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 Keypoints 
        •      Type 1 diabetes is an immune - mediated disorder that leads to 

destruction of the islets of Langerhans causing profound insulin 
defi ciency.  

   •      Metabolic changes observed in type 1 diabetes are secondary to insulin 
defi ciency interacting with environmental infl uences such as diet and 
exercise.  

  
 •      The pathogenesis of type 2 diabetes mellitus is complex and incom-

pletely understood. It appears to be caused by an interaction of genetic 
and environmental factors that lead to defects in insulin secretion, 
insulin action and glucose effectiveness.     

   Introduction 

     Hyperglycemia, for better or for worse  [1] , is the metabolic 
abnormality that has been used to defi ne the presence of, and 
characterize, diabetes. Diabetes comprises a heterogeneous group 
of disorders characterized by fasting and/or post - prandial hyper-
glycemia. The underlying abnormalities that lead to the develop-
ment of hyperglycemia, however, differ amongst subgroups. 
Conventionally, diabetes has been categorized into two sub-
groups that, from a metabolic standpoint, differ in the degree of 
insulin defi ciency present. This broad dichotomy is simplistic as 
a given patient may exhibit metabolic abnormalities previously 
considered unique to each category  [2] . 

 Type 1 (T1DM), or immune - mediated diabetes, is character-
ized by evidence of immune - mediated destruction of the insulin -
 secreting  β  - cells in the islets of Langerhans. Usually this leads to 
absolute insulin defi ciency, which is insuffi cient to prevent unre-
strained lipolysis during systemic illness or severe physical stress. 
In type 2 diabetes (T2DM), however, although the endocrine 
pancreas can produce insulin, secretion and circulating concen-
trations of insulin are inappropriate for the prevailing glucose 
concentrations. T2DM has traditionally been considered a disor-
der of insulin signaling (exacerbated by poor diet, obesity and 
lack of physical activity) rather than a defi ciency of insulin. 

 It is important to remember that obese patients with T1DM 
can behave in a fashion similar to patients with long - standing 
T2DM and that metabolic differences between the two categories 
may be more imagined than real.  

  Carbohydrate  m etabolism 

 In the fasting state, glucose appearance is determined by the rate 
of endogenous glucose release from the liver and to a lesser extent 
the kidney. This is collectively referred to as endogenous glucose 
production. Glucose concentrations increase when glucose 
appearance exceeds glucose disappearance and continues to 
increase until these rates are equal. In humans without diabetes, 
glucose concentrations average 4.5 – 5.5   mmol/L following a 
6 – 12 - hour overnight fast. 

 Gluconeogenesis is responsible for approximately 50 – 60% of 
endogenous glucose production following an overnight fast, with 
the proportion increasing with increasing duration of the fast  [3] . 
Gluconeogenesis utilizes three - carbon precursors such as lactate, 
alanine and glycerol to synthesize glucose molecules. 

 Following an overnight fast, approximately 80% of glucose 
disposal is insulin independent and occurs in the brain, splanch-
nic tissues and erythrocytes  [4] . The majority of insulin - mediated 
glucose disposal occurs in muscle  [5] . Because insulin levels are 
low in the post - absorptive state, muscle predominantly uses free 
fatty acids (FFA) for fuel  [6] . In the presence of low insulin con-
centrations, glucose taken up by tissues predominantly is oxi-
dized or undergoes glycolysis to release alanine and lactate which 
can be re - utilized by the liver for gluconeogenesis  [7] . 

 Sensitivity to insulin varies amongst tissues. Low concentra-
tions of insulin limit lipolysis and prevent unrestrained break-
down of fat. The insulin concentrations suffi cient to prevent 
lipolysis are insuffi cient to stimulate signifi cant muscle glucose 
uptake. Whereas maximal suppression of endogenous glucose 
production occurs at insulin concentrations of approximately 
250   pmol/L, these concentrations result in only half maximal 
stimulation of glucose uptake (Figure  13.1 )  [8] .   
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 Increases in plasma glucose, which occur within 5 – 10 minutes 
after eating stimulate insulin secretion and suppress glucagon 
secretion. The reciprocal changes in hepatic sinusoidal insulin 
and glucagon concentrations in concert with the elevated glucose 
concentrations enhance hepatic glucose uptake and suppress 
hepatic glucose production  [9,10] . The splanchnic tissues initially 
extract 10 – 25% of ingested glucose and eventually dispose of 
approximately 40% of ingested glucose, with muscle accounting 
for most of the remainder  [11] . These coordinated changes in 
hepatic and extrahepatic glucose metabolism generally limit the 
post - prandial rise in glucose to 7 – 8   mmol/L. Late post - prandial 
hypoglycemia is avoided by a smooth increase in hepatic glucose 
output to rates that closely approximate glucose uptake. 

 In the transition from normal glucose metabolism to overt 
diabetes, the relative contribution of alterations in glucose disap-
pearance or appearance is uncertain. Most  [12 – 15]  but not all 
 [16]  epidemiologic studies that have attempted to elucidate the 
pathogenesis of impaired fasting glucose (IFG; defi ned as a fasting 
glucose of 5.8 – 6.9   mmol/L) have reported that insulin action is 
decreased in individuals with IFG. Weyer  et al.   [15]  reported that 
fasting endogenous glucose production was increased in people 
with IFG. Bock  et al.   [17]  subsequently established that insulin -
 induced suppression of endogenous glucose production and glu-
coneogenesis are impaired in people with IFG indicating hepatic 
insulin resistance. Epidemiologic studies have shown that 20 –
 30% of people with IFG will develop frank diabetes within 5 – 10 
years  [18,19] . Indeed, subjects with a fasting glucose between 5.3 
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     Figure 13.1     Insulin dose – response curves for 
glucose production and utilization in non - diabetic 
subjects.  Adapted from Vella A.  Diabetologia  
2002;  45 :1410 – 1415, with permission from 
Springer - Verlag.   

and 5.7   mmol/L have an 8% risk of developing diabetes within 
the next 10 years. 

 Regulation of glucose concentrations after meal ingestion is 
more complex. The pattern of change of post - prandial plasma 
glucose concentrations is determined by the extent to which 
glucose entering the systemic circulation (equal to the sum of 
endogenous glucose production and the systemic appearance of 
ingested glucose) exceeds or is exceeded by the rate at which 
glucose leaves the systemic circulation (glucose disappearance). 
Therefore, differences in post - prandial glucose concentrations 
could theoretically arise because of differences, alone or in com-
bination, in rates of meal glucose appearance, suppression of 
endogenous glucose production or stimulation of glucose uptake 
 [20,21] . 

 Post - prandial hyperglycemia is primarily caused by reduced 
post - prandial glucose disappearance because suppression of 
endogenous glucose production and the rate of appearance of 
ingested glucose do not differ in people with IFG and normal 
fasting glucose  [17] . The insulin secretion in response to higher 
post - prandial glucose concentrations is impaired in the subjects 
with IFG with accompanying defects in glucose disappearance 
and consequent post - prandial hyperglycemia. A further reduc-
tion in insulin secretion eventually results in overt T2DM  [17] . 

 Endogenous glucose production is regulated (inhibited) by 
insulin which increases hepatic glucose uptake by stimulating 
glucokinase activity and decreases hepatic glucose release by 
decreasing the conversion of glucose - 6 - phosphate to glucose. 
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is related to the degree of glycemic control. People with poorly 
controlled T1DM may exhibit the same degree of insulin resist-
ance as people with T2DM  [28,29] . In people with T1DM, the 
defect in insulin action is tissue - specifi c; for example, glucose 
uptake in cardiac muscle, as opposed to skeletal muscle, is normal 
 [30] . Glucose oxidation and non - oxidative storage in people with 
T1DM is decreased in proportion to glucose uptake, suggesting 
that glucose transport and/or phosphorylation (after transport 
across the membrane) are the sites of defective insulin action 
 [31] . In contrast, insulin - induced suppression of glucose produc-
tion is not impaired and may in fact be increased in people with 
T1DM  [32,33] . 

 Insulin binding and action has been reported to be 
decreased in adipocytes  [34,35]  but normal in fi broblasts 
 [36,37]  of people with T1DM. This may be explained by the 
fact that insulin binding in adipocytes is measured immediately 
after biopsy while insulin binding to fi broblasts is measured 
following several days of culture. Decreased insulin binding 
in the former but not the latter suggests an effect of abnormal 
metabolic milieu rather than an intrinsic defect of insulin action. 
This is supported by several observations that improved chronic 
glycemic control is accompanied by improved whole - body 
insulin action  [38,39] . It should be noted that when insulin action 
is measured by means of a hyperglycemic hyperinsulinemic 
clamp, hyperglycemia may compensate for small defects in 
insulin action by means of its ability (glucose) to stimulate its 
own uptake and suppress its own release (glucose effectiveness) 
 [33] . 

 Because insulin is typically delivered via the subcutaneous, 
rather than the intraportal route, treatment with insulin leads to 
systemic hyperinsulinemia which has been shown to impair 
insulin action in humans without diabetes  [40] . The improved 
insulin action observed in people with T1DM following treat-
ment with insulin, however, suggests that any negative effects of 
systemic hyperinsulinemia on insulin action are more than offset 
by the lowering of glucose concentrations and the reversal of 
glucose toxicity. 

This latter step is regulated by glucose - 6 - phosphatase. Insulin can 
also stimulate glycogen synthesis, inhibit glycogen breakdown 
and suppress gluconeogenesis. Post - prandial hyperglycemia and 
hyperinsulinemia stimulate hepatic glycogen synthesis thereby 
replenishing hepatic glycogen stores. Hepatic glycogen synthesis 
occurs via both the direct (i.e. glycogen synthesis utilizing glu-
cose - 6 - phosphate derived directly from extracellular glucose) or 
indirect pathway (i.e. glycogen synthesis utilizing glucose - 6 -
 phosphate derived from gluconeogenesis). The relative contribu-
tion of these two pathways appears to be determined by multiple 
factors including the duration of fast, composition of the meal 
and the prevailing insulin and glucagon concentrations  [22,23] . 

 In the presence of euglycemia, rising hepatic sinusoidal con-
centrations of insulin suppress endogenous glucose production 
by decreasing glycogenolysis. Insulin concentrations within the 
physiologic range in healthy humans do not appreciably suppress 
gluconeogenesis and direct glucose - 6 - phosphate (derived from 
gluconeogenesis) into glycogen (Figure  13.2 )  [24] .    

  Carbohydrate  m etabolism in  t ype 1  d iabetes 

 T1DM is characterized by insulin defi ciency as a result of autoim-
mune destruction of the pancreatic  β  - cells. Fasting hyperglyc-
emia does not develop until most ( > 80%) of  β  - cells are lost to 
the underlying autoimmune process. Defects in insulin secretion, 
however, are evident years before the development of diabetes in 
asymptomatic affected individuals. For example, siblings of 
people with T1DM who are islet antibody positive (a group at 
high risk for the development of T1DM) frequently exhibit a 
decreased fi rst - phase of insulin secretion in response to intrave-
nous glucose injection  [25,26] . This usually occurs at a time when 
the response to other stimuli such as oral glucose or mixed meal 
ingestion is intact, suggesting that incretins and other secretago-
gues are capable of compensating for decreased islet cell mass. 

 Impaired insulin secretion is frequently accompanied by 
impaired insulin action  [27,28] . The severity of insulin resistance 
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     Figure 13.2     Major sites of glucose metabolism in 
the post - absorptive and post - prandial states. After 
meal ingestion, the primary site of glucose uptake 
shifts from insulin - independent organs to 
insulin - dependent tissues. Gluconeogenic substrates 
are derived predominantly from peripheral tissues. 
Hepatic glycogen synthesis may occur via the direct 
or indirect (gluconeogenesis) pathways.  Adapted 
from Dinneen  et al.   [21] . Copyright  ©  1992 
Massachusetts Medical Society. All rights reserved.   
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insulin processing or intracellular signaling can alter insulin 
secretion  [52] . In addition,  β  - cell mass decreases with increasing 
duration of diabetes  [53,54] . Alterations in  β  - cell morphology 
occur in most people with T2DM with extensive intra - islet depo-
sition of amylin commonly being observed  [55,56] . 

 Prolonged elevations in glucose concentration following inges-
tion of a carbohydrate - containing meal occur because post - 
prandial glucose appearance exceeds disappearance. The more 

 In the absence of insulin - stimulated muscle glucose uptake, 
substantial glucose disappearance in insulin - defi cient people with 
T1DM occurs by glucose excretion in the urine and by glucose 
uptake via non - insulin - mediated pathways  [41] . Food ingestion 
does not result in a rise in insulin or a reciprocal decrease in 
glucagon concentration  [42] . Because of this, the increase in 
splanchnic glucose uptake and the decrease in endogenous 
glucose production are not appropriate for the prevailing glucose 
concentration. Post - prandial glycogen synthesis is markedly 
decreased, with most of the glycogen being synthesized by the 
indirect gluconeogenic pathway  [43,44] . 

 Consequently, because of abnormal hepatic glucose handling, 
excessive amounts of glucose reach the systemic circulation. The 
excessive rise in post - prandial glucose concentrations is com-
pounded by the low insulin concentrations and defective insulin 
action present in people with poorly controlled T1DM  [41,45] . 
In contrast, the ability of glucose to stimulate its own uptake and 
suppress its own release (glucose effectiveness) is normal in 
T1DM and most post - prandial glucose disposal occurs predomi-
nantly via non - insulin mediated pathways and by glucose excre-
tion in the urine  [46] . 

 Post - prandial glucose metabolism in the splanchnic and extra -
 splanchnic tissues can be almost completely normalized by 
insulin administration which increases circulating insulin con-
centrations and prevents the excessive rise in counter - regulatory 
hormones that accompanies insulin defi ciency. Insulin adminis-
tration also restores post - prandial suppression of glucose pro-
duction and stimulation of glucose uptake to rates similar to 
those observed in subjects without diabetes  [41,47] . 

 Animal studies have shown diabetes to be associated with 
hypertrophy of the intestinal mucosa and increased intestinal 
glucose transport  [48,49] . By contrast, when glucose, insulin and 
glucagon concentrations are matched in individuals with T1DM 
and age -  and weight - matched controls, initial splanchnic glucose 
extraction and uridine diphosphate (UDP)   - glucose fl ux (an 
index of hepatic glycogen synthesis) do not differ between groups. 
This demonstrates that relative insulin defi ciency, glucagon 
excess or both, rather than an intrinsic defect in splanchnic 
glucose metabolism are the primary causes of post - prandial 
hyperglycemia in people with poorly controlled T1DM (Figure 
 13.3 )  [33] .    

  Carbohydrate  m etabolism in  t ype 2  d iabetes 

 People with T2DM have elevated fasting glucose levels and exces-
sive glycemic excursions following carbohydrate ingestion. 
Insulin secretion in those with T2DM is typically decreased and 
delayed following food ingestion  [9,21] . Defects in insulin secre-
tion are observed early in the evolution of T2DM. In fact, altera-
tions in both the timing and amount of insulin secreted have been 
reported in relatives of patients with T2DM prior to the develop-
ment of hyperglycemia  [50,51] . 

 Chronic hyperglycemia alone or in combination with elevated 
FFA impairs insulin secretion. Abnormalities in glucose sensing, 
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     Figure 13.3     In the presence of matched glucose, insulin and glucagon 
concentrations initial splanchnic glucose extraction and UDP - glucose fl ux do not 
differ in individuals with type 1 diabetes and age -  and weight - matched controls. 
FFA, free fatty acids; UDP - glucose, uridine diphosphate glucose.  Adapted from 
Vella  et al.   [33] .   
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 [69 – 71] . Supraphysiologic concentrations of GLP - 1, achieved by 
either intravenous infusion or subcutaneous injection, lower 
both fasting and post - prandial glucose concentrations in people 
with T2DM. GLP - 1 does so by increasing insulin secretion, inhib-
iting glucagon secretion and delaying gastric emptying  [72 – 75] . 
By contrast, GLP - 1 does not appear to alter insulin action or 
glucose effectiveness in T2DM  [76] . 

 In addition to defects in insulin secretion, people with T2DM 
commonly exhibit defects in insulin action. Numerous studies 
have shown that insulin - induced stimulation of glucose uptake 
in muscle and adipose tissues as well as insulin - induced suppres-
sion of glucose production are impaired in T2DM  [77,78] . The 
severity of insulin resistance is infl uenced by multiple factors 
including exercise, obesity and diet as well as genetic factors. 
Insulin resistance increases with increasing severity of diabetes 
and improves but is not normalized by improved glycemic 
control  [79] . Defects in the ability of insulin to regulate muscle 
and fat glucose metabolism are evident in normoglycemic rela-
tives of people with T2DM strongly implying a genetic basis for 
at least some degree of insulin resistance  [50,80] . 

 Both glucose production and the contribution of gluconeogen-
esis to glucose production are increased in people with  “ mild ”  as 

signifi cant the defects in insulin secretion and action, the higher 
glucose concentrations have to rise to balance glucose appearance 
and disappearance  [57] . Glucose appearance is elevated because 
of failure to suppress hepatic glucose production because the 
systemic rate of appearance of ingested glucose does not differ 
from that observed in individuals without diabetes  [9,11,17,58] . 
Although glucose disappearance is commonly higher in people 
with diabetes than in individuals without diabetes following a 
meal, this is in large part is accounted for by elevated rates of 
urinary glucose excretion. Furthermore, although elevated, the 
rates of glucose disappearance are not appropriate for the prevail-
ing glucose concentrations  [59,60] . 

 Defects in insulin secretion and action both contribute to post -
 prandial hyperglycemia. A delay in the early rise in insulin con-
centrations causes a delay in suppression of glucose production, 
which in turn results in an excessive glycemic excursion. In con-
trast, a decrease in insulin action results in sustained hyperglyc-
emia but has minimal effect of peak glucose concentrations. 
Whereas an isolated alteration in either hepatic or extrahepatic 
insulin action impairs glucose tolerance, a defect in both results 
in severe hyperglycemia  [57] . 

 Glucose is also an important regulator of its own metabolism. 
In the presence of basal insulin concentrations, an increase in 
plasma glucose stimulates glucose uptake and suppresses glucose 
production. The ability of glucose to regulate its own metabolism 
is impaired in T2DM. This is commonly referred to as a defect 
in  “ glucose effectiveness. ”  Whereas intravenous infusion of 
35   g glucose in individuals without diabetes whose insulin 
concentrations are clamped at basal levels produces only a 
modest rise in plasma glucose concentration, infusion of the 
same amount of glucose results in severe hyperglycemia in people 
with T2DM  [61] . The excessive rise in glucose is caused by 
impaired glucose induced stimulation of glucose uptake because 
glucose induced suppression of glucose production is normal 
 [61,62] . 

 Inhibition of glucagon secretion lowers both fasting glucose 
and post - prandial glucose concentrations. Failure to suppress 
glucagon secretion appropriately, however, has minimal effect on 
glucose production and glucose tolerance when insulin secretion 
is intact  [63,64] . In contrast, it causes marked hyperglycemia 
when insulin secretion is decreased and delayed, as is typical of 
T2DM. Taken together, these data suggest that agents that simul-
taneously improve insulin secretion, insulin action, glucose effec-
tiveness as well glucagon secretion are likely to have a profound 
effect on glucose metabolism in people with T2DM (Figure  13.4 ) 
 [64,65] .   

 Amylin is a 37 amino acid polypeptide that is co - secreted with 
insulin by the pancreatic  β  - cells in response to nutrient stimuli 
and other secretagogues. Human studies have shown that the 
plasma concentrations of amylin and insulin rise and fall in paral-
lel in both the fasted and fed states  [66] . Because amylin is poten-
tially toxic to  β  - cells, it has been suggested that excessive amylin 
secretion may contribute to  β  - cell destruction in T2DM  [67,68] . 

 The secretion of incretins such as glucagon - like peptide 1 
(GLP - 1), in response to meal ingestion is decreased in T2DM 
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     Figure 13.4     Healthy subjects received a non - diabetic (a) or a diabetic (b) 
insulin profi le on two occasions. On one occasion glucagon was infused in a 
manner that replicated the fall in glucagon concentrations that normally occurs 
after meal ingestion. On the other occasion glucagon was infused constantly to 
replicate the lack of glucagon suppression observed in type 2 diabetes in 
response to meal ingestion. Glycemic excursion was signifi cantly higher in the 
absence of glucagon suppression in subjects receiving an insulin profi le similar to 
that observed in patients with type 2 diabetes.  Adapted from Shah  et al.   [64] , 
with permission from the American Physiological Society.   



Part 3 Pathogenesis of Diabetes

220

and, depending on the timing of exercise in relation to insulin 
administration, may not allow the normal increase in FFA that 
accompanies exercise  [95] . In these instances, people with T1DM 
become dependent on the catecholamine response to exercise to 
mobilize FFA, a response that may be impaired in individuals 
with long - standing diabetes  [96] . In people with fasting hyperg-
lycemia, low insulin concentrations and, consequently, elevated 
resting FFA fl ux, exercise will increase FFA fl ux further  [97] . This 
combined with the high glucagon concentrations commonly 
present in these situations will result in high rates of ketone body 
production. 

 FFA concentrations commonly are increased in the post -
 absorptive and post - prandial state in people with T2DM  [77,98] . 
The ability of insulin to suppress lipolysis is impaired likely 
because of decreased sensitivity of hormone - sensitive lipase to 
insulin  [99] . Insulin also promotes FFA disposal, however, by 
stimulating re - esterifi cation in adipocytes to form triglyceride. 
This process is dependent on the provision of glycerol - 3 - 
phosphate derived from glucose uptake (also insulin - driven) and 
intra - adipocyte glycolysis. It is unknown, however, whether 
defects in adipose FFA esterifi cation contribute to the FFA eleva-
tion observed in diabetes  [85] . 

 Circulating plasma triglycerides are dependent on the activity 
of lipoprotein lipase (LPL) to deliver FFA to the adipocyte. 
Insulin and glucose preferentially stimulate adipose LPL and 
inhibit muscle LPL thereby partitioning triglyceride and lipopro-
tein - derived fatty acids away from muscle and into adipose tissue 
 [100] . By contrast, in T2DM, insulin - induced activation of 
adipose LPL is delayed while skeletal muscle LPL is activated 
 [101] . Given that elevated FFA decrease muscle glucose uptake, 
this is especially of consequence in patients with already dimin-
ished insulin action. FFA decrease muscle glucose uptake by 
inhibiting glucose transport, glucose phosphorylation and muscle 
glycogen synthase  [102] . 

 Although elevated FFA concentrations have been reported to 
decrease hepatic insulin metabolism in animals, direct measure-
ment of splanchnic insulin clearance suggest that this may not be 
the case in humans  [103] . Elevated FFA stimulate both hepatic 
gluconeogenesis and triglyceride synthesis. Acute increases in 
FFA stimulate insulin secretion whereas chronic elevations inhibit 
insulin secretion  [104] . Thus, elevated FFA have been implicated 
in many, but not all, of the metabolic abnormalities associated 
with T2DM.  

  Protein  m etabolism in  t ype 1 and 
 t ype 2  d iabetes 

 Substrate availability and the hormonal milieu regulate protein 
synthesis and breakdown at any given time. Insulin is an impor-
tant hormone in this regard and profound changes in body com-
position occur after the initiation of therapy in people with 
T1DM, especially if insulin defi ciency has been severe and pro-
longed  [105] . Urinary nitrogen excretion, a marker of protein 

well as  “ severe ”  T2DM  [81] . The increase in glucose production 
is correlated with the severity of hyperglycemia  [21,58,82] . 
Insulin - induced stimulation of splanchnic (and therefore pre-
sumably hepatic) glucose uptake is also impaired in T2DM. The 
lower rates of hepatic uptake in subjects with diabetes are almost 
entirely accounted for by decreased uptake of extracellular glucose 
suggesting lower glucokinase activity  [83,84] .  

  Lipid  m etabolism in  t ype 1 and  t ype 2  d iabetes 

 Triglycerides are an important energy source (and storage form) 
and are mobilized as FFA. Plasma FFA concentrations represent 
a balance between release and disposal. FFA are taken up by and 
re - esterifi ed in adipose and hepatic tissues, or oxidized in muscle 
(cardiac and skeletal) or the liver. They are released from intra-
vascular lipolysis of triglyceride - rich lipoproteins and intra - adi-
pocyte lipolysis of triglyceride stores. In the fasting state, FFA 
concentrations are determined largely by the rate of entry into 
the circulation while in the post - prandial period the rate of 
uptake by adipose and hepatic tissue is also a major determinant 
in FFA concentrations  [85] . 

 Hormone - sensitive lipase is the principal regulator of FFA 
release from adipose and is exquisitely sensitive to insulin. Insulin 
is the main hormonal regulator of lipolysis. Increasing plasma 
glucose concentrations (e.g. after a meal) normally leads to 
increased insulin secretion which inhibits lipolysis  [86] . Rising 
insulin concentrations suppress lipolysis leading to a fall in FFA 
concentrations. This insulin - induced suppression of FFA concen-
trations enhances insulin - dependent glucose disposal and insu-
lin - induced suppression of endogenous glucose production  [87] . 

 Conversely, in individuals without diabetes, falling blood 
glucose concentrations increase lipolysis because of suppression 
of insulin secretion  [88] . The resulting rise in FFA will stabilize 
or raise glucose concentrations. Hypoglycemia caused by exoge-
nous hyperinsulinism will also suppress lipolysis and impair 
counter - regulation. 

 Absolute or relative insulin defi ciency is responsible for most 
of the excess FFA available for oxidation in T1DM. Elevated FFA 
directly impair peripheral glucose uptake  [89]  and, at least 
acutely, stimulate endogenous glucose production  [90] . Another 
consequence of elevated FFA fl ux is increased ketogenesis, a pre-
cursor to ketoacidosis  [91] . Insulin is able to counteract the lipo-
lytic effects of other hormones so that growth hormone or cortisol 
have little effect on lipolysis unless insulin availability is reduced 
 [92] . Similarly, the lipolytic effect of catecholamines is blunted 
by hyperinsulinemia and accentuated by hypoinsulinemia  [93] . 
Although glucagon has no effect on systemic FFA availability, 
increased concentrations, as seen in uncontrolled diabetes, may 
drive hepatic metabolism towards ketogenesis  [91] . 

 Moderate intensity exercise is normally accompanied by a fall 
in insulin and a rise in catecholamine concentrations which 
increases FFA availability and fatty acid oxidation  [94] . Plasma 
insulin concentrations do not decrease with exercise in T1DM 



Metabolic Disturbances in Diabetes Chapter 13

221

protein ingestion commonly results in an excessive rise in 
glucagon concentrations  [123] . The cause of these abnormalities 
in glucagon secretion is thought to be intra - islet insulin defi -
ciency as insulin infusion inhibits glucagon secretion  [124]  and 
neutralization of intra - islet insulin with anti - insulin antibodies 
stimulates glucagon secretion  [125] . Treatment with exogenous 
insulin rapidly lowers glucagon concentrations in people with 
T1DM but does not restore hypoglycemia - induced glucagon 
secretion  [126] . 

 Glucagon excess exacerbates hyperglycemia by increasing 
hepatic glucose release and decreasing hepatic glucose uptake 
 [127,128] . In humans without diabetes, any increase in glucose 
concentrations is promptly accompanied by an increase in insulin 
secretion which antagonizes the effects of glucagon on the liver. 
By contrast, in people with diabetes who cannot increase insulin 
secretion (and consequently glucose disposal) to compensate for 
the increase in glucagon concentrations, increased hepatic glucose 
release is accompanied by further increases in glucose concentra-
tion  [127] . 

 Fasting epinephrine and norepinephrine concentrations may 
be elevated in individuals with poorly controlled diabetes 
 [129,130]  and may cause further deterioration in glycemic control 
by impairing insulin action at the hepatic and extrahepatic tissues 
 [131] . Epinephrine also stimulates glucagon secretion leading to 
further increases in endogenous glucose production  [132] . In the 
absence of circulating insulin, catecholamines will enhance lipol-
ysis thereby increasing FFA concentrations and increased pro-
duction of ketone bodies  [133] . 

 In the presence of severe defects in endogenous insulin secre-
tion, as usually encountered in people with T1DM, the normal 
diurnal variation in plasma cortisol concentrations can adversely 
affect glycemic control  [134] . Cortisol increases endogenous 
glucose production while decreasing tissue glucose uptake. The 
nocturnal rise in cortisol also increases ketone body concentra-
tions, gluconeogenesis and lipolysis  [134,135] . 

 Growth hormone release increases in both amplitude and fre-
quency in people with poorly controlled diabetes  [136,137] . 
Growth hormone stimulates gluconeogenesis, proteolysis and 
lipolysis while impairing insulin - induced suppression of endog-
enous glucose production and stimulation of glucose uptake 
 [138] . This is likely to occur in situations where insulin secretion 
cannot rise to match the increased insulin requirements because 
of excessive growth hormone secretion.  

  Diabetic  k etoacidosis 

 Insulin defi ciency to a degree suffi cient to allow unrestrained 
lipolysis and hepatic ketogenesis is a necessary condition for the 
development of diabetic ketoacidosis  [139] . Because of this, 
ketoacidosis is more commonly encountered in patients with 
T1DM than in people with T2DM because the latter generally 
have some degree of residual insulin secretion. Although insulin 
defi ciency is a necessary condition for the development of 

catabolism, increases during insulin deprivation. If this is suffi -
ciently prolonged, cachexia and a loss of muscle mass occurs 
 [106,107] . Insulin deprivation increases the concentration of cir-
culating amino acids because of the net increase in protein break-
down with an accompanying decline in amino acid disposal 
(utilization in protein synthesis or amino acid oxidation) 
 [108,109] . 

 Glucagon secretion is enhanced by ingestion of protein and 
facilitates disposal of glucogenic amino acids such as alanine or 
glutamine. The elevated glucagon concentrations present in 
poorly controlled T1DM stimulate alanine and glutamine uptake, 
resulting in normal or low concentrations despite increased 
appearance from protein breakdown from insulin deprivation 
 [110] . Concentrations of branched chain amino acids are elevated 
in these situations but are rapidly lowered to non - diabetic levels 
by treatment with insulin  [108,111] . 

 In contrast, the effect of T2DM on protein metabolism is less 
clear - cut with some studies showing no evidence of increased 
catabolism  [112,113]  while others have reported increased 
protein turnover and/or amino acid catabolism  [114 – 117] . The 
difference in protein metabolism between T1DM and T2DM 
likely occurs because people with T2DM have suffi cient residual 
insulin secretion to limit protein catabolism and preserve lean 
body mass. Nevertheless, whole body nitrogen fl ux, protein syn-
thesis and breakdown are increased in people with poorly con-
trolled diabetes. These defects are restored to normal when 
glycemic control is improved by treatment with either oral agents 
or insulin  [114,115] . Of interest, whereas T2DM impairs the 
ability of insulin to regulate glucose and fat metabolism, the 
effects of insulin on whole body protein synthesis and breakdown 
appear to be preserved  [113] . 

 Relatively few studies have examined regional protein dynam-
ics in T2DM. Increased 3 - methylhistidine excretion, an index of 
myofi brillar protein breakdown, has been demonstrated in sub-
jects with poorly controlled T2DM when compared with healthy 
and obese subjects without diabetes  [114] . Improved glycemic 
control reduced 3 - methylhistidine excretion. People with T2DM 
and/or insulin resistance have been noted to have elevated circu-
lating concentrations of certain clotting factors such as tissue 
plasminogen activator and plasminogen activator inhibitor 1 
(PAI - 1). This would imply that the synthesis of certain proteins 
by the liver and endothelium is clearly abnormal  [118] . 
Preliminary evidence suggests that agents that improve the ability 
of insulin to regulate muscle and hepatic glucose metabolism (e.g. 
thiazolidinediones) will also restore concentrations, and possibly 
the activity, of these proteins to normal  [119,120] .  

  Counter -  r egulatory  h ormones 

 In humans without diabetes, insulin and glucagon exhibit coor-
dinated and reciprocal changes in concentration in response to 
glucose ingestion  [21] . In people with T1DM, however, carbo-
hydrate ingestion fails to suppress glucagon  [121,122] , while 
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ketoacidosis, the condition is often triggered by physical stress 
such as infection or surgery. 

 Glucagon concentrations rise in the presence of insulin defi -
ciency and during physical stress. A decrease in effective circulat-
ing volume may also increase glucagon concentrations because 
glucagon is cleared by the kidneys. The concentrations of other 
counter - regulatory hormones also rise, which in turn further 
increase lipolysis  [140] . 

 Ketone bodies and glucose produce an osmotic diuresis that 
exacerbates the hypovolemia and electrolyte disturbances caused 
by metabolic acidosis. Furthermore, ketone bodies can induce 
vomiting, causing electrolyte and fl uid losses. These losses also 
can directly contribute to metabolic acidosis. Cardiovascular col-
lapse can occur if acidosis is suffi ciently severe. Intracellular 
metabolic acidosis interferes with the activity of several enzymatic 
processes, which exacerbates the consequences of circulatory 
failure. Death is often caused by underlying comorbidities, the 
physical illness that precipitated ketoacidosis  –  myocardial infarc-
tion, pneumonia  –  or a direct consequence of severe metabolic 
acidosis  [141] .  
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