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INSULIN ACTION
Based on the findings of 2 epidemiologic studies
conducted 2 decades ago that fasting hyperinsulin-
emia is associated with accelerated atherosclerosis
and an increase in cardiovascular events, it was
suggested that insulin may be atherogenic (1–3).
More recently, in the Quebec cardiovascular study
fasting hyperinsulinemia has again been shown to
be associated with an increase in cardiovascular

events (4).  Thus, it is clear that fasting hyperinsu-
linemia, which is a reflection of insulin resistance,
predicts atherosclerosis-related cardiovascular
events.  Persistent attempts have been made to pro-
vide mechanistic links between insulin and athero-
genesis.  Most of these attempts have involved
studies on various cell lines in vitro in an endeavor
to show that insulin causes specific changes in vas-
cular cells (5,6).  Thus, insulin-induced prolifera-
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Fasting hyperinsulinemia is associated with an increased risk of atherosclerotic complications, name-
ly heart attack and stroke, which has led to the concept that insulin may promote atherosclerosis
despite the absence of any evidence that insulin is atherogenic either in humans or in experimental
models.  Recent evidence shows that insulin exerts vasodilatory, antiplatelet, and anti-inflammatory
effects at the cellular level in vitro and in humans in vivo.  Because atherosclerosis is an inflam-
matory process, insulin is probably antiatherosclerotic in the long term.  Recent data on experimen-
tal atherosclerosis in mice shows that (a) insulin administration reduces the number and the size of
atherosclerotic lesions in apolipoprotein E null mice; and (b) in insulin receptor substrate-2 null
mice, the interruption in insulin signal transduction results in enhanced atherogenicity.  The use of a
low dose of insulin infusion in patients with acute myocardial infarction (AMI) has been shown to
markedly improve clinical outcomes both in diabetic and nondiabetic patients.  The authors’ most
recent data show that a low-dose infusion of insulin in patients with AMI induces a reduction in
inflammation (C-reactive protein and serum amyloid A) and oxidative stress and may have a role in
myocardial protection.  The authors conclude that insulin is both anti-inflammatory and antiathero-
genic and may be of use in the treatment of cardiovascular inflammatory conditions, including AMI.
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tion, especially in the vascular smooth muscle cells,
was considered to be evidence of its atherogenicity.
Most of these experiments were carried out at con-
centrations far greater than those used in a real
pathophysiologic setting; these concentrations
ranged between 10 to 1000 nM (1600 to 160,000
µU/mL) (5,6).  Such concentrations of insulin are
not observed even in the most insulin-resistant
patients with the exception of patients with anti-
bodies to the insulin receptor (4).  At those concen-
trations, insulin binds to the insulin-like growth
factor-1 receptor and may activate it.  These studies
focused on the stimulation of the mitogen-activated
protein (MAP) kinase system, which was consid-
ered to be a surrogate for atherosclerosis.  No study
with insulin has been shown to induce mitosis or
MAP kinase activity at concentrations usually
found in obese patients with insulin resistance, and
no study has demonstrated that insulin either caus-
es an induction or acceleration of atherosclerosis in
either humans or experimental animals.

Proinflammatory Process
Since atherosclerosis is an inflammatory process
and the primary lesion of this process, the fatty
streak, is formed by a subendothelial collection of
lipid-laden macrophages, the foam cells, it is
important to consider the proinflammatory process
that leads to fatty streak formation (7).  All the
major classic risk factors for atherosclerosis—
hypercholesterolemia, diabetes, hypertension,
smoking, and menopause—are associated with (and
probably cause) inflammation.  Obesity, which
only recently has been added to this list, is associ-
ated with insulin resistance, oxidative stress, and
proinflammatory changes (8,9).  Because oxidative
stress and inflammation are integral to atherogene-
sis, it is possible they are the mechanisms underly-
ing increased atherogenesis in obesity.  Although
increased macronutrient intake may account for
increased oxidative stress (10–12) and inflamma-
tion (13,14), it is theoretically possible that insulin
may also contribute to these 2 processes and thus to
atherogenesis.  However, insulin has recently been
shown to exert an anti-inflammatory effect in vitro
in human aortic endothelial cells and in vivo in
human mononuclear cells.  Insulin suppresses

intranuclear nuclear factor kappa B (NFκB)
binding and intercellular adhesion molecule-1
(ICAM-1) and monocyte chemoattractant protein-1
(MCP-1) in human aortic endothelial cells in vitro
(15,16).  A low dose of insulin infused intravenous-
ly suppresses NFκB, increases inhibitor κB (IκB),
and suppresses reactive oxygen species (ROS) gen-
eration and p47phox subunit of the essential protein
components of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, the enzyme that con-
verts molecular O2 to the superoxide (O·

2¯) radical.
Insulin also suppresses plasma concentrations of
soluble intercellular adhesion molecule-1 (sICAM-
1) and MCP-1 (17).

Furthermore, insulin also causes the suppres-
sion of 2 other proinflammatory transcription fac-
tors, activator protein-1 (18) and early growth
response-1 (19).  These transcription factors regu-
late the genes for matrix metalloproteinases, the
prothrombotic tissue factor, and the antifibrolytic
plasminogen activator inhibitor-1 (PAI-1).  Thus,
insulin is potentially antithrombotic as well as hav-
ing an antiplatelet property (20).  In addition, it is
profibrinolytic since it suppresses PAI-1 (17,21).
These properties of insulin are potentially anti-
atherogenic.  They are also of potential use in the
treatment of acute myocardial infarction (AMI) in
both diabetic and nondiabetic patients.

ANTI-INFLAMMATORY EFFECT
OF INSULIN
On exploration of previous literature, few previous
experimental studies have indicated an anti-inflam-
matory effect of insulin in experimental animals.
For example, endotoxin-induced lung injury is sig-
nificantly diminished following insulin treatment
(22).  Insulin inhibits carrageenan-induced inflam-
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mation in rats (23).  Insulin suppresses tumor
necrosis factor α (TNF-α) generation by peritoneal
exudate cells (24), prevents TNF-α– induced inter-
stitial pneumonitis (25), and prevents periportal
inflammation in the liver (26).  In addition, insulin
suppresses macrophage migration inhibiting factor
(MIF) expression by adipocytes in vitro (27).
Clearly, therefore, there are data that indicate
insulin may have an anti-inflammatory effect in
various experimental models of inflammation.
Along with data obtained from human aortic
endothelial cells (HAEC) in vitro and those from
humans in vivo, these data point to a definitive anti-
inflammatory effect of insulin.

In addition to anti-inflammatory effects,
insulin also exerts a vasodilatory action.  This
action, which is exerted through a direct action on
the blood vessel, has been observed in arterial and
venous beds and in the microcirculation (28,29).
Insulin has been shown to induce nitric oxide (NO)
release and to induce nitric oxide synthase (NOS)
expression in endothelial cells (30–34).  Long-term
use of insulin improves vascular reactivity in dia-
betic patients (35).  Insulin also exerts an anti-
platelet aggregatory effect that is reduced in diabet-
ic patients due to hyperaggregability of the plate-
lets.  This antiplatelet effect is mediated by the
nitric oxide–cyclic guanosine- 3�-5�-monophos-
phate signaling (NO-cGMP) pathway.  Platelets
express NOS and have guanylate cyclase that
responds to NO by generating cGMP (20,36).

In view of the comprehensive anti-inflamma-
tory effect of insulin, an insulin-resistant state may
be expected to be proinflammatory and atherogenic
as well as exhibiting a preconstrictor vascular
behavior.  Thus, obesity (37,38) and other insulin-
resistant states such as polycystic ovary syndrome
(PCOS) (22) are proinflammatory and proathero-
genic and are associated with abnormal vascular
reactivity and platelet hyperaggregability.  This
concept is of great interest in terms of the patho-
genesis of atherosclerosis in patients with the
metabolic syndrome (insulin resistance syndrome)
since 24% of the US population have this condi-
tion (39), 8% have diabetes mellitus type 2, (40)
and 60% are either obese or overweight (41).
Furthermore, this insulin-resistant population

would account for the significant number of people
who develop congenital heart disease and in whom
the traditional cardiovascular risk factors do not
explain atherosclerosis.

Insulin Use in Clinical Practice
In explaining the proatherogenic behavior of
insulin-resistant states, the anti-inflammatory effect
of insulin also opens up the possibility that insulin
may be used as an anti-inflammatory agent in clini-
cal practice.  This principle has been effectively
used in the Diabetes and Insulin-Glucose Infusion
in Acute Myocardial Infarction (DIGAMI) study
(42)  and the Estudios Cardiologicos Latinoamerica
(ECLA) study (43)  in which small doses of intra-
venously delivered insulin markedly improved clin-
ical outcomes in patients with AMI.  The DIGAMI
study involved patients with type 2 diabetes who
had AMI whereas the ECLA study involved
patients with AMI irrespective of the presence of
diabetes.  Since AMI is an acute inflammatory
state, it is likely that the anti-inflammatory and
antithrombotic effects of insulin are important
mechanisms underlying its beneficial action.  It is
worth noting that the inclusion of insulin in the per-
fusion fluid at the time of reperfusion in a rat
model of coronary ischemia and MI substantially
reduced myocardial muscle loss by ~50% (44).  It
has also been shown in this model that insulin has a
potent antiapoptotic effect (45).  This may explain a
part of its protective effect in AMI.  Similarly,
insulin improved outcomes in patients in a surgical
intensive care unit with a reduction in plasma C-
reactive protein (CRP) concentrations (46).  Thus,
in a series of 1500 patients, half of whom were
infused with low doses of insulin aiming to main-
tain blood glucose concentrations at <110 mg/dL,
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the mortality rate was reduced by half when com-
pared with the conventionally treated group with
blood glucose concentrations of 153 mg/dL.

In a study just completed in our unit in
patients with AMI, half of whom were treated with
conventional fibrinolytic therapy and the other half
with fibrinolytic therapy plus a low-dose infusion
of insulin, the insulin-treated group had signifi-
cantly smaller elevations of CRP, serum amyloid A,
PAI-1, creatine kinase (CK), and creatine kinase
with muscle and brain subunits (CKMB).  These
observations are consistent with an anti-inflamma-
tory, profibrinolytic, and potential cardioprotective
effect of insulin in AMI (unpublished data).

ANTIATHEROGENIC EFFECT
OF INSULIN
The demonstration that the administration of
insulin to apolipoprotein (apo E) null mice reduces
the number and the size of atherosclerotic lesions
induced by a 2% cholesterol diet illustrates an
antiatherogenic effect of insulin in direct fashion
(47).  In addition, insulin administration suppresses
macrophage cholesterol synthesis and cholesterol
content, macrophage lipid peroxide content, and
macrophage ROS generation.  The next challenge
is to selectively eliminate insulin action in the
mononuclear cell (MNC) and the endothelial cell in
apo E null mice to determine whether, (a) a proin-
flammatory state ensues; and (b) atherosclerosis
occurs in an accelerated fashion.  Another interest-
ing experimental approach has been utilized by
Kubota et al (48), who demonstrated that in insulin
receptor substrate-2 (IRS-2) null mice, the applica-
tion of a perivascular cuff around the aorta, a
known method for inducing atherosclerosis, leads
to more accelerated atherosclerosis than that
observed in normal mice.  Therefore, an interrup-
tion of insulin signal transduction leads both to
severe insulin resistance and to an enhanced ten-
dency to atherosclerosis.

The timely arrival of data showing an
antiatherosclerotic effect of insulin in the apo E
null  mouse, soon after the demonstration of the
anti-inflammatory effect of insulin in HAEC in
vitro and in humans in vivo, allows the develop-
ment of novel concepts and potential therapies in

the areas of inflammation and atherogenesis.  It
also rationalizes the association of insulin resis-
tance with inflammation and allows us to use
insulin in patients with type 2 diabetes without the
often held fear that “adding” exogenous insulin in a
hyperinsulinemic state may worsen atherosclerosis.

INSULIN RESISTANCE
In this perspective of insulin action, insulin resis-
tance, inflammation, and atherosclerosis, it is of
interest that insulin sensitizers have also been
shown to exert anti-inflammatory (49–53) and
potential antiatherosclerotic effects (54,55).

Thiazolidinediones (TZDs) have been shown
to exert anti-inflammatory effects at the molecular
and cellular levels.  They suppress NFκB, ROS
generation, p47phox, induce IκB in MNC, and also
suppress TNF-α, ICAM-1, MCP-1, and CRP in
plasma (52,53).  Similarly, in the UK Prospective
Diabetes Study (54) and the recent retrospective
study from Saskatchewan (55), metformin has been
shown to reduce cardiovascular morbidity and mor-
tality and also suppress MIF and CRP in plasma.
Studies are under way to test the hypothesis that
TZDs will also impede the progress of atheroscle-
rosis and reduce cardiovascular morbidity and mor-
tality.  In the short term, pioglitazone and troglita-
zone have been shown to reduce the progression of
intima-media thickness in the internal carotid artery
of diabetic patients over a period of 3 to 6 months.

If insulin is not the culprit behind atherogen-
esis in insulin-resistant states, what is? Most
insulin-resistant states have been associated with an
increase in proinflammatory mediators.  Animal
models of obesity—the ob/ob mouse, the db/db
mouse, and the fa/fa Zucker rat—have been shown
to express increased amounts of TNF-α constitu-
tively in adipose tissue (56,57).  Human adipose
tissue also expresses TNF-α constitutively; this
expression increases in the obese and decreases fol-
lowing weight loss (58).  Plasma TNF-α, inter-
leukin-6 (IL-6), and CRP concentrations are
increased in the obese and decrease with weight
loss (59–61).  Plasma TNF-α and CRP concentra-
tions are also increased in patients with PCOS,
another insulin-resistant state (62).  High concen-
trations of CRP and IL-6 predict the development
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of type 2 diabetes and atherosclerotic events (63).
Is it possible therefore that inflammation may be
the mediator of insulin resistance?  Data to demon-
strate this are beginning to accumulate.  The infu-
sion of soluble receptor of TNF-α into obese ani-
mals to bind and neutralize TNF-α action restores
insulin sensitivity in these animals (56).  TNF-α
induces serine phosphorylation of IRS-1, which in
turn causes serine phosphorylation of the β subunit
of the insulin receptor in the adipocyte (64).  TNF-
α also reduces insulin receptor tyrosine phosphory-
lation and insulin receptor protein in human aortic
endothelial cells.  In addition, TNF-α reduces
insulin-induced NOS expression in HAEC (65).
IL-6 induces suppressor of cytokine signaling-3
(SOCS-3) expression in cells.  SOCS-3 in turn
results in diminished IRS-1 tyrosine phosphoryla-
tion, phosphatidylinositol 3 kinase–activation, and
Akt kinase activation (66,67).  Thus, it is likely that
the interference of insulin signal transduction by
proinflammatory mediators, known to be increased
in obesity, PCOS, and type 2 diabetes, is responsi-
ble for insulin resistance.  Conversely, the adminis-
tration of the classic anti-inflammatory drug,
aspirin, results in the resolution of insulin resis-
tance (68).  

We have recently demonstrated that glucose,
fat, protein, and mixed meal intake induce ROS
generation and oxidative stress as well as inflam-
matory changes in circulating MNC with an eleva-
tion of NFκB, a decrease in IκB, an increase in
p 47phox, and an increase in IκB kinase-α and β
(10,11,69,70).  This cluster of effects is similar to
endotoxin-induced inflammatory responses.  Since
macronutrient intake exerts a proinflammatory
effect, and insulin, the hormone secreted in
response to macronutrient intake, is anti-inflamma-
tory, it is possible that insulin exerts a continuous
tonic anti-inflammatory effect, especially in post-
prandial states.  This balance is likely impaired in
insulin-resistant states.

CONCLUSIONS
On the basis of the above, we now have data that
insulin is anti-inflammatory and antiatherogenic.
These facts therefore should encourage us to further
increase our understanding of the novel effects of

insulin so that we have an improved conceptualiza-
tion of inflammation in states of insulin resistance
and the relationship of these states to atherogenesis;
and we explore the potential therapeutic role of
insulin in inflammatory conditions such as AMI
and septicemia.
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MD, Diabetes-Endocrinology Center of Western
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E-mail: pdandona@kaleidahealth.org.

REFERENCES
1. Pyorala K, Laakso M, Uusitupa M.  Diabetes and

atherosclerosis: an epidemiologic view.  Diabetes
Metab Rev. 1987;3:463–524.

2. Welborn TA, Wearne K.  Coronary heart disease
incidence and cardiovascular mortality in Busselton
with reference to glucose and insulin concentra-
tions.  Diabetes Care. 1979;2:154–160.

3. Fontbonne AM, Eschwege EM.  Insulin and cardio-
vascular disease.  Paris Prospective Study.  Diabetes
Care. 1991;14:461–469.

4. Despres JP, Lamarche B, Mauriege P, et al.  Hyper-
insulinemia as an independent risk factor for
ischemic heart disease.  N Engl J Med. 1996;334:
952–957.

5. Stout RW, Bierman EL, Ross R.  Effect of insulin
on the proliferation of cultured primate arterial
smooth muscle cells.  Circ Res. 1975;36:319–327.

6. Huang B, Dreyer T, Heidt M, et al.  Insulin and
local growth factor PDGF induce intimal hyperpla-
sia in bypass graft culture models of saphenous vein
and internal mammary artery.  Eur J Cardiothorac
Surg. 2002;21:1002–1008.

7. Ross R.  Atherosclerosis—an inflammatory disease.
N Engl J Med. 1999;340:115–126.

8. Serrano Rios M.  Relationship between obesity and
the increased risk of major complications in
non–insulin-dependent diabetes mellitus.  Eur J
Clin Invest. 1998;28(Suppl 2):14–17, discussion
17–18.

9. Marette A.  Mediators of cytokine-induced insulin
resistance in obesity and other inflammatory set-
tings.  Curr Opin Clin Nutr Metab Care. 2002;5:
377–383.

10. Mohanty P, Hamouda W, Garg R, et al.  Glucose
challenge stimulates reactive oxygen species (ROS)
generation by leucocytes.  J Clin Endocrinol Metab.
2000;85:2970–2973.

11. Mohanty P, Ghanim H, Hamouda W, et al.  Both
lipid and protein intakes stimulate increased genera-
tion of reactive oxygen species by polymorphonu-
clear leukocytes and mononuclear cells.  Am J Clin
Nutr. 2002;75:767–772.



Copyrig
ht ©

 Excerpta M
edica, In

c, 2
004

Not f
or C

ommercial 

Distri
butio

n

12. Ceriello A, Bortolotti N, Motz E, et al.  Meal-gen-
erated oxidative stress in type 2 diabetic patients.
Diabetes Care. 1998;21:1529–1533.

13. Esposito K, Nappo F, Marfella R, et al.  Inflam-
matory cytokine concentrations are acutely in-
creased by hyperglycemia in humans: role of oxida-
tive stress.  Circulation. 2002;106:2067–2072.

14. Aljada A, Ghanim H, Mohanty P, et al.  Glucose
induces an increase in intranuclear nuclear factor-
κB (NF-κB), a fall in cellular inhibitor-κB and
increase in membrane p47phox subunit.  J Clin
Endocrinol Metab. In press.

15. Aljada A, Ghanim H, Saadeh R, Dandona P.
Insulin inhibits NFkappaB and MCP-1 expression
in human aortic endothelial cells.  J Clin Endo-
crinol Metab. 2001;86:450–453.

16. Aljada A, Saadeh R, Assian E, et al.  Insulin
inhibits the expression of intercellular adhesion
molecule-1 by human aortic endothelial cells
through stimulation of nitric oxide.  J Clin Endo-
crinol Metab. 2000;85:2572–2575.

17. Dandona P, Aljada A, Mohanty P, et al.  Insulin
inhibits intranuclear nuclear factor kappaB and
stimulates IkappaB in mononuclear cells in obese
subjects: evidence for an anti-inflammatory effect?
J Clin Endocrinol Metab. 2001;86:3257–3265.

18. Ghanim H, Mohanty P, Aljada A, et al.  Insulin
reduces the pro-inflammatory transcription factor,
activation protein-1 (AP-1), in mononuclear cells
(MNC) and plasma matrix metalloproteinase-9
(MMP-9) concentration.  Diabetes. 2001;50
(Suppl 2):A408.

19. Aljada A, Ghanim H, Mohanty P, et al.  Insulin
inhibits the pro-inflammatory transcription factor
early growth response gene-1 (Egr)-1 expression in
mononuclear cells (MNC) and reduces plasma tis-
sue factor (TF) and plasminogen activator inhibitor-
1 (PAI-1) concentrations.  J Clin Endocrinol Metab.
2002;87:1419–1422.

20. Vinik AI, Erbas T, Park TS, et al.  Platelet dysfunc-
tion in type 2 diabetes.  Diabetes Care. 2001;24:
1476–1485.

21. Landin K, Tengborn L, Chmielewska J, et al.  The
acute effect of insulin on tissue plasminogen activa-
tor and plasminogen activator inhibitor in man.
Thromb Haemost. 1991;65:130–133.

22. Kelly CC, Lyall H, Petrie JR, et al.  Low grade
chronic inflammation in women with polycystic
ovarian syndrome.  J Clin Endocrinol Metab. 2001;
86:2453–2455.

23. Ottlecz A, Gecse A, Koltai M, West GB.
Involvement of the kinin system in the insulin-
induced inhibition of carrageenin oedema in rats.
Monogr Allergy. 1977;12:131–137.

24. Satomi N, Sakurai A, Haranaka K.  Relationship of
hypoglycemia to tumor necrosis factor production
and antitumor activity: role of glucose, insulin,
and macrophages.  J Natl Cancer Inst. 1985;74:
1255–1260.

25. Fraker DL, Merino MJ, Norton JA.  Reversal of the

toxic effects of cachectin by concurrent insulin
administration.  Am J Physiol. 1989;256:E725–731.

26. Jeschke MG, Einspanier R, Klein D, Jauch KW.
Insulin attenuates the systemic inflammatory
response to thermal trauma.  Mol Med. 2002;8:
443–450.

27. Sakaue S, Nishihira J, Hirokawa J, et al.  Regu-
lation of macrophage migration inhibitory factor
(MIF) expression by glucose and insulin in
adipocytes in vitro.  Mol Med. 1999;5:361–371.

28. Chaudhuri A, Kanjwal Y, Mohanty P, et al.  Insulin-
induced vasodilatation of internal carotid artery.
Metabolism. 1999;48:1470–1473.

29. Grover A, Padginton C, Wilson MF, et al.  Insulin
attenuates norepinephrine-induced venoconstriction.
An ultrasonographic study.  Hypertension. 1995;
25:779–784.

30. Scherrer U, Randin D, Vollenweider P, et al.  Nitric
oxide release accounts for insulin’s vascular effects
in humans.  J Clin Invest. 1994;94:2511–2515.

31. Zeng G, Quon MJ.  Insulin-stimulated production
of nitric oxide is inhibited by wortmannin.  Direct
measurement in vascular endothelial cells.  J Clin
Invest. 1996;98:894–898.

32. Aljada A, Dandona P.  Effect of insulin on human
aortic endothelial nitric oxide synthase. Metabolism.
2000;49:147–150.

33. Guo JP, Murohara T, Buerke M, et al.  Direct mea-
surement of nitric oxide release from vascular
endothelial cells.  J Appl Physiol. 1996;81:
774–779.

34. Steinberg HO, Brechtel G, Johnson A, et al.
Insulin-mediated skeletal muscle vasodilation is
nitric oxide dependent.  A novel action of insulin to
increase nitric oxide release.  J Clin Invest. 1994;
94:1172–1179.

35. Gaenzer H, Neumayr G, Marschang P, et al.  Effect
of insulin therapy on endothelium-dependent dila-
tion in type 2 diabetes mellitus.  Am J Cardiol.
2002;89:431–434.

36. Riddell DR, Owen JS.  Nitric oxide and platelet
aggregation.  Vitam Horm. 1999;57:25–48.

37. Laimer M, Ebenbichler CF, Kaser S, et al.  Markers
of chronic inflammation and obesity: a prospective
study on the reversibility of this association in mid-
dle-aged women undergoing weight loss by surg-
ical intervention.  Int J Obes Relat Metab Disord.
2002;26:659–662.

38. Pickup JC, Mattock MB, Chusney GD, Burt D.
NIDDM as a disease of the innate immune system:
association of acute-phase reactants and interleukin-
6 with metabolic syndrome X.  Diabetologia.
1997;40:1286–1292.

39. Ford ES, Giles WH, Dietz WH.  Prevalence of the
metabolic syndrome among US adults: findings
from the Third National Health and Nutrition
Examination Survey.  JAMA. 2002;287:
356–359.

40. MMWR. Trends in the prevalence and incidence of
self-reported diabetes mellitus—United States,

S18

Clinical Cornerstone ■ SUPPLEMENT 4 ■ 2003



Copyrig
ht ©

 Excerpta M
edica, In

c, 2
004

Not f
or C

ommercial 

Distri
butio

n

S19

Clinical Cornerstone ■ SUPPLEMENT 4 ■ 2003

1980-1994.  Morb Mortal Wkly Rep. 1997;46:
1014–1018.

41. McTigue KM, Garrett JM, Popkin BM.  The natural
history of the development of obesity in a cohort of
young U.S. adults between 1981 and 1998.  Ann
Intern Med. 2002;136:857–864.

42. Malmberg K, Ryden L, Hamsten A, et al.  Mortality
prediction in diabetic patients with myocardial
infarction: experiences from the DIGAMI study.
Cardiovasc Res. 1997;34:248–253.

43. Diaz R, Paolasso EA, Piegas LS, et al.  Metabolic
modulation of acute myocardial infarction.  The
ECLA (Estudios Cardiologicos Latinoamerica)
Collaborative Group.  Circulation. 1998;98:
2227–2234.

44. Jonassen AK, Sack MN, Mjos OD, Yellon DM.
Myocardial protection by insulin at reperfusion
requires early administration and is mediated via
Akt and p70s6 kinase cell-survival signaling.  Circ
Res. 2001;89:1191–1198.

45. Gao F, Gao E, Yue TL, et al.  Nitric oxide mediates
the antiapoptotic effect of insulin in myocardial
ischemia-reperfusion: the roles of PI3-kinase, Akt,
and endothelial nitric oxide synthase phosphoryla-
tion.  Circulation. 2002;105:1497–1502.

46. van den Berghe G, Wouters P, Weekers F, et al.
Intensive insulin therapy in critically ill patients. 
N Engl J Med. 2001;345:1359–1367.

47. Shamir R, Shehadeh N, Rosenblat M, et al.  Oral
insulin supplementation attenuates atherosclerosis
progression in apolipoprotein E-deficient mice.
Arterioscler Thromb Vasc Biol. 2003;23:104–110.

48. Kubota T, Kubota N, Moroi M, et al.  Lack of
insulin receptor substrate-2 causes progressive
neointima formation in response to vessel injury.
Circulation. 2003;107:3073–3080.

49. Ricote M, Li AC, Willson TM, et al.  The peroxi-
some proliferator-activated receptor-gamma is a
negative regulator of macrophage activation.
Nature. 1998;391:79–82.

50. Jiang C, Ting AT, Seed B.  PPAR-gamma agonists
inhibit production of monocyte inflammatory
cytokines.  Nature. 1998;391:82–86.

51. Su CG, Wen X, Bailey ST, et al.  A novel therapy
for colitis utilizing PPAR-gamma ligands to inhibit
the epithelial inflammatory response.  J Clin Invest.
1999;104:383–389.

52. Aljada A, Garg R, Ghanim H, et al.  Nuclear factor-
kappaB suppressive and inhibitor-kappaB stimulato-
ry effects of troglitazone in obese patients with type
2 diabetes: evidence of an antiinflammatory action?
J Clin Endocrinol Metab. 2001;86:3250–3256.

53. Ghanim H, Garg R, Aljada A, et al.  Suppression of
nuclear factor-kappaB and stimulation of inhibitor
kappaB by troglitazone: evidence for an anti-inflam-
matory effect and a potential antiatherosclerotic
effect in the obese.  J Clin Endocrinol Metab.
2001;86:1306–1312.

54. Minamikawa J, Tanaka S, Yamauchi M, et al.
Potent inhibitory effect of troglitazone on carotid

arterial wall thickness in type 2 diabetes.  J Clin
Endocrinol Metab. 1998;83:1818–1820.

55. Ishibashi M, Egashira K, Hiasa K, et al.  Anti-
inflammatory and antiarteriosclerotic effects of
pioglitazone.  Hypertension. 2002;40:687–693.

56. Hotamisligil GS, Shargill NS, Spiegelman BM.
Adipose expression of tumor necrosis factor-alpha:
direct role in obesity-linked insulin resistance.
Science. 1993;259:87–91.

57. Hofmann C, Lorenz K, Braithwaite SS, et al.
Altered gene expression for tumor necrosis factor-
alpha and its receptors during drug and dietary mod-
ulation of insulin resistance.  Endocrinology. 1994;
134:264–270.

58. Hotamisligil GS, Arner P, Caro JF, et al.  Increased
adipose tissue expression of tumor necrosis factor-
alpha in human obesity and insulin resistance. 
J Clin Invest. 1995;95:2409–2415.

59. Dandona P, Weinstock R, Thusu K, et al.  Tumor
necrosis factor-alpha in sera of obese patients: fall
with weight loss.  J Clin Endocrinol Metab. 1998;
83:2907–2910.

60. Bastard JP, Jardel C, Delattre J, et al.  Evidence for
a link between adipose tissue interleukin-6 content
and serum C-reactive protein concentrations in
obese subjects.  Circulation. 1999;99:2221–2222.

61. Esposito K, Pontillo A, Di Palo C, et al.  Effect of
weight loss and lifestyle changes on vascular
inflammatory markers in obese women: a random-
ized trial.  JAMA. 2003;289:1799–1804.

62. Gonzalez F, Thusu K, Abdel-Rahman E, et al.
Elevated serum levels of tumor necrosis factor alpha
in normal-weight women with polycystic ovary syn-
drome.  Metabolism. 1999;48:437–441.

63. Spranger J, Kroke A, Mohlig M, et al.  Inflam-
matory cytokines and the risk to develop type
2 diabetes: results of the prospective population-
based European Prospective Investigation into
Cancer and Nutrition (EPIC)-Potsdam Study.
Diabetes. 2003;52:812–817.

64. Hotamisligil GS, Peraldi P, Budavari A, et al.  IRS-
1-mediated inhibition of insulin receptor tyrosine
kinase activity in TNF-alpha- and obesity-induced
insulin resistance.  Science. 1996;271:665–668.

65. Aljada A, Ghanim H, Assian E, Dandona P.  Tumor
necrosis factor-alpha inhibits insulin-induced
increase in endothelial nitric oxide synthase and
reduces insulin receptor content and phosphoryla-
tion in human aortic endothelial cells.  Metabolism.
2002;51:487–491.

66. Emanuelli B, Peraldi P, Filloux C, et al.  SOCS-3
inhibits insulin signaling and is up-regulated in
response to tumor necrosis factor-alpha in the adi-
pose tissue of obese mice.  J Biol Chem. 2001;276:
47944–47949.

67. Senn JJ, Klover PJ, Nowak IA, et al.  Suppressor of
cytokine signaling-3 (SOCS-3), a potential mediator
of interleukin-6-dependent insulin resistance in
hepatocytes.  J Biol Chem. 2003;278:13740–13746.

68. Yuan M, Konstantopoulos N, Lee J, et al.  Reversal



Copyrig
ht ©

 Excerpta M
edica, In

c, 2
004

Not f
or C

ommercial 

Distri
butio

n

of obesity- and diet-induced insulin resistance with
salicylates or targeted disruption of Ikkbeta.
Science. 2001;293:1673–1677.

69. Aljada A, Ghanim H, Mohanty P, et al.  Glucose
intake induces an increase in AP-1 and Egr-1 in
mononuclear cells and plasma matrix metallopro-
teinases and tissue factor (TF) concentrations. 
J Clin Endocrinol Metab. In press.

70. Aljada A, Mohanty P, Ghanim H, et al.  Increase of

intranuclear nuclear factor-κB (NF-κB) and
decrease in inhibitor κB (IκB) in mononuclear cells
following a mixed meal: evidence for a pro-inflam-
matory effect.  Am J Clin Nutr. In press.

Clinical Cornerstone® Supplement 4.  Copyright © 2003
Excerpta Medica, Inc.

S20

Clinical Cornerstone ■ SUPPLEMENT 4 ■ 2003




