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ABSTRACT

Numerous distinct pathophysiologic abnormalities
have been associated with type 2 diabetes mellitus
(T2DM). It is well established that decreased
peripheral glucose uptake (mainly muscle) combined
with augmented endogenous glucose production are
characteristic features of insulin resistance. Increased
lipolysis, elevated free fatty acid levels, along with
accumulation of intermediary lipid metabolites
contributes to further increase glucose output, reduce
peripheral glucose utilization, and impair beta cell
function.  Adipocyte insulin  resistance and
inflammation have been identified as important
contributors to the development of T2DM. The
presence of non-alcoholic fatty liver disease [NAFLD]
is now considered an integral part of the insulin
resistant state. The traditional concepts of
“glucotoxicity” and lipotoxicity, which covers the
process of beta cell deterioration in response to
chronic elevations of glucose and lipids, has been
expanded to encompass all nutrients [‘nutri-toxicity”].
The delayed transport of insulin across the
microvascular system is also partially responsible for

the development of tissue insulin resistance.
Compensatory insulin secretion by the pancreatic beta
cells may initially maintain normal plasma glucose
levels, but beta cell function is already abnormal at this
stage and progressively worsens over time.
Concomitantly, there is inappropriate release of
glucagon from the pancreatic alpha-cells, particularly
in the postprandial period. It has been postulated that
both impaired insulin and excessive glucagon
secretion in T2DM are secondary to an “incretin
defect”, defined primarily as inadequate release or
response to the gastrointestinal incretin hormones
upon meal ingestion. To a certain extent, the gut
microbiome appears to play a role in the hormonal and
metabolic disturbances seen in T2DM. Moreover,
hypothalamic insulin resistance (central nervous
system) also impairs the ability of circulating insulin to
suppress glucose production, and renal tubular
glucose reabsorption capacity may be enhanced,
despite hyperglycemia. These pathophysiologic
abnormalities should be considered for the treatment
of hyperglycemia in patients with T2DM.
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NORMAL GLUCOSE HOMEOSTASIS

In the post-absorptive state (10-12 hour overnight
fast), the majority of total body glucose disposal takes
place in insulin independent tissues (1). Under basal
conditions, approximately 50% of all glucose utilization
occurs in the brain, which is insulin independent and
becomes saturated at a plasma glucose concentration
of about 40 mg/dl (2). Another 25% of glucose uptake
occurs in the splanchnic area (liver plus
gastrointestinal tissues) and is also insulin
independent (3). The remaining 25% of glucose
metabolism in the post-absorptive state takes place in
insulin-dependent tissues, primarily muscle (4,5).
Basal glucose utilization averages ~2.0 mg/kg/min
and is precisely matched by the rate of endogenous
glucose production (1,3-7). Approximately 85% of
endogenous glucose production is derived from the
liver, and the remaining amount is produced by the
kidney (1,8,9). Approximately one-half of basal hepatic
glucose production is derived from glycogenolysis and
one-half from gluconeogenesis (9,10).

Following glucose ingestion, the balance between
endogenous glucose production and tissue glucose
uptake is disrupted. The increase in plasma glucose
concentration stimulates insulin release from the
pancreatic beta cells, and the resultant
hyperinsulinemia and hyperglycemia serve (i) to
stimulate glucose uptake by splanchnic (liver and gut)
and peripheral (primarily muscle) tissues and (ii) to
suppress endogenous glucose production (1,3-7,11-
14).

Hyperglycemia, in the absence of hyperinsulinemia,
exerts its own independent effect to stimulate muscle
glucose uptake and to suppress endogenous glucose
production in a dose dependent fashion (14-16). The
majority (~80-85%) of glucose that is taken up by
peripheral tissues is disposed of in muscle (1,3-7,11-
14), with only a small amount (~4-5%) being
metabolized by adipocytes (17). Although fat tissue is

responsible for only a fraction of total body glucose
disposal, it plays a very important role in the
maintenance of total body glucose homeostasis (see
below). Insulin is a potent inhibitor of lipolysis and even
small increments in the plasma insulin concentration
exerts a potent anti-lipolytic effect, leading to a marked
reduction in the plasma free fatty acid level (18). The
decline in plasma FFA concentration results in
increased glucose uptake in muscle (19) and
contributes to the inhibition of endogenous glucose
production (16,20). Thus, changes in the plasma FFA
concentration in response to increased plasma levels
of insulin and glucose play an important role in the
maintenance of normal glucose homeostasis (21,22).

SITES OF INSULIN RESISTANCE IN TYPE 2
DIABETES (T2DM)

The maintenance of whole-body glucose homeostasis
is dependent upon a normal insulin secretory
response by the pancreatic beta cells and normal
tissue sensitivity to the independent effects of
hyperinsulinemia and hyperglycemia (i.e., the mass-
action effect of glucose) to augment glucose uptake.
In turn, the combined effects of insulin and
hyperglycemia to promote glucose disposal are
dependent on three tightly coupled mechanisms: (i)
suppression of endogenous (primarily hepatic)
glucose production; (ii) stimulation of glucose uptake
by the splanchnic (hepatic plus gastrointestinal)
tissues; and (iii) stimulation of glucose uptake by
peripheral tissues, primarily muscle (1,4,14). Muscle
glucose uptake is regulated by flux through two major
metabolic pathways: glycolysis (of which ~90%
represents glucose oxidation) and glycogen synthesis.

Hepatic Glucose Production

In the overnight fasted state, the liver of healthy
subjects produces glucose at the rate of ~1.8-2.0
mg.kg".min" (1,3,4,6,18,54). This glucose flux is
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essential to meet the needs of the brain and other
neural tissues, which utilize glucose at a constant rate
of ~1-1.2 mg.kg™”".min"" (2,169). Brain glucose uptake
accounts for ~50-60% of glucose disposal during the
post-absorptive state and this uptake is insulin
independent. Therefore, brain glucose uptake occurs
at the same rate during absorptive and post-
absorptive periods and is not altered in T2DM (214).
Following glucose ingestion, insulin is secreted into
the portal vein and glucagon release is inhibited, and
this new hormonal ratio is carried to the liver, where it
suppresses hepatic glucose output. If the liver does
not perceive this insulin signal and continues to
produce glucose, there will be two superimposed
inputs of glucose into the body, one from the liver and
another from the gastrointestinal tract and marked
hyperglycemia will ensue.

In subjects with T2DM and mild to moderate fasting
hyperglycemia (140-200 mg/dl, 7.8-11.1 mmol/L)
basal endogenous glucose production [EGP] is
increased by ~0.5 mg/kg/min. Consequently, during
the overnight sleeping hours (i.e., 2200 h to 0800 h),
the liver of a 80-kg individual with diabetes and modest
fasting hyperglycemia adds an additional 35 g of
glucose to the systemic circulation. The increase in
basal EGP is closely correlated with the severity of
fasting hyperglycemia (1,3,4,6,18,54,157-159,162).
Thus, in T2DM with overt fasting hyperglycemia (>140
mg/dl, 7.8 mmol/l), an excessive rate of EGP and
glucose output is the major abnormality responsible
for the elevated fasting plasma glucose concentration.
The close relationship between fasting plasma
glucose concentration and EGP has been
demonstrated in numerous studies (164-166,170-
174).

In the post-absorptive state, the fasting plasma insulin
concentration in subjects with T2DM is 2-4 fold greater
than in subjects without diabetes. Because
hyperinsulinemia is a potent inhibitor of EGP (1,3,4-
6,16,18,164,165,175), hepatic resistance to the action
of insulin must be present in the post-absorptive state

to explain the excessive output of glucose.
Hyperglycemia per se also exerts a powerful
suppressive action on EGP (15,167,175-177).
Therefore, the liver, primarily, also must be glucose
resistant with respect to the inhibitory effect of
hyperglycemia to suppress glucose output, and this
has been well documented (15,167,178,179).

Using the euglycemic insulin clamp technique in
combination with tritiated glucose, the dose response
relationship between endogenous glucose production
and the plasma glucose concentration has been
defined by Groop, DeFronzo, et al (18). The following
points should be emphasized: (i) first, the dose-
response curve relating inhibition of EGP to the
plasma insulin concentration is quite steep, with an
effective dose for half-maximal insulin concentration
(ED50) of ~30-40 pU/ml; (ii) in individuals with T2D the
dose response curve is shifted to the right, indicating
the presence of hepatic resistance to the inhibitory
effect of insulin on hepatic glucose production.
However, at plasma insulin concentrations within the
high physiologic range (~100 pU/ml), the hepatic
insulin resistance can be largely overcome and a near
normal suppression of EGP can be achieved; (iii) the
severity of the hepatic insulin resistance is related to
the severity of the diabetic state. In T2DM with mild
fasting hyperglycemia, an increment in plasma insulin
concentration of 100 pU/ml causes a complete
suppression of EGP. However, in diabetic subjects
with more severe fasting hyperglycemia, the ability of
the same plasma insulin concentration to suppress
EGP is impaired (18). These results suggest that there
is an acquired component of hepatic insulin resistance
and that this defect becomes progressively worse as
the diabetic state decompensates over time.

The glucose released by the liver in the post-
absorptive state can be derived from either
glycogenolysis or gluconeogenesis (6,16,176).
Studies employing the hepatic vein catheter technique
have shown that the uptake of gluconeogenic
precursors, especially lactate, is increased in subjects
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with T2DM (180). Consistent with this observation,
radioisotope turnover studies, using lactate, alanine,
and glycerol have shown that ~90% of the increase in
HGP above baseline can be accounted for by
accelerated gluconeogenesis (181,182). More recent
studies employing '*C-magnetic resonance imaging
(183) and D20 (184,185) have confirmed the
important contribution of accelerated gluconeogenesis
to the increase in HGP. An increased rate of glutamine
conversion to glucose also has been shown to
contribute to the elevated rate of gluconeogenesis in
subjects with T2DM (186), which may be, in part,
derived from renal gluconeogenesis (8). The
mechanisms responsible for the increase in hepatic
gluconeogenesis include hyperglucagonemia (187),
increased circulating levels of gluconeogenic
precursors (lactate, alanine, glycerol) (181,188),
increased FFA oxidation (18,162,189), enhanced
sensitivity to glucagon (190) and decreased sensitivity
to insulin (1,4.18,164,165). Although the majority of
evidence indicates that increased gluconeogenesis is
the major cause of the increase in EGP in subjects with
T2DM (181- 186), it is likely that accelerated
glycogenolysis also contributes to it (181,191).

The presence of both direct and indirect effects of
insulin in suppressing EGP and release into the
circulation were recently demonstrated in animals
using intra-portal and systemic insulin infusions (430).
The results provided evidence that, in addition to a
direct action of insulin on hepatic enzymes, the
inhibition of adipose tissue lipolysis represents an
important mechanism by which insulin regulates the
rate of gluconeogenesis. This is therefore,
accomplished indirectly, by controlling the supply of
free fatty acids, which are essential to the process of
glucose synthesis de novo. The rate-limiting step in
achieving fast and complete inhibition of adipose
tissue lipolysis is the transendothelial transport of
insulin across tissue capillaries. Additional data
obtained during systemic infusions of free fatty acids
and in experiments where adipocyte lipolytic factors
were manipulated, together with observation in mice
lacking hepatic Foxo1 & Akt1/2 signaling have

confirmed this indirect action of insulin on
gluconeogenesis (430-432). These findings have
generated the hypothesis that in patients with T2DM,
insulin may be transported slowly across tissue
capillaries, which delays the inhibition of lipolysis with
subsequent impairment of the suppression of EGP.

On the other hand, animal studies (431), where insulin
was infused directly into the portal vein, mimicking
normal insulin secretory pattern, showed that there is
complete and swift inhibition of EGP. These
observations were confirmed when plasma glucagon
and fatty acid levels were clamped at basal values,
and in conditions where brain insulin action was
blocked. The authors concluded that the direct hepatic
effect of insulin in the regulation of EGP is more
relevant and that, the indirect effect is redundant in
physiological conditions. Acute insulin suppression of
endogenous gluconeogenesis is largely an indirect
effect mediated by the inhibition of adipose tissue
lipolysis, which reduces delivery of non-esterified fatty
acids and glycerol to the liver. The major direct effect
of insulin on hepatic glucose metabolism is the
regulation of glycogen metabolism. Hyperglycemia
and hyperinsulinemia are required to maximally
stimulate net hepatic glycogenesis. In T2DM, lipid-
induced hepatic insulin resistance, high rates of
adipose tissue lipolysis and hyperglucagonemia
impair glucose metabolism in the liver (432).

Because of the inaccessibility of the liver in man, it has
been difficult to assess the role of key enzymes
involved in the regulation of gluconeogenesis
(pyruvate carboxylase, phosphoenol- pyruvate
carboxykinase), glycogenolysis (glycogen
phosphorylase), and net hepatic glucose output
(glucokinase, glucose-6-phosphatase). However,
considerable evidence from animal models of T2DM
and some evidence in humans have implicated
increased activity of PEPCK and G-6-Pase in the
accelerated rate of hepatic glucose production (192-
194).
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Recently, changes in hypothalamic insulin signaling
have been shown to affect endogenous glucose
production. The activation of the insulin receptor in the
third cerebral ventricle is capable of suppressing
glucose production, independent of plasma insulin or
other counter-regulatory hormones.  Conversely,
central antagonism to insulin signaling impairs the
ability of circulating insulin to inhibit glucose
production (6A). These observations have raised the
possibility that hypothalamic insulin resistance
contributes to hyperglycemia in T2DM.

The Role of the Kidney

The kidney also has been shown to produce glucose
and estimates of the renal contribution to total
endogenous glucose production have varied from 5%
to 20% (8,9,195). These varying estimates of the
contribution of renal gluconeogenesis to total glucose
production are largely related to the methodology
employed to measure glucose production by the
kidney (196). One unconfirmed study suggests that
the rate of renal gluconeogenesis is increased in
T2DM with fasting hyperglycemia (197). Arguing
against this possibility are studies employing the
hepatic vein catheter technique which have shown
that all of the increase in total body EGP (measured
with 3-*H-glucose) in T2DM can be accounted for by
increased hepatic glucose output (measured by the
hepatic vein catheter technique) (3). A more relevant
aspect on the role of the kidney in the dysregulation of
glucose homeostasis in diabetes is the maintenance
of hyperglycemia, which results from a maladaptive
enhancement of the tubular glucose transport
threshold (9A, 9B). It has been hypothesized that in
response to an elevated glucose load presented to the
proximal tubular lumen, the sodium glucose co-
transporter system increases its reabsorptive capacity
by upregulating the SGLT-2 expression and kinetics
(9C). However, more recent studies conducted in
humans who underwent unilateral nephrectomy were
not able to confirm the over-expression of either
SGLT-2 or SGLT-1 proteins in proximal renal tubules

of patients with T2DM compared to non-diabetic
controls (433, 434). The augmented tubular glucose
transport described in patients with type 1 and type 2
diabetes may result from a functional enhancement of
the activity of these co-transporters. The elevated
renal threshold to plasma values between 220-250
mg/dl for the excretion of glucose into the urine in
these patients, thus may be secondary to a sustained
hyperglycemia. If this is confirmed, the maladaptive
process of recycling a substantial amount of glucose
back into the peripheral circulation may be attenuated
with near-normoglycemia, possibly reversible. In any
case, this contribution of the kidney to hyperglycemia
in diabetic patients represents one additional
pathogenic mechanism that has been
underappreciated.

Peripheral (Muscle) Glucose Uptake

Muscle is the major site of glucose disposal in man
(1,3-5,14). Under euglycemic hyperinsulinemic
conditions, approximately 80% of total body glucose
uptake occurs in skeletal muscle (1,3-5). Studies
employing the euglycemic insulin clamp in
combination with femoral artery/vein catheterization
have examined the effect of insulin on leg glucose
uptake in subjects with T2DM and control subjects (3).
Since bone is metabolically inert with regards to
carbohydrate metabolism and adipose tissue takes up
less than 5% of an infused glucose load (17,198,199),
muscle represents the major tissue responsible for leg
glucose uptake.

In response to a physiologic increase in plasma insulin
concentration (~80-100 pU/ml), leg (muscle) glucose
uptake increases linearly, reaching a plateau value of
10 mg/kg leg wt per minute (3). In contrast, in lean
subjects with T2DM, the onset of insulin action is
delayed for~40 min and the ability of the hormone to
stimulate leg glucose uptake is markedly blunted,
even though the study is carried out for an additional
60 min in the group with T2DMto allow insulin to more
fully express its biological effects (3). During the last
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hour of the insulin clamp study, the rate of glucose
uptake was reduced by 50% in the group with T2DM
(3). These results provide conclusive evidence that the
primary site of insulin resistance during euglycemic
insulin clamp studies performed in subjects with T2DM
resides in muscle tissue. Using the forearm and leg
catheterization techniques (13,153,200,202), a
number of investigators have demonstrated a
decreased rate of insulin-mediated glucose uptake by
peripheral tissues. The use of positron emission
tomography (PET) scanning to quantitate leg glucose
uptake in subjects with T2DM has provided additional
support for the presence of severe muscle resistance
to insulin in diabetic subjects (203).

Vascular and Myocardial Insulin Resistance

The first and rate-limiting step in insulin-mediated
glucose disposal is the transit of insulin from the
plasma to the muscle. The crossing of insulin from the
circulation into the muscle interstitium is governed by
vascular endothelium. The transendothelial transport
depends on the insulin receptor binding to the
endothelial cell membrane and requires the activation
of the nitric oxide synthase. The transport of insulin
across the endothelial cell layer appears to involve a
complex vesicular trafficking process, which is
saturable. Insulin is known to promote capillary
vasodilation particularly in the postprandial period to
facilitate entry and distribution of fuel substrates,
including glucose. Several studies sampled lymph
and interstitial glucose, using dialysis techniques,
have suggested that a delay in insulin transfer from the
plasma to the tissue may play an important role in the
development of insulin resistance (427-429). Thus,
impairment of insulin action may be secondary to a
decrease in capillary density [chronic situations] or to
a defective increase in blood flow or micro-capillary
recruitment [acute conditions] (429). These
abnormalities have been described in obese insulin-
resistant and in the skin flow response of patients with
diabetes.

Myocardial insulin resistance translates to abnormal
intracellular signaling and reduced glucose oxidation
rates in animal models of obesity (435). It adversely
affects myocardial mechanical function and tolerance
to ischemia and reperfusion. The heart is a dynamic
organ that requires continuous energy in the form of
ATP in order to meet contractile demands. This is
achieved via a constant supply of blood-borne
oxidizable substrates. The majority of ATP is derived
from fatty acid oxidation [60-70%]. Glucose and
lactate extracted from the circulation account for the
remainder 30-40%. However, when blood glucose
and insulin levels are elevated, such as immediately
after a meal, glucose becomes the major fuel for
myocardial oxidation and, it may represent up to 70%
of the total substrate oxidation by cardiomyocytes.
Long—chain fatty acids are taken up by the heart
proportionately to circulating levels, via a passive
facilitated transport. Once inside the cytosol, they are
degraded into acetyl-CoA moieties that enter the
mitochondrial oxidative phosphorylation process. The
excess fatty acids are re-esterified to form diacyl- and
triacyl-glycerides and, these lipid intermediates are
stored in the form the myo-cellular lipid pool. Glucose
enters the myocardial cells both via GLUT-1 passive

and insulin-stimulated GLUT-4 active transport.
These are dictated by myocardial contraction
demands and circulating insulin levels. Intracellular

glucose is phosphorylated and either stored as muscle
glycogen or anaerobically oxidized to pyruvate. Under
normal oxygen delivery, pyruvate is converted to
acetyl-CoA, which enters mitochondrial oxidation. In
conditions of ischemia, low oxygen forces the
conversion of pyruvate into lactate (435).

It is believed that myocardial insulin resistance with
typical defects in glucose transport and oxidation
develops, in part, because of an excess supply of fatty
acids. In addition to a direct competition with glucose
utilization, there is evidence that the accumulation of
intracellular lipid intermediates interferes with insulin
signaling. The molecular defects responsible for the
insulin resistance in the cardiomyocytes are
analogous to the skeletal muscle. The local generation
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of reactive oxygen species and other elements also
participate in obstructing insulin action. Although the
cellular and metabolic manifestations may be similar,
the consequences of insulin resistance in the heart
muscle tend to express with lower tolerance for
ischemia and poor mechanical function.
Consequently, patients with insulin resistance are
susceptible to earlier and more severe cardiovascular
complications.

Splanchnic (Hepatic) Glucose Uptake

In humans, it is difficult to catheterize the portal vein,
and glucose disposal by the liver has not been
examined directly. Using the hepatic vein
catheterization technique in combination with the
euglycemic insulin clamp, the contribution of the
splanchnic (liver plus gastrointestinal) tissues to
overall glucose homeostasis has been examined in
lean subjects with T2DM with mild to moderate fasting
hyperglycemia (3). In the post-absorptive state, there
is a net release of glucose from the splanchnic area
(i.e., negative balance) in both control and subjects
with T2DM, reflecting glucose production by the liver.
In response to insulin, splanchnic glucose output is
promptly suppressed (reflecting the inhibition of HGP)
and, by 20 min, the net glucose balance across the
splanchnic region declines to zero (i.e., there was no
net uptake or release) (3). After 2 h of sustained
hyperinsulinemia, there is a small net uptake of
glucose (~0.5 mg.kg ".min™") by the splanchnic area
(i.e., positive balance). This uptake is virtually identical
to the rate of splanchnic glucose uptake observed in
the basal state, indicating that the splanchnic tissues,
like the brain, are insensitive to insulin at least with
respect to the stimulation of glucose uptake
(3,5,6,175). There was no difference between diabetic
and control subjects for glucose taken up by the
splanchnic tissues at any time during the insulin clamp
study (3).

The results of these studies illustrate another
important point: namely, that under conditions of

euglycemic hyperinsulinemia, very little of the infused
glucose is taken up by the splanchnic (and therefore
hepatic) tissues (3,5,6,175). During the insulin clamp,
the rate of whole body glucose uptake averaged 7
mg.kg™".min™" and of this, only 0.5 mg.kg™.min"" or 7%,
was disposed of by the splanchnic region. Because
the difference in insulin-mediated total body glucose
uptake between the T2DM and control groups during
the euglycemic insulin clamp study was 2.5 mg.kg
"min", from a purely quantitative standpoint it is
obvious that a defect in splanchnic (hepatic) glucose
removal never could account for the magnitude of
impairment in total body glucose uptake following
intravenous glucose/insulin administration. However,
after glucose ingestion, the oral route of administration
and the resultant hyperglycemia conspire to enhance
splanchnic (hepatic) glucose uptake
(6,7,11,12,16,26,175) and, under these conditions,
diminished hepatic glucose uptake has been shown to
contribute to the impairment in glucose tolerance in
T2DM (see discussion below) (6,204,205).

Summary: Whole Body Glucose Utilization

Insulin-mediated whole body glucose utilization during
the euglycemic insulin clamp represents essentially
skeletal muscle glucose utilization. There is a
noticeable decrease in glucose taken up in the body in
T2DM patients compared with non-diabetic subjects.
On the other hand, net splanchnic glucose uptake,
quantitated by the hepatic venous catheterization
technique, is similar in both groups and averaged 0.5
mg.kg'.min". Adipose tissue glucose uptake
accounts for less than 5% of total glucose disposal
(17,198,199). Brain glucose uptake, estimated to be
1.0-1.2 mg.kg™".min" in the post-absorptive state
(2,169,206), is unaffected by hyperinsulinemia (169).
Muscle glucose uptake (extrapolated from leg
catheterization data) in control subjects accounts for
~75-80% of the total glucose uptake (1,3,4). In
subjects with T2DM, the largest part of the impairment
in insulin-mediated glucose uptake is accounted for by
a defect in muscle glucose disposal. Even if adipose
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tissue of subjects with T2DM took up absolutely no
glucose, it could, at best, explain only a small fraction
of the defect in whole body glucose metabolism.

Glucose Disposal during OGTT

In everyday life, the gastrointestinal tract represents
the normal route of glucose entry into the body.
However, the assessment of tissue glucose disposal
following glucose ingestion presents a challenge
because of the difficulties in quantitating the rate of
glucose absorption, suppression of hepatic glucose
production, and organ (liver and muscle) glucose
uptake. Moreover, because the plasma glucose and
insulin concentrations are changing simultaneously, it
is difficult to draw conclusions about insulin secretion
or insulin sensitivity.

To address these issues, Ferrannini, DeFronzo, and
colleagues (7,11,12,205) administered oral glucose to
healthy control subjects in combination with hepatic
vein catheterization to examine splanchnic glucose
metabolism. The oral glucose load and endogenous
glucose pool were labeled with [1-'*C]glucose and [3-
H]glucose, respectively, to quantitate total body
glucose disposal (from tritiated glucose turnover) and
endogenous HGP (difference between the total rate of
glucose appearance, as measured with tritiated
glucose, and the rate of oral glucose appearance, as
measured with [1-"*C]glucose).

During the 3.5 h after glucose (68 g) ingestion: (i) 19
g, or 28%, or the oral load was taken up by splanchnic
tissues; (i) 48 g, or 72%, was disposed of by
peripheral (non-splanchnic) tissues; (iii) of the 48 g
taken up by peripheral tissues, the brain (an insulin-
independent tissue) accounted for ~15 g (~1 mg.kg
*min™), or 22%, of the total glucose load (12); (iv)
basal HGP declined by 53%. Similar percentages for
splanchnic  glucose uptake (24%-29%) and
suppression of HGP (50%-60%) in normal subjects
have been reported by other investigators

(13,204,207-209). The contribution of skeletal muscle
to the disposal of an oral glucose load has been
reported to vary from a low of 26% (207) to a high of
56% (208), with a mean of 45% (11,13,207-209).
These results emphasize several important
differences between oral and intravenous glucose
administration. After glucose ingestion: (i) EGP is less
completely suppressed, most likely do to activation of
local sympathetic nerves that innervate the liver (210);
(ii) peripheral tissue (primarily muscle) glucose uptake
is quantitatively less important; (3) splanchnic glucose
uptake is quantitatively much more important.

In individuals with T2DM (12,204,205,211,212) the
disposition of an oral glucose load is significantly
altered. The disturbance in glucose metabolism is
accounted for by two factors: (i) decreased tissue
glucose uptake and (ii) impaired EGP suppression.
Splanchnic glucose uptake is similar in diabetic and
control groups. Inappropriate suppression of EGP
accounted for nearly one-third of the defect in total-
body glucose homeostasis, while reduced peripheral
(muscle) glucose uptake accounted for the remaining
two-thirds. Since hyperglycemia per se enhances
splanchnic (hepatic) glucose uptake in proportion to
the increase in plasma glucose concentration
(24,175), the splanchnic glucose clearance
(SGU/plasma glucose concentration) is markedly
reduced in all subjects with T2DM following glucose
ingestion. Using a combined insulin clamp/OGTT
technique, impairment in glucose uptake by the
splanchnic tissues in subjects with T2DM has been
demonstrated directly (213).

The gastrointestinal incretin hormones, which are
produced in response to nutrient intake and potentiate
the stimulus to insulin secretion in the postprandial
period have been implicated as additional factors in
the pathogenesis of T2DM (4A,28-30). The combined
actions of glucagon-like peptide-1 (GLP-1) and
glucose-dependent insulinotropic peptide (GIP) can
account for most of the incretin effect in normal
subjects (4B). Recent demonstration that in T2DM the
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incretin effect is impaired, diminished or absent (4B)
has rekindled interest in the potential role of these
gastrointestinal peptides in the abnormal handling of
glucose by splanchnic tissues and perhaps, in the
decline in beta cell insulin secretion.

When viewed in absolute terms, most studies have
demonstrated that the total amount of glucose taken
up by all tissues of body over the 4-hour period
following the ingestion of an oral glucose load is
normal (13) or slightly decreased (204,205,211).
However, this occurs at the expense of postprandial
hyperglycemia. Thus, the efficiency of glucose
disposal, i.e., the glucose clearance (tissue glucose
uptake/plasma glucose concentration), is severely
reduced. It should be emphasized that it is not the
absolute glucose disposal rate, but rather the
increment in glucose disposal above baseline that
determines the rise in plasma glucose concentration
above the fasting value. Every published study
(13,204,205,211) has demonstrated that the
incremental response in whole-body glucose uptake is
moderately to severely reduced in individuals with
T2DM. Similar results have been reported for forearm
muscle glucose uptake (13,201,202,208,209),
pointing out the important contribution of diminished
muscle glucose disposal to impaired oral glucose
tolerance in T2DM.

In summary, results of the OGTT indicate that both
impaired suppression of EGP and decreased tissue
(muscle) glucose uptake contribute approximately
equally to the glucose intolerance of T2DM. The
efficiency of the splanchnic (hepatic) tissues to take up
glucose (as reflected by the splanchnic glucose
clearance) also is impaired in individuals with T2DM.

Summary of Insulin Resistance in T2DM

Insulin resistance involving both muscle and liver are
characteristic features of the glucose intolerance in
individuals with T2DM. In the basal state, the liver

represents a major site of insulin resistance, and this
is reflected by overproduction of glucose despite the
presence of both fasting hyperinsulinemia and
hyperglycemia. This accelerated rate of hepatic
glucose output is the primary determinant of the
elevated fasting plasma glucose concentration in
T2DM. Although tissue (muscle) glucose uptake in the
post-absorptive state is increased when viewed in
absolute terms, the efficiency with which glucose is
taken up (i.e., the glucose clearance) is diminished.
After glucose infusion or ingestion (i.e., in the insulin
stimulated state) both decreased muscle glucose
uptake and impaired suppression of HGP contribute to
the insulin resistance. Following glucose ingestion, the
defects in insulin-mediated glucose uptake by muscle
and the suppression of glucose production by insulin
contribute approximately equally to the disturbance in
whole-body glucose homeostasis in T2DM. However,
under euglycemic hyperinsulinemic conditions, EPG is
largely suppressed and impaired muscle glucose
uptake is primarily responsible for the insulin
resistance.

DYNAMIC INTERACTION BETWEEN INSULIN
SENSITIVITY AND INSULIN SECRETION IN
T2DM

Subjects with T2DM manifest abnormalities both in
tissue (muscle, fat, and liver) sensitivity to insulin and
in pancreatic insulin secretion. To understand how
these two metabolic disturbances interact to produce
the full-blown diabetic condition, it is necessary to
quantitate insulin action and insulin secretion in the
same individual over a wide range of insulin sensitivity.
This dynamic interaction is demonstrated graphically
by results obtained in healthy, lean, young normal
glucose tolerant women who received a euglycemic
insulin clamp (1 mU.kg™.min™") and were stratified into
quartiles based upon the rate of insulin-mediated
glucose disposal (49). Insulin secretion was measured
independently on a separate day with a +125 mg/dl
hyperglycemic clamp. Insulin resistance and insulin
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secretion were strongly and positively correlated
(r=0.79, p<0.001). Women who were the most insulin
resistant (quartile 1) had the highest fasting plasma
insulin concentrations and highest early and late
phase plasma insulin responses. Similar results
relating the plasma insulin response and the severity
of insulin resistance have been reported in normal
glucose tolerant subjects with the minimal model
technique (46,47) and the insulin suppression test/oral
glucose tolerance test (214).

A number of groups have examined the dynamic
interaction between insulin secretion and insulin
sensitivity in subjects with T2DM
(1,4,34,35,38,39,42,46-48,58-61,150,162). DeFronzo
(4) studied lean (ideal body weight < 120%) and obese
(ideal body weight > 125%) subjects with varying
degrees of glucose tolerance as follows: Group I-
obese subjects (n=24) with normal glucose tolerance;
Group llI-obese subjects (n=23) with impaired glucose
tolerance; Group lll-obese subjects (n=35) with overt
diabetes, subdivided into those with a
hyperinsulinemic response and those with a
hypoinsulinemic response during a 100-gram OGTT;
Group IV-normal weight subjects with T2DM (n=26);
Group V-normal weight subjects (n=25) with normal
glucose tolerance. All subjects ingested 100 g of
glucose to provide a measure of glucose tolerance
and insulin secretion. Whole-body insulin sensitivity
was quantitated with the euglycemic insulin (~100
pMU/ml) clamp technique, which was performed with
indirect calorimetry to quantitate rates of glucose
oxidation and non-oxidative glucose disposal. The
later primarily reflects glycogen synthesis (215).

In normal weight subjects with T2DM, insulin-
mediated whole-body glucose uptake was reduced by
40-50% and the impairment in insulin action resulted
from defects in both oxidative and non-oxidative
glucose metabolism (4). Obese individuals without
T2DM were as insulin resistant as the normal-weight
subjects with T2DM (4). Defects in both glucose
oxidation and glucose storage contributed to the

insulin resistance in the obese nondiabetic group.
From the metabolic standpoint, therefore, obesity and
T2DM closely resemble each other.

Similar results concerning reduced whole-body insulin
sensitivity in individuals with obesity and T2DM have
been reported by other investigators
(160,161,166,216-218). Despite nearly identical
degrees of insulin resistance, normal-weight subjects
with T2DM manifested fasting hyperglycemia and
marked glucose intolerance, whereas the obese
individuals without diabetes had normal or only
minimally impaired oral glucose tolerance (4). This
apparent paradox is explained by the plasma insulin
response during the OGTT. Compared with control
subjects, the obese group without diabetes secreted
more than twice as much insulin, and this was
sufficient to offset the insulin resistance. In contrast, in
normal-weight subjects with T2DM, the pancreas,
when faced with the same challenge, was unable to
augment its secretion of insulin sufficiently to
compensate for the insulin resistance. This imbalance
between insulin supply by the beta cells and the insulin
requirement by tissues resulted in a frankly diabetic
state, with fasting hyperglycemia and marked glucose
intolerance.

The fact that plasma insulin response to the
development of insulin resistance typically is
increased during the natural history of T2DM does not
mean that the beta cell is functioning normally. To the
contrary, recent studies (4C) have demonstrated that
the onset of beta cell failure occurs much earlier and
is more severe than previously appreciated.

Recognizing that simply measuring plasma insulin
response to a glucose challenge does not provide a
valid index of beta cell function, a series of studies
were conducted in subjects with normal glucose
tolerance (NGT), impaired glucose tolerance (IGT)
and T2DM, using an oral glucose tolerance test to
evaluate the increment in insulin secretion in response
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to an increment in plasma glucose. A euglycemic
insulin clamp to measure insulin sensitivity was also
performed to address the adjustment of the beta cell
to the body’s sensitivity to insulin.

Thus, the results yielded a better measure of beta cell
function expressed per increment of plasma glucose
and corrected for the degree of insulin resistance, the
so-called disposition index [AI/AG +IR]. These data
revealed a substantial decrease in beta cell function,
most evident in individuals with IGT who had lost
anywhere from 60 to 85% of the total insulin secretory
capacity.

When obesity and diabetes coexist in the same
individual, the severity of insulin resistance is only
slightly greater than that in either the normal-weight
diabetic or nondiabetic obese groups (4), and the
magnitude of the defects in glucose oxidation and non-
oxidative glucose disposal are similar in all obese and
diabetic groups. Although hyperinsulinemic and
hypoinsulinemic obese diabetic subjects were equally
insulin resistant, the severity of glucose intolerance is
worse in the hypoinsulinemic group, and this was
related entirely to the presence of severe insulin
deficiency.

In the obese nondiabetic subjects, tissue sensitivity to
insulin is markedly reduced, but glucose tolerance

remains perfectly normal because the beta cells are
able to augment their insulin secretory capacity
appropriately to offset the defect in insulin action. As
the obese individual develops impaired intolerance,
there is a further reduction in insulin-mediated glucose
disposal, which is due primarily to a decrease in
glycogen synthesis. However, there is only a small
additional impairment in glucose tolerance, because
the beta cells are able to further augment their
secretion of insulin to counteract the deterioration in
insulin sensitivity. The progression of the obese,
glucose intolerant person to overt diabetes is heralded
by a decline in insulin secretion without any worsening
of insulin resistance. The obese diabetic has tipped
over the top of Starling's curve of the pancreas and is
now on the descending portion. Even though the
plasma insulin response is increased compared to
nondiabetic control subjects, it is not elevated
appropriately for the degree of insulin resistance and
there is evidence that there is ~80% of beta cell
functional loss by the time of diagnosis in diabetic
subjects.

The beta cell insulin response during the OGTT is best
represented by the change in plasma insulin over the
change in plasma glucose concentration, taking into
consideration the degree of insulin resistance for each
individual, the so-called Insulin Secretion /Insulin
Resistance Index or Disposition Index as shown in
Figure 1 below.
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Figure 1- Log normalization of the relationship between 2-hour plasma glucose and Insulin Secretion/
Insulin Resistance in subjects with normal glucose tolerance (NGT), impaired glucose tolerance (IGT)
and patients with type 2 diabetes (T2DM). There is a linear decline in the insulin secretory capacity with
the development of the disease, such that by the time clinical diabetes with hyperglycemia become
evident, the loss of beta cell secretion of insulin is below 5% of NGT controls.

The natural history of T2DM described above is
consistent with results in humans and monkeys
published by other investigators (33-39,42,43,59-
61,98,150). In lean subjects with a wide range of
glucose tolerance, Reaven et al (42) demonstrated
that the progression from normal to impaired glucose
tolerance was marked by the development of severe
insulin resistance, which was counterbalanced by a
compensatory increase in insulin secretion. The onset
of T2DM was associated with no (or only slight) further
deterioration in tissue sensitivity to insulin. Rather,
insulin secretion declined and the impairment in beta

cell function was paralleled by a decrease in glucose
tolerance. A similar sequence of events has been
documented prospectively in Pima Indians (34-
39,58,60), in Caucasians (1,4,41,42,44,47,59, 162,
219), Pima Indians (34-39,58,60,219), and Pacific
Islanders (33,62,220) and, is consistent with the
development of T2DM in the rhesus monkeys (48). As
monkeys grow older, they become obese and develop
a diabetic condition closely resembling human T2DM.
The earliest detectable abnormality in this primate
model is a decrease in tissue sensitivity to insulin.
Because of a compensatory increase in insulin

www.EndoText.org 12


http://www.endotext.org/

secretion, the fasting plasma glucose concentration
and glucose tolerance remain normal.

The studies detailed above indicate that insulin
resistance is an early and characteristic feature of the
natural history of T2DM in high-risk populations. Overt
diabetes develops only in those individuals whose
beta cells are unable to appropriately augment their
secretion of insulin to compensate for the defect in
insulin action. It should be recognized, however, that
there are well-described populations with T2DM in
whom insulin sensitivity is normal at the onset of
diabetes, whereas insulin secretion is severely
impaired (81-83). How frequently this occurs in a
typical patient with T2DM remains to be determined.
This insulinopenic variety of diabetes appears to be
more common in African Americans, elderly subjects,
and in lean Caucasians. In this later group, it is
important to exclude type 1 diabetes, since ~10% of
Caucasians with older onset diabetes are islet cell
antibody and/or GAD positive (220).

Primary Hypersecretion of Insulin

An alternative view to explaining the “state of insulin
resistance” is the notion that primary beta cell
overstimulation results in insulin hypersecretion. This
leads to the development of obesity and insulin
resistance, and then, to beta cell exhaustion (436). In
a model that presupposes beta cell hypersecretion as
the initial manifestation of beta cell dysfunction, insulin
sensitivity is modulated by insulin secretion. When
beta cell hypersecretion occurs, the responsiveness of
insulin-sensitive tissues to insulin is downregulated
and, these tissues become insulin resistant. The latter
becomes necessary to maintain normal glucose
tolerance, without the adverse outcome of
hypoglycemia. However, considering that beta cell
hypersecretion is primary and ‘fixed’, when insulin
sensitivity is acutely improved, hypoglycemia would be
expected to ensue. In either case, the demonstration
of the existence of a feedback loop that regulates
glucose metabolism has made it clear that

assessment of the adequacy of beta cell function
requires knowledge of both the degree of insulin
sensitivity and the magnitude of the insulin response.

When considering the feedback loop governing
glucose metabolism, in the face of increased insulin
secretion, insulin resistance should develop as a
protective measure to maintain normal glucose
concentrations  without hypoglycemia. This is
supported by observations in patients with
insulinomas, in whom the risk of hypoglycemia is
reduced by the downregulation of insulin action with
the development of insulin resistance (437). Further
support for this downregulation of insulin action comes
from studies in healthy individuals with normal glucose
tolerance in whom insulin resistance developed during
3-5 days of chronic physiologic hyperinsulinemia,
achieved by insulin infusion balanced by glucose
infusion to prevent hypoglycemia (438). Higher basal
insulin levels have been documented in individuals
with obesity and impaired glucose tolerance before the
development of T2DM and identified as a risk factor
for diabetes. However, in these studies, OGTT
glucose levels were already higher in those who
progressed and could be a confounder. Thus,
although studies provide some support for the concept
of a potential independent pathogenic role of primary
hyperinsulinemia in dysglycemia a stronger, more
definitive proof is still missing.

Therefore, while it is clear that T2DM is a
heterogeneous condition characterized by beta cell
failure, whether beta cell dysfunction or primary
hyperinsulinemia is the early event in the
pathogenesis of dysglycemia is now up for debate.
Although there is sufficient evidence in humans (and
animal models) to support the principal defect as early
beta cell dysfunction associated with reduced insulin
secretion, it is incumbent on the proponents of the
primary hyperinsulinemia hypothesis to undertake
further studies to make their case more forcefully.
Improved understanding of whichever mechanism
underlies beta cell dysfunction should allow us to
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provide better preventative and
interventions for T2DM.

therapeutic

Delayed Insulin Clearance in Diabetes

The role of delayed (or decreased) insulin clearance
as a contributor to insulin resistance and to the
development of T2DM has been studied. Insulin
availability in the systemic circulation is determined by
the rate of beta cell secretion and its rate of
hepatic/peripheral/renal clearance. Insulin levels
modulate expression and activity of the insulin
receptors in target tissues, which ultimately
determines insulin action. The main site of insulin
clearance is the liver that removes approximately 50%
of endogenous insulin with the remainder being
cleared by the kidneys and the skeletal muscle.
Receptor-mediated insulin endocytosis is the primary
mechanism by which insulin is removed from the
circulation and inactivated. Upon binding to its
receptor, the insulin-receptor complex is internalized
through the formation of clathrin-coated vesicles and
is delivered to the endosomes; the acidification of the
endosomes then allows the dissociation of the
hormone from its receptor and their sorting in different
directions. Most of the internalized insulin is next
targeted to lysosomes where it is degraded, whereas
a smaller fraction remains intact. Both degradation
products and intact insulin are segregated in recycling
vesicles and released from cells. Defects in the
intracellular processing of insulin have been reported
in cells from insulin resistant individuals and reduced
insulin clearance has been observed in individuals
with  IGT. More recently, it has also been
demonstrated that reduced insulin clearance predicts
the development of T2DM independently of
confounding factors. There is evidence in animal
models of fat-induced insulin resistance supporting the
idea that decreased insulin clearance may serve as a
compensatory mechanism to alleviate beta cell stress
from excessive demand in these conditions of insulin
resistance (439). The extent to which delayed insulin
clearance is responsible for the advancement of

insulin resistance and its role in the pathogenesis of
T2DM remains unknown.

Nutrient-induced Stress on Insulin Secretion

There is growing support to the theory that an excess
of calorigenic nutrients ingested over time presents
the pancreatic islet beta cells with an overwhelming
burden, which might lead to toxic hormonal and
metabolic adaptations. It is well recognized that the
short-term effects of glucose, lipids, and amino acids
perfusing the beta cells in the endocrine pancreas
include the stimulation of insulin biosynthesis and
secretion. Excessive exposure to these nutrients is
believed to overstimulate the beta cells with a constant
and uninterrupted demand for insulin release and,
possibly induce changes in tissue insulin sensitivity.
Chronically, abundant nutritional intake will trigger
augmented insulin secretion and insulin resistance,
both of which have been shown to contribute to the
pathogenesis of T2DM. Eventually, there is altered
glucose sensing and depletion of insulin stores. The
de-differentiation, with beta cell death that follows is
likely to play a role in the progression of the disease.
Thus, the traditional concepts of “glucotoxicity” and
lipotoxicity”, which defines the process of beta cell
deterioration in response to chronic elevation of
glucose and lipids in the pericellular milieu, has now
been expanded to encompass all nutrients [‘nutri-
toxicity”].

The biochemical mechanisms underlying beta cell
adaptation and failure associated with “nutri-toxicity”
are not entirely clear but appear to be related to
oxidative stress. Various pathways in the cytosol,
endoplasmic reticulum [ER] and mitochondria are
involved, which tend to affect the insulin secretory
capacity of the beta cell. In conditions of mild-to-
moderate “nutri-stress”, such as in overweight/obesity,
there is exaggerated basal and nutrient stimulated
insulin secretion.  Slightly elevated blood glucose
concentration, hyperinsulinemia and insulin resistance
become progressively more evident. Obesity with
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beta cell failure and T2DM result when there is more
advanced and prolonged nutri-stress”. The metabolic
machinery of the beta cell is overwhelmed and, there
is mitochondrial and ER dysfunction, which result in
severe oxidative stress. As a consequence, insulin
synthesis and secretion become impaired and there is
intra- cellular accumulation of toxic metabolites with
beta cell de-differentiation and death (440).

ROLE OF THE ADIPOCYTE IN THE
PATHOGENESIS OF T2DM

The majority (>80%) of people with T2DM in the US
are overweight (221). Both lean and especially obese
people with T2DM are characterized by day-long
elevations in the plasma free fatty acid concentration,
which fail to suppress normally following ingestion of a
mixed meal or oral glucose load (222). Free fatty acids
(FFA) are stored as triglycerides in adipocytes and
serve as an important energy source during conditions
of fasting. Insulin is a potent inhibitor of lipolysis and
restrains the release of FFA from the adipocyte by
inhibiting the enzyme hormone sensitive lipase. In
patients with T2DM the ability of insulin to inhibit
lipolysis (as reflected by impaired suppression of
radioactive palmitate turnover) and reduce the plasma
FFA concentration is markedly reduced (17). It is now
recognized that chronically elevated plasma FFA
concentrations can lead to insulin resistance in muscle
and liver (1,4,19,21,22,51,162,223,224) and impair
insulin secretion (22,225,226). Thus, elevated plasma
FFA levels can cause/aggravate three major
pathogenic disturbances that are responsible for
impaired glucose homeostasis in individuals with
T2DM and the "triumvirate" (muscle, liver, beta cell)
was joined by the "fourth musketeer" (227) to form the
"disharmonious quartet". In addition to FFA that
circulate in plasma in increased amounts, individuals
with T2DM and obese individuals without T2DM have
increased stores of triglycerides in muscle (228,229)
and liver (230,231) and the increased fat content
correlates closely with the presence of insulin
resistance in these tissues. Triglycerides in liver and

muscle are in a state of constant turnover and the
metabolites (i.e., fatty acyl CoAs) of intracellular FFAs
have been shown to impair insulin action in both liver
and muscle (1,4,92). This sequence of events has
been referred to as "lipotoxicity" (1,4,22,93). Evidence
also has accumulated to implicate "lipotoxicity" as an
important cause of beta cell dysfunction (22,93) (see
earlier discussion).

Adipocyte Inflammation and Insulin Resistance

Increased risk of developing T2DM is found in patients
who have chronic, low-grade adipocyte inflammation
and who are also insulin resistant (441). The
mechanisms of adipose tissue inflammation and the
related insulin-resistant state are complex. Visceral
adiposity is known to be highly active in releasing
numerous inflammatory cytokines [Adipokines] that
are strongly implicated in the genesis of tissue insulin
resistance and T2DM.  Adipokines provide an
important link between obesity and insulin resistance
IR. Adiponectin is a unique adipokine that is inversely
related to the metabolic syndrome, T2DM, and
atherosclerosis.  Adiponectin increases fatty acid
oxidation while reducing glucose production in liver,
and ablation of the adiponectin gene in mice induces
insulin resistance and T2DM. Adiponectin is also anti-
inflammatory; it suppresses tumor necrosis factor
(TNF) actions in nonalcoholic fatty liver disease and
inhibits nuclear factor kappa-beta [NFkB and
monocyte adhesion to endothelial cells. Human
resistin is an adipokine secreted by infiltrating
inflammatory cells in human adiposity and can
stimulate synthesis and secretion of other cytokines in
adipocytes and endothelial cells. Leptin, a well-known
adipokine, normally functions centrally to suppress
appetite, but most obese patients are leptin resistant
and have increased circulating leptin. In obesity,
hyperleptinemia contributes to inflammation through
modulation of T-cell and monocyte functions. A role
for retinol-binding protein 4 [RBP-4], a more recently
described adipokine has been proposed to be linked
to inflammation.
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Visfatin is a novel adipokine that is increased in
obesity, is pro-inflammatory, and has an insulin-
mimetic effect via binding to the insulin receptor. A
member of the lipocalin family, lipocalin-2, also known
as neutrophil gelatinase—associated lipocalin,
modulates inflammation and is another adipokine that
is elevated in the adipose tissue of obese mouse
models and in the plasma of obese and insulin-
resistant humans. In vitro studies suggest that
lipocalin-2 induces insulin resistance in adipocytes
and hepatocytes. The plasma level of another member
of the lipocalin family, lipocalin-type prostaglandin D
synthase, serves as a biomarker of coronary
atherosclerosis.  Thus, multiple adipose-secreted
factors that are capable of impairing the cellular action
of insulin have been suggested to be involved in the
development of insulin resistance and facilitate the
development of T2DM.

It should be recognized that nutritional fatty acids can
modulate the inflammatory response, particularly via
NFkB activity, and promote insulin resistance.
Furthermore, inflammatory modulation of adipocyte
differentiation increases free fatty acid release. The
mechanisms of free fatty acid-associated insulin
resistance include protein kinase C (PKC) activation,
endoplasmic reticulum stress, and increased oxidative
burden. Free fatty acids also inhibit insulin receptor
substrates [IRSs] and induce insulin resistance in
skeletal muscle and liver. Increased fatty acid flux
from adipose tissue to liver causes hepatic insulin
resistance by increasing gluconeogenesis,
glycogenolysis, and glucose-6-phosphatase
expression and activity, and by enhancing lipogenesis
and triglyceride synthesis attributable to activation of
the transcription factor sterol-CoA regulatory element
binding protein.  Finally, free fatty acids cause
endothelial insulin resistance and damage by
impairing insulin and nitric oxide—dependent signaling,
thus contributing to the vascular injury observed in
adiposity.

The initial insult in obese individuals that triggers
inflammation and systemic insulin resistance may
occur through recruitment of macrophages and innate
immune antigen activation of inflammatory receptors
in the membrane. This can be perpetuated with
secretion of chemokines, retention of macrophages in
adipose, and secretion of adipokines. The
inflammatory milieu induces adipocyte inflammatory
cascades, such as the NFkB pathway, via activation of
various kinases, and this modulates adipocyte
transcription factors, attenuates insulin signaling, and
increases the release of pro-inflammatory adipokines
and free fatty acids. Inflammatory attenuation of
adipocyte differentiation further exacerbates adipose
dysfunction. These paracrine and endocrine adipose
inflammatory events induce a systemic inflammatory
and insulin-resistant state, favoring the development
of T2DM.

FFA and Muscle Glucose Metabolism

Four decades ago, Randle (232) proposed that
increased FFA oxidation restrains glucose oxidation in
muscle by altering the redox potential of the cell and
by inhibiting key glycolytic enzymes. The excessive
FFA oxidation: (i) leads to the intracellular
accumulation of acetyl CoA, a potent inhibitor of
pyruvate dehydrogenase (PDH), (ii) increases the
NADH/NAD ratio, causing a slowing of the Krebs
cycle, and (iii) results in the accumulation of citrate, a
powerful inhibitor of phosphofructokinase (PFK).
Inhibition of PFK leads to the accumulation of glucose-
6-phosphate (G-6-P) which in turn inhibits hexokinase
II. The block in glucose phosphorylation causes a
buildup of intracellular free glucose which restrains
glucose transport into the cell via the GLUT4
transporter. The resultant decrease in glucose
transport was postulated to account for the impairment
in glycogen synthesis, although a direct inhibitory
effect of fatty acyl Co-As on glycogen synthase also
has been demonstrated (233). This sequence of
events via which accelerated plasma FFA oxidation
inhibits muscle glucose transport, glucose oxidation,
and glycogen synthesis is referred to as the "Randle
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Cycle" (232). It should be noted that the same
scenario would ensue if the FFA were derived from
triglycerides stored in muscle (228,229) or from
plasma (222).

Felber and coworkers (59,159,162,234,235) were
amongst the first to demonstrate that in obese non-
diabetic and diabetic humans, basal plasma FFA
levels and lipid oxidation (measured by indirect
calorimetry) are increased and fail to suppress
normally after glucose ingestion. The elevated basal
rate of lipid oxidation was strongly correlated with a
decreased basal rate of glucose oxidation, as well as
with reduced rates of glucose oxidation and non-
oxidative glucose disposal (glycogen synthesis)
following ingestion of a glucose load. Further
validation of the Randle Cycle in man has come from
studies employing the euglycemic insulin clamp. In
normal subjects, physiologic hyperinsulinemia (80-
100 pU/ml) causes a 60-70% decline in plasma FFA
concentration and a parallel decline in plasma FFA
and total body lipid oxidation (18). When Intralipid is
infused concomitantly with insulin to maintain or
increase the plasma FFA concentration/oxidation,
both glucose oxidation and non-oxidative glucose
disposal are inhibited in a dose dependent fashion
(223). Using magnetic resonance imaging, it has been
shown that the FFA-induced inhibition of non-oxidative
glucose disposal reflects impaired glycogen synthesis
(236). The inhibitory effect of elevated plasma FFA
levels can be observed at all plasma insulin
concentrations, spanning the physiologic and
pharmacologic range (223).

The inhibitory effect of an acute elevation in plasma
FFA concentration on muscle glucose metabolism is
time dependent. Thus, the earliest (within 2 hours)
observed abnormality is a defect in glucose oxidation
(237), as would be predicted by operation of the
Randle cycle (232). This is followed (between 2-3
hours) by defects in glucose transport and
phosphorylation and eventually (after 3-4 hours) by
impaired glycogen synthesis.

Biochemical/Molecular Basis of FFA-Induced
Insulin Resistance

The original description of the Randle cycle was
formulated based upon experiments performed in rat
diaphragm and heart muscle (232). More recent
studies performed in human skeletal muscle suggest
that mechanisms in addition to those originally
proposed by Randle are involved in the FFA-induced
insulin resistance. Thus, several groups (236,238,239)
have failed to observe a rise in muscle G-6-P and
citrate concentrations when insulin-stimulated glucose
metabolism was inhibited by an increase in the plasma
FFA concentration. Elevated plasma FFA levels also
failed to inhibit muscle phosphofructokinase activity.
Thus, while increased FFA/lipid oxidation and
decreased glucose oxidation are closely coupled, as
originally demonstrated by Randle, mechanisms other
than product (i.e., elevated intracellular G-6-P and free
glucose concentrations) inhibition of the early steps of
glucose metabolism must be invoked to explain the
defects in glucose transport, glucose phosphorylation
and glycogen synthesis.

Studies in humans and animals have shown a strong
inverse correlation between insulin- stimulated
glucose metabolism and increased intramuscular lipid
pools, including triglyceride (240-242), diacyl-glycerol
(DAG) (243,244), and long chain fatty acyl CoAs (FA-
CoA) (245). An acute elevation in plasma FFA
concentration leads to an increase in muscle fatty acyl
CoA and DAG concentrations. Both long chain fatty
acyl CoAs and DAG activate PKC theta (243), which
increases serine phosphorylation with subsequent
inhibition of IRS-1 tyrosine phosphorylation (246,247).
Consistent with this observation, two groups have
shown that in human muscle elevated plasma FFA
levels inhibit insulin-stimulated tyrosine
phosphorylation of IRS-1, the association of the p85
subunit of PI-3 kinase with IRS-1, and activation of PI-
3-kinase (248,249). Direct effects of long chain fatty
acyl CoAs on glucose transport (250), glucose
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phosphorylation (251), and glycogen synthase (233)
also have been demonstrated in muscle. Lastly,
increased muscle ceramide levels (secondary to
increased long chain fatty acyl CoAs) have been
shown to interfere with glucose transport and to inhibit
glycogen synthase in muscle via activation of PKB
(252). In  summary, elevated plasma FFA
concentrations can induce insulin resistance in muscle
via multiple mechanisms involving alterations in a
variety of intracellular lipid signaling molecules which
exert their inhibitory effects on multiple steps (insulin
signal transduction system, glucose transport, glucose
phosphorylation, glycogen synthase, pyruvate
dehydrogenase, Krebs cycle) involved in glucose
metabolism.

Fatty Liver Disease in T2DM

As the epidemic of obesity increases worldwide in
conjunction with T2DM, there is a parallel and
proportionate increase in the prevalence of metabolic
dysfunction-associated steatotic liver disease
(MASLD), formerly known as nonalcoholic fatty liver
disease (NAFLD). A subtype of MASLD, which can be
characterized as metabolic dysfunction-associated
steatohepatitis (MASH, formerly nonalcoholic steato-
hepatitis [NASH]) is a potentially progressive liver
disease that can lead to cirrhosis, hepatocellular
carcinoma, liver transplantation, and death. MASLD
is also associated with extrahepatic manifestations
such as chronic kidney disease, cardiovascular
disease and sleep apnea. Despite this important
burden, we are only beginning to understand its
pathogenesis and the contribution of environmental
and genetic factors to the risk of developing the
progressive course of fatty liver disease. Of interest,
however, despite the fact that the risk of liver-related
mortality and the advancement to liver fibrosis are
increased in patients with MASLD, the leading cause
of death is cardiovascular disease (442-443).

MASLD and MASH are stages of fatty liver disease
that are associated with obesity, insulin resistance,

T2DM, hypertension, hyperlipidemia, and metabolic
syndrome. In these individuals, a net retention of lipids
within hepatocytes, mostly in the form of triglycerides,
is a prerequisite for the development of MASLD. The
primary metabolic abnormality leading to lipid
accumulation (steatosis), however, is not well
understood, but it could potentially result from insulin
resistance and alterations in the uptake, synthesis,
degradation or secretory pathways of hepatic lipid
metabolism. Insulin resistance represents the most
reproducible factor in the development of fatty liver
disease. There is also some evidence that lipid
synthesis de novo”, a process derived from excess
non-utilized carbohydrates accumulated in
hepatocytes contributes to the intracellular lipid pool.
Once an excessive amount of lipids accumulate inside
the hepatocytes, a steatotic liver develops. This
makes the cellular architecture of the liver vulnerable
to further injury, when challenged by additional insults.
There is a presumption that progression from simple,
uncomplicated steatosis to steatohepatitis to
advanced fibrosis results from two operating “hits” due
to : i) insulin resistance with further accumulation of fat
within hepatocytes, and ii) generation of reactive
oxygen species due to lipid peroxidation with cytokine
production and Fas ligand induction. The oxidative
stress and lipid peroxidation are key factors in the
development and progression from steatosis to more
advanced stages of liver damage. In addition, this
sequence of events reflects similar systemic
processes, which worsen tissue insulin resistance with
impairment of insulin secretion and accelerated
atherogenesis, related primarily to the pro-
inflammatory state (442).

FFA and Blood Flow

Insulin is a vasodilatory hormone and the stimulatory
effect of insulin on muscle glucose metabolism has
been shown to result from: (i) a direct action of insulin
to augment muscle glucose metabolism, and (ii)
increased blood flow to muscle (253,254). The
vasodilatory effect of insulin is mediated via the
release of nitric oxide from the vascular endothelium
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(255). In insulin resistant conditions, such as obesity
and T2DM, some investigators have suggested that as
much as half of the impairment in insulin-mediated
whole body and leg muscle glucose uptake is related
to a defect in insulin's vasodilatory action (253,254),
although the link between insulin-mediated
vasodilation and increased blood flow, as well as the
underlying mechanisms have been challenged by
others (256, 256A). More recent studies employed
contrast-enhanced ultrasonography using 1-methyl-
xantine to demonstrate that insulin infusion promotes
capillary recruitment in healthy individuals. These data
have suggested that there is a time-dependent effect
of insulin on regional blood flow redistribution with
capillary pre-sphincter relaxation preceding
vasodilation and consequent increase in skeletal
muscle glucose metabolism (256B). These
observations also provided a partial explanation for
the discrepant findings reported on the topic of insulin,
fatty acids and vasodilation.

Because T2DM and obesity are insulin resistant states
characterized by day-long elevation in the plasma FFA
concentration (222) and impaired endothelium
dependent vasodilation (253), investigators have
examined the effect of increased plasma FFA levels
on limb blood flow and muscle glucose uptake
(257,258). In healthy, non-diabetic subjects an acute
physiologic increase in plasma FFA concentration
inhibited metha-choline (endothelium dependent) but
not nitroprusside  (endothelium  independent)
stimulated blood flow in association with an
impairment in insulin-stimulated muscle glucose
disposal. In subsequent studies, the inhibitory effect of
FFA on insulin-stimulated leg blood flow was shown to
be associated with decreased nitric oxide availability
(259). FFA elevation also inhibits nitric oxide
production in endothelial cell cultures by decreasing
nitric oxide synthase activity (259). Since the IRS-1/PI-
3 kinase signal transduction pathway is involved in the
regulation of nitric oxide synthase activity (260), one
could hypothesize that FFA-induced inhibition of the
insulin signal transduction pathway is responsible for
the blunted vasodilatory response to the hormone.

FFA and Hepatic Glucose Metabolism

The liver plays a pivotal role in the regulation of
glucose metabolism (1,4,6,11,16,205). Following
carbohydrate ingestion, the liver suppresses its basal
rate of glucose production and takes up approximately
one-third of the glucose in the ingested meal
(12,24,25,205). Collectively, suppression of glucose
production and augmentation of hepatic glucose
uptake account for the maintenance of nearly one-half
of the rise in plasma glucose concentration following
ingestion of a carbohydrate meal. Hepatic glucose
production is regulated by a number of factors, of
which insulin (inhibits) and glucagon and FFA
(stimulate) are the most important. In vitro studies
have demonstrated that plasma FFA are potent
stimulators of endogenous glucose production and do
so by increasing the activity of pyruvate carboxylase
and phosphoenolpyruvate carboxy-kinase, the rate
limiting enzymes for gluconeogenesis (261,262). FFA
also enhances the activity of glucose-6- phosphatase,
the enzyme that ultimately controls the release of
glucose by the liver (263).

In normal subjects, increased plasma FFA levels
stimulate gluconeogenesis (264,265), while a
decrease in plasma FFA concentration reduces
gluconeogenesis (264). It has been shown that a
significant portion of the suppressive effect of insulin
on hepatic glucose production is mediated via
inhibition of lipolysis and a reduction in circulating
plasma FFA concentrations (16,266,267). Moreover,
FFA infusion in normal humans under conditions that
simulate the diabetic state (268) and in obese insulin-
resistant subjects (269) enhances hepatic glucose
production, most likely secondarily to stimulation of
gluconeogenesis. In subjects with T2DM, the fasting
plasma FFA concentration and lipid oxidation rate are
increased and are strongly correlated with both the
elevated fasting plasma glucose concentration and
basal rate of hepatic glucose production
(18,51,59,162,190,270). The relationship between
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elevated plasma FFA concentration, FFA oxidation,
and hepatic glucose production in obesity and T2DM
is explained as follows: (i) increased plasma FFA
levels, by mass action, augment FFA uptake by
hepatocytes, leading to accelerated lipid oxidation and
accumulation of acetyl CoA. The increased
concentration of acetyl CoA stimulates pyruvate
carboxylase, the rate limiting enzyme in
gluconeogenesis (261,262), as well as glucose-6-
phosphatase, the rate-controlling enzyme for glucose
release from the hepatocyte (263); (ii) the increased
rate of FFA oxidation provides a continuing source of
energy (in the form of ATP) and reduced nucleotides
(NADH) to drive gluconeogenesis; (iii) elevated
plasma FFA induce hepatic insulin resistance by
inhibiting the insulin signal transduction system (244-
248). In patients with T2DM these deleterious effects
of elevated plasma FFA concentrations occur in
concert with increased plasma glucagon levels
(181,190,271), increased hepatic sensitivity to
glucagon, and increased hepatic uptake of circulating
gluconeogenic precursors.

The Role of Gut Microbiome

Recently the potential role of the gut microbiome in
metabolic disorders such as obesity and T2DM has
been identified (444). Obesity is associated with
changes in the composition of the intestinal
microbiota, and the obese microbiome seems to be
more efficient in harvesting energy from the diet.
Dysbiosis, an imbalance in the microbial community,
has been consistently observed in individuals with
T2DM, often characterized by a reduction in butyrate-
producing bacteria (e.g., Faecalibacterium prausnitzii)
and an increase in opportunistic pathogens (e.g.,
Ruminococcus gnavus). This  microbial  shift
contributes to increased intestinal permeability,
allowing lipopolysaccharides (LPS) to enter systemic
circulation and trigger chronic low-grade inflammation
via Toll-like receptor 4 (TLR4) activation, thereby
promoting insulin resistance.(445) Moreover, the gut
microbiota modulates bile acid metabolism and short-
chain fatty acid (SCFA) production, both crucial for

maintaining glucose homeostasis and energy balance.
Disruptions in these microbial metabolites have been
linked to impaired glucose tolerance and pancreatic
beta- cell dysfunction. Lean male donor fecal
microbiota transplantation (FMT) into males with the
metabolic syndrome resulted in a significant
improvement in insulin sensitivity in conjunction with
an increased intestinal microbial diversity, including a
distinct increase in butyrate-producing bacterial
strains. Products of intestinal microbes such as
butyrate, a SCFA, may induce beneficial metabolic
effects through enhancement of mitochondrial activity,
prevention of metabolic endotoxemia, and activation
of intestinal gluconeogenesis via different routes of
gene expression and hormone  regulation.
Importantly, commonly used medications in T2DM
management can further shape the microbiome.
Metformin, for example, has been shown to increase
the abundance of Akkermansia muciniphila and
SCFA-producing bacteria, contributing to improved
glycemic control and anti-inflammatory effects.(446) In
contrast, other drugs such as antibiotics and proton
pump inhibitors may exacerbate dysbiosis and
metabolic derangements.

The Potential Role of Hypercortisolism in T2DM

Cortisol, a glucocorticoid hormone, plays a central role
in glucose metabolism by promoting hepatic
gluconeogenesis, inhibiting peripheral glucose
uptake, and inducing insulin resistance in muscle and
adipose tissues (447). Prolonged exposure to high
cortisol levels, as seen in conditions like Cushing’s
syndrome or chronic stress, exacerbates these
metabolic effects, leading to persistent hyperglycemia
and compensatory hyperinsulinemia (448). Overtime,
this may contribute to pancreatic beta- cell dysfunction
and the progressive failure of insulin secretion.
Additionally,  cortisol  promotes  visceral fat
accumulation, which  further worsens insulin
resistance through the release of pro-inflammatory
adipokines and free fatty acids. Recently, in
challenging to control T2DM patients, about 25% had
hypercortisolism not diagnostic as Cushing’s, which
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may have contributed to hyperglycemia. Mifepristone,
a glucocorticoid receptor antagonist, was shown to
improve glycemic control in these challenging to treat
T2DM (449). Additionally mifepristone improves
glycemic control and insulin sensitivity in patients with
Cushing’s syndrome and may have therapeutic
potential in T2DM.

Summary: FFA and the Pathogenesis of Obesity
and T2DM

In obese individuals and in the majority (>80%) of
subjects with T2DM, there is an expanded fat cell
mass and the adipocytes are resistant to the anti-
lipolytic effects of insulin (18). Most individuals with
obesity or T2DM are characterized by visceral
adiposity (272) and visceral fat cells have a high
lipolytic rate, which is especially refractory to insulin
(273). Not surprisingly, both T2DM and obesity are
characterized by an elevation in the mean day-long
plasma FFA concentration. Elevated plasma FFA
levels, as well as increased triglyceride/fatty acyl CoA
content in muscle, liver, and beta cell, lead to the
development of muscle/hepatic insulin resistance and
impaired insulin secretion.

THE OMNIOUS OCTET

The eight principle known causes leading to
hyperglycemia through the pathogenesis of T2DM are
summarized in Figure 2. It is already established that
decreased peripheral glucose uptake combined with
augmented endogenous (hepatic) glucose production
are characteristic features of insulin resistance.
Increased lipolysis with accumulation of intermediary
lipid metabolites contributes to further enhance

glucose output while reducing peripheral utilization.
Compensatory insulin secretion by the pancreatic beta
cells eventually reaches a maximum and then it
progressively deteriorates. Concomitantly, there is
inappropriate release of glucagon from the pancreatic
alpha-cells, particularly in the postprandial period. It
has been postulated that both impaired insulin and
excessive glucagon secretion in T2DM are facilitated
by the “incretin defect’”, defined primarily as
inadequate response of the gastrointestinal “incretin”
hormones to meal ingestion in addition to islet cell
resistance to the potentiating action on insulin
secretion by these gastrointestinal peptides.
Moreover, hypothalamic insulin resistance (in the
central nervous system) and the associated elevated
sympathetic drive, typically seen in patients with
T2DM also impair the ability of circulating insulin to
suppress glucose production. The fact that renal
tubular glucose reabsorption capacity is enhanced in
diabetic patients also contributes to the development
and maintenance of chronic hyperglycemia. Thus, the
time has arrived to advance the concept from the
“triumvirate” to the “omnious octet” (4A). Further,
recent observations have recognized that a chronic
low-grade inflammation with activation of the immune
system are involved in the pathogenesis of obesity-
related insulin resistance and T2DM (4D). Adipose
tissue, liver, muscle and pancreas are themselves
sites of inflammation in presence of obesity. Infiltration
of macrophages and other immune cells as well as the
presence of pro-inflammatory cytokines in these
tissues has been associated with insulin resistance
and beta cell impairment. The possibility that
endothelial dysfunction and changes in vascular
capillary permeability affect peripheral insulin action
has also been raised (4E). These pathogenic
mechanisms must be taken into account when
deciding on treatment of hyperglycemia in patients
with T2DM.
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Figure 2. Summary of the Eight Principal Mechanisms Contributing to Hyperglycemia in Patients with

Type 2 Diabetes.

CELLULAR MECHANISMS OF
RESISTANCE

INSULIN

The stimulation of glucose metabolism by insulin
requires that the hormone must first bind to specific
receptors that are present on the cell surface of all
insulin target tissues (1,274-277). After insulin has
bound to and activated its receptor, "second
messengers" are generated and these second
messengers initiate a series of events involving a
cascade of phosphorylation-de-phosphorylation
reactions (1,274-280) that eventually result in the
stimulation of intracellular glucose metabolism. The
initial step in glucose metabolism involves activation of
the glucose transport system, leading to influx of
glucose into insulin target tissues, primarily muscle
(1,281,282). The free glucose, which has entered the
cell, subsequently is metabolized by a series of
enzymatic steps that are under the control of insulin.

Of these, the most important are glucose
phosphorylation (catalyzed by hexokinase), glycogen
synthase (which controls glycogen synthesis), and
phosphofructokinase (PFK) and PDH (which regulate
glycolysis and glucose oxidation, respectively).

Insulin Receptor/insulin Receptor Tyrosine Kinase

The insulin receptor is a glycoprotein consisting of two
alpha subunits and two beta subunits linked by
disulfide bonds (1,274-277). The alpha subunit of the
insulin receptor is entirely extracellular and contains
the insulin-binding domain. The beta subunit has an
extracellular domain, a transmembrane domain, and
an intracellular domain that expresses insulin-
stimulated kinase activity directed towards its own
tyrosine residues (1,274-277). Insulin receptor
phosphorylation of the beta subunit, with subsequent
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activation of insulin receptor tyrosine kinase,
represents the first step in the action of insulin on
glucose metabolism (274- 277). Mutagenesis
experiments have shown that insulin receptors devoid
of tyrosine kinase activity are completely ineffective in
mediating insulin stimulation of cellular metabolism
(283,284). Similarly, mutagenesis of any of the three
major phosphorylation sites (at residues 1158, 1163,
and 1162) impairs insulin receptor kinase activity,
resulting in a decrease in the acute metabolic and
growth promoting effects of insulin (283,285).

Insulin Receptor Signal Transduction

Following activation, insulin receptor tyrosine kinase
phosphorylates specific intracellular proteins, of which
at least nine have been identified (282). Four of these
belong to the family of insulin-receptor substrate
proteins: IRS-1, IRS-2, IRS-3, IRS-4 (the others
include Shc, Cbl, Gab-1, p60dok, and APS). In muscle
IRS-1 serves as the major docking protein that
interacts with the insulin receptor tyrosine kinase and
undergoes tyrosine phosphorylation in regions
containing amino acid sequence motifs (YXXM or
YMXM). When phosphorylated, these serve as
recognition sites for proteins containing src-homology
2 (SH2) domains (where y = tyrosine, M = methionine,
and x - any amino acid) (274,275). Mutation of these
specific tyrosines severely impairs the ability of insulin
to stimulate glycogen synthesis and DNA synthesis,
establishing the important role of IRS-1 in insulin
signal transduction (282). In liver, IRS-2 serves as the
primary docking protein that undergoes tyrosine
phosphorylation and mediates the effect of insulin on
hepatic glucose production, gluconeogenesis and
glycogen formation (287). In adipocytes, Cbl
represents another substrate which is phosphorylated
following its interaction with the insulin receptor
tyrosine kinase, which is required for stimulation of
GLUT 4 translocation. Phosphorylation of Cbl occurs
when the CAP/Cbl complex associates with flotillin in
caveolae, or lipid rafts, containing insulin receptors
(288,289).

In muscle, the phosphorylated tyrosine residues on
IRS-1 mediate an association between the two SH2
domains of the 85-kDa regulatory subunit of
phosphatidylinositol 3-kinase (PI3-kinase), leading to
activation of the enzyme (274-284,290,291). PI3-
kinase is a heterodimeric enzyme comprised of an 85-
kDa regulatory subunit and a 110-kDa catalytic
subunit. The latter catalyzes the 3-prime
phosphorylation of phosphatidylinositol (Pl), PI-4-
phosphate, and PI-4,5- diphosphate, resulting in the
stimulation of glucose transport (274-277). Activation
of PI3-kinase by phosphorylated IRS-1 also leads to
activation of glycogen synthase (274,275), via a
process that involves activation of PKB/Akt and
subsequent inhibition of kinases such as GSK-3 (292)
and activation of protein phosphatase 1 (PP1) (293).
Inhibitors of P13-kinase impair glucose transport (274-
277,294) by interfering with the translocation of GLUT
4 transporters from their intracellular location
(281,282) and block the activation of glycogen
synthase (295) and hexokinase (HK)-1l expression
(296). The action of insulin to increase protein
synthesis and inhibit protein degradation also is
mediated by PI-3 kinase and involves the activation of
mTOR (297,298). mTOR controls translation
machinery by phosphorylation and activation of p70
ribosomal S6 kinase (p70rsk) (297) and
phosphorylation of initiation factors (299). Insulin also
promotes hepatic triglyceride synthesis via increasing
the transcription factor steroid regulatory element-
binding protein (SREBP)-1¢ (300), and this lipogenic
effect of insulin also appears to be mediated via the
PI3-kinase pathway (274).

Other proteins with SH2 domains, including the
adapter protein Grb2 and Shc, also interact with IRS-
1 and become phosphorylated following exposure to
insulin (274-276,301). Grb2 and Shc serve to link IRS-
1/IRS-2 to the mitogen-activated protein (MAP)
signaling pathway, which plays an important role in the
generation of ftranscription factors (274,275).
Following the interaction between IRS-1/IRS-2 and
Grb2 and Shc, Ras is activated, leading to the
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stepwise activation of Raf, MEK, and ERK. Activated
ERK then translocates into the nucleus of the cell,
where it catalyzes the phosphorylation of transcription
factors. These promote cell growth, proliferation, and
differentiation (274-276,301-303). Blockade of MAP
kinase pathway prevents stimulation of cell growth by
insulin but has no effect on the metabolic actions of
the hormone (304-306).

Under anabolic conditions insulin stimulates glycogen
synthesis by simultaneously activating glycogen
synthase and inhibiting glycogen phosphorylase (307-
309). The effect of insulin is mediated via the PI3
kinase pathway which inactivates kinases, such as
glycogen synthase kinase-3 and activates
phosphatases, particularly protein phosphatase 1
(PP1). It is believed that PP1 is the primary regulator
of glycogen metabolism (307-310). In skeletal muscle,
PP1 associates with a specific glycogen-binding
regulatory subunit, causing the activation [de-
phosphorylation] of glycogen synthase; PP1 also
inactivates [phosphorylates] glycogen phosphorylase.
The precise steps that link insulin receptor tyrosine
kinase/PI 3-kinase activation to the stimulation of PP1
have yet to be defined. Some evidence suggests that
p90 ribosomal S6- kinase may be involved in the
activation of glycogen synthase (274). Akt also has
been shown to phosphorylate and thus inactivate
GSK-3 (292). This decreases glycogen synthase
phosphorylation, leading to enzyme activation (292). A
number of studies have convincingly demonstrated
that inhibitors of PI3-kinase also inhibit glycogen
synthase activity and abolish glycogen synthesis
(274,293,310). From the physiological standpoint, it
makes sense that activation of glucose transport and
glycogen synthase should be linked to the same
signaling mechanism to provide a coordinated
stimulation of intracellular glucose metabolism.

Insulin Signal Transduction Defects in T2DM

Both receptor and post-receptor defects have been
shown to contribute to insulin resistance in individuals

with T2DM. Some, but not all studies have
demonstrated a modest 20-30% reduction in insulin
binding to monocytes and adipocytes from patients
with T2DM (1,311- 316). This reduction is due to a
decreased number of insulin receptors without change
in insulin receptor affinity. In addition to the decreased
number of cell-surface receptors, a variety of defects
in insulin receptor internalization and processing have
been described (314,315). However, some caution
should be employed in interpreting these studies.
Muscle and liver, not adipocytes, represent the major
tissues responsible for the regulation of glucose
homeostasis in vivo and insulin binding to solubilized
receptors obtained from skeletal muscle biopsies and
liver has been shown to be normal in obese and lean
diabetic individuals when expressed per milligram of
protein (312,313,316-318). Moreover, a decrease in
insulin receptor number cannot be demonstrated in
over half of subjects with T2DM (319,320), and it has
been difficult to demonstrate a correlation between
reduced insulin binding and the severity of insulin
resistance (321,322). The insulin receptor gene has
been sequenced in a large number of patients with
T2DM from diverse ethnic populations using
denaturing-gradient gel electrophoresis or single-
stranded conformational polymorphism analysis, and,
with very rare exceptions (323), physiologically
significant mutations in the insulin receptor gene have
not been observed (324,325). This excludes a
structural gene abnormality in the insulin receptor as a
cause of common T2DM.

Insulin receptor tyrosine kinase activity has been
examined in a variety of cell types (skeletal muscle,
adipocytes, hepatocytes, and erythrocytes) from
normal-weight and obese diabetic subjects. Most
(278,301,312,313,320,326-328), but not all (317,329)
investigators have found reduced tyrosine kinase
activity that cannot be explained by alterations in
insulin receptor number or insulin receptor binding.
However, near-normalization of the fasting plasma
glucose concentration, (by weight loss) has been
reported to correct the defect in insulin receptor
tyrosine kinase activity (330). This observation
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suggests that the defect in tyrosine kinase is acquired
and results from some combination of hyperglycemia,
defective intracellular glucose metabolism,
hyperinsulinemia, and insulin resistance - all of which
improved after weight loss. A glucose-induced
reduction in insulin receptor tyrosine kinase activity
has been demonstrated in rat fibroblast culture in vitro
(331). Insulin receptor tyrosine kinase activity assays
are performed in vitro, and the results of these assays
could provide misleading information with regard to
insulin receptor function in vivo. To circumvent this
problem, investigators have employed the euglycemic
hyperinsulinemic clamp in combination with muscle
biopsies and anti- phospho-tyrosine immunoblot
analysis (301). Such analysis yields a "snapshot" of
the insulin-stimulated tyrosine phosphorylation state of
the receptor in vivo. The results of these studies have
demonstrated a substantial decrease in insulin
receptor tyrosine phosphorylation in both obese
nondiabetic and subjects with T2DM (301,328). When
insulin-stimulated insulin receptor tyrosine
phosphorylation was examined in normal-glucose-
tolerant or impaired- glucose-tolerant individuals at
high risk of developing T2DM, a normal increase in
tyrosine phosphorylation of the insulin receptor has
been observed (332). These observations are
consistent with the concept that impaired insulin
receptor tyrosine kinase activity in patients with T2DM
is acquired secondarily to hyperglycemia or some
other metabolic disturbance.

A physiologic increase in the plasma insulin
concentration stimulates tyrosine phosphorylation of
the insulin receptor and IRS-1 in lean healthy subjects
to 150-200% of basal values (280,301,328,332,333).
In obese subjects without T2DM, the ability of insulin
to activate these two early insulin receptor signaling
events in muscle is reduced, while in subjects with
T2DM insulin has no significant stimulatory effect on
either insulin  receptor or IRS-1 tyrosine
phosphorylation (301). The association of p85 protein
and PI3-kinase activity with IRS-1 also is greatly
reduced in obese non-diabetic and subjects with
T2DM compared to lean healthy subjects (301,328-

334). Insulin also failed to increase the association of
the p85 subunit of Pl3-kinase with IRS-2 in muscle,
indicating that T2DM is characterized by a combined
defect in IRS-1 and IRS-2 function (301,328). The
decrease in insulin stimulation of the association of the
p85 regulatory subunit of PlI3-kinase with IRS-1 is
closely correlated with the impairment in muscle
glycogen synthase activity and in vivo insulin-
stimulated glucose disposal (301). Defective
regulation of PI3-kinase gene expression by insulin
also has been demonstrated in skeletal muscle and
adipose tissue of subjects with T2DM (335). In animal
models of diabetes, an 80% decrease in IRS-1
phosphorylation and a greater than 90% reduction in
insulin-stimulated PI3-kinase activity have been
reported (336).

In the insulin resistant, normal glucose tolerant
offspring of two parents with T2DM, IRS-1 tyrosine
phosphorylation and the association of p85
protein/PI3-kinase activity with IRS-1 are markedly
decreased despite normal tyrosine phosphorylation of
the insulin receptor; these insulin signaling defects are
correlated closely with the severity of insulin
resistance, measured with the euglycemic insulin
clamp technique (332). In summary, a defect in the
association of PI3-kinase with IRS-1 and its
subsequent activation appears to be a characteristic
abnormality in T2DM, is closely correlated with in vivo
muscle insulin resistance, and is unrelated to a
disturbance in insulin receptor tyrosine
phosphorylation. Several groups (337,338) have
reported that a common mutation in the IRS-1 gene
(Gly 972 Arg) is associated with T2DM, insulin
resistance, and obesity, but the physiologic
significance of this mutation remains to be established
(339).

The profound insulin resistance of the PI3-kinase
signaling pathway contrasts markedly with the ability
of insulin to stimulate MAP kinase pathway activity in
insulin-resistant individuals with T2DM and in
individuals with obesity without T2DM (301,328).
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Hyperinsulinemia increases MEK1 activity and
ERK1/2 phosphorylation and activity to the same
extent in lean healthy individuals as in patients with
insulin resistance and obesity without T2DM and
patients with T2DM (301,328). This finding of selective
insulin resistance is similar to that recently observed
in vasculature of Zucker fatty rats (340). Two possible
reasons for this difference are alternate insulin
signaling pathways and differential  signal
amplification. With regard to the former, the MAP
kinase pathway can be activated either through
Grb2/Sos interaction with IRS-1/IRS-2 or with Shc.
Because IRS-1 tyrosine  phosphorylation is
dramatically reduced in T2D, it is possible that insulin
activation of the MAP kinase pathway in vivo primarily
occurs through Shc activation. There is evidence from
in vitro studies to support this concept (341). Like ERK
and MEK activity, insulin increased Shc
phosphorylation to the same extent in lean and obese
nondiabetic and subjects with T2DM (301). These
results indicate that, in T2DM, insulin induces
sufficient activation of the insulin receptor tyrosine
kinase to increase Shc phosphorylation normally. It
also is possible that differential signal amplification in
the PI3-kinase and MAP kinase pathways can explain
their differing susceptibilities to the effects of insulin
resistance.

Maintenance of insulin stimulation of the MAP kinase
pathway in the presence of insulin resistance in the
PI3-kinase pathway may be important in the
development of insulin resistance. ERKs can
phosphorylate IRS-1 on serine residues (342), and
serine phosphorylation of IRS-1 and the insulin
receptor itself has been implicated in de-sensitization
of insulin receptor signaling (343). Continued ERK
activity, when IRS-1 function already is impaired,
could lead to a worsening of insulin resistance. Thus,
subjects with T2DM or obesity have inappropriately
high MAP kinase activity. One also could postulate
that insulin resistance in the metabolic (PI3- kinase)
pathway, with its compensatory increase in beta cell
function and hyperinsulinemia, leads to excessive
stimulation of the MAP kinase pathway in vascular

tissue (301,302). This would result in the proliferation
of vascular smooth muscle cells, increased collagen
formation, and increased production of growth factors
and inflammatory cytokines, possibly explaining the
accelerated rate of atherosclerosis in individuals with
T2DM (340A, 340B).

Glucose Transport

Activation of the insulin signal transduction system in
insulin target tissues leads to the stimulation of
glucose transport. The effect of insulin is brought
about by the translocation of a large intracellular pool
of glucose transporters (associated with low-density
microsomes) to the plasma membrane (281,282,344).
There are five major, different facilitative glucose
transporters with distinctive tissue distributions
(281,282,345,346) (Table 1). GLUT4, the transporter
regulated by insulin is found in insulin-sensitive tissues
(muscle and adipocytes), has a Km of ~5 mmol/l,
which is close to that of the plasma glucose
concentration, and is associated with HK-II (347- 349).
In adipocytes and muscle, its concentration in the
plasma membrane increases markedly after exposure
to insulin, and this increase is associated with a
reciprocal decline in the intracellular GLUT4 pool.
GLUT1 represents the predominant glucose
transporter in the insulin-independent tissues (brain
and erythrocytes), but also is found in muscle and
adipocytes. It is located primarily in the plasma
membrane, where its concentration changes little after
the addition of insulin. It has a low Km (~1 mmol/l) and
is well suited for its function, which is to mediate basal
glucose uptake. It is found in association with HKI
(347-349). GLUT2 predominates in the liver and
pancreatic beta cells, where it is found in association
with a specific hexokinase, HKIV (347-350). In the
beta cell, HKIV is referred to as gluco-kinase
(350,351). GLUT2 has a high Km, (~15-20 mmol/l)
and, as a consequence, the glucose concentration in
cells expressing this transporter rises in direct
proportion to the increase in plasma glucose
concentration. This characteristic allows these cells to
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respond as glucose sensors. In summary, each tissue
has a specific glucose transporter and associated
hexokinase, which allows it uniquely to carry out its

specialized function to maintain whole-body glucose
economy.

Table 1. Classification of glucose transport and HK activity according to their tissue distribution and
functional regulation

Organ Glucose transporter HK computer Classification

Brain GLUT1 HK-I Glucose dependent
Erythrocyte GLUT1 HK-I Glucose dependent
Adipocyte GLUT4 HK-II Insulin dependent
Muscle GLUT4 HK-II Insulin dependent
Liver GLUT2 HK-IVL Glucose sensor

GK beta cell GLUT2 HK-IVB (glucokinase) Glucose sensor

Gut GLUT3-symporter - Sodium dependent
Kidney GLUT3-symporter - Sodium dependent

Glucose transport activity in patients with T2DM
uniformly has been found to be decreased in
adipocytes  (281,282,320,351,352) and muscle
(281,282,354-356). In adipocytes from humans with
T2DM and rodent models of diabetes, there is a
severe reduction in GLUT4 mRNA and protein, and
the ability of insulin to elicit a normal translocation
response and to activate the GLUT4 transporter after
its insertion into the cell membrane is impaired
(281,282,320,353,357). In contrast, muscle tissue
obtained from lean and obese subjects with T2DM
exhibits normal or increased levels of GLUT4 mRNA
expression and normal levels of GLUT4 protein (358-
361). Moreover, acute (2-4-h) physiological
hyperinsulinemia does not increase the number of
GLUT4 transporters in muscle in either healthy
subjects or subjects with T2DM (358-361). Several
studies have demonstrated an increase in muscle
GLUT4 mRNA levels in response to insulin in control
subjects (333,360), but not in subjects with T2DM
(360), suggesting insulin resistance at the level of
gene transcription. However, the physiological
significance of the blunted increase in muscle GLUT4
MRNA levels in subjects with T2DM is unclear, since
both basal and insulin-stimulated GLUT4 protein
levels are normal. Large populations of subjects with
T2DM have been screened for mutations in the

GLUT4 gene (362,363). Such mutations are very
uncommon and, when detected, have been of
questionable physiologic significance.

The results summarized above indicate that the gene
(GLUT4) encoding the major insulin-responsive
glucose transporter and its transcriptional/translational
regulation are not impaired in T2DM. However, in
contrast to the normal expression of GLUT4 protein
and mRNA in muscle of subjects with T2DM, every
study that has examined adipose tissue has reported
reduced basal and insulin-stimulated GLUT4 mRNA
levels, decreased GLUT4 transporter number in all
subcellular fractions, diminished GLUT4 translocation,
and impaired intrinsic activity of GLUT4
(281,282,353,361,364). These observations
demonstrate that GLUT4 expression in humans is
subject to tissue-specific regulation. Although insulin
does not increase GLUT4 expression in muscle, it
stimulates the translocation of GLUT4 transporters
from their intracellular location to the cell membrane
(354,365,366). In humans with T2DM, the ability of
insulin to stimulate GLUT4 translocation in muscle is
impaired (354,367). Using a novel triple-tracer
technique, the in vivo dose-response curve for the
action of insulin on glucose transport in forearm
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skeletal muscle has been examined in nondiabetic
and subjects with T2DM (368-370). Insulin-stimulated
inward muscle glucose transport is severely impaired
in subjects with T2DM who are studied under
euglycemic conditions. The defect in glucose transport
cannot be overcome by repeating the insulin clamp at
each subject's normal fasting glucose (hyperglycemia)
level. Since the number of GLUT4 transporters in the
muscle of subjects with T2DM is normal (358-361),
impaired GLUT4 translocation (281,354,367) and
decreased intrinsic activity of the glucose transporter
(366,371) must be responsible for the defect in muscle
glucose transport. Impaired in vivo muscle glucose
transport in T2DM also has been demonstrated using
MRI (372) and PET (373).

Glucose Phosphorylation

Glucose phosphorylation and glucose transport are
tightly coupled phenomena (374). Isozymes of
hexokinase (HKI-HKIV) catalyze the first committed
intracellular step of glucose metabolism, the
conversion of glucose to G-6-P (347-350,375) (Table
1). HKI, HKII, and HKIII are single-chain peptides that
have a number of properties in common, including a
very high affinity for glucose and product inhibition by
G-6-P. HKIV, also called gluco-kinase, has a lower
affinity for glucose and is not inhibited by G-6-P.
Gluco-kinase (HKIVB) is believed to be the glucose
sensor in the beta cell, while HKIVL plays an important
role in the regulation of hepatic glucose metabolism.

In both rat (375-377) and human (333,348,378-380)
skeletal muscle, HKII transcription is regulated by
insulin. HKI also is present in human skeletal muscle,
but it is not regulated by insulin (378). In response to
physiological euglycemic hyperinsulinemia, HKII
cytosolic activity, protein content, and mRNA levels
increase by 50-200% in healthy non-diabetic subjects
(378,380) and this is associated with the translocation
of hexokinase Il from the cytosol to the mitochondria
(381). In contrast, insulin has no effect on HK-I activity,
protein content, or mRNA levels (378).

In forearm muscle, insulin-stimulated glucose
transport (measured with the triple tracer technique)
has been shown to be markedly impaired in lean
subjects with T2DM (370). However, since the rate of
intracellular glucose phosphorylation was impaired to
an even greater extent, insulin caused an increase in
the intracellular free glucose concentration. By
performing the insulin clamp at each subject’s normal
level of fasting hyperglycemia, normal rates of whole-
body glucose disposal and a normal rate of glucose
influx into muscle was elicited. However, the rate of
intracellular glucose phosphorylation increased only
modestly; consequently, there was a dramatic rise in
the free glucose concentration within the intracellular

space that is accessible to glucose. These
observations indicate that in individuals with T2DM,
while both glucose transport and glucose

phosphorylation are severely resistant to the action of
insulin, impaired glucose phosphorylation (HKII)
appears to be the rate-limiting step for insulin action.
A similar pattern of impaired muscle glucose
phosphorylation and transport is present in the insulin-
resistant, normal glucose-tolerant offspring of two
diabetic parents (382). These results are consistent
with dose-response studies using PET to evaluate
glucose phosphorylation and transport in skeletal
muscle of subjects with T2DM (373). They also are
consistent with 31P-NMR studies (383) which
demonstrate that, during hyperinsulinemia, muscle G-
6-P concentrations decline in subjects with T2DM
versus control subjects. However, subsequent studies
using *P-NMR in combination with 1-'*C-glucose
suggest that the defect in insulin-stimulated muscle
glucose transport exceeds the defect in glucose
phosphorylation and is responsible for the decline in
muscle glucose-6-P concentration (372). Because of
methodologic differences, the results of the triple
tracer (370) and MRI (372) studies cannot be
reconciled at present. Nonetheless, observations from
these studies are consistent in demonstrating that the
defects in glucose phosphorylation and glucose
transport in muscle are established early in the natural
history of T2DM and cannot be explained by glucose
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toxicity (91). Clear evidence that HKII activity is crucial
for glucose uptake derives from studies in transgenic
mice who overexpress HKII. In this model, HKII over-
expression increased both insulin- and exercise-
stimulated muscle glucose uptake (384).

In  healthy nondiabetic subjects, physiologic
hyperinsulinemia for as little as 2-4 hours increases
muscle HKIl activity, gene transcription, and
translation (333,378). In lean subjects with T2DM
insulin-stimulated HKII activity and mRNA levels are
markedly reduced compared to controls (383,385).
Decreased basal muscle HKIl activity and mRNA
levels (385) and impaired insulin-stimulated HKII
activity (379,380,386,387) in subjects with T2DM have
been reported by other investigators. A decrease in
insulin-stimulated muscle HKII activity also has been
described in individuals with IGT (388). Because of its
central role in insulin-mediated muscle glucose
metabolism, several groups have looked for point
mutations in the HKII gene in individuals with T2DM
(388-390). Although several nucleotide substitutions
have been found, none have been located close to the
glucose and ATP binding sites and none have been
associated with insulin resistance. Thus, an
abnormality in the HKII gene is unlikely to explain the
inherited insulin resistance in common variety T2DM.

Glycogen Synthesis

After glucose is phosphorylated by hexo-kinase ll, it
either can be converted to glycogen or enter the
glycolytic pathway. Of the glucose that enters the
glycolytic pathway, ~90% is oxidized. At low
physiologic plasma insulin concentrations, glycogen
synthesis and glucose oxidation are of approximately
equal quantitative importance. With increasing plasma
insulin concentrations, glycogen synthesis
predominates (18,391). If the rate of glucose oxidation
(determined by indirect calorimetry) is subtracted from
the rate of whole-body insulin-mediated glucose
disposal (determined from the insulin clamp), the
difference represents non-oxidative glucose disposal

(or glucose storage) (17,360), which primarily reflects
glycogen synthesis (1,4,162,216,392). Glucose
conversion to lipid accounts for <5% of total body
glucose disposal (18,198,199) and, less than 5-10% of
the glucose taken up by muscle is released as lactate
(5,393,394).

Reduced insulin-stimulated glycogen synthesis is a
characteristic finding in all insulin-resistant states,
including obesity, diabetes, and the combination of
obesity plus diabetes
(1,4,18,43,59,159,162,218,219,377,393-395).
Impaired glycogen synthesis also represents the
major cause of insulin resistance in obese subjects
with normal or only slightly impaired glucose tolerance
(1,4,162,218,393,395,396). Thus, the inability of
insulin to promote glycogen synthesis is a
characteristic and early defect in the development of
insulin resistance in both obesity and T2DM. The
emergence of overt diabetes with fasting
hyperglycemia is associated with a major reduction in
insulin-mediated non-oxidative glucose disposal
(glycogen  synthesis) in all ethnic groups
(1,4,18,162,377,396). Impaired glycogen synthesis
also has been demonstrated in the normal-glucose-
tolerant offspring of two diabetic parents (43,397), in
the first-degree relatives of people with T2DM
(41,398,399), and in a normoglycemic twin of a
monozygotic twin pair in which the other has T2DM
(101).

Using NMR imaging spectroscopy, a decrease in
insulin-stimulated incorporation of [1H, *C]- glucose
into muscle glycogen of subjects with T2DM has been
demonstrated directly (215). In T2DM, there was a
marked lag in the onset of insulin-stimulated glycogen
synthesis that was similar to the delay in insulin-
mediated leg muscle glucose uptake. The rate of
glycogen synthesis in subjects with T2DM was
decreased by ~50%, paralleling the decrease in total
glucose uptake by leg muscle (3). Also, impaired
muscle glycogen synthesis accounted for essentially
all of the defect in whole body glucose disposal.
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In summary, an abundance of convincing evidence
demonstrates that impaired glycogen synthesis is the
major metabolic defect in normal glucose tolerant
subjects with obesity, in individuals with IGT, and in
patients with overt diabetes. Moreover, numerous
studies have documented that the earliest detectable
metabolic abnormality responsible for the insulin
resistance in normal glucose tolerant individuals who
are destined to develop T2DM is impaired glycogen
synthesis (4,41,43,101,382,392,399,400).

Glycogen synthase is the key insulin-regulated
enzyme which controls the rate of muscle glycogen
synthesis (307,308,310,379,401,402). Insulin
enhances glycogen synthase activity by stimulating a
cascade of phosphorylation/de-phosphorylation
reactions  (307,308,361-363,403) (see above
discussion of insulin receptor signal transduction),
which ultimately lead to activating PP1 (also called
glycogen synthase phosphatase) (307,308,310,402).
The regulatory subunit (G) of PP1 has two serine
phosphorylation sites, called site 1 and site 2.
Phosphorylation of site 2 by cAMP-dependent kinase
(PKA) inactivates PP1, while phosphorylation of site 1
by insulin activates PP1, leading to the stimulation of
glycogen synthase (307,308,402,404).
Phosphorylation of site 1 of PP1 by insulin in muscle
is catalyzed by insulin-stimulated protein kinase 1
(ISPK-1) (309,405), which is part of a family of
serine/threonine protein kinases termed ribosomal S6-
kinases. Because of their central role in muscle
glycogen formation, considerable attention has
focused on the three enzymes glycogen synthase,
PP1, and ISPK-1 in the pathogenesis of insulin
resistance in T2DM.

Glycogen synthase exists in an  active
(dephosphorylated) and an inactive (phosphorylated)
form (307-310). Under fasting conditions, total
glycogen synthase activity in subjects with T2DM is
reduced and the ability of insulin to activate glycogen
synthase is severely impaired (301,384,406-410). An

impaired ability of insulin to activate glycogen
synthase also has been demonstrated in the normal
glucose tolerant relatives of individuals with T2DM
(400). Insulin-mediated activation of glycogen
synthase and insulin-stimulated glycogen synthase
gene expression has been shown to be impaired in
cultured myocytes and fibroblasts from subjects with
T2DM  (411,412). Studies in insulin-resistant
nondiabetic and diabetic Pima Indians have
documented that the ability of insulin to activate
muscle PP1 (glycogen synthase phosphatase) is
severely reduced (413). PP1 dephosphorylates
glycogen synthase, leading to its activation. Therefore,
a defect in PP1 appears to play an important role in
muscle insulin resistance (309).

The effect of insulin on glycogen synthase gene
transcription and translation in vivo has been studied
extensively. Most studies (378,414,415) have shown
that insulin does not increase glycogen synthase
MRNA or protein expression in human muscle studied
in vivo. However, glycogen synthase mMRNA
expression is decreased in muscle of patients with
T2DM (415,416), explaining in part the decreased
glycogen synthase activity in this disease. However,
the major abnormality in glycogen synthase regulation
in T2DM and other insulin resistant conditions is its
lack of de-phosphorylation and activation by insulin as
a result of insulin receptor signaling abnormalities (see
previous discussion). The glycogen synthase gene
(417) has been the subject of intensive investigation.
An association between glycogen synthase gene
markers and T2DM has been demonstrated in
Japanese, French, Finnish, and Pima Indian
populations. However, DNA sequencing has revealed
either no mutations (418) or rare nucleotide
substitutions (419,420) that cannot explain the defect
in insulin-stimulated glycogen synthase. Nonetheless,
the association between the glycogen synthase gene
and T2DM (418) suggests that another gene close to
the glycogen synthase gene may be involved in the
development of T2DM. The genes encoding the
catalytic subunits of PP1 (421) and ISPK-1 (422) have
been examined in insulin-resistant Pima Indians and
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Danes with T2DM. Several silent nucleotide
substitutions were found in the PP1 and ISPK-1 genes
in the Danish population; the mRNA levels of both
genes were normal in skeletal muscle (422). No
structural gene abnormalities in the catalytic subunit of
PP1 were detected in Pima Indians (422). Thus,
neither abnormalities in the PP1 and ISPK-1 genes
nor abnormalities in their translation can explain the
impaired enzymatic activities of glycogen synthase
and PP1 that have been observed in vivo. Similarly,
there is no evidence that an alteration in glycogen
phosphorylase plays any role in the abnormality in
glycogen formation in T2DM (423). In summary,
glycogen synthase activity is severely impaired in
patients with T2DM and in insulin-resistant normal
glucose tolerant individuals who are predisposed to
develop T2DM. However, the defect cannot be
explained by an abnormality in the genes encoding
glycogen synthase or is promoter or by other key
genes - PP1 or ISPK-1 - involved in the regulation of
glycogen synthase activity.

Glycolysis/Glucose Oxidation

Glucose oxidation accounts for ~90% of total glycolytic
flux, while anaerobic glycolysis accounts for the other
10% (393,394). Two enzymes, phosphofructokinase
(PFK) and pyruvate dehydrogenase (PDH) play
pivotal roles in the regulation of glycolysis and glucose
oxidation, respectively. In individuals with T2DM the
glycolytic/glucose oxidative pathway has been shown
to be impaired in many individuals with T2DM
(393,394). Although one study suggested that the
activity of PFK is modestly reduced in muscle biopsies
from subjects with T2DM (424), the majority of
evidence indicates that the activity of PFK is normal
(407,412,417). Insulin has no effect on muscle PFK
activity, mRNA levels, or protein content in either
nondiabetic or diabetic individuals (417). PDH is a key
insulin-regulated enzyme whose activity in muscle is
acutely stimulated by a physiological increment in the
plasma insulin concentration (415). Three previous
studies have examined PDH activity in patients with

T2DM. Insulin-stimulated PDH activity is decreased in
isolated subcutaneous human adipocytes from
patients with T2DM (425) and in skeletal muscle from
subjects with  T2DM undergoing euglycemic
hyperinsulinemic clamps (426). However, when
patients with T2DM had muscle biopsies during
hyperglycemic hyperinsulinemic clamps, activation of
PDH by insulin was normal (409), in concert with
normalized rates of muscle glucose uptake. These
results suggest that insulin stimulation of PDH activity
is influenced by glycolytic flux.

Both obesity and T2DM are associated with
accelerated FFA turnover and oxidation (1,4,18,162),
which would be expected, according to the Randle
cycle (232), to inhibit PDH activity and consequently
glucose oxidation (see prior discussion). Thus, any
observed defect in glucose oxidation or PDH activity
could be acquired secondarily to increased FFA
oxidation and feedback inhibition of PDH by elevated
intracellular levels of acetyl-CoA and reduced
availability of NAD. Consistent with this observation,
the rates of basal and insulin- stimulated glucose
oxidation have been shown to be normal in the normal
glucose tolerant offspring of two parents with T2DM
(43) and in the first-degree relatives of subjects with
T2DM (41,423), while it is decreased in subjects with
overt T2DM (1,4,393,394,427). Studies examining
PHD activity in muscle tissue from lean diabetic
subjects with mild fasting hyperglycemia are needed
before the role of this enzyme in the development of
insulin resistance in T2DM can be established or
excluded.

In summary, post-binding defects in insulin action
primarily are responsible for the insulin resistance in
T2DM. Diminished insulin binding, when present, is
small, occurs in individuals with IGT or very mild
diabetes, and results secondarily from downregulation
of the insulin receptor by chronic sustained
hyperinsulinemia. In patients with T2DM and overt
fasting hyperglycemia, post-binding defects are
responsible for the insulin resistance. A number of

www.EndoText.org 31


http://www.endotext.org/

post-binding defects have been documented,
including diminished insulin receptor tyrosine kinase
activity, insulin signal transduction abnormalities,
decreased glucose transport, reduced glucose
phosphorylation, and impaired glycogen synthase
activity. The glycolytic/glucose oxidative pathway
appears to be largely intact and, when defects are
observed, they appear to be acquired secondarily to
enhanced FFA/lipid oxidation. From the quantitative
standpoint, impaired glycogen synthesis represents
the major pathway responsible for the insulin
resistance in T2DM, and family studies suggests that
a defect in the glycogen synthetic pathway represents
the earliest detectable abnormality in T2DM. Recent
studies link the impairment in glycogen synthase
activation to a defect in the ability of insulin to
phosphorylate IRS-1, causing a reduced association
of the p85 subunit of Pl 3-kinase with IRS-1 and
decreased activation of the enzyme (PI 3-kinase).

Mitochondrial Dysfunction

In obesity and T2DM, impaired oxidation, reduced
mitochondrial contents, lowered rates of oxidative
phosphorylation and the production and release of
excessive reactive oxygen species (ROS) have been
reported. Mitochondrial biogenesis is regulated by
various transcription factors such as peroxisome
proliferator-activated receptor y coactivator-1a (PGC-
1a), peroxisome proliferator-activated receptors
(PPARs), estrogen-related receptors (ERRs), and
nuclear respiratory factors (NRFs). Mitochondrial
fusion is promoted by mitofusin 1 (MFN1), mitofusin 2
(MFN2) and optic atrophy 1 (OPA1), while fission is
governed by the recruitment of dynamin-related
protein 1 (DRP1) by adaptor proteins, such as
mitochondrial fission factor (MFF), mitochondrial
dynamics proteins of 49 and 51 kDa (MiD49 and
MiD51), and fission 1 (FIS1). Phosphatase and tensin
homolog (PTEN)-induced putative kinase 1 (PINK1)
and PARKIN promote DRP1-dependent mitochondrial
fission, and the outer mitochondrial adaptor MiD51 is
required in DRP1 recruitment and PARKIN-dependent

mitophagy. Several molecular abnormalities affecting
these critical aspects of mitochondrial dynamics have
been identified in obese individuals and in patients
with T2DM (450).

The generation of new mitochondria, mitochondrial
biogenesis, is presumed to be defective in patients
with T2DM because the expressions of PGC-1a and
its targeted genes are reduced. They are associated
with an impaired ability to produce mitochondrial ATP
and increased ROS production from the electron
transport chain. There is some preliminary evidence
that stimulation of mitochondrial biogenesis by
pharmacological activation targeting these molecules
is beneficial in the treatment of T2DM and obesity.
The accumulation of damaged or depolarized
mitochondria in pancreatic beta cells is associated
with oxidative stress and favors subsequent
development of diabetes. Mitochondria in pancreatic
beta cells are continuously recruited in the fusion and
fission processes. In a cultured pancreatic beta cell
line (INS-1), high levels of glucose- and palmitate-
induced mitochondrial fusion arrested and reduced
respiratory function. In INS1 cells, mitochondria with
fission demonstrated reduced Ay and decreased
levels of the fusion protein OPA1. The inhibition of
fission machinery proteins using DRP1 and FIS1 RNAI
resulted in decreased mitochondrial autophagy, the
accumulation of oxidized mitochondrial proteins,
reduced respiration, and impaired insulin secretion.
All of these suggest that selective fission of damaged
mitochondria is followed by their removal by
autophagy. In another study, INS-1 cells were treated
with palmitate and high glucose, and the
fragmentation of mitochondria with reduced fusion
activities was observed. The application of FIS1 RNAI
that shifts the dynamic balance to favor fusion is able
to prevent mitochondrial fragmentation, maintain
mitochondrial dynamics, and prevent apoptosis.
Thus, although not entirely elucidated, abnormal
mitochondrial fusion and fission dynamics in the
pancreatic beta cells may play an important role in
beta cell dysfunction and the progression of T2DM.
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Obesity and T2DM are associated with impaired
skeletal muscle oxidation, reduced mitochondrial
contents, and lowered rates of TCA cycle enzymes
and OXPHOS. Patients with T2DM and obesity also
demonstrated reduced expression of MFN2, which
may be related to the reduced function of mitochondria
in skeletal muscle. In 17 subjects with obesity, 12
weeks of exercise improved insulin sensitivity and fat
oxidation. Skeletal muscle biopsy in these patients
revealed that decreased phosphorylation and
reduction of DRP1 at serine 616 were negatively
correlated with increases in fat oxidation and insulin
sensitivity (451). In this same study, there was a trend
towards an increase in the expression of both MFN1
and MFN2. Studies in hepatocytes have recently
demonstrated that the role of MAMs in calcium, lipid,
and metabolite exchange is altered in obesity and
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