
MEDICAL GRAND ROUNDS 
June 21, 2001 

FATTY HEART 
(Lipotoxic Cardiomyopathy) 

Human cardiac 
muscle BMI 42 

Human cardiac 
muscle BMI 28 

Lean 
(Courtesy of Lelio Orci from Unger & Orci, FASEB J 15:312-21, 2001) 

Roger H. Unger, M.D. 

1/ 

r 

This is to acknowledge that Roger H. Unger, M.D. has not disclosed financial interests or other relationships with commercial 
concerns related directly or indirectly to this program. Dr. Unger will not be discussing "off-label" uses in his presentation. 



Roger H. Unger, M.D. 
Professor of Internal Medicine 

Dr. Unger is Director of the Touchstone Center for 
Diabetes Research and holds the Touchstone-West 
Distinguished Chair in Diabetes Research. He is a 
Professor of Internal Medicine at UT Southwestern and 
was Senior Medical Investigator at Dallas Veterans 
Affairs Medical Center. 

His research has focused on the physiology and 
pathophysiology of the pancreatic islets and their roles in 
normal and abnormal fuel homeostasis. In recent years 
his studies have dealt with liporegulation and the lipotoxic 
diseases that result from disorders of fatty acid 
homeostasis. 

1 



CASE REPORT 

J.E.Y. is a 51-year-old obese black male admitted in 
November, 1999, for dyspnea, paroxysmal nocturnal 
dyspnea, orthopnea, pedal and upper extremi~ edema 
and increased abdominal girth. He had a history of 
dilated cardiomyopathy first noted in 1991 and obesity 
for at least 20 years. Extensive work-ups failed to 
reveal the etiology of the heart disease. A cathe­
terization in 1992 demonstrated normal coronary 
arteries. Repeated blood pressure determinations 
failed to reveal hypertension. 

Physical exam revealed an obese black male in 
obvious respiratory distress. He had S-3 and S-4 
gallops and bibasilar rales, jugular venous distention 
and pitting edema of feet and ankles. 

Laboratory tests, including liver and thyroid function, 
were within normal limits. Blood glucose was 75 ml/dl , 
cholesterol 182 ml/dl and triglycerides 207 mg/dl. 
Echocardiography revealed 4-chamber dilatation of 
heart with severely depressed LVSF and RVSF. An 
endomyocardial biopsy was reported as negative but 
stains for lipid content were not made. 

He was treated with i.v. lasix and had a 12-pound 
diuresis, reaching a dry weight of 208 lbs. He was 
discharged on digoxin, lasix, metropolol, lysinopril and 
lesargin. The final diagnosis was hypertensive cardio­
vascular disease (without hypertension) or postviral 
myocarditis (without evidence of antecedent viral 
infection). 

Commentary: In this obese patient the commonly 
diagnosed causes of heart disease were excluded and 
an endocardial biopsy was read as "negative". 
Nevertheless, his disorder was ascribed to hyp.er­
tension, despite the complete lack of supportmg 
evidence. No attempt was made to determine whether 
or not he might have a fatty heart. 

HISTORY OF FATTY HEART 

Fatty heart was first described by William Harvey in the 
1 ih century (Harvey, 1628). Originally known as "cor 
adiposum" ("fatty heart"), it was familiar to clinicians for 
over 300 years but now seems to have disappeared 
from the clinical diagnostic vocabulary, ironically, in the 
midst of an American pandemic of obesity, the disorder 
with which it is most often associated. The term "fatty 
heart" (Figure 1) was used to refer to two differ~nt an.d 
probably unrelated conditions, lipomatous and hpotox1c 
cardiomyopathy. 

A. Lipomatous cardiomyopathy: In this very rare 
disorder, epicardial fat becomes massively enlarged, 
sometimes to the point of encasing and restricting the 
myocardium, and/or infiltrates from the epicardium into 
the myocardium like a lipoma (Saphir & Corrigan, 
1933; Shirani & Roberts, 1993). This idiopathic 
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Fig. 1: Lipomatous cardiomyopathy. A) Appearance o~ th.e 
heart. B) Cross section of the heart. C) Fat metaplasta tn 
an area of myocardial fibrosis. Note the hypertrophy of 
individual muscle fibers (Hematoxylin & eosin; X127) 

disease appears to be a primary hyperplasia or 
lipomatosis of epicardial adipocytes and is ultimately 
fatal. The condition is often referred to as "lipomatous 
hypertrophy" of the atrial septum and there is a 
relationship between these deposits and atrial 
arrhythmia, which occurs in 40% of patients. When the 
atrial septal thickness exceeds 3 em, the frequency of 
arrhythmia is 60%. In some patients cardiac fat is so 
great that their heart floats in water ("floating heart") 
(Roberts & Roberts, 1983). These hearts exhibit a 
high frequency of cardiac rupture during myocardial 
infarction. 

B. Lipotoxic cardiomyopathy: This is the common 
form of fatty heart. It was originally referred to as "fatty 
degeneration" and regarded as a nonspecific cones­
quence of injury. Any circumstance that interferes with 
or blocks myocardial fatty acid (FA) oxidation and/or 
increases intracellular lipids can cause accumulation of 
lipids within the cardiac muscle. The etiology could 
therefore range from local or generalized hypoxia to 
overnutrition. 

The early descriptions of "fatty degeneration" of 
cardiomyocytes that occurred in the absence of known 
injury to the myocardium (4) are indistinguishable from 
the "lipotoxic cardiomyopathy" of obese rodents 
studied extensively in congenitally obese ZDF rats 
(Zhou et a/. , 2000). Both varieties of fatty heart were 
described by Corvisart in 1812 (Corvisart, 1812) and 
by the great French physician Laennec in 1838 
(Laennec, 1838). In 1928 fatty heart was linked to 
obesity for the first time, but the cardiac problems were 
attributed to weakness owing to lack of exercise in the 
obese. Amad et al. (Amad et a/., 1965) reported that 
patients weighing from 34-240% above the predicted 
ideal for 20-40 years all had increased heart weight 
and left ventricular thickness (Table 1 ). No studies of 
intramyocyte fat were reported; this is unfortunate 
because quite probably it might have identified lipotoxic 
cardiomyopathy years before the U.S. epidemic of 
obesity first became apparent by 1980. 

In 1930 Zarday reported that 90% of obese individuals 
had circulatory disturbances, as determined by 
measurement of pulse rate, arterial and venous pres­
sure and vital capacity. But in 1931 the dean of Ameri-



Table 1 (Amad et al., 1965) 

A. Clinical finding• from 12 very obe•e •ubject. 

Subject Age Sex Height Body weight kg Ideal body weight kg Predicted heart Heart weight 
weight am gm 

1 42 M 167 225 67 291 1100 
2 58 M 175 209 70 304 900 
3 45 M 169 147 64 279 450 
4 33 M 175 113 70 304 420 
5 46 M 178 109 74 323 500 
6 64 M 179 99 74 323 540 
7 65 F 167 159 65 262 620 
8 39 F 168 147 64 258 400 
9 35 F 155 140 57 230 500 
10 75 F 162 136 54 215 420 
11 58 F 171 127 65 262 645 
12 47 F 157 108 59 239 410 

B. Microscopic finding• In the heart of 12 very obese subjects 

SubJect Epicardium Myocardium Coronary veneta 
1 Nonnal amount of fat Marked hypertrophy of all myocardial fibers Nonnal 

with minimal focal perivascular fibrosis 
2 Large amount of Mild to moderate hypertrophy; small amount of Normal 

epicardial fat fat infiltration between peripheral myocardial 
fibers 

3 Nonnal amount of fat Moderate hypertrophy of myocardial fibers; Nonnal 
very small foci of fatty tissue about the major 
coronary branches; no myocardial fibrosis 

4 Nonnal amount of fat Diffuse hypertrophy; small amount of Minimal Intimal proliferation 
_perivascular infiltratina fat 

5 Nonnal amount of fat Diffuse hypertrophy; no fatty infiltration or Medial hypertrophy 
fibrosis 

a· Slight increase in Diffuse hypertrophy; no myocardial fibrosis; no Minimal focal Intimal thickening by 
epicardial fat fattv Infiltration fibrosis 

7 Nonnal amount offat Moderate hypertrophy of myocardial fibers; Nonnal 
occasional foci of myocardial fibrosis; no fatty 

Infiltration 
8 Nonnal amount of fat Diffuse hypertrophy; no fatty Infiltration or Nonnal 

fibrosis 
9 Nonnal amount of fat Diffuse hypertrophy; no fatty Infiltration or 

fibrosis 
10 Nonnal amount of fat Diffuse hypertrophy; slight patchy lntersititial 

fibrosis; no fatty Infiltration · 
Nonnal 

11 Moderate lncraase In Marked diffuse hypertrophy; occasional small Nonnal 
epicardial fat foci of fibrosis· no fattv Infiltration 

12 Nonnal amount offat Diffuse hypertrophy; no fatty Infiltration or Nonnal 
fibrosis 

can cardiologists, Paul Dudley White (White, 1931), 
considered the clinical significance of what he called 
"cor adiposum" to be obscure. He said, "The truth 
probably lies between the two extremes that the fatty 
heart is a common and dangerous condition and that it 
does not exist at all." This statement may have been a 
major factor in the ensuing decline of clinical aware­
ness of the disorder. 

During the past decade, with the prevalence of obesity 
at unprecedented heights, clinical cardiologists have 
once again begun to examine the relationship between 
obesity and cardiac function, aided by the availability of 
modern noninvasive technologies (ltoh et at., 1996). 
Alpert et a/. (Alpert et a/., 1989; Alpert & Hashimi, 
1993; Alpert et a/., 1995 & 1995a) studied left ven­
tricular mass, systolic function and diastolic relaxation 
in 50 morbidly obese subjects whose body weight was 
twice the ideal. They found left ventricular hypertrophy 
and impaired systolic function and diastolic filling . In 

individuals with increased left ventricular mass, 
exercise produced no increase in left ventricular 
ejection fraction, i.e., when the left ventricular mass 
reaches a certain level, reserve function for exercise is 
nonexistent. Most importantly, the longer duration of 
morbid obesity, the higher the left ventricular mass, the 
worse the left ventricular systolic function and the 
greater the impairment of left ventricular diastolic filling, 
evidence of the time-dependence of the disorder. 
Weight loss decreased the left ventricular mass and 
improved left ventricular function and diastolic filling. 
This pattern of FA-induced heart disease in obese 
human males, i.e., initial hypertrophy followed by late 
functional decompensation, is reminiscent of the initial 
fatty acid-induced ~-cell hyperplasia and compensation 
and late ~-cell depletion and decompensation 
observed in the FA-induced disease of the pancreatic 
islets of ZDF rats (Unger & Orci, 2001 ) (Figure 2). 
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Non obese Obese 

Fig. 2: The relationship of the chronology of lipid overac­
cumulation in the pancreatic islets stained for insulin 
(above) and the heart. The early hyperplasia of jJ-cells 
coincides with cardiac hypertrophy and late apoptosis 
with failure of both organs resulting in overt diabetes and 
lipotoxic cardiomyopathy. 

FATTY HEART RAISES 
CLINICAL AND ETHICAL QUESTIONS 

In the year 2001 not a single one of academic 
cardiologists polled had ever made a diagnosis of 
fatty heart, despite recent (between 1990 and 2000) 
studies Indicating its widespread existence and 
evidence of its preventability. 

Given its clear association with obesity, current clinical 
unawareness of such a serious and treatable disease 
during an obesity epidemic in the U.S. would appear to 
underscore a defect in health care education and 
delivery, particularly since studies in rat suggest that 
the syndrome is treatable with drugs currently in use 
for other purposes. Most cardiologists would argue 
that there is no clinical proof that this disorder really 
exists in man. The purpose of this Grand Rounds is to 
consider evidence that fatty heart is a common cause 
of cardiac morbidity and mortality in obese humans 
and that it can be prevented and arrested by available 
medications. 

MECHANISMS OF STEATOSIS, LIPOTOXICITY 
AND LIPOAPOPTOSIS 

Definitions: Steatosis = triacylglycerol (TG) deposition 
in nonadipose tissues; Lipotoxicity = functional 
changes secondary to steatosis; Lipoapoptosis = lipid­
induced apoptosis. 

A. Steatosis: An increase in fatty acid uptake and/or 
synthesis, on one hand, and/or a decrease in fatty acid 
oxidation on the other, will cause steatosis. There are 
multiple causes for lipid overaccumulation in tissues, 
but by far the most prevalent mechanism in the U.S. is 
a caloric mismatch caused by a hypercaloric diet 
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coupled with a sedentary lifestyle. Steatosis can be 
subclassified etiologically as follows: 

1. Enhanced lipogenesis plus decreased FA 
oxidation: The combination of enhanced lipogenesis 
and reduced ~-oxidation will obviously cause far more 
steatosis than either abnormality alone. The combined 
abnormality can be caused by: 1) AMPK deficiency, 
and 2) lack of leptin action. 

a) Deficient 5'AMP-activated protein kinase 
(AMPK) (15-21): The role of malonyl CoA was dis­
covered in 1977 (McGarry et a/., 1977). Malonyl CoA, 
the first committed step in lipogenesis, is the product of 
the enzyme acetyl CoA carboxylase. In addition to 
entering the lipogenic pathway, malonyl CoA is a 
powerful inhibitor of carnitine palmitoyl transferase-1 
(CPT-1 ), the rate-limiting enzyme for mitochondrial 
oxidation of long-chain fatty acids. Acetyl CoA 
carboxylase (ACC) is thus at the intersection of fatty 
acid oxidation and lipogenesis. Its product, malonyl 
CoA, prevents what would otherwise be a futile cycle 
by inhibiting oxidation while itself providing substrate 
for fatty acid synthesis (McGarry & Brown, 1997). 
When ACC is knocked out, the absence of malonyl 
CoA results in uncontrolled fatty acid oxidation and 
actually causes weight loss (Abu-Eiheiga et a/., 2001 ). 
ACC is physiologically inactivated by phosphorylation 
by 5'AMP-activated protein kinase (AMPK) (Winder & 
Hardie, 1999). AMPK is thus the master switch in 
metabolism of fatty acids. Underexpression of AMPK 
would leave ACC in a fully active form, producing 
malonyl CoA for the synthesis of long-chain fatty acids, 
while inhibiting their oxidation by CPT-1. Although no 
human or animal disease has yet been attributed to 
underexpression of AMPK, it would be surprising if 
such did not exist, at least in secondary form in 
syndromes of leptin deficiency or resistance. 

b) Lack of /eptin action: In normal animals 
the rising leptin levels associated with obesity upregu­
late ~-oxidation of fatty acids in nonadipose tissues 
through expression of PPARa, the transcription factor 
that increases the expression of the oxidative enzymes 
CPT-1 in mitochondria and acyl CoA oxidase (ACO) in 
peroxisomes. This is accompanied by an increase in 
uncoupling proteins (UCP-2 and -3), which allows the 
unwanted energy of compensatory oxidation to be 
dissipated as heat. At the same time there is over­
expression of lipogenic transcription factors such as 
SREBP-1c, PPARy and the lipogenic enzymes ACC, 
FAS and glycerol phosphate acyl transferase (GPAT). 
Even during overnutrition, nonadipose tissues remain 
relatively free of FA. 

By contrast, tissues that have been genetically 
deprived of leptin action, whether because of a leptin 
deficiency, as in congenital generalized lipodystrophy 
or a loss-of-function mutation in the leptin gene (ob/ob 
mouse), or because of loss-of-function mutations in the 



or a loss-of-function mutation in the leptin gene (ob/ob 
mouse), or because of loss-of-function mutations in the 
leptin receptor (OB-R), as in the db/db mouse and the 
fa/fa ZDF rat, exhibit generalized steatosis. All of the 
organs studied exhibit a breakdown in the liporegula­
tory system that prevents overaccumulation of lipids in 
nonadipocytes. The ability of their tissues to oxidize 
labeled palmitate is thus reduced, while the ability to 
esterify labeled palmitate and/or to synthesize fatty 
acids from labeled glucose is markedly enhanced. 
These are precisely the changes that one would 
predict if AMP kinase were not phosphorylating and 
thus inactivating ACC. Studies now under way should 
indicate the role of AMPK in the phenotype of 
leptinlessness. The expression profile of unleptinized 
nonadipose tissue is shown in Figure 3. 
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Fig. 3: Expression profile of the machinery of lipogenesis in 
a nonadipose tissue, the pancreatic islets. "Ratio" is mRNA 
relative to ~actin. Gray= lean wild-type(+/+) ZDF controls; 
black = obese (fa/fa) ZDF rats. 

2. Increased FA influx alone with normal FA 
oxidation: 

a) Acyl CoA synthase overexpression: Ele­
gant transgenic studies of Schaffer's group (Chiu eta/., 
2001) have demonstrated that myocardium-specific 
expression of a lipogenic gene, long-chain acyl CoA 
synthase, causes lipotoxic cardiomyopathy. There was 
a marked accumulation of cardiomyocyte TG associ­
ated with cardiac hypertrophy, left ventricular dysfunc­
tion and premature death. Terminal deoxynucleotidal 
transferase-mediated dUTP-Iigand labeling staining 
and cytochrome C release strongly suggest that 
cardiac myocyte death occurred through lipoapoptosis, 
demonstrating that increased influx without impaired 
FA oxidation can cause lipotoxic damage. 

b) Lipoprotein lipase (LPLJ overexpression: 
Shulman's group overexpressed lipoprotein lipase in 
the heart and observed a similar accumulation of lipids 
via enhanced release from circulating triglycerides 
(Kim et at., 2001 ). These studies also provide powerful 
support for the lipotoxic hypothesis and demonstrate 
that even without overnutrition or underoxidation 
increased influx of fatty acids can trigger lipoapoptosis. 

3. Decreased FA oxidation without increased 
lipogenesis: 
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a) PPAR knockout: In normal animals with 
functioning leptin receptors, PPARa is expressed in 
nonadipose tissues, particularly the liver, at normal 
levels. When FA influx into these tissues is increased 
as a consequence of overnutrition, FA serve as ligands 
that activate and increase the expression of PPARa; 
this nuclear receptor upregulates enzymes of fatty acid 
oxidation such as mitochondrial carnitine palmitoyl 
transferase 1 (CPT-1) and peroxisomal acyl CoA oxi­
dase (ACO). Additionally, PPARa can induce 
uncoupling proteins (UCP) -1, -2 and -3 (Kelly et a/., 
1998), thus dissipating as heat the energy generated 
by oxidation of the unneeded surplus of fatty acids. 
Knockout of PPARa results in underexpression of at 
least 7 mitochondrial fatty-acid metabolizing enzymes 
(Watanabe eta/., 2000; Leone eta/., 1999). Cardiac 
abnormalities, including abnormal mitochondria, 
abnormal caveoli and fibrosis appear in the myo­
cardium of PPARa null mice in an age-dependent 
manner, particularly when treated with etomoxir, a 
CPT-1 inhibitor (Djouadi et a/., 1999 & 1999a) (Figure 
4). Clearly, then PPARa plays a regulatory role in the 
lipid homeostasis of cardiomyocytes and other non­
adipose tissues (Keller et at., 1993). When it is 
knocked out or underexpressed (as in unleptinized 
tissues), protection against steatosis is diminished. 

Heart 

Liver 

Fig. 4: Histologic sections of heart and liver prepared 
from male PPARa -1- mice treated with a single dose of 
the CPT-1 inhibitor, etomoxir (Djouadi eta/., 1999). 

b) CPT-1 inhibition by etomoxir (Paumen et 
at., 1997): This blocks FA oxidation and increases 
apoptosis (Figure 4). 

c) Carnitine deficiency: In hereditary sys­
temic carnitine-deficient mice, cardiac hypertrophy 
develops early. The lipid content in the heart is 6-fold 
higher than controls (Kuwajima et at., 1998). 



long-chain acyl CoA dehydrogenase (LCAD) produce 
mice with cardiac lipidosis, cardiomyopathy and 
sudden death (Kurtz eta/., 1998). 

e) Decreased peroxisome proliferator­
activated receptor r coactivator-1 (PGC-1): PGC-1 
regulates mitochondrial biogenesis (Wu et a/., 1999; 
Lehman eta/., 2000) and is also a PPARa. coactivator 
(Vega eta/., 2000). A deficit in any of the nonadipose 
tissues in which it is expressed would reduce FA 
oxidation, 

f) Other causes of underoxidation: A deficit 
in any of the enzymes involved in p-oxidation of fatty 
acids can lead to accumulation of lipids in non­
adipocytes, including cardiomyocytes, without an 
increase in FA influx. 

B. Lipotoxicity 

1. Lipotoxicity of jJ-cells: In the Zucker Diabetic 
Fatty (ZDF) (fa/fa) rat the onset of obesity occurs at 
approximately 4 weeks of age. As mentioned, the 
increase in adipocyte TG is accompanied by a 
relatively parallel accumulation of TG [in liver, skeletal 
muscle, heart muscle (Lee et a/., 2001 ), kidneys and 
pancreatic islets (Lee et a/., 1994)]. Of all of these 
tissues the p-cells are perhaps the most vulnerable to 
lipid-induced apoptosis and thus provide the best 
tissue in which to study lipotoxicity because the FA that 
enter in excess of their oxidative needs are essentially 
trapped and thus must inevitably drift into nonoxidative 
pathways of fatty acid metabolism. In tissues such as 
skeletal and cardiac muscle, FA oxidation can be 
augmented by an increase in physical activity, which 
may in part account for the salutary effects of exercise 

? Membran 
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Fig. 5: Putative pathways of lipoapoptosis. Obesity­
related damage to other tissues in other species may 
also involve the ceramide pathway or one or more of the 
other still untested routes marked with a "?". All require 
the oresence of an excess of unoxidized fattv acvi-CoA. 
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on health. Liver cells also can divest themselves of a 
substantial portion of their lipid overload through 
increased secretion of very low-density lipoprotein 
particles. Because such options are not available to p­
cells, the intracellular FA excess must be metabolized 
via nonoxidative pathways, predisposing them to be 
early cellular victims of FA overload (Figure 5). 

Prediabetes Diabetes 

Fig. 6: A) Schematic representation of the relative 
changes in insulin requirements and insulin production as 
ZDF rats progress from preobesity to overt diabetes. B) 
Longitudinal course of plasma free FA levels (mM) and 
islet TG levels (,uglislet) and ceramide content in 
preobese, obese prediabetic and obese diabetic ZDF 
fa/fa rats. Lipid abnormalities appear - 2 weeks prior to 
the onset of diabetes (stippled zone), consistent with a 
liootoxic mechanism. 

a) The pattern of P.ce/1 response to the lipid 
overload: The pattern is biphasic (Figure 6). Initially, 
as intraislet lipid content rises from normal to 
approximately 1 Ox normal, there is increased pro­
liferation of p-cells and a 4-fold increase in p-cell mass 
together with increased secretion of insulin (Unger & 
Orci, 2001 ). The hyperinsulinemia is in part secondary 
to the 4-fold increase in the number of p-cells, and in 
part the result of a decline in the Km for glucose usage 
by islets (Milburn et a/., 1995). This means that in 
these enlarged islets insulin release at basal and ,even 
sub-basal levels of glucose is far above normal. This 
combination of changes provides sufficient insulin 
production to maintain normoglycemia in the face of 
rising insulin resistance (Figure 6A). The changes that 
occur in vivo, the increase in p-cell replication and the 
enhanced insulin secretion, can be duplicated in vitro 
by culturing normal islets in the presence of 1 or 2 mm 
long-chain fatty acids, BrdU incorporation and insulin 
release increase strikingly (Figure 7 A). 
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Fig. 7: A) Increase in BrdUrd incorporation (evidence of 
cell division) and in glucose-stimulated insulin secretion in 
normal islets from 6-wk-o/d male Wistar rats cultured in 0 
(o- o) or 2 mM FA ( - ). B) Decrease in glucose­
stimulated insulin secretion and BrdUrd incorporation in 
hyperplastic islets from 6-wk-o/d obese prediabetic male 
ZDF (fa/fa) rats cultured in 0 (o- o) or 2 mM FA ( - ). 
Note the differences in the basal levels of insulin 
secretion between the normal and hyperplastic islets. 

In this compensated prediabetic stage of obesity in the 
ZDF fa/fa rats, the rate of replication has far exceeded 
apoptosis. But as the intraislet lipid content rises even 
further (Figure 68), the ~-cells that are the most lipid­
laden develop severe mitochondrial alterations 
together with a -1 0-fold increase in DNA laddering, 
signifying a marked increase in apoptosis. The rate of 
apoptosis now exceeds the rate of ~-cell replication, 
causing a net loss of ~-cells and a decline in insulin 
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production to below the levels required to compensate 
for insulin resistance (Figure 6A) (Unger & Orci, 2001 ) . . 
At this point, overt diabetes appears. Ultimately, the 
mass of ~-cells recedes to approximately the original 
level that it had been during the preobese stage of the 
disease, i.e., the 4-fold increase in ~-cell mass 
observed during the compensated stage of ~-cell 
hyperplasia has essentially disappeared (Figure 68). 

This loss of ~-ce ll mass and secretory function is also 
attributed to the lipid excess, since they can be 
duplicated in vitro by culturing hyperplastic islets from 
compensated prediabetic rats in 1 or 2 mM FA; BrdU 
incorporation and insulin release are dramatically 
lowered (Figure 78). In other words the response of 
compensated hyperplastic TG-Iaden islets to FA is the 
polar opposite of that of normal islets. 

2. Lipotoxic heart disease: The same biphasic 
pattern occurs in the heart. However, cardiomyocytes 
are probably terminal cells, so that hyperplasia is not 
possible and apoptotic cells cannot be replaced. 
Consequently, depending on the magnitude and 
duration of the FA overload, a continuous drop-out of 
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Fig. 8: A) Cardiac lipotoxicity: Myocardial contractility, 
showing functional loss in 20-wk-o/d fa/fa ZDF rats 
prevented by treatment with the antisteatotic drug 
troglitazone (TGZ). B) DNA laddering, an index of 
apoptosis in hearts of obese fa/fa ZDF rats at age 14 
weeks. The increase in laddering and the loss of 
contractility are blocked by treatment of the rats for 6-wk 
with the antisteatotic agent troglitazone (TGZ) beginning 
at 7-wks of age. Data are expressed as fold change from 
the 7-wk-o/d baseline in fa/fa, which is 10x that of lean 
+/+ rats at that age. C) Cardiac triacylglycerol (TG) and 
D) ceramide content of 14-wk-o/d ZDF (fa/fa) rats and 
wild-type controls(+/+). *p<0.01. 



cardiomyocytes at even a slow rate will ultimately leave 
the heart unable to meet the increased workload 
required to perfuse the enlarging adipose tissue mass 
at rest and to move it during physical activity. Thus, 
even a low 0.1% level of apoptosis of cardiac tissues 
can, in time, substantially deplete the functional 
capacity of the heart. 

Indeed, as ZDF animals age from 7 weeks to 20 
weeks, they develop echocardiographic evidence of 
impaired myocardial contractility (Figure SA) (Zhou et 
a/., 2000). This functional loss has been ascribed to 
increased apoptosis of cardiomyocytes; DNA 
laddering, an index of apoptosis, rises to more than 7 
times that of wild-type controls at 7 weeks of age, but 
contractility still appears to be normal, at least at rest 
(Figure SB). However, at 20 weeks of age, when DNA 
laddering is approximately 30 times that of wild-type 
controls, contractility has declined to less than 50% of 
controls (Figure SA) (Zhou eta/., 2000). The functional 
loss is almost certainly a consequence of progressive 
dropout of myocardial cells. 

a) Measurements of myocardial lipids: TG 
content of the myocardium is significantly increased at 
7 weeks of age and rises progressively thereafter 
(Figure SC); morphometric quantification of lipid 
droplets by electron microscopy discloses an even 
more dramatic increase (Figure 9). A statistically 
significant increase of ceramide (Figure SD) suggests 
that it is involved in the cardimyocyte apoptosis, as 
was the case in the mouse model of lipotoxic 
·cardiomyopathy, in which cardiomyocyte-specific 
overexpression of acyi-CoA synthase caused an 

- increase in cardiac TG and ceramide and resulted in 
lipid cardiomyopathy (Chiu eta/., 2001 ). 

Fig. 9: Electron microscopy of cardiac tissue from 18-day­
o/d MHC-ACS mice. 7500x magnification (A, bar = 1pm) & 
15,000x magnification (8, bar = 0.5 pm); lipid droplets (L). 
Some droplets at this stage are surrounded by multiple 
concentric layers of membrane (arrow) . From Chiu et at. , 
?nnt . 

Remarkably, treatment of obese ZDF rats with 
troglitazone, beginning at 7 weeks of age, reduces 
myocardial TG, measured both biochemically and by 
morphometry of lipid droplets, lowers ceramide content 
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and prevents the loss of contractile function of the 
heart (FigureS) {Zhou eta/., 2000). 

Thus, in the ZDF rat, the metabolic abnormalities 
associated with their heart disease mimic to a 
remarkable degree those observed in their islets, and 
in both organs the metabolic changes and functional 
evidence of disease can be completely prevented by 
the antisteatotic agent, troglitazone. One would predict 
that AICAR, the activator of AMPK (Bergeron et a/., 
1999; Russell eta/., 1999), or cerulenin, the inhibitor of 
FAS (Loftus eta/., 2000) would be even more effective. 

C. Lipoapoptosis 

1. General considerations: 

a) Cell homeostasis.: In multicellular 
organisms, the cell population must be regulated to 
assure optimal function of various organs. In many 
tissues this homeostasis of the cell population involves 
the removal of older, damaged, hypofunctional cells so 
that new healthy cells can replace them. Their removal 
involves programmed self-destruction, which in 1972 
was named "apoptosis" by Currie and colleagues (Kerr 
et a/., 1972). This group noticed that such dying cells 
differed morphologically from cells undergoing patho­
logical necrotic cell death. 

b) Morphology of apoptosis : Apoptotic cell 
death differs from necrosis caused by noxious stimuli. 
Necrosis is characterized by cell membrane disruption, 
swelling, disintegration, cell content leakage and local 
inflammation. Apoptosis, by contrast, is characterized 
by "apoptotic bodies", fragments of dense DNA sur­
rounded by apparently intact plasma membrane, and 
DNA condensation and fragmentation, the latter 
appearing as a "ladder'' when separated on DNA-gel 
electrophoresis. There is no inflammatory response. 

While apoptosis is a normally occurring means of 
cellular turnover, it may be accelerated by cellular 
stresses caused by thermal, hypoxic and cytotoxic 
factors such as cytokines, oxygen radicals and 
peroxynitrite (ONOO-) and cause a net reduction in the 
functioning cell population of an organ. 

c) Caspases: The morphologic changes of 
apoptosis are the result of the action of cysteine 
proteases known as "caspases" (Budihardjo et a/., 
1999; Cikala et a/., 1999). They are specifically 
activated during apoptosis (Ainemri et a/., 1996). 
These enzymes have been highly conserved through­
out evolution and are present in hydra, nematodes, 
insects and man (ibid). Caspases have an active site 
cysteine and cleave substrates after aspartic acid 
residues {Thornberry & Lazebnik, 199S). They can be 
thought of as the "central executioners" of apoptosis, 
which can be prevented by blocking their activity. 

d) DNA laddering: A major discovery was the 
demonstration of the mechanism of DNA fragmenta-



tion, which results in the DNA laddering used 
extensively as a marker for apoptotic cell death (Wyll ie, 
1980). This nuclease cuts genomic DNA between 
nucleosomes. The DNA ladder nuclease is known as 
caspase-activated DNase (CAD) and is present in 
living cells as an inactive complex with an inhibitory 
subunit ca lled "ICAD" (Nagata, 2000). It is activated by 
caspase-3-mediated cleavage of the inhibitory subunit 
(Liu et at., 1997; Enari et at., 1998; Sakahira et at. , 
1998). 

Fig. 10: Two of the apoptotic pathways. The caspase 8 
{death receptor) pathway is triggered via cell surface 
receptors to CD95 ligand and TNFa. The other pathway 
is triggered by DNA damage such as can be caused by 
lipotoxicity. It shows Bcl-2 inhibitory Bax-induced 
mitochondrial extrusion of cytochrome c to associate with 
Apaf-1 and then precaspase 9 to form an apoptosome 
which, like the caspase 8 pathway, activates caspase 3. 

e) The caspase cascade: CD95 ligand binds 
to CD95 and recruits via the Fas-associated death 
domain protein (FADD) multiple procaspase-8 mole­
cules, thereby activating them (Figure 10). There are 
also other mechanisms for caspase activation. In the 
case of caspase-9, activation is a result of association 
with a dedicated protein cofactor, Apaf-1 (Li et at., 
1997; Zhou et at., 1997). Cytochrome C is extruded 
from the inner mitochondrial membrane through a pore 

Fig. 11: A possible mechanism by which the cytochrome 
c extruded from mitochondria associates with Apaf-1 to 9 
activate caspase 9. 

formed by proapoptotic Bcl2 family members (Reed, 
1997). Cyto C oligomerization of Apaf-1 recruits pro­
caspase 9 into the apoptosome complex and activates 
caspase-9 (Figure 11 ). Caspase-8 and -10 contain a 
death effector known as DED; caspase-2 and -9 con­
tain activation and recruitment domain (CARD). 

f) Bel, family: A second set of apoptotic 
regulators are known as the Bcl2 family. They have 
been divided into three groups. Group 1 has anti­
apoptotic activity, whereas groups 2 and 3 promote cell 

BH4 BH3 BH1 BH2 TM 

Group I I I ztl - 1111] • [ II Bcl·2 

Group II - • . , II Bax 

Group Ill - I Bid - I '"II Bik 

Fig. 12: Bc/-2 family members. Group 1 is antiapoptotic 
and Group 1/ proapoptotic. Group Ill is diverse. 

death (Figure 12). These fami ly members can homo­
dimerize or heterodimerize (Figure 13). If an excess of 
proapoptotic members, Sax, Bad, Bim and Bid, 
dimerize, apoptosis would be promoted (Figure 13A), 
whi le an excess of dimerized anti-apoptotic proteins, 

Fig. 13: A possible mechanism to explain the pro- and 
antiapoptotic effects of members of the Bc/-2 family. 
Oligomerization of a proapoptotic member, such as Bax, 
may form pores in the outer mitochondrial membrane 
through which cytochrome c is extruded from the 
intermembrane space into the cytoplasma {left). There is 
evidence that Akt can block apoptosis (Kennedy et a/., 
1997), perhaps by phosphorylation of certain of the 
proapoptotic family members and blocking 
oligomerization into pores. Bc/-2 association with Bax 
fails to produce a pore, thereby protecting against 
apoptosis. (See also Fig. 20) 

NOTE: Figures 10-13 from Hangartner eta/., 2000. 



such as Bcl2, would protect. Bcl2 protects cells by 
direct binding to and sequestering of the Apaf-1 
homologue - at least in C. e/egans (Figure 138). 
However, the precise mechanisms remain speculative. 

g) Cytochrome-C: Cytochrome-C is an 
electron carrier involved in oxidative phosphorylation 
and located in the intramembrane space of the 
mitochondria. It is also required for activation of 
caspase-9 in the cytosol (Li et at., 1997). The 
mechanism of how cytochrome-C crosses the outer 
membrane of the mitochondrium is unclear, but pro­
apoptotic Bcl2 family members enhance the process, 
while antiapoptotic Bcl2 family members prevent it. It is 
not known if they promote apoptosis by forming 
channels or holes in the membrane, perhaps by 
forming a large pore channel following interaction with 
other proteins (Reed, 1997) (Figure 13A). One 
possibility is that apoptotic signals alter mitochondrial 
physiology in a manner that cause swelling and rupture 
of the outer membrane and release of intermembrane 
proteins such as cytochrome-C. Although the mech­
anism of its exit from the mitochondrium is not known 
cytochrome-C exit is almost a universal feature of 
apoptotic cell death. It has been shown to occur in 
cardiac lipoapoptosis (Chiu et a/., 2001 ). In lipoapop­
tosis of p-cells severe mitochondrial alterations have 
been observed electron microscopically (Figure 14) 
(Higa eta/., 1999). 

Fig. 14: Electron microscopic appearance of mitochondria 
in lipid-laden /]-cells of obese fa/fa ZDF rats. 

2. Lipoapoptic pathway: As mentioned above, 
whenever FA influx into a cell exceeds FA oxidation, 
the FA surplus must ultimately enter pathways of 
nonoxidative metabolism. Initially, TG appear to be the 
major initial lipid product, and they probably do no 
harm to the cell. They may even provide initially a 
protective buffer by diverting FA from entry into more 
deleterious pathways of lipid-inflicted damage. But 
ultimately hydrolysis of these TG stores will add to the 
already expanded FA pool, providing additional sub­
strate for nonoxidative FA metabolism (Figure 5). 
Although unproven, increased DAG may, through its 
phosphorylation to phosphatidic acid, maintain protein 
kinase C activity, and thus play a role in cardiac 
(Dhalla eta/., 1997) and perhaps p-cell hypertrophy. In 
pancreatic islet cells (Shimabukura et a/., 1998; 
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Fig. 15: Putative pathway of lipoapoptosis. Condensation of 
unoxidized palmitoyi-CoA and L-serine catalyzed by serine­
palm/toy/ transferase generates ceramide. Ceramide 
upregulates the expression of inducible nitric oxide 
synthase (iNOS) by activating NFKB. Alternatively, it may 
reduce Akt phosphorylation thereby reducing its 
antiapoptotic effects (see text). 

Shimabukura et a/., 1998a), and probably in cardiac 
myocytes (Zhou et a/., 2000; Chiu et a/., 2001 ), the 
ceramide pathway (Figure 15) seems to be the most 
important of the destructive routes, although direct 
pathways independent of ceramide, such as lipid 
peroxidation, detergent effects, etc., have not been 
excluded. In leptin resistance, the enzyme serine 
palmitoyl transferase (SPT) (Weiss & Stoffel, 1997) is 
expressed at high levels (Figure 16) (Shimabukuro et 
a/., 1998 & 1998a ), thereby increasing the con­
densation of palmitoyl CoA and serine to form dihydro­
sphingosine, the first step in de novo ceramide 



A. Ceramide formation from B. Serine-palmltoyl transferase C. Nitric Oxide Production D. DNA Laddering and 
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Fig. 16: Evidence for ceramide excess, iNOS induction excess and NO formation in the pathogenesis of fatty acid-induced 
apoptosis. A) Comparison of (H]-ceramide formation for (H)-serine or (H)-palmitate. B) mRNA of serine palmitoyl 
transferase, the enzyme that catalyzes condensation of L-serine and palmitoyl GoA in 7-wk-old and 14-wk-old normal(+/+) 
and obese (fa/fa) ZDF rats. Fa/fa rats become diabetic at age 14 wks as a consequence of apoptotic depletion of their fl­
ee/Is. C) Comparison of the effects of a 1 mM 2:1 oleate:palmitate mixture on nitric oxide production (nitrite) in isolated islets 
of prediabetic fa/fa ZDF rats. D) DNA laddering and iNOS expression in islets from fa/fa ZDF rats cultured in medium without 
supplementation, in medium containing the 1 mM fatty acid mixture by Itself, or with triacsin-C or with troglitazone, both of 
which reduce islet lipid content, or with aminoguanidine (AG), an iNOS inhibitor. DNA laddering is shown and quantified as 
percent of total DNA. 

biosynthesis (Figure 15). The profound mitochondrial 
alterations (Figure 14) (Higa eta/., 1999) and apopto­
sis identified in the pancreatic ~-cells of leptinless fa/fa 
ZDF rats are believed to be the result of excessive de 
novo ceramide formation, coupled with underexpres­
sion of the antiapoptotic factor, Bcl2 (Shimabukuro et 
a/., 1998a). The inhibitor of ceramide synthesis, 
fumonicin-B1, completely blocks FA-induced changes, 
suggesting that ceramide is a major mediator of 
lipotoxicity and apoptosis in islets of ZDF rats. This 
does not exclude the possibility that other pathways of 
lipotoxicity dominate in other tissues (Listenberger et 
a/., 2001 ). 

a) How do increased FA and/or ceramide 
lead to lipoapoptosls? Several pathways may be 
involved. 

1) The Akt pathway: Akt, also known as 
protein kinase-B (PKB), is a serine-threonine kinase 
involved in crucial phosphorylations that seem to 
account for insulin-stimulated translocation of Glut-4 to 
the plasma membranes (Cho et a/., 2001 ). Akt is 
required for insulin-mediated glucose uptake in certain 
cells, and also for insulin- and IGF-1-mediated survival 
signals (antiapoptosis) (Aikawa et a/., 2000). Akt, in 
turn, is phosphorylated and thus activated by phospho­
tidylinositoi-3'-0H-kinase (PI3' kinase). Akt may 
promote cell survival by phosphorylating and thereby 
inhibiting components of the cell death machinery, 
probably members of the Bcl2 family. For example, if 
Ser-112 and Ser-136 of the BAD moledule are unphos­
phorylated, it induces cell death by forming proapop­
totic homodimers or heterodimers. But when BAD is 
phosphorylated at Ser-136, BAD-induced apoptosis is 
blocked. 

The simplest (if incomplete) way to answer this ques­
tion is to accept the evidence provided by Shulman's 
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group that certain lipid moieties can block the action of 
Pl3 kinase to phosphorylate Akt. High levels of both 
long-chain fatty acids and ceramide appear to interfere 
with Akt phosphorylation and thus give rise to both 
impaired insulin-stimulated glucose uptake in skeletal 
muscle and apoptosis (Navarro eta/., 2000). Thus this 
concept would explain both apoptosis and insulin 
resistance with a similar mechanism and raise the 
possibility that in skeletal muscle the resistance leads 
to muscle loss. 

2) The NO pathway: Other mechanisms 
may also prevail (Basu et a/., 1998; Di Paola et a/., 
2000). Ceramide can upregulate inducible nitric oxide 
synthase by activating NKB. This causes an increase 
in nitric oxide production and the resulting rise in tissue 
peroxynitrite provides a source of damaging reactive 
molecules. Although cytokines increase ceramide by 
activating the enzyme sphingomyelinase, a major 
pathway in cytokine-induced, ceramide-mediated 
apoptosis, in obesity-related apoptosis ceramide 
appears to be synthesized de novo from the conden­
sation of L-serine and palmitoyl CoA, catalyzed by the 
enzyme serine palmitoyl transferase. An increase in 
this pathway will occur whenever tissues palmitoyl CoA 
levels are increased. 

c) Lipoapoptosis of cardiomyocytes: Apop­
tosis involving caspase-3 and -8 have been induced by 
ceramide in cardiomyocytes (Downward, 1998). Incu­
bation of cultured cardiomyocytes with palmitate 
decreases their ability to oxidize fatty acids by raising 
intracellular malonyl CoA levels and lowering the 
activity of 5'AMPK; associated with these effects are 
increases in intracellular triglyceride and ceramide, 
together with an increase in caspase-3-like activity and 
DNA laddering. In addition, fatty acids have been 



shown to reduce Bcl2 expression in certain nonadipose 
tissues (pancreatic islets) (Shimabukuro eta/., 1998a). 

Thus, there is an extraordinarily complex and generally 
redundant apoptogenic system in place, as if to make 
certain that no impaired cell is left behind . In this man­
ner each of the organs can be maintained in an optimal 
condition through weeding out of its least fit cells. 
However, if this process is accelerated or the replace­
ment process decelerated, cellular depletion will leave 
the organ in a functionally compromised state. 

Schaffer's group has demonstrated most specifically 
the apoptotic consequences of FA overload (Figure 
17 A) in their cardiomyocyte-specific ACS-overexpress­
ing mice. The high TUNEL staining and evidence of 
cyto-c extrusion into the cytosol (Figure 178) in the 
presence of increased TG and ceramide coupled with 
symptoms of congestive heart failure and pre-mature 
death (Figure 17C) provide the most powerful evidence 
for the existence of lipotoxic heart disease in rodents. 

, :: . ~" ~ · . ·. .., 

... 
. t :. 

100 Low level ACS 

i 80 

~ 
iii 60 
l: c: 
::J 

"' 
~ 40 

.. 
"' ::1 20 .. 
i5 

0 
0 20 40 60 80 100 

Fig. 17: A) Oil red 0 staining of myocardium from 
transgenic mice overexpressing acyl GoA synthase in myo­
cardiocytes and showing dramatic increase in lipid com­
pared to wild-type controls (right} . B) Evidence of lipoapop­
tosis with positive TUNEL staining(arrows) in nuclei of 
cardiomyo-cytes and cytochrome c extrusion into the 
cytoplasm. C) the incidence of congestive heart failure or 
death in transgenic mice overexpressing acyl GoA 
synthase at low or high levels. From Chiu et at., 2001. 
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D. Does cardiac lipotoxicity really occur in man? 
Findings obtained in monogenic disorders of intra­
cellular lipid homeostasis in rodent models of obesity 
do not necessarily prove that the islet and cardiac 
abnormalities ("metabolic syndrome") associated with 
diet-induced, nongenetic human obesity necessarily 
have a similar pathogenesis. Certainly the hetero­
geneity of the age of onset and in the severity of the 
complications in nongenetic human obesity are in 
striking contrast to their homogeneity of the monogenic 
disorders in rodents. Nevertheless, for the following 
reasons the burden of proof lies on those who deny the 
existence of human lipotoxic heart disease: 1) there 
are multiple clinical similarities between the rodent 
syndrome of lipotoxicity and human metabolic 
syndrome; 2) over half of the American population is 
now classified as overweight and therefore at risk for 
cardiac lipotoxicity, a disorder not currently recognized 
by American clinicians; 3) the photomicrograph (cf 
cover page) shows that intramyocyte lipid over­
accumulation can occur in human obesity (Unger & 
Orci, 2001 ); 4) Szczepaniak et al. (Szczepaniak eta/., 
2001) report that myocardial fat can be estimated 
noninvasively using NMR (an example of an NMR 
study in a ZDF rat appears in Figure 18); and 5) 
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Fig. 18: Comparison of intramyocardial lipids by electron 
microscopy (EM) and by nuclear magnetic resonance 
(NMR) in a normal lean rat and an obese ZDF (fa/fa) rat. 
This demonstrates the feasibility of estimating intra­
myocardial fat noninvasively in man. Courtesy L. Ore/ & L. 
Sczcepaniak. 

thiazolidinediones, which prevent both the Type 2 
diabetes (Higa eta/., 1999) and lipid cardiomyopathy of 
obese ZDF rats (Zhou et al., 2000), ameliorate the 
Type 2 diabetes of humans (Cavaghan et al., 1997), 
suggesting that cardiac lipotoxicity of obese humans 
might also respond. It therefore seems imperative to 
develop effective strategies to cope with what could 
well be a prevalent heart disease, and to determine if it 
can be arrested by dietary restriction, a nontoxic thia­
zolidinedione, an AICAR-Iike agent, or FAS inhibitors. 



E. Diet-induced lipotoxicity: Whatever happened to 
ant/steatosis? Initially the vast majority of over­
nourished individuals have a perfectly normal lipo­
regulatory system. Based on the evidence that leptin 
is an antisteatotic hormone (Lee et a/., 2001 ), nonadi­
pose tissues such as the heart should be well 
protected by compensatory oxidation. As obesity 
increases, hyperleptinemia rises in proportion to the 
expanding fat mass to inhibit ectopic lipogenesis and 
enhance oxidation of any surplus of incoming fatty 
acids. Yet clinical experience indicates that obes'e 
individuals almost always develop insulin resistance, 
attributed to increased lipid deposition in skeletal 
muscle (McGarry, 1992), and often develop overt 
diabetes, which signifies a concomitant loss of ~-cells, 
presumably through the same lipotoxic mechanisms 
identified in islets and heart of fa/fa ZDF rats (Lee et 
a/., 1994; Unger, 1995; Lee et a/., 1997; Zhou et a/., 
2000). If so, this must mean that leptin-mediated 
antisteatotic protection ultimately wanes, either 
because of hypoleptinemia, leptin resistance or both. 

1. Evidence for relative hypo/eptinemla: The 
elevated leptin levels in young obese patients correlate 
with total body fat (Caro et a/., 1996; Moiler et a/., 
1998). However, as obese patients age, the correla­
tion is lost as age-related hypoleptinemia relative to the 
body fat appears. This loss of correlation may be 
particularly marked in patients with abdominal obesity. 
Abdominal adipocytes produce less leptin and they 
contribute relatively little to the antisteatosis of obesity 
(Minocci et a/., 2000). If this is correct, it means that 
when excess calories are deposited primarily in the 
abdominal region of the body, leptin production may 
not be sufficient to elicit the desired antisteatotic effect. 
This may explain why patients with abdominal obesity 
are the most prone to develop the lipid-mediated 
complications grouped together under the term 
"metabolic syndrome". 

2. Evidence for /eptin resistance: There is also 
evidence for postreceptor leptin-resistance. Factors 
such as suppressor of cytokine signaling (SOCS) -1 
and -3 (Bjorbaek et a/., 1998) in leptin's target tissues 
may attenuate its peripheral actions and thus con­
tribute to age-related loss of antisteatosis (Wang eta/., 
2001 ). Taken together, we suspect that diet-induced 
lipotoxicity and lipoapoptosis can occur in man and that 
they reflect combined overaccumulation and under­
oxidation of fatty acids resulting from hypoleptinemia 
and leptin resistance. 

3. Preventing and treating lipotoxicity: Any 
maneuver that reduces ectopic deposition of lipid 
appears to prevent lipotoxicity. This includes caloric 
restriction (Ohneda et a/. , 1995) and thiazolidinedione 
(TZD) treatment. In leptin-unresponsive fa/fa ZDF rats, 
overexpression of a fully functional leptin receptor in 
islets (Wang eta/., 1998) or liver (Lee eta/., 2001) will, 
in the presence of leptin lower the TG levels. In islets it 
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decreases SPT expression and upregulates Bcl2 

(Shimabukuro et a/., 1998b ), changes that reduce 
ceramide formation and prevent apoptosis, respec­
tively. In vivo treatment of prediabetic fa/fa ZDF rats 
with the TZD troglitazone prevents the overaccumu­
lation of lipids, including ceramide, and completely pre­
vents the mitochondrial degeneration (Figure 14) and 
the apoptosis in the islets (Higa et a/., 1999); it also 
prevents all changes in the heart (Zhou eta/., 2000). 

a. Old drugs: Treatment with troglitazone or 
with inhibitors of inducible nitric oxide synthase (iNOS) 
both in vivo and in vitro also prevents ~-cell depletion 
by apoptosis in islets of ZDF rats (Figure 19A). In vivo 
treatment protects them from diabetes (Figure 19B) 
(Shima-bukuro et a/., 1997), suggesting that iNOS 
upregulation by FA and high levels of NO production 
may be a factor in the apoptosis. 
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Fig. 19: A) Effects of TGZ treatment on insulin-positive jl-cells. 
B) Effects of iNOS inhibitory therapy for 6 wk. Immunofluores­
cent staining of pancreas of sham-, NIC- and AG-treated 
obese fa/fa ZDF rats. C) Effects of NIC and AG treatment on 
blood glucose (mean ± SEM) of obese prediabetic fa/fa ZDF 
rats compared to untreated+/+ controls. *p<0.05 vs. untreated 
lean fa/+ ZDF group. 

b. Potential drugs: But there are some even 
more promising drugs on the horizon. One is 5-



Table 2: Pharmacologic Rx of Steatosis/Liootoxicity 
Agent Taraet RaUonale Statu a Downalde 

Troglftazone PPARy/PGC-1 Reduces steatosis, ceramlde, llpoapoptosls Available Increases obesity 
Aminoauanldine iN OS + NO. + liooaoootosis ? ? 

Nicotinamide iN OS + NO. + liooaooptosis ? ? 
AI CAR AMPK/ACC + malonvl CoA; + FA oxidation ? ? 

Cerulenin FAS Inhibits both FA synthesis and appetite ? ? 
C75 FAS Inhibits both FA svnthesis and aooetite ? ? 

Leptln Leptin receptor Should reduce steatosis but not appetite or Failed to raduce Painful on Injection 
. (OB-Rb) obesity obesitv 

Fib rates PPARa Should reduce steatosis in liver and other Available Doesn't decrease 
PPARa-exoressina tissues obesity 

HIV protease SREBP-1c site AIDS patients develop lipodystrophy during Hypothetical ? 
Inhibitors 1 or 2 oroteases orotease inhibitor Rx 

aminoimidazole-4-carboximide-1 -P-D-Ribo-furanoside 
(AlGAR), an AMPK activator that increases FA 
oxidation by inhibiting ACC-catalyzed and malonyl CoA 
production, decreases lipogenesis and enhances 
insulin sensitivity, thus correcting the liporegulatory 
defect in nonadipose tissues via antisteatosis and, 
unlike the other pharmacologic interventions, might 
possibly have an antiobesity effect (Bergeron et a/., 
2001 ). Similarly, inhibitors of FAS such as cerulenin 
and C75, cause dramatic weight loss and decreased 
feeding in mice (Loftus eta/., 2000). Finally, protease 
inhibitors used in AIDS may cause lipoatrophy via 
unknown mechanisms. Conceivably they might have 
an antiobesity action. 

WHEN TO SUSPECT AND DIAGNOSE 
FATTY HEART (Table 2) 

Fatty heart should be suspected in any obese 
individual. It can be assumed to be present in any 
lipodystrophic patient. 

A. Specific diagnosis: This requires a myocardial 
biopsy with staining for Oil Red 0. 

B. Noninvasive diagnosis: The magnetic resonance 
spectroscopic technics pioneered by Szczpaniak and 
coworkers now provide a relatively specific noninvasive 
means of making the diagnosis. 

C. Indirect evidence of fatty heart: Evidence from 
the Shulman and Birnbaum laboratories suggests that 
the insulin resistance (resistance to insulin-stimulated 
glucose transport into skeletal muscle) of obesity and 
lipoapoptosis share a common pathway. Long-chain 
fatty acids and/or ceramide block phosphorylation of 
Akt2, which is crucial for translocation of Glut-4 to the 
plasma membrane. Akt2 is also important in mediating 
the survival signals mediated by insulin and IGF-1, as 
depicted in Figure 20A. By blocking the association of 
IRS-2 and Akt2, elevated tissue lipids, FAcyl CoA 
and/or ceramide not only cause insulin resistance but 
they promote apoptosis by failing to inactivate 
proapoptotic factors such as Bad (Figure 20B). We 
therefore suspect that a common mechanism exists for 
insulin resistance and apoptosis and that insulin 
resistance may simply be an early harbinger of a slow 
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Fig. 20: A) A naiVe depiction of a central role for Akt in medi­
ating insulin and /GF-1-stimulated glucose transport and 
antiapoptosis. B) Possible mechanism by which intracellular 
lipid excess impairs insulin sensitivity early on and over years 
destroys these cells via lipoapoptosis (Kennedy et at., 1997). 
See a/so Fig. 13. 



lipotoxic process taking place in skeletal and cardiac 
muscle cells that culminates ultimately in lipoapoptosis. 
We suspect that whatever is happening in skeletal 
muscle is also happening in cardiac muscle (Figure 
21 ). Consequently, the presence of insulin resistance 
in an obese person is presumptive evidence of 
increased intramyocyte lipids both in skeletal and 
cardiac muscle. Fasting hyperinsulinemia in excess of 
70 11Uiml in a normoglycemic person, we guess, would 
be correlated with intramand skeletal muscle and 
would also be correlated with the BMI. While this is, of 
course, hypothetical, the hypothesis is readily testable. 
If confirmed, this would provide a simple screening test 
for more specific diagnostic procedures for fatty heart, 
and this is supported by Figure 21, showing 
simultaneous overaccumulation of lipids in skeletal and 
cardiac muscle. 

Cardiac Muscle 

Fig. 21: Comparison of staining with oil red 0 in skeletal 
and cardiac muscle of obese fa/fa and normal +/+ ZDF 
rats. Overaccumulation of lipid in the two muscle organs 
occurs simultaneously. 
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William Harvey, William Harvey was born in England in 1578. After earning a 
degree at Cambridge University at the age of twenty, he journeyed to Italy to 
study medicine at the University of Padua. Padua was the center for western 
European medical instruction at that time. Harvey graduated with honors in 
1602 and returned to England where he earned yet another medical degree 
from Cambridge University. He then settled down to begin practicing medicine. 

Harvey was fascinated by the way blood flowed through the human body. Most people 
of the day believed that food was converted into blood by the liver, then was consumed 
as fuel by the body. Harvey knew this was untrue through his firsthand observations of 
human and animal dissections. In 1628 Harvey published An Anatomical Study of the 
Motion of the Heart and of the Blood in Animals which explained how blood was 
pumped from the heart throughout the body, then returned to the heart and recirculated. 
The views this book expressed were very controversial and lost Harvey many patients, 
but it became the basis for all modem research on the heart and blood vessels. A 
second ground-breaking book published by Harvey in 1651, Essays on the Generation 
ofAnimals, is considered the basis for modem embryology. 

Despite the uproar over each of Harvey's unconventional anatomical theories, he was 
recognized as a medical leader in his day. He was doctor to King Charles I of England 
and was appointed doctor of physic at Oxford. At the time ofhis death in 1657, 
Harvey's medical and scientific genius were celebrated throughout the European 
medical community. 
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Jean-Nicholas Corvisart 
1755-1821 

Jean-Nicholas Corvisart, an important figure in early 19th century French medicine, 
popularized percussion as a diagnostic tool, was the author of a major textbook 
oncardiovascular diseases and was Napoleon's personal physician. 

The Austrian physician Leopold von Auenbrugg (1722-1809) first described the diagnostic 
utility of chest percussion in 1761, in his book lnventum Novum. Ahead of his time, 
Auenbrugg's work was criticized and ignored and he was forced to retreat to private 
practice and other interests (including writing the libretto for a Salieri opera!). Corvisart 
became interested in percussion of the chest, translated lnventum Novum from Latin into 
French in 1808 (the year before von Auenbrugg died), and popularized the technique. 

Corvisart became professor of medicine at the College de France in 1797. He acquired 
areputation as a skilled bedside diagnostician and an excellent teacher. His students 
included Laennec, Dupuytren, Bichat and Bretonneaut. Corvisart's main interest was in 
cardiology. He described some of the clinical features of pericardia! and valvular heart 
disease, including the palpatory "thrill" associated with mitral stenosis. In 1806 he 
published a major textbook entitled Essay on the Diseases and Organic Lesions of the 
Heart and Large Vessels. 

Corvisart's most famous patient was the Emperor, Napoleon ("I do not believe in 
medicine,but I do believe in Corvisart"), whom he attended from 1804 until Napoleon's fall 
from power in 1815. 

tRene Laennec (1781-1826) invented the stethoscope in 1816. Pierre Fidele Bretonneau 
(1778-1862) gave diphtheria its name, and is credited with the first tracheotomy. Francais­
Xavier Bichat (1771-1802) pathologist, described various "tissues". Guillaume Dupuytren 
(1777-1835) was a French surgeon. 
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R. T. H. Laennec 
(1781-1826) 
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De /'auscultation mediate (On mediate auscultation) 

Rene Theophile Hyacinthe Laennec studied medicine in Paris under Jean­
Nicolas Corvisart, personal physician to Napoleon. He served as visiting 
physician to Necker Hospital, then succeeded his mentor as chair of medicine 
at the College de France in 1822. Just four years later, he died of tuberculosis. 

Laennec is considered one of the greatest clinicians of his time. Like his 
teacher Corvisart, who popularized Leopold Auenbrugger's method of 
percussion to diagnose thoracic disorders, he specialized in the study of chest 
disease by auscultation. Laennec's contribution to the field was De 
!'auscultation mediate (1819), in which he introduced auscultation by means 
of an instrument he invented and named the stethoscope ("chest examiner"). 
His first stethoscope was simply a cylinder of paper. By 1819, it had evolved 
into a hollow wooden tube. In De !'auscultation mediate, Laennec described in 
unprecedented detail the audible symptoms of thoracic diseases. He also 
included diagrams of his new invention and made the stethoscope available for 
purchase from the publishers. 

This is a first edition (in two volumes) published in Paris in 1819. 
24 




