
Welcome to the age of insulin resistance.

This condition is the thread that runs

through many chronic afflictions of modern

times—obesity, heart disease, and, most

conspicuously, type 2 diabetes. All are

entangled with diet, and all are linked

causally to a dysfunctional response to

insulin, the hormone that orchestrates the

body’s use and storage of nutrients. 

Insulin resistance is the fundamental

defect in type 2 diabetes, a disease that

afflicts 6% of adult Americans, up from 3%

in the early 1970s. Most type 2 diabetics are

obese, a condition that’s so closely associ-

ated with insulin resistance that many

researchers assume that it is a cause. The

prevalence of obesity has increased in the

United States almost 2.5-fold since the early

1970s, from 14% to 34%, according to the

most recent national surveys.

Metabolic syndrome is another insulin-

resistant condition. By some estimates, it

afflicts 50 million Americans. It’s defined by

a cluster of abnormalities—including

abdominal obesity, hypertension, and high

blood sugar—that precede both coronary

heart disease and type 2 diabetes. Stroke,

nonalcoholic fatty liver disease, polycystic

ovary syndrome, asthma, some cancers, and

even Alzheimer’s disease have also been

associated with insulin resistance.  

Once it takes hold, insulin resistance sets

up a vicious cycle: As tissues become unre-

sponsive to insulin, the pancreas compen-

sates by secreting ever more insulin, and

gradually the tissues grow more resistant.

Elucidating the causes of this destruc-

tive cycle is one of the most critical endeav-

ors in modern medicine. Researchers have

made progress identifying events that lead

to type 2 diabetes and other insulin-involved

diseases. But working back up the chain of

causality has been a challenge. Unambigu-

ous evidence on the initial stages of disease

is missing, making it an excruciatingly diffi-

cult task to pin down the causes at the cellu-

lar and molecular level. 

“The field is in a funny stage right now,”

says Mitchell Lazar, director of the Institute

for Diabetes, Obesity and Metabolism at the

University of Pennsylvania. “It’s gone from

having too few candidate explanations [for

insulin resistance] to having too many.” Now

when someone comes along with yet another

possibility, Lazar says, “you go, ‘Okay, get in

line, buddy.’ There are a lot of things that

have to be figured out.” 

Several candidate mechanisms have

emerged in the past decade, and two compet-

ing theories have gained wide support. One

is that cells essentially become poisoned by

fat. This lipotoxicity or lipid overload

hypothesis holds that normal processes

break down when fat (adipose) tissue cannot

store excess fat, and fat accumulates inap-

propriately in muscle and liver cells. 

The main rival to this idea, the inflamma-

tion hypothesis, is that as fat cells increase in

size with the accumulation of fat, they release

inflammatory cytokines and molecules

known as adipokines. It’s these molecules, so

this theory goes, that cause insulin resistance

elsewhere in the body. Researchers are now

confident that these inflammatory mecha-

nisms play some role in insulin resistance.

But they still can’t say for sure whether those

roles are causal.

Tangled pathways

What makes insulin resistance such an

extraordinarily difficult problem to study is

that it constitutes “the ultimate systems

biology question,” says endocrinologist

C. Ronald Kahn of the Joslin Diabetes

Center in Boston, which is affiliated with

Harvard Medical School. 

Insulin is the primary regulator of fat,

carbohydrate, and protein metabolism; it

regulates the synthesis of glycogen, the

form in which glucose is stored in muscle

tissue and the liver, and it inhibits the syn-

thesis of glucose by the liver. It stimulates

the synthesis and storage of fats in fat

depots and in the liver, and it inhibits the

release of that fat. Insulin also stimulates
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Prosperity’s Plague
Researchers have linked a growing number of chronic diseases to the

metabolic disorder known as insulin resistance; two general theories

have emerged about its mechanism
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the synthesis of proteins and of molecules

involved in the function, repair, and growth

of cells, and it functions as a signaling mol-

ecule conveying information on fuel avail-

ability from the periphery to the brain and

central nervous system.

“Compared with other hormones,” the

late J. Denis McGarry of the University of

Texas Southwestern Medical Center wrote in

Science in 1992 (30 October 1992, p. 766),

“insulin elicits a bewildering array of meta-

bolic responses in target cells. Deciding

which of these are dependent or independent

events continues to pose a major challenge.”

Sixteen years later, that assessment still

holds true.

A fundamental role of insulin is to

orchestrate the use of fuels in the body, par-

titioning them to oxidation or storage.

When blood sugar is elevated—during and

immediately after a meal, for example—

insulin works to store excess calories as fat

in the fat tissue and transport glucose into

muscle tissue. It also signals the mitochon-

dria to use glucose as the primary fuel

source. As insulin and blood sugar levels

drop in the hours after a meal, they allow

fatty acids to be mobilized from stored fat

and signal the mitochondria to oxidize these

fatty acids for conversion into energy. This

“metabolic flexibility,” or the capacity to

switch easily between glucose and fat for

fuel, is a key feature of healthy individuals,

as endocrinologist David Kelley, now at

Merck Research Laboratories in Rahway,

New Jersey, has pointed out.

In insulin resistance, these natural

responses break down and become patho-

logical. A “natural system of feedback

loops,” as Merck’s Luciano Rossetti says, is

overwhelmed or degraded and disease is

often the response. The operative word,

though, is “often.” 

Even among healthy individuals, measure-

ments of insulin-stimulated glucose uptake,

insulin sensitivity, and insulin resistance

will vary by 600% to 800%. “There’s an

enormous range,” says endocrinologist Ger-

ald Reaven of Stanford University in Palo

Alto, California, who deserves much of the

credit for persuading the medical research

community to take insulin resistance seri-

ously as a causal factor in heart disease and

type 2 diabetes. A quarter of this variation in

sensitivity can be explained by variations in

physical f itness, and another quarter by

weight, a relationship that Reaven says has

held up in studies of populations as diverse

as the Pima Indians of Southwest Arizona

and descendants of Europeans living in Palo

Alto. “Clearly, the more obese you are, the

more insulin resistant you are,” Reaven says,

but the same variation can be found in obese

subjects, a third of whom are relatively

insulin sensitive. 

Without being able to pinpoint the tissue,

organ, and cell type in which insulin resist-

ance f irst manifests itself, says Stephen

O’Rahilly, co-director of the Institute of

Metabolic Science at the University of Cam-

bridge in the United Kingdom, it’s virtually

impossible “to unpick the causal chain.” 

What researchers almost invariably meas-

ure, though, is how the entire body responds

to insulin, not how the individual tissues and

organs do. And how the body responds also

changes dramatically over the course of a

day, and from day to day, in response to food

intake or physical activity. “We’re studying a

phenomenon that is happening differentially

over a 24-hour period,” says O’Rahilly. “But

most studies are done when the subject or

patient is fasting. Those are essentially look-

ing at insulin’s dialog with the liver and how

sensitive the liver is to insulin. It tells you

very little about how sensitive the skeletal

muscle or the adipocyte is.” 

Fat overload 

In the mid-1970s, endocrinologists focused

on the insulin receptor itself as a likely key

to the puzzle. They assumed that resistance

was caused either by down-regulation of the

insulin receptor—a normal desensitization

process—or by a defect in the receptor itself

or the binding of insulin to the receptor. By

the mid-1980s, Jerrold Olefsky, now at the

University of California, San Diego, had

demonstrated that the primary defect was

downstream in the signaling pathway, not in

the receptor itself. 

Since the early 1990s, the obser-

vation that insulin resistance is asso-

ciated with elevated levels of free

fatty acids in the bloodstream has led

researchers to focus on lipid overload

as the precipitating event. Several

observations support the hypothesis.

The single best predictor for the pres-

ence of insulin resistance in young,

lean offspring of type 2 diabetics,

according to Gerald Shulman, an

endocrinologist at Yale University,

is the accumulation of fat inside

muscle cells. Shulman and his col-

leagues have also studied sedentary

populations of lean, healthy, elderly

subjects and obese, insulin-resistant

adults and children. In all those

cases, he says, “the more fat inside

the muscle cells, the more insulin

resistant they are.”

Using nuclear magnetic reso-

nance spectroscopy to do noninva-

sive measurements of metabolic

fluxes—what Shulman calls “basi-

cally real-time biochemistry in

humans”—Shulman and his col-

leagues have established that when

fat accumulates inside muscle cells,

it blocks an intracellular chain of

events that normally triggers glu-

cose transport into the cell. The spe-

cific culprit, according to Shulman,

is the buildup of diacylglycerols

(DAGs)—an intermediate product in the for-

mation of triglycerides, the form in which fat

is stored in cells. When DAGs accumulate

inside muscle cells or liver cells, Shulman

has found, they shut down the insulin-

signaling pathway. In the muscle cells, they

do so by inhibiting the translocation of a pro-

tein, glut4, to the cell membrane, where it

would normally work to pump glucose into

the cell. Insulin-stimulated glucose transport

Epidemic. Type 2 diabetes, a disorder of insulin
resistance, is on the rise.
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Fuel economy. Among insulin’s many functions is as parti-
tioner of metabolic fuels—carbohydrates, fats, and protein—
for use and storage in tissues.

Published by AAAS

 o
n 

F
eb

ru
ar

y 
14

, 2
01

3
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/


17 JULY 2009 VOL 325 SCIENCE www.sciencemag.org258

C
R

E
D

IT
S

 (
T

O
P

 T
O

 B
O

T
T

O
M

):
 J

A
-Y

O
U

N
G

 K
IM

 A
N

D
 P

H
IL

 S
C

H
E

R
E

R
/U

N
IV

E
R

S
IT

Y
 O

F
 T

E
X

A
S

 S
O

U
T

H
W

E
S

T
E

R
N

 M
E

D
IC

A
L
 C

E
N

T
E

R
, 
D

A
L
L
A

S
; 
C

O
U

R
T

E
S

Y
 O

F
 G

E
R

A
L
D

 I
. 
S

H
U

L
M

A
N

NEWSFOCUS

no longer works efficiently, and the cell is

insulin resistant.

“Over the last decade,” says Shulman,

“we’ve been able to test this hypothesis using

the power of mouse genetics. In more than a

dozen transgenic gene knockout models, any

time we raise intracellular diaclyglycerols, the

mice get insulin resistance in the target tis-

sues; any time we lower it, we prevent insulin

resistance.” In March, Shulman and his col-

leagues reported in the journal Cell Metabo-

lism that DAG accumulation can also account

for insulin resistance in the liver caused by the

consumption of high-fructose diets. 

The way to think about this, says Shulman,

is that the concentration of DAG in a cell is

balanced between the delivery of fat to the

cells (in the form of fatty acids), the oxida-

tion of fat, and the storage of the fat as

triglycerides. “Any time you alter that bal-

ance to get a net accumulation of DAGs,

through more delivery or decreased oxida-

tion, you get insulin resistance. Anything that

flips the balance the other way”—by block-

ing entry of fatty acids into the cell, for

instance, promoting fatty acid oxidation, or

even promoting the conversion of DAGs into

triglycerides—“prevents insulin resistance.”

In that sense, the DAGs work

as both an intermediate form

of a storage molecule and a

signaling molecule that tells

the cell whether fatty acids

are accumulating and whether

it’s necessary or beneficial to

continue pumping in glucose.

Inflammation

Competing with the lipid

overload hypothesis is the the-

ory that inflammation is to

blame. The idea was sparked

in the mid-1990s, when

Gökhan Hotamisligil of the

Harvard School of Public

Health and Bruce Spiegelman of Harvard

Medical School reported that the inflamma-

tory cytokine TNF-α was overexpressed in

animal models of obesity. They demonstrated

that they could induce insulin resistance in fat

cells in vitro by exposing them to TNF-α.

They also showed that they could protect

obese strains of mice from insulin resistance

by knocking out the genes either for TNF-α
itself or for TNF-α receptors.

The hypothesis began to gain wide

acceptance after Steven Shoelson of the

Joslin Diabetes Center reported in 2001 that

he could make cells insulin resistant by over-

expressing IKK-β, a molecule that works in

signaling pathways to activate the inflamma-

tory mediator NF-κB. Among the com-

pounds that inhibit IKK-β are salicylates,

aspirin-like compounds that are used at

high doses to treat rheumatoid arthritis

and rheumatic fever, both inflammatory

conditions. “That struck a chord with me,”

says Shoelson, because “among the list of

things that can cause low blood sugar are

salicylates.” One obvious implication, he

says, is that “inflammation is a potential

pathogenic mediator of both insulin resist-

ance and type 2 diabetes.” 

Since then, Shoelson has

demonstrated in a series of studies

through 2005 that insulin resistance

can be induced in lean strains of

mice by overexpressing NF-κB in

their fat or liver cells and that obese

mice can be protected from insulin

resistance by inhibiting NF-κB

expression. Last year, Shoelson and

his colleagues published the results

of a pilot study in Diabetes Care demon-

strating that salicylate therapy could indeed

both control blood sugar and reduce inflam-

matory mediators in obese subjects. Mean-

while, Hotamisligil has linked yet another

molecule involved in inflammation, JNK, to

obesity and insulin resistance. JNK plays a

“predominant role” in the regulation of

insulin sensitivity, Hotamisligil wrote on 

5 September 2008 in PloS ONE: It is over-

expressed in animal models of obesity, and

knocking it out in these animals both

decreases their adiposity and protects them

from insulin resistance. 

Hotamisligil now believes that the pri-

mary cause of JNK activation is stress in the

cell’s endoplasmic reticulum, which func-

tions to synthesize and fold proteins. In fat

tissue, it works to package complex lipids

such as cholesterol and triglycerides. Stress

in the endoplasmic reticulum will activate

JNK, says Hotamisligil, and it’s easy to

imagine that the demands put on the endo-

plasmic reticulum by an expanding fat cell

are the source of the stress. 

The picture that’s coming together is that

obesity is a low-grade inflammatory state.

Excess fat or at least large, overstuffed fat

cells activate the immune system, promot-

ing “elevated levels of inflammatory

cytokines—IL6, TNF-α, JNK, all kinds of

stuff,” says Guenther Boden of Temple Uni-

versity in Philadelphia.

A primary source of these inflammatory

signals is now believed to be macrophages

trapped in the adipose tissue, a discovery

first made in 2002 by Anthony Ferrante and

his colleagues at Columbia University and,

independently, by Hong Chen and col-

leagues at Millennium Pharmaceuticals. In

lean humans or animals, says Ferrante, 5%

of the cells in adipose tissue will be

macrophages, compared with upward of

50% in obese humans or animals. What

recruits the macrophages into the adipose

“If you can’t store

fat properly, it’s

going to build up

in liver and muscle

and cause insulin

resistance.”
—GERALD I. SHULMAN,

HHMI AND YALE 

UNIVERSITY SCHOOL

OF MEDICINE

Fat as they come. Researchers made a

mouse that can accumulate huge amounts

of fat, as the one on the left does by over-

expressing adiponectin. The result: This

mouse was insulin sensitive.

Published by AAAS

 o
n 

F
eb

ru
ar

y 
14

, 2
01

3
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/


www.sciencemag.org SCIENCE VOL 325 17 JULY 2009 259

IL
L
U

S
T

R
A

T
IO

N
: 
C

. 
B

IC
K

E
L
/S

C
IE

N
C

E
NEWSFOCUS

tissue is still an open question. Nonetheless,

says Hotamisligil, “it’s pretty clear that if

there are inflammatory cytokines or stress

signals around, the insulin receptor does not

function very well.”

Focusing on fat tissue
When researchers discuss their favored

hypotheses of insulin resistance, the

metaphor that often comes to mind is a Russ-

ian nesting doll. Elucidate one mechanism of

causation, and it immediately implies the

existence of yet another mechanism further

down the causal pathway that might be still

more fundamental. The end point in this pro-

gression, however, invariably seems to be the

fat tissue itself.

This has been a consistent theme in

insulin-resistance research going back to the

early days. Consider, for instance, that

impaired glucose uptake by skeletal muscle

has traditionally been perceived as the major

contributor to insulin resistance. But one rea-

son blood sugar is elevated in type 2 diabetes

after a meal, and the primary reason it

remains elevated during fasting conditions,

is because the liver continues to synthesize

glucose and pump it out into the bloodstream

even when that glucose is no longer needed. 

Insulin was always thought to suppress

this process directly, and researchers

believed that its failure to do so was a direct

manifestation of insulin resistance by liver

cells. But Richard Bergman of the University

of Southern California in Los Angeles and

his colleagues demonstrated in the mid-

1990s that this failure to inhibit glucose pro-

duction in the liver is actually an indirect

effect of insulin resistance, and that the real

location of the insulin resistance is at the fat

tissue. What happens, says Bergman, is that

the fat cells become resistant to insulin,

which then fails to efficiently suppress, as it

should, the release of fatty acids from these

cells. It’s those liberated fatty acids that in

turn stimulate the inappropriate production

of glucose by the liver. “We believe most of

the effect of insulin on the liver is indirect,”

Bergman says, “and it’s mediated by free

fatty acids” released from the fat tissue.

(Complicating matters further, some of the

apparent failure of insulin to suppress glu-

cose production in the liver, as Rossetti and

collaborators have demonstrated, also

appears to be mediated by insulin resistance

in the brain.)

Most researchers now believe that both

inflammation and DAG accumulation are

causal factors in insulin resistance, but this

raises the obvious question of what causes

the inflammation, and what causes the

DAGs to accumulate in muscle and liver

cells in the first place. One likely possibility,

says Shulman, is that people simply eat too

much for their level of physical activity. The

excess nutrients, in this scenario, then over-

whelm the fat tissue, causing the fat cells to

expand and secrete inflammatory mole-

cules, or they spill out of the fat tissue and

Main contenders. Two explanations for the mechanism of insulin resistance have emerged: inflammation (left) and lipid overload (right). In the inflammation
hypothesis, enlarged fat cells attract macrophages and excrete inflammatory signals that work in the muscle cell, via the kinase JNK, to block an insulin
receptor substrate (IRS-1) and shut down the insulin-signaling pathway. In the lipid-overload hypothesis, enlarged fat cells leak fatty acids, causing diacyl-
glycerols (DAGS) to accumulate in muscle cells. These inhibit insulin signaling through nPKCs and then block the insulin receptor substrate IRS-1.
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instead accumulate where they don’t belong.

But that doesn’t explain why some obese

individuals—often very obese—remain

resolutely insulin sensitive. This suggests

that something about the fat tissue itself, and

maybe its ability to absorb and retain fatty

acids and do so in a manner that doesn’t

induce inflammation, is the fundamental

defect, the critical factor determining

whether fatty acids will accumulate as

triglycerides in healthy fat depots or as

DAGs in liver and muscle cells. 

A telling piece of evidence, suggests

Shulman, is that insulin resistance is also

common in rare genetic disorders known as

lipodystrophies, which are characterized by a

deficiency or complete absence of fat cells.

Lipodystrophic individuals have little or no

place to temporarily store the calories they

consume before they use them for fuel, and

they are extremely insulin resistant.

Researchers have also created lipodystrophic

mouse models, genetically manipulated to

have no fat cells, and these are also

extremely insulin resistant. The fact that

insulin resistance occurs in mice and

humans lacking the fat cells necessary to

store excess nutrients, says Shulman, “sug-

gests that if you can’t store fat properly, it’s

going to build up in liver and muscle and

cause insulin resistance.” 

So what does it mean to store fat prop-

erly? The key, some researchers say, is the

ability to expand adipose tissue in a specific

way. When fat tissue can generate new

adipocytes, these researchers believe, it cre-

ates fresh storage capacity instead of shunt-

ing excess fat into existing, overstuffed fat

cells. According to this hypothesis, insulin

resistance develops when fat cells are over-

stuffed, stressing the endoplasmic reticulum

and attracting macrophages, releasing

inflammatory mediators, or leaking fatty

acids out into the circulation—or any com-

bination of these. 

Among the evidence supporting this

hypothesis is a transgenic mouse created by

Philipp Scherer of the University of Texas

Southwestern Medical Center at Dallas and

his colleagues in 2007. It happens to be, as

Scherer says, “probably the fattest mouse

ever made.” It’s also extremely insulin sen-

sitive. This particular mouse overexpresses

a molecule called adiponectin, discovered

by Scherer in 1995, that appears to stimu-

late the formation of new fat cells. Scherer

says his transgenic mouse continues to gen-

erate new small fat cells which can “deposit

all these calories taken in into an expand-

able healthy fat pad.” The liver stays in

pristine shape, he says: “There’s no lipid

accumulation [even in muscle cells], …

and there’s improved insulin sensitivity.”  

Another line of evidence supporting this

hypothesis comes from experience with

insulin-sensitizing drugs, known as thiazo-

lidinediones, used to treat type 2 diabetics.

These drugs target a receptor on cells, called

PPARγ, that also works in the subcutaneous

fat tissue to differentiate new adipocytes.

The diabetic patient gets fatter, but the

excess is stored in new small fat cells rather

than in overstuffed old ones. The patient

gains insulin sensitivity as a tradeoff for the

extra fat. “You redistribute fat out of the

muscle, liver, and beta cells into subcuta-

neous fat,” says Ralph DeFronzo, chief of

the diabetes division at the University of

Texas Health Science Center at San Antonio.

“As long as the fat is in subcutaneous

adipocytes, it can’t hurt you.” 

Good and bad fat cells?
While researchers have made considerable

progress elucidating these mechanistic con-

nections, every insight seems to come with

unanswered questions or observations that

remain stubbornly controversial. 

Take the critical observation that fatty

acid levels are elevated in obesity, and the

idea that this leads to DAG accumulation in

liver and muscle cells. At least some

researchers—Keith Frayn, for instance,

who studies adipose tissue metabolism at

the University of Oxford in the United

Kingdom—question whether this is true.

“Every review of insulin resistance talks

about an increase in free fatty acids” with

obesity, Frayn says. “We have been looking

at a collection of 1200 normal healthy indi-

viduals, and we see no correlation in that

collection between body mass index and

free fatty acids in plasma.”

The evidence that large, overstuffed fat

cells are the problem has also recently been

challenged. Reaven and Sam Cushman, a

fat metabolism researcher at the U.S.

National Institute of Diabetes and Diges-

tive and Kidney Diseases in Bethesda,

Maryland, reported in August 2007 that

when they look at subjects with the same

level of moderate obesity but different

degrees of insulin sensitivity, they f ind

that the insulin-resistant subjects actually

have fat cells that tend to be smaller, rather

than larger. 

“The conventional wisdom has been

that the obese have these very big fat cells,

and these secrete all these terrible things

[inflammatory cytokines in particular], and

these terrible things make you insulin

resistant,” says Reaven. “What we found is

that if you looked at the ratio of small fat

cells to large, insulin-resistant people had

the higher proportion of small cells.” To

Reaven, this suggests that the underlying

problem in insulin resistance isn’t the large

fat cells themselves but a relative inability

to expand smaller fat cells into larger ones

as needed. “If you can’t make good fat cells

to store fat,” he says, “then the fat may end

up in ectopic places where it does more

harm than good.” 

One observation that seems indis-

putable is that when individuals lose

weight, they become more insulin sensi-

tive. If nothing else, this has given

researchers the confidence to assume that

excess body fat—particularly in the

abdomen and around the internal organs—

is a fundamental cause of insulin resist-

ance. But that still avoids the question of

what causes insulin resistance in lean indi-

viduals. This is something few researchers

will even address, although one possibility

is that they, too, simply can’t store fat safely

in subcutaneous pads. 

“The biggest question in the whole field

of insulin resistance is still this direction of

causality,” says O’Rahilly. “Does obesity

make you insulin resistant? Or does under-

lying factor x cause both obesity and insulin

resistance?”

–GARY TAUBES

“It’s pretty clear that if there

are inflammatory cytokines or 

stress signals around, the

insulin receptor does not

function very well.”
—GÖKHAN. S. HOTAMISLIGIL, 

HARVARD SCHOOL OF 
PUBLIC HEALTH
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