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The metabolic syndrome:
A tug-of-war with no winner

m ABSTRACT

The metabolic syndrome may be viewed
as a state of insulin-counterregulatory
overdrive: counterregulatory hormones
and fatty acids chronically duel with
insulin, causing a cascade of biochemical
interactions resulting in insulin resistance,
hypertension, and dyslipidemia. Even
before beta cells fail and type 2 diabetes
ensues, the deadly quartet is quietly
rehearsing.

S DISCUSSED by Nambi and colleagues in

this issue of the Journal,! we now recog-
nize that insulin resistance, obesity, hyper-
triglyceridemia, and increased cardiovascular
tone (hypertension, in particular) cluster in
certain individuals, leading to markedly ele-
vated risk of cardiovascular disease and type 2
diabetes. This clustering has been called the
deadly quartet, syndrome X, and now, the meta-
bolic syndrome.

See related article, page 985

While the mechanisms behind this clus-
tering are incompletely understood and multi-
factorial, we present some of the current con-
cepts and hypotheses that address how these
four seemingly distinct conditions may arise
from a common pathophysiologic process.

= THE ONGOING DUEL BETWEEN
INSULIN AND COUNTERREGULATION

In general, we believe the metabolic syn-
drome can be thought of as a state of insulin-
counterregulatory overdrive (FIGURE 1), in
which insulin chronically duels with counter-
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regulatory hormones, such as glucocorticoids,
glucagon, and catecholamines, along with free
fatty acids. These two physiologic processes
become “revved up” while working against
each other. In a biochemical tug-of-war,
insulin is trying to store fuel, while counter-
regulatory hormones and fatty acids are trying
to prevent fuel storage. We believe this ongo-
ing battle causes the complex abnormalities of
the metabolic syndrome.

Activation of counterregulatory hor-
mones leads to glucose release (gluconeogene-
sis and glycogenolysis) and impaired cellular
glucose uptake. The pancreas responds to
increased glucose levels with compensatory
hyperinsulinemia to turn off hepatic glucose
production and push glucose into cells.

Despite increased counterregulatory
activity, hyperinsulinemia accelerates fat
deposition, especially in the setting of a high-
calorie diet, sedentary lifestyle, or high gluco-
corticoid activity.

Then, when obesity develops, there is
increased free fatty acid release, which further
exacerbates insulin resistance.

This cycle of ongoing counterregulatory
activity and hyperinsulinemia increases car-
bohydrate and lipid flux through the blood-
stream, which damages the vascular
endothelium. The battle between anabolism
(insulin) and catabolism (counterregulatory
hormones) also taxes the pancreatic beta
cells, eventually leading to overt type 2 dia-
betes.

The precipitating event in a given per-
son may be increased counterregulatory hor-
mones, increased insulin, or both. For exam-
ple, high insulin levels can precipitate a
counterregulatory hormone surge, as might
be seen after consumption of a high-glucose-
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Insulin-counterregulatory overdrive in the metabolic syndrome:

A vicious cycle
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FIGURE 1. Schematic representation of insulin-counterregulatory overdrive in the metabolic

syndrome.

containing meal,2 and precipitate insulin
resistance.

However, it does not really matter which
is the precipitating event. Increased insulin
leads to increased counterregulatory activity,
while increased counterregulatory activity
leads to hyperinsulinemia. The body is
attempting to maintain balance between
these two competing processes, and when
one is increased, the other has to increase to
compensate (ie, counterregulation). When
counterregulatory activity begins competing
with insulin, the metabolic syndrome has
begun.

m THE ROLE OF INSULIN RESISTANCE

As the primary anabolic hormone, insulin has
two main functions:
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e [t facilitates cellular uptake of nutrients
(carbohydrate, protein, and lipids) from the
bloodstream while inhibiting nutrient release;
and

e It suppresses the liver’s catabolic func-
tions—those vital functions that the liver per-
forms during fasting or famine, such as gluco-
neogenesis, glycogenolysis, and ketone pro-
duction.

“Insulin resistance” generally refers to car-
bohydrate insulin resistance: impaired cellular
glucose uptake and accelerated hepatic glu-
cose release.

Carbohydrate insulin resistance can
result from different mechanisms, including
counterregulatory hormones, high levels of
certain metabolic substrates (particularly
free fatty acids), environmental factors (diet
and lifestyle), and abnormal insulin signal-
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ing. It is unlikely that any one of these
mechanisms of insulin resistance is solely
responsible for the metabolic syndrome.
More likely, various combinations of these
factors precipitate and exacerbate insulin
resistance in different individuals. Our dis-
cussion will focus on counterregulatory hor-
mones and fatty acids.

Growth hormone and glucocorticoids:
Effects on fat and protein metabolism

Two counterregulatory hormones, growth
hormone and glucocorticoids, have differ-
ent effects on lipid and protein metabolism
that may be important in the development
and maintenance of the metabolic syn-
drome.

Growth hormone levels are often low in
the metabolic syndrome,3 and this counter-
regulatory hormone may actually protect
against obesity. Growth hormone facilitates
lipolysis, promoting a net flux of nutrients out
of adipose tissue.4 At the same time, it leads to
carbohydrate insulin resistance and compen-
satory hyperinsulinemia, facilitating protein
uptake by myocytes and increasing metaboli-
cally active lean body mass.

But despite growth hormone’s acute
adverse effects on insulin sensitivity, chronic
replacement of growth hormone in the meta-
bolic syndrome may actually improve insulin
sensitivity, dyslipidemia, and hypertension,
presumably by decreasing fat mass.5

Glucocorticoids. The converse of
growth hormone-induced insulin resistance
is glucocorticoid-induced insulin resistance.
Glucocorticoids block insulin’s anabolic
effects on carbohydrate and protein metabo-
lism while promoting insulin-mediated lipo-
genesis.® This is why patients with Cushing
syndrome develop central obesity, glucose
intolerance, and muscle wasting. The phe-
notypic similarities between Cushing syn-
drome and the metabolic syndrome (truncal
obesity, hypertension, and insulin resis-
tance) suggest that endogenous glucocorti-
coids may play a role in the metabolic syn-
drome.

Some research supports this hypothesis.
Patients with the metabolic syndrome do not
generally have high mean cortisol levels, but
glucocorticoid activity may be elevated in
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other respects. For example, enzymes that
regenerate cortisol (from inactivated corti-
sone) are particularly active in visceral (intra-
abdominal) fat,” and may augment cortisol
production and lipogenesis in these fat depots.
Increased endogenous glucocorticoid activity
may also manifest as a blunted circadian
amplitude of cortisol levels, lower morning
peaks of cortisol, and elevated evening
troughs.8

In rodent models, experimental interven-
tions that blunt circadian glucocorticoid pat-
terns result in the accumulation of visceral fat,
even in the absence of elevated mean gluco-
corticoid levels.?

Aging’s effect on growth hormone and
glucocorticoid activity. Blunting of the circa-
dian cortisol pattern is also a feature of normal
aging in humans,!0 and this might predispose
the elderly to visceral obesity and the meta-
bolic syndrome.

Aging is also associated with a reduction
in growth hormone and sex steroids, potenti-
ating abdominal fat accumulation in the set-
ting of unopposed cortisol.!1

® ROLE OF OVEREATING
AND UNDEREXERCISING

Sedentary lifestyle and excess food can exac-
erbate insulin resistance, even in the absence
of obesity.12,13

The body has limited carbohydrate stor-
age capacity (less than 24 hours’ worth of
energy can be stored in hepatic and muscle
glycogen) but virtually unlimited fat storage
capacity.

If nutrients are ingested when glycogen
stores are abundant and energy demands are
modest, then glucose is not readily taken up
by the liver or muscle, exacerbating hepatic
and muscle insulin resistance. Then, excess
carbohydrate is converted to fat,14 some of
which is exported from the liver as triglyc-
erides.

When glycogen stores are depleted by
physical exercise, the liver and muscles have
more room for glycogen storage, resulting in
improved glucose uptake and insulin sensitiv-
ity.13,14 Exercise and diet can also improve
insulin sensitivity by more complicated bio-
chemical mechanisms.13
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m ROLE OF OBESITY

Insulin resistance is correlated with obesity

and can be reversed with weight loss, sug-

gesting that obesity is central to the patho-

genesis and maintenance of the metabolic

syndrome. This can be explained by two

observations:

® The breakdown of fat (lipolysis) leads to
insulin resistance; and

e QObesity leads to a higher rate of basal
lipolysis.

Lipolysis leads to insulin resistance:

The role of free fatty acids

Nonesterified (free) fatty acids are the prima-
ry breakdown product of fat cell nutrient
stores. During times of catabolism (such as
starvation), free fatty acids are released into
the bloodstream in large quantities for other
tissues to use as fuel.

High free fatty acid levels competitively
inhibit insulin-stimulated glucose oxidation
and uptake by the liver and muscle.!5 This is
adaptive in starvation: decreased glucose uti-
lization by the liver and muscles spares glucose
for the brain and preserves cellular protein
that would otherwise be consumed by gluco-
neogenesis.

But even in a well-fed state, adipocytes
release some free fatty acids constitutively
(basal lipolysis). Basal lipolysis is under hor-
monal control: it is upregulated by counterreg-
ulatory hormones and the renin-angiotensin-
aldosterone system,16 and inhibited by insulin.
(Stimulation of lipolysis is one important
mechanism by which the counterregulatory
hormones exacerbate carbohydrate insulin
resistance.)

Obesity leads to a higher rate
of basal lipolysis
Independent of hormonal control, the over-
all release of free fatty acids into the blood-
stream is also a function of fat mass. An obese
person will have higher total free fatty acid
release than a thin person, even if each fat
cell is releasing the same quantity of free fatty
acids.

This may contribute to higher circulating
free fatty acid levels and insulin resistance in
obesity.17

CLEVELAND CLINIC JOURNAL OF MEDICINE
Downloaded from www.ccjm.org on May 8, 2025. For personal use only. All other uses require permission.

Other effects of free fatty acids

The adverse effects of high free fatty acid flux
extend beyond the exacerbation of insulin
resistance.

Circulating free fatty acids have two fates:
they can be used as fuel (oxidized) or they can
be re-esterified into triglycerides. Free fatty
acids processed by the liver can be exported to
the systemic circulation as very-low-density
lipoprotein cholesterol and may contribute to
hypertriglyceridemia.1>

Moreover, elevated free fatty acid levels
may inhibit growth hormone in the metabol-
ic syndrome: since growth hormone promotes
lipolysis, it is not surprising that free fatty
acids suppress growth hormone as a feedback
control.18

Other products of adipocytes, such as
resistin, angiotensinogen, leptin, and
cytokines, may also play a role in the insulin
resistance of obesity.19 But it remains uncer-
tain whether these factors are important in
the pathogenesis of the metabolic syn-
drome.

m INCREASED CARDIOVASCULAR TONE:
HYPERTENSION

The observation that hypertension is common
in type 1 diabetes and may be reversible with
pancreas transplantation20 highlights the
importance of insulin and counterregulatory
hormones in the maintenance of normal car-
diovascular tone. Patients with the metabolic
syndrome tend to have hypertension,
impaired endothelium-mediated vasodilata-
tion (endothelial dysfunction), elevated rest-
ing heart rates, and decreased heart-rate vari-
ability.8.21

Since insulin is vasodilatory at the periph-
eral level, while all of the counterregulatory
hormones increase cardiovascular tone, it
appears that the cardiovascular effects of
counterregulatory hormones trump those of
insulin in the metabolic syndrome. They do so
by targeting the heart and the vascular smooth
muscle and by impairing endothelium-mediat-
ed vasodilatation.

Catecholamines are potent counterregu-
latory hormones, opposing the actions of
insulin on carbohydrate and lipid metabolism.
(This is why patients with pheochromocy-
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toma develop hyperglycemia.)

In the metabolic syndrome, norepineph-
rine, the primary catecholamine released from
sympathetic nerve terminals, is elevated in
the urine, likely reflecting increased sympa-
thetic nervous system activity.22

Free fatty acids. The recent observation
that free fatty acid infusion increases blood
pressure, norepinephrine levels, and heart rate
while decreasing heart rate variability?3 sug-
gests that increased free fatty acids contribute
to increased sympathetic activity in the meta-
bolic syndrome. Free fatty acids may also
impair endothelial function24

Glucagon is another counterregulatory
hormone that is sometimes elevated in dia-
betes,25 antagonizing insulin’s anabolic effects
throughout the body, but particularly in the
liver. Glucagon increases cardiac chronotropy
and inotropy and is an antidote for beta-

Cortisol and growth hormone may
increase cardiovascular tone through potentia-
tion of catecholamine effects?6 and perhaps by
stimulating lipolysis. Hypertension is a well-
known complication of both Cushing disease
(in which cortisol levels are high) and
acromegaly (in which growth hormone levels
are high), while Addison disease, in which cor-
tisol levels are low, predisposes to hypotension.

[t appears, then, that all counterregulato-
ry hormones (and free fatty acids) not only
antagonize the effects of insulin on carbohy-
drate metabolism, but also increase cardiovas-
cular tone. It follows that any type of hor-
mone-induced carbohydrate insulin resistance
has the potential to be associated with
increased cardiovascular tone (and to stress
the cardiovascular system), especially when
insulin production is compromised.2? ]
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