cause of

renal function impairment. Mauer et aI (123) trave suggested that mesangial

expansion rather than glomerular basement membrane thickening may lead

to glomerular functional deterioration in diabetes by restricting the glomerular

capillary vasculatuïe. Further investigation in this area is required.

In man, kidney biopsies to obtain glomerular basement membrane from

diabetics is not possible d.ue to ethical reasons. In contrast, muscle capillary

basement membrane can easiiy be obtained via muscle biopsy. If muscle

capillary basement membrane is shown to reflect the changes seen in
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glomerularbasementmembranefromdiabeticsubjects,thenmusclebiopsies

couldbeusedtomonitorchangesinglomerularbasementmembrane.Inour

studyr the levels of non-en zymatic glycation of muscle capillary basement

membrane correlated (r=0'66) to those of glomerular basement membrane'

and'alsototheaveragebloodglucose(r=0.84).However,wedidnotexamine

musclecapillarybasementmembranethickness.Fromourresults,itappears

that the levels of non-enzymatic glycation of muscle capillary basement

-àOt"n. are related' to glycemic control'

TheimportanceofmeasurementofmuscleBMTasanind.icatorofrenal

basementmembranechangemaybelimitedsincethelatterhasbeenshown

inourstud'ynottoberelatedtorenalfunctionalchanges.Fewstudiesto

d.atehaveexamined.thesignificanceofnon-enzymalicglycationofmuscle

capillary basement membrane to diabetic nephropathy' One such study by

Monniers group (1ó8), found. no conelation between the above two parameters"

similarly, no relationship has been found between muscle capillary basement

membrane thickness and diabetic nephropathy (59)" However, stef f es et

al (59) found that glomerular basement membrane width conelated to muscle

capillarybasementmembranewidth.Thismusclecapillarybasementmembrane

thickening did not colrelate to changes in the mesangial region, which is

thought to be important in the pathogenesis of d'iabetic nephropathy (123)'



__-_,.!Ñ-__

-139-

It therefore appears that the levels of non-enzymatic glycation of muscle

capiilary basement membrane reflects glycemic control only" It is not known

what role, if any, it may play in diagnosing renal structural and functional

changes associated with diabetic nephropathy at this time"
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\rII CONCLUSIONS:

1. Non-enzymatic glycation is not involved in the development of glomerul.ar

basement membrane thickening" The diabetic hyperglycemic animals had

insreased levels of non-enzymatic glycation over the euglycemic diabetic

animals, despite the fact that no differences in glomerular basement membrane

thickness was observed.

Z" Glomerular basement membrane thickening appears to be a consequence

of lhe diabetic state as evidenced by the fact that all diabetic animals exhibited

insreased glomerular basement membrane thickness over that of non-diabetic

animals. Ftrrther more, glomerular basement membrane thickness does not

appear to be the primary cause of the development of eariy renal functional

changes, such as increased urinary albumin exeetion. The euglycemic diabetic

animals exhibited increased levels of glomerular basement membrane thickness

over those found in non-diabetic animals, but did not differ with respect to

r.rrinary albumin exeetion rates. Simitarly, the hyperglycemic diabetic animals

exhibited changes in urinary albumin exæetion, when compared to the

euglycemic diabetic animals, whiie having a similar degree of glomerular

basement membrane thickness.

3. Hyperglycemia, and particulariy non-enzymatic glycation may be

responsible for the early renal functional changes seen in diabetic nephropathy'

including inqeased urinary albumin excretion. However at this time, the

role that non-enzymatic glycation plays is speculative. It does, however,

offer a mechanism by which hyperglycernia may result in the development

of diabetic nephropathy.
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ABSTRACT

Renal fr:nctional parameters including creatinine clearance, urinary albumin

exeetion" basement membrane thickeningu and levels of non-enzymatic glycation

of glomerular basement membrané were studied in rats rendered diabetic with

streptozotocin. Diabetic animals had elevated glycated hemoglobin levels

(p<0.05), increased sreatinine clearance, and urinarry albumin excretion rates

(p<0_"05) as compared to insulin treated diabetic (euglycemic), age-matched,

and streptozotocin non-diabetic animals. The level of non-enzymatic glycation

of glomerular basement membrane was significantly elevated (p<0"05) in the

diabetic animals as wello with the level of non-enzymatic glycation of all

animals, correlating (p<0.05) to the average blood glucose level of each animal"

Despite changes in functional parameters, and increased levels of non-enzymatic

glycation between the diabetic and euglycemic animals, there lüas no difference

in glomerular basenent membrane thickness between the two groups" However,

there was a difference between alt diabetic euglycemics and the age-matched

control animals" We hypothesize that increased glycation of glomerular base-

ment membrane may alten renal function, possibly-by affecting the net charge

of the glomerular filtration ba:rier. However, glomerular basement membrane

thickening does not affect the functional changes which have been observed,

thus casting doubt upon its role in the development of diabetic nephropathy.

Non-enz¡matic glycation of glomerular basement membrane,

Diabetic Nephropathy, Basement Membrane Thickening,

Experimental Diabetes.

KEYWORDS:
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INTRODUCTION

Diabetic nephropathy is one of the most common secondary complicatíons

of diabetes. It bas been shown that 40% of patients with diabetes eventually

develop nephropathy u¡ith increased proteinuria and desreased glomerular

filtration rate (GFR) (1)" The etiology of diabetic nephropathy is not known,

but one hypothesis suggests that the increased. blood glucose levels encountered

in ¿àUetes in some way may lead to renal changes (Z).

An inaease in btood glucose has been shown to result in increased levels

of non-enzymatic glycation (3)" Non-enzymatic glycation is a common post_

translational modification which has been shown to occt¡r for many proteins

(4'5)" It is a result of direct chemical reaction between reducing sugars and

primary amino grouPs of proteins, ultimately resulting, via Amadori rearrange-

ment, in the formation of a stable ketoamine derivative (ó)" The reaction

is glucose dependent and is inaeased in hyperglycemic situations.

Non-enzymatic glycation has been shown to alter the structure and function

of many proteins, both jn vitro and in vivo (5,?,g).

The hyperglycemia found in diabetes has been shown to result in insreased

non-enzymatic glycation. This may precipitate changes in the composition

and synthesis of glomerular basement membrane (9,10), uitimately ieading

to functional and morphological changes in the kidney. The functional changes
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that occur early on in diabetic nephropathy include an insrease in the GFR

(11) and development of mieoalbuminuri a (lZ), notabiy in poorly controlled

diabetic subjects. The specific role that non-enzymatic glycation ptays in

ttre cha*ges in renal fr-rnction remains unclear; it may alter membrane permeabi-

lityu causing a gradual loss of selective filtration resulting in non-selective

proteinuria (13)"

_Morphological 
studies have previousiy shown an ineease in glomerular

basement membrans thickening in human diabetics over that of normal indivi-
duals (14)" Many investigators, howevero have reported poor correlation between

functional changes, such as GFR and misroalbuminuria, ar,¿ basement membrane

thickness in long term diabetic subjects. In experimentally induced diabetes,

Cohen et al (18) have demonstrated. an insease in non-enzymatic glycation

of glome4rlar basement membrane but did not investigate its relationship

to moqphological and functional changes in the kidney.

.In view of the conflicting data sited in the aforementioned clinical studies

and paucity in the studies on experimental animalsr- the present investigation

was designed to exaqine the relationship between hyperglycemia, non-enzymatic

glycation, and renal strustt¡re and function concurently in experimentally
induced diabetic rats.
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METHODS

1. ANIMALS:

Adutt male (300-350 gr) Sprague-Dawley rats were injected intraperi-'

toneally with a single injection of streptozotocin (ó5 mg/Kg) dissolved in cold

citrate buffer (pI{=4"5)" Hlperglycemia (blood glucose greater than Z0 mmol/L)

and- glycosuria were present three days after injection in 24 animals while

another 10 maintained euglycemic" A control group of citrate-injected rats

(n=10) was age-rnatched to the diabetic group" These three groups were fed

Wayne F6 rodent blox and kept for five months with food and water ad libitum"

Half the diabetic animals (n=12) were maintained at a blood glucose level of

4"5-6.5 mmol/L by daily injection of protoamine-zinc insulin (Connaught Labora-

tories, Wiltowdale, Ontario). The dosage ranged f.rorr, Z-74 units/day depending

on the animal a"d was adjusted according to bi-weekly blood glucose monitoring"

The remaining group of animals (n=12) was treated similarly, with the exception

that the blood glucose levels were maintained at I9-ZZ mmol/L.

Twenty-four hour r.rine collections and blood samples tilere obtained

for analysis of eeatinine clearance, glycated hemoglobin, ald r:rinary albumin

at time 0, 2, and 5 months of the study. Body weights of all the animals were

recorded weekly for the dr:ration of the study.
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Z" FUNCTIONAL STUDIES

Blood glucose was monitored bi-weekly in whoie blood obtained by tail

bleed and quantitated using Dextrosticks and read. on a glucometer (Ames

Divisiono Miles Laboratories LTD.' Rexdale, ON).

Glycated hemoglobin r¡i/as measured by affinity chromatography using

a commercially available kit (Glyco-Test, Pierce Chemical Co., Rockford, IL),

as pr:eviously desqibed (19)" The between run coefficient of variation for

this method was less than L0%"

Creatinine clearance was expressed. as ml/min/100 g*, and. corrected

for body weight but not body surface area. Serum and. urine creatinine was

meas¡-¡red by an autoanalyser (Beckman Astra, Beckman Inc., Brea, cA) using

an alkaline picrate method (20).

Urinary ¿lþrrrni¡ was measured by rad.ioimmunoassay by modification

of (Z1"ZZ)" Rabbit anti-rat albumin was obtained from (National Biological

Laboratories, Winnipeg, Manitoba). Briefly, the antibody was raised to giobulin

free rat albumin (Sigma Chemical Co., St. Louis, Mo; "A4538). Iodine 125 bovine

serum albumin (D'pont canada, lnc. (NEN products), Lachine, euebec) rtras

used as the tracer. Briefly ¿00 ul of sample, standard., or control was pipetted
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into 12x75 mm glass tubes" 100 ul of antibody, and 100 ul of tracer (0.2 uCi/ml)

was added" The mixture was incubated for 2 hours at room temperature; and

the bound fraction collected after precipitation with z5% (w/v) poiyethylene

glycoi (PEG) and centrifugation. The RIA showed. good recoverye parallelism,

and sensitivíty (2 ug/ml). The intra- a¡rd interassay coefficient of variations

ìilere 3.2% and 6"2To respectively. The results were expressed in ug/hr.

3. PROCUREMENT OF TISSUES

After five months of study, the animals were anesthetized with sod.ium

pentòbarbitat and blood drawn via card.iac puncture for subsequent analysis

of creatinine, glycated hemoglobin, and blood. glucose. Kidneys were rapidly

excised, a slice of the left kidney obtained for electron microscopy, and the

remaining tissue placed in cold isotonic saline for subsequent isolation of the

glomeruli"

4" ISOLATION OF GLOMERULAR BASEMENT MEMBRANE

Glomeruli were isolated from renal cortex by differential sieving through

a series of nylon meshes according to Cohen et al (Z:), with the materiai on

the 88 um and 105 r'm scneens collected as glomeruli. The basement membrane

was isolated by osmotic lysis ald sequential detergent extraction using 3%

triton-X 100, deoxynuclease digestion, and sodium desoxycholate; as described

by Carlson et at (24).
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5. MEASUREMENT OF NOT.¡-ENZYMATTC GLYCATION

The level of non-enzymatic glycation was assayed for by borohydride

reduction and boronic acid affinity chromatography as previously described

(2'5'26,27)' Two mg of lyophytized basement membr¿rne was suspended in 200

uI of wateru followed by the addition of 200 ut of 0"10 N NaoH containing

625 uCi of tritiated sodium borohydride (Amersham Canada LTD.' Oakville,

ON; specific activity 500 mCi/mmol) and lZ.S mg of unlabelled sodium

borohydride. Reduction was ca¡ried out for 90 minutes on ice in a fumehood,

and was stopped by tbe addition of 4 ri:t l0% (w/v) trichloroacetic acid (TCA).

The reduced basement membrane was washed a number of times with 10 TCA,

followed by centrifugation a¡d aspiration of the supernatant. The washed

pellet was hydrolyzed with 1.5 ml of 6 M Hcl for 1ó hours at 110"c, in sealed

screv/ top tubes" The pH was adjusted to 8.5 by the addition of concentrated

NaoH" Tlte amino acid concentration of the hydrolysate was determined by

the ninhydrin procedure (28) using a standard curve produced with k¡own

concentrations of leucine- Results were expressed. in leucine equivalents.

Four hundred uI of the hydrolysate was also loaded onto a m-aminophenylboronic

acid column (Glycogel GSp columns, Isolab Inc., Akron, oH) and washed with

15 ml of 50 mhc (Na)2HP04- The bound amino acids were removed by the

addition of Z ml 0.10 M Hcl" one ml of the eluate was counted on a LKB lz-lg
scintillation cour¡ter (LKB" Turko, Finland) using a quench corzected counting

PrograrD.

The results were ex¡rressed as cpM/umor reucine equivarents.
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ó" MORPHOLOGICAL STUDIES

small pieces of ludney cortex were fixe d in 3% glutaraldehyde in 0"1 M
phosphate buffer (pH=?'4) for z hours at 40"c, Tissues were rinsed for 24
hours at 4"C in 0.1 M phosphate buffer (pH=7"4) containing 0.2 M sucrose.
Tlre tissues were then postfixed for two hours at 40c in 1% osmium tetroxide
in 0'1 M phosphate buffer (pH=7.4), dehydrated in ascending concentrations
of etha¡rot and embedded in Epon 812. Thick sections were stained with toruidine
blue -and examined for routine orientation. Thin sections were stained with
uraryl acetate and lead citrateo viewed. and photographed in a philips EM 201
electron microscope" Quantification of kidney gromeruJar basement membrane
was performed ut'izing the orthogonal intercept method of Jensen et at (29).
The actuar measurements were carried out on micrographs (magnification
20'000 x) witn an erectronic praimeter (Hewlett packard digitizer, model gg74A)
equipped with a¡r electrosensitive cursor connected. to a Hewlett packard 9gz5A
calculator/computer

The total number

membrane thickness for

graphs"

of micrographs assessed.

each rat was measured

was 750" Glomerular basement

on 25 randomly selected micro_
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7 " STATISTICS

The erperimental data was analyzed by the unpaired T-test to compare

tbe means of the various groups" The level of significance \¡¡as p=0.05. The

statistical analysis was performed on a commercial package (Crunch Ï¡teractic

Statistics Package {CRISP), Crunch Software, San Franciscoo CA). The statisti-

cal analysis for tbe morphological studies was by ANOVA and Tukey's procedure

(30):
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RESULTS

METABOLIC AND FUNCTIONAL PARAMETERS

The mearr monthly blood glucose levels for the for:r groups of animals

are shown in Figr:re 1" The hyperglycemic group had a mean blood glucose

level of 76.4 + 2.6 mmol/L which was significantly elevated. (p<0.05) over the

other three grouPs; namely age-matched controls, streptozotocin non-diabetics,

and diabetic euglycemics. There was no significant d.ifference between the

meall blood glucose levels of these later three groups. Similarly, the hyper-

glycemic group had glycated hemoglobin vaiues which were significantly elevated

(p<0"05) over the other three groups of animals (see Figure Z).

The mean body weights of the diabetic hyperglycemic animals were 523

+ 49 Bm, which was significantly decreased (p<0.05) when compared to the

three other grouPs" The kidney weights of the hyperglycemic animals expressed

as mean plus or minus standard deviation was 0.42 + 0"02 gm/100 gm body

weight, which was significantly insreased (p<0"05) over that seen in the diabetic

euglycemic, age-matched controls, and streptozotocin non-diabetic groups;

(0"¡o + 0.03, 0.29 + 0.02, and 0.zg + 0.02 gm/l00 gm body weight, respectively).
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The mean glomerular filtration rate (GFR), measured. by eeatinine
cleara¡ce, for the 4 groups of animals is summarized in Figure 3. The diabetic
hyperglycemic animals had an erevated eeatinine clearance (p<0.05) at both
2 and 5 months of the study over the three other groups. At z and 5 monthsu

the diabetíc euglycemic, age-matched controlsu and streptozotocin non-diabetic
groups had similar values.

urinarry albumin exsetion profiles for the various groups are shown in
Fijure 4" The exqetion appe¿rrs some*hat agetependent. The hypergrycemic

diabetic animals had values significantly elevated (p<0.05) over the other three
groups of animals- within each group, there was quite a variabre range of
values, in albumin excretion by the rats. A correlation between the functional
results and the blood glucose levels was also found in our study; blood glucose

levels a¡d GFR correlated directly (r=0.óg, p<0.0001.) as did urinary albumin
levels (r=0"ó3, p<0"0006)"

The functior¡al and metabolic data at the completion of the study is
summa¡ized in Tahle 1" The diabetic hlperglycemic group differed with respect
both to functior¡al and metabolical parameters when compared to the three
other groups" In contrastu the diabetic euglycemic group paralleled the control
and drug treated non-diabetic animals with respect to these parameters.
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BIOCHEMISTRY

The level of non-enzymatíc glycation of glomerular basement membrane

isolated from tbe study animals at 5 months is shown in Figure 5 and Table Z.

The h¡perglycemic diabetic animals had significantly elevated values (p<0.05)

in comparison to the other three groups. There was no statistical difference

in non-enzymatic glycation of both the control groups and the diabetic eugly-

cemic group. The level of non-enzymatic glycation of glomerular basement

membrane and average blood glucose values correlated. directly (r=0.gó,

p<0.0001) as shown in Figrne ó"

MORPHOLOGY

The morphological data representing glomerular basement membrane

thicknesso is shown in Table 3. All animals showed an age dependent thickening

over the course of the study. After 5 months, the diabetic animals (uotn eugly-

cemic and hyperglycemic) showed. an insrease (p<0.05) in thickness over that

seen in the two control groups of animals; however, there was no statistical

difference in glornerular basement membrane thickening between the hlper
glycemic or the euglycemic diabetic animals.
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DISCUSSION

The cause of diabetic nephropathy is unknown, but one possible mechanism

may result from the hyperglycemia experienced in poorly controlled diabetics.

The changes in eeatinine clearance and urinary albumin levelsu suggest that

the hlperglycemic diabetic animals in our study are at an early state of renal

impairment" These changesu whicb did not occur in the control or euglycemic

diabetic animals, could be due to the hlperglycemic state, as evidenced by

the increased glycated hemoglobin levels in the diabetic hlperglycemic group.

The streptozotocin-induced diabetic rat is a useful experimental model

to study diabetic nephropathy. In our studyu approximately 25% of tbe animals

given the drug failed to become diabetic which is consistent with other studies

(31)" There was no appa:rent difference in metabolic or functional parameters,

including GFR and urinary albumin levels, between the age-matched control

animals and those of the streptozotocin injected non-diabetic animals" Similarly,

no changes in biochemical or morphological parameters between these two

groups was observed" Thus, one may conclude that streptozotocinu per say,

had no effects on the various parameters measured.
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The glycemic state of the euglycemic diabetic animals paralleled that
of the age-matched control animals. This was reflected in the lack of
differences in either blood glucose or glycated hemoglobin levels for these

animals" The h¡perglycemic diabetic animals in contrast, exhibited significant
elevations in blood glucose and 

. 
glycated hemoglobin levels. These animals

were probably in the early stages of diabetic nephropathy, as evidenced by
increased GFR a¡d r:rinary albumin levels over the values seen in the euglycemic
diabetic and control animals. The increase in the GFR could be due to several

*possible mechanisms. Tbe GFR has been shown to increase with an insease
in kidney size (11), subsequently leading to glomerular enlargement and
increasing the glomerular filtration sr:rface area. The mechanism for the
insrease in GFR is r¡nk¡own, but hyperglycemia may be involved since strict
glycemic control as evidenced in the euglycemic diabetic animals can prevent
such an incease, especially during the early stages of diabetes. other factors
including growth hormone" angiotensin and catacholamines may also be involved
(3 2,3 3 )"

Factors responsible for glomerular filtration include the pore size of
the basement membrane, which separates molecules d.ue to their molecular
size" GFR and the net morecura¡ charge of the membrane" In our study, it
is unlikely that porre size played a role, since oniy at late stages of diabetes
do such changes occur (E+)- t¡erefore, increased GFR and changes in glomerular
basement membrane charge may be involved in the increased. urinary albumin
excretion rates seen in the present study.

-1ó-
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Non-enzymatic glycation may be involved in the changes of renal function

observed" Increased btoott glucose levels, as seen in the hypergiycemic diabetic

animals can result in inseased levels of non-enzymatic glycation of many

proteins, including base¡nent membranes (a). This was noted in our studyu

as evidenced by the g@d correlation between blood glucose levels and

non-enzymatic glycation of glomerular basement membrane (r=0.8ó) and the

level of glycated hemoglobin (r=0"86).The insreased. level of non-enzymatic

glycation of glomerular basement membrane in diabetics may lead to structural

and functional changes including alterations in its net change.

There 'ñ¡as no difference in glomerular basement membrane thickness

between the euglycemic and the hlperglycemic diabetic animals, despite the

fact that these groups exhibited differences in renal function and in the extent

of non-enzymatic glycation" However, all diabetic animals in the study showed

increased glomerular basement membrane thickness over the control animals.

Or:r data therefore suggests that basement membrane thickening may not

be important in the development of diabetic nephropathy. This is consistent

with the work of Mauer et al (15) which suggests that mesangial expansion

rather than glomerular basement membrane leads to glomerular functional

deterioration in diabetes by restricting the glomerular capillary vasculature

and its filtration surface.
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We have shown changes in renal 
. 
function, increased GFR and increased

urinary albumin excretion, without changes in glomerular basement membrane

thickness which suggests and supports evidence that the latter may not be

importaat in the renal changes associated with diabetic nephropathy" Hyper

glycemia appears to be involved in some way in the development of renal

frrnctional changes, however its exact role is unknown" The increased level

of non-enzymatic glycation that results from hyperglycemia may be responsible

for the alteration of glomerular basement membrane, ultimately resulting

renal functional impairment and the futr:re development of chronic diabetic

nephropathy" It is therefore important that diabetics are maintained u¡rder

good glycemic control to prevent the development of diabetic nephropathy.
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TABLE 1

Metabolic and Functional Results for Diabetíc

a¡d Control Animals at 5 Months of Study.l

Group weight Average correctedz n Glycated

Blood Glucose Creatinine Hemoglobin

(gm! (mmol/L) Clearance

(mt/min/700gm 
)

control ó76 t 38 6"4 r 0.4 0.1ó5 t 0.05ó 5.¿1 t 1.13

n=7

Drug 65? t 6ó S"9 t O.ó 0.154 r 0.0ó5 6.42 ! 0.7g
Control

n--ó

Diabetic óó8 t 5E ?.0 r 0.5 0.752 t 0"074 4.65 J 0.ó1
Euglycemic

n=5

Diabetic szg t ¿g3 t6"+ ¡ 2.63 0.409 r 0,2303 13r"08 t 3.963
Hyperglycemic

n=8

lResutts 
are eq)ressed as mean + SD.

ZV"Lr"" 
corrected for body weight.

3sigoifi.rotly different at p<0.05 from the other groups
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TABLE Z

Non-enzymatic Glycation of Glomerular Capillary

Basement Membrane

GROUP TEVEL OF ¡{ON-ENZYMATIC GLYC.AÏONI

OF GLOMERULAR BASEMENT MEMBRANE

(CPM/umol leucine equivalents)

CONTROL

n=7

DRUG CONTROL

n=ó

DIABETIC EUGLYCEMIC

n=5

DIABETIC HYPERGLYCEMIC

n=8

351 I 203

366 t 237

468 ! 782

7260 t 5z1z

lv"lrr"" 
expressed as mean + SD

Zsigoifi.ntly 
different at p<0.05 from the other groups
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TABLE 3

Morphometric Analysis of Glomerular Basement

Membrane Thickness in Control and Diabetic Rats

.At 0 and 5 Months of the Study.

K" Copeland, et al"

GROUP BASEMENT N4EMBRANE THICKNESS

,1
( mlsrons J

Rats at time 0

Control at 5 months

Drug Control at 5 months

Diabetic Euglycemic

at 5 months

Diabetic Hyperglycemic

at 5 months

0"085 J .002

0.797 I .004

0.191 r "003

0.217 t -oo4z

o.zz0 ! .oo4z

1'Values represent mean plus or minus the standarcl error

of the mean.

)
"significantly different at p<0"05 from other groups but not

from each other.
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Fig. 1:

Fig. 2:

Fig" 3:
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LEGENDS TO FIGURES

Monthly blood glucose profiles for the four animal groups" values

are represented as mean + SEM for each group. The symbois

represent: &, hyperglycemic diabetic rats, n=g; @, eugiycemic

diabetic ratsu n=5;W ' age-matched control ratse n=z; 
".ra @ ,

streptozotocin injected nondiabetic rats, n=ó" The btood glucose

levels for the hlperglycemic diabetic rats was significantly elevated

(p<0"05) over the other three groups.

% gtycated hemoglobin profiles for the four animal groups in the

study" Values represent mean + SD" The symbols represent:

A, hyp""glycemic diabetic rats, n=8; @, euglycemic diabetic rats, n-

5; W, age-matched. control rats, n=?; a¡d @, st"eptozotocin injected.

non-diabetic rats, n=6. T1ne % glycated. hemoglobin for the hyper-

glycemic diabetic rats was significantly elevated (p<0"05) over

the th::ee other groups at both z and 5 months of the study.

conected eeatinine clearance profiles for the four animal groups

of the study" The values represent mean +. sD except for the diabetic

hyperglycemic group in which onty thé rneans are listed due to

the large sD's encountered.. The symbols represent, &, hyper

glycemic diabetic rats, n=8; @ , euglycemic diabetic rats, n=5;

W, 
"g*-atched control rats, n=?; 

"na @, streptozotocin injected

non-diabetic rats, n=ó. The creatinine clearance for the

hyperglycemic rats was significantly (p<0.05) elevated at at both

Z and 5 months of study.
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Fig. 5:

Fig. 6:
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Unnary albrrvnin excretion profiles for the four animal groups of

the study. The values represent mean + sD, except for the diabetic

hyperglycemic Broup, in which only the means are listed due to
the large SD's encountered. The symbols represent:

&, hyp..glycemic diabetic rats, n=8; @, di"b"tic euglycemic ratso

t=5; W, age-matched control rats, n=z; and@streptozotocin injected

nontiabetic rats, n=6. The urinary albumin excretion for the hyper-

glycemic diabetic rats was significantly elevated (p<0.05) at both

2 and 5 months of study.

The levels of' non-enzymatic glycation of gromerurar basement

membrane for the study rats in each group. The mean of each

group is represented by the horizontal bar.

The relationship between average brood grucose and the rever of

non-enzymatic glycation of glomerular basement membrane"
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