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T ype 2 diabetes mellitus (T2dm) is a disease charac-
terized by the dysregulation of glucose homeostasis 
resulting in hyperglycemia.1 The etiology of T2dm 
is complex and comprises a variety of different dys-

functions involving multiple organs and tissue types. Whereas 
previous understanding of the pathophysiology of T2dm largely 
focused on beta cell dysfunction and insulin resistance in skeletal 
muscle and liver, that understanding has expanded in recent 
years to include defects in the adipose tissue, pancreatic alpha 
cells, gastrointestinal tract, brain, and kidney.2 indeed, it is now 
apparent that T2dm is a multisystem disease with multiple 
metabolic abnormalities that contribute in varying degrees to 
the development and maintenance of hyperglycemia (Figure 1). 
chronic hyperglycemia is a primary factor in the pathophysiol-
ogy of T2dm because of its contribution to the development of 
insulin resistance and beta cell dysfunction, both of which, in 
turn, exacerbate hyperglycemia.2 To successfully manage T2dm, 
it is important that clinicians be apprised of the current and 
expanding state of knowledge regarding the complex interaction 
of organs and tissues in T2dm-related hyperglycemia. This article 
summarizes what is currently known about this multifaceted con-
dition, including a description of the central role of the kidneys 
in glucose homeostasis.

Natural History of T2DM: Insulin Resistance  
Versus Beta Cell Dysfunction

The natural history of T2dm has been well studied in mul-
tiple ethnic and demographic groups.3,4 insulin resistance is the 
earliest metabolic abnormality which can be detected in patients 
who will ultimately develop T2dm. for example, lean healthy 
individuals with normal glucose tolerance (NgT) who are the 
offspring of 2 T2dm parents manifest severe insulin resistance 
while still maintaining NgT.5 This observation indicates that 
insulin resistance alone is not sufficient for the development of 
hyperglycemia. moreover, the majority of obese individuals are 
insulin resistant.6 The maintenance of normoglycemia is possible 
because in response to insulin resistance, the beta cells augment 
their secretion of insulin to offset the defect in insulin action and 
maintain NgT. Thus, as long as the beta cells are able to aug-
ment their secretion of insulin sufficiently to offset the insulin 
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resistance, glucose tolerance remains normal.3 however, in 
patients who develop T2dm, the beta cells begin to fail over 
time, leading to deterioration in glucose homeostasis. This 
initially manifests as impaired glucose tolerance (igT) and 
later as overt diabetes.2,3 The resultant hyperglycemia and 
poor metabolic control may cause a further decline in insulin 
sensitivity and other metabolic derangement (ie, glucotoxic-
ity); however, it is progressive beta cell failure that ultimately 
determines the rate of disease progression.7

Relationship of Insulin Resistance in  
 Tissues to Glucose Disequilibrium

The term insulin resistance refers to impairment in insu-
lin action in insulin-target tissues, such as skeletal muscle, 
liver, and adipocytes (fat cells). insulin is the major anabolic 
hormone in the body and it is the major regulator of glucose 
metabolism. it stimulates glucose uptake and metabolism 
in skeletal muscle, suppresses hepatic glucose production 
(hgP), and restrains lipolysis in adipocytes.8,9 in the presence 
of insulin resistance, all of these insulin actions are markedly 
impaired, leading to impaired insulin-mediated muscle glu-
cose uptake and increased rates of hgP and lipolysis.

Skeletal Muscle
The primary action of insulin in skeletal muscle is to stimu-

late glucose uptake and metabolism. in lean healthy individu-
als, insulin stimulates glucose uptake into skeletal muscle in 
a dose-dependent manner. in insulin-resistant states, insulin-

stimulated glucose uptake is markedly reduced in skeletal 
muscle (Figure 2).2 both genetic and environmental factors 
contribute to the development of insulin resistance in skeletal 
muscle.1,10 The important role of genetic background in the 
pathogenesis of insulin resistance can be demonstrated by the 
fact that lean healthy NgT offspring of 2 parents with T2dm 
manifest severe insulin resistance in skeletal muscle.5 Also, 
obese patients with NgT as well as patients with igT and 
T2dm demonstrate severe insulin resistance in skeletal mus-
cle.11 The euglycemic-hyperinsulinemic clamp represents the 
gold standard method for quantitation of insulin resistance, 
and studies with the euglycemic-hyperinsulinemic clamp in 
combination with femoral artery and vein catheterization 
have demonstrated multiple defects in insulin action in skele-
tal muscle.11,12 The dose response curve relating insulin-stim-
ulated glucose uptake and the plasma insulin concentration 
shifts to the right with an increase in half maximal effective 
concentration (ec50) to approximately 120 to 140 µu/mL 
in patients with T2dm. in addition, the onset of insulin 
action in skeletal muscle in patients with T2dm is markedly 
delayed (figure 2).2,11 The molecular basis of insulin resistance 
in skeletal muscle has been extensively studied.11 The ability 
of insulin to activate the insulin-signaling cascade in skeletal 
muscle is severely impaired in insulin-resistant individuals and 
this defect plays a paramount role in the pathogenesis of insu-
lin resistance. in addition to the defect in insulin signaling, 
multiple intramyocellular (imcL) defects in insulin action 
are present in insulin-resistant individuals, including impaired 
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glucose transport and phosphorylation, reduced glycogen 
synthesis, and decreased glucose oxidation.11 however, more 
proximal defects in the insulin signal transduction system play 
an important role in muscle insulin resistance.

Liver
in the fasting state, the body utilizes about 2 mg glucose/

kg/min.13 This glucose demand is perfectly matched by glu-
cose production by the liver,8 and glucoregulatory hormones 
maintain circulating glucose concentrations within a narrow 
range.14 hgP is regulated by the direct and indirect effects 
of insulin, and a small increase in portal insulin concentra-
tion directly inhibits hgP.15 The ed50 for hgP inhibition 
by insulin is approximately 30 to 40 µu/mL.3 because of the 
development of hepatic insulin resistance in T2dm, the rate 
of basal hgP is increased despite fasting hyperinsulinemia, 
averaging about 2.5 mg/kg/min.2 in an average 80-kg person, 
this amounts to the addition of an extra 25 g to 30 g of glu-
cose released to the systemic circulation every night.2 Thus, 
the fasting plasma glucose concentration in individuals with 
T2dm strongly correlates with the rate of hgP (Figure 
3).2 in addition to hepatic insulin resistance, multiple other 
factors contribute to accelerated rate of hgP, including: 1) 
increased circulating glucagon levels and enhanced hepatic 
sensitivity to glucagon; 2) increased circulation of gluconeo-
genic precursors such as lactate, alanine, and glycerol; and 3) 
increased free fatty acid (ffA) oxidation.3

Adipocytes
Although the genetic background of the individual plays 

a pivotal role in the development of insulin resistance, the 
diabetes epidemic we are witnessing is driven primarily by 
the epidemic of obesity.16 Obese patients display marked 
insulin resistance in extrahepatic tissues compared with lean 
matched individuals, and the extent of insulin resistance 
is related to the increase in body mass index (bmi).17-19

conversely, weight loss in obese, insulin-resistant, and dia-
betic patients improves insulin sensitivity.20 collectively, 
these studies demonstrate a causal role of obesity in the 
development of skeletal muscle insulin resistance.11

The mechanism via which obesity causes insulin resis-
tance in skeletal muscle is related to the accumulation of 
fat in the myocytes.11,21 muscle biopsy studies have dem-
onstrated an inverse relationship between muscle insulin 
sensitivity and intramuscular triglyceride content.22 more 
recent studies using magnetic resonance spectroscopy have 
demonstrated that, although imcL fat content contributes 
only a small fraction, a mean of 2.21%, to the total muscle 
fat content,23 it plays a key role in the development of 
insulin resistance in skeletal muscle compared with extra-
myocellular fat content. muscle insulin resistance strongly 
correlates with imcL, independent of bmi, fasting blood 
glucose, and age.23

considerable evidence links abnormal adipocyte metabo-
lism to the pathogenesis of T2dm. The clinical sequelae of 

n Figure 2. InsulinStimulated Total Body Glucose Uptake and InsulinStimulated Leg Glucose Uptake in 
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obesity are consequent to the pathological hyperplasia and 
hypertrophy of fat cells that increase ffA secretion, impair 
hepatic insulin clearance, and alter peripheral metabolism.19

chronic elevation of plasma ffA concentration has been 
shown to cause severe insulin resistance in skeletal muscle 
and liver and may impair insulin secretion in patients with a 
positive family history of T2dm.24,25 moreover, enlarged adi-
pocytes have diminished capacity to store fat, and when the 
maximal fat storage capacity of the adipocytes is exceeded, 
excess lipid spills over to lean tissue (eg, skeletal muscle, liver, 
and beta cells), causing insulin resistance and impaired insu-
lin secretion.26 consistent with this fat overflow hypothesis, 
acipimox, a drug which inhibits lipolysis and reduces plasma 
ffA concentration, markedly improves insulin sensitivity 
and insulin secretion in both obese nondiabetic individuals 
and in patients with T2dm.27-29 Lastly, dysfunctional fat cells 
produce excessive amounts of insulin resistance–inducing 
inflammatory adipocytokines (eg, TNf alpha and interleu-
kins), and fail to produce insulin-sensitizing adipokines such 
as adiponectin.30 

Brain
As noted, the current epidemic of diabetes is driven by 

excessive body weight and obesity, and increased food intake 
is likely the major factor contributing to high rates of obe-
sity.16 insulin resistance and compensatory hyperinsulinemia 
are characteristic among the obese, both diabetic and non-
diabetic individuals.2 Studies in experimental animals have 
demonstrated that insulin suppresses appetite and decreases 
food intake.31 despite hyperinsulinemia, obese patients dem-

onstrate increased food intake. furthermore, peripheral tissue 
insulin resistance may also include the brain.2 Studies using 
functional magnetic resonance imaging (mri) have dem-
onstrated that following a meal, there is suppression of the 
activity of 2 hypothalamic areas which are key centers for 
appetite regulation, and the magnitude of inhibition of these 
2 areas is markedly attenuated in obese individuals. moreover, 
obese individuals manifest a delay in the time taken to reach 
the maximum inhibitory response compared with lean indi-
viduals, even though the plasma insulin response was markedly 
increased.32 Whether the impaired functional mri response in 
obese patients contributes to or is a consequence of the insulin 
resistance and weight gain, or is due to impaired secretion and/
or action of other peptides secreted from the gut in response 
to a meal and that regulate appetite (eg, gLP-1), remains 
to be seen. Nonetheless, these observations demonstrate the 
presence of a defect in the brain-gut axis which is responsible 
for the regulation of appetite and food intake. One also can 
speculate that it is likely that this defect plays an important 
role in the development of obesity and T2dm. 

Relationship of Beta Cell Failure to 
 Glucose Disequilibrium

Progressive beta cell failure is the primary defect respon-
sible for the development and progression of hyperglycemia 
in individuals with T2dm.33 The exact mechanism of pro-
gressive beta cell failure in T2dm remains poorly understood. 
however, it is now apparent that the impairment in beta cell 
function begins long before overt T2dm is evident.2 both 
genetic and other factors contribute to this process. Several 
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lines of evidence indicate a pivotal role of the genetic 
makeup of the individuals in the development of beta 
cell failure. Thus, beta cell failure clusters in families and 
NgT offspring of parents with T2dm manifest impaired 
first phase insulin secretion.34 due to the inheritability 
of defects in insulin secretion and action among patients 
with T2dm, there are substantial implications for future 
genetic studies.34

Other factors that contribute to beta cell failure 
include lipotoxicity, glucotoxicity, and incretin defi-
ciency, as described below.

Lipotoxicity Due to Elevated Plasma FFA Levels
Physiological elevation of the plasma ffA concentra-

tion for as little as 48 hours markedly impairs insulin secre-
tion in genetically predisposed individuals.25 conversely, 
a sustained reduction in plasma ffA concentration with 
acipimox in nondiabetic patients improved insulin sen-
sitivity.29 moreover, peroxisome proliferator–activated 
receptor (PPAr)γ agonists (ie, rosiglitazone and piogli-
tazone), which deplete beta cell fat content, have been shown 
to improve beta cell function.35,36

Glucotoxicity
Persistent elevation in plasma glucose concentration 

impairs beta cell function, and this has been referred to as 
glucotoxicity. Studies by rossetti et al in partially pancre-
atectomized rats provided definitive proof of this concept. 
following treatment with phlorizin, an inhibitor of renal 
glucose transport, the plasma glucose profile was normal-
ized without changes in any other circulating metabolites. 
Normalization of the plasma glucose profile was associated 
with restoration of both the first and second phases of insu-
lin secretion.37 in vitro studies with isolated rat islets have 
also demonstrated that chronic exposure to elevated plasma 
glucose levels impairs insulin secretion.35 in rats, Leahy et 
al showed that even a small elevation of the mean day-long 
plasma glucose concentration in vivo leads to a marked inhi-
bition of glucose-stimulated insulin secretion in the isolated 
perfused pancreas.38 Thus, strict glycemic control is essential 
not only to prevent the microvascular complications of 
diabetes but also to reverse the glucotoxic effect of chronic 
hyperglycemia on the beta cells, as well as on hepatic and 
muscle insulin resistance.

Incretin Deficiency
Patients with T2dm manifest multiple abnormalities in 

the incretin axis.2 The ratio between insulin secretion during 
the oral glucose tolerance test and insulin secretion during 

similar glucose stimulus produced with intravenous glu-
cose administration represents the incretin effect and it is 
markedly reduced in patients with T2dm.39 Two incretins, 
gLP-1 and giP, account for the incretin effect.40 The 
decrease in incretin effect in patients with T2dm can be 
explained primarily by resistance to the action of giP,41 
and to a lesser extent by a resistance to gLP-1 action.42 in 
addition, there is a deficiency of gLP-1 in T2dm.43 The 
deficiency of gLP-1 can be observed in individuals with 
igT and worsens progressively with progression to T2dm.41 
in contrast to gLP-1, plasma levels of giP are elevated in 
T2dm, yet circulating plasma insulin levels are reduced.44 
This emphasizes the severity of beta cell resistance to the 
stimulatory effect of giP on insulin secretion. recent stud-
ies have shown that tight glycemic control can restore the 
beta cells’ insulin secretory response to giP.45 Thus, beta cell 
resistance to giP is another manifestation of glucotoxicity. 
Although the resistance to giP and gLP-1 action reflects 
a defect in the beta cell, the impaired gLP-1 secretion in 
igT and T2dm in the presence of hyperglycemia repre-
sents a defect in the L-cell in the gut and demonstrates the 
contribution of the gastrointestinal tract abnormality to the 
pathogenesis of T2dm.2,41 

Additional Mechanisms of Glucose  
Disequilibrium in T2DM 

Alpha Cells
glucagon is secreted from the alpha cell in the pancreatic 

islet in response to hypoglycemia; glucagon then acts on the 
liver to stimulate hgP and restore normoglycemia. despite 
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fasting hyperglycemia, the basal plasma glucagon concen-
tration is elevated in individuals with T2dm. moreover, 
the suppression of glucagon level after a meal is markedly 
impaired in individuals with T2dm.1,46 clinical study data 
have demonstrated that the hyperglucagonemia in diabetic 
individuals significantly contributes to the increased basal 
rate of hgP which is characteristic of T2dm.47 Since an 
increased rate of basal hgP is the principal factor responsible 
for fasting hyperglycemia in T2dm individuals, these obser-
vations demonstrate the pivotal role of hyperglucagonemia 
in the pathogenesis of fasting hyperglycemia in T2dm and 
establish glucagon as a therapeutic target for lowering the 
fasting plasma glucose concentration. indeed, several gluca-
gon antagonists are in development and have been shown to 
be effective in lowering fasting hyperglycemia in individuals 
with T2dm.48

Kidneys
The kidneys filter approximately 180 liters of plasma each 

day. in normal healthy individuals with a plasma glucose 
concentration of approximately 90 to 100 mg/dL, this filtrate 
contains around 162 grams of glucose.49 in patients with 
NgT virtually all of this glucose is reabsorbed in the proxi-
mal tubule and no glucose is excreted in the urine.50 The 
maximum glucose transport capacity (Tm) of the proximal 
tubule has a value of about 375 mg/min, on average (Figure 
4).49 renal glucose reabsorption takes place in the proximal 
tubule primarily in the S1 and S3 segments, and is mediated 
by sodium-glucose co-transporters (SgLTs) which couple 
glucose reabsorption to sodium reabsorption. The sodium 
electrochemical gradient generated by active sodium trans-

port provides the energy required for glucose transport.49 To 
date, 6 human SgLTs have been identified.51 however, only 
2 transporters are responsible for renal glucose reabsorption. 
SgLT2 is exclusively expressed in the kidney and has low 
affinity and high capacity for glucose transport; it is primarily 
located in the S1 segment of the proximal tubule and absorbs 
80% to 90% of filtered glucose.49,51,52 SgLT1 is expressed 
in the kidney and gut and transports glucose and galactose, 
and is responsible for the majority of glucose and galactose 
uptake in the gut.50,53,54 SgLT1 is located in the S3 segment 
of the proximal tubule in the kidney and is responsible for 
the reabsorption of the remaining 10% of filtered glucose.49,51 
in normal individuals, the filtered glucose load is less than 
the maximal glucose transport capacity (Tm, 375 mg/min). 
Thus, all of the filtered glucose is reabsorbed and returned to 
the circulation. however, if the filtered glucose load exceeds 
375 mg/min, as often occurs in individuals with poorly con-
trolled diabetes, the Tm is exceeded, and all of the glucose in 
excess of the Tm is excreted in the urine. The plasma glucose 
concentration at which the filtered glucose load reaches the 
Tm (375 mg/min) is called the threshold and in healthy 
individuals is approximately 180 mg/dL; above this thresh-
old, the glucose excretion rate increases linearly and parallels 
the filtered load (figure 4).49 however, the reabsorption and 
excretion curves display a non-linear transition as the Tm 
for glucose is approached. This “rounding” of the curves is 
termed splay, and has been explained by heterogeneity in 
the Tm of individual nephrons and/or glomerulotubular 
imbalance.54

Patients with NgT have a Tm for glucose that is well 
above the filtered glucose load. This has major survival 

n Figure 5. SGLT2 Transporter mRNA, Protein, and Glucose Transport in Cultured Renal Proximal Tubular 
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benefits, since it allows the kidneys to conserve this critical 
energy source for the brain, which (with the exception of 
prolonged fasting) can utilize only glucose to generate ener-
gy for neuronal function.49 Studies in human cellular models 
have demonstrated that the increase in plasma glucose 
concentration is associated with upregulation of SgLT2 
expression in the kidney (Figure 5).54,55 consistent with 
this observation, individuals with T2dm have increased 
renal Tm for glucose. Thus, one can postulate that, because 
hyperglycemia results in glucose filtration load in excess of 
the Tm, the increase in Tm during hyperglycemia represents 
an adaptive mechanism to prevent glucosuria and preserve 
energy during conditions when food was sparse. Thus, the 
increase in renal Tm in diabetic individuals contributes to 
the maintenance of hyperglycemia. Today, when food is 
abundant and diabetes has reached epidemic proportions, 
this adaptive mechanism has become maladaptive, because 
the increase in renal Tm in diabetic individuals contributes 
to the maintenance of hyperglycemia. in patients with 
diabetes it would be desirable for the kidney to excrete 
the excess filtered glucose load, to restore normoglycemia. 
instead, the increased Tm for glucose minimizes glucosuria 
and exacerbates the hyperglycemia.49 

Since both SgLT1 and SgLT2 utilize active cotrans-
port to couple glucose transport to the sodium gradient, 
increased glucose uptake in the proximal tubule in patients 
with diabetes is expected to be accompanied by increased 
sodium reabsorption by SgLT2.54 One can speculate that the 
increased sodium reabsorption may lead to extracellular vol-
ume expansion and an increase in blood pressure. Although 
this hypothesis never has been tested in humans, a recent 
micropuncture study in experimental animals has demon-
strated that acute inhibition of SgLT2 causes a 2- to 3-fold 
increase in single nephron sodium excretion. however, the 
increased sodium excretion waned after 2 weeks, suggesting 
an important role of tubuloglomerular feedback in long-term 
fluid and salt balance.56  

Summary

T2dm is a disease characterized by the dysregulation 
of glucose homeostasis, resulting in hyperglycemia. The 
pathophysiology of T2dm involves a complex relation-
ship of dysfunction occurring in various organs and tissues. 
New insights into the pathophysiology of T2dm, and the 
role of various organs and tissues such as the kidneys in 
regulating blood sugar, may potentially reveal pathophysi-
ological mechanisms and defects that could be targeted 
for the insulin-independent pharmaceutical treatment of 
T2dm.
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