FOCUS: OBESITY AND METABOLIC SYNDROME

Beyond Obesity: The Diagnosis and
Pathophysiology of Metabolic Syndrome
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LEARNING OBJECTIVES
After reading the following article, the reader will be
able to answer the following:

1. Identify the major contribution to our under-
standing of obesity and metabolic syndrome by
each of the following researchers: Gerald Reaven,
Norman Kaplan, Richard Unger, and Jeffery Fried-
man.

2. Identify the criteria used for diagnosis of metabolic
syndrome (MSX).

2. Identify and describe three outcomes of normal
leptin feedback to hypothalamus and three out-
comes related to leptin resistance.

3. Describe the relationship between free fatty acids
(FFAs) and ceramide and their significance in
lipotoxicity and apoptosis.

4. Describe four destructive outcomes of elevated
FFAs leading to disease and apoptosis.

5. Identify a proposed physiologic role for leptin that
is independent of hypothalamus.

6. List four differences between metabolically healthy
obese individuals and those with metabolic syn-
drome.

The Focus section secks to publish relevant and timely continuing
education for clinical laboratory practitioners. Section editors,
topics, and authors are selected in advance to cover current areas
of interest in each discipline. Readers can obtain continuing
education credit (CE) through P.A.C.E. by completing the
continuing education registration form, recording answers to the
examination, and mailing a photocopy of it with the appropriate
Jee to the address designated on the form. Suggestions for future
Focus topics and authors, and manuscripts appropriate for CE
credit are encouraged. Direct all inquiries to the Clin Lab Sci
Editorial  Office, Westminster Publishers, 315 Westminster
Court, Brandon MS 39047. (601) 214-5028, (202) 315-5843

(fax). westminsterpublishers@comcast. net.

7. Describe “lipid buffering”and how the development
of leptin resistance allows fat deposition into non-
adipocytes (ectopic fat).

8. Describe why glyceroneogenesis and PEPCK acti-
vity are required for “lipid buffering” or fatty acid
re-esterification.

9. Describe the signal transduction resulting from lep-
tin binding (JAK/STATsystem), which exerts both
transcriptional level control (PPARs) and control of
pre-existing enzyme activities through the AMPK
system.

10. Discuss the importance of adiponectin (ADN) as an
“adipokine” in relation to obesity and metabolic
syndrome.

11. Describe the development of atherosclerosis in-
cluding the inflammatory process that recruits
macrophages and list three ways that ADN helps

prevent this process.
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ABSTRACT
Metabolic (MSX)

symptoms and lab results, including abdominal obesity,

syndrome identifies  clinical
insulin resistance, hyperglycemia, hyperlipidemia, and
hypertension, that lead to an increased risk of cardio-
vascular disease (CVD). Obesity typically results in
insulin and leptin resistance and a shift from expansion
of subcutaneous fat to deposition of abdominal and
ectopic fat. These conditions cause metabolic dys-
regulation, elevated fatty acids (FFA), and increased
secretion of pro-inflammatory “adipokines”. Left
untreated, these conditions cause lipotoxicity, chronic

inflammation, hypertension, atherosclerosis, and CVD.

INTRODUCTION

Abdominal obesity is the most obvious symptom of
metabolic syndrome, the term used to describe a cluster
of symptoms that increase risk of cardiovascular disease
(CVD). In 1988, Reaven’s landmark paper included
type 2 diabetes (DM2), insulin resistance, hyper-
glycemia, hyperlipidemia, and hypertension as risk
factors for atherosclerosis and CVD." ? A year later,
Kaplan included abdominal obesity, glucose intoler-
ance, hypertension, and hyperlipidemia as the “deadly
quartet,” thereby formalizing the connection between
obesity, metabolic syndrome, and cardiovascular risk.?
Thousands of papers have discussed various aspects of
the syndrome and proposed many names. Metabolic
syndrome is the regrettably generic term used most

often.*™ !

Other medical conditions associated with obesity
include DM2, several forms of cancer, renal and liver
diseases, polycystic ovarian syndrome, sleep apnea,
chronic inflammation, and atherosclerosis.”* In 1983,
researchers reported that women with visceral (android)
fat were 10-fold more likely to develop diabetes than
women with similar amounts of lower body (gynoid)
fat. Leptin, a hormone secreted by fat cells, directs
storage of excess calories into subcutaneous deposits,
but as obese patients develop leptin resistance, fat is
deposited between visceral organs and inside non-
adipocytes (ectopic fat).” "> Visceral adipose tissue
(VAT) consists of larger cells with increased lipolysis
(releasing FFAs) and greater secretion of pro-
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inflammatory factors than subcutaneous adipocyte

tissues.” 113

Enzyme or hormone deficiencies cause many metabolic
diseases, such as type 1 diabetes, phenylketonuria
(PKU), or von Gierke’s disease (impaired glycogen
storage).'® Genetic analysis from family and twin studies
of obesity produces estimates of “heritability” ranging
from 30-70%, meaning that approximately half of the
variation in body mass within a population is a result of
inherited factors."” " Most experts assume a polygenic
component to obesity and that individual “obesity
genes” typically make only modest contributions toward
1.17, 19,20

a person’s BM

In most cases, the underlying cause of MSX is acquired
hormone resistance caused by “overnutrition” that
overwhelms previously normal endocrine function.* ’
Leptin resistance releases appetite suppression, decreases
caloric expenditure, and permits storage of excess
calories as VAT. Abdominal fat and hormonal
resistances lead to dysfunctional lipid and carbohydrate
metabolism, lipotoxicity, and apoptosis (programmed
cell death).”" Chronic inflammation is promoted by
excessive secretion of “adipokines” (cytokines secreted
by fat cells) that lead to “hyperresponsiveness” of the
arterial endothelium, increased leukocyte recruitment,
oxidative damage, plaque formation, hypertension,
vascular hypertrophy, atherosclerosis, and CVD.>*” !

Physiological connections between the diverse symp-
toms were initially unclear, but molecular explanations
are resolving the complex relationships and bringing
many causes of heart disease into sharper focus.
Researchers recognize that many factors contribute to
obesity, including genetics, stress, poor lifestyle habits,
compulsive or depressive disorders, and many more.
The preceding article discusses hormonal feedback
systems that originally curb appetite, increase
metabolism and promote physical activity to prevent

2 .
However hormonal resistance

rapid weight gain.?
occurs, development of obesity becomes more likely.
This review focuses on the consequences of obesity,
including metabolic syndrome and cardiovascular

disease.
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Diagnostic Criteria_for Metabolic Syndrome

Many organizations worldwide have proposed diag-
nostic criteria for MSX; Table 1 summarizes criteria
from three prominent organizations, the World Health
Organization (WHO), the National Cholesterol Edu-
cation Program (NCEP, also known as the Adult
Treatment Panel III), and the American Association of
Clinical Endocrinologists (AACE).” A 1998 WHO
report defined MSX assuming insulin resistance and
hyperglycemia, along with two or more of the
following: obesity (high waist to hip ratio or BMI > 30),
a poor lipid profile with high TGs and low HDLs,
hypertension, and renal damage (indicated by micro-
albuminuria)."

Both NCEP and AACE criteria specifically excluded
diabetic patients (as a separate diagnosis), but assumed
insulin resistance and the “pre-diabetic” hyperglycemic
conditions of impaired fasting glucose (IFG) and/or
impaired glucose tolerance (IGT), along with hyper-
lipidemia, high  cholesterol, hypertension, and
abdominal obesity.”” The NCEP and AACE criteria
are typically used by physicians for diagnosis of MSX
(designated dysmetabolic syndrome X, ICD-9 diag-
nostic code 277.7). The AACE criteria also include a

5,23

family history of CVD, diabetes, or hypertension.

Note that all definitions combine easy physical measure-
ments (estimates of BMI, waist to hip ratios, etc) with
routine lab analyses, such as elevated glucose, TGs, total
cholesterol, HDLs and LDLs. Thus, diagnosis of MSX
is possible in the absence of obesity if non-obese
patients have dyslipidemia, hyperglycemia, and hyper-
tension (see Table 1). Although measurements of
hormones such as insulin, cortisol, and leptin would
help define underlying abnormalities, they would
require complex and expensive lab measurements that
are not required for the diagnosis. The diagnostic goal is

to identify patients with increased cardiovascular risk.”
14,23

Pathophysiology of Metabolic Syndrome
Human obesity is far more often related to
“overnutrition” and resistances to insulin, leptin and

cortisol than to genetic deficiencies.”™ 772 2% 2 The

accompanying article acknowledges many different
causes of weight gain and describes leptin and insulin
resistances as landmarks along the “highway to
obesity”.”> The present article continues along the
obesity highway toward the MSX pathologies of
lipotoxicity, apoptosis, chronic inflammation, hyper-
tension, atherosclerosis, and CVD.

Cortisol Promotes Appetite and Abdominal Fat

Various forms of stress cause the hypothalamus to signal
the pituitary to release adrenocorticotrophic hormone
(ACTH), which stimulates the adrenal cortex to release
cortisol.'® Cortisol, a steroid hormonal, alters meta-
bolism and also stimulates an appetite for high calorie
“comfort” foods and deposition of abdominal fat.'® ** %
Cortisol helps redistribute energy reserves by promoting
release of amino acids from protein catabolism and
gluconeogenesis and lipid synthesis.'® Glucocorticoid
hormone levels vary widely in a diurnal pattern, respond
to environmental influences, and exist as both an
inactive (cortisone) and active (cortisol) form in plasma.
Interconversion between these forms by the enzyme 11-
B-hydroxysteroid dehydrogenase type I (11- HSD) is
tissue-specific and is the subject of intense research.****

Leptin Helps Restrict Abdominal Fatr Deposition

Leptin levels initially increase with increasing fat cell
mass and provide feedback to the hypothalamus of
adequate “adiposity” or energy reserves. The hypothal-
amus then suppresses appetite, stimulates physical
activity, and promotes thermogenesis to utilize excess
calories.”” Therefore, leptin plays a critical role in

directing fat deposition and control of body weight.””**

Leptin normally directs deposition of fat to preexisting
subcutaneous fat cells, while restricting ectopic TG
deposition and expansion of deposition within VAT.”
11713, 2650 Rapid or excessive weight gain leads to
dyslipidemia and leptin resistance, causing the hypo-
thalamus to become unresponsive, no longer suppress-
ing hyperphagia.'" ™ > ** Infusion of leptin into leptin-
deficient animals corrects diet-induced steatosis and
dyslipidemia *'.
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Table 1: A Comparison of the Diagnostic Criteria for Metabolic Syndrome

Symptom

Hyperglycemia

Insulin resistance

Abdominal Obesity

Hypertriglyceridemia

Hypercholesterolemia

(with decreased HDL)
Hypertension

Other factors: family
history,age, sex,

ethnicity,proteinuria

Diagnostic
Requirements

WHO

IFG or DM2 as
initiating factor

DM2 is considered
the “initiating” factor

Waist to hip ratio
0.90in 3;>0.85in @
or BMI > 30 kg/m?

TGs > 150 mg/dL

HDL < 35 mg/dL a
HDL < 39 mg/dL ¢

> 140/90 mm Hg

> 20 pg/min microalbumin
or albumin/creatinine
>20 mg/g

Diabetes, IGT, IFG, or IRS

and two or more of above

NCPE (ATP III)

IFG (FG > 110 mg/dL)

IFG, insulin resistance

is assumed, but DM2 not
included in definition
‘Waist circumference:
>40in. &5 >35in. @
TGs >150 mg/dL

HDL < 40 mg/dL &
HDL < 50 mg/dL ¢

>130/85 mm Hg

Not included in definition

Three or more of the
above factors included

AACE
IFG (FG >110-125 mg/dL)

2 hr OGTT glucose level
> 140 mg/dL

IFG or IGT, Insulin resistance is,

assumed but DM2 is not included

BMI > 25 kg/m” or waist:
circumference > 40 in. 3
>35in. @

TGs: > 150 mg/dL

HDL < 40 mg/dL &
HDL < 50 mg/dL ¢

>130/85 mm Hg
Sedentary lifestyle, age, ethnicity,

family history

Insulin resistance assumed but
seldom measured. Final diagnosis is

left to discretion of physician

As seen in Figure 1A, leptin binding to a non-adipose
cell, activates a signaling pathway (designated JAK/
STAT) that produces a transcription factor (designated
PPAR-a), which promotes transcription of genes
needed for B-oxidation of FFAs. However, in fat cells,
TG storage is promoted over B-oxidation (not shown).
Diet-induced obesity (DIO) leads to leptin resistance
and a different transcription factor (designated PPAR-y)
promotes enzymes involved with lipid synthesis and
storage. Since the cells depicted in Figure 1B are non-
adipose cells, storage of significant amounts of TGs
would constitute ectopic fat deposition. Unfortunately
one outcome of the excessive FA synthesis is the
production of the lipotoxic compound ceramide.

VAT Releases More FFAs
Three different lipase enzymes release free fatty acids
(FFAs) and glycerol' from dietary TGs (pancreatic
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lipase), TGs transported in lipoproteins (lipoprotein
lipase, LPL), or TGs stored in adipocytes (hormone
sensitive lipase, HSL).

Lipases
TG ————  Glycerol + 3 FFA

Larger abdominal adipocytes exhibit higher HSL activ-
ity than smaller subcutaneous fat cells, releasing more
levels of FFAs directly into the portal circulation of the
liver.” "% * Increased FFAs have profound effects on

liver metabolism and are lipotoxic to many tissues.” "'~

Ectopic Far and VAT Are Relatively Toxic
Leptin resistance “allows” ectopic fat deposition in liver,

. 1
heart, pancreas, and muscle tissues. 3

A major
consequence of VAT and ectopic fat is the increased

release of FFA into the serum. In addition to increased
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A. Normal non-adipocytes respond to leptin by activating
the signaling pathways and producing the transcription
clement designated PPAR-a (peroxisome proliferator-
activated receptor-a). The element promotes B-oxidation
(solid line) and decreases triglyceride storage (TG, dashed
line).

B. Leptin resistant non-adipocytes do not respond to leptin
and a different transcription element designated PPAR-y
(peroxisome proliferator-activated receptor-y) is produced.
This element promotes TG storage (solid line) and
decreases B-oxidation (dashed line). Elevated free fatty
acids(FFAs), are often seen in leptin resistance and are also
combined with the amino acid serine to form cytotoxic

ceramide.

Figure 1: Toxic Effects of FFAs and Leptin Signaling in
Non-Adipocytes

lipolysis, abdominal fat secretes more adipokines, such

as o INF, IL-6, and CRP, which promote

inflammation, oxidative damage, and atherosclerosis.”
11,21,32, 32

Fatty liver, frequently associated with MSX, is often

differentiated into alcoholic and non-alcoholic

#3 Normal hepatic metabolism supplies

steatosis.
fasting glucose and secretes the majority of plasma
proteins, including albumin, lipoproteins, and coagu-
lation factors. Fatty liver disorders reduce protein
secretion, leading to clotting disorders, dyslipidemia,

and edema.”*

Alcoholic fatty liver results from
ethanol’s high caloric content, disrupted glucose meta-
bolism, and ethanol’s easy conversion to fatty acids.
Nonalcoholic steatohepatitis (NASH) is very common
among obese patients and is now recognized as the most
common cause of elevated liver enzymes among

#2239 Exposure of cultured

asymptomatic patients.
hepatocytes to high levels of FFAs resulted in uncon-
trolled gluconeogenesis and excessive export of
glucose.” NASH results in elevated AST and ALT
levels, hyperlipidemia, decreased secretion of plasma
proteins, and altered hepatic metabolism.” ***** Ectopic
fat results in increased secretion of pro-inflammatory
adipokines, hepatomegaly, and hepatocellular damage
caused by toxic ceramide, apoptosis, and replacement of

hepatocytes with fibroblasts.” >’

Ectopic fat deposited within the pancreas results in a
similar dysfunction, as illustrated in Figure 2." Hyper-
secretion of insulin initially coincides with TG depo-
sition in pancreatic tissue, but, eventually, lipotoxic cell
damage decreases insulin secretion and causes
insulinopenia similar to that seen in DM1."” Cultured
B-cells exposed to chronic high FFA levels secrete less
insulin » """, These changes result in decreased glucose
uptake and increased gluconeogenesis, observed in IFG,

IGT, and DM2.>'>%

Ventricular hypertrophy often results from leptin
resistance and ectopic fat deposition within myocardial
tissue.'"** Again, lipotoxicity and chronic inflammatory
conditions promote cellular damage, inefficient con-
tractions, and dysfunctions such as hypertension and

congestive heart failure.” '" 34
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Figure 2: Pancreatic Fat Deposition Related to Insulin Production
& Resistance. Insulin production peaks during the prediabetic or
glucose intolerance (IGT) phases (shown by stained cell masses),
then decreases as islets undergo lipotoxicity. Pancreatic cells undergo
ectopic fat deposision, indicated by TG content increases from 10 to
1000 ng/islet. Insulin requirements continue to increase as other
tissues become more resistant. Some DM2 patients essentially
convert to DM1 as ectopic fat and lipotoxicity destroys pancreatic
function. (with permission from Unger RH, Biochimie 2005; 87:
57-64).

In skeletal muscle, fatty deposits decrease the efficiency
of contractions, adding resistance to cardiovascular
function and hypertension.’

Although abdominal obesity is not an absolute pre-
requisite for diagnosis of MSX, ectopic fat is extremely
common and correlates with increased risk of CVD.
However, as figure 3 illustrates, obese patients with less
abdominal fat have better metabolic profiles and
healthier outcomes than patients with similar BMIs, but
more abdominal obesity.

Metabolic Changes and Hormone Resistances

Insulin promotes glucose uptake by muscle and fat cells
and the storage of carbohydrates (as glycogen), lipids (as
TGs) and amino acids (as proteins), while inhibiting
glycogenolysis, lipolysis, and protein catabolism'®. Insu-
lin resistance diminishes these functions, leading to
dysregulation of carbohydrate and lipid metabolism. As
a result, obese patients with DM2 and MSX typically
exhibit hyperglycemia and elevated FFAs, TGs, and
total and LDL cholesterol (See Table 2).“"

Phosphoenolpyruvatecarboxykinase (PEPCK) as key
enzyme in the dysregulation of lipid and glucose
metabolism.”'"'* PEPCK catalyzes the “first committed

86 VOL 23, NO1 WINTER 2010 CLINICAL LABORATORY SCIENCE

Figure 3: Comparison of Subcutaneous Fat (Pears) & Visceral Fat
(Apples) High BMIs associated with predominantly visceral fat
deposition (often called “apple shaped”) are related to numerous
physiologic changes that are detrimental to the patient. Patients
with similar BMIs, but lesser amounts of visceral fat (often referred
to as pears) are more “metabolically healthy” and suffer fewer of the
effects of metabolic syndrome.

ed step” of both gluconeogenesis and glycerolneo-
genesis (synthesis of glycerol for use in TGs)." The
reaction below shows a simultaneous decarboxylation
and phosphorylation of oxaloacetic acid and to form
phosphoenolpyruvate.

As described in the previous article, glyceroneogenesis is
critical to “lipid buffering”, involving lipolysis, followed
by re-esterification back to TGs, all within the same
cell. Overexpression of PEPCK leads to obesity in
rabbits on a normal diet. However, because of effective
lipid buffering, the obesity occurs without significant
ectopic fat deposition, insulin or leptin resistance, or
excessive release of FFAs.”® On a high fat diet, however,
these animals deposit ectopic fat, develop insulin
resistance, and metabolic dysregulation 3 When excess
dietary lipids are available, lipid buffering is over-
whelmed and the excess calories accumulate within
non-adipose tissues.

AMPK, Transcription, and Obesity Metabolism
Leptin provides feedback of energy status through the
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Table 2: Typical Clinical Data* for Patients With and Without
Metabolic

Clinical Analyte Obese Non-MSX Obese MSX Reference Range

Patient Data  Patient Data or Limits

Fasting glucose 5.3 6.0 < 6.1 mmol/L
2 hr glucose OGTT 6.9 13.9 < 11.1 mmol/L
Triglycerides 1.4 3.2 0.6- 3.7 mmol/L
Total cholesterol 4.9 6.5 < 5.2 mmol/L
HDL-cholesterol 1.5 1.1 0.7-1.7 mmol/L
LDL-cholesterol 3.5 5.0 2.2-5.0 mmol/L
Free fatty acids 0.5 0.6 0.3-0.9 mmol/L
Fasting insulin 57 168 < 120 pmol/L
Insulin resistance** 3.6 7.7

Leptin 3.11 2.96 pg/L
Adiponectin 10.4 7.6 8.0-12.0 mg/L
hs-CRP 4.4 5.0 0.2-6.1 mg/L
TNE-a 2.8 33 2.0-3.1 pg/L

*  Data obtained from Xydakis, A.M., Case, C.C., Jones, P.H. and others.
Adiponectin, Inflammation, and Expression of the Metabolic Syndrome in
Obese Individuals: The Impact of Rapid Weight Loss through Caloric
Restriction. J. Clin. Endocrin. 2004; 89 (6): 2697-03 and Tietz’
Fundamentals of Clinical Chemistry, 6 Edition (Ref # 53)

** Insulin resistance calculated from HOMA (homeostasis model

assessment (IR = fasting glucose (mg/dL) x fasting insulin (uU/mL) /
22.5)

AMP-activated protein kinase (AMPK) phosphorylation
system. The AMPK system integrates this extracellular
information with the intracellular energy status, via the
AMP:ATP ratio.” * Leptin binding to hypothalamic
receptors communicates, through the AMPK system,
that energy status is adequate and signals for appetite
control, thermogenesis, and increased activity.ss‘ % In
liver and muscle, leptin binding activates AMPK,
thereby stimulating B-oxidation of fatty acids and
inhibiting synthesis of TG and FA. This restricts
ectopic fat deposition in these tissues.”® ¥ In adipocytes,
AMPK mediates leptin inhibition of lipolysis and
decreases the release of FFAs, promoting accumulation

of TGs in fat cells .

As shown in Figure 1A, binding of leptin to its receptor
also stimulates the JAK/STAT system to control
metabolism at the transcriptional level.

Hormone  Resistances  Cause  Vascular Damage and
Hypertension

Resistance to insulin and leptin typically results in
elevated plasma glucose, FFAs and TGs.”” Among the
consequences of hyperglycemia is the non-enzymatic
reaction of glucose with protein amino groups'™ '°.
Hemoglobin A1C assays monitor this reaction with
hemoglobin to assess chronic hyperglycemia, but similar
glycation reactions occur with amino groups on many
proteins.'™'® Diabetic complications such as hyper-
tension, retinal damage and blindness, decreased peri-
pheral circulation and infections, heart and kidney

disease can be attributed, in part, to protein glycation.4’9

Dyslipidemia refers to a poor lipid profile, involving
high TGs, high total cholesterol, and a low HDL-to-
LDL ratio.*” This condition is typically found in obese
patients with insulin and leptin resistance, and
frequently results in lipotoxicity and atherosclerosis
(discussed below). Elevated FFAs contribute signifi-
cantly to lipotoxicity and athero-sclerosis, but their
levels are seldom measured. Leptin resistance also affects
vascular remodeling, as suggested by the development of
ventricular hypertrophy by leptin deficient or resistant

. 28, 30,
mice. 8, 30, 33

FFAs, Ceramide, Bcl-2, and Apoprosis

As illustrated in Figure 1, serum FFAs and leptin
binding affect production of transcription factors
(designated PPAR-a and PPAR-y) and alter lipid
metabolism in non-adipose cells. When FFA levels are
low, the catabolic processes of B-oxidation dominate
and a minimal lipid pool exists for immediate energy
requirements. Leptin resistance and high FFA levels
cause TG synthesis to dominate the lipid buffering cycle
and ectopic fat begins to accumulate (figure 1). Unger
and coworkers suggest that among leptin’s primary role
is the control of ectopic fat deposition.”

Ceramides are a class of compounds that play an impor-
tant role in lipotoxicity and initiation of apoptosis
(programmed cell death).” " Sphingosine is first derived
from a reaction of a fatty acid, palmitate, and an amino
acid, serine.” " '* The sphingosine backbone has various
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groups added (similar to the additions made to the
glycerol backbone in phospholipids) to form the

. 12
ceramides.

serine + palmitate — sphingosine — ceramide —
induction of iNOS — TNO — apoptosis

The above sequence shows ceramide compounds
activating the inducible nitric oxide synthase (iNOS),
which produces toxic levels of NO and promotes

co 911,12
apoptosis.

The Bcl-2 gene family helps suppress apoptosis, but
exposure of pancreatic cells to high FFA levels down
regulates Bcl-2m resulting in rapid cell death.” '* Leptin
reverses this downregulation and increases cell survival.
In leptin-resistant fa/fa rodents (lacking leptin recep-
tors), leptin cannot reverse Bcl-2 suppression and islet
cells still die quickly. Reinsertion of a functional
receptor gene “cures’ the deficiency, enabling leptin to
block FFA-related apoptosis so that cells achieve a
normal life span.” """ Leptin prevents both ceramide-
related cell damage and apoptotic effects resulting from
high FFAs. Leptin resistance, common in obese pa-

tients, allows for these forms of lipotoxicity.” '

Inflammation & High LDLs Promote Atherosclerosis

Mature VAT adipocytes secrete a wide array of pro-
inflammatory adipokines (cytokines secreted by fat
cells), which promote inflammation, recruit macro-
phages, and stimulate smooth muscle and fibroblast
expansion. Proinflammatory adipokines and cytokines
include: CRP, a-TNF, IL-1, IL-6, IL-8, IL-10, resistin,

and two chemokines.”**

a-TNF is one of the primary inflammatory and
lipotoxic factors stimulating the acute phase response,
including secretion of CRP and other proinflammatory
factors.”™ * In conjunction with IL-6, a-TNF also
stimulates phagocytosis, promotes adhesion of WBCs to
endothelial cells, and is a potent chemoattractant for
neutrophils. a-TNF also contributes to insulin
resistance by inhibiting insulin receptor signaling

28-30

pathways.
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RT-PCR experiments (using reverse transcriptase to
copy mRNAs, followed by PCR amplification) demon-
strated CRP synthesis by adipocytes.”” CRP is an
opsonin and marker of inflammation that correlates
with increased cardiac risk. Resistin is an adipokine that
promotes insulin resistance, expression of adhesion
molecules on human endothelial cells, and increased
CVD risk.”” Angiotensinogen and ACE (angiotensin
converting enzyme) are also secreted by adipocytes and
promote hypertension, another characteristic of MSX.”
Together, these secretory products promote what Ross
called a “hyperresponsive healing” process resulting in
destruction of vascular tissue, fibrosis, necrosis, and
calcification that may ultimately rupture and cause
thrombosis.”’

Plaque formation and the resulting atherosclerosis are
well documented consequences of dyslipidemia.'" "
Oxidized LDLs are engulfed by foam cells, which
intercalate between the endothelial and smooth muscle
layers of the arteries, contributing to plaque

. 11, 12, 41
formation.

Adiponectin (ADN) is Anti-inflammatory and Anti-
atherogenic

As illustrated by Figure 4, ADN is an anti-inflammatory
adipokine that help protect against atherosclerosis by
inhibiting endothelial adhesions, recruitment of macro-
phages, endothelial dysfunction, inflammation, and
plaque formation.*’ Ouchi found that ADN is lower
and CRP is higher in patients with coronary artery
disease.® Similarly, ADN-deficient mice had higher
CRP levels than mice with normal ADN levels.*

ADN reduces expression of vascular adhesion molecules
and inhibits adhesion of monocytes to endothelial
cells.” * *' ADN also inhibits expression of “LDL-
scavenger receptors’ on macrophages, reducing LDL
uptake and producing fewer plaque-forming foam
cells.”” * *' Excessive endothelial injuries and vascular
remodeling were also seen in ADN deficient mice.
Adiponectin affects the AMPK system by altering up-
take, metabolism, and storage of both lipids and glu-

27,3
Cose. 737
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Figure 4: Summary of the Pathophysiology of Metabolic Syndrome

Metabolic syndrome develops as failed hormonal feedback (resistance to leptin and insulin) results in deposition of ectopic and visceral fat,
release of adipokines tumor necrosis factor (TNF-a), C-reactive protein (CRP), interleukin 6 (IL-6) and elevated free fatty acid (FFA) levels.

These lead to metabolic dysregulation, lipotoxicity, inflammation, and promotion of changes resulting in atherosclerosis and heart disease.

Adiponectin (ADN) counteracts many of these proinflammatory effects and fights atherosclerosis.

ADN Promotes Insulin Sensitivity

Plasma ADN promotes insulin sensitivity and increased
-oxidation, and its level is inversely related to levels of
VAT **'* Mice lacking ADN developed marked
hyperglycemia and insulin resistance, even without
obesity. Both conditions were reversed with admini-
stration of ADN.” ADN counters many of the negative
outcomes of obesity and MSX, including inflammation,
atherosclerosis, hyperglycemia, and insulin resistance.

Some obese patients inherit lower ADN levels and
become leptin resistant, have increased VAT, and
become insulin resistant. Japanese families with histories
of DM2 had single nucleotide polymorphisms (SNPs)
in their ADN gene, resulting in lower ADN levels (10.4

) 40, 41,45

ug/mL, compared to the normal 16.6 pg/mL

Similarly, the Pima Indians have a high prevalence of
obesity, with lower ADN levels, insulin resistance,
DM2, ischemia, hypertension, and CVD.3 4041 45 1y
one study of nine patients with inherited low ADN
levels, all nine had hyperglycemia, eight of the patients
had hypertension or hyperlipidemia, and six had already
developed CVD.*"*

Metabolic Syndrome’s Overall Effects

Several factors, relating to obesity and MSX, have been
shown to affect an individual’s risk of cardiovascular
disease. Among the most powerful of these factors are
leptin and ADN. Leptin exerts its influence primarily
during the development of obesity, signaling the
hypothalamus concerning “adiposity,” or the status of
energy reserves. Adequate reserves (moderate leptin

VOL 23, NO 1 WINTER 2010 CLINICAL LABORATORY SCIENCE 59

¥20z £2 Ael\ uo /Bio’sjase’ feuinolsiojurewmy;/:dny wouy papeojumoq


http://hwmaint.clsjournal.ascls.org/

FOCUS: OBESITY AND METABOLIC SYNDROME

levels) result in appetite suppression and thermogenesis,
eliminating excess calories while preventing abdominal
fat deposition. Chronic overindulgence results in leptin
resistance, increased appetite, deposition of abdominal
fat, and the development of obesity. ADN retards the
many negative consequences of obesity and MSX, such
inflammation

as  chronic and development of

atherosclerosis.

Two common metabolites central to the development
of MSX are glucose and FFAs. The devastating effects
of chronic hyperglycemia are known to cause many
sequelae of diabetes. The toxic effects of elevated FFAs
have recently become appreciated as major contributors
to the development of MSX, lipotoxicity, and CVD.

The most devastating consequences of abdominal
obesity include: 1) resistance to insulin and leptin, 2)
dyslipidemia related to increased VAT, 3) chronic
inflammation leading to atherosclerosis, and 4) lipo-
toxic damage to tissues and vasculature. Together, these
result in a dramatically increased risk of CVD.
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