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The rising prevalence of obesity is accompanied by an
increasing number of patients with the metabolic com-
plications of obesity. The major complications come
under the heading of the metabolic syndrome. This
syndrome is characterized by plasma lipid disorders
(atherogenic dyslipidemia), raised blood pressure, ele-
vated plasma glucose, and a prothrombotic state. The
clinical consequences of the metabolic syndrome are
coronary heart disease and stroke, type 2 diabetes and
its complications, fatty liver, cholesterol gallstones,
and possibly some forms of cancer. At the heart of the
metabolic syndrome is insulin resistance, which rep-
resents a generalized derangement in metabolic pro-
cesses. Obesity is the predominant factor leading to
insulin resistance, although other factors play a role.
The mechanistic link between insulin resistance and
the metabolic syndrome is complex. The relationship
is modulated by yet other factors, such as physical
activity, body fat distribution, hormones, and a per-
son’s genetic polymorphic architecture. A better
understanding of the molecular basis of this relation-
ship is needed to suggest new targets for prevention
and treatment of the complications of obesity. In addi-
tion, understanding at the clinical level will lead to
improved management of these complications.
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Introduction

The rising prevalence of obesity in the Unites States and
worldwide will render an increase in the metabolic compli-
cations of obesity (1). In the future, more and more medical
resources throughout the world will have to be committed
to treating these complications. Obesity contributes impor-
tantly to many of the chronic diseases that account for much

of the morbidity in middle-aged and older persons. Unfor-
tunately, medical intervention to date has a poor track
record for achieving weight reduction in overweight per-
sons. Although efforts to eliminate excess body weight in
clinical practice are entirely justified (2), many persons
will fail to lose weight and will eventually develop meta-
bolic complications, requiring medical intervention. This
article reviews the metabolic complications of obesity and
considers their pathophysiology.

Although the metabolic stress of obesity undoubtedly
predisposes to several chronic diseases, these diseases
typically are multifactorial in origin. There is rarely a one-
to-one relationship between body fat and disease. The pre-
disposing effects of obesity interact strongly with genetic
susceptibility and with the physiologic changes of aging.
Clinical evaluation of patients requires careful dissection
of the contributing factors. The origins of a disease can
affect selection of the appropriate therapy. For this reason,
for any overweight patient who appears to have an obesity-
related disorder, the question must always be asked, are
there other factors involved that require separate attention?

The major metabolic abnormalities accompanying obe-
sity are dyslipidemia, raised blood pressure, insulin resis-
tance and glucose intolerance, a prothrombotic state, and
lithogenic bile. These aberrations contribute to the devel-
opment of cardiovascular disease, type 2 diabetes, fatty
liver and steatohepatitis, and cholesterol gallstones. Fur-
thermore, obesity may induce more subtle defects in cellu-
lar metabolism that increase risk for some forms of cancer.

Cardiovascular Disease

The question of whether obesity enhances risk for car-
diovascular disease has a long and complex history. The
clinical impression that obesity predisposes to cardiovas-
cular disease is long-standing; objective evidence to this
effect has been slow in coming. For example, early reports
from the Seven Countries Study failed to demonstrate a
significant correlation between body weight and incidence
of coronary heart disease (CHD) (3). Moreover, an interna-
tional study of the pathology of atherosclerosis failed to
show a significant correlation between body weight and
degree of coronary or aortic atherosclerosis across a large
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number of countries (4). These studies led some investiga-
tors to question whether obesity plays a significant role in
the causation of CHD, and possibly other forms of cardio-
vascular disease.

This association has more recently been reexamined in
several prospective studies (5–8). Some studies (5–8) report
a positive association between body weight and the inci-
dence of cardiovascular diseases, notably CHD. At present,
most investigators hold that the association is real and not
spurious. This link offers one rationale for preventing or
treating obesity per se to reduce the risk for CHD. A posi-
tive association nonetheless raises another question: Is
obesity an independent risk factor for CHD? This question
can be simplified as follows: Does obesity raise the risk
beyond that which is predicted by the “standard risk fac-
tors”? According to the Framingham Heart Study (9), the
standard risk factors are cigarette smoking, hypertension,
high serum cholesterol, low levels of high-density lipopro-
tein (HDL) cholesterol, and diabetes. Framingham investi-
gators (9) and some other researchers claim that most of
CHD risk associated with obesity is subsumed under the
major risk factors. Other investigators (10), however, doubt
that all the risk accompanying obesity is mediated through
the standard risk factors. For example, what about actions
of obesity to induce insulin resistance, to raise triglycer-
ides, and to produce a prothrombotic state? Do these emerg-
ing risk factors count for nothing in CHD risk? It is doubtful.

The issue of obesity as an independent risk factor goes
beyond currently provisional risk factors (e.g., high tri-
glycerides, insulin resistance, and prothrombotic state). If
the latter in fact are causative risk factors, then some of the
“independence” of obesity as a risk factor could be
explained by these factors. Until the independent status of
the provisional risk factors is resolved, it will remain
unclear whether obesity exerts its effects on cardiovascu-
lar disease through them. At the same time, obesity could
elicit its detrimental actions through yet-to-be-identified
risk factors. For example, it has been recently proposed
that obesity is a proinflammatory condition; if so, inflam-
matory mechanisms could promote atherogenesis (11).
Thus, it is possible that obesity acts as a risk factor through
standard risk factors, emerging risk factors, and unidenti-
fied risk factors.

The quest to understand the mechanisms underlying the
association between obesity and cardiovascular disease
should not be trivialized. Uncertainty about the mechanisms
provides the impetus to understand better the metabolic
consequences of obesity and the pathogenic role of these
consequences on the development of atherosclerosis dis-
ease. It is not enough to say that mechanisms are unimpor-
tant because the metabolic abnormalities can be reversed
by weight loss. Because normalization of body weight
frequently cannot be achieved in clinical practice, the
mechanisms underlying the complications of obesity may
themselves become targets for medical therapy.

Obesity, Insulin Resistance,and Type 2 Diabetes

Type 2 diabetes is another major chronic disease associ-
ated with obesity. No other disease has been the subject of
so much metabolic research as type 2 diabetes. Thousands
of investigations underlie our understanding of the meta-
bolic basis of this disease. Adult-onset diabetes (type 2)
differs fundamentally from juvenile diabetes (type 1). In
contrast to the latter, type 2 diabetes has a later onset, is
usually accompanied by obesity, and rarely manifests keto-
acidosis. It accounts for up to 90% of diabetes in the general
population. It was long assumed that patients with type 2
diabetes are deficient in insulin because insulin is required
for the cellular uptake of glucose. However, when methods
became available to measure plasma insulin by radio-
immunoassy, insulin levels were found to be abnormally
high in patients with type 2 diabetes—not reduced. This
finding naturally raised the question, How can both insulin
and glucose levels be elevated in the same person?

This paradox led to the concept of insulin resistance. In
type 2 diabetes, tissues that utilize glucose seemingly are
resistant to the actions of insulin. In some way, not under-
stood, this resistance leads to increases in plasma insulin
concentrations; the latter overcome the block in glucose
uptake and restore glucose homeostasis. In some patients,
insulin resistance is too severe to be overcome by compen-
satory hyperinsulinemia, and categorical hyperglycemia
(type 2 diabetes) develops. The evolution of the concept of
insulin resistance represents a major advance in our under-
standing of the pathogenesis of type 2 diabetes (12).

Not only are patients with type 2 diabetes insulin resis-
tant, but so are many obese persons without diabetes
(13,14). How then do obese persons and patients with type
2 diabetes differ? Why do some patients with insulin resis-
tance and hyperinsulinemia have normoglycemia whereas
others are hyperglycemic? Subsequent careful studies of
the kinetics of glucose and insulin appear to have resolved
this paradox. Patients with type 2 diabetes apparently fail
to mount sufficient compensatory hyperinsulinemia to
maintain normoglycemia. Even though they are able to
increase the secretion of insulin in response to insulin resis-
tance, they are not able to secrete enough to overcome the
resistance to insulin action. Plasma glucose levels conse-
quently rise to abnormally high levels (15,16).

The lion’s share of glucose utilization occurs in skel-
etal muscle; moreover, this tissue accounts for much of
insulin resistance (17). Some investigators believe that
insulin resistance also exists in the liver (18). Because
insulin suppresses hepatic gluconeogenesis, insulin resis-
tance in the liver could raise hepatic glucose production
(and output) (18). This response, in turn, could worsen
hyperglycemia of type 2 diabetes. The quantitative contri-
bution of increased hepatic glucose output to hyperglyce-
mia in type 2 diabetes remains uncertain and is a topic of
some dispute (18,19).
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The strong association between obesity and insulin
resistance naturally raises the question, Why should an
increase in mass of adipose tissue mass cause insulin resis-
tance in skeletal muscle? In addition, why does insulin
resistance in obese persons elicit a hyperinsulinemia
response? These questions are at the heart of the search for
the pathogenesis of type 2 diabetes. Perhaps the most pro-
vocative hypothesis is that of Randle (20). He postulated
that excess fatty acids derived from adipose tissue enters
skeletal muscle, impairs the uptake and oxidation of glu-
cose, and induces insulin resistance. The Randle hypoth-
esis accords with many metabolic observations and
deserves discussion.

Obese persons undoubtedly release an increased amount
of nonesterified fatty acids (NEFA) into the circulation,
and this increase could supply excess fatty acids to skeletal
muscle. The Randle hypothesis has a strong rationale,
engendering efforts to confirm it. To test this hypothesis
specifically, investigators (21) infused emulsified triglyc-
erides together with heparin into subjects with normal insu-
lin sensitivity. Heparin infusion releases large amounts of
lipoprotein lipase into the circulation; this lipoprotein lipase
rapidly hydrolyzes much of the triglycerides, markedly
raising NEFA levels. NEFA utilization during triglyceride/
heparin infusion evokes a striking reduction in insulin sen-
sitivity, supporting the Randle hypothesis.

Randle et al. (22,23) performed many studies on the
molecular mechanisms whereby excess fatty acids in skel-
etal muscle impair glucose uptake and utilization. They
postulate that excess fatty acids in cells impair glucose oxi-
dation by inactivating pyruvate dehydroglucose (PDH) com-
plex, a key regulator of glucose oxidation. They contend
that products of fatty acid oxidation activate PDH kinase,
which phosphorylates PDH and inactivates the complex.
This molecular mechanism has never been fully confirmed,
but the fundamental hypothesis that excess circulating
NEFA induces insulin resistance in muscle seems sound.

Recently, some workers (24,25) have suggested that the
interplay of fat and carbohydrate at the molecular level is
more complex than envisioned by Randle et al. (22,23) and
have proposed alternate biochemical mechanisms. Excess
fatty acids, for example, could directly interfere with the
insulin-signaling cascade, which causes insulin resistance.

Insulin action is initiated by the binding of insulin to the
insulin receptor. This receptor is a transmembrane glyco-
protein having protein tyrosine kinase activity. Binding of
insulin causes autophosphorylation and phosphorylation
of other proteins, notably the “docking proteins”, insulin
receptor substrate-1 (IRS-1) and IRS-2. After phosphory-
lation, IRS-1 associates with other signaling molecules,
phosphatidylinositol-3 kinase (PI-3 kinase), and Ras pro-
tein. Progressive phosphorylation causes a spread of acti-
vation through signaling cascades that is responsible for the
pleiotropic actions of insulin. One consequence of insulin
action is enhanced cellular uptake of glucose. This response

depends on the activation of PI-3 kinase. The latter stimu-
lates the recruitment of vesicles containing a glucose
transporter, GLUT-4, or recruits GLUT-4 from unique
intracellular locations (26–29). GLUT-4 moves to the cell
membrane and facilitates the uptake of glucose. Various
steps in this chain of reactions could be blocked by excess
fatty acids, causing insulin resistance.

Recent investigations further show that adipocytes pro-
duce tumor necrosis factor- (TNF- ). This cytokine seem-
ingly interferes with insulin action (30,31); it enhances the
activity of protein kinase C, which impairs insulin action by
phosphorylating the serine residues of the insulin receptor
(32,33). In the presence of obesity, TNF- may be released
in excessive amounts from adipose tissue, and this overpro-
duction also could impair insulin action.

Some investigators have speculated that obesity induces
insulin resistance by stimulating an excess of insulin secre-
tion. The mechanisms responsible for hyperinsulinemia
in obese subjects have never been adequately explained.
Recent research indicates that high levels of circulating
NEFA overload pancreatic -cells with lipid, which, in turn,
appears to overstimulate the production of insulin (34–37).
Excess insulin production, leading to hyperinsulinemia,
could downregulate insulin receptors causing insulin resis-
tance in skeletal muscle. Although this mechanism has
never received much attention, it is plausible and worthy of
more serious investigation.

Excessive secretion of NEFA by an expanded pool of
adipose tissue remains an attractive mechanism for the
insulin resistance of obesity. This hypothesis receives addi-
tional support from the relation between distribution of
body fat and insulin resistance. There is a marked differ-
ence in insulin sensitivity in skeletal muscle depending on
whether fat is located predominantly in the trunk of the
body or mainly in peripheral tissues, particularly the glu-
teofemoral region. Insulin resistance is highest when weight
gain occurs predominantly in the trunk (13,14). The latter
has been called abdominal obesity because excess fat in the
trunk is most noticeable in the abdomen. In fact, when the
abdomen is overloaded with fat, excess adipose tissue usu-
ally occurs in the sc fat over the entire trunk (14). For this
reason, this form of obesity might better be called upper
body obesity. It contrasts to lower body obesity (or glu-
teofemoral obesity).

There appears to be a fundamental difference in the
metabolism of adipose tissue depending on whether it is
located in the upper or lower body. The triglycerides of
upper body fat turn over more rapidly than does fat in the
lower body (38–41). Consequently, plasma NEFA rises to
higher levels with upper body obesity than with lower body
obesity. Seemingly, upper body fat is more insulin resistant
than lower body fat, which accounts for differences in
NEFA release. The molecular basis for regional differences
in the metabolic activity of adipose tissue has not been
elucidated.
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One hypothesis holds that most of the metabolic conse-
quences of upper body obesity result from increased vis-
ceral fat. Visceral adipose tissue drains its NEFA directly
into the portal circulation and thus could overload the liver
with lipids (42,43). According to this theory most of insulin
resistance in muscle is secondary to metabolic changes in
the liver, perhaps hepatic glucose overproduction. This is
an attractive hypothesis that may hold some truth. There are
caveats, however. Subcutaneous adipose tissue in the
upper body exceeds visceral adipose tissue in mass by
three-to-four-fold (14); the former also is metabolically
overactive compared to sc gluteofemoral fat (44,45). Glu-
cose clamp studies show that whole-body insulin sensitiv-
ity is more highly correlated with sc adipose-tissue mass in
the trunk than with visceral fat (14). Thus, the high turnover
rate of fatty acids by subcutaneous tissue in the trunk may
well be the major factor producing insulin resistance when
upper body obesity is present. If so, excess NEFA presum-
ably would act more directly on skeletal muscle than on
the liver.

The reasons for differences in body fat distribution are
not known. Steroid hormones almost certainly affect body
fat distribution. Men are more prone to upper body obesity
than women, which suggests that androgens are involved.
That androgens may favor upper body obesity is supported
by the presence of this type of obesity in women with poly-
cystic ovary syndrome—a condition characterized by
hyperandrogenemia (46,47). Of interest, however, andro-
gens administered to older men seemingly cause fat mobi-
lization and even loss of visceral adipose tissue (48). This
finding still does not rule out an action to favor upper body
fat when excess fat accumulates. Corticosteroids and
growth hormones also influence body fat distribution; both
hormones apparently promote the uptake of fatty acids into
adipose tissue of the upper body (49). Genetic factors also
may affect sites of fat accumulation (50,51).

Because upper body obesity and insulin are associated,
an intriguing question must be asked: Which comes first?
The insulin resistance in South Asians in particular calls
forth this question. Their level of insulin resistance exceeds
their degree of obesity (52); but, they accumulate most of
their excess adipose tissue in the upper body (53). These
observations raise the possibility that insulin resistance
precedes accumulation of upper body fat. Furthermore,
patients with Cushing disease and other forms of hyper-
corticoidism apparently have insulin resistance on the
basis of excess corticoid, and they too develop upper body
obesity. Regardless of which comes first, obesity is an inte-
gral part of the insulin resistance syndrome; in most per-
sons with very low body fat, insulin resistance is rare.

Reaven (54) suggests that much of insulin resistance in
the U.S. population has a genetic basis. Without question a
portion of insulin resistance is genetically determined. This
is shown by the fact that the degree of insulin resistance can
vary considerably at any given amount of body fat. Even so,

within a particular ethnic group, genetic factors probably
do not account for more than 50% of the variation in insulin
sensitivity within that population; obesity still seems to be
the dominant contributor (13,14).

Another important factor affecting insulin sensitivity is
level of physical activity. Exercise improves insulin sensi-
tivity, i.e., reduces insulin resistance. Recent investigations
(55–57) show that physical activity promotes expression of
GLUT-4 in skeletal muscle. This action may enhance glu-
cose uptake into muscle. Moreover, physical activity
undoubtedly promotes the oxidation of fatty acids by
muscle, which also should induce insulin resistance. The
ability of regular exercise to decrease insulin resistance is
considerable (58). Thus, in “insulin-resistant” populations,
it is difficult to tease apart the relative contributions of
excess body fat and insufficient exercise.

Undoubtedly a person’s genetic architecture affects the
metabolism of both glucose and fatty acids. South Asians
as a group seem highly susceptible to insulin resistance
even in the presence of mild obesity; presumably genetic
factors promoting insulin resistance aggregate in this popu-
lation. At the other extreme, some obese persons from other
ethnic groups maintain a moderately high insulin sensitiv-
ity. Thus, the genetic contributions to insulin resistance can
be viewed in two ways. Among different racial popula-
tions, the baseline level of insulin sensitivity differs
depending on genetic factors. For example, South Asians
undoubtedly have a greater genetic predisposition to insu-
lin sensitivity than do Caucasians. On the other hand, within
a genetically homogeneous population, the major factors
affecting the variability in insulin resistance are life habits,
especially total energy balance and exercise habits.

It might be asked, Is severe insulin resistance alone
enough to produce type 2 diabetes? The current paradigm
holds that two metabolic aberrations are required to develop
categorical hyperglycemia: insulin resistance and a defi-
cient insulin secretion. This view is supported by the fact
that hyperglycemia typically makes its appearance only
after many years of insulin resistance. Gradually, over the
years, the ability of pancreatic -cells to mount a hyper-
insulinemic response abates, and at some point the insulin
response is insufficient to maintain normoglycemia. More-
over, the usual course of type 2 diabetes is one of progres-
sive worsening of hyperglycemia; this worsening reflects
a progressive decline in insulin secretion. Its causes have
not been determined, but there probably is a genetic com-
ponent. Genetic differences in -cell function thus may
well explain why some obese persons develop type 2 dia-
betes whereas others do not. A long-standing question is,
Does prolonged hyperinsulinemia owing to insulin resis-
tance contribute to the decline in insulin secretion (“insulin
exhaustion”)? This question remains unanswered.

The mechanisms whereby the hyperglycemia of type 2
diabetes predisposes to cardiovascular and neurologic com-
plications are beyond the scope of this paper. Cardiovascu-
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lar disease, including CHD, stroke, heart failure, and renal
failure, represents the foremost cause of death in patients
with type 2 diabetes. Peripheral neuropathies also are com-
mon. Poorly controlled hyperglycemia undoubtedly con-
tributes directly to multiple complications. Prevention of
these complications presents a major challenge to clini-
cians who care for patients with diabetes.

Obesity, Fatty Liver, Dyslipidemia,
and Cholesterol Gallstones

A major target organ for the obese state is the liver. The
full impact of obesity and hepatic metabolism is complex
and incompletely understood. Two influences nonetheless
come to the fore. One is a high level of plasma NEFA, and
the other is an elevated plasma insulin. Both apparently
alter hepatic metabolism. Other factors released by adipose
tissue also may change hepatic function. Examples are
leptin and TNF- . The actions of insulin on the liver in
obese persons has been the subject of an ongoing debate.
One school of thought holds that high insulin levels over-
stimulate metabolic processes in the liver; if so, this
overstimulation could be responsible for many of the meta-
bolic complications of obesity. By contrast, another view
maintains that obesity makes the liver resistant to insulin;
if so, metabolic complications derive from the failure of
insulin to suppress influential pathways. Moreover, the
actions of obesity on lipoproteins that are secreted and
removed by the liver are of special interest. For this reason,
the relation between obesity and dyslipidemia must be con-
sidered in some detail.

Obesity and Fatty Liver

Obesity predisposes to fatty liver. The prevalence of
obesity in the United States is rising and has brought greater
attention to the problem of fatty liver. For many years, most
cases of fatty liver were attributed to alcohol abuse. The
mechanisms underlying alcohol-induced fatty liver are in-
structive for the pathogenesis of fatty liver in general. One
route to elevated hepatic triglyceride is through increased
synthesis of fatty acids in the liver. Another is through inhi-
bition of assembly and secretion of triglyceride-rich lipo-
proteins (TGRLPs); failure to normally secrete TGRLPs
leads to a retention of triglycerides in the liver. A third
mechanism is defective oxidation of fatty acids. Alcohol-
induced fatty liver seemingly results from all three mecha-
nisms (59,60); among them, reduced oxidation of fatty acids
may be the most important. The latter results from a shift of
the [NAD+]/[NADH] ratio to reduction (59). Also, alcohol
and its oxidative products may directly injure the mito-
chondria where fatty acids are oxidized, thus inhibiting fatty
acid oxidation.

Whether accumulation of fat in the liver per se can cause
cirrhosis is a disputed issue. Excess liver triglyceride could
be toxic to liver cells, and if so, necrosis of liver cells could

be a precursor to cirrhosis. A newly emerging pathologic
condition is nonalcoholic hepatosteotosis (NASH). This
form of fatty liver, whose cause is unknown, can result in
cirrhosis in some patients. Fatty liver in NASH, of course,
could be an epiphenomenon of an underlying process that
itself produces cirrhosis. The packing of fat in liver cells
nonetheless could be toxic, and in some obese patients with
NASH, the fatty liver itself may be responsible for cirrhosis
(61–63). The possibility that triglyceride accumulation is
hepatotoxic is supported by the observation that many
patients with obesity manifest abnormalities in liver func-
tion tests (raised transaminases), even when cirrhosis is not
present (62). More and more, obesity is competing with
alcohol abuse as a cause of fatty liver. The growing recog-
nition of the common association of obesity and fatty liver
in fact has led to a renewed interest in the causes of fatty
liver. Obesity seems to provide an example of a fundamen-
tally different mechanism for the development of fatty liver.
All the metabolic changes induced by alcohol that produce
fatty liver appear to occur directly in the liver. By contrast,
the fatty liver of obesity seemingly has its origins in adipose
tissue, outside the liver.

The primary cause of the fatty liver of obesity appears to
be an increased plasma level of NEFA resulting from
excess adipose tissue. The liver seemingly “sops up” excess
NEFA; that is, it removes NEFA that were not taken up by
skeletal muscle and other tissues. It might be theorized that
excess plasma NEFA would just return to adipose tissue for
reesterification; but, in fact, this pathway appears to be
trivial. Instead, the liver serves as a transit mechanism for
excess NEFA. Some of the excess fatty acids in the liver
probably are oxidized. Even in the normal state, fatty acids
probably are a major source of fuel for the liver. Limited
evidence suggests that fatty acid oxidation by the liver is
raised in obese persons (64,65); enhanced oxidation will
get rid of some excess fatty acids. The fatty acids that are
not oxidized are reesterified into triglycerides and are
incorporated into TGRLPs. The latter are secreted into
plasma, and after lipolysis of their triglycerides by adipose
tissue lipoprotein lipase, the locally released fatty acids
enter adipose tissue, where they undergo reesterification
into triglyceride. The liver thus serves as a necessary inter-
mediate site in the cycling of excess fatty acids from adi-
pose tissue back to adipose tissue.

In most nonobese persons, the influx of NEFA into the
liver is low enough that fatty acids can be oxidized and/or
resecreted (as TGRLP-triglyceride) without appreciable
triglyceride accumulation. In the presence of obesity, how-
ever, the influx of NEFA exceeds the liver’s ability to dis-
pose of them, and triglycerides accumulate. This basic
mechanism accounts for the fatty liver of obesity. Even so,
the amount of triglycerides that accumulate in the liver of
obese persons vary depending on several factors. The mag-
nitude of the plasma NEFA flux undoubtedly is one. Per-
sons with upper body obesity are more prone to fatty liver
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than are those with lower body obesity. The former like-
wise has a higher flux of NEFA than does the latter. The
excess visceral adipose tissue accompanying upper body
obesity likely accentuates the amount of NEFA entering
the liver. If an increased influx of NEFA coexists with a
defect in fatty oxidation in the liver, triglyceride accumu-
lation will be accentuated; excess NEFA thus may not be
the only factor responsible for fatty liver in obese persons.
Minor genetic defects in fatty acid oxidation may be rela-
tively common and could contribute to fatty liver, as could
an excess consumption of alcohol.

Obesity and Dyslipidemia

An increase in hepatic triglyceride content in obese per-
sons sets the stage for the development of dyslipidemia.
The most commonly recognized relation between obesity
and serum lipids is an elevation in triglycerides. An eleva-
tion of serum triglycerides is a compensatory response to
hepatic triglyceride overload. The incorporation of hepatic
triglycerides into very low-density lipoprotein (VLDL) is
necessary to complete the return of excess fatty acids back
to adipose tissue. Isotope kinetic studies indicate that an
increased secretion of VLDL triglycerides accompanies
obesity (66). Clearly, serum triglycerides vary from one
obese person to another (67). Secretion rates of VLDL thus
are not the only factor determining serum levels of VLDL
triglycerides; serum concentrations are affected both by
hepatic secretion rates of VLDL and the efficiency of the
lipolytic process. Rates of lipolysis of VLDL-triglyceride
also are important; when lipolysis is sluggish, serum tri-
glycerides will be raised (67). Genetic factors affecting lipo-
lytic processes almost certainly account for some of the
variability in serum triglycerides in obese persons.

An important question is, Does excess hepatic triglyc-
eride modify the number of VLDL particles produced in
the liver? One theory holds that a fixed number of rudi-
mentary VLDL particles are preformed, and triglycerides
are inserted in the core of lipoprotein particles as the last
step before secretion. If this mechanism pertains, obesity
merely overloads VLDL particles with triglycerides, and
the number of VLDL particles secreted by the liver is not
changed in the obese state. An alternate theory contends
that accumulated triglycerides in the liver recruit a greater
number of lipoprotein particles to carry more triglycer-
ides in the circulation. Studies in cellular systems support
this second mechanism (68), as do isotope kinetic inves-
tigations in humans (69,70). Research in laboratory ani-
mals gives equivocal results (71). This is an important
issue because the serum concentrations of lipoprotein
particles are determined in part by the number of particles
secreted into the circulation. The number of circulating
lipoproteins is identified by the serum concentration of
apolipoprotein B-100 (apo B). The apo B–containing
lipoproteins distribute between VLDL and low-density

lipoprotein (LDL). Available evidence suggests that
overweight patients tend to have abnormally high levels
of apo B. These high levels are consistent with findings
that obesity stimulates an overproduction of apo B–con-
taining lipoproteins by the liver.

It might be expected that a high serum level of LDL–apo
B would be reflected by an increase in LDL cholesterol.
The relation between obesity and LDL-cholesterol levels,
however, remains a topic of some debate. Nevertheless,
cross-sectional data suggest that obesity produces higher
LDL-cholesterol concentrations (72,73). Support for a
positive relationship comes from the well-described rise in
serum LDL cholesterol with aging. This rise appears to be
closely associated with the weight gain that occurs with
aging; in population surveys, at any given age range, higher
body mass indexes are accompanied by higher LDL-cho-
lesterol concentrations (74). On the other hand, weight
reduction in humans does not consistently reduce LDL-
cholesterol levels (75). The latter finding, however, may be
confounded by an increase in particle size of LDL with
weight loss. In the obese state, a higher serum LDL–apo B
level may not be accompanied by a higher LDL-cholesterol
level because LDL particles are small, dense, and partially
depleted of cholesterol. Small, dense LDL in fact is charac-
teristic of obese persons and seems to be the result of higher
triglyceride levels and possibly higher activities of hepatic
lipase. With weight loss, LDL particles become larger
because of enrichment with cholesterol. Thus, with weight
loss, the concentration of LDL particles may fall even
though the LDL-cholesterol level does not decline. In over-
weight persons, the serum level of LDL–apo B thus may be
a better indicator of the influence of obesity on LDL metab-
olism than is the LDL-cholesterol level.

Recent research highlights yet another factor that modu-
lates lipoprotein metabolism and may be affected by obe-
sity: apo CIII, an apolipoprotein that both inhibits
lipoprotein lipase and retards removal of VLDL remnants
via LDL receptors. One report indicates that the gene for
apo CIII has an insulin-response element (76); if so, the
synthesis of apo CIII may be increased in overweight per-
sons. Apo CIII inhibition of VLDL catabolism could raise
serum triglycerides over that caused by an overproduction
of VLDL triglycerides.

Another lipoprotein modulator that is affected by obe-
sity is hepatic lipase. This enzyme promotes the catabolism
of HDL and may favor the formation of small, dense LDL
(77). In obese subjects, the activity of hepatic lipase typi-
cally is high (78). This higher hepatic lipase undoubtedly
contributes to lower HDL-cholesterol levels, which are
commonly observed in overweight persons.

It is unlikely that the only role of the liver in obesity is
to serve as a conduit for excess fatty acids. An increased
input of fatty acids into the liver almost certainly modifies
other pathways of hepatic metabolism. This likelihood



Metabolic Complications of Obesity/GrundyVol. 13, No. 2 161

remains to be fully explored. High concentrations of fatty
acids in the liver seemingly drive an increased oxidation of
fatty acids. The increase in high energy bonds produced by
a high fatty acid oxidation thus could stimulate various
metabolic processes, such as protein synthesis. Increased
syntheses of hepatic lipase and apo CIII could be responses
to increased fatty acid oxidation. In addition, Randle et al.
(23) postulate that the fatty acid–glucose cycle operates in
the liver; if so, obesity may shift hepatic fuel toward fatty
acids and away from carbohydrate. This possibility raises
the question, Could a shift in fuel source to fat induce insu-
lin resistance in the liver?

Let us therefore return to the significance of hyperin-
sulinemia vis-à-vis hepatic metabolism in obese persons. If
the liver is “insulin resistant” in overweight persons, the
action of insulin in this organ will be impaired, and, conse-
quently, insulin will fail to inhibit gluconeogenesis and
reduce hepatic glucose output. Moreover, there would be a
failure to promote glycogen synthesis; to suppress fatty
acid oxidation and ketogenesis; and to inhibit the forma-
tion of apo B, apo CIII, and hepatic lipase. On the other
hand, should the liver respond appropriately to a high
plasma insulin, there would be an inhibition of fatty acid
oxidation and diversion of fatty acids into TGRLP. Eluci-
dation of the effects of insulin on the liver in obese per-
sons is complicated by the fact that insulin modifies the
substrate supply to the liver by inhibiting NEFA release
from adipose tissue and by inhibiting production of
gluconeogenic precursors by muscle. In the presence of a
generalized insulin resistance, hepatic metabolism thus is
altered by an increased influx of fatty acids and gluconeo-
genic substrate. Although the liver seemingly responds to
an increased influx of NEFA in obese persons by becom-
ing insulin resistant, the full impact of obesity on hepatic
metabolism remains to be elucidated.

In summary, obesity underlies a pattern of dyslipidemia
called atherogenic dyslipidemia (79). It is so named
because it commonly associates with premature CHD.
This pattern includes raised triglycerides, small LDL par-
ticles, low HDL cholesterol, and increased total apo B
(79). Nonetheless, the specific distribution of lipoprotein
abnormalities in patients with atherogenic dyslipidemia
varies, and this variation likely reflects genetic variabil-
ity. Differences in the expression of atherogenic dys-
lipidemia serve as a prime example of the interaction
between obesity and genetics and also illustrate how the
adverse metabolic consequences of obesity are moderated
by genetic influences.

Obesity and Cholesterol Gallstones

Obese persons carry increased risk for cholesterol gall-
stones (80). They often have lithogenic bile, i.e., containing
more cholesterol than can be held in solution by the solu-
bilizing lipids (bile acids and phospholipids) (81). Obese

women secrete lithogenic bile more often than men and
thus develop gallstones more readily. In addition, some
racial groups are genetically predisposed to cholesterol
gallstones, including Native Americans in both North and
South America, Hispanics with Native American genes,
and Scandinavian women. Conversely, African Americans
have a lower propensity to gallstones than do Caucasian
Americans. Most genetic differences in susceptibility for
cholesterol gallstones appear to be owing to differences in
the prevalence of lithogenic bile.

The primary cause of lithogenic bile in obese persons is
an excessive synthesis of cholesterol (82). Most of this
excess synthesis presumably occurs in the liver, but other
tissues may produce too much cholesterol as well. Over-
production of cholesterol raises the secretion of cholesterol
into bile (83,84). Obese persons tend to compensate by
synthesizing more bile acids and phospholipids in the liver,
but the excess of biliary cholesterol often exceeds the solu-
bilizing capacity of these other lipids. When this occurs,
lithogenic bile is the result. With lithogenic bile, choles-
terol tends to spontaneously form cholesterol crystals,
which can aggregate an initiate formation of cholesterol
gallstones (81).

Native Americans have two defects in sterol metabolism
that confer extreme susceptibility for gallstone formation.
Besides an overproduction of cholesterol owing to obesity,
they have a defective synthesis of bile acids (83). Conse-
quently, the bile becomes highly lithogenic, and gallstone
formation is unusually common. Presumably a similar
combined defect is responsible for a high prevalence of
cholesterol gallstones in the Hispanic population. Even in
Caucasian premenopausal women, estrogens also may dis-
turb bile acid synthesis and predispose to gallstone forma-
tion when they become obese.

Effects of Obesity on Blood Pressure
and Cardiovascular-Renal Function

Although hypertension is a well-recognized component
of the metabolic syndrome, the mechanistic relation
between obesity and hypertension remains unknown. No
single mechanism has been identified to explain why obe-
sity raises blood pressure (BP). Causation most likely is
multifactorial. Moreover, obesity has adverse effects on car-
diovascular and renal functions that go beyond higher BP.

Many obese patients do not have categorical hyperten-
sion. Hence, some investigators doubt that obesity has all-
pervasive effects on BP. However, Hall et al. (85) have
pointed out that persons who have a relatively low baseline
of BP may not demonstrate a rise in pressure to categorical
hypertension despite a significant increase. This is a critical
insight. The positive relationship between BP and cardio-
vascular disease holds over a broad range of BP levels. A
rise in pressure from low normal to high normal therefore
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can increase the risk for cardiovascular disease, especially
when it occurs in the setting of other components of the
metabolic syndrome.

Although obesity undoubtedly raises BP, much of the
research on hypertension in recent years has shifted to its
“genetic component” (86,87). This shift is not surprising
because of a growing emphasis on molecular biology. So
far, several instances of monogenic disorders causing
hypertension have been identified (88). These, however,
cannot account for most cases of hypertension. Instead,
hypertension represents what human geneticists call a
“complex genetic disorder.” BP regulation is achieved by
the interactions of multiple tightly interrelated systems.
Genetic modification in any of these systems could, and
probably does, affect baseline BP levels. Obesity likely
affects these same systems. In overweight persons, there-
fore, the interplay of obesity and genetic variation acting
together on several different regulatory systems probably
combines to produce hypertension. BP also is known to rise
with advancing age. Some of this rise almost certainly can
be explained by the weight gain with aging. Nonetheless,
the aging process itself likely represents another factor that
determines BP in middle-aged and older persons. The influ-
ence of obesity on BP, like that of genetics, probably is
multifactorial. A single mechanism has not been identified
to account for the effects of obesity on BP. Research,
however, has uncovered several possible links, which are
reviewed briefly in the following sections.

Insulin Resistance, Hyperinsulinemia,
and Hypertension

The strong association between obesity and BP natu-
rally raises the question, Is the insulin resistance of obesity
a linking factor? Research on this question focused first on
the causative role of the two factors: hyperinsulinemia and
insulin resistance. Two possible mechanisms whereby an
elevation in plasma insulin might raise BP were postulated
from earlier studies in small animals: increased activity of
the sympathetic nervous system and/or retention of sodium
by the kidney (89,90). Recent investigations, however, have
failed to confirm a hypertensive effect of hyperinsulinemia
(91). Thus, if hyperinsulinemia itself does not directly raise
BP, could the more generalized disorder, insulin resistance,
produce metabolic changes that will raise BP? This is an
exceedingly difficult question to answer. Because the ac-
tions of insulin are pleotropic, an impairment in the respon-
siveness to insulin could affect many pathways, some of
which could influence BP. As of yet, specific metabolic
pathways whereby the cascades of intracellular action of
insulin modify BP have not been identified. Nonetheless,
some of the pathways stimulated by insulin could affect
BP; if so, insulin resistance could raise BP. This possibility
awaits further investigation.

Cardiac Output and Regional Blood Flow

Obesity seemingly leads to volume expansion and in-
creased cardiac output. Abnormalities in regional blood
flow to the kidneys, gastrointestinal tract, and skeletal
muscle also have been reported (92). These various changes
could raise BP. The impact of obesity on cardiac hemody-
namics probably is greater than revealed by usual investi-
gations. For example, recent studies suggest that obesity
accentuates cardiac hypertrophy at any level of BP (93,94).
An increased resting heart rate in an obese person also may
be owing to autonomic dysregulation somehow induced by
the obese state (95). These changes could predispose to
cardiovascular disease independently of obesity.

Renal Function

In some obese persons, renal-pressure natriuresis seem-
ingly is impaired, leading to sodium retention. This reten-
tion of sodium likely contributes to the volume expansion.
Hall et al. (85) speculate that four factors may impair pres-
sure natriuresis: insulin resistance, activation of the renin-
angiotensin system, increased activity of the sympathetic
nervous system, and compression of the renal medulla by
excess adipose tissue. Various lines of experimental evi-
dence support each of these mechanisms; in truth, all may
be involved.

In summary, obesity appears to adversely affect renal
function, leading to volume expansion and increased car-
diac output. In addition, obesity may induce abnormalities
in the autonomic nervous system, raising the heart rate and
increasing peripheral insulin resistance. In some persons,
the action of obesity to raise BP is only moderate, and cat-
egorical hypertension may not develop. In others, who are
genetically predisposed to high BP, frank hypertension
usually will develop. Moreover, the natural tendency of BP
to rise with aging will be accentuated in older patients if
they are obese. The prevalence of hypertension is already
high in the United States and will increase even more as the
average age of the population increases and as obesity
becomes more common. It must be recognized as well that
obesity contributes importantly to high-normal BP, which
is a common component of the metabolic syndrome. The
impact of obesity on cardiovascular risk therefore is medi-
ated in no small part through its influence on the BP.

Obesity and a Prothrombotic State

One of the emerging risk factors for cardiovascular dis-
ease is a prothrombotic state. Some of the factors listed in
the prothrombotic state are plasminogen activator inhibi-
tor-1 (PAI-1), fibrinogen, von Willebrand factor, and fac-
tor 7 activity (96,97). The mechanistic link between
elevations in these factors and the development of CHD
remains to be determined. Speculation nonetheless centers
on three mechanisms. First, high plasma levels of pro-
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thrombotic factors could impair endothelial function, which
may promote atherogenesis. Second, if atherogenesis pro-
ceeds by a process of microscopic plaque ruptures, as some
researchers believe, an excess of coagulation factors should
increase the size of microthrombosis with each rupture.
Organization of these microthrombi will enlarge the ath-
erosclerotic lesion. Finally, if a macroscopic plaque rup-
ture occurs, a prothrombotic state will produce a larger
thrombi, causing more severe clinical sequelae (unstable
angina and myocardial infarction).

All the aforementioned coagulation factors have been
reported to be increased in patients with obesity (98–101).
Among these, PAI-1 seemingly can be synthesized by adi-
pose tissue (101–106). An excess of adipose tissue thus
may be one source of the high plasma levels of PAI-1
reported in patients with upper body obesity. Although adi-
pose tissue may contribute to excess coagulation factors,
the liver could be another source. Regardless, high plasma
levels of coagulation factors including PAI-1 leading to a
prothrombotic state could be one mechanism whereby obe-
sity raises the risk for CHD.

Obesity and Cancer

The relationship between nutrition and cancer is extremely
complex. Many lines of research point to nutritional factors
influencing susceptibility to various forms of cancer. One
of these factors appears to be energy balance. The presence
of obesity is one indicator of nutritional imbalance. At the
least its presence reflects the ingestion of more nutrient
energy than required to maintain a desirable weight. Many
studies report that obese persons are more susceptible to
different forms of cancer, especially colon, breast, and pros-
tate cancers, than are people of desirable weight (107–111).
The mechanisms underlying this increased susceptibility
remain unknown. Some researchers evoke endocrine altera-
tions induced by obesity. Others speculate that the presence
of obesity reflects the overconsumption of tumor-promot-
ing nutrients. Alternatively, the release of proinflammatory
factors by adipose tissue could modify cell replication.
Because so little is known about the pathogenesis of com-
mon tumors, particularly the role of external influences, it
is difficult to do more than speculate about the nature of the
association between obesity and cancer. Regardless of
mechanism, obesity appears to be a susceptibility factor for
cancer, and this association provides an additional ratio-
nale for efforts to avoid or mitigate excess body weight.
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