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Prologue : In their classical landmark
paper describing the radioimmunoassay of
insulin, Solomon Berson and Rosalyn
Yalow defined insulin resistance as a “state
of a cell, tissue, system or body in which greater
than normal amounts of insulin are required to
elicit a quantitatively normal response”(1).
David Kipins, in a chapter on insulin
physiology, in the monumental monograph
: Methods in Investigative and Diagnostic
Endocrinology’ edited by Berson and
Yalow and published prior to the demise
of Berson, clearly states(2) :

‘Skeletal and cardiac muscle, adipose
tissue and the liver are the principal insulin
responsive tissues of the body. Exposure of
these tissues to physiological levels of
insulin in vivo results in prompt and readily
detectable changes in various parameters
of carbohydrate, lipid, and protein
metabolism. Peripheral nerve, ciliary
muscle, cartilage, fibroblasts, circulating
lymphocytes and granulocytes, and the
arterial wall have also been reported to
respond to the hormone, but the

physiological relevance of these
observations with respect of either total
body metabolic homeostasis or individual
tissue viability remains to be elucidated —
——. It is well recognized that the insulin
sensitivity of target tissues is influenced by
a variety of metabolic states; insulin
resistance is characteristically associated
with obesity, trauma, pregnancy,
acromegaly and hyperadrenocorticism.’

This descriptive narrative provides the
essential context to understand the effects
of differential insulin sensitivity (and
resistance) in various insulin responsive
tissues and organs, besides the possibility
of differential sensitivity with regard to the
effects on carbolydrate, lipid, and protein
metabolism. It also alludes to the effects on
arterial wall, and circulating elements such
as lymphocytes, granulocytes and platelets.

Measurement of Insulin Sensitivity :
The most frequently used method of
measuring insulin sensitivity is by
Euglycemic clamp technique(3). In all
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research laboratories, use of this technique
is considered essential to demonstrate
impaired sensitivity i.e. insulin resistance.
The technique is highly reproducible,
although time consuming, requiring skill
and expertise.

The other computer program based
techniques include FSIVGTT (Frequently
sampled intravenous glucose tolerance test)
(4) and CIGMA (Continuous infusion of
glucose with model assessment) (5). The
values obtained by using these techniques
generally correlate well with the results
obtained with the euglycemic clamp
technique.

A number of techniques have also been
described using standard oral glucose
tolerance tests (OGTT) wherein 75 gm.
glucose load is given orally after a 10-16
hour fast (WHO, 1980)(6). Blood samples
are collected at 30-minute intervals
following the administration of glucose
load. The test duration may be 2 hours
(WHO, 1980) or may be extended to 3 or 4
hours. Glucose and insulin are measured
in each sample. The data is analysed using
various indices, some of which depend on
AUC s (area under glucose curve) and
AUC, .. (area under insulin curve)(7).
Other investigators have used- 1 (mean

mean

plasma insulin during OGTT; m1U/L) and

G__ (mean glucose concentration during

mean

OGTT (mg/dl).

Mathematical models have been’ used
in clinical practice wherein only fasting
glucose concentration, and fasting insulin

concentration have been used to calculate
insulin sensitivity. For example, Raynaud
Index uses the formula R1 = 40/1 where 1,
is the fasting insulin level (uU/ml)(8).
Likewise, fasting glucose to insulin ratio
(FGIR) has been recommended using the
formula :

FGIR = G,/1, (G, = fasting glucose, mg/dl;

1, = fasting insulin, pU/ml)

The major problem with a single
sample-based calculation of insulin
sensitivity is due to the fact that insulin
secretion occurs in an oscillatory manner,
thereby rendering single value-based
measurement amenable to possible error.
Although it has been suggested that
collection of three samples at intervals of
five minutes (and using pooled sample for
subsequent measurements) may minimize
the error, it must be remembered that
‘oscillations’ or ‘pulses’ of insulin secretion
occur at two different periodicities : (i) rapid
small amplitude oscillations which occur
every 10-15 minutes and are superimposed
on (ii) slower, larger amplitude ultradian
oscillations with periods ranging from 80-
150 minutes(9).

Ina general mathematical model which
incorporates f-cell kinetics and a
gastrointestinal absorption term for glucose

. insulin feedback, and comprises of a set of four

nonlinear, coupled ordinary differential
equations(10), numerical simulations
showed that glucose and insulin levels
oscillate before reaching a steady state.
Interestingly, glucose oscillations are seen
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to lead the insulin oscillations. In our study
we observed that the time period of
oscillations is about 90 minutes and the
glucose peak precedes insulin peak by
about 06 minutes(10).

Homeostasis Model Assessment
(HOMA): Insulin resistance (and sensitivity
as measured by this method) is one of the
most commonly used parameters in clinical
metabolic research and is based on a model
of insulin-glucose interaction, with
measurement of fasting glucose (G, :
mmol/L) and fasting insulin (1, : pIU/ml).

1, x G,
IR

HOMA =
22.5

In the mathematical model proposed
by us(11) and referred to in the preceding
paragraph, it was further shown that in
obese controls with normal glucose
tolerance, there was a four-fold increase in
B-cell function, an increased peripheral
resistance to insulin action, and an increased
initial rate of gastro-intestinal absorption as
compared to non-obese controls. In contrast, in
both obese and non-obese subjects with type
2 diabetes mellitus (T2DM), the changes
appear to occur as a result of decreased B-cell
capacity and function and an increased
peripheral resistance to insulin action(12).

Insulin Resistance : metabolic basis
and clinical significance : The preceding
mini-review makes it abundantly clear that
although the term is frequently used to
indicate impaired insulin-stimulated
glucose disposal as generally measured

with the hyperinsulinemic euglycemic
clamp technique, it must be clearly
understood that insulin resistance may
occur at the level of one or more of the
insulin sensitive tissues such as the skeletal
muscle, liver, and the adipose tissue(13).
Thus not only muscle glucose uptake but
also inhibition of adipose tissue lipolysis
and suppression of hepatic glucose
production, all regulated by insulin, must
be considered both individually and jointly
for a comprehensive understanding of
insulin action and insulin resistance. The
subject is recently reviewed by us(14). The
account that follows draws upon our
published review.

There is a paucity of data examining the
insulin dose response characteristics of
stimulation of glucose uptake (muscle) and
suppression of glucose production (liver)
in normals and in subjects with T2 DM. A
well designed study(15) showed in the
normal subjects a significant shift to the
right of the dose-response curve for glucose
uptake with EC, of 58 pU/ml. In contrast, the
corresponding EC,; for suppression of glucose
production was approximately one-half of this
i.e. 26 pU/ml. Thus, with low physiological
increments in plasma insulin, the liver is the
primary determinant of whole body
glucose homeostasis. In subjects with
T2DM, there was a marked shift of a similar
magnitude of both these curves to the right,
with EC, for glucose uptake of 118 yU/ml. and
EC,, for glucose production of 66 uU/ml.

In contrast to EC,, for glucose uptake
and glucose production, data on whole
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body lipolysis during stepwise
hyperinsulinemic-euglycemic clamp
studies show that EC,, for suppression of
lipolysis in normal subjects is much lower
and ranges between 7 and 16 pU/ml(16,17).
Thus, suppression of lipolysis seems to be
the most sensitive of insulin actions, with
the dose response curve of adipose tissue
distinctly to the left of the corresponding
curves for glucose production and glucose
uptake. It is also obvious from these studies
that inhibition of lipolysis can be achieved
at a fasting insulin concentration which is
well within the normal range, and
suppression of glucose production can also
be achieved within the physiological range
of postparandial insulin concentration.
Thus, while the term Insulin Resistance
Syndrome (IRS) may provide a conceptual
framework for diverse cardiometabolic risk
factors grouped together as Metabolic
Syndrome (MS), in depth study of insulin
action and resistance at different sites
(muscle, liver, adipocyte) is required to
compare and contrast the metabolic defects
in each of the clinical disorders including
obesity, T2 DM, Coronary Heart Disease
(CHD), Hypertenion, Polycystic Ovaries
Syndrome (PCOS) and Non-Alcoholic Fatty
Liver Disease (NAFLD), and finally to
investigate their relationship, if any, with
high and/or low birth weights.

The need of such studies becomes
imperative in the light of information
recently made available as a result of
disruption of insulin receptor gene in
specific target tissues. Mice without insulin

receptors in skeletal muscle do not develop
diabetes, suggesting that insulin sensitivity

(and glucose uptake) in skeletal muscle
might not always be a primary cause of .
diabetes(18). However, these mice develop
increased fat mass, elevated serum
triglycerides, and high levels of circulating
FFA, suggesting that insulin resistance in
the muscle contributes significantly to
altered fat metabolism in these animals.
Likewise, mice lacking hepatic insulin
receptors also fail to develop diabetes,
as compensatory hyperinsulinemia
apparently maintains fasting normogly-
caemia (19).

In summary, resistance to insulin may
be viewed in the context of multisystem
insulin resistance, and the clinical sequalae
must depend not only on the system(s)
exhibiting resistance in a more severe form,
but also on the compensatory mechanism(s),
such as B-cell function, operating to respond to
the challenge posed by insulin resistance.

Free Fatty Acids and Insulin
Resistance: The plasma FFA concentration
is determined by: (i) the rate of FFA
production (lipolysis) in the adipose tissue;
and (ii) the rate of uptake from plasma
either for oxidation or for reesterification

to triglycerides. FFA from the visceral

adipose tissue drain directly into the portal
vein and reach the liver. The rate of lipolytic
activity is higher in the abdominal visceral
adipocytes(20). Subjects with central
(visceral) adiposity have higher levels of
FFA in portal vein, in addition to the
daylong elevation of FFA in the peripheral
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plasma. Chronically elevated plasma FFA
can lead to insulin resistance in muscle and
liver(21,22). The thesis that abnormalities
of FFA metabolism may be involved in the
etiology of T2 DM (then called maturity-
onset diabetes mellitus) was first
propounded by Randle et al in 1963 who
suggested a fundamental role of glucose-
fatty acid cycle in the regulation of energy
balance. Based on their studies on rat
cardiac muscle in vitro, it was concluded
that the rate of fat oxidation increased
relative to carbohydrate oxidation in
response to elevated FFA concentration(23).
It was suggested that in the fasting state
with low basal insulin, there was an
increase in the oxidation of fatty acids by
muscle (with reciprocal reduction of
glucose uptake). Opposite was the case in
the fed-state where enhanced insulin
secretion increases glucose uptake by
muscle, in addition to inhibiting lipolysis

in the adipose tissue. Concluding their
 classical paper in the Lancet, Randle et al
stated(23) ‘We propose that the
interactions between glucose and fatty-acid
metabolism in muscle and adipose tissue
take the form of a cycle, the glucose fatty-
acid cycle, which is fundamental to control
of blood glucose and fatty acid
concentrations and insulin sensitivity’.
Nearly three decades later, these
observations were confirmed in healthy
human skeletal muscle wherein a decrease
in carbohydrate oxidation in association
with an increase in fat oxidation was
demonstrated following 1-hour of lipid
infusion, under euglycaemic -

hyperinsulinemic clamp(24). Although the
precise molecular basis of the relationship
between circulating FFA levels and insulin
resistance in the muscle remains uncertain, it is
recognized that chronically elevated FFA levels
may also impair insulin secretion from the p —
cells (lipotoxicity)(25), in addition to
enhancing hepatic glucose output(26). The
latter may be due to a combination of
increased availability of FFA for
gluconeogenesis, and decreased sensitivity
(resistance) to the action of insulin at the
hepatocyte.

Even though the conceptual
framework of Randle’s hypothesis remains
intact, more recent studies have shown that
FFAs and their metabolites also inhibit
insulin signaling, and glucose transport, in
addition to affecting the activities of several
enzymes involved in  glucose
metabolism(27). Following a 5-h infusion
of lipid in healthy volunteers, a significant
decrease in intracellular glucose was
demonstrated, supporting the hypothesis
that elevated FFA induce insulin resistance
principally at the level of glucose
transport(28). This could be either due to a
direct effect on glucose transporter GLUT
4, or mediated through an indirect effect by
modifying upstream signaling events,
notably at the level of phosphatidylinositol
3-kinase (P1 3-kinase). That the latter may
be the case was demonstrated by the fact
that increase in P 1 3-kinase activity in
response to insulin stimulation was nearly
completely abolished in human volunteers
given lipid infusion(29). Additional studies
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show that high FFA concentration may
effect several upstream proteins in the
signaling pathway, including IRS-1 and
protein kinase C theta (PKC 0)(30). It has been
proposed that clevated FFA may activate PKC
8, with the resulting decrease in IRS-1 tyrosine
phosphorylation, a suppression of P1 3-kinase
activity, reduced GLUT translocation, and
cultiminating in a reduction of glucose
transport(31). Such lipid infusions have,
therefore, been shown to closely resemble
the effects of chronically elevated FFA
levels such as inhibition of glucose
transport and phosphorylation, glycogen
synthase and pyruvate dehydrogenase
activity, and insulin signaling through the
IRS-1, PKC 0, and P1 3-Kinase pathways.

Additional evidence for the role of
intracellular lipid in mediating insulin
resistance has been obtained from
transgenic mice with muscle-specific and
liver-specific overexpression of lipoprotein
lipase (LPL). Muscle-LPL-overexpressing
mice had a threefold increase in muscle
triglyceride content and were insulin
resistant due to (i) decrease in insulin-
stimulated glucose transport and (ii) a
reduced insulin activation of IRS-1
associated P1 3-kinase activity. In contrast,
liver-LPL-overexpressing mice had a two-
fold increase in liver triglyceride content.
These mice were insulin resistant primarily
due to the impaired ability of insulin to
suppress endogenous glucose
production(32). These defects in insulin
signaling (and action) were associated with
increases in intracellular fat metabolites (i.e.
diacylglycerol, fatty acylcoenzyme A). Thus
there is a causal relationship between

intracellular accumulation of fat
metabolites and insulin resistance mediated
through changes in insulin signaling
pathway.

In a recent study aimed at investigating
the molecular mechanism (s) underlying
the biochemical basis of insulin resistance
due to the effect of elevated FFA on the
muscle, a triglyceride emulsion was infused
in healthy subjects for 48 hours, followed
by muscle biopsis (vastus lateralis muscle),
microarray analysis, quantitative real time
PCR, and immunoblots. After lipid
infusion, extracellular matrix genes and
connective tissue growth factor were
significantly over expressed. In contrast,
nuclear encoded mitochondrial genes and
PGC-1la (peroxisome proliferator activated
receptor y — coactivator —la ) expression were
decreased(33). As PGC-1a is the transcriptional
coactivator that initiates the expression of
several genes coding for mitochondrial proteins,
a decrease in PGC-1 expression may result
in decreased expression of a number of
metabolic and nuclear encoded
mitochondrial genes involved in electron
transport and oxidative phosphorylation.
Indeed, a decreased expression of nuclear
encoded mitochondrial ~  genes,
accompanied by a decreased expression of
PGC-10, has been demonstrated in insulin
resistant subjects(34,35).

Notwithstanding the effect on nuclear
encoded mitochondrial genes, a marked
increase in expression of extracellular
matrix-related genes following lipid
infusion was of considerable interest(33).
Such a pattern characterizes inflammatory
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response leading to extracellular matrix
remodelling and fibrosis. Thus chronic
elevation of FFA may result in
inflammation-associated extracellular
matrix changes in the skeletal muscle. Such
fibrotic inflammatory responses are
mediated by the Connective tissue growth
factor (CTGF), also termed CCNZ2, a 38KD,
protein belonging to the CNN family(36).
Fig. 1 projects a conceptual model of the
molecular basis of insulin resistance(14).
Metabolic activity in the adipocytes,

through changes in the circulating levels of
adipokines and elevated levels of FFA may
result in a decreased expression of PGC-1a
and several nuclear encoded mitochondrial
genes, thereby reducing oxidative

phosphorylation, in addition to producing
defects in glucose transport and insulin
signaling pathways. The resultant insulin
resistant state in turn increases lipolysis,
further increasing the levels of circulating
FFA. Adipokines, such as resistin, lead to
increase in hepatic fat, causing insulin

Fig. 1 : Decreased expression of nuclear encoded mitochondrial genes and increased expression of
extracellular matrix - related genes may contribute to the molecular basis of insulin resistance (for
explanation, see text). From Bajaj and Bajaj (14) with permission of Editor and Publisher

PGC’- 1o : peroxisome proliferator activated receptor ¥ - coactivator - 1a; CTGF : connective tissue growth

factor; FFA : free fatty acids.
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resistance in the liver, and increased hepatic
glucose output. In contrast, adiponectin
reduces hepatic fat content. Increased levels
of glucose and FFA enhance the expression
of CTGF, leading to altered cellular matrix.
It is obvious that new therapeutic targets
aimed at increasing PGC-1o activity and
reducing CTGF activity bear therapeutic
potential.

There is evidence that CTGF mediates
fibrotic changes at multiple sites i.e.
atheromatous plaques(37); mesangium in
the glomerulus(38); myocardium following
ischemic injury(39) and activated hepatic

stellate cells(40). As angiotensin II (acting
through angiotensin receptor 1) increases
the expression of CTGF, the current use of
specific angiotensin receptor blockers in the
prevention and management of diabetic
nephropathy seems to be most rational. Of
major interest is the observation that liver
biopsis from nondiabetics and T2DM
patients with non-alcoholic steatohepatitis
(NASH) showed enhanced expression of
CTGF that correlated with the degree of
fibrosis(40). As the CTGF expression is
increased in the liver from Zucker obese
rats in association with lipid abnormalities
and fatty liver in this animal model of

Altered Extracellular Matrix

Fig. 2 : Enhanced expression of connective tissue growth factor and its possible consequences. From Bajaj
and Bajaj (14) with permission of Editor and Publisher. ’
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insulin resistance, it may be a rational
molecular target for future drug
development. Indeed, an angiotensin II
type 1 receptor antagonist, olmesartan
medoxomil, has been shown te improve
experimental liver fibrosis by suppression
of proliferation and collagen synthesis in
hepatic stellate cells(41). A unifying model
of several diseases included in the
Metabolic  Syndrome, and their
complications, is shown in Fig. 2 which may
also portend possible molecular sites for
future drug development(14).

Adiponectin and Insulin resistance :
Hypoadiponectinemia characterizes
1T2DM, a well recognized insulin-resistant
state. Recent studies have provided
evidence that increased hepatic fat content
is an important determinant of hepatic
insulin resistance in type 2 diabetic
patients(42). Thiazolidinediones have been
shown to reduce hepatic fat content and
improve hepatic insulin sensitivity in
patients with T2DM(42).
Thiazolidinediones initiate their action by
binding PPARy, primarily located on
adipocytes(43), and thereby increasing
plasma .adiponectin levels. Indirect
evidence suggests that adiponectin might
mediate some of the insulin-sensitizing
effects of PPARy agonists.

The first-ever clinical study aimed at
investigating the effect of long term (14
weeks) administration of 45 mg.
pioglitazone daily in subjects with T2DM
resulted in a three-fold increase in plasma
adiponectin which correlated inversely

with endogenous (hepatic) glucose
production. There was also a significant
inverse correlation of plasma adiponectin
with hepatic fat content. Higher the plasma
adiponectin levels, lower the hepatic fat
content. Thus the increase in plasma
adiponectin following pioglitazone therapy
is strongly associated with a decrease in
hepatic fat content and enhanced hepatic
and peripheral insulin sensitivity(44).

Put together with a similar study(45),
there is unequivocal evidence that
pioglitazone (thiozolidinedione) treatment
of subjects with T2DM increases plasma
adiponectin and decreases plasma resistin
levels, resulting in a decrease in hepatic fat
content and a reduction in hepatic glucose
production. Indicators of net therapeutic
benefit included a decrease in fasting
plasma glucose as well as a lowering of the
HbAlc and serum triglyceride levels(44).

In addition to its metabolic effects,
adiponectin has also been shown to
modulate endothelial inflammatory
response through TNF-a-induced
expression of endothelial adhesion
molecules(46). In vitro studies in human
aortic endothelial cells have shown that
human recombinant adiponectin not only
suppresses endothelial expression of
adhesion molecules but also decreases the
proliferation of vascular smooth muscle
cells, and reduces lipid accumulation in
macrophageé, thereby modulating
transformation of macrophages to foam
cells(47).
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Two clinical studies published recently
provide interesting data linking the
metabolic and anti-inflammatory roles of
adiponectin. In a study of 77 subjects who
had diabetes or were at high risk to develop
diabetes, there was a significant negative
correlation between circulating levels of
adiponectin and C-reactive protein (CRP),
plasminogen activator inhibitor-1 (PAI-1),
and tissue plasminogen activator (tPA)(48).
These negative associations remained
significant after adjusting for gender and
BMI. This study reinforces earlier
observation regarding the protective role of
adiponectin against inflammation and
endothelial dysfunction, and provides
evidence of its negative association with
tPA, which is known to play a role in
impaired fibrinolysis. A similar study in
women with prior gestational diabetes
mellitus (pGDM) who are known to be at
higher risk of developing T2DM and
associated cardiovascular complications,
showed that plasma adiponectin was
significantly lower in pGDM as compared
to women with normal glucose tolerance
during pregnancy. The differences
remained statistically significant even after
adjustment for body fat mass. Equally
significant were the differences in the levels
of PAI-1 and ultrasensitive CRP which were
higher in the pGDM group. It was
concluded that lower plasma adiponectin
concentrations characterize women with
previous GDM independently of the
prevailing glucose tolerance, insulin

sensitivity or the degree of obesity and are
associated with subclinical inflammation
and atherogenic parameters(49).

Thus, the'role of adiponectin as a
mediator of insulin resistance and an
integrator of metabolic and inflammatory
signals underlying obesity, T2DM, and
coronary heart disease has assumed
considerable significance, both in terms of
its potential as a part of preventive
strategies, and also as a prototype molecule
for the development of new analogues and
related compounds aimed at therapeutic
intervention. Further, development of
PPAR-y agonists which increase
endogenous adiponectin may be equally
promising and rewarding.

Pathophysiological basis of metabolic
syndrome : The foregoing narrative clearly
delineates a constellation of risk factors of
metabolic origin which have a close
association with increased risk of T2DM,
hypertension and  atherosclerotic
cardiovascular disease (CVD). Although
there is a considerable agreement on the
role and place of various cardiometabolic
risk factors, the terminology of metabolic
syndrome has raised intense debate(50).
Nevertheless, the recognised risk factors
include derangerhents of lipid metabolism
(atherogenic dyslipidemia) comprising an
increased levels of apoliprotein B,
triglycerides, small LDL particles, and low
levels of high density lipoproteins (HDL).
Also present may be disturbances of
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carbohydrate metabolism such as impaired
fasting glucose, impaired glucose tolerance,
or diabetes mellitus. A prothrombotic state
comprising of an increase in procoagulant
factors such as fibrinogen and factor VII,
alongwith increased anti-fibrinolytic
factors such as PAI-1, and endothelial
dysfunction are important constituents. An
associated  proinflammatory state
characterized by elevation of circulating
cytokines i.e. TNF-a, resistin and IL-6 in
addition to an ifcrease in acute phase
reactant (CRP) is generally observed. A
significant reduction in circulating
adiponectin is a contributory factor. The
most important clincopathological basis is
obesity, especially trunkal obesity or
visceral adiposity, and the key molecular
link is insulin resistance at various levels,
and in different compartments (vide supra).

The causes of the ‘metabolic syndrome’
are complex and as suggested above,
involve hormonal and metabolic factors.
Genetic susceptibility is described and
gene-environment (lifestyle) interactions
are well recognized. Although obesity,
especially central adiposity remains a key
clinical link, its definition based on
ethnicity-specific cut-aff values of waist
circumference has been delineated only
recently (Table(51)). A combination of
accurately measured waist circumference,
along with BMI{Wt. (kg) / Ht. (in meters)?}
may be more informative. It is however
suggested that a 'single accurate
measurement of waist circumference if

culturally permissible, should be the
preferred choice.

Ethnicity-specific values for waist
circumference (51) :

Cduntry/ Waist circumference (cm)i.
ethnic group (as measure of
central obesity)
Europids Male > 94
Female >80
South Asians | Male . >90
Female > 80
Chinese Male >90
Female >80
Japanese Male >90
Female >80

While recommending these cut-off
points for waist circumference, it is
emphasized that ‘these are pragmatic cut-
off points and better data are required to
link them to risk. It is also mentioned that
ethnicity should be the basis for
classification, not the country of residence’
(51).

Epilogue : While the purists may
continue to argue about the diagnostic
criteria (WHO(52) or IDF(53) or NCEP :
ATP II1(54)) and the cell biologists may
continue their efforts at localizing
molecular lesion (s) underlying insulin
resistance and deranged adipocyte biology,
there is enough information already
available to launch rationally sound public
health measures at the individual, community
and national levels(50). Time to act was
yesterday : to-day may already be too late!




56

J.S. Bajaj and Mandeep Bajaj

References :

1.

<

Yalow RS, Berson SA (1960). Immunoassay
of endogenous plasma insulin in man. J Clin
Invest. 39: 11567-1175.

Kipins DM (1973). Insulin - Physiology. In
: Methods in Investigative and Diagnostic
Endocrinology. Eds. Berson SA, Yalow RS.
American Elsevier Publishing Company
Inc. Newyork. Part 1II Non-Pituitary
Hormones. Peptide Hormones. 2B : 827-835.

DeFronzo RA, Tobin JD, Andres R (1979).
Glucose clamp technique : a method for
qualifying insulin secretion and insulin
resistance. Am J Physiol. 237 : E214-223.

Bergman R, Prager R, Volund A, Olefsky ]
(1987). Equivalence of the insulin
sensitivity index in man derived by the
minimal model method and the euglycemic
clamp. J. Clin Invest. 7% : 790-800.

Hosker JP, Matthews DR, Rudenski AS,
Burnett MA, Darling P, Bown EG, Turner
RC (1985). Continuous infusion of glucose
with mode! assessment : measurement of
insulin resistance and beta-cell function in
man. Diabetologia. 28 : 401-411.

WHO Expert Committee on Diabetes
Mellitus. Second Report. Geneva, World
Health Organization, 1980 (WHO Technical
Report Series, No. 646).

Belfiore F, Iannello S, Volpicelli G (1998).
Insulin sensitivity indices calculated from
basal and OGTT-induced insulin, glucose,
and FFA levels. Mol Genet Metab. 63 : 134-
141.

Raynaud E, Perez-Martin A, Brun JF,
Benhadded AA, Mercier ] (1999). Revised
concept for the estimation of insulin
sensitivity from a single sample. Diabetes
Care. 22 : 1003-1004.

10.

1.

12.

13.

14.

15.

16.

17.

Polonsky KS, Sturis J, Byrne M, O’Meara
N, Cauter EV (1994). Oscillatory insulin
secretion: characterization and alterations
in diabetes. Eds. Baba S, Kaneko T. Elsevier
Amsterdam. Diabetes. 176-183.

Bajaj JS, Subba Rao G, Subba Rao ],
Khardori R (1987). A mathematical model
for insulin kinetics and its application to
protein-deficient (Malnutrition-related)
diabetes mellitus. ] Theor Biol. 126 : 491-503.

Geevan CP, Subba Rao J, Subba Rao G, Bajaj
JS (1990). A Mathematical Model for Insulin

~ Kinetics III : Sensitivity Analysis of the

Model. J Theor Biol. 147 : 255-263.

Rao GS, Bajaj ]S, Rao JS (1997).
Mathematical modeling of insulin kinetics.
Current Science. 73: 957-967.

Bajaj M, DeFronzo RA (2003). Metabolic
and molecular basis of insulin resistance. J.
Nucl. Cardiol. 10: 311-323.

Bajaj JS, Bajaj M (2004). Hepatic Fat and
Insulin  Resistance. Causes and
consequences of Non-alcoholic Fatty Liver
Disease. In : Non-Alcoholic Fatty Liver
Disease. Eds. Sarin SK, Sood OP. Ranbaxy
Science Foundation. 175-197.

Campbell P}, Mandarino L], Gerich JE
(1988). Quantification of the relative
impairment in actions of insulin on hepatic
glucose production and peripheral glucose
uptake in non-insulin-dependent diabetes
mellitus. Metabolism. 37:15-21.

Bonadonna RC, Groop L, Kraemer N,
Ferrannini E, Del Prato S, DeFronzo RA
(1990);. Obesity and insulin resistance in
humans a dose-response study.
Metabolism. 39:452-459.

Nurjhan N, Campbell P], Kennedy FP,
Miles JM, Gerich JE (1986). Insulin dose-



Insulin Resistance : Pathological Basis and Clinical Significance 57

18.

19.

20.

21.

23.

24.

25,

response characteristics for suppression of
glycerol release and conversion to glucose
in humans. Diabetes. 35:1326-1331.

Bruning JC, Michael MD, Winnay JN,

- Hayashi T, Horsch D, Accili D, Goodyear

Lj, Kahn CR (1998). A muscle-specific
insulin receptor knockout exhibits features
of the metabolic syndrome of NIDDM
without altering glucose tolerance. Mol Cell.
2:559-569.

Michael MD, Winnay JN, Curtis SE,
Kulkarni RN, Postic C, Magnuson MA,
Kahn CR (1999). Liver-specific insulin
receptor knockout mice are severely insulin
resistant. Diabetes (Suppl 1) 48:A10.

Wahrenberg H, Lonngvist F, Arner P
(1989). Mechanisms underlying regional
difference in lipolysis in human adipse
tissue. J Clin Invest. 84:458-467.

DeFronzo RA (1997). Pathogenesis of type
2 diabetes mellitus: metabolic and
molecular implications for identifying
diabetes genes. Diabetes Rev. 5:117-269.

. Kelley DE, Mandarino L] (2000). Fuel

selection in human skeletal muscle in
insulin resistance. A reexamination.
Diabetes. 49:677-683.

Randle PJ], Garland PB, Hales CN,
Newsholme EA (1963). The glucose fatty-
acid cycle : its role in insulin sensitivity and
the metabolic disturbances of diabetes
mellitus. Lancet. 1:1785-1789.

Boden G, Jadali F, White J, Liang Y, Mozzoli
M, Chen X et al (1991). Effects of fat on
insulin-stimulated carbohydrate

metabolism in normal men. J Clin Invest.
88:960-966. :

Carpentier A, Mittelman SD, Bergman RN,
Giacca A, Lewis GF (2000). Prolonged
elevation of plasma free fatty acids impairs

26.

27.

28.

29.

30.

31.

32.

33.

pancreatic beta-cell function in obese
nondiabetic humans but not in individuals
with type 2 diabetes. Diabetes. 49:399-408.

McGarry JD (2002). Banting lecture 2001:
Dysregulation of fatty acid metabolism in
the etiology of type 2 diabetes. Diabetes.
51:7-18.

Roden M, Price TB, Perseghin G, Petersen
KF, Rothman DL, Cline GW et al (1996).
Mechanism of free fatty acid-induced
insulin resistance in humans. J Clin Invest.
97:2859-2865.

Cline GW, Petersen KF, Krssak M, Shen ],
Hundal RS, Trajanoski Z et al (1999).

- Impaired glucose transport as a cause of

decreased insulin-stimulated muscle
glycogen synthesis in type 2 diabetes. N
Engl ] Med. 341:240-248,

Dresner A, Laurent D, Marcucci M, Griffin
ME, Dufour S, Cline GW et al (1999). Effects
of free fatty acids on glucose transport and
IRS-1 associated phosphatidylinositol 3-
kinase activity. J Clin Invest. 103:253-259.
Griffin ME, Marcucci M], Cline GW, Bell
K, Barucci N, Lee D et al (1999). Free fatty
acid-induced insulin resistance is
associated with activation of protein kinase
C theta and alterations in the insulin
signaling cascade. Diabetes. 48:1270-1274.
Shulman GI (2000). Cellular mechanisms of
insulin resistance. J Clin Invest. 106:171-176.
Kim JK, Fillmore JI, Chen Y, Yu C, Moore
IK, Pypaert M et al (2001). Tissue-specific
overexpression of lipoprotein lipase causes
tissue-specific insulin resistance. Proc Natl
Acad Sci USA. 98:7522-75217. _ _
Richardson DK, Kashyap S, Mandarino SJ,
Bajaj M, Cusi K, Finlayson J, Jenkinson CP,
Mandarino L} (2004). Lipid infusion
induces an inflammatory /fibrotic response




1.S. Bajaj and Mandeep Bajaj

34.

35.

36.

37.

38.

39.

40.

41.

and decreases expression of nuclear
encoded mitochondrial genes in human
skeletal muscle. Diabetes. 53 (Suppl 2):A369.

Mootha VK, Lindgren CM, Eriksson KF et
al (2003). PGC-lalpha-responsive genes
involved in oxidative phosphorylation are
coordinately down regulated in human
diabetes. Nat Genet. 34:267-273.

Yang X, Pratley RE, Tokraks S, Bogardus
C, Permana PA (2002). Microarry profiling
of skeletal muscle tissues from equally
obese, non-diabetic insulin-sensitive and
insulin-resistant Pima Indians. Diabetologia.
45:1584-1593.

Brigstock DR (2003). The CCN family : a
new stimulus package. J. Endocrinol.
178:169-175.

Candido R, Jandeleit-Dahm KA, Cao 7 et
al (2002). Prevention of accelerated
atherosclerosis by angiotensin - converting
enzyme inhibition in  diabetic
apolipoprotein  E-deficient  mice.
Circulation. 106:246-253.

Ruperez M, Ruiz-Ortega M, Esteban V et
al (2003). Angiotensin II ipcreases
connective tissue growth factor in the
kidney. Amer. J. Path. 163:1937-1947.

Ohnishi H (1998). Increased expression of
connective tissue growth factor in the
infarct zone of experimentally induced
myocardial infarction in rats. Jour. Mol. Cell.
Cardiol. 30:2411-2422.

Paradis V, Perlemuter G, Bonvoust F et al
(2001). High glucose and hyperinsulinemia
stimulate connective tissue growth factor
expression : a potential mechanism
involved in nonalcoholic steatohepatitis.
Hepatology. 34:738-744.

Kurikawa N, Suga M, Kuroda S, Yamada
K, Ishikawa H (2003). An angiotensin II

42.

43,

44,

45.

46.

47.

type 1 receptor antagonist, olmesartan
medoxomil, improves experimental liver
fibrosis by suppression of proliferation and
collagen synthesis in activated hepatic
stellate cells. Brit. Jour. Pharmacol. 139:1085-
1094.

Bajaj M, Suraamornkul S, Pratipanawatr T,
Haridies L], Pratipanawatr W, Glass L,
Cersosimo E, Miyazaki Y, DeFronzo RA
(2003). Pioglitazone reduces hepatic fat
content and augments splanchnic glucose
uptake in patients with type 2 diabetes.
Diabetes. 52: 1364-1370.

Spiegelman BM (1998). PPAR-y adipogenic
regulator and thiazolidinedione receptor.
Diabetes. 47:507-514.

Bajaj M, Suraamornkul S, Piper P, Hardies
L], Glass L, Cersosimo E, Pratipanawatr T,
Miyazaki Y, DeFronzo RA (2004).
Decreased plasma adiponectin
concentrations are closely related to hepatic
fat content and hepatic insulin resistance
in Pioglitazone-Treated type 2 diabetic
patients, J Clin Endocrinol Metab. 89:200-206.

Bajaj M, Suraamornkul S, Hardies L],
Pratipanawatr T, DeFronzo RA (2004).
Plasma resistin concentration, hepatic fat
content, and hepatic and peripheral insulin
resistance in pioglitazone-treated type II
diabetic patients. Int. J. Obes. Relat. Metab.
Disord. 28:783-789.

Ouchi N, Kihara S, Arita Y, Maeda K,
Kuriyama H, Okamoto Y, Hotta K, Nishida
M, Takahashi M, Nakamura T, Yamashita
S, Funahashi T, Matsuzawa Y (1999). Novel
modulator for endothelial adbesion
molecules : adipocyte-derived plasma
protein adiponectin. Circulation. 100 : 2473-
2476.

Ouchi N, Kihara S, Arita Y, Nishida M,
Matsuyama A, Okamoto Y (2001).



Insulin Resistance : Pathological Basis and Clinical Significance 59

48.

49.

50.

Adipocyte-derived plasma protein,

adiponectin, suppresses lipid accumulation
and class A scavenger receptor expression
in human monocyte-derived macrophages.
Circulation. 103 :1057-1063.

Shetty GK, Economides PA, Horton ES,
Mantzoros CS, Veves A (2004). Circulating
Adiponectin and Resistin Levels in Relation

to Metabolic Factors, Inflammatory

Markers, and Vascular Reactivity in
Diabetic Patients and Subjects at Risk for
Diabetes. Diabetes Care. ; 27: 2450-2457.

Winzer C, Wagner O, Festa A, Schneider
B, Roden M, Todesca DB, Pacini G,
Funahashi T, Willer AK (2004). Plasma
Adiponectin, Insulin Sensitivity, and
Subclinical Inflammation in Women With
Prior Gestational Diabetes Mellitus.
Diabetes Care. 27 :1721-1727.

Bajaj JS (2006). Metabolic Syndrome : From
Inert Facts to Informed Action. Ann Nat!
Acad Med Sci (India), 42 (Suppl.) : 5-10.

51.

52.

53.

54.
- Treatment of High Blood Cholesterol in

Zimmet P, Alberti G (2006). Diabetes and
the metabolic syndrome. The IDF
definition. Diabetes Voice. 51 : 11-14.

World Health Organisation (1999).
Definition, diagnosis and classification of
diabetes mellitus and its complications.
Report of a WHO consultation. World
Health Organisation, Geneva.

International Diabetes Federation
Epidemiology Task Force Consensus
Group (2005). The IDF consensus
worldwide definition of the metabolic
syndrome, International Diabetes
Federation. Brussels.

Expert Panel of Detection, Evaluation, and

Adults (2001). Executive Summary of the
Third Report of the National Cholesterol
Education Program (NCEP) Expert Panel
on Detection, Evaluation, and Treatment of
High Blood Cholesterol in Adults (Adult
Treatment Panel IIT). JAMA. 285: 2486-2497.







