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Review PAPER

Nutritional Assessment in Heart Failure Patients

eart failure (HF) is a growing epi-

demic worldwide with a particu-
larly large presence in the United
States. There are approximately 5 mil-
lion persons in the United States who
have HF, with more than 550,000 new
patients diagnosed each year."* In 2010,
$39.2 billion was spent in the United
States for the management of HF.!
Because of the high prevalence and inci-
dence of HF, much research has been
devoted to the care of these patients.
This research has led to the current
guidelines for HF therapy, which include
B-blockers, angiotensin receptor block-
ers, aldosterone antagonists, diuretics,
cardiac resynchronization, and implant-
able cardiac-defibrillators.”  Although
these therapies have been shown to
decrease morbidity and mortality and
even improve quality of life, additional
management strategies need to be stud-
ied to further improve the outcomes of
these chronically ill individuals. One
area of HF management that has limited
study and application is nutritional
assessment and supplementation. This
review will describe the different nutri-
ents that are potentially important for
the HF patient and provide some of the
supporting evidence (Table).

Micronutrients

There are extreme metabolic demands
on the adult human heart, which is
responsible for pumping approximately
5 L of blood per minute at rest and up
to 24 L/min during vigorous exercise.
The heart will circulate more
>7200 L/d and >2.6 million L/y. Dur-
ing the course of 80 years, the average
heart will pump more than 3 billion
times. The predominant energy source
is fatty acids, but the heart can also eas-
ily utilize carbohydrates or both carbo-
hydrates and fatty acids simultaneously.
Both of these energy sources are con-

Heart failure (HF) is a growing epidemic worldwide with a particularly large presence in
the United States. Nutritional assessment and supplementation is an area that can be stud-
ied to pofentially improve the ouicomes of these chronically ill patients. There have been

many studies reporting the effect of various nutrients on HF patients, often with mixed
results. Amino acids such as taurine, which is involved in calcium exchange, has been
reported to improve heart function. Coenzyme Q10, a key component in the electron
transport chain, is vital for energy production. L-carnitine, an amino acid derivative, is
responsible for transport of fatty acids into the mitochondria along with modulating glu-
cose metabolism. Thiamine and the other B vitamins, which serve as vital cofactors, can
often be deficient in HF patients. Omega-3 fatly acid supplementation has been demon-
strated to benefit HF patients potentially through anfi-arrhythmic and anti-inflammatory
mechanisms. Vitamin D supplementation can potentially benefit HF patients by way of
modulating the renin-angiotensin system, smooth muscle proliferation, inflammation, and
calcium homeostasis. Although supplementation of all of the above nutrients has the
potential to benefit patients with HF, more studies are needed to solidify these recommen-
dations. Congest Heart Fail. 2011;17:199-203. ©2011 Wiley Periodicals, Inc.
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verted into adenosine triphosphate
(ATP), which is hydrolyzed by the
heart to continue its pump function.
Micronutrients and macronutrients are
essential for maintaining this highly
efficient machine’s parts for the life of
the human it occupies by way of
renewing enzymes, membranes, and
structural elements with amino acids,
lipids, and carbohydrates that are either
synthesized or consumed in the diet.
Micronutrients of importance include
coenzyme Q10 (Co QI10), L-carnitine,
thiamine, amino acids such as taurine,
omega-3 fatty acids, and vitamins.
Many of these micronutrients have
been noted to be deficient in patients
with HE>

Amino acids are a vital nutrient for
cardiac metabolism in that they are the
foundation from which proteins are con-
structed as well as serve as an intermedi-
ary metabolite. Of particular importance
is taurine, which is not involved in pro-
tein synthesis; however, taurine is
reported to make up one fourth of the
amino acid pool in the heart and func-
tions as an antioxidant and regulates
calcium homeostasis.* Taurine modu-
lates a variety of calcium exchange
mechanisms to ensure optimal levels
and prevent cellular overloads or defi-
ciencies.’ In a recently published ran-
domized controlled trial of taurine
supplementation in HF patients, those
who received taurine supplements had
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Table. Nutrients Important in Heart
Failure Patients

Amino acids: taurine

Coenzyme Q10

Lcarnitine

Thiamine [vitamin B1)

Riboflavin (vitamin B2)

Pyridoxine (vitamin B6)

Omega-3 fatty acids

Vitamin D

Magnesium, potassium, zinc, selenium

better exercise capacity than those who
received placebo.® Taurine supplemen-
tation has also been shown to lower left
ventricular (LV) end-diastolic pressures®
as well as improve systolic function.®®
In a study of taurine transporter knock
out mice, it was observed that they
reverted to a fetal cardiac phenotype
and had cardiomyocyte atrophy, mito-
chondrial and myofiber damage, and
ultimately cardiac dysfunction.'®

Co Q10, also known as ubiquinone, is
an important component of the electron
transport chain in the mitochondria and
is essential for the production of the
heart’s major energy source, ATP. Co
Q10 has also been shown to act as an
antioxidant that decreases low-density
lipoprotein oxidation.!" Unfortunately,
in patients with HF, serum and tissue
levels of Co Q10 have been shown to
be lower."* In addition to this fact, sta-
tins, commonly used by HF patients, are
HMG-CoA reductase inhibitors that
can further deplete the body of this vital
nutrient.”® It has been suggested that
the degree of Co Q10 deficiency can
correlate to worse LV function and
mortality.!*"> For this reason, several
studies looked at the supplementation of
Co QIO in HF patients. Significant
improvement in ejection fraction,'®
stroke volume,'®!” cardiac output,'” pul-
monary artery pressure,'’  functional
capacity,'™® and quality of life®® has
been shown in trials of Co QI0.
Although there is a good deal of
evidence supporting Co Q10 supple-
mentation, some studies showed no ben-
efit,’"*? leaving us with mixed results.
Recently, however, meta-analyses have
shown significant benefit of Co Q10
supplementation in HF patients.”> Co

Q10 also has been shown in a meta-
analysis to lower systolic blood pressure
by up to 17 mm Hg and diastolic blood
pressure by up to 10 mm Hg, without
major adverse side effects in patients
with essential hypertension.**

L-carnitine is derived from amino
acids and is responsible for the transport
of fatty acids into the mitochondria from
the cytosol.?® It also has a role in modu-
lating glycolysis, the Krebs cycle, and
glucose metabolism. Propionyl-L-carni-
tine, a derivative of L-carnitine, has also
been shown to be involved in the Kreb’s
cycle as well as increased glucose oxida-
tion and improved contractile func-
tion.?S Although L-camitine can be
produced endogenously as well as pro-
vided by diet, low levels have been
observed in HF patients.”’ In a study by
Serati and colleagues,”® treatment with
L-camnitine resulted in improved dia-
stolic parameters by echocardiography
when compared with those who
received placebo. In a randomized, dou-
ble-blind, placebo-controlled multicen-
ter trial conducted by lliceto and
colleagues,”® supplementation of L-carni-
tine post—myocardial infarction was
shown to attenuate LV dilatation. Rizos
demonstrated a mortality benefit in
New York Heart Association class 1l or
IV patients treated with L-camitine.”®
Despite the positive results in studies
investigating the effect of L-carnitine on
HF, there have been others that have
shown no benefit.’! In summary, L-car-
nitine supplementation has been shown
to improve exercise capacity, maximum
exercise time, peak heart rate, and peak
oxygen consumption as well as hemody-
namic and echocardiographic parame-
ters in HF patients in a variety of
studies.! However, more studies are
needed to truly demonstrate the benefits
of L-camitine supplementation in HF
patients.

Thiamine, otherwise known as vita-
min Bl, serves as a key cofactor in
carbohydrate metabolism. It is not syn-
thesized in humans, and little thiamine
is stored endogenously. As such, contin-
ual ingestion is required to prevent
thiamine deficiency.” The effects of thi-
amine deficiency and the benefit of thia-
mine supplementation are disease- and

medication-dependent.’ Severe thia-
mine deficiency can result in severe
vasodilatation and high-output HF,
known as wet beriberi. This form of thi-
amine deficiency clearly warrants thia-
mine supplementation; however, wet
beriberi is increasingly uncommon.’
The benefit of thiamine supplementa-
tion in less severe forms of thiamine
deficiency is still unclear. Thiamine defi-
ciency in HF has typically been attrib-
uted to the use of loop diuretics, which
promote the excretion of thiamine and
other water-soluble B vitamins.’>’
However, poor dietary intake is likely a
contributing factor in many patients.>*
A series of studies have shown thiamine
deficiency to be fairly common in the
HF population, with prevalence ranging
from 13% to 33%.%5°° The prevalence
may be even higher in hospitalized and
elderly patients with HF.***7 A number
of small studies have shown improved
markers of LV function after thiamine
supplementation. Shimon and col-
leagues®® enrolled 30 patients with thia-
mine deficiency taking loop diuretics
and provided 7 weeks of thiamine sup-
plementation.”® Twenty-seven of the 30
patients showed a mean improvement
in LV ejection fraction of 22%. Another
study by Seligmann and colleagues™
treated 23 HF patients with a 7-day
course of intravenous thiamine and
demonstrated a mean improvement in
cjection fraction of 13% and a mean
increase in systolic blood pressure of
10 mm Hg. Studies have shown that
the use of spironolactone helps to abate
the excretion of thiamine and improve
serum thiamine levels.*>* Moreover,
even small doses of thiamine (1.5 mg/d)
appear to prevent thiamine deficiency in
HF patients.”® Other studies have shown
mixed results from thiamine supplemen-
tation in HF*™!' Larger studies are
necessary to examine the benefit of thia-
mine supplementation in HF, but it
appears reasonable to supplement thia-
mine in chronic HF patients, especially
those taking high-dose loop diuretics.
Riboflavin and pyridoxine are water-
soluble B vitamins that play a key
role in the beta-oxidation of lipids,
carbohydrate metabolism, and red blood
cell production. Like thiamine, these
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vitamins show increased excretion with
loop diuretics.** Riboflavin and pyridox-
ine deficiencies have been demonstrated
in chronic HF patients. One study of
100 patients reported riboflavin defi-
ciency in 27% and pyridoxine deficiency
in 38%* ; however, data regarding sup-
plementation and its effect on cardiac
function are lacking.

Hyperhomocysteinemia has  been
established as an independent risk factor
for the development of HF even in the
absence of myocardial infarction.*
Vitamin B12 and folate deficiencies are
the most common cause of elevated
plasma homocysteine levels in adults.*®
Supplementation of these vitamins can
effectively reverse elevated plasma ho-
mocysteine levels.*® Studies show that
levels of B12 and folate correlate poorly
with the development of HF, and sup-
plementation with vitamin B12 or folate
has not been investigated.

Other potential important micronu-
trients in the HF patient include magne-
sium, potassium, zinc, selenium, and
creatine. Magnesium and potassium
deficiencies have been associated with
arthythmias. Zinc and selenium are an-
tioxidants that have also been reported
to be low in HF patients.* Creatine is a
key component of energy metabolism in
the heart muscle and has also been
reported to be deficient in patients with
severe HE*

Omega-3 Fatty Acids

Although reasons for the potential ben-
efits of omega-3 polyunsaturated fatty
acids (PUFAs) are not completely
understood, omega-3 fatty acids appear
to confer cardiovascular benefits largely
through docosahexaenoic acid-— and
eicosapentaenoic  acid-enrichment of
membrane phospholipids.*” The incor-
poration of omega-3 PUFA into the
membranes of target cells and tissues is
likely to produce a reduction in electri-
cal excitability, thus decreasing the
potential for arthythmic events.”® Other
beneficial physiologic effects include
inhibition of thromboxane production,
increased production of prostacyclin,
increased fibrinolytic activity of plasma,
modification of leukotriene and cyto-
kine production to reduce inflammation,

reduction in vasospastic response to
catecholamines, reduction in blood vis-
cosity, decreased platelet-activating fac-
tor and platelet-derived growth factor,
and oxygen free-radical generation.’!
These cumulative effects ultimately lead
to increased arrhythmic thresholds,
reduction in arterial blood pressure,
improvement in arterial and endothelial
function, reduced platelet aggregation,
and favorable affects on autonomic
tone.”? Fish oils also decrease tumor
necrosis factor (TNF) production in HF
and improve body weight.

Omega-3 PUFA  supplementation
may represent a novel therapeutic
approach in late-stage HF characterized
by cardiac cachexia.’>** Supplementa-
tion with omega-3 PUFAs has also been
of potential interest as a therapy for HF.
Trials in primary and secondary preven-
tion of coronary heart disease showed
that omega-3 fatty acid supplementation
results in a relative risk reduction of
10% to 20% in fatal and nonfatal car-
diovascular events.”® The Cardiovascu-
lar Health Study showed an inverse
association in the intake of baked or
broiled fish and incidence of congestive
HE.**57 This result was supported by
recent data from the Atherosclerosis
Risk in Community (ARIC) study,
showing an inverse relationship between
omega-3 PUFA intake and incident HF
in women.*®

Further evidence on the benefit of
omega-3 PUFA in HF was shown by the
Gruppo Italiano per lo Studio della So-
pravvivenza nell'Infarto  Miocardico
Heart Failure (GISSI-HF) investigators.
Almost 7000 patients with New York
Heart Association class Il through 1V
chronic HF were randomized to receive
1 g/d of omega-3 PUFAs or matching
placebo.” Death from any cause was
reduced from 29% with placebo to 27%
in those treated with omega-3 fatty acids
(adjusted hazard ratio, 0.91; 95.5% confi-
dence interval, 0.833-0.998; P=.041).
The co-primary outcome of death or
admission to hospital for a cardiovascular
event was also reduced. Although the
improvements in clinical outcomes were
modest, the therapy was safe, well toler-
ated, and additive to those of other thera-

pies that are standard of care in HF.

Animal studies in cardiac remodeling
suggest that higher doses of omega-3
PUFA may be useful.®® In a small 18-
week study of 14 patients with class I
through IV HF, there was marked
improvement in inflammatory cyto-
kines, TNF-o and interleukin 1, with
5.1 g/d of eicosapentaenoic acid and do-
cosahexaenoic acid.””> These findings
were echoed in the GISSI-HF study.
Effect of n-3 PUFAs in patients with
chronic HF in the GISSI-HF trial, a
randomized, double-blind, placebo-con-
trolled trial,”® and a Japanese epidemio-
logical study®" both suggest that higher
pharmacologic doses of omega-3 PUFA
are needed to obtain maximal clinical
benefits in patients with HF.

Further studies are needed to deter-
mine not only the optimal dose of
omega-3 PUFA protection in different
stages of HF, but also the underlying
mechanism of action responsible for
these benefits. It is clear that supplemen-
tation with omega-3 PUFA provides sig-
nificant overall benefit with minimal
risk. In a recent editorial published in
The Lancet, Fonarow® concludes that
“supplementation with omega-3 PUFAs
should join the short list of evidence-
based life-prolonging therapies for
HF.nﬁ?.

Vitamin D

Vitamin D deficiency has been reported
to be associated with many of the tradi-
tional CV risk factors such as diabetes
mellitus, hypertension, and dyslipidemia
either directly or indirectly.”® Of partic-
ular interest for this review is the associ-
ation of vitamin D deficiency with
increased parathyroid hormone levels
and subsequent effect on the modulation
of the renin-angiotensin system, cardiac
contractility, and smooth muscle prolif-
eration leading to LV hypertrophy.%*
The greatest source of vitamin D is sun-
light exposure and endogenous produc-
tion in the skin. Vitamin D can also be
obtained from dietary sources but to a
much lesser degree.”” Vitamin D defi-
ciency has been reported to be a
problem in several different populations
ranging from the young and healthy to
the elderly and is prevalent in HF
patients as well. A study published by
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Schierbeck and colleagues® indicated
that both low vitamin D and elevated
PTH were independently associated
with mortality in HF patients.

Future of Nutrition in HF

Nutrition is an extremely important part
of managing HF patients, particularly
because many of them may be malnour-
ished. With the large energy and nutri-
ent demands of the human heart, it is
essential to keep up with consumption

to prevent the further fall in heart func-
tion in these already disadvantaged
patients. There are physiologic reasons
to supplement all of the nutrients we
have discussed in this review, yet data
still do not exist to be able to make solid
recommendations. In addition, have
many of the studies that have investi-
gated nutrient supplementation simply
fulfilled the need of one nutrient to
potentially unmask the need for another?
As discussed above, some basic treat-

ment modalities of HF patients such as
diuretics can, in and of themselves, con-
tribute to some of the nutrient deficien-
cies. It is time to investigate the benefits
of nutrient supplementation by design-
ing a large randomized controlled trial
comparing patients with repleted nutri-
ents vs those who receive placebo. The
formulation of nutrients in this study
should include many if not all of the
ones discussed in this review to answer
the question of whether there is benefit.
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Nutritional supplementation with MyoVive repletes
essential cardiac myocyte nutrients and reduces left
ventricular size in patients with left ventricular
dysfunction

Farida Jeejeebhoy, MD,” Mary Keith, PhD,* Michael Freeman, MD,” Aiala Barr, PhD,* Michele McCall, MSc, RD,*
Regina Kurian, BSc,” David Mazer, MD,“ and Lee Errett, MD* Toronto, Ontario, Canada

Background Congestive heart failure depletes the myocardium of carnitine, coenzyme Q10 (CoQ10), and tau-
rine—substances known to influence mitochondrial function and cell calcium. We hypothesized that feeding patients a
nutritional supplement that contained carnitine, CoQ10, and taurine would result in higher myocardial levels of these nu-
trients and improve left ventricular function.

Methods Forty-one patients who underwent aortocoronary artery bypass with an ejection fraction <40% at referral
were randomly assigned to a double-blind trial of supplement or placebo. Radionuclide ventriculography was performed
at randomization and before surgery. Surgical myocardial biopsies, adjusted for protein content, were analyzed for carni-
tine, CoQ10, and taurine levels.

Results The groups were well matched. Minor exceptions were supplement group versus placebo group for digoxin
use (7 vs O, respectively; P = .009) and age (62 = 11 years vs 69 * 5 years, respectively; P = .04). There were signifi-
cantly higher levels in the treated group compared with the placebo group for myocardial levels of CoQ10 (138.17 +
39.87 nmol/g wet weight and 56.67 + 23.08 nmol/g wet weight; P = .0006), taurine (13.12 = 4.00 pmol/g wet
weight and 7.91 = 2.81 pmol/g wet weight; P = .003), and carnitine (1735.4 = 798.5 nmol/g wet weight and
1237.6 = 343.1 nmol/g wet weight; P = .06). The left ventricular end-diastolic volume fell by =7.5 = 21.7 mL in the
supplement group and increased by 10.0 = 19.8 mL in the placebo group (P = .037).

Conclusions Supplementation results in higher myocardial CoQ10, taurine, and carnitine levels and is associated
with a reduction in left ventricular end-diastolic volume in patients with left ventricular dysfunction before revascularization.
Because the risk of death for surgical revascularization is related to preoperative left ventricular end-diastolic volume, sup-
plementation could improve outcomes. (Am Heart J 2002;143:1092-100.)

Left ventricular dysfunction leading to congestive urgent need for therapies that improve left ventricular
heart failure (CHF) affects approximately 1.5% of the function and outcomes in patients with CHF.
population and is most frequently caused by ischemic It is known that CHF leads to malnutrition in 50% to
heart disease. Currently, with best medical practice, 68% of patients with CHF." Severe malnutrition in pa-
the death rate ranges from 50% in 5 years to as high as tients with CHF is termed cardiac cachexia,? which is
40% to 50% in 2 years, depending on the severity of an independent risk factor for mortality.” Traditionally,
the heart failure and the underlying cause. There is an it is believed that a deficit of protein and energy intake

is the most important cause of malnutrition in patients
with CHF. However, supplementation of protein-
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of Anesthesia, St Michael's Hospital, “University of Toronto, and *University Health f R despi in in lez i

Nework, Toronto, Onlario, Canad. unction, despite a gain in lean body mass.” Con-
Supported by a gront from Medifoods, Inc. versely, patients with severe CHF have lower levels of
Submitied May 31, 2001; accepled November 29, 2001. adenosine triphosphate in skeletal muscle, which also

Reprint requests: Lee Errett, MD, Chief, Division of Cardiovascular and Theracic Sur- d . ith . lori 1
gery, St Michael’s Hospilal, 30 Bond S, 8 Bond Wing, Suite 002, Toronle, Onforio, 0€s not iImprove with protéin-calorie supplementa-

Canada M58 1W8. tion,’ suggesting an abnormality of muscle energetics
E-mail: erretti@smh.toronto.on.ca rather than macronutrient deficiency in CHF. To sup-
© 2002, Mosby, Inc. Al rights reserved. . . .
0002.8703/2002/$35.00 - 0 4/1/121927 port this concept, studies have shown that patients
doi:10.1067/mhj.2002.121927 with ventricular dysfunction have an abnormality of

11



American Heart Journal
Volume 143, Number &

the mitochondrial respiratory chain® and that their
myocytes are depleted of carnitine,”® coenzyme
Q10,2'? and taurine."! In a small series, the severity of
depletion has been shown to be related to the severity
of the heart failure.'? In patients with CHF in some
controlled trials, repletion of 1-carnitine'® and coen-
zyme Q10" improves survival and reduces episodes of
pulmonary edema, respectively.

In addition, there is some evidence that 1-carnitine
supplementation will reduce the amount of left ven-
tricular dilatation after myocardial infarction.'® A ran-
domized, double-blind, placebo-controlled, multicenter
trial was conducted to address this question and found
that supplementation with 1-carnitine resulted in atten-
uation in the left ventricular dilation during the first
year after an acute myocardial infarction.'®

Supplementation with coenzyme Q10 in patients
with CHF may have a slight effect on maximal exercise
capacity and quality of life'®; however, the data are
conflicting, with another randomized trial showing no
effect on ejection fraction (EF), peak oxygen consump-
tion, or exercise duration in patients receiving stan-
dard medical therapy.'”

Myocardial calcium accumulation occurs in the fail-
ing heart and in hamster cardiomyopathy; taurine sup-
plementation reduces calcium accumulation and myo-
cardial injury.'® Thus, there is potential for taurine,
carnitine, and coenzyme Q10 to improve ventricular
function in patients with heart failure. A recent review
article emphasized the potential relation between mi-
cronutrient deficiency and CHF and stressed the need
for a large-scale trial of dietary micronutrient supple-
mentation in patients with CHF."®

We hypothesize that feeding a mixture of carnitine,
coenzyme Q10, and taurine to patients with ventricu-
lar dysfunction who undergo elective coronary artery
bypass surgery will increase myocardial levels of these
nutrients and also improve left ventricular function as
assessed by radionuclide ventriculography.

Methods
Study design

This was a single-center, randomized, double-blind, place-
bo-controlled study. Informed consent was obtained. The re-

search protocol was approved by the institutional review
board.

Patient selection

Stable patients taking medical therapy who were scheduled
for elective aortocoronary bypass surgery were approached
for consent if referral EF was =40% on the basis of contrast
ventriculography or 2-dimensional echocardiography, and if
ischemic heart disease only was present; the presence of
symptomatic CHF was not required for enrollment in the
study.
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Table 1. Composition of MyoVive

Component Amount per 250 mL
Energy (keal) 200
Protein (g) 15
Carbohydrates (g) 17.7
Fat {(g) 7.8
Carnitine (g} 3.0
Coenzyme Q10 [mg) 150
Tavrine (g) 3.0
Creatine (g) 225
Sodium (mg) 108
Potassium (mg) 750
Chloride (mg) 203
Calcium (mg) 315
Phosphorus (mg) 183
Magnesium (mg) 20
Iron (mg) 1.0
Zinc (mg) 15
Copper (mg) 1.5
Manganese (mg) 3.0
Fluoride (mg) 1.0
Molybdenum (pg) 50
Selenium (g} 50
Chromium (ng) 33
lodine (ug) 100
Retinol ester (j.g) 688
Cholecalciferol (.g) 5
a-Tocopherol acetate (mg) 538
Thiamin (mg) 25
Riboflavin (mg) 3.0
Niacin (mg) 20
Pantothenate (mg) 4.0
Pyridoxine (mg) 6.0
Folate (ng) 600
Cynocobalamin (pg) 3.0
Biotin (ng) 100
Ascorbate (mg) 250

Patients with significant valve disease and/or planned valve
surgery, unstable blood pressure and/or heart rhythm, major
comorbid disease, and patients taking supplements contain-
ing carnitine, taurine, and coenzyme Q10 were excluded
from the study.

Consecutive outpatients fulfilling the criteria were enrolled
from the 5t Michael's Hospital population of candidates for
cardiovascular surgery from September 1999 to August 2000.

Supplement

A palatable drink, MyoVive (Numico Research, Zoetermeer,
The Netherlands), which contains a mixture of carnitine, co-
enzyme Q10, and taurine, was given to patients receiving the
supplement. The composition of the supplement is given in
Table 1. Although the supplement contains other compo-
nents, these components did not influence the primary aim
of the study, which was to determine if supplementation in-
creased myocardial concentrations of taurine, carnitine, and
coenzyme Q10. A placebo drink, containing carbohydrate,
coloring, and flavoring in identical cartons, was provided for
this trial, and an independent pharmacist dispensed the car-
tons through the hospital investigational drug service.
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Protocol

At the time of enrollment, the patients had a baseline as-
sessment of Canadian Cardiovascular Society (CCS) class an-
gina, New York Heart Association (NYHA) class CHF, com-
plete blood count, liver and renal function biochemistry, and
radionuclide ventriculography. Patients were then randomly
assigned to receive supplement or placebo in a 1:1 ratio at a
dose of 250 mL per day for the duration of the study (until
their 30- to 45-day visit after the procedure). Investigators
and patients were unaware of the treatment. At the patients’
routine preoperative visit, the assessment was repeated. Dur-
ing the operation, a single left ventricular cardiac muscle bi-
opsy was taken and snap-frozen in liquid nitrogen. The biop-
sies were stored in liquid nitrogen until they were analyzed.
The tolerability of the liquid supplement (supplement or pla-
cebo) was monitored throughout the study with biweekly
telephone calls conducted by the study coordinator.

The primary end point was a comparison of the myocardial
levels of taurine, carnitine, and coenzyme Q10 between pla-
cebo- and MyoVive-fed patients. The secondary end points
were (1) the safety and tolerability of supplementation (as-
sessed by biochemical measurements and symptomatic ques-
tionnaire) and (2) left ventricular end-diastolic (LVEDV) and
end-systolic volume (LVESV) and EF as assessed by radionu-
clide ventriculography.

Method of radionuclide ventriculography

Left ventricular (LV) function was assessed with radionu-
clide ventriculography. Studies were acquired in the anterior,
45-degree left anterior oblique and 70-degree left anterior
oblique with multigated acquisition of 32 frames per cardiac
cycle after in vitro labeling of red blood cells with 30 mCi of
technetium-99m. The technologist was unaware of treatment
assignment. Global LVEF was calculated with the use of a
semiautomated method for definition of end-diastolic and
end-systolic regions, with calculation of background from the
left paraventricular region of interest. LV activities were cal-
culated from a region of interest manually drawn around the
LV perimeter at end diastole. LV time-activity curves were
generated from counts within the region of interest from the
32 frames of the summed cardiac cycle corrected for decay
and attenuation. A 2-mL blood sample was withdrawn during
the gated left anterior oblique image and counted on the
camera for volume calculation. LV volumes were attenuation-
corrected by taking a geometric measurement of the LV
depth with a point source marker and the camera and apply-
ing an attenuation coefficient of 0.15/cm. Decay correction
of the radioisotope was made on the basis of the law of ra-
dioactive decay. LV curve plotted from the LV region of in-
terest of the gated left anterior oblique images yielded car-
diac parameters, such as EDV and ESV.

Myocardial analysis for coenzyme Q10, taurine, and
carnitine

These analyses have all been standardized before measure-
ment, and their precision and accuracy were checked by per-
forming repeated measurements and comparing the measure-
ments with published data. The reproducibility of our
biochemical analysis was found to be 8.3% for coenzyme
Q10, 3% for taurine, and 7% for carnitine. In instances in
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which hamster data are not available, human data obtained in
our laboratory are almost identical to published values.

Coenzyme Q10 levels

Myocardial biopsies were prepared for the determination
of coenzyme Q10 concentration by use of high-performance
liquid chromatography.?’

Taurine

Taurine was analyzed by high-performance liquid chroma-
tography with the pico-tag method.*' Briefly, weighed tissue
was homogenized in cold 0.1 N HCI. After a short centrifuga-
tion, the supernatant went through an ultrafiltration process.
The filtrate was diluted 1:1 with methionine sulfone (internal
standard). Twenty-five microliters of the resulting sample and
known concentrations of taurine standard were dried in sepa-
rate tubes. The samples were redried with a solution contain-
ing methanol, sodium acetate, and triethylamine. The dried
material was derivatized with phenylisothiocyanate to pro-
duce phenylthiocarbamyl amino acids. These amino acid de-
rivatives were analyzed by high-performance liquid chroma-
tography with a specific Pico-Tag Column (Waters Co,
Mississauga, Ontario, Canada) and a gradient system. The
concentration of taurine was calculated from the peak area
ratios of the sample and the taurine standard.

Carnitine

Carnitine was measured by spectrophotometric enzymatic
assay, which measures the formation of 5-thio-2-nitrobenzoate
from CoAsh and 5,5-dithiobis-2-nitrobenzoate in the presence
of carnitine acetyl transferase.>* The formed 5-thio-2-nitroben-
zoate is proportional to the amount of carnitine present in
the sample. Briefly, tissues were homogenized in cold high-
performance liquid chromatography- grade water with a
ground glass homogenizer. Free carnitine was determined by
mixing fixed volumes of 1 M potassium hydroxide (KOH) in
methanol, 10% phosphoric acid, and saturated potassium
phosphate monobasic with a sample of the tissue homoge-
nate. The mixture was spun down, and the supernatant was
assayed for free carnitine.

Total carnitine was determined by mixing a sample of the
tissue homogenate with alcoholic KOH. The mixture was
heated for 1 hour at 65°C to hydrolyze the acylcarnitines.
After cooling the sample to room temperature, 10% phospho-
ric acid and saturated potassium phosphate were added to
the sample. The sample was spun down, and the supernatant
was analyzed for total carnitine.

To analyze the samples for carnitine, the spectrophotome-
ter was heated electronically to 37°C, and a cuvette was
placed in the sample compartment to equilibrate to 37°C. A
fixed volume of sample and reaction mixture was pipetted
into the cuvette and incubated for 1 minute followed by the
addition of carnitine aceryl transferase solution. The absor-
bance readings were taken at 412 nm and at fixed time inter-
vals. A standard curve was prepared with different concentra-
tions of 1-carnitine, the same way as described above.

Statistical analysis

Continuous variable data are presented as means and the
corresponding standard deviation, and the categoric data are
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Table Il. Baseline characterisfics of patients
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Variable MyoVive (n = 20) Placebo (n = 18) P
Age [y) 62+ 11 69+ 5 .03
Male (%) 19 (90.5) 18 (100) 99
Weight (kg) 87.4+17.2 94.9 + 36.4 62
Height (cm) 171277 1725 £59 6
Cardiac history (%)
Previous MI 15(75) 16 (88.9) 41
Previous thrombolysis 7 (38.9) 3(17.7) 26
Previous PTCA 3(15) 3(16.7) 99
Previous CABG 0 11(5.6) A7
Valve disease 3(15) 2(11.7) 99
Clinical history (%)
Hypertension 15(75) 10 (55.6) 3
Diabetes 9 (45) 6(33.3) 52
Family history 15 (75) 8 (44.4) 05
Current smoker 7 (35) 8(47.1) 44
Peripheral vascular disease 3(16.7) 5(29.4) 44
Hyperlipidemia 14(73.7) 11 (64.7) 72
CCS class (%) .38
| 2(10) 4(22.2)
I 12 (60) 6(33.3)
n 5(25) 7(38.9)
\ 1(5) 1(5.6)
NYHA class (%) .22
I 5(25) 10 (50)
n 12 (60) 7 (38.9)
\% 3(15.0) 1(5.6)
Radionuclide ventriculography n=19 n=18
Ejection fraction (%) 428 =122 44.6 + 3.6 69
End-diastolic volume (mL) 170.5 = 50.0 178.9 = 61.8 78
End-systolic volume (mL) 99.8 + 42.5 105 = 55.9 .84
Medications (%)
Angiotensin-converting enzyme inhibitor 15(75) 10 (55.6) 3
Aspirin 18 (90) 15(83.3) 65
B-Blocker 17 (85) 17 (94.4) b
Calcium-channel blocker 6 (30) 11 (61.1) R
Digoxin 7 (35) 0 008
Diuretics 6 (30) 6(33.3) 99
Nitroglycerin 8 (40) 12 (66.7) 1
Vitamin supplements 8 (40) 6(33.3) 74

presented as frequencies and percentages. Comparison be-
tween the 2 groups for continuous variables was performed
with the nonparametric Wilcoxon rank sum test. Comparison
between the 2 treatment groups for categoric variables was
performed with the Pearson y? test or the Fisher exact test.

Results

Fifty-three patients were approached for the study.
Twelve refused to participate— 4 because it was too
difficult to travel to the hospital and 8 because they
did not want to be randomly assigned to receive the
placebo. Forty-one patients were recruited from St Mi-
chael’s Hospital. At baseline, the patients were well
matched. Minor exceptions included greater digoxin
use in the MyoVive group and younger age (Table II).
The compliance was 93% and 99% (P = .0104) for the
MyoVive and placebo groups, respectively. The num-

14

ber of days patients took the supplement at the preop-
erative visit was 29.7 = 10.2 days and 30.2 * 9.6 days
(P = not significant [NS]) for the MyoVive and pla-
cebo groups, respectively. The biopsies were con-
ducted after 34.1 = 12.7 days and 34.9 * 8.4 days

(P = NS) of supplementation in the MyoVive and pla-
cebo groups, respectively.

After supplementation, the MyoVive group had a
significantly higher myocardial content of coenzyme
Q10, taurine, and total carnitine, by 144%, 66%, and
40%, respectively, compared with the placebo group
(Table III). The mean LVEDV in the MyoVive group
fell by a significant amount from the baseline to the
preoperative assessment (170.5 = 50 mL vs 158.9 =
51 mL; P < .05) (Table IV), and the paired data also
showed a significant reduction in the preoperative
LVEDV compared with placebo (=7.5 = 22 mL vs
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Table Ill. Heart muscle biopsy results
Variable MyoVive Placebo P
Total carnifine (nmol/g wet weight) 1735.4 = 798.5 1237.6 = 343.1 0569
Coenzyme Q10 (nmol/g wet weight) 138.17 = 39.87 56.67 + 23.08 0006
Taurine (wmol/g wet weight) 13.12 = 4.00 7.91 + 281 0016
Table IV. Radionudlide ventriculography results
MyoVive Placebo
Change Change
Baseline Preoperative prebaseline Baseline Preoperative prebaseline
Variable (n=19) (n=19) (paired data) (n=18) (n=17) (paired data)
EF (%)
Mean *= 5D 428 +12.2 437 = 12.5 0.9 =47 44.6 = 13.6 467 = 13.4 1.6 = 40
Median (Q1, Q3) 43 (31, 53) 46 (33, 56) 0.0(-3, 5) 44.5 (36, 56) 47 (42, 57) 2(-1,4)
Min to max 26-59 22-60 =77 19-70 23-70 -5-8
EDV (ml)
Mean = SD 170.5 = 50 158.9 = 51* -7.5 =22t 178.9 = 61.8 179.9 = 52.8 10=19.8
Median (Q1, Q3) 161 (140, 206) 158.5(126,171) -7.5(-18, 5) 172(117,224) 168 (145, 220.5) 8.5(-8.5, 28)
Min to max 98-306 79-295 -48, 43 88-306 101-293 =-17-40
ESV (ml)
Mean + SD 99.8 + 425 942 = 46.4 -4.7 + 18.1 105 = 55.9 101 = 52.7 1.4=172
Medion [Q1,Q3) 91.2(61.7,124)  78.1 (64.7, 132) -5.4(-14, 4) 105 (64, 138)  88.3 (63, 121.4) -0.5(-14, 4)
Min to max 48-211 43.6-203.6 -39.3-40.8 26.4-247.9 33.9-225.6 -22.3-29.4

*P < .05 vs baseline.
tP < .05 vs placebo.

10 = 19.8 mL; P < .05) (Figure 1). The difference be-
tween the baseline and preoperative LVEDV in the
MyoVive group was still significant (P = .0311) when
adjusted for calcium-channel blockers and angiotensin-
converting enzyme inhibitors. In the placebo group,
there was no significant change in the mean LVEDV
from baseline to the preoperative assessment (178.9 =
61.8 mL vs 179.9 = 52.8 mL) (Table IV). There was a
trend toward a reduction in the mean LVESV in the
MyoVive-fed patients from baseline to the preoperative
assessment (99.8 * 42.5 mL vs 94.2 = 46.4 mL) (Ta-
ble IV), and the paired data also showed a trend to-
ward a reduction compared with placebo (—4.7 =
18.1 mL vs 1.4 = 17.2 mL) (Figure 2). In the placebo
group, there was no significant difference in the mean
data from baseline LVESV to the preoperative assess-
ment (105 = 55.9 mL vs 101 * 52.7 mL) (Table IV).
There was no significant change in the EF in MyoVive
and placebo groups, and the paired measurements be-
tween the MyoVive and placebo groups were not dif-
ferent (Figure 3 and Table IV).

One patient in the MyoVive group had nausea and 1
had a single episode of vomiting. Two patients devel-
oped diarrhea and 1 of them dropped out of the study
as a result. None of the other patients dropped out
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because of these symptoms. None of the patients in
the placebo group had any adverse symptoms (Table
V). The difference between groups was not significant.

The administration of supplement compared with
placebo did not influence blood biochemistry, with
the exception of significantly higher creatinine levels
at the preoperative assessment. However, the blood
urea nitrogen was not increased (Table V).

Clinically significant adverse events were few. One
patient from each group had a preoperative myocar-
dial infarction; both of these patients went on to sur-
gery successfully. One patient who had a body mass
index of 42 in the placebo group developed sepsis
after the operation and spent 3 weeks in the intensive
care unit before being transferred to the floor. One
patient in the MyoVive group developed pneumonia
and had a 6-day stay in the intensive care unit. Clini-
cally significant renal failure developed after surgery in
2 of the patients in the placebo group, both secondary
to retention caused by prostate obstruction. In the
MyoVive group, 3 patients developed clinically signifi-
cant renal failure, 1 patient had renal artery stenosis, 1
patient had renal failure related to diabetes, and the
final patient had multiple medical problems after the
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Box-whisker plot of the paired difference between baseline and
preoperative left ventricular end-diastolic volume (EDV DIF) for the
MyoVive group (7.5 + 22 mL) and the placebo group (10 +
19.8 mL; P < .05).

operation with a wound infection, urinary tract infec-
tion, and atrial fibrillation.

Only 1 patient was lost to observation (MyoVive
group). Two patients died during the study, 1 from
each group: the patient in the MyoVive group devel-
oped coagulopathy after the operation, and the patient
in the placebo group developed severe mitral regurgi-
tation, which was complicated by cardiogenic shock
and CHF, after the operation and died during a second
operation. Four patients dropped out of the study, 2
from each group. Of the 2 patients in the MyoVive
group, 1 dropped out after developing diarrhea and
the other patient dropped out after developing renal
failure caused by renal artery stenosis. Of the patients
who dropped out of the placebo group, 1 dropped out
after family members had concerns about the patient
being enrolled in the study and the other patient
dropped out after developing atrial fibrillation after the
operation.

Discussion

The patients were selected on the basis of the LV
function assessed by either cardiac catheterization
with LV angiogram or echocardiography conducted by
the referring institution. Our baseline radionuclide an-
giography results indicated that the average EF was
42.8% * 12.2% and 44.6% = 13.6% (P = NS) for the
MyoVive and placebo groups, respectively. It is ac-
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Box-whisker plot of the paired difference between baseline and
preoperative left ventricular end-systolic volume (ESV DIF) for the
MyoVive group (—4.7 = 18.1 ml) and the placebo group (1.4 =
17.2 mL; P = NS).

cepted that radionuclide ventriculography results often
show a higher EF than echocardiography and LV an-
giogram. In any case, the groups were well matched
for baseline EF.

Overall, the patients tolerated MyoVive well and
compliance was better than in most studies. There was
a significant increase in creatinine in the MyoVive
group from the baseline assessment to the preopera-
tive assessment. However, there was no rise in blood
urea nitrogen. In our study, there was no clinical sig-
nificance to this rise in creatinine, and the rise in cre-
atinine did not affect the outcome in the patients who
were given MyoVive. In MyoVive, 50% of the creatine
is in the form of creatinine, which can raise blood cre-
atinine levels without a change in creatinine clearance.
However, measuring the creatinine clearance in future
studies with MyoVive will be important to confirm this
hypothesis.

The physiologic functions of coenzyme Q10, carni-
tine, and taurine have been well described. Ubiqui-
none or coenzyme Q10 plays a pivotal role as a rate-
limiting carrier for the flow of electrons through the
first stages of the mitochondrial respiratory chain and
is an important endogenous antioxidant.?* Taurine is a
unique amino acid that has no role as a component of
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Box-whisker plot of the paired difference between baseline and
preoperative ejection fraction (EF DIF) for the MyoVive group
(0.9 = 4.7 mL) and the placebo group (1.6 + 4.0 mL; P = NS).

Table V. Tolerability data
Preoperative
Variable MyoVive Placebo P
Adverse symptoms (%)
Cramps 0 0 -
Diarrhea 2(9.5) 0 .4899
Fullness 0 0 -
Nausea 1(4.8) 0 .5385
Reflux ] 0 -
Vomiting 1(4.8) 0 5385
Total 4 0 0519

protein synthesis or as a substrate for metabolism; it is,
however, the most plentiful amino acid in the myo-
cyte, and it plays a critical role in intracellular calcium
homeostasis.>* Carnitine is essential for long-chain fatty
acid transport from the cytoplasm to the mitochondrial
matrix; it also plays an important role in the balance
between glycolysis and glucose oxidation.>> Therefore,
these nutrients are essential for normal cell and mito-
chondrial function and calcium homeostasis. This
study has shown that feeding patients a mixture of
carnitine, coenzyme Q10, and taurine resulted in
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higher myocardial levels of these components. To
date, the only available data on supplementation and
the subsequent increase in myocardial levels are with
coenzyme Q10.” A study of endomyocardial biopsies
taken from patients with predominantly dilated cardio-
myopathy measured coenzyme Q10 levels.” Five of the
43 patients in this study subsequently received supple-
mentation with coenzyme Q10 and underwent biopsy
again.” The results showed a 20% to 85% increase of
myocardial coenzyme Q10.° Our study is the only ran-
domized, double-blinded, placebo-controlled trial that
has been conducted specifically to demonstrate that
supplemen-tation with carnitine, coenzyme Q10, and
taurine results in higher myocardial levels of these
components. The finding that feeding these compo-
nents, which have a potential to improve myocardial
function, results in higher myocardial levels is impor-
tant. If myocardial levels were not higher with oral
supplements, then the validity of such supplements
could be questioned.

In addition to the increases in myocardial levels of
carnitine, coenzyme Q10, and taurine, an improve-
ment in LV dimensions in the form of a significantly
reduced LVEDV and a trend toward a smaller LVESV
was noted. These changes are important because
LVEDV has been shown to be an independent prog-
nostic factor in patients with advanced heart failure.?®
In addition, the risk of death in patients undergoing
surgical revascularization®” is related to the preopera-
tive LVEDV. Therefore, a preoperative reduction of the
LVEDV could potentially reduce the risk of surgical
revascularization. Furthermore, a reduction in LV vol-
ume has resulted in improved prognosis in several
drug trials in patients with heart failure.?**' The mech-
anistic question is whether one or more of carnitine,
coenzyme Q10, or taurine improve function, or the
action of other constituents in MyoVive improves func-
tion. As previously mentioned, on the basis of previous
observations, protein-calories and the standard vitamin-
micronutrients in this formulation should not influence
cardiac function. MyoVive also contains creatine, but
this constituent, although improving skeletal muscle
function, does not improve cardiac function in pa-
tients with CHF*? or in animals.*® However, larger
studies are required to determine whether creatine
supplementation does not have an effect on cardiac
function. Finally, MyoVive contains a high dose of vita-
min E. However, a recent controlled clinical trial of
vitamin E supplementation found no reduction in oxi-
dative stress in patients with heart failure.** Therefore,
it is likely that improvement in function can be as-
cribed to the independent or synergistic action of 1 or
more of carnitine, coenzyme Q10, or taurine, and not
to the other constituents of MyoVive. A possible physi-
ologic basis for these data is the recent observation
(unpublished data) that the action of a combination of
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Table V1. Sofety data
Baseline Preoperative
Variable MyoVive Placebo P MyoVive Placebo P
ALP (/L) 77.2+17.2 81.3+258 .9883 78.5+ 204 789 +225 8367
ALT (/L) 33.1 =155 271 +98 3036 29 =93 26.6 =10 3485
AST (/L) 260=11.0 254 = 6.6 7261 268+ 154 253 +87 .8306
BUN [mmol/L) 72+33 71220 7065 7229 73x27 6189
Creatinine {mmol/L) 108.1 = 37.6 101.4 + 22 9442 153.3 = 60.1 108.2 = 28.7 0196
taurine, carnitine, and coenzyme Q10 in vitro on iso- 7. Regitz V, Shug AL, Fleck E. Defective myocardial carnitine metabo-

lated mitochondria from cardiomyopic hamsters is sim-
ilar to that seen with B-blockers.*® Perhaps it is the
reduction in the rate of oxygen consumption, which
results from this combination of nutrients, that subse-
quently causes a match between limited oxygen deliv-
ery caused by ischemia and the consumption rate. This
so-called flow match created by MyoVive supplementa-
tion would benefit the ischemic patient and result in
improved cardiac function.

The potential limitations of our study are the small
sample size and short duration of observation. Our hy-
pothesis would nced to be confirmed in larger studies
with a longer follow-up period.

In summary, oral supplementation of carnitine, tau-
rine, and coenzyme Q10 results in higher myocardial
levels of these constituents, which are known to influ-
ence myocardial function. In addition, there is a reduc-
tion of LVEDV, which is an important marker of prog-
nosis in a variety of cardiac conditions. The findings of
this study support the potential role of these compo-
nents in the management of patients with ventricular
dysfunction. Larger clinical trials of these supplements
need to be performed to evaluate their effect in im-
proving cardiac function and outcome.
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No variants in the cardiac actin gene in Finnish patients with
dilated or hypertrophic cardiomyopathy

Satu Kirkkiinen, MD, Keijo Peuhkurinen, MD, Pertti Jiiskeldinen, MD, Raija Miettinen, MSc, Piivi Kirkkiinen, MSc,

Johanna Kuusisto, MD, and Markku Laakso, MD Kuopio, Finland

Buckgron.md Dilated and hyperirophic cardiomyopathies are pri-
mary myocardial diseases that cause considerable morbidity and mortal-

gene were amplified with polymerase chain reaction and screened for
variants with single-strand conformation palymerphism analysis.

ity. Although these cardiomyopathies are clinically heterogeneous, genetic Results and Conclusion We did not find any new or previ-

ously reported variants, Our results indicate that defects in the ACTC gene
do not explain dilated cardiomyopathy or hypertrophic cardiomyopathy in

factors play an important role in their etiology and pathogenesis. The de-
fects in the cardiac actin [ACTC) gene can couse both cardiomyopathies.
The aim of our study was to screen for variants in the ACTC gene in po-

tients with dilated or hypertrophic cardiomyopathy from Eastern Finland. subjects from Eastern Finland and confirm earlier results that the ACTC

Materials and Methods Allogether, 32 patients with dilated
and 40 palients with hypertrophic cardiomyopathy were included in the

gene does not play an important role in the genetics of dilated or hyper-
trophic cardiomyopathies. (Am Heart ) 2002;143:e6.)

study. Commonly approved diagnostic criteria were opplied, and second-

ary cardiomyopathies were carefully excluded. All 6 exons of the ACTC 4/90/122514
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SPECIAL COMMENTARY

Conditioned nutritional requirements and the pathogenesis and

treatment of myocardial failure

Michael J. Sole and Khursheed N. Jeejeebhoy

The majority of symptomatic patients with congestive heart
failure have been shown to be significantly malnourished.
Myocardial and skeletal muscle energy reserves are also
diminished. Total daily energy expenditure in these patients is
less than that in control individuals, and high protein—calorie
feeds do not reverse the abnormalities; thus, the wasting that
occurs in patients with congestive heart failure is metabolic
rather than because of negative protein—calorie balance.
Several specific deficiencies have been found in the failing
myocardium: a reduction in the content of L-carnitine, coenzyme
Q;, creatine and thiamine, nutrient cofactors that are important
for myocardial energy production; a relative deficiency of
taurine, an amino acid that is integral to the modulation of
intracellular calcium levels; and an increase in myocardial
oxidative stress, and a reduction of both endogenous and
exogenous antioxidant defences. In addition, these processes
may influence skeletal muscle metabolism and function. Cellular
nutritional requirements conditioned by metabolic abnormalities
in heart failure are important considerations in the pathogenesis
of the skeletal and cardiac muscle dysfunction. A
comprehensive restoration of adequate myocyte nutrition would
seem to be essential to any therapeutic strategy designed to
benefit patients suffering from this disease. Curr Opin Clin Nutr Metab
Care 3:417-424, © 2000 Lippincott Willams & Wilkins.
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ATP adenosine triphosphate
CoQ,q coenzyme Qg

PCr creatine phosphate

« 2000 Lippincott Williams & Wilkins
1363-1950

Introduction

Congestive heart failure has emerged as a major health
problem during the past 3 decades [1,2]. In spite of our
advances, no presently available therapeutic intervention
has been shown to improve substantially the long-term
survival of patients who suffer from this disease. The
modern pharmacological therapy of heart failure has
focused on the amelioration of fluid overload, haemody-
namic abnormalities and inappropriate neurohormonal
stimulation. Attention is now being turned to the
evaluation and management of actiological factors that
lead to progressive, long-term myocardial damage,
particularly factors that result in myocyte loss or
dysfunction [3].

Energy demands are increased and energy production is
diminished in the overloaded myocytes of the failing
heart [4]. Whether basal myocardial function is impaired
by a chronic energy deficit is controversial; however, it
has become clear that energy reserve is markedly limited
[5,6]. Several metabolic abnormalities are important
contributors to the energy deficit and the pathogenesis
of myocyte deterioration. In particular, there is a gradual
accumulation of calcium in myocytes, which results in
mitochondrial calcium overload, decreased myocyte
energy production, increased oxidative stress and pro-
tease activation; this cascade culminates in myocyte
dysfunction and death.

These processcs may also adversely impact on skeletal
muscle metabolism and function, which are the primary
determinants of functional capacity of patients with
chronic heart failure [7]. Muscle wasting or cachexia is
common; 50-68% of patients with heart failure have
been reported in surveys to be malnourished [8,9].

Although metabolic rate is commonly regarded as
increased in patients with heart failure, recent studies
[10] have shown that daily ecnergy expenditure is
decreased, particularly in cachectic patients, suggesting
that hypermetabolism cannot account for the cachexia.
In addition, a recent controlled trial [11] showed that
high protein—calorie feeds did not reverse the abnorm-
alities in skeletal muscle observed in patients with
severe congestive heart failure. Thus, the wasting and
malnutrition in patients with congestive heart failure is
metabolic rather than due to negative protein—calorie
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balance. There also appears to be a significant correlation
between the loss of lean body mass in these patients and
increases in circulating catabolic neuroendocrine factors,
such as the catecholamines and cortisol, and cytokines
[12]). These findings indicate that correction of malnutri-
tion in patients with cardiac failure is not simply a matter
of feeding protein and energy; it also depends on
correcting metabolic abnormalities that interfere with the
maintenance of cardiac and skeletal muscle structure and
function.

Nutrient factors that influence

myocardial energetics

Myocardial energy production is aerobic and dependent
on a continual and adequate flow of nutrients. Attain-
ment of this metabolic need requires the assistance of a
number of cofactors. Reductions in the levels of these
[i.e. carnitine, which is critical for the transport of long-
chain fatty acid substrate and the maintenance of
adequate glucose oxidation; coenzyme Q;y (CoQy),
which is critical for the transport of electrons through the
initial portion of the mitochondrial respiratory chain and
is an important endogenous antioxidant; thiamine, which
is important as a coenzyme in carbohydrate metabolism;
and creatine, which is important as a storage reservoir
and shurttle of high energy phosphate] have been
described in heart failure.

L-Carnitine

Carnitine and metabolism

L-Carnitine, an amino-acid derivative (3-hydroxy-4-N-
trimethylaminobutyric acid), is essential for the transport
of long-chain fatty acids from the cytoplasm into the sites
of B-oxidation within the mitochondrial matrix [13]. In
addition to promoting the entry of fat into the
mitochondria, carnitine binds acyl groups and releases
free coenzyme A. This benefits the myocyte by
removing toxic, short-chain acyl groups to form acylcar-
nitines, which can freely diffuse out of the cell and be
eliminated through the urine. Carnitine also indirectly
activates pyruvate dehydrogenase, the rate-limiting
enzyme for glucose oxidation [13,14]; this in turn
improves the coupling between glycolysis and glucose
oxidation, reducing the lactate and hydrogen burden on
the myocyte.

Body stores of L-carnitine are supplied by both diet and
via endogenous biosynthesis from trimethyllysine. The
concentration of carnitine in normal adult cardiac and
skeletal muscle is approximately 8-15 nmol/mg noncol-
lagen protein; plasma levels are approximately 35-
50 pumol/l. Thus, plasma levels are not a good measure
of tissue concentrations. A 20-50:1 intracellular:extracel-
lular carnitine gradient is maintained by a sodium-
dependent plasma membrane transport system. Carni-
tine transport can be stimulated by f-adrenergic agonists

or dibutryl-cyclic adenosine monophosphate. After oral
administration, peak plasma concentration occurs at 3 h
and decays with a half-time of 34 h. The turnover of
endogenous muscle carnitine has not been evaluated in
humans, but data from the rat suggest that it is in the
order of several days [15].

Carnitine and heart failure

Genetically determined carnitine deficiency is associated
with the development of cardiomyopathy and skeletal
muscle dysfunction [16]; this can be ameliorated by L-
carnitine administration. Evaluation of carnitine meta-
bolism in several cardiac pathologies has led to the
realization that carnitine deficiency may also be acquired
and organ selective. Failing myocardium generally
exhibits a marked depletion (up to 50%) of both free
and total carnitine [13,15].

The administration of L-carnitine (3-6 g in divided
doses) or of one of its analogues (e.g. proprionyl-carnitine)
has been reported [13,15,17] to result in haemodynamic
improvement and an overall benefit in the functional
capacity of animals and patients with myocardial dysfunc-
tion. A recent multicentre, randomized, placebo-con-
trolled, double-blind clinical trial [18] showed a
significant beneficial effect, including a reduction in
adverse cardiac remodelling, when L-carnitine is taken for
12 months after myocardial infarction.

Ubiquinone or coenzyme Qo

Ubiquinone and metabolism

CoQyo or ubiquinone (2,3-dimethoxy-5-methyl-6-deca-
prenyl benzoquinone) plays a vital role as a rate-limiting
carrier for the flow of electrons through complexes I, II
and III of the mitochondrial respiratory chain. It is also a
major endogenous lipophilic antioxidant. The molecule
is sited within the inner mitochondrial membrane, but it
is also associated with the membranes of other intracel-
lular organelles, where it is important for the main-
tenance of redox activity [19] and electron flow across
membranes [20]. The importance of membrane effects
are supported by studies that have shown that incubation
of hepatocytes with adriamycin induces loss of respira-
tion and mitochondrial potential, but concomitant
incubation with CoQ,, completely protects both respira-
tion and potential despite the fact that there is no cell
uptake of CoQ,o [21]. Finally, it is also an important
component of circulating low-density lipoprotein parti-
cles, protecting low-density lipoprotein from oxidation

[22].

Ubiquinone is actively biosynthesized with the cells.
The quinone ring is synthesized from the amino acid
tyrosine and the polyisoprenoid side chain is formed
through the acetyl coenzyme A-mevalonate pathway.
The latter pathway is under the control of the enzyme
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hydroxymethylglutaryl coenzyme A reductase, which is
also used for cholesterol synthesis [22]. Inhibition of this
pathway using hydroxymethylglutaryl coenzyme A
reductase inhibitors, drugs that decrease plasma choles-
terol, also results in a parallel decrease in plasma
ubiquinone [22,23] and may also reduce tissue ubiqui-
none levels [24].

Ubiquinone is widespread throughout all food groups,
and thus body stores may also be partially supplied by
diet. The concentration of ubiquinone in normal cardiac
muscle is approximately 0.4-0.5 pyg/mg dry weight,
slightly less in skeletal muscle and 0.6-1.3 ug/ml in
plasma. Oral absorption is slow and markedly enhanced
in the presence of lipid; plasma levels peak at 5-10 h
and decay with a half-time of 34 h [25]. There is a large
hepatic first pass effect so that only 2-5% of an oral dose
is taken up by the myocardium. Available formulations
show a very broad range of absorption.

Coenzyme Q,o and heart failure

Because the heart depends on acrobic oxidation for its
energy needs, CoQ;q, which is critically necessary for
oxidative energy production, should be very important for
cardiac function. Unfortunately the role of CoQ,o in
cardiac disease is indirect and unclear. Significantly
reduced (up to 50%) levels of myocardial ubiquinone are
well documented in heart failure both in animal models
and humans [26,27], but it is not clear whether the degree
of reduction impairs mitochondrial oxidation or increases
cardiac damage through increased oxidative stress or
alterations in myocyte membrane structure and function.

Oral CoQ, therapy has been reported [28,29] to affect
beneficially the course of heart disease in a wide variety
of animal paradigms. The results of trials in patients with
heart failure [30-33] arc mixed. A merta-analysis of
published reports (up to 1997) [34] supports a haemo-
dynamic benefit. The studies that support a benefit
[30,31] are small or have significant methodological
problems. The negative studies [32,33] utilized doses of
CoQp of 100 mg/day or less; it has been suggested that
at least 150-200 mg/day of a highly bioavailable for-
mulation may be required. The data currently available
do not warrant the claims of proved benefit that are
being disseminated by advocates of CoQ;o.

Thiamine

Thiamine and metabolism

Thiamine, or vitamin B, status may be compromised in
heart failure because of a variety of causes. Thiamine is a
water-soluble vitamin that functions as a coenzyme in a
variety of enzyme systems, especially those that are
related to carbohydrate energy metabolism. Thiamine is
stored in very small quantitics; thus thiamine require-
ments, which are related to daily energy expenditure and
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carbohydrate intake, must be met daily. Therefore,
patients with poor intakes may be at increased risk for
deficiency during acute illness [35]. Necropsy studies
[36] indicated that thiamine deficiency is underdiag-
nosed in life. The classical deficiency signs of beri beri
are often absent or not recognized.

Thiamine and heart failure

The potential for thiamine deficiency to contribute to
myocyte loss and the evolution of heart failure may be
gleaned from the literature that pertains to the central
nervous system. Hakim and coworkers [37,38] showed
that thiamine deficiency in rats results in a decrease in
glucose utilization, focal acidosis, loss of calcium homeo-
stasis, upregulation of the tumor-suppressor p53 (an
important component of the apoptosis signalling path-
way) and initiation of apoptosis in the brain.

Thiamine intake in patients with heart disease has been
examined in only one study [39], which used a
semiquantitative food frequency questionnaire focusing
on foods that are high in thiamine. Nutrient analysis
indicated a low overall intake of thiamine of 0.966 mg/
day, with 33% of patients not meeting the recommended
dietary allowance of 0.8 mg/day for thiamine.

There is evidence from both animal and human studies
[40,41] that the use of diuretics, especially loop diuretics
such as frusemide, causes increased urinary losses of
thiamine, adversely affecting thiamine status. The
incidence of thiamine deficiency in patients with heart
failure is reported to be between 13 and 91%, depending
on the dose of frusemide and the population studied
[39,41,42].

Thiamine supplementation is reported to be of benefit
in patients with heart failure, but the trials that evaluate
this therapy are small and methodologically marginal
[41,43]. Further prospective studies in patients with
heart failure, documenting both the significance of
thiamine deficiency and the possible benefits of treat-
ment, are needed.

Creatine

Creatine and metabolism

Creatine phosphate (PCr) is the primary high-energy
phosphate reservoir of the heart and skeletal muscle.
Phosphocreatine is generated in the mitochondria and
diffuses to the myofibrils; high-energy phosphate is
transferred from PCr to adenosine diphosphate (ADP) to
form adenosine triphosphate (ATP) through catalysis by
creatine kinase:

PCr + ADP + hydrogen < ATP + creatine

Muscle creatine stores are maintained through biosynth-
esis from endogenous precursors (arginine, glycine, and
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methionine in the liver, pancreas and kidneys) and
through the ingestion of meat and fish. The concentra-
tion of total creatine in normal adult human myocardium
or skeletal muscle is approximately 140 umol/g protein;
creatine phosphate constitutes about 65-80% of the total
creatine under aerobic conditions [44]. Creatine is
accumulated by muscle against a large concentration
gradient from the blood; the transporter is probably
driven by the extracellular/intracellular sodium electro-
chemical potential. There is evidence that increased
adrenergic drive (a characteristic of heart failure) can
decrease myocardial creatine and creatine kinase [45].

Creatine and heart failure

Creatine has been shown [46] to directly benefit calcium
homeostasis and survival of dystrophic myocytes in
culture. Conversely, creatine depletion in animals results
in structural, metabolic and functional abnormalities in
muscle [44]. Myocardial and, to a lesser degree, skeletal
muscle creatine content is reduced with the expected
concomitant reduction in PCr in a wide variety of animal
paradigms and humans with heart failure [5,6,45,47].
Recently, it was reported [47] that the myocardial
PCr:ATP ratio may be a better predictor of patient
mortality in dilated cardiomyopathy than left ventricular
ejection fraction or the patient’s functional class. This
ratio also correlates well with myocardial function in
patients with mitral insufficiency [48]. It should be
noted, however, that this ratio is not only related to
cardiac creatine levels, burt is also dependent on ATP
synthesis rate, an index of mitochondrial function.

Creatine  supplements will increase skeletal muscle
creatine, but the benefit of increased muscle creatine is
only seen as a resistance to fatigue during short-term
intense exercise, where it reduces lactate accumulation
[49,50]. The role of creatine supplementation may
therefore not be observed in cardiac muscle under
normal levels of performance. The short-term adminis-
tration of creatine supplements to patients with heart
failure does not appear to increase cardiac ejection
fraction, but is reported to increase skeletal muscle PCr
with small but significant improvements in muscle
strength, endurance and metabolism, relative to pla-
cebo-treated control patients [51,52]. These latter trials
were of short duration and did not provide an adequate
assessment of the effect (if any) of creatine supplemen-
tation on the failing heart.

Regulating intracellular calcium

The failing myocardium exhibits an increase in calcium
content and impaired movement of intracellular calcium.
The activity of pyruvate dehydrogenase and therefore
glucose oxidation is sensitive to cell calcium levels [53],
and modulation of intracellular calcium is important in
promoting glucose oxidation during ischemia-reperfu-

sion. Appropriate regulation of intracellular calcium has
also been shown [54] to be important for mitochondrial
DNA transcription and translation. Thus, intracellular
calcium plays a vital role in myocyte energy production.
Calcium is also the critical biochemical coupler for
muscle function. Impaired reuptake of calcium into the
sarcoplasmic reticulum adversely affects diastolic relaxa-
tion, whereas the kinetics of trans-sarcolemmal calcium
flux and calcium release by the sarcoplasmic reticulum is
a principal determinant of systolic function. Chronic
intracellular calcium overload is initially buffered by
mitochondria, which are injured if overloaded, resulting
in increased production of reactive oxygen intermedi-
ates, reduced cell respiration and ultimately cell death.
Taurine, an amino acid that is critical to the maintenance
of intracellular calcium homeostasis, appears inade-
quately maintained in the failing myocardium.

Taurine

Taurine and metabolism

Taurine (2-aminoethanesulphonic acid) is a unique
amino acid that lacks a carboxyl group, and as such it
does not enter into protein synthesis. It is an important
amino acid for the modulation of cellular calcium levels,
and it exhibits a remarkable biphasic action by increasing
or decreasing calcium levels to maintain intracellular
calcium homeostasis [55,56]. In the heart, taurine
appears to do this by affecting several myocardial
membrane systems. It is reported to enhance calcium-
induced calcium release from the sarcoplasmic reticulum
both dircctly and through inhibition of the enzyme
phospholipid methyl transferase, influencing the phos-
pholipid environment of the ryanodine-sensitive calcium
channel. It also modulates cardiac calcium and sodium
levels through the cardiac sarcolemmal sodium—calcium
exchanger and a taurine-sodium exchanger. Taurine also
has antioxidant properties [57] and reacts with a variety
of potentially toxic intracellular aldehydes, including
acetaldehyde and malonyldialdehyde [58].

Taurine is found in particularly high concentrations in
the heart (15-25 umol/g protein), representing approxi-
mately 60% of the free amino acid pool in small animals
and 25-30% in humans [55,59]. Plasma levels are
approximately 50-80 umol/l.

Taurine is not an ecssential amino acid in humans
because it can be synthesized from cysteine or methio-
nine [59]; however, most taurine in humans is obtained
directly through dietary sources, particularly from fish
and milk. Biosynthetic capacity is maturation dependent,
being almost noncxistent in the human fetus and
newborn, and progressively increasing until adulthood
[60]. Taurine uptake by the myocyte is an active process
[61]. In the heart, taurine transport, like that of carnitine,
can be stimulated by f-adrenergic agonists or dibutryl-
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cyclic adenosine monophosphate; however, in other
tissues cyclic guanosine monophosphate pathways seem
to be important [59]. The taurine transporter of all
tissues is regulated by the activation of two calcium
sensitive enzymes: protein kinase C (which inhibits the
transporter) and calmodulin (which stimulates transport)
[61]. This reciprocal regulation of intracellular taurine
levels by these two enzymes is consistent with a
physiological role for taurine in the maintenance of
intracellular calcium homeostasis.

Taurine and heart failure

Cardiac taurine concentrations are altered in heart
disease. In myocardial ischaemia concentrations are
reduced [62]. Taurine depletion has been shown to
render the heart more susceptible to doxorubicin toxicity
or to ischaemic damage [63]. Prolonged depletion of the
myocardium has also been shown [64] to decrease
contractile force through reduction of myofibrils. This
finding is of interest because increased calcium levels in
the myocyte can activate calcium-dependent protein-
ases, which in turn may breakdown myofibrils. Cats have
very little taurine biosynthetic capacity, and may exhibit
a taurine-deficient cardiomyopathy [65]. In other species
nonischaemic myocardial hypertrophy and failure is
associated with an increase in cardiac taurine concentra-
tion [55].

Cytokine activity, particularly that of tumour necrosis
factor-2 and interleukin-6, is increased in heart failure
[66,67]. The infusion of tumour necrosis factor-z into
experimental animals has been shown [68] to reduce the
trans-sulphuration of dietary methionine to cysteine, and
in consequence to decrease the levels of taurine and
glutathione unless the animals are supplemented with
cysteine. These findings suggest that the increased
cytokine activity in heart failure may increase the need
for cysteine and taurine. Because cysteine will replenish
not only taurine but also glutathione, it may be an
important supplement for replenishing both.

In animal models, orally administered taurine has been
shown [55,69,70] to significantly reduce myocardial
damage induced by the calcium paradox, doxorubicin
or isoproterenol, or in hamster cardiomyopathy; it has
also been reported [71] to increase the survival of rabbits
with aortic regurgitation. As noted above, myocardial
taurine is increased in nonischaemic forms of heart
failure, and thus these studies suggest that the increase
in taurine was inadequate relative to the intracellular
calcium burden.

Studies of taurine administration in humans with
congestive heart failure have been very limited and
uncontrolled. However, taurine, given in an oral dose of
1 g three times per day, has been reported by one group
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of investigators [55] to be extremely well tolerated and
to improve both haemodynamic state and functional
capacity. No toxicity has been seen in either animal or
human studies.

Reducing oxidative stress

In addition to modulating energy production, nutrients
are also important in modulating the effect of free
radicals produced in the mitochondria at complexes I
and III. Antioxidants have an important role to play in
protecting mitochondria and cells from reactive oxygen
intermediates.

Until recently there was a reluctance to accept that
oxidative stress is important in the pathogenesis of heart
failure. However, recent investigations have shown that
oxidative stress may be an important contributor to the
deterioration of the hypertrophied or failing myocardium
(for review [72]).

Peroxidative damage has been demonstrated [72,73] in
the hearts of dogs and rats with heart failure due to
pressure or volume overload. We have observed
decreases in the levels of glutathione peroxidase and a-
tocopherol and a concomitant increase in protein
oxidation in the myocardium of cardiomyopathic ham-
sters during the late stages of hamster cardiomyopathy
[74]. The administration of vitamin E appeared to
normalize these findings completely [74].

Recently, we also demonstrated a significant increase in
the plasma level of lipid peroxides and malonyldialde-
hyde (markers of oxidative stress) in patients suffering
from congestive heart failure [67]. The increase in
oxidative stress was related to the clinical severity of
heart failure. These observations, and similar data from
other laboratories [75,76], suggest that antioxidant
supplements may be important additions to the therapy
of heart failure. Vitamin E supplementation (400 IU) in
12 patients with heart failure has been reported [76] to
decrease serum markers of oxidative stress. We have
been unable to confirm these data in a double-blind,
placebo-controlled, randomized trial of 1000 IU vitamin
E in 50 patients with New York Heart Association class
II-IV heart failure (unpublished data) [77]. Larger
studies examining the role of antioxidant therapy in
heart failure are now underway in several centres.

Nutritional supplementation as a new
therapeutic strategy for heart failure

We believe that the recommended daily allowances for
vitamins and related micronutrients established by
federal nutritional authorities cannot be relied on for
determining the nutritional needs of patients suffering
from cardiac or other diseases. This is because, as
described above, metabolic abnormalities or stress alter
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the ability or requirements of nutrients to carry out their
appropriate function. We have defined these nutritional
demands of a given physiological or pathological state as
‘conditioned nutritional requirements’.

The role of some nutrients in maintaining good health
generally and in treating various disorders has long been
recognized, particularly in the field of ‘alternative
medicine’, which often emphasizes the use of ‘natural’
ingredients for these purposes. Failure to satisfy condi-
tioned nutritional requirements as a (primary) cause of
organ dysfunction and cell death has not been well
recognized in either traditional or alternative medicines.
The need for a given nutrient may not be readily
detected, as its level in the blood may not reflect a
deficiency or increased requirements in the diseased
organ (e.g. carnitine, creatine, taurine or CoQq in
myocardial failure). Even normal levels may be insuffi-
cient to maintain full functional status in the face of
pathological metabolic demands. Furthermore, the
replacement of only one nutritional constituent, in the
traditional pharmacological paradigm, is unlikely to
correct the cascade of interconnected abnormalities that
is found in the failing myocardium (Fig. 1).

Finally, it should be noted that the population of
myocytes within the failing heart is heterogeneous with
respect to composition and structure. A 50% decrease in
the concentration of a given factor in the whole heart
reflects a distribution that includes only a minimal
decrease in some cclls, and a profound rate-limiting
decrease in others. The failing heart deteriorates over a
span of several years; thus, only a small minority of cells

Figure 1. Metabolic pathways with increased nutritional require-
ments in the decompensating myocyte
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at any given time can be irreversibly injured. Hence, the
vast majority of myocytes must be capable of at least
partially responding to a therapeutic intervention with
some recovery under the appropriate conditions.

Conclusion

The failing myocardium exhibits both nutritional defi-
ciencies and altered nutritional demands. These impair
myocardial energy metabolism and calcium balance and
increase oxidative stress. It is probable that skeletal
muscle nutrition is similarly impaired, but to a lesser
extent. Failure to satisfy these conditioned nutritional
requirements appears to be an integral contributor to the
myocyte dysfunction and loss, and possibly the fatigue
and exercise intolerance seen in heart failure. Thus,
restoring adequate myocyte nutrition would seem to be
esscntial to any therapeutic strategy that is designed to
benefit patients who suffer from this disease. Basic and
clinical research in this area is sorely needed.
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Abstract. Background: There is evidence that plasma CoQyq levels decrease in patients with advanced chronic heart failure
(CHF).

Objective: To investigate whether oral CoQio supplementation could improve cardiocirculatory efficiency in patients with
CHF.

Methods: We studied 21 patients in NYHA class II and III (18M, 3W, mean age 59 £ 9 years) with stable CHF secondary to
ischemic heart disease (ejection fraction 37 + 7%), using a double-blind, placebo-controlled cross-over design. Patients were
assigned to oral CoQio (100 mg tid) and to placebo for 4 weeks, respectively.

Results: CoQ1o supplementation resulted in a threefold increase in plasma CoQy level (P < 0.0001 vs placebo). Systolic
wall thickening score index (SWTI) was improved both at rest and peak dobutamine stress echo after CoQo supplementation
(+12.1 and 15.6%, respectively, P < 0.05 vs placebo). Left ventricular ejection fraction improved significantly also at peak
dobutamine (15% from study entry P < 0.0001) in relation to a decrease in LV end-systolic volume index (from 57 + 7 mL/n?
to 45 mL/m?, P < 0.001). Improvement in the contractile response was more evident among initially akinetic (+33%) and
hypokinetic (+25%) segments than dyskinetic ones (+6%). Improvement in SWTI was correlated with changes in plasma
CoQio levels (r = —0.52, P < 0.005). Peak VO was also improved after CoQ,q as compared with placebo (+13%, < 0.005).
No side effects were reported with CoQio.

Conclusions: Oral CoQ;o improves LV contractility in CHF without any side effects. This improvement is associated with
an enhanced functional capacity.

Keywords: Coenzyme Qio, chronic heart failure, left ventricular contractility, functional capacity

1. Introduction

Coenzyme Qyq, first isolated from beef heart mitochondria, [5] is an essential component of the
mitochondrial respiratory chain, and also has antioxidant properties [6]. However, its role in chronic
heart failure is not well defined. The rationale for CoQ;o supplementation in chronic heart failure lies
in at least two factors. One is the well-known role of CoQjo in myocardial bioenergetics, and the
second is its antioxidant properties. Its bioenergetic effect is believed to be of fundamental importance,
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particularly in cells with high metabolic demand such as cardiac myocytes. Previous reports have shown
that CoQ;o concentration is decreased in myocardial tissue [18,19] in chronic heart failure, and the
greater its deficiency the more severe is the cardiocirculatory impairment [23]. Plasma CoQg levels are
also decreased in severe cardiocirculatory dysfunction [23] as well as in conditions of high oxidative
stress, such as diabetes and liver disease [30]. Moreover, it has been hypothesized that an improvement
in LV function may be obtained by raising plasma CoQiq availability. However, in advanced heart
failure and ischemic heart disease, oral CoQ1g supplementation, at doses close to 100 mg/die, improved
left ventricular systolic function in some studies [2,10,11,13,16,20,22,27], but not in others [12,29]. A
possible explanation may be that CoQjo exerts biological effects when it reaches at least 3 times the
normal plasma range, and that oral doses used in previous studies were too low [14]. Other explanations
for these contrasting results could be concomitant medications, such as statins [8], and/or the choice of
insufficiently accurate techniques.

Another important abnormality in chronic heart failure is endothelial dysfunction, which contributes to
functional impairment. We speculate that oral CoQ;9 may improve the endothelium-dependent relaxation
of coronary as well as peripheral arteries in chronic heart failure, and that this benefit may be associated
with enhanced functional capacity [9].

The objective of the present study was to determine whether, in patients with stable moderate chronic
heart failure, oral CoQ;¢ supplementation may enhance left ventricular contractile dysfunction and left
ventricular systolic function, and whether these improvements may translate into a greater functional
capacity.

2. Methods

We studied 21 patients with chronic heart failure secondary to ischemic heart disease (Table 1). All
patients had documented coronary artery disease and had performed a coronary angiography in the last
6 months. Inclusion criteria were NYHA II and III chronic heart failure clinically stable in the previous
3 months, i.e. no need to change medications in the last 3 months and no hospitalizations for acute
heart failure, and ability to exercise. Exclusion criteria were a recent acute coronary syndrome and/or
coronary interventions of revascularization (PTCA, CABG), renal insufficiency (serum creatinine >
2.5 mg/dL), liver abnormalities, uncontrolled hypertension, habitual use of antioxidants (vitamin C, E,
A or coenzyme CoQ o), orthopedic and/or neurological limitations. None of our patients regularly took
multivitamin/mineral tablets or relevant amounts of food particularly rich in antioxidants.

2.1. Study design

The protocol was approved by the local Ethical Committee. After a run-in period of 1 week, during
which patients signed an informed written consent, were visited by a cardiologist and underwent a
familiarization cardiopulmonary exercise test, they started a scheme composed of two consecutive
treatments (each one lasting four weeks), according to a double-blind, placebo-controlled cross over
design: oral CoQ;o supplementation (100 mg t.i.d., Q-absorb-100- Jarrow Formulas, Los Angeles, CA),
and placebo (t.i.d.). The sequence of the two different treatments was randomised. On study entry and
at the end of each phase, all patients underwent a symptom-limited cardiopulmonary exercise testing,
a blood chemistry assessment and a low-dose dobutamine stress echocardiographic study. Medications
were not changed throughout the study period. Nine out of 21 patients were taking statins, which they
discontinued one month before starting the present study.
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Table 1

Population study
N/Sex (M/F) 21 (18/3)
Age, years 59+9
Diagnosis, n (%)
~ Ischemic cardiomyopathy 21 (100%)
— Previous PTCA 5(21.7%)
— Previous CABG 9 (39%)
Coronary Risk Factors, n (%)
- Hypertension 4(17.4)
- Hypercholesterolemia 8(34.7)
- Diabetes Mellitus 6(26)
- Cigarette smoking 5(22)
LV Ejection Fraction, % 37+7
NYHA Functional Class, n (IIII) 16/5
Medications, n (%)
- Nitrates 5217
- ACEI 14 (60.8)
— ATA-II 8(34.7)
-BB 12 (61)
- Digitalis 6(26)
- Diuretics 7 (30)
- ASA 15 (65)
— Warfarin 7(30)

2.2. Cardiopulmonary exercise testing

After a familiarization test, a symptom-limited cardiopulmonary exercise test was performed on an
electronically-braked cycle ergometer using a ramp increase in work rate. Expired gases and volumes
were analyzed, breath-by-breath, with a metabolic cart (Sensormedics 2900 Z, Yorba Linda, CA). Heart
rate and blood pressure were measured every minute during increasing work rate exercise and recovery.
A 12-lead ECG was recorded every minute. The exercise test was stopped when one or more of the
following criteria were present: predicted heart rate, fatigue, dyspnea, excessive systemic blood pressure
increase (> 230/130 mmHg), > 2 mm ST depression in at least 2 adjacent leads and/or angina. The
anaerobic threshold was measured by the V-slope method [3]. Peak oxygen uptake was the average
oxygen uptake during the last 15 seconds of exercise.

2.3. Dobutamine stress echocardiography

Under continuous ECG monitoring, dobutamine was infused into a peripheral antecubital vein at an
incremental regimen of 5 ug/kg/min every 3 minutes until a maximum of 20 pg/kg/min. In fact, we
focused on the contractile response of viabile myocardium, which can be determined with doses equal
or below 20 pg/kg/min. Moreover, we wanted to avoid myocardial ischemia that is habitually induced
by higher doses of dobutamine. Echocardiographic studies were performed with the patients supine in
the left lateral position. Two dimensional echo images were continuously acquired from the parasternal
long-axis, short axis and apical four- and two-chamber views using a wide-angle mechanical scanner
(2.5 MHz, Challenge, ESAOTE, Italy).

2.4. Measurements

A 16-segment model was used for LV contractility analysis. Each segment was visually graded using
a semiquantitative scoring system, where 1 = normal, 2 = hypokinetic, 3 = akinetic and 4 = dyskinetic.
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Systolic wall thickening score index was calculated at rest and at each stage of dobutamine infusion.
A 20% reduction in systolic wall thickening represents the 95% ClI, discriminating a significant differ-
ence between normal and abnormal contractile response to low-dose dobutamine by two-dimensional
echocardiography in our laboratory [4].

2.5. Data analysis

All studies were analyzed with an off-line system equipped with digital processing (Panasonic AG
7700). Representative cycles of rest and peak dobutamine dose images in comparable views were digi-
tized and positioned side by side on a quad screen format. The echocardiographic images were evaluated
in a blinded manner by two independent, experienced observers who adopted the same assessment cri-
teria. Disagreement between the two observers occurred in 7% of studies. Differences in interpretation
were resolved by a third independent cardiologist. In any of the following examinations, an improvement
in the contractile response to dobutamine, compared with the initial study, was considered a reduction
in SWTI by > 1 at peak infusion and/or a > 20% reduction in systolic wall thickening in at least two
adjacent segments.

2.6. Blood chemistry

Coenzyme Qo (CoQjo) assay.
CoQ;o was determined by HPLC using a direct extraction method [7]. Normal values for plasma

CoQj, in the Italian region where the study was conducted, were 0.78 £ 0.2 ug/ml, and are in agreement
with previous findings [28]. So far no influence of aging on this range has been found.

2.7. Statistical analysis

Data were entered into a commercially available statistical software package (SPSS 6.1 version) for
analysis. Factor analysis was used. Comparisons were made using multiple ANOVA with Bonfer-
roni correction. Regression analysis was also performed and a correlation coefficient was expressed.
Statistical significance was considered at P < 0.05. Data are mean =% SD.

3. Results

Of 23 patients enrolled, 21 completed the protocol. One patient dropped out after 2 months for reasons
related to work. Another one had an orthopedic injury that limited his ability to exercise. Data reported
are relative only to the subset of 21 patients who completed the protocol. There were no side effects
attributed to CoQ;q or untoward events during training sessions in patients who completed the protocol.

3.1. CoQ1q vs placebo

CoQ supplementation resulted in a threefold increase in plasma CoQ 9 level from study entry (from
0.82 £ 0.5 pg/mL to 3.25 £ 1.5 pg/mL, P < 0.001), while there was no change from study entry
with placebo (0.83 + 0.4 ug/mL). As shown in Table 2(a) and (b), after CoQ 10 supplementation, there
were relevant improvements, as compared with study entry, in peak VO (+13%), ventilatory threshold
(+11%), ventilation (+39%), Ozpulse (+13.6%,), AVO2/AW (+11%,) and peak workload (+13.9%,):
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Table 2
(a) Cardiopulmonary Exercise Testing
Study Entry Qo Placebo
Peak VOz, mL/kg/min 1735+36 196+48 179138
AT VOgz, mL/kg/min 9623 13538 99k%26
Ventilation, L/min 495+15 689+14 464%15
Peak O; pulse, mL/beat 95+15 108+16 89+22
AVO2/AW, mL/min/W 75+08 83407 74+ 1.0
Peak Work Rate, Watts 108 + 21 123 + 20 98 £ 19
Resting Heart Rate, beats/min 741+£11 765+12 76 £ 13
Peak Heart Rate, beats/min 130 £ 20 137 +19 129 +£ 20

Peak Systolic Blood Pressure, mmHg 148122 1731125 142 + 23
Twenty-one patients completed the four treatment phases.

(b) Results of statistically significant comparisons (significance P <
0.05 in normal characters; P < 0.001 in bold characters)

Variables Treatment
Qio Placebo

Peak VO, study entry Qo
Placebo

AT VO study entry Qio
Placebo

Ventilation study entry Q1o
Placebo

Peak O3 pulse study entry Qo
Placebo

AVO/AW study entry Qo
Placebo

Peak Work Rate study entry Quo
Placebo

Peak Heart Rate - -

Peak Systolic Blood Pressure study entry Qo
Placebo

all these changes were highly significant. No changes were observed in resting and peak exercise heart
rate. However, systolic blood pressure at peak exercise was significantly higher than baseline, reflecting
improved cardiocirculatory function.

Resting left ventricular ejection fraction significantly increased from study entry after CoQ1g supple-
mentation, while it returned to baseline levels after placebo (Table 3a and b). Left ventricular ejection
fraction improved significantly also at peak dobutamine (15% from study entry P < 0.0001) in relation
to a decrease in LV end-systolic volume index (from 57 = 7 mL/m? to 45 mL/m2, P < 0.001). Sys-
tolic wall thickening score index had similar improvements as ejection fraction both at rest and at peak
dobutamine (12.1 and 15.6%, respectively). These improvements were related to changes in regional
contractility. Of 195 segments with resting wall motion abnormalities, 125 demonstrated improved con-
tractility (P < 0.001 vs initial), and these changes were evident during the first 5 minutes of dobutamine
infusion. Improvement in the contractile response was more evident among initially akinetic (+33%)
and hypokinetic (+25%) segments than dyskinetic ones (4+6%). There were no changes in contractility
after placebo. Improvement in SWTI was correlated with changes in plasma CoQ g levels (r = —0.52,
P < 0.005). Patients with plasma CoQ) levels above 2.4 ug/mL showed the highest improvement in
SWTI at peak dobutamine (Fig. 1) (P = 0.04).
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Table 3
(a) Left ventricular ejection fraction and systolic wall thickening score
index after CoQ,0 and placebo during low-dose dobutamine

Study Entry Qo Placebo
Resting Ejection Fraction, % 37 +£83 43+87 379+8
Peak Ejection Fraction, % 467+ 84 539+94 445+83

Resting SWTI 223403 196+ 04 219103
Peak SWTI 1.86 + 0.3 1.57+03 187+03

SWTI = Systolic wall thickening score index.

(b) Results of statistically significant comparisons (significance:
P < 0.05 in normal characters; P < 0.001 in bold)

Variables Treatment
an Placebo
Resting Ejection Fraction study entry Qo
Placebo
Peak Ejection Fraction study entry Quo
Placebo
Resting SWTI study entry Q1o
Placebo
Peak SWTI study entry Q1o
Placebo
3.0
% 2.8
=
= -
® 2.6
S g 24-
o E
£ =2 2.2
e =2 "
52
$a 20
=
= g 1.8
28 16
.2
.3 1.4
E<S
“ 1.2
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Fig. 1. Systolic wall thickening score index (SWTI)at peak dobutamine infusion after CoQ10 supplementation. In patients with
plasma CoQi0 > 2.4 mg/mL (n = 14, Group B) the decrease in SWTI was statistically significant as compared with patients
with plasma CoQqo < 2.4 mg/mL (n = 7, group A). Dotted line equals the average. *P = 0.04 B vs A.

4. Discussion

The results of the present study demonstrate that, in patients with NYHA class II and II chronic
heart failure secondary to ischemic heart disease, oral CoQ1o supplementation significantly improved
left ventricular contractility, LV ejection fraction and peak VO3. Improvement in SWTI was correlated
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with changes in plasma CoQ1g levels (r = —0.52, P < 0.005).

Plasma CoQ;g concentration depends on the metabolic demand in various tissues, and plasma levels
of 0.6-1.0 pg/mL are considered as normal [28]. In the present study, however, plasma levels of CoQ 1o
at study entry were within the normal range (0.82 + 0.5 pg/mL), probably because of mild to moderate
cardiocirculatory dysfunction in our population (peak VO2 17.4 £ 3.6 mL/kg/min). The addition of
high oral doses of CoQ1p tripled its plasma level, which correlated with improved LV function. Previous
studies provided conflicting results about the level that CoQ ;o should reach in plasma in order to elicit
benefits in heart failure patients. Langsjoen postulated a threshold of 2.5 ug/mL, above which marked
effects can be observed [14].

This level cannot be reached with low oral doses, and this “threshold hypothesis” helps to explain
why results obtained with 100 mg/day dosages, in advanced heart failure, were not univocal regarding
the effects on left ventricular function. In the present study, the oral dose of CoQo was three times
higher and raised plasma CoQ1g levels well above the postulated threshold (3.25 & 1.5 ug/mL). In the
light of our results doses of 200-300 mg/day should therefore be preferred. During the trial none of the
patients received statins. Acting as HMGCoA reductase inhibitors, these drugs lower the production of
mevalonate, a critical precursor for both cholesterol and coenzyme Qo synthesis. Extensive work has
established the impact of statin treatment on blood and tissue levels of CoQ;0 [15,24]. Even though the
effect of statin treatment on tissue levels of CoQg is still debated [26], there is no doubt that statins
have a dose-related lowering effect on plasma CoQjq [15]. Since the aim of the present study was to
investigate the relationship between CoQ;o treatment, CoQ;o plasma levels and cardiac function, we
chose to exclude patients on statin treatment, in order to avoid a possible bias. On the basis of the known
pleiotropic effects of statins we cannot exclude that the addition of statins to our therapeutic schemes
could have generated an even better result.

A second important element is the antioxidant activity of CoQjq [6]. CoQjo may improve nitric
oxide bioactivity by decreasing superoxide generation and by interacting with superoxide generation
and free radicals [18,21]. Moreover, CoQ1o supplementation was found to upregulate guanylyl cyclase,
the receptor for nitric oxide, in human skeletal muscle [17]. In conditions of high oxidative stress,
such as chronic heart failure and multiple coronary risk factors, the inactivation rate of nitric oxide to
peroxynitrite by superoxide anions may be reduced by CoQ 19, and this may be one possible explanation
for the improvement in functional capacity. Moreover, the high plasma levels of CoQjo were not
associated with side effects. Both the improved ATP production and the antioxidant properties may be
involved in explaining these benefits. We found a significant improvement in left ventricular contractility
in dysfunctional segments located in non-infarcted areas served by stenotic arteries, where hibernation
and/or chronic stunning is likely to occur. The upregulation of contractile function after CoQ ¢ suggests
that chronic post-ischemic stunned cells improve or normalize their metabolism and function [1]. This
effect translates into mechanical efficiency and contributes to reduce left ventricular dysfunction. It is
noteworthy that this effect was obtained without any change in heart rate, differently from traditional
inotropic substances.

We used low-dose dobutamine to detect changes in myocardial contractility after CoQj9 in humans
with ischemic cardiomyopathy, because it shows good agreement with thallium imaging as well as PET
scanning, and also because the good accuracy and reproducibility in our laboratory [7].

In conclusion, in patients with ischemic cardiomyopathy and chronic heart failure in NYHA functional
class II and III, oral supplementation with CoQ;o at doses that increase plasma CoQ¢ levels threefold
from study entry was safe and determined significant improvements in left ventricular contractility and
functional capacity when compared with placebo. In the light of our results doses of 200-300 mg/day
should therefore be preferred. These potential benefits were not accompanied by side effects.
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Background: Coenzyme Q,q is commonly used to treat
congestive heart failure on the basis of data from several
unblinded, subjective studies. Few randomized, blinded,
controlled studies have evaluated objective measures of
cardiac performance.

Objective: To determine the effect of coenzyme Q,, on
peak oxygen consumption, exercise duration, and ejection
fraction.

Design: Randomized, double-blind, controlled trial.
Setting: University and Veterans Affairs hospitals.

Patients: 55 patients who had congestive heart failure
with New York Heart Association class Ill and IV symptoms,
ejection fraction less than 40%, and peak oxygen con-
sumption less than 17.0 mU/kg per minute (or <50% of
predicted) during standard therapy were randomly as-
signed. Forty-six patients completed the study.

Intervention: Coenzyme Q,, 200 mg/d, or placebo.

Measurements: Left ventricular ejection fraction (mea-
sured by radionuclide ventriculography) and peak oxygen
consumption and exercise duration (measured by a graded
exercise evaluation using the Naughton protocol) with
continuous metabolic monitoring.

Results: Although the mean (+5SD) serum concentration
of coenzyme Q,, increased from 0.95 + 0.62 ug/mL to
2.2 = 1.2 pg/mLin patients who received active treatment,
ejection fraction, peak oxygen consumption, and exercise
duration remained unchanged in both the coenzyme Q,,
and placebo groups.

Conclusion: Coenzyme Q,, does not affect ejection frac-
tion, peak oxygen consumption, or exercise duration in
patients with congestive heart failure receiving standard
medical therapy.

Ann Intern Med. 2000;132:636-640.

For author affiliations, current addresses, and contributions, sce
end of text.

here are numerous reasons to believe that de-

ficiency of coenzyme Q,, (ubiquinone) may ex-
acerbate the poor contractility of myocardial cells in
patients with heart failure. Not only does coenzyme
Qo play a central role in mitochondrial oxidative
phosphorylation (1), but it may also act as an anti-
oxidant scavenger (2). Because the myocardium of
patients with congestive heart failure demonstrates
oxidative stress (3) and coenzyme Q,, prevents lipid
peroxidation (4), this substance conceivably could
prevent myocardial destruction. Furthermore, the
concentration of coenzyme Q,, is decreased in myo-
cardial cells of patients with advanced heart failure
(5), and the extent of myocardial coenzyme Q,q
deficiency correlates with the clinical severity of
heart failure (5, 6).

It is thus not surprising that nutritional supple-
mentation with coenzyme Q,, has been proposed as
a treatment for congestive heart failure, that it is
extensively advertised, and that it is commonly used
by paticnts with this condition. Many small studies
have been published, but most were uncontrolled
and unblinded. Approximately 31 Japanese clinical
reports describe favorable effects with intravenous
or oral coenzyme Q,, (7). The studies involved only
a small number of patients with heart failure and
tended to include patients with cardiac disease of
various causcs. Nevertheless, in 1974 the Japanese
government approved marketing of coenzyme Q,,
for the treatment of heart failure.

The few U.S. and European studies have had
conflicting results. Some controlled studies showed
no effect (8, 9), but their limitations make the re-
sults inconclusive. Other trials noted improvement
(10-13), but concerns about end points, small num-
bers of patients, and the lack of blinding have lim-
ited the acceptance of these studies. With such con-
flicting data, randomized, controlled, and blinded
studies are needed to test the hypothesis that pa-
tients with advanced heart failure are deficient in
coenzyme Qo and that oral supplementation with
coenzyme Q,, results in clinical improvement. We
therefore evaluated the effects of coenzyme Q,,
supplementation on left ventricular ejection fraction
and exercise tolerance in patients with symptomatic
heart failure despite standard medical therapy.

Methods

We performed a randomized, double-blind, pla-
cebo-controlled trial to compare the effects of oral
coenzyme Qg, (200 mg/d) and placebo. The two
primary end points were change in ejection fraction,
as assessed by nuclear ventriculography, and change
in pcak oxygen consumption. The study protocol
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was approved by the human volunteers committee
of the University of Maryland School of Medicine.

Inclusion and Exclusion Criteria

Patients with New York Heart Association func-
tional class III or IV disease were eligible for inclu-
sion in this study. All patients had ejection fractions
less than 40% (documented by radionuclide ven-
triculography) and maximal oxygen consumption
less than 17.0 mL/kg of body weight per minute or
less than 50% of the predicted value. These criteria
were used to select symptomatic patients who would
have the potential to improve. The mean peak ox-
ygen consumption in our patients was 13.1 mL/kg per
minute. In comparison, the peak oxygen consump-
tion criterion for cardiac transplantation is generally
considered to be less than 14.0 mL/kg per minute,
and the mean peak oxygen consumption in nonex-
ercising normal elderly persons (mean age, 67
years) has been reported to be 19.0 mL/kg per
minute (14). Patients were required to have been
receiving an unchanged medical regimen for at least
1 month. Patients who had previously taken coen-
zyme Q,, were excluded.

Baseline Testing

At baseline, three procedures were performed.
First, a graded symptom-limited cardiopulmonary
exercise test using the Naughton protocol was con-
ducted to assess maximal oxygen consumption. The
test was performed by the same operator and was
repeated until the maximum oxygen consumption
measures on two consecutive test results were
within 15% of each other. The final test was con-
sidered to be the baseline test with which to assess
change during therapy. Second, radionuclide ven-
triculography was performed by using standard tech-
niques. Third, serum concentration of coenzyme
Q,, was measured as described elsewhere (15).
Three patients did not have concentrations obtained
at baseline or follow-up.

Intervention

Patients were randomly assigned to receive 200
mg of coenzyme Q,, per day or placebo. Random-
ization was performed by using a random-number
generator. All patients and study personnel were
blinded to study group assignment until all data
were final. The dosage was chosen to minimize the
chance of inadequate treatment. Previous studies
reporting benefit with coenzyme Q,, supplementa-
tion have generally used daily dosages of 100 or 150
mg (6, 7, 9-13, 16-18).

10¢ 10}

Peak Oxygen Consumption,
ml/kg per minute

Left Ventricular
Ejection Fraction, %

] ol
Baseline 6 Months Baseline 6 Months

Figure 1. Ejection fraction and peak oxygen consumption before
and after the treatment period for each patient who received pla-
cebo (left) and coenzyme Q,, (right). Coenzyme Q,, had no overall
effect. The mean = SD is shown for each time point.

Final Assessment

After 6 months, all baseline procedures were re-
peated. At that time, patients were asked whether
their symptoms were improved, worse, or the same.

Statistical Analysis

The change in values of primary and secondary
end points were compared by using an unpaired
Student #-test. All values are given as the
mean = SD. For significance, a P value less than
0.05 was required. The study was planned to have
80% power to detect a difference of 2.8 mL/kg per
minute in the peak oxygen consumption, with a P
value of 0.05. This assumed a mean oxygen con-
sumption of 13.0 + 4.0 mL/kg per minute. We used
StatMost, version 3.5 (Dataxiom Software, Inc., Los
Angeles, California), for all statistical analyses.

Results

Fifty-five patients were randomly assigned. Nine
patients did not finish the study: 5 in the coenzyme
Q,p group and 4 in the placebo group. One patient
(who was randomly assigned to receive coenzyme
Q,,) was withdrawn from the study before repeated
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Figure 2. The change in coenzyme Q,, concentration compared
with the change in peak oxygen consumption. Circles represent pa-
tients who received active treatment, and crosses represent patients who
received placebo. The study drug clearly increased serum concentrations of

coenzyme Q,,. However, there was no relation between the change in
serum concentration and the change in peak oxygen consumption.

assessments and unblinding because of error in en-
rollment criteria. Three patients died: One patient
assigned to the placebo group died of progressive
heart failure, and 2 patients assigned to the coen-
zyme Q,, group died of myocardial infarction and
sudden death, respectively. Four patients did not
complete the study because of conditions that pre-
vented them from exercising (esophageal cancer,
uncontrolled ventricular tachycardia, foot amputa-
tion, and pulmonary edema). One patient randomly
assigned to reccive coenzyme Q;o withdrew from
the study.

Bascline characteristics did not differ between
the two groups. Twenty-three patients in each group
completed the study. The study sample consisted of
39 men and 7 women, and the mean age in both
groups was 64 years. Twenty-seven paticnts had
known ischemic heart disease. Forty-two patients
were categorized as being in New York Heart As-
sociation class IIT and 4 were in class IV. All patients
were receiving digoxin and angiotensin-converting
enzyme inhibitors or other vasodilators. Eighteen
patients in each group were receiving p-blockers,
and 22 patients in each group were receiving diuret-
ics. No adverse reactions were attributed to the
study drug, and no gastrointestinal side cffects oc-
curred.

Maximal Oxygen Consumption

After 6 months of blinded therapy, maximal ox-
ygen consumption did not improve in the placebo or
coenzyme Q,, group (Figure 1). Maximal oxygen
consumption increased by 0.21 * 3.4 mL/kg per
minute (95% CI, —1.25 to 1.68 mL/kg per minute)
in the patients who received coenzyme Q,, and
decreased by 0.49 =24 ml/kg per minute (CI,

—1.54 to 0.55 mL/kg per minute) in the patients
who received placebo. The difference between
groups was not significant. The respiratory quotient
was 1.01 = 0.07 at baseline and 0.99 %= 0.07 after
treatment. Exercise duration did not change signif-
icantly in either group. In the coenzyme Q,, recip-
ients, mean exercise duration was 8.5 * 3.2 minutes
before treatment and 9.1 * 3.4 minutes after treat-
ment. In the placebo recipients, exercise duration
was 7.7+ 3.2 minutes before treatment and
7.5 £ 2.9 minutes after 6 months.

Radionuclide Ventriculography

Coenzyme Q,, had no effect on left ventricular
ejection fraction (Figure 2). Ejection fraction de-
creased minimally (0.3 = 8 percentage points [CI,
—3.7 to 3.1 percentage points]) in the patients who
received coenzyme Q,, and decreased by 0.2 = 8.6
percentage points (CI, —4.0 to 3.6 percentage
points) in the patients who received placebo. Mean
left ventricular ejection fraction was 27% before
and after treatment in the patients who received
coenzyme Q,, and was 30% before and after treat-
ment in the patients who received placebo. Right
ventricular ejection fraction decreased from
39% *+ 14% to 37% *+ 8% in the placebo group. In
patients receiving coenzyme Q,,, right ventricular
ejection fraction was 35% = 13% before treatment
and 35% = 11% after 6 months,

Symptoms

One patient in each group had improved symp-
toms, as indicated by New York Heart Association
classification. Almost three quarters of the patients
classified themselves as neither improved nor worse
after 6 months of treatment (18 patients receiving
placebo and 16 patients receiving coenzyme Q).
Six patients in the coenzyme Q,, group believed
that their symptoms had improved even minimally,
and one patient believed that symptoms had dete-
riorated. Two patients in the placebo group re-
ported improvement in symptoms and 3 patients
reported increased severity of symptoms.

Coenzyme Q,, Serum Concentrations

Before randomization, coenzyme Q,, serum con-
centrations were similar in both groups. With treat-
ment, concentrations increased in the intervention
group from 0.95 * 0.62 pg/mL to 2.2 + 1.2 pg/mL;
in the placebo group, concentrations did not change
(092 = 0.34 pg/mL before treatment and 0.96 + 0.45
ug/mL after 6 months). The difference between
groups was highly significant (P < 0.001). Among
patients who received the treatment, scrum concen-
trations increased in 21 of the 22 patients in whom
this value was measured (Figure 2). Among patients
who received placebo, concentrations increased
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slightly in only 8 of the 21 patients in whom this
value was measured. The increase in patients who
received placebo can be explained by small fluctua-
tions in serum concentration or laboratory variability.

No association was seen between change in se-
rum concentration of coenzyme Q,, and change in
peak exercise oxygen consumption (Figure 2) or
ejection fraction. This was true for patients in both
groups.

Discussion

In this blinded, randomized, placebo-controlled
trial, we detected no objective benefit from coen-
zyme Q,, administration in patients with heart fail-
ure. Cardiac performance (measured by ejection
fraction) and maximal exercise (evaluated with oxy-
gen consumption and test duration) did not change
with coenzyme Q.

The use of coenzyme Q,, for the treatment of
heart failure has been advocated by both physicians
and nonphysicians. Patients use this over-the-
counter nutritional supplement extensively, often
without the knowledge of their physicians. However,
the studies cited to support its use have had major
limitations. In addition to open-label studies with
obvious susceptibility to unintentional bias (7, 11),
some studies have based their conclusions on eval-
uations of minimally symptomatic and inadequately
treated patients (9) or on studies with noncompa-
rable controls, subjective end points, poor statistics,
or too few patients (12, 13). The few controlled
studies have been contradictory. Our study was
blinded and controlled and evaluated moderately
and severely ill patients with heart failure who were
receiving appropriate standard medical therapy. In
addition, the end points were objective and relevant.
Our findings suggest that coenzyme Q,, should not
be recommended for treatment of heart failure.

Evaluations of the effects of coenzyme Q,, on
ejection fraction have been contradictory. In con-
trast to our study, one double-blind crossover study
of 19 patients with class III and IV heart failure
receiving 100 mg of coenzyme Q,, per day reported
that ejection fraction improved (16). However, the
ejection fractions were derived by using echocardi-
ography, not radionuclide ventriculography. In a
larger study of 79 patients, resting or exercise ejec-
tion fraction did not improve according to radio-
nuclide measurement (10). In that study, a minimal
effect on ejection fraction was seen only during
volume loading, raising the question of statistical
irrelevance. Another blinded crossover trial also did
not detect an effect of coenzyme Q,, on ejection
fraction (9). At present, there is little reason to believe
that coenzyme Q,, improves ventricular function.

Few studies have evaluated the effect of coen-
zyme Q,, on maximal exercise. These studies present
contradictory data; for example, maximal workload
was reported to increase slightly in one study (10)
but was unchanged in an investigation of minimally
impaired patients (9). Our study examined peak
oxygen consumption in a randomized, blinded fash-
ion. We found no trend toward an improvement in
peak oxygen consumption or exercise duration; thus,
it is unlikely that coenzyme Q,, improves maximal
exercise performance in patients with heart failure.

Many open-label uncontrolled studies have shown a
subjective improvement in clinical measures of heart
failure (17). Morisco and colleagues’ large random-
ized, blinded trial (18) detected a lower rate of
hospitalization for heart failure among patients re-
ceiving coenzyme Q,,. However, this study also re-
ported high rates of pulmonary edema and cardiac
asthma in these patients and used vague definitions.
The effect on symptoms in other studies have been
inconsistent (8, 10). In our trial, most patients re-
ported no change in symptoms.

We studied patients who were receiving standard
therapy for heart failure, including B-blockers for
most patients (19). Consequently, our findings
should be applicable to the contemporary treatment
of heart failure.

In our study, coenzyme Q,, supplementation clearly
increased serum concentrations in the patients who
received active treatment. The increase was dra-
matic (more than doubling the baseline concentra-
tion) and proves that patients took their medication.
The lack of correlation between change in coen-
zyme Q,, concentration and change in ejection frac-
tion or peak oxygen consumption supports the con-
clusion that coenzyme Q,, exerted no clinical benefit.

Because of the relatively small size of our study,
we cannot definitively say that coenzyme Q,, has no
effect in patients with heart failure. However, the
lack of any trend and the relatively narrow confi-
dence intervals make it unlikely that this nutritional
supplement exerts clinically important effects in pa-
tients already receiving well-titrated standard medi-
cation. The dose given was similar to that given in
previous studies that reported positive results. With
a documented increase in serum concentrations and
a 6-month duration of therapy, the lack of effect
cannot be ascribed to inadequate treatment.

In conclusion, our study shows no benefit to add-
ing coenzyme Q;, to the standard treatment of
heart failure. Chronic illnesses motivate patients to
seek out alternative therapy, and it is not surprising
that people have been willing to buy an expensive
and unproven drug. However, patients should be
made aware that coenzyme Q,, has been studied in
randomized, blinded, and controlled studies and
that these studies have found no detectable benefit.
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Summary

Background: The number of patients awaiting heart trans-
plantation is increasing in proportion to the waiting period for
adonor. Studies have shown that coenzyme Q10 (CoQ10) has
abeneficial effect on patients with heart failure.

Hypothesis: The purpose of the present double-blind, pla-
cebo-controlled, randomized study was to assess the effect of
CoQ10 on patients with end-stage heart failure and to deter-
mine if CoQ10 can improve the pharmacological bridge to
heart transplantation.

Methods: A prospective double-blind design was used.
Thirty-two patients with end-stage heart failure awaiting
heart transplantation were randomly allocated to receive ei-
ther 60 mg U/day of Ultrasome™—CoQ10 (special prepara-
tion to increase intestinal absorption) or placebo for 3 months.
All patients continued their regular medication regimen.
Assessments included anamnesis with an extended question-
naire based partially on the Minnesota Living with Heart
Failure Questionnaire, 6-min walk test, blood tests for atrial
natriuretic factor (ANF) and tumor necrosis factor (TNF), and
echocardiography.

Results: Twenty-seven patients completed the study. The
study group showed significant improvement in the 6-min
walk test and a decrease in dyspnea, New York Heart Associ-
ation (NYHA) classification, nocturia, and fatigue. No signif-
icant changes were noted after 3 months of treatment in echo-

Address for reprints:

Dr. Marius Berman

Department of Cardiothoracic Surgery
Rabin Medical Center, Beilinson Campus
Petah-Tikva 49100, Israel

e-mail: mariusby(@yahoo.com

Received: September 5, 2002
Accepted with revision: May 8, 2003

42

cardiography parameters (dimensions and contractility of car-
diac chambers) or ANF and TNF blood levels.

Conclusion: The administration of CoQ10 to heart trans-
plant candidates led to a significant improvement in functional
status, clinical symptoms, and quality of life. However, there
were no objective changes in echo measurements or ANF and
TNF blood levels. Coenzyme Q10 may serve as an optional
addition to the pharmacologic armamentarium of patients with
end-stage heart failure. The apparent discrepancy between sig-
nificant clinical improvement and unchanged cardiac status re-
quires further investigation.

Key words: coenzyme Q10, heart failure, heart transplantation

Introduction

Coenzyme Q10 (CoQ10), first identified in 1940,' is a fat-
soluble quinone with characteristics common to vitamins. It is
found in the organs of various animal species,?3 with highest
concentrations in the heart, liver, kidney, and pancreas.* In
1957, Crane et al.® demonstrated that CoQ10 plays an impor-
tant role as aredox carrier in the mammalian respiratory trans-
port chain, as it has a direct regulatory role on succinyl and
reduced nicotinamide adenine dinucleotide (NADH) dehy-
drogenases. The relatively high concentration of CoQ10 in
healthy human myocardium® has led to the assumption thata
myocardial deficiency of CoQ10 is detrimental to cardiac
function. This was supported by studies showing low levels of
CoQ10 in myocardial biopsies from patients with various car-
diac diseases.”1% Lower than normal levels of CoQ10 have
also been found in blood samples from patients with cardio-
vascular diseases compared with levels in healthy human sub-
jects.!! Oral CoQ10 was first used in 1965 in the treatment of
cardiovascular disease,!? and several years later Folkers et al.”
presented the rationale for using CoQ10 in treating congestive
heart failure (CHF). Since then, clinical reports worldwide
have described favorable effects of both intravenous and oral
CoQ10 in patients with CHF of various etiologies.!>-!S Baggio
et al.,'® in a multicenter study in Italy (173 centers, 2,664 pa-
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tients), demonstrated that CoQ10 was safe and effective as an
adjunctive therapy in heart failure. Hofman-Bang et al.,'” ina
double-blind, cross-over, placebo-controlled multicenter stu-
dy in Sweden and Denmark, found CoQ10 treatment to have a
small but significant effect on exercise capacity, quality of life,
and ejection fraction in patients with moderate to severe CHF.

In 1992, Folkers et al.'® reported on 11 heart transplant can-
didates treated with CoQ10. All showed improvement in New
York Heart Association (NYHA) functional class, and some
required no conventional drugs and no life-style restrictions af-
ter treatment.

Today, both the number of patients awaiting heart trans-
plantation and the waiting period for donors are increasing
steadily. Despite their receipt of medical treatment and sup-
port, candidates suffer a general decline in their quality oflife.
The purpose of the present double-blind, placebo-controlled,
randomized study was to assess the effect of CoQ10 on pa-
tients with end-stage heart failure and to determine whether
CoQ10 can improve the pharmacologic bridge to heart trans-
plantation.

Materials and Methods
Patients

Patients with end-stage heart failure were selected for the
study from the candidates for heart transplant on our center’s
waiting list. Inclusion criteria were NYHA functional class 3
or 4, left ventricular ejection fraction <25%, cardiopulmonary
exercise test (CARPET) with maximal Oz consumption < 14
ml/’kg/h, and evident symptoms of heart failure such as noc-
turia, dyspnea, and paroxysmal nocturnal dyspnea. Patients
with United Network for Organ Sharing (UNOS) Status One,
or with moderate renal failure with creatinine levels >2.5
mg/dl were excluded. The endpoints in the study for those pa-
tients who had begun treatment were (1) heart transplantation
and (2) hospitalization because of clinical deterioration, there-
by preventing the regular intake of the CoQ10 capsule.

The final study sample consisted of 32 paticnts (28 men, 4
women aged 40 to 67 years, mean 54.6), 25 of whom had
ischemic cardiomyopathy and 7 had dilated cardiomyopathy.
All had been stable for at least 1 month. The waiting time for
a heart transplant ranged from 2 to 67 months (mean 26
months). All patients were receiving some combination of the
following conventional medications: diuretics (76%), antiar-
rhythmic agents (45%), beta blockers (52%), digitalis (85%),
afterload reducing agents (65%), angiotensin-converting en-
zyme inhibitors (45%), and anticoagulants (19%). All provid-
ed informed consent to participate in the study.

The study was approved by the Institutional Helsinki
Committee.

Test Drug

Ultrasome™ coenzyme Q10 is a novel, patented technology
developed by Herbamed Litd. (Science Park Kiryat Weizmann,
Rehovot, Israel) for improving the oral bioavailability of lipo-
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philic nutriceutical and pharmaceuticals. The Ultrasome lipid
particles are “hybrid” liposomes and oil in water emulsions.
Their matrix is comprised of a hydrophobic core as in emul-
sion, but surrounded by phospholipid bilayer. Ultrasome coen-
zyme Q10 (U-CoQ10) is a spray-dried, lipid-based, powdered
formulation of CoQ10 in capsule form. It has shown high drug-
trapping efficiency and enhanced oral delivery, as indicated by
better intestinal absorption and improved performance.

Randomization

The patients were randomly divided into two groups ac-
cording to age and gender. Group allocation was done by a
third (external) party. Patients were given a personal addressed
sealed envelope containing the words “code A” or “code B”.
They were instructed to give the envelope to the pharmacist in
return for a 3-month supply of capsules of either U-CoQ10
60 mg/day, or corn flour-based placebo. The capsules for the
two groups were externally identical.

Assessment Parameters

All patients underwent a detailed anamnesis before and
after the trial, using a survey based in part on the Minnesota
Living with Heart Failure Questionnaire!? to determine the
quality of life and the severity of heart failure symptoms sub-
jectively. Also assessed were echocardiography findings (aor-
tic diameter, left atrium diameter, left ventricular end-diastolic
diameter, left ventricular end-systolic diameter, posterior wall
thickness, interventricular septal width, shortening fraction),
results on the 6-min walk test, and blood levels of atrial natri-
uretic factor (ANF) and tumor necrosis factor (TNF) alpha.

Six weeks into the trial, we measured CoQ10 blood lev-
els to assess absorption and compliance. Compliance was
also checked at the end of the study by interviewing the par-
ticipants and by a count of the remaining capsules by phar-
macy personnel.

Sample Preparation and Analyses

Blood was collected in the moming, after an 8-h fast.
Coenzyme Q10 blood levels were analyzed by the method
described by Grossi ef al.20 Our modification was that we
used 2 cc instead of 1 cc of plasma due to the low Q10 levels
in serum.

Atrial natriuretic factor: Plasma ANF determination was
performed by radioimmunoassay kit (Peninsula Laboratories,
Belmont, Calif., USA). One ml of blood was drawn into test
tubes containing 50 pl of 0.01M solution of K3EDTA to which
aprotinin 500 kIU/ml was added. The plasma was extracted on
C-18 columns (200 mg) using 1% trifluoroacetic acid and
60% acetonitrite in 1% trifluoroacetic acid as solvents. The ex-
tract was evaporated to dryness. One ml of phosphate buffer
was added, and the tubes were kept frozen at —20°C until as-
say. Results were expressed as pg/ml.

Tumor necrosis factor alpha: Plasma TNF-alpha determi-
nation was performed using a solid phase, two-sided chemi-
luminescent enzyme immunometric assay (immulite auto-
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mated analyzer) kit (DPC, Los Angeles, Calif., USA). The
plasma samples were kept at —20°C until assay. Results were
expressed as pg/ml.

Statistical Analysis

Statistical analysis was performed with the BMDP statis-
tical software (Stonehill Corporate, Saugus, Mass., USA), as
follows: (1) Repeated measure for time 0 and time 3 months
with one nested variable (two groups) performed for all vari-
ables, and (2) analysis of variance with data screening.

Categorical variables are described as frequencies and per-
centages, and continuous variables as the means (standard de-
viation [SD]). A p value of <0.05 was considered statistically
significant.

Results

Five patients failed to complete the study because of death,
need for heart transplantation, drug-induced intestinal upset, ¢
inconvenient travel connections, and lack of compliance (one
patient each). Gastrointestinal upset was the only side effect of
CoQl10 reported.

Anamnesis

The placebo group showed increased frequency of nocturia
(2.1-2.63 times per night), increased severity of fatigue (medi-
an score, from 2.9 to 3.54), decreased severity in dyspnea (me-
dian score, from 3.68 to 3.5), and no change in NYHA classi-
fication (from median 3.68 to 3.6). Findings for the study
group were as follows: decrease in nocturia (1.7-1.46 times
pernight), decrease in fatigue (2.4-1.96), decrease in dyspnea
(2.9-2.1), and decrease in NYHA functional class (from 3.1 to
2.4). The findings for all four parameters in the study group
were significant (p <0.01, p<0.001,p=0.04,and p=0.01, re-
spectively; Figs. 1-4).

Six-Minute Walk Test

The most significant result was noted for the 6-min walk
test. The patients treated with U-CoQ10 showed a significant
improvement in performance, from 269.5 to 382.2 m (p<
0.0001), whereas the placebo group deteriorated, from 254 to
177 m (Fig. 5).

The study group, as expected, showed an increase in blood
levels of CoQ10 at 6 weeks, from a median of 0.22 to 0.83
mg/l. Levels in the placebo group measured 0.18 mg/1 at onset
of the study and 0.178 mg/1 at 6 weeks.

Echocardiography

In neither group there was significant change in cardiac
chamber contractility between the beginning and the end of
the study, and there were no significant differences between
the groups at either time point.
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Atrial natriuretic and tumor necrosis factor blood levels:
The study group had baseline ANF mean levels of 231 +£22.5
pg/ml, which decreased to 185.2+21.6 pg/ml at the end of the
study. The placebo group had mean levels of 307.33 + 29.4
pg/ml, which decreased to 260.22 + 23.8 pg/ml at the end of
the study. The results were not significant.

The study group had baseline TNF mean levels of 8.25 +
2.3 pg/ml, which increased to 10.47 + 3.1 pg/ml at the end of
the study. The placebo group had mean levels of 15.57£2.9
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pg/ml, increasing to 16.1 + 3.5 pg/ml at the end of the study.
The results were not significant.

Discussion

The study of the mechanism of action of CoQ10 has high-
lighted its importance in the diastolic phase of the cardiac cy-
cle, when cellular energy is highest, in preparation for systolic
contraction.2! Coenzyme Q10 deficiency may be due to the
primary progression of myocardial failure leading to exces-
sive utilization of the enzyme. It may also be secondary to in-
take of 3-hydroxy-3-methylglutaryl (HMG) coenzyme A,
which lowers blood cholesterol levels by blocking cholesterol
biosynthesis, and thereby CoQ10 biosynthesis.?? In both cas-
es, myocardial cell function and structure are impaired. Ex-
ternal correction of CoQ10 levels can presumably restore the
mitochondrial bioenergetics?3 and exert an antioxidant effect,
which increases the oxygen delivery to the striated skeletal
muscle. The findings of the present study support the efficacy
of CoQ10 treatment on symptoms in patients with end-stage
heart failure. Unlike those in the placebo group, the patients
given CoQ10 showed a significant reduction in fatigue during
activities of daily living, in addition to significant improve-
ments in nocturia and dyspnea and in results of the 6-min
walk test. Although there was no change in the medical regi-
men, the study group showed an improvement of 0.7 in
NYHA class, whereas the placebo group did not. Accord-
ingly, in an Italian multicenter study, Baggio ef al.'® demon-
strated that the use of adjunctive CoQ10 induces clinical im-
provement in patients with mild to moderate heart failure.
These authors noted a better outcome in patients in NYHA
class 2, with over 90% showing improvement, and a reduc-
tion in peripheral resistance resulting in a significant decrease
in blood pressure,?* perhaps via the inhibitory effect on plas-
ma catecholamine levels in heart failure. They therefore sug-
gest that treatment is better started sooner, when there are
more living myocytes and less fibrous tissue and oxidative
damage. Furthermore, Langsjoen et al.2* claimed that empty
CoQ10 apoenzyme-binding sites may be occupied within a
day or two of CoQ10 administration, providing some benefit
to cardiac function as early as 1 week. The improvement that
occurs over a longer period may be due to the slowly increas-
ing levels of CoQ10 apoenzymes because of their increased
synthesis and degradation. In another crossover, blinded mul-
ticenter trial, Hofman-Bang ef al.!” reported that in patients
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with moderate to severe congestive heart failure, oral treat-
ment with CoQ10 has a small but significant beneficial effect
on exercise capacity, quality of life, and ejection fraction at
volume load. This conclusion was supported by Mortensen.25
Morisco et al.?® reported that the addition of CoQ10 to con-
ventional treatment significantly reduced hospitalization for
worsening heart failure and serious complications (pulmon-
ary edema, arrthythmia, and cardiac asthma) over a 1-year pe-
riod. However, our results are not comparable as none of the
patients in either group required hospitalization and the study
period was much shorter.

We found no difference between the groups in cardiac
chamber dimensions or contractility, and no change in either
group in this parameter over time. The data on this subject in
the literature are controversial. Watson et al.2”, using half the
CoQ10 dose we used, also found no differences in cardiac
chamber volumes. Langsjoen ef al.?! noted a significant
change only in patients with dilated cardiomyopathy with low
fractional shortening at baseline; they improved significantly
with the addition of CoQ10. However, in their patients with
both ischemic and dilated cardiomyopathy, left ventricular
wall thickness decreased and diastolic function improved after
CoQ10 treatment. We believe that echocardiography findings
should be interpreted with caution in this patient population. In
ischemic cardiomyopathy, the myocytes may suffer from free-
radical burden, and CoQ10 is known to be a free-radical scav-
enger.! However, a patient’s predominantly dilated cardiomy-
opathy may benefit less because of progressive replacement of
myocytes by fibrocytes, which are insensitive to exogenous
CoQ10. In our study, 25 patients had predominantly ischemic
cardiomyopathy and only 7 had dilated cardiomyopathy, and
therefore comparing them was statistically unfeasible.

Atrial natriuretic factor is a 28-amino acid peptide, pro-
duced mainly in the heart atria and to a lesser extent in the ven-
tricles; it is released into the circulation during atrial disten-
sion.?® In patients with heart failure, plasma ANF concentra-
tions rise concomitantly with the increase in atrial pressure and
proportionately to the severity of heart failure.?? At the kidney
level,*® high ANF level induces natriuresis and suppression of
the renin—aldosterone axis. In our study, the starting ANF level
in both groups was very high, corresponding to the reported
levels in patients with heart failure.3! Three months later, both
groups showed a median decrease of 50 pg/ml.

Several studies have reported an increase in measurable
TNF in the presence of heart failure.3% 33 Anker ef al.** sug-
gested that heart failure is associated with mesenteric stasis
which leads to an increase in enteric permeability, bacteria
passage out of the intestinal lumen, activation of the immune
system, and ultimately a rise in TNF.

Our candidates for heart transplantation had mean basal
TNF levels >8.25 pg/ml (ten-fold the normal value), which
showed no significant change 3 months later in either group.

The absence of changes in echocardiography parameters and
in ANF and TNF blood levels has several possible explanations:

1. The dosage of CoQ10 was too low for the gravity of the
disease; some trials describe daily doses of 600 mg/day. ¢
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2. The trial period was long enough to show clinical im-
provement but too short to show cardiovascular anatom-
ic and hormonal reorganization.

3. Echocardiographic changes were lacking due to pro-
gressive replacement of myocytes rich in Q10 reserve by
fibrotic tissue, which is not contractible, low in Q10 re-
serve, and unresponsive to external administration of it.

4. The ANF levels corresponded to distended heart atrium
failure.

Coenzyme Q10 is known to be virtually free of side ef-
fects;'6 only 1 of our 32 patients complained of drug-induced
gastrointestinal symptoms. Coenzyme Q10 is structurally re-
lated to vitamin K and possesses a procoagulant effect that
may result in diminishing the effect of warfarin therapy.s

In our study, despite clinical improvement, we did not de-
crease or alter the patients’ ongoing conventional treatment
because of the fragile steady state. However, it may be possi-
ble to decrease the intake of cardiovascular drugs in heart
transplant candidates receiving CoQ10 gradually under close
monitoring,?* and thereby improve their quality of life (some
of these patients take 20-25 pills per day). Further studies are
needed to determine feasibility and the timing of gradual
drug diminution.

Conclusion

The heart transplant candidates who took CoQ10 showed
significant improvement in functional status, clinical symp-
toms, and quality of life. However, there were no objective
changes in echo measurements or TNF and ANF blood levels.
We suggest that CoQ10 should be considered as an optional
addition to a regular medical regimen for the management of
end-stage heart failure. The apparent discrepancy between the
significant clinical improvement and the lack of change in car-
diac parameters requires further investigation.
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High Dietary Taurine Reduces Apoptosis and
Atherosclerosis in the Left Main Coronary Artery

Association With Reduced CCAAT/Enhancer Binding Protein Homologous
Protein and Total Plasma Homocysteine but not Lipidemia

Anthony Zulli, Eza Lau, Bagus P.P. Wijaya, Xin Jin, Komang Sutarga, Grace D. Schwartz,
Jonathon Learmont, Peter J. Wookey, Angelo Zinellu, Ciriaco Carru, David L. Hare

Abstract—We sought to determine whether taurine could specifically protect against coronary artery disease during an
atherogenic diet and whether taurine affects the lipid profile, metabolites of methionine, and endothelial atherogenic
systems. Rabbits were fed one of the following diets for 4 weeks: (1) control diet; (2) 0.5% cholesterol+1.0%
methionine; or (3) 0.5% cholesterol+1.0% methionine+2.5% taurine. Endothelial function was examined, and the left
main coronary artery atherosclerosis was quantified by stereology and semiquantitative immunohistochemistry to
determine the endothelial expression of proteins related to the NO, renin-angiotensin, endoplasmic reticulum, and
oxidative stress systems, as well as apoptosis. Taurine normalized hyperhomocysteinemia (P<<0.05) and significantly
reduced hypermethioninemia (P<<0.05) but not lipidemia. The intima:media ratio was reduced by 28% (P=0.034), and
atherosclerosis was reduced by 64% (P=0.012) and endothelial cell apoptosis by 30% (P<<0.01). Endothelial cell
CCAAT/enhancer binding protein homologous protein was normalized (P<0.05). Taurine failed to improve hyperlip-
idemia, endothelial function, or endothelial proteins related to the NO, renin-angiotensin, and oxidative stress systems.
Taurine reduces left main coronary artery wall pathology associated with decreased plasma total homocysteine,
methionine, apoptosis, and normalization of CCAAT/enhancer binding protein homologous protein. These results
elucidate the antiapoptotic and antiatherogenic properties of taurine, possibly via normalization of endoplasmic
reticulum stress. (Hypertension. 2009;53:1017-1022.)

Key Words: cholesterol m homocysteine m methionine m atherosclerosis m plaque m CHOP

ardiovascular disease deaths have decreased in some
developed countries but increased in low- to middle-
income countries.! Coronary heart disease remains the most
common cause of death throughout the world and is predicted
to remain so in higher-income countries and will become so
in lower-income countries by the year 2030.2
The prevention and treatment of atherosclerotic cardiovas-
cular disease have used many interventional modalities. One
of the most successful has been the use of statin therapy,
which decreases plasma low-density lipoprotein (LDL) cho-
lesterol, has modest effects on raising plasma high-density
lipoprotein (HDL) cholesterol, and has pleiotropic effects, of
which the clinical importance remains uncertain.* Although
statin therapy has a potent effect on reducing cardiovascular
events, all of the randomized clinical trials still indicate a
significant residual risk of events in the statin intervention
arm of the studies. It is currently unclear whether this is
purely from some patients not reaching low enough LDL
levels or that additional therapeutic modalities are required.

Populations with higher fish intake have lower cardiovas-
cular death rates than populations with high meat intake.*
Taurine is found in high concentrations in fish, the major
human source of taurine.’ Increased taurine intake is
inversely related to the incidence of coronary heart dis-
ease® and has been associated with reduced insulin resis-
tance,” whereas taurine deficiency has been associated
with increased obesity.®

Methionine, which is metabolized to homocysteine, is
coingested with cholesterol in meat. Increased levels of
plasma total homocysteine (tHcy) have consistently been
associated with increased atherosclerotic burden in animal
models®!° and also clinical cardiovascular events. However,
simplistic approaches to reduce plasma tHcy by small
amounts using B vitamins and folic acid have a possible
beneficial role for the reduction of stroke,''-1 but this is not
the case for myocardial causes of clinical events.!' Because
taurine might affect methionine absorption,'* we postulated
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Figure 1. Blood lipids. A-TC, Total plasma cholesterol significantly increased in both experimental groups. B-Trig, Total plasma triglyc-
eride also rose during the dietary regimen. C-LDL, Total plasma LDL (as determined by the Friedewald formula) significantly increased
in both experimental groups. D-HDL, Total plasma HDL significantly increased in both experimental groups after the second week.
E-LDL/HDL, Total plasma LDL:HDL ratio significantly increased in both experimental groups after the first week and continued to rise
until sacrifice. F-Endothelial function, Endothelial dysfunction was present in the MC group, and taurine failed to restore this effect to
normal (P<0.05). G-Methionine, Plasma methionine significantly increased in MC; however, the addition of taurine to the diet signifi-
cantly reduced the plasma methionine level. H-Homocysteine, tHcy significantly increased only in the MC group after the first week
and normalized at the fourth week. |, Plasma taurine was only increased in MCT at the third week (P<0.001). *P<0.05; **P<0.01;

+P<0.001.

that a diet high in taurine, while impairing the development
of atherosclerosis, might also reduce dietary-induced
hyperhomocysteinemia.

Although clinical trials of simple, oral antioxidant thera-
pies, eg, vitamin E or combinations of vitamins C, E, and
B-carotene, have focused on the absorption of the oxygen
radical,’?'® the hypochlorite anion has not as yet been
targeted. The hypochlorite anion (OCI"/H™) is a powerful
oxidant that is able to oxidize both HDL and LDL into
hypochlorite-modified atherogenic forms (hypochlorous
LDL'7 and hypochlorous HDL!8), Hypochlorous LDL parti-
cles are recognized by the scavenger receptor class B type I,
which also impairs reverse cholesterol transport from cells.!®
Taurine removes the oxidant hypochlorite and, thus, might
impair the hypochlorite modification of LDL to hypochlorous
LDL. Furthermore, taurine has several potentially beneficial
cardiovascular effects, which involve regulating the NO system
and endothelial function,?°-2* the renin-angiotensin system
(RAS),>*?7 the oxidative stress system, and apoptosis,®-3 as
well as the endoplasmic reticulum (ER) stress system.3%40

Thus, we hypothesized that reduction of circulating HOCI
by taurine*' during an atherogenic diet aimed at increasing
both tHcy and LDL*° would impair the formation of plasma
hypochlorous LDL and endothelial cell apoptosis and that
high dietary taurine would be associated with beneficial

changes in the NO system, renin-angiotensin system, oxida-
tive stress system, and ER stress system in the endothelial
layer of the left main coronary artery.

Methods

Male New Zealand white rabbits at 3 months of age were random-
ized into 3 groups and fed one of the following diets for 4 weeks: (1)
control (n=5); (2) a normal rabbit chow diet supplemented with
0.5% cholesterol+ 1.0% methionine+5.0% peanut oil (n=5; MC); or
(3) a normal rabbit chow diet supplemented with 0.5% cholester-
ol+1.0% methionine + 2.5% taurine+5.0% peanut oil (n=5; MCT).
The animals were housed in individual cages and maintained at a
constant temperature of ~21°C. Food and water were supplied ad
libitum. The experiments were carried out according to the National
Health and Medical Research Council Australian Code of Practice
for the Care and Use of Animals for Scientific Purposes. The animals
were then euthanized by an overdose IV injection of ketamine and
xylazine via the main ear vein, as described previously in our
laboratory.?-1° The aorta and heart were then excised. The aorta was
cleaned of connective tissue and fat and used for isometric tension
studies, and an apical section of the heart, which included the left
main coronary artery, was cut and immersed in freshly prepared 4%
paraformaldehyde solution in 1 XPBS (pH 7.4).

For detailed methods relating to isometric tension studies, left
main coronary artery analysis, apoptosis detection by single-strand
DNA (ssDNA), methionine, taurine, plasma thiols, lipids, and
homocysteine, please see the online data supplement at http://
hyper.ahajournals.org.
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Endothelial apoptosis

Data Analysis

Comparisons between MC and MCT were performed by Student ¢
test for single comparisons. A l-way ANOVA followed by
Newman-Keuls posthoc test was performed for comparison among
the control, MC, and MCT groups. A 2-way ANOVA followed by
Bonferroni posthoc test was performed for comparison of weekly
cffects. In all of the cases, P<<0.05 was accepted as significant. All
of the data are expressed as mean*+SEM.

Results
Blood total cholesterol (TC) in both MC and MCT signifi-
cantly increased after the first week of the diet and continued
to increase until week 4 (Figure 1A, TC). There was no
significant difference in TC between the MC and MCT
groups. As well, plasma triglycerides also increased over the
dietary period in both the MC and MCT groups, but again
without difference between groups (Figure 1B, Trig). When
LDL was calculated using the Friedewald formula, LDL
remained higher throughout the dietary protocol in the MCT
group, and this result was significant at the third week
(P<0.05; Figure 1C, LDL). However, plasma HDL did
remain lower throughout the dietary protocol in the MCT
group, and this decrease was significant at the 2-week point
(P<<0.05; Figure 1D, HDL). The overall worse lipid profile is
illustrated by the TC:HDL (second and third weeks; P<<0.01;
figure not shown) and LDL:HDL (second and third weeks;
P<0.01; Figure 1E, LDL/HDL) ratios. After 4 weeks of
dietary manipulation, endothelial dysfunction was evident in
the MC group (P<0.05), but taurine did not improve endo-
thelial function in the abdominal aorta, which remained
significantly impaired compared with the control (P<<0.05;
Figure 1F). Taurine markedly inhibited the increase in plasma
methionine (Figure 1G) and completely inhibited the increase
in the tHcy level observed in the MC group (P<<0.05; Figure
IH). Plasma taurine was only increased in the third week in

p<0.05 p<0.01
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MCT versus MC (Figure 1I). Interestingly, there was no
significant change in plasma methionine or tHcy at the end of
the regimen.

Apoptotic endothelial cells, as detected by ssDNA, were
present in the left main coronary artery of the control group
(arrows, Figure 2A). However, the MC group showed a 17%
increase in endothelial ssDNA staining (P<0.05; Figure 2B).
The addition of taurine significantly reduced this staining
to —13% below control levels (P value not significant versus
control; P<<0.01 versus MC; Figure 2C). Plaque cells also
showed positive ssDNA cells in both MC (Figure 2D) and
MCT (Figure 2E) groups, and apoptosis is quantified in
Figure 2F. Despite the worse lipid profile, wall pathology
(intima:media ratio) was also decreased by the addition of
taurine to the diet. Intimal thickening, as determined by a
neointima devoid of macrophages, decreased by 28% in the
taurine-treated group compared with the MC group (Figure
2D and 2E and quantified in Figure 2G; P<0.05). As well,
atheroma in the left main coronary artery was also reduced by
64% (Figure 2D and 2E and quantified in Figure 2G). ER
stress, as measured by endothelial CCAAT/enhancer binding
protein homologous protein (CHOP), increased by 74% in
MC (P<0.05), and this was normalized by taurine treatment
(Figure 2H).

For analysis of plasma cysteinylglycine, glutathionine, and
cysteine please see Figure S1. For analysis of NO synthase
(NOS) proteins (total eNOS, peNOS-S1177, peNOS-T495,
and caveolin-1), for RAS (angiotensin-converting enzyme
2, angiotensin II type 2 receptor, angiotensin-converting
enzyme, and angiotensin II type 1 receptor), and for
oxidative stress system (heat shock protein 70, heme-
oxygenase-1, myeloperoxidase, nitrotyrosine, inducible
NOS), please see Figure S1. For Western blot analysis of
hypochlorous LDL, plaque hypochlorous LDL, correlation
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between plasma homocysteine, and hypochlorous acid LDL,
please see Figure S2.

Discussion

This is the first comprehensive study examining the effect of
high dietary taurine supplementation on the left main coro-
nary artery. The major findings of this investigation are as
follows: (1) taurine supplementation inhibited the develop-
ment of hyperhomocysteinemia and hypermethioninemia and
temporal effects of diet on plasma tHcy and methionine
levels; (2) taurine supplementation inhibited endothelial cell
apoptosis possibly by reduction in ER stress; (3) taurine
supplementation reduced left main coronary artery athero-
sclerosis; and (4) taurine supplementation did not signifi-
cantly affect the endothelial level of proteins associated with
the NOS, RAS, or oxidative stress systems.

The reduction in tHcy by dietary taurine presented in this
study was not attributed to increased metabolism of homo-
cysteine to cysteine or other sulfur-containing amino acids,
nor the reduced formation of homocysteine from methionine.
Indeed, we observed that high dietary taurine significantly
impaired the increase in plasma methionine compared with
the untreated group, indicating that other possible routes of
methionine metabolism are upregulated by taurine or that
taurine can impair the absorption of methionine. Indeed, this
latter hypothesis is supported by a recent study in cultured
CaCo-2 cells, whereby methionine transport across the apical
membrane of Caco-2 cells was affected by extracellular pH
and taurine.'* Thus, it appears that taurine can impair the
absorption of methionine and, thus, provide a novel way to
reduce plasma tHcy. These results might have implications in
nutrition. As the popularity of processed fast foods high in
methionine is increasing and has been linked to increased
tHcy,*? the addition of taurine to the diet might help stem the
increase in tHey and, thus, reduce cardiovascular disease risk.
Further research to determine whether these results hold true
in humans is warranted.

Furthermore, impaired methionine transport across the
intestinal epithelia because of other factors could be causing
the temporal effect on tHcy and methionine after the first
dietary week. Indeed, we first eluded to this temporal effect in
a similar study in rabbits on a 3-month dietary protocol.!? It
is unclear why this phenomenon occurs; however, it is
possible that both gut Na+-dependent and Na+-independent
mechanisms!# are involved. As well, these results suggest
that, if these effects hold true in humans, plasma methionine
or tHey might not be a reflection of dietary methionine intake.

In the study presented here, taurine inhibited apoptotic
coronary endothelial cells even on a background of a worse
lipid profile. Apoptosis could be inhibited by a reduction in
ER stress, as measured by a normalization of CHOP protein.
In vitro research suggests that homocysteine causes ER stress,
and this stimulates CHOP mRNA in human umbilical vein
endothelial cells** and apoptosis in cultured endothelial
cells.#45 Qur study confirms this theory, because CHOP
protein was significantly increased in the atherogenic group,
which also had higher plasma tHcy levels, and, thus, a
reduction in tHcy would impair apoptosis.

Furthermore, novel insights into the mechanisms involved
in homocysteine-induced cellular damage include homocys-
teinylation of proteins. Both HDL% and the intracellular
atheroprotective enzyme metallothionein®’#® can become
dysfunctional via homocysteinylation. For example, Barbato
et al¥’ found that homocysteinylation of metallothionein
impairs its zinc binding function, thus impairing its superox-
ide scavenging properties and possibly amplifying oxidative
stress in endothelial cells. Thus, targeting a reduction in both
tHey and cellular homocysteine to reduce protein homocys-
teinylation could be a novel avenue for the treatment of
homocysteine-induced vascular damage.

The decreased intimal thickening and reduced atheroscle-
rosis in the left main coronary artery of this model during
taurine treatment could be attributed to the impaired increase
in tHey. Although clinical trials involving the reduction of
tHcy by vitamin supplementation have failed to significantly
reduce myocardial events,!' our studies in rabbits®!? and
others in mice*+° show that hyperhomocysteinemia on a
hyperlipidemic background does enhance the development of
atherosclerotic plaque burden in animal models. The human
studies only managed small reductions (eg, 2.4 wmol/L) in
plasma tHcy, using an intervention that would reduce tHcy by
increasing methionine, which might not be the most advan-
tageous way of reducing tHcy. In addition, it is possible that
the role of hyperhomocysteinemia might be more important
in the earlier development of atherosclerotic plaque rather
than in reducing events in patients with existing plaque.

It is unclear whether increased triglyceride can directly
induce apoptosis or is affected by dietary taurine. In this
study, we showed that plasma triglyceride is not affected by
dietary taurine and that the prevention of endothelial apopto-
sis can occur regardless of the triglyceride level. This finding
is supported by in vitro experiments, whereby Nyblom et al®!
showed reduced B-cell apoptosis, although the triglyceride
level did not change. Taken together, these results suggest
that triglyceride might not be an important determinant of
cellular apoptosis, at least in endothelial or 8 cells.

Taurine supplementation did not significantly affect the
endothelial level of proteins associated with the NOS, RAS,
or oxidative stress systems. For this discussion, please see the
data supplement.

In conclusion, we show that the addition of 2.5% taurine to
an atherogenic diet reduces left main coronary artery wall
pathology on a background of a worse lipid profile. As well,
taurine also significantly reduces endothelial ER stress, hy-
perhomocysteinemia, and hypermethioninemia and impairs
left main coronary artery endothelial cell apoptosis without
detectable effects on the NOS, RAS, or oxidative stress
systems.

Perspectives

Atherogenesis is clearly related to factors other than purely
the lipid profile. It is possible that dietary taurine might be
used independently to not only impair coronary artery disease
but also to reduce the burden of hyperhomocysteinemia
caused by excess dietary intake of processed foods high in
methionine. As well, therapeutic intervention aimed at reduc-
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tion in ER stress could be a novel avenue for drug develop-
ment for the further prevention of cardiovascular disease.
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METHODS SUPPLEMENT

Isometric tension in the abdominal aorta

Abdominal aortaec were dissected into 3 x 3mm rings and sequentially mounted between two
metal hooks in organ baths attached to force displacement transducers (Grass FT03) coupled to
a data acquisition system (MacLab). The baths will be filled with Krebs solution and kept at a
constant temperature of 37 °C and continuously bubbled with 95% 0,/5% CO,. After lhour,
vessels were gently stretched to a resting tension of 2.5g. After 30 minutes, the vessels were
gently re-stretched to a resting tension of 2.5g. After the vessels reached plateau tension,
maximum constriction was determined by a high potassium krebs solution (KPSS, 124mM
K"). After plateau (6 minutes), vessels were rinsed with krebs solution. After 45 minutes, the
vessel rings were subjected to a phenylephrine concentration curve (10® = 10° M, half log
units). After the final concentration of phenylephrine was added and the constriction reached
plateau, the rings were subjected to an acetylcholine dose response curve (10 — 10° M, half
log units).

Left main coronary artery analysis

The left main coronary artery was excised from the heart and processed for paraffin. Groups
were staggered into 2 batches and the LMCA from each rabbit from each batch were mounted
in the same paraffin block. Sections were cut at 5 micron until the bifurcation. Approximately
30 sections were studied. Sections were randomly selected, dewaxed, rehydrated and placed in
10mM TrisCl, pH 7.4. Sections were then preincubated with 1% goat serum in 10mM TrisCl
(pH7.4) for twenty minutes before incubating with the primary antibody diluted in 1% goat
serum in 10mM TrisCl (pH7.4). Mouse monoclonal IgG, ACE2 (Cat# ALX 804-715, Alexis
Biochemicals, diluted 1:150), AT2R (Cat# MAB3659, R&D Systems, Minneapolis, diluted
1:150), ATIR (Cat# sc-57036, Santa Cruz Biotechnology, diluted 1:50), ACE (Cat#
MAB3502, Millipore, diluted 1:50), eNOS, (Cat#610296, BD Australia, diluted 1:100),
phosphor-eNOS 1177 (Cat#612392, BD Australia, diluted 1:100), phosphor-eNOS 495
(Cat#612706, BD Australia, diluted 1:100), caveolin-1 (Cat# 036000, Zymed Laboratories,
diluted 1:50), HSP70 (Cat#¥MAB3516, Millipore, diluted 1:50), nitrotyrosine (Cat#MAB5404,
Millipore, diluted 1:100), HO-1 (Cat#Ab13248, Abcam, diluted 1:100), myeloperoxidase
(Cat#sc-59600, Santa Cruz Biotechnology, diluted 1:50) , CHOP (Cat¥MA1-250, ABR, USA)
were incubated overnight and immunohistochemistry was performed as previously described '~
3, Antigenic sites were developed with DAB, counterstained with hematoxylin, dehydrated and
mounted with DPX mounting media.
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Apoptosis detection by ssDNA

Apoptotic endothelial cells were detected by a monoclonal antibody to single stranded DNA
(ssDNA) Sections were cut from paraffin blocks and attached to superfrost plus slides. Slides
were placed in oven at 60°C for 1 hour, deparaffinised and hydrated. Slides were then
incubated with saponin (0.1mg/ml in PBS) at room temperature for 20 minutes. Sections were
washed in 1xPBS and incubated with Proteinase K (20ug/ml in 1xPBS) for 20 minutes at room
temperature. Slides were then washed in three changes of 1xPBS and subsequently transferred
into a coplin jar containing 50ml of 50% formamide (v/v dH,O) preheated in water bath to
56°C and incubated for 20 minutes. Importantly, the temperature of formamide solution inside
the jar was kept at 56°C. The slides were transferred into a container of ice-cold 1xPBS for 5
min. Endogenous peroxidase was quenched in 3% hydrogen peroxide for 5 minutes and then
rinsed in dH,O and then treated with 3% nonfat dry milk + 1% goat serum diluted in 1xPBS
for 15 minutes to block non-specific antibody binding. Sections were then rinsed in 1xPBS and
incubated with primary antibody to ssDNA (Cat# MAB3034, 1:100 dilution in 1%goat serum
in 1xPBS) and left overnight. Sections were rinsed in 1XxPBS for 5 minutes, and then incubated
with the ‘Envision’ molecule (Cat# K4001, Dakocytomation) for 1 hour at room temperature.
Slides were rinsed again in 1xPBS for 5 minutes, incubated with DAB chromagen for 1
minute, rinsed in dH>O for 1 min, counterstained with haematoxylin for 1 minute, rinsed in
dH;O, blued in Scotts tapwater, dehydrated and then mounted in DPX media mount.

Wall pathology

Wall pathology was quantified by image analysis software (MCID Elite 6.0). Briefly, digital
images of the LMCA (4 images, top, bottom, left and right) were obtained using a Leica
DC480. The area of the intima and media was obtained by digital trace. The areas of plaques
were determined separately. The intima:media ratio or plaque:media ratio was then obtained.
To determine the intensity and proportional area of the endothelium that was immunostained,
each trace was repeated three times, each time re-selecting the hue, saturation and intensity to
obtain the most accurate representation of colour. The ribbon tool (MCID software) was
selected, and the endothelial layer was traced, including other binding cells. The data from all
four images were averaged to obtain one result. This was done for three traces. All three
traces were then averaged to obtain one result from each LMCA. This value was then used as
n=1. All experimental groups were normalised to a percentage increase over control® >,

Western blot analysis

Plasma samples (0.5uL) were added to 9.5uL sample buffer, heated to 100°C for Sminutes,
immediately placed on ice, and loaded into PAGE gels (5% stacking, 8% resolving). Initial
voltage was 100V until samples entered resolving gel, and then 180V for 2 hours. Proteins
were transferred onto PVDF membrane using a semidry transfer cell (Biorad) using standard
transfer buffer. Membranes were washed with 25 ml TBS for 1 min at room temperature and
non-specific binding was blocked by incubating membrane with 5% skim milk for 45min.
Then, membranes were washed 5 times for 3 minutes each with 50 ml TBS-Tween, incubated
with HOCI-LDL antibody (3uL of Cat#MAB 3232, in 10 ml) for 1hour. Serum HOCI-LDL
levels were expressed as HOCI-LDL/LDL ratios. For comparison between MC and MCT,
these ratios were normalized to MCT increases equivalent to 0%. Membranes were wash 5
times for 3 minutes each with 50 ml TBS-Tween and then incubated with ‘Envision’ molecule
(25pL of Cat# K4003, in 10mL, Dakocytomation). Membranes were then washed 5 times for
3 min each with 50 ml TBS-Tween, and exposed to ECL.

Then, membranes were stripped with Stripping Buffer (Pierce, Cat #46430), and then washed
with 25 ml TBS for 1 min at room temperature and non-specific binding was blocked by
incubating membrane with 5% skim milk for 45min. Then, membranes were washed 5 times
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for 3 minutes each with 50 ml TBS-Tween, incubated with a monoclonal antibody to ApoB
(3uL of Cat# MAB4124, R&D systems, in 10 ml) for 1hour. Membranes were wash 5 times
for 3 minutes each with 50 ml TBS-Tween and then incubated with goat anti mouse IgG
conjugated to peroxidise (1:20,000 dilution, Sigma Cat# AO168). Membranes were then
washed 5 times for 3 min each with 50 ml TBS-Tween, and exposed to ECL and detected on a
Fuji Film LAS3000 and western blot bands were then analysed using FujiFilm MultiGauge
Software.

Amino acid profile

Methionine was measured by capillary electrophoresis (CE) UV detection as previously
described with some modifications °. In brief, 400 uL of obtained plasma was filtered in
Vivaspin 500 microconcentrators by centrifugation at 3000g for 20min to remove proteins.
Filtered samples were directly injected into CE. An MDQ capillary electrophoresis system
equipped with a diode array detector was used (Beckman Instruments, Fullerton, CA, USA).
Analysis was performed in an uncoated fused-silica capillary (75 um L.D. and 60.2 cm length),
injecting 39 nL of sample. Separation was carried out in a 125 mmol/L Tris buffer titrated with
Imol/L phosphoric acid to pH 2.3, 15 °C, and 15 kV .

Taurine was measured by capillary electrophoresis laser induced fluorescence detection as
previously described’. Briefly, 50 pL of plasma was mixed with 50 uL of internal standard
homocysteic acid (200 umol/L) and 100 pL of trichloroacetic acid (10%) was then added to
precipitate the proteins. After centrifugation at 3,000g for 5 min, 10 pL of clear supernatant
was mixed with 90 uL of 100 mmol/L Na,HPO4 of pH 9.5 and 11 pL of 15 mmol/L FITC
(fluorescein isothiocyanate). After 20 min incubation time at 100°C, the samples were diluted
100-fold and injected in CE. Analysis of taurine was performed by a CE system (P/ACE 5510)
equipped with a laser-induced fluorescence (LIF) detector (Beckman, Palo Alto, CA, USA).
Analysis was performed in an uncoated fused silica capillary, 75 um 1.D. and 47 cm length,
injecting 18 nL of sample. Separation was carried out in a 20 mmol/L tribasic sodium
phosphate buffer, pH 11.8, 23°C at normal polarity 22 kV.

Plasma thiols (Cys, GSH, Glu-Cys and Cys-Gly) were measured by capillary electrophoresis
laser induced fluorescence detection as previously described ®. In brief, 100 uL of plasma
sample were mixed with 10 puL of tri-n-butylphosphine (10%) were mixed, vortexed for 30 s
and subsequently incubated at 4°C for 10 min. At the end of incubation 100 pL of 10%
trichloroacetic acid were added, vortexed for 10 s and then centrifuged for 10 min at 3,000g.
100 pL of supernatant were mixed with 100 uL of 300 mmol/L Na;PO, at pH 12.5 and with 25
uL of 5-iodoacetamidofluorescein (4.1 mmol/L), and subsequently incubated at room
temperature for 10 min. The mix was diluted 1/100 before injection on CE-LIF. Thiols analysis
was carried out on a P/ACE 5510 system. The dimension of the uncoated fusedsilica capillary
was 75 um LD. and 57 cm length. Analysis was performed applying 14 nL of sample under
nitrogen pressure and using 5 mmol/L sodium phosphate/ 4 mmol/L boric acid as clectrolyte
solution with 75 mmol/L N-methyl-D-glucamine at pH 11. The separating conditions (28 kV,
70 pA, normal polarity, 40°C ) were reached in 30 s and held at a constant voltage for 5 min.
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RESULTS SUPPLEMENT

Analysis of plasma cysteinylglycine (Figure S1- A) , glutathionine (Figure S1 — B) and
cysteine (Figure S1 — C) showed no changes between groups.

Analysis of the expression of endothelial proteins of the NOS system showed a trend
towards increased total eNOS and peNOS-S1177 in the MC group, however the addition of
taurine to the diet increased endothelial caveolin-1 protein by 29% vs control (p=0.059) and
endothelial peNOS-T495 by 34% (p=0.095). This was not associated with a concurrent
increase in eNOS or peNOS-S1177.

Analysis of the expression of endothelial proteins of the oxidative, nitrative and
endoplasmic reticulum stress system shows that the MC group exhibited elevated oxidative
stress, as detected by an increase in HSP 70 by 33% vs control (p<0.05), and taurine treatment
further increased endothelial HSP70 (p<0.02). Interestingly, endothelial heme-oxygenase-1
(HO-1), myeloperoxidase (MPO), nitrotyrosine (NT), and iNOS appeared to decrease in the
MC group and the addition of taurine only resulted in a trend towards increased levels above
control (p=ns). Analysis of the expression of endothelial proteins of the RAS system in the
MC group showed a significant increase of ACE2 by 19% (p<0.01) and ACE by 11 %
(p=0.01) vs control. In addition, endothelial AT1R appeared to increase but this did not reach
significance. The addition of taurine to the MC diet appeared to reduce the expression of
endothelial ACE2, AT2R, ACE and ATI1R, but this was not significant from MC. There was
no significant change in endothelial AT2R.

Analysis of serum hypochlorous LDL/LDL ratio by western blot (Figure S2-A) showed
a trend to increase hypochlorous LDL in the MC group, but this normalized at week 4 (Figure
S2-C). Plaque hypochlorous LDL appeared to be increased in the MCT group, but this failed
to reach significance (Figure S2-B). As taurine in the MCT group completely inhibited the
increase in tHcy observed in the MC group, a very strong trend towards a positive correlation
(r*=0.6986) was observed (p=0.0401, Figure S2-D) between plasma tHcy and the plasma
hypochlorous LDL/LDL ratio in the MC group (normalized to MCT).

57



DISCUSSION SUPPLEMENT

The failure of the following relationships to reach significance could possibly be a type 2 error
due to an insufficient number of animals studied in these exploratory studies and have thus not
been included in main text

Taurine resulted in a significant reduction in plasma tHcy, this being strongly associated with
reduction in serum hypochlorous LDL. Thus, it is possible that a potentially atherogenic
property of homocysteine might include the formation of hypochlorous LDL, although
independent yet still closely correlated, effects of taurine could be implicated. Certainly one
can say that this current study suggests a role for high dietary taurine in the prevention of
dietary induced hyperhomocysteinemia. It is possible that this could be a better method of
lowering tHcy than the methods used in previous clinical studies, although this is obviously
speculative at this stage.

Moreover, the increase in endothelial HSP70 in both the atherogenic group and the taurine
treated group indicates a clear role for HSP70 in coronary artery atherosclerosis. HSP70 is a
cytoprotective protein and acts as a molecular chaperone to restore normal protein function’.
The further increase in HSP70 observed by taurine treatment could be preventing the observed
endothelial cell apoptosis in this model, as HSP70 is a regulator of apoptosis'®. Furthermore,
HSP70 has been shown to be an indicator for endothelial cell proliferation'!, indicating that the
endothelial cell layer in the taurine treated group might be proliferating, and this theory is also
supported by the lack of apoptotic endothelial cells in this group.

As oxidised LDL is a potent inducer of endothelial cell apoptosis'?, it is possible that taurine
might inhibit apoptosis by impairing the formation of oxidized LDL. Potentially taurine could
impair oxidised LDL by absorbing the hypochlorite anion (HOCV'OCI) produced by
myeloperoxidase in macrophages, and thus reduce the formation of hypochlorous LDL" in
serum. As circulating plasma hypochlorous LDL originates from mild oxidation in the arterial
wall by myeoloperoxidase'?, we studied both plaque and serum hypochlorous LDL. We found
that there was a trend towards reduced circulating hypochlorous LDL by the addition of taurine
to the atherogenic diet over the four week period, compared to the atherogenic diet alone. This
trend towards lower plasma hypochlorous LDL was associated with a trend towards increased
plaque hypochlorous LDL in the taurine treated groups. If these trends are real, it could be
possible that retaining hypochlorous LDL in plaque might result in less release of
hypochlorous LDL into the circulation.

It is conceivable that dietary taurine, by impairing oxidation of LDL in plaques, might
contribute to plaque stability and thus reduce the likelihood of acute coronary syndromes,
histological examination of lethal plaques demonstrating more oxidised LDL and unstable
angina having been previously correlated with circulating oxidised LDL'*. In this regard,
further studies into the mechanisms involved in inhibiting the release of hypochlorous LDL
from plaque to the circulation are warranted, as this would decrease circulating oxidised LDL
and possibly impair endothelial cell apoptosis and thus thrombosis.

Clinical data clearly established a strong association between higher cardiovascular events and
a high total cholesterol/HDL ratio, and even more so for an apoB100/apoAl ratio '>'®, The
current study highlights the possibility of discordance between a worsening lipid profile and a
demonstrable improvement in coronary artery atherosclerosis. This possibility has been
suggested in some clinical studies. For example, it is well known that there is no evidence of
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premature coronary artery disease in human carriers of the ApoAl-Milano despite very low
HDL levels'®?". Our results clearly show that a high LDL/low HDL lipid profile does not
further induce atherosclerosis in the left main coronary artery if induced by high dietary
taurine, clearly indicating other factors besides the lipid profile are involved in atherogenesis.

It is suggested that enhancing endothelial function via the restoration of NOS function
or reduction in oxidative stress is a pre-requisite for the impairment of atherosclerosis®’. In
contrast, we show that atherosclerosis in the coronary artery is not related to an improvement
in endothelial function in the abdominal aorta. To study endothelial function in the left main
coronary artery, we investigated eNOS, RAS and oxidative activity in the endothelial layer.
We found no evidence to suggest that eNOS activity was increased, as detected by eNOS
activity markers phosporylated eNOS at serine 1177, dephosphorylated eNOS at threonine 495,
and the eNOS inhibitor caveolin-1 in the endothelial layer left main coronary artery or that
oxidative stress was decreased. However, we did find that ACE, ACE2, AT2R and ATIR
were all slightly decreased, but these findings did not reach significance. Whether the activity
of these enzymes are changed remain to be elucidated. Indeed, we did find that taurine
treatment might decrease eNOS activity in the coronary artery, as suggested by a trend to
increase in endothelial caveolin-1 (p=0.059) and phosphorylated eNOS at the threonine site
(p=0.095). If these results hold true, taurine could be impairing the dysfunctional eNOS, thus
reducing the amount of O,".  This view is supported by Ozaki and colleagues, who show that
ApoE deficient mice overexpressing eNOS accelerated atherosclerosis . As well, caveolin-1
has been shown to regulate apoptosis in cell lines* and vascular smooth muscle cells®, raising
the possibility that the increase in caveolin-1 might also impair the apoptosis observed in this
study
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Figure S1

Plasma cysteineglycine (A), glutathionine (B) and cysteine (C) were not increased in any diet.
Immunohistochemical quantification of factors involved in atherogensis in the LMCA endothelial
layer. The addition of taurine to the MC diet failed to significantly affect the NOS system, oxidative
stress system or renin-angiotensin system. For all endothelial immunoquantification bar graphs, the
first column is from the Con group, the second (white box) is from the MC group, and the third is
from the MCT group (black box).

Figure S2
Western blot analysis of serum hypochlorous LDL/LDL (A,C) as well as immunoquantification of
plaque hypochlorous LDL (B). Taurine appears to increase plaque hypochlorous LDL (B) and reduce

serum hypochlorous LDL/LDL (C). Interestingly, a positive association between plasma tHcy in the
MC group and serum hypochlorous LDL was observed (p<0.05).
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In humans, taurine (2-aminoethanesulfonic acid) is mainly obtained from diet. Despite the fact that the
health effects of taurine are largely unknown, taurine has become a popular supplement and ingredient
in energy drinks in recent years. Evidence from mechanistic and animal studies has shown that the main
biological actions of taurine include its ability to conjugate bile acids, regulate blood pressure (BP), and act
as a potent antioxidant and anti-inflammatory agent. These actions suggest that high levels of taurine may
be protective against coronary heart disease (CHD). However, data from epidemiologic and intervention

g}“:g:ds" studies in humans are limited. We review what is known about taurine's metabolism, its transportation
Coronary heart disease in the body, its food sources, and evidence of its effect on cardiovascular health from in vitro, animal, and
Cholesterol epidemiologic studies. We also discuss shortcomings of the human studies that need to be addressed
Blood pressure in the future. The identification of taurine as a preventive factor for CHD may be of great public health

Antioxidant importance.
© 2009 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Coronary heart disease (CHD) has decreased in the US as a result
of preventive measures such as smoking cessation and treatment
of hypertension, dyslipidemia, diabetes mellitus, and obesity. How-
ever, CHD remains the single largest killer of American men and
women, with an estimate of 8.7 million US men and 7.3 million US
women affected by CHD in 2005 [1]. Identification of new factors
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that may help reduce incidence of CHD could have an important
public health impact.

Diet can influence heart health, and recent evidence strongly
supports the idea that beneficial dietary factors such as fruits,
vegetables, legumes, whole grains, and vegetable oils should be
consumed adequately. In humans, diet is the main source of tau-
rine (2-aminoethanesulfonic acid), a sulfur-containing molecule
(Fig. 1). Smaller amounts of taurine are also synthesized endoge-
nously in the liver from methionine and cysteine. Taurine exists
freely in cytosol and is most abundant in the heart, retina, devel-
oping brain and blood (Table 1). Today, taurine is a key ingredient
in “energy” drinks such as Red Bull (1000 mg), Monster (2000 mg),
and Rockstar (3000 mg), although there is no evidence of taurine's
effects on physical activity. The high concentration of taurine in
these popular drinks, however, underscores the importance of eval-
uating the potential health implications of taurine. We review the
taurine content of different foods and the metabolism and transport
of taurine in the body. We examine evidence from in vitro, animal
and human studies on the potential of taurine in protecting against
CHD. We also discuss the shortcomings of previous human studies
and suggest future directions.

2. Taurine metabolism and transport in humans

Synthesis of taurine begins in the liver with a magnesium-
catalyzed methylation of methionine to form homocysteine, a
process which can be reversed by the vitamin B12 and folate-
dependent enzyme methionine synthetase (Fig. 2 adapted from
[2]). Next, homocysteine donates its sulfur group to form cys-
tathionine and under the influence of pyridoxal-5'-phosphate (P5P)
cystathionine is broken down to cysteine. Cysteine, catalyzed by

Table 1
Taurine concentrations in various tissues,

Tissue type Taurine concentration®
Human
Brain
Developing 4-20 pmolfg [40]
Adult 1-9 pmol/g [40]
Heart 6 wmol/g [41]; 15-25 pmol/g [42]
Liver 2 pmol/g [41]
Skeletal muscles 5 wmol/g [41]
Retina 30-40 pmol/g [41]
Plasma 50-80 p.mol/L [41,42]; 100 pmol/L [43]
Leukocytes and platelets 13-17 pmol/L [44]; 10-50 pmol/L [43]
Rat
Brain 3 wmol/g [41]; 5 wmol/g [45.46]
Heart 20 [46]; 30 wmol/g [47]
Liver 3 pmol/g [41]); 4 wmol/g [45,46]
Skeletal muscles 7 pmol/g [41]; 16 pmol/g [45]
Retina 27 pmol/g [41]; 50 wmol/g [47]
Plasma 360 pmol/L [45]; 450 pmol/L [41]
Kidney 7 wmol/g [46]; 9 umol/g [45]

* Units for some values have been changed from those originally published for
uniformity.

Methionine
Mg} 1 B2 folate
Homocysteine
| psp
Cystathionine

| psp
Cysteine

l PSP CSAD

Cysteine )
sulfinic Hypotaurine ~

acid

Taurine

CSAD Cysteic acid —"
P5P

Fig. 2. Synthesis of taurine (adapted from [2]).

cysteine deoxygenase, combines with dioxygen to become cys-
teine sulfinic acid, which is then decarboxylated by cysteine sulfinic
acid decarboxylase (CSAD) and P5P to hypotaurine. Hypotaurine is
oxidized to taurine by hypotaurine dehydrogenase. Alternatively,
taurine is formed following the oxidation of cysteine sulfinic acid
to cysteic acid and the decarboxylation of cysteic acid by P5P [3].

Humans have a low level of CSAD, and, therefore, obtain most
of their taurine from foods [4]. Taurine obtained from food is
absorbed by the small intestine. After absorption, carrier-mediated
active transport in the brush border membrane moves taurine
to enterocytes, which deliver it to the portal vein [5]. Taurine is
then transported to the liver and released into circulation and can
then enter cells via the taurine transporter (TauT), which in turn
responds to the concentration of taurine in cells [6]. A high concen-
tration of taurine downregulates TauT, and taurine is excreted from
the body in urine. Conversely, when the taurine concentration is
low, TauT is upregulated and taurine is reabsorbed into circulation
through the renal tubules in the kidney.

3. Taurine level in foods

The mean content of taurine in selected foods is shown in Table 2.
Overall, low amounts of taurine are found in dairy, such asice cream
and cow's milk. The highest amounts of taurine can be found in
shellfish, especially scallops, mussels, and clams. High amounts of
taurine can also be found in the dark meat of turkey and chicken,
and turkey bologna. Cooking has been shown to have no adverse
effect on taurine levels [7], and taurine values from the same food
sources are fairly consistent across different studies. The mean daily
taurine intake for adult human non-vegetarians has been estimated
between 40 and 400 mg [8], typically falling closer to the lower
end of the range. However, the amount of taurine bioavailable in
humans after consuming foods containing taurine is not known. In
human trauma patients, a dose-response was found between tau-
rine given intravenously at 0-50 mg/kg and the amount of taurine
in serum [9].

4. Mechanisms of taurine protection against CHD
We review data from in vitro, animal, and limited human stud-

ies of the ability of taurine to conjugate bile acids, regulate blood
pressure (BP), and reduce oxidative stress and inflammation.
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Table 2
Taurine amounts in foods.
Food Method of preparation Mean taurine content mg/100g?
(SEM)®
Beef Raw 43.1(7.6) [48]; 46.3 (4.6) [49]
Broiled 38.4(9.7) (48]
Chicken dark meat Raw 82.6 (4.6) [49]; 169.6 (37.4) [48]
Broiled 199.1(27.4) 48]
Chicken light meat Raw 17.5 (0.4) [49]; 17.8 (3.3) [48]
Broiled 14.5 (3.9) [48]
Turkey dark meat Raw 306 (69) [48]
Roasted 299.6 (52.2) [48]
Turkey light meat Raw 29.5(6.9)[48]
Roasted 11.1 (1.1) [48]
Veal Raw 39.8(12.5)[48]
Broiled 46.7 (10.3) [48]
Pork, loin Raw 50.1(3.8) [49]; 61.2(10.6) (48]
Roasted 56.8 (11.5) [48]
Lamb dark meat Raw 43.8(4.1) [49]; 47 [50]
Ham, picnic Baked 49.8 (5.8) [48]
Salami, cotto beef Cured 59.2(7.8) [48]
Bologna, pork/beef Cured 31.4 (4) [48]
Bologna, turkey Cured 122.7 (5.3) [48]
Tuna, albacore Canned 41.5(12.8) [48]
Tuna, chunk light 39(11.8) [48]
White fish Raw 113.9(13) [49]; 151.2 (22.9) [48]
Cooked 172.1(53.6) [48]
Shrimp, small Cooked 10.5 (1.4) [48]
Shrimp, medium Raw 39.4 (12.8) [48]; 155.2 (3.8) [49]
Mussels Raw 655.4 (72) [48]
Oysters Fresh 70 [50]; 396.7 (29) [48]
Cod Frozen 31[50]
Clams Raw 240 [50]; 513.1 (50.1) [49]; 520.7
(97.4) [48]
Canned 152 [50]
Octopus Raw 388(12.5) [49]
Scallop Raw 827.7 (15.4) [48]
Squid Raw 356.7 (95) [48]
Cow's milk Unprocessed <0.5(7)
3.5% fat, whole 2.4(0.3)[48]
2.0% fat, low fat 2.3(0.2)[48]
0.5%, non-fat 25(0.3)[48]
Non-fat, dried 7.0 [48]
Yogurt, low-fat plain 3.3(0)[48]
Yogurt, low-fat peach 7.8(0.9)[48]
Ice cream/vanilla 1.9 [48]
Pasteurized milk 6[50]

4 Units for some values in Table 2 have been adapted from those previously pub-
lished for uniformity

b SEM: standard error of the mean

4.1. Lipid detoxification

4.1.1. In vitro and animal studies

Taurine's main function in the body is the conjugation of choles-
terol into bile acids, changing cholesterol's solubility and enabling
its excretion. This process can be accelerated through the upregu-
lation of 7-alpha-hydroxylase (CYP7A1), the rate-limiting enzyme
in the production of bile acids [10]. Taurine has been shown to have
time- and dose-response effects on CYP7A1 mRNA levels in Hep
G2 cells (human hepatoblastoma cells used to study cholesterol
function). In these cells, the level of CYP7A1 mRNA increased with
increasing concentrations of taurine (2, 10 and 20 mmol/L) both in
the presence and absence of 0.2 mmol/L cholesterol. Furthermore,
the expression of CYP7A1 was significantly greater 4 h after taurine
treatment than in cells without taurine treatment, and continued to
significantly increase at 24 and 48 h [11], suggesting that the effect
of taurine may be sustained.
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The cholesterol profiles of rats, mice, hamsters, guinea pigs, and
rabbits have all been shown to be affected by taurine. For exam-
ple, taurine supplementation of 0.25-50 g/kg for two weeks led to
significant dose-dependent attenuation in the increase of serum
cholesterol in Wistar rats fed a diet high in cholesterol compared to
a group fed a high cholesterol diet without supplementation. This
effect has been attributed to an increased level of CYP7A1 mRNA in
the liver observed in the taurine supplemented group [12].

Taurine may also decrease cholesterol levels through an upreg-
ulation of the hepatic low-density lipoprotein receptor (LDLR)
and/or through an improvement in the binding of LDL to LDLR.
Golden Syrian hamsters fed a high fat diet supplemented with
1% taurine for two weeks compared to unsupplemented ham-
sters had significantly reduced serum total cholesterol (317 mg/dL
versus 543 mg/dL) and LDL+VLDL cholesterol (213 mg/dL versus
460 mg/dL). Radiolabelled LDL tracers in the body revealed that
taurine upregulated the activity of LDLR, increased LDL uptake by
the liver, and increased LDL turnover in blood [13]. C57BL/6 mice
fed a high fat diet supplemented with 1% taurine for one month
showed a significant decrease, compared to control mice fed a high
fat diet without taurine, in total serum cholesterol (126 mg/dL ver-
sus 181 mg/dL, respectively) and LDL+VLDL cholesterol (70 mg/dL
versus 120 mg/dL, respectively). However, liver LDLR protein levels
measured by Western blot showed no difference between the two
groups [14). Additional studies are needed to clarify taurine's role
in regulating LDL.

4.1.2. Human studies

The effects of taurine on lipid levels were examined in several
small randomized trials (Table 3). A single-blind study of 22 healthy
male Japanese volunteers between the ages of 18-29[15] examined
the effects of 6 g/day of taurine supplementation versus placebo
on participants’ lipid profiles. Volunteers were placed on a three-
week diet designed to increase their cholesterol levels. The control
group had a statistically significant increase in total cholesterol,
LDL cholesterol, and LDL, while the corresponding increases of the
taurine supplemented group were smaller and not statistically sig-
nificant. However, it is unknown whether the beneficial effects of
taurine would only be seen among individuals with high-fat diet.

In a double-blind randomized study of 30 overweight or obese
college students (body mass index [BMI] > 25), who received either
3 g/day of taurine supplementation or placebo for seven weeks,
average changes in lipid levels over time in the treatment group
were compared with those in the placebo group. At baseline,
there were no differences in any parameters between the two
groups. After seven weeks of supplementation, plasma triglycerides
decreased by 8 mg/dL in the taurine supplemented group, and
increased by 3 mg/dL in the placebo group. These changes were sta-
tistically significantly different between the two groups (p=0.04).
Additionally, the atherogenic index |[(total cholesterol—HDL
cholesterol)/HDL cholesterol] was reduced in the taurine supple-
mented group (2.75-2.30) after seven weeks, and this reduction
was statistically significantly different from the changes in the
placebo group (2.91-2.99). Changes in other measures such as
total cholesterol and HDL-cholesterol were not statistically dif-
ferent between the two groups [16]. These findings suggest that
taurine may reduce triglyceride levels; however, the study's limita-
tions, including small sample size, with only 15 participants in each
arm, short length of supplementation, and baseline health status of
the participants, call for future large studies to confirm the results.

4.2. Effects on BP

4.2.1. In vitro and animal studies
The main mechanism through which taurine may decrease BP
is thought to be the attenuation of angiotensin II signaling, which
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causes vasoconstriction and consequently increases BP[17]. Taurine
may also reduce BP through enhancement of the kinin-kallikrein
system in the kidney that causes vasodilation [18]. Taurine may
also lower BP by decreasing levels of epinephrine (which increases
heart rate) and norepinephrine (which causes vasoconstriction).
In hypertensive rats supplemented with 1.5% taurine in drinking
water for eight weeks, the mean plasma norepinephrine level in
the taurine supplemented rats was 383 pg/mL, significantly lower
than in the control rats (615 pg/mL). There was also a significant
difference between the mean epinephrine levels in the taurine
supplemented rats (232 pg/mL) compared to the control group
(892 pg/mL)[19].

Taurine supplementation effectively controlled high BP in
the most common animal models of hypertension including:
spontaneously hypertensive rats (SHR) [19], deoxycorticosterone
acetate-salt rats (DOCA-salt/Sprangue-Dawley) [20], salt-sensitive
Dahl-S rats [21], renovascular hypertensive rats [22], and hyperin-
sulinemic rats (Wistar) [23]. For example, hypertension in SHR and
SHR stroke-prone (SHR-SP) rats was significantly attenuated by the
addition of 3% taurine to the drinking water. After 72 days of the
experiment, the difference in BP between the control group and
the SHR-SP group was 30 mmHg [24].

4.2.2. Human studies

Analyses from the WHO Cardiovascular Diseases and Alimen-
tary Comparison (WHO-CARDIAC), a multi-center cross-sectional
study, have suggested aninverse correlation between urinary excre-
tion of taurine and BP (Table 3, [25]). After adjusting for age, sex
and potassium levels, a study of different ethnic Chinese popula-
tions found a significant inverse correlation between 24-h taurine
excretion and diastolic BP in 755 Han participants and a significant
inverse correlation between 24-h taurine excretion and both dias-
tolic and systolic BP in 125 Tibetan participants. The Uygur or the
Kazak populations showed small, non-significant negative correla-
tions between 24-h taurine excretion and both systolic and diastolic
BP [25]. One major limitation of the study is its cross-sectional
design in which taurine and BP status were measured at the same
time, making it difficult to know which temporally preceded the
other. Potential confounders that are related to both taurine level
and BP were not considered in the study. In addition, population-
specific factors that led to differences in the correlations among
ethnic groups were not investigated.

An inverse correlation between BP and taurine excretion has
also been seen in Japanese immigrants in Brazil [26]. In this cross-
sectional study, a population-based sample of 433 middle-aged
Japanese in Shimane and Okinawa, Japan, and 269 Japanese immi-
grates from Shimane and Okinawa to Brazil showed that native
Japanese had a significantly greater urinary excretion of taurine
compared to Japanese immigrants in Brazil. This observation was
consistent with a gradient in the prevalence of hypertension and
hypercholesterolemia with lower prevalence in the Japanese living
in Japan compared to the Japanese immigrants living in Brazil [26],
suggesting the environment and not genetics as the source of the
prevalence gradients, including a possible role of taurine intake.
Although the study acknowledged differences in diet, it did not
discuss other lifestyle differences between the two groups. Since
this study used prevalence rather than incidence data, the temporal
sequence of events could not be established.

In a double-blind, placebo-controlled trial of 19 borderline
hypertensive patients between the ages of 20 and 25 [27], 6g of
taurine supplementation/day significantly decreased systolic and
diastolic BP over time, whereas in the placebo group BP did not
change significantly. Furthermore, plasma epinephrine levels in the
taurine treatment group decreased significantly but remained at a
similar level in the placebo group. Norepinephrine levels decreased
non-significantly in both the taurine supplemented and placebo
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groups [27]. Although the results suggest protective effects of tau-
rine, statistical testing was not conducted to directly compare
longitudinal changes in the treatment and placebo groups. Other
limitations of the study are its small sample size, with only <10
participants in each of the study groups, short length of supple-
mentation (7 days), and the fact that participants had preexisting
borderline hypertension, limiting the generalizability of the results
to healthy individuals. Nevertheless, the norepinephrine findings
were consistent with the previously discussed study by Mizushima
et al. [15], in which urinary norepinephrine levels increased signif-
icantly in individuals given a high cholesterol diet without taurine
supplementation but did not change significantly in individuals fed
a high cholesterol diet supplemented with taurine.

4.3. Antioxidation and anti-inflammation

4.3.1. In vitro and animal studies

Atherosclerosis is recognized as a chronic inflammatory pro-
cess resulting from oxidation and oxygen radicals. Oxidant activity,
measured by thiobarbituric acid reactive substances (TBARS), was
significantly less in the plasma of male Wistar rats fed a high
fat diet supplemented with 50 mg/kg/day taurine for six months
(1.6 nmol/mL) compared to rats fed a high fat diet without taurine
supplementation (2.4 nmol/mL) [28]. Serum TBARS were also sig-
nificantly lower in apolipoprotein E-deficient mice after 2% taurine
supplementation for 12 weeks (8.6 nmol/mL), compared to mice
without taurine supplementation (11.1 nmol/mL) [29].

Taurine is also known to react with hypochlorous acid
(HOCI), a powerful oxidant, to create a more stable taurine
chloramine (TauCl) in vivo to block the production of pro-
inflammatory cytokines. For example, 0.4 mM TauCl added to
adherent leukocytes taken from healthy volunteers and activated
with lipopolysacharides (LPS) significantly reduced the amount of
interleukin-6 (IL-6) produced. In murine peritoneal neutrophils
with acute inflammation activated by recombinant interferon-y
(INF-y) and LPS, TauCl in concentrations ranging from 0.03 to
0.3 mmol/L significantly inhibited the production of IL-6 in a dose-
dependent manner [30].

The adhesion of circulating leukocytes to endothelial cells and
their transendothelial migration is an initiating step of atheroscle-
rosis [31]. The expression of intracellular adhesion molecule-1
(ICAM-1), which mediates cell-cell adhesion, was decreased by
taurine in Sprague-Dawley rats with impaired reactive oxygen
species (ROS) scavenging capability. Taurine given intravenously at
200 mg/kg for 5 days before the induction of inflammation pre-
vented a significant increase in the expression of ICAM-1 in the
post-capillary venular (high endothelial cell region) [32].

The production of tumor necrosis factor-a (TNF-et), an important
pro-inflammatory cytokine, has been shown to be downregu-
lated by taurolidine, a derivative of taurine. Taurolidine blocked
the production of TNF-a by 50-90% in human peripheral blood
mononuclear cells from healthy donors stimulated by LPS and INF-
v [33]. Additionally, the amount of TNF-a released from mouse
macrophage-like RAW 264.7 cells was reduced in a dose-dependent
manner by TauCl given in concentrations ranging from 0.2 to
1 mmol/L [34].

4.3.2. Human studies
Taurine's antioxidant activity in humans has received little

attention. In a placebo-controlled trial of 12 patients with sta-
ble angina [35], intravenous infusion of 5g taurine one to three
hours before coronary artery bypass surgery reduced the level of
lipoperoxidation products, an indicator of ROS, during reperfusion
(restoration of blood flow). The mean oxidative stress ratio com-
paring reperfusion to pre-operative biopsy samples was 1.12 in the
taurine pretreated group versus 2.45 in the placebo group [35].



24 0.P. Wojcik et al. / Atherosclerosis 208 (2010) 19-25

Larger studies are needed to evaluate the effect of taurine in healthy
individuals.

5. Human studies of taurine and heart disease

Table 3 includes two other human studies of the association
between taurine and heart disease. The WHO-CARDIAC study
[36,37], which recruited random samples of men and women 48-56
years of age from 24 study centers in 16 countries, investigated the
ecological correlation between dietary factors and ischemic heart
disease (IHD). As expected, urinary taurine levels were highest in
Japanese men (2180.6 wmol/day) and women (1590.0 mol/day),
who had the greatest seafood consumption, and lowest in Cana-
dian men (191.6 pmol/day) and Russian women (127.5 pmol/day).
A significant inverse correlation was found between the group-
level median value of urinary taurine excretion and age-adjusted
IHD mortality rates in the study areas, both in men and women.
The associations remained significant after adjustment for serum
total cholesterol, BMI and urinary sodium to potassium excretion
ratios [36]. A separate analysis of the male participants in the 16
countries found age-adjusted IHD mortality rates in the area pop-
ulations to be significantly negatively associated with the average
urinary taurine excretion after adjusting for group means of BMI,
total cholesterol, urinary sodium/potassium ratio, polyunsaturated
fatty acids, and polyunsaturated fatty acids/saturated fatty acids
ratio [37]. However, the findings of this study are subject to eco-
logic fallacy because it is unknown whether the individuals who
died of IHD actually had low levels of urinary taurine excretion,
and adjustment of group means of potential confounders may not
address the confounding effects at the individual level. Also, other
potential confounders related to both CHD and taurine intake such
as smoking status, physical activity, and socioeconomic status were
not considered. Additionally, urinary taurine levels are unstable and
may be highly dependent on daily food consumption which may be
influenced by seasonal changes in food availability.

6. Discussion

In summary, animal and in vitro studies have provided insights
into the mechanisms by which taurine can improve lipid profile,
lower BP, and act as an antioxidant and anti-inflammation agent,
suggesting great potential of taurine in improving the profile of
cardiovascular risk factors and reducing occurrences of cardiovas-
cular disease. A few small clinical trials and observational studies
in humans have also suggested short-term benefits of taurine sup-
plementation on lipid and BP profiles.

The data from existing human studies indicate that taurine may
confer substantial benefits in reducing the risk of CHD on the pop-
ulation level. For instance, based on a meta-analysis of individual
data for one million adults in 61 prospective studies, a 2mmHg
lower usual systolic BP would decrease stroke mortality by 10%
and IHD or other vascular cause mortality by 7% in the middle
aged [38]. A clinical trial of taurine supplementation showed that
taurine reduced blood pressure 6 mmHg more than placebo [27].
However, several limitations of the existing studies should be con-
sidered, including: (1) ecologic study design with analyses based on
group-level data; (2) small sample sizes in the randomized clinical
trials, with fewer than 30 participants in all of them; (3) characteris-
tics of the study populations, including subjects with existing CHD,
hypertension, or obesity; and (4) short-term duration of taurine
supplementation in the randomized clinical trials (<2 months); and
(5) lack of information on potential confounders in observational
studies. Future observational epidemiologic studies that address
these limitations are needed to evaluate long-term human health
effects of taurine on BP, cholesterol profile, and other risk factors
for CHD.

Currently, no prospective epidemiologic studies have been con-
ducted to investigate taurine's possible association with CHD
incidence. One of the reasons for this could be the lack of a reli-
able measure of long-term taurine level. Use of questionnaires to
estimate taurine dietary intake is difficult because the content of
taurine differs appreciably by type of seafood and cut of meat,
posing a challenge in calculating taurine intake from diet question-
naires. Biochemical measurements of taurine reflecting an “internal
dose” would be more accurate. However, it is important to evalu-
ate to what extent the level measured in urine or blood samples
fluctuates over time before using these measurements in large epi-
demiologic studies. In addition, lifestyle or other nutritional factors
that may be related to both taurine levels and cardiovascular out-
comes are largely unknown. These data are needed to support the
validity of findings in epidemiologic studies of taurine and CHD.

Although no minimum level of intake with adverse effect has
been set for taurine, a recent risk assessment study designated
the upper level of taurine supplementation at 3g per day. This
assessment was based on toxicological evidence from a review of
all human clinical trials with taurine supplementation [39]. The
only adverse effects noted after consuming a 3 g dose of taurine
were gastrointestinal disturbances. It should be noted that the min-
imum dose used in the existing trials was 3 g/day, much greater
than the usual intake of taurine from diet (<0.4 g/day). However,
an inverse association between taurine and CHD-related outcomes
has been reported in ecologic studies without taurine supplemen-
tation, suggesting that potential beneficial effects of taurine may
exist at lower levels. Future studies are needed to evaluate the
full dose-response relationship between taurine intake and CHD-
related outcomes. Although some “energy drinks” contain high
levels of taurine (>1 gfserving), they also contain high amounts of
caffeine and other ingredients; therefore, health effects relating to
their use should be evaluated separately.

The relationship between dietary sources of taurine and the bio-
chemical availability of taurine in the human body await research
investigation. For example, knowledge of the specific equation
relating food intake to serum level of taurine would be useful if
taurine has preventive effects. In addition to taurine, fish and shell-
fish may contain other nutrients or environmental contaminants
that may influence heart health, including cholesterol, omega-3
fatty acids, mercury, PCBs (polychlorinated biphenyls), and dioxins.
Understanding taurine’s role in CHD etiology may help improve cur-
rent dietary guidelines for CHD. Further research will be needed to
evaluate whether taurine is beneficial for subgroups in the popula-
tion with high risk of CHD, or those who do not or cannot regularly
consume meat or seafood.

In conclusion, considering the in vitro, animal, and human
studies reviewed, there are several plausible mechanisms through
which taurine may decrease the risk of CHD. However, the evidence
from epidemiologic studies is limited due to the shortcomings in
study design, sample size, and the characteristics of study popu-
lations. Nutritional studies of dietary sources of taurine and the
biochemical availability of taurine, as well as epidemiologic studies
using CHD or CHD risk factors as endpoints are needed to provide
more definitive answers about the influence of long-term taurine
levels on preclinical and clinical CHD outcomes.
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Two weeks taurine supplementation
reverses endothelial dysfunction in
young male type | diabetics

Michael A Moloney', Ronan G Casey', David H O’ Donnell',
Patricia Fitzgerald?, Chris Thompson® and
David ) Bouchier-Hayes'

Abstract

Type | diabetics have a well-recognised risk of accelerated cardiovascular disease. Even in the absence of clinical signs
there are detectable abnormalities of conduit vessel function. Our group has previously reported reversal of endothelial
dysfunction in diabetics with pravastatin. In young asymptomatic smokers, taurine supplementation has a beneficial impact
on macrovascular function, assessed by FMD, and shows an up-regulation of nitric oxide from monocyte-endothelial cell
interactions.We hypothesise that taurine supplementation reverses early endothelial abnormalities in young male type |
diabetics, as assessed by applanation tonometry, brachial artery ultrasound and laser Doppler fluximetry. Asymptomatic,
male diabetics (n=9) were scanned prior to treatment and then randomised in a double-blind cross-over fashion to
receive either 2 weeks placebo or taurine. Control patients (n=10) underwent a baseline scan. Assessed diabetics had
detectable, statistically significant abnormalities when compared with controls, in both arterial stiffness (augmentation
index) and brachial artery reactivity (FMD).Both of these parameters were returned to control levels with 2 weeks taurine
supplementation. In conclusion, 2 weeks taurine supplementation reverses early, detectable conduit vessel abnormalities
in young male diabetics. This may have important implications in the long-term treatment of diabetic patients and their
subsequent progression towards atherosclerotic disease.

Key words
Applanation tonometry, diabetes mellitus, flow-mediated dilatation, laser Doppler fluximetry, taurine

Introduction

In patients with type 1 diabetes, cardiac autonomic neuropa-
thy may be present at a very early age, even in an asymp-
tomatic population.! This is associated with a significant
increase in mortality.? Several clinical trials have generated
important results that validate effective strategies for modi-
fying cardiovascular risk in diabetics.’ Even in the clinically
asymptomatic type 1 diabetic patient there are statistical dif-
ferences in blood pressure.* These individuals have statisti-
cally higher end systolic blood pressure, even in the setting
of clinically asymptomatic disease, when compared with
controls. Diabetic retinopathy is considered an early sign of
widespread overall vascular damage.® Interestingly, even in
the absence of retinopathy, nephropathy and neuropathy,
young assumed-asymptomatic diabetics have clinically
detectable abnormalities, predictive of the development of
future cardiovascular complications.®!! There is even evi-
dence of cardiovascular abnormalities in diabetic children as
young as 11 years.” Clinical assessment for nephropathy,
neuropathy and retinopathy is commonplace, each reflecting

both control and stage of discase. Non-invasive assessment
of endothelial function in diabetics is both reproducible and
reliable. Pulse wave velocity and pulse wave assessment
can be determined from measurements of pulse waveform.
Increased pulse wave velocity has been associated with
increasing age, arterial blood pressure, diabetes, smoking
and end-stage renal disease.'? Arterial and endothelial dys-
function is different in high and low-risk subjects,"* with arte-
rial elasticity assessment by radial pulse waveform analysis
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correlating with FMD in young healthy subjects and older
type-2 diabetics.

HMG CoA reductase inhibitors are known to reverse
endothelial dysfunction in young, normoalbuminuraemic,
male diabetics.*!'* Experimental evidence suggests that
HMG CoA reductase inhibitors increase both expression
and activity of endothelial nitric oxide synthase,'>'s and
therefore up-regulate nitric oxide and reverse endothelial
dysfunction. Lifelong statin treatment presents economi-
cal, ethical and psychological dilemmas, with a recognised
incidence of adverse side effects such as muscle and liver
toxicity. The incidence of transaminase increases greater
than threefold is approximately 1% for all statins, and is
dose related.'” Myopathy occurs in 1 in 1000 patients.'®
Also, the risk of rhabdomyolysis and other adverse effects
with statin use can be exacerbated by several factors,
including diabetes.'®

B-aminoethane sulphonic acid, or taurine, is a condition-
ally essential amino acid, found abundantly in tissues that are
excitable and rich in membranes that generate oxidants. It
is the most prevalent of all amino acids in skeletal tissue,
cardiac muscles and the brain, and is essential in the func-
tioning of the brain, heart, lungs, blood, liver, pancreas, gall
bladder and the kidney. Food sources include dairy products,
oatmeal and seafood. It is now well accepted that taurine has
an important role to play in prevention of hypertension and
stroke.'® In diabetic patients a hypoglycaemic effect has pre-
viously been reported.?” Several papers have reported that
taurine potentiates the effect of insulin,?' and possibly the
insulin receptor.” In type 1 diabetics both plasma and plate-
let taurinc levels are reduced,® with oral supplementation
returning them to above control levels.** > Long-term treat-
ment with taurine in streptozotocin-induced diabetic rats
reduced mortality.”® Taurine has also been shown to inhibit
ischaemia-induced apoptosis in cardiac myocytes®’ and
endothelial cells.” It protects against myocardial injury in
hyperhomocysteinaemia in rats,” it reduces iron-mediated
myocardial oxidative stress and preserves cardiovascular
function in a murine model,*® and its therapeutic role in
the reduction following ischaemia/reperfusion injury is well
documented.*!

We therefore hypothesised that taurine supplementation
in normoalbuminuraemic type 1 diabetics reverses carly,
detectable, endothelial abnormalities assessed by applana-
tion tonometry, brachial artery ultrasound and laser Doppler
fluximetry.

Methods

Patient population

Young male patients with type 1 diabetes mellitus were
recruited from the diabetic day care centre at Beaumont

Hospital, Dublin, Ireland, under the supervision of a Con-
sultant Endocrinologist. All patients were male and under
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30 years of age. They were all type 1 diabetics, with no evi-
dence of macrovascular or microvascular disease and on no
other medication apart from the appropriate insulin dose. All
patients had a 24-h urine collection and urinary albumin
excretion status to exclude microalbuminuria (Cobasmiras,
Roche).

Exclusion criteria:

o Other risk factors for the development of cardiovas-
cular disease, including smoking, hyperlipidaemia,
hypertension, family history of premature vascular

disease
s Female sex
e BMI=30

Control subjects underwent the same exclusion criteria. All
patients were age, sex and weight matched.

Treatment protocol

All patients were provided with a thorough explanation of
the study. Subjects and General Practitioners were given an
information leaflet, and subjects gave informed consent to
the study. The Beaumont Hospital Ethics Committee app-
roved this study, and the Irish Medicines Board approved
the use of placebo and taurine. Diabetics were supplemented
with 1.5 g/day taurine (500 mg three times daily) (Twinlab)
for 14 days. Placebo was an identical tablet administered
three times daily for 14 days also.

Controls and diabetics were assessed at baseline. Diabetics
were then randomised in a double-blind, cross-over fashion
to either placebo or control and treated for 2 weeks, reas-
sessed and treated for a further 2 weeks with the other medi-
cation and then reassessed again (Figure 1). Randomisation
was achieved by placing of the tablets, placebo or taurine, in
identical envelopes by an independent, non-medical member
of staff. The envelopes were then labelled with numbers only,
thereby not giving away identify of the treatment limb but
allowing for identification of the various limbs at the end of
the study. Diabetics were assessed at three separate time
points, 2 weeks apart. Controls were assessed at baseline.

Haemodynamic studies

All studies were performed in the non-invasive vascular
laboratory at Beaumont Hospital, Dublin, Ireland, under
the supervision of a consultant in vascular imaging. All
non-invasive assessments took place in a quiet, tempera-
ture-controlled room (20°C) with the subject lying com-
fortably in a resting supine state for 15 min. Subjects were
asked to avoid caffeine and exercise for the preceeding
12 h. Blood pressure was then assessed on three occasions
and the mecan value, along with patient demographics,
height and weight were recorded.
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l_ Randomisation

l Screening visit

Double-blind
treatment period

Two weeks

Taurine
(500 mg TDS)
or placebo

Inter-study (Day 15)

l End of treatment

Double-blind
treatment period

Two weeks

Taurine
(500 mg TDS)
or placebo

Figure |. Study protocol for the trial.

Brachial artery ultrasound and flow-mediated
dilatation

Flow-mediated changes in conduit artery diameter are
caused by shear stress-induced generation of endothelial
derived vasoactive mediators,*? reflected in FMD. This
technique involves measurement of the brachial artery,®
assessed by high-resolution external vascular ultrasound in
response to an increase in blood flow (causing shear stress)
during reactive hyperaemia (inflation of a distal cuff placed
around the wrist). This leads to endothelium-dependent
dilatation; the response is then contrasted with that to
sublingual GTN, an endothelium-independent dilator. The
artery is therefore scanned at three time points: at baseline,
immediately following reactive hyperaemia and finally
after administration of GTN. A cuff inflation time of 270 s
is now widely accepted to produce adequate hyperaemia
for assessment of FMD.* This technique for assessment of
endothelial function has been extensively described and is
accurate and reproducible in vivo.?*¥3%*¥ The brachial
artery is imaged using a 13 MHz linear array transducer
ultrasound system (Acuson 128XP/10 system, Acuson,
California). The subject’s right arm is comfortably immobi-
lised in the extended position to allow constant imaging of
the brachial artery. The artery is scanned in longitudinal
section with a pulsed Doppler signal at a 70° angle to the

vessel and at a location in the antecubital fossa where the
clearest anterior posterior M lines are visible. Images are
recorded on videotape for subsequent off-line analysis
using ultrasound calipers. Baseline readings are taken for 2
min. A blood pressure cuff applied to the distal right fore-
arm is then inflated to 240 mmHg for 4.5 min and subse-
quently deflated. The endothelial-dependent vasomotor
responses to reactive hyperaemia are recorded 45-60s after
cuff deflation. GTN is then administered sublingually and
endothelial-independent dilatation is assessed as above. At
later off-line analysis the baseline brachial artery diameter,
FMD in response to reactive hyperaemia and cndothclial-
independent dilatation are calculated. Diameter changes arc
expressed as the percentage change relative to the mean
baseline scan (100%). Using ultrasonic calipers, measure-
ments are taken from the anterior to the posterior M line
co-incident with the end of diastole (on the ECG tracing)
using the ‘m’ mode. The mean diameter is calculated from
four cardiac cycles incident with the ‘R’ wave on the ECG.

Applanation tonometry — assessment of central and
peripheral haemodynamics

With cach beat of the left ventricle a new pulse wave is
formed, cach reflective and predictive of cardiac function.
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Arterial tonometry permits accurate representation of the
pressure waveform at sites where the artery can be com-
pressed against underlying bone. Ideal sites are radial and
carotid arteries.” Radial tonometry is more reproducible; it
gives an accurate pressure wave contour and is a fair repre-
sentation of pulse pressure. The technique is relatively sim-
ple and involves placement of a flat sensor which flattens
the arterial wall, eliminating tangential pressures and expos-
ing the artery to pressure within the artery and therefore
accurately recording it. Synthesised waveforms correspond
well to those recorded invasively in the ascending aorta, or
to surrogate waveforms measured non-invasively.® The
waveform is then transferred into the corresponding central
arterial waveform, using a generalised transfer factor based
on data from invasive recordings.* Therefore pulse wave-
form analysis can be used to record the peripheral waveform
and to generate a corresponding central waveform. Both
waveforms can then be analysed to give information on the
augmentation index and central pressures. The augmenta-
tion index was initially described by Kelly et al.*** as the
ratio of augmentation index pressure (differences in pres-
sure between early and late systolic shoulders of the pulse
waveform) and pulse pressure expressed as a percentage.
This is now a well-accepted technique for the assessment of
arterial stiffness.*!*7 In this pilot clinical trial the right
radial pulse was used for assessment of the pulse waveform.
Peripheral and central parameters were measured using the
applanation tonometry probe.,

Pulse pressure waveform and amplitude are obtained
with a probe that incorporates a high fidelity strain trans-
ducer (Model TCB-500, Millar Instruments). Pulse waves
arc obtained by placing the pencil-like probe perpendicu-
larly over the point of strongest pulsation of the radial
artery. The sensor is used to flatten the arterial wall against
a bony surface, tangential pressures are eliminated, and the
sensor is exposed to the true intra-arterial pressure. The
wrist is held dorsiflexed using a support and the probe is
applied with steady pressure until a good, recurring wave-
form signal appears within the display. A good waveform is
defined as one that is consistent, large (at least 3 cm on
screen) and in a steady position. Twenty consecutive pres-
sure waveforms are recorded, averaged, and peripheral
parameters such as dP/dt, the differential of the pressure
wave, are obtained.” When 20 waveforms are analysed
the PHV is calculated. This is a percentage of mean pulse
height (difference between maximum and minimum of
each pulse). The PHV parameter gives a numerical value
and will increase with beat-to-beat pulse height variations,
typically as a result of poor quality signals. Diastolic vari-
ability is the averaged variability of the diastolic points
(minimums) from the mean diastolic as a percentage of the
pulse height. It increases with beat-to-beat variations of the
minimums and is a measure of how steadily the tonometer
is held during the measurements (if the tonometer is held
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perfectly steady then the PHV% and diastolic variability is
zero). Values greater than 4% will not be recorded, and the
software programme expects repeat measurements to be
made until they fall within 0—4% variability. With the use
of the constant transfer function from ascending aorta to the
radial artery the aortic pressure waveform and left ventricu-
lar function can be measured. The differential pressure
wave (dP/dt) that is measured from the radial artery can be
used to measure the amplitude of reflected peripheral waves
from the vascular tree. When compared with the central
cardiac impulse this gives the augmentation index. Left
ventricular properties, such as ejection duration and heart
rate, can be derived from the aortic pressure wave. This
aortic wave can be subdivided into systolic and diastolic
components, and allows ventriculo—vascular interactions at
baseline and following stressors to be calculated.

Laser Doppler fluximetry

A variety of methods have been used to assess skin viabi-
lity and tissue micro-perfusion.”® The principle of laser
Doppler flowmetry utilises the fact that a laser light beam
incident on tissue is scattered both in static and moving
structures (red cells). Light beams scattered in moving red
cells undergo a frequency shift according to the Doppler
effect, while beams scattered in static tissue alone remain
unshifted. A portion of the backscattered light is brought to
impinge on the surface of a photodetector where beat notes
produced by mixing of waves scattered in different struc-
tures are formed. When assessing skin blood flow, laser
Doppler flowmetry is found to be more specific and sensi-
tive to changes in blood flow than xenon-washout tech-
niques. This concept has been previously used to predict
patency of skin flaps,* to visualise the nature of rhythmi-
cal variations in healthy human skin,* to assess skeletal
muscle blood flow,” and to assess renal®’ and testicular
blood flow.” It has also recently been documented that
type 1 diabetics have impaired pressure-induced vasodila-
tation, assessed by laser Doppler flowmeter.’* The venoar-
teriolar response (postural vasoconstriction) assessed by
laser Doppler flowmetry has also been found to be both
reliable and reproducible.’*5

Laser Doppler fluximetry is a well-established tech-
nique employed in the measurement of the microcirculation
following various stimuli, including acute hyperglycaemia
and cigarette smoke.’™*" A laser signal is emitted from a
probe. The depth of penetration is determined by the wave-
length of emitted light, and the shape is determined by the
probe configuration. Therefore, this system measures red
blood cell movement in a fixed volume of tissue, which is
then an indirect measure of red blood cell flow or ‘flux’.
There is a small zone of injury around the tip of the probe,
but the penetration of the signal is greater and therefore
is measuring flux in normal tissues. Mcasurement of red
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blood cell motion is recorded continuously in the outer
layer of the tissue under study, with little or no influence on
physiological blood flow. This output value constitutes the
flux of red cells, defined as the number of red cells times
their velocity, and is reported as microcirculatory perfusion
units. No direct information concerning oxygen, nutrient or
waste metabolite exchange in the surrounding tissue is
obtained with this technique. The relationship between the
flowmeter output signal and the flux of red blood cells is
linear. The beam can penetrate unbroken, non-pigmented
tissue to a depth of 1-2 mm. In this study we chose to use
one endothelial-dependent and one endothelial-independ-
ent stimulus. A postural change from lying to sitting/stand-
ing causes a precapillary arteriolar vasoconstriction known
as the venoarteriolar reflex, which is thought to protect cap-
illaries by preventing rises in capillary hydrostatic pressure
and ultimately transudation and tissue oedema.®'

Laser Doppler fluximetry results in arbitrary values of
flux units. As such there are no absolute measurements of
blood flow, and comparisons between baseline and follow-
ing a stimulus must be made while the Doppler probe is
positioned against the skin at the same sitting under the
same environmental and study conditions. For this reason it
is very difficult to compare baseline flow among groups of
subjects, and results are generally given as percent change
from an arbitrary baseline.

Serum samples

Haemoglobin, packed cell volume, inflammatory indica-
tors (white cell count, erythrocyte sedimentation rate and
C-reactive protein), urca and clectrolytes, liver function
tests, cholesterol, low-density lipoprotein, high-density lipo-
protein, triglycerides, glucose, glycosylated haemoglobin
(HA-8140, Menarini) and frustosamine were assessed at the
various time points in both study groups.

Statistical analysis

Statistical analysis was performed with SPSS version 12.0
statistics software. Descriptive statistics as mean + SEM.
ANOVA, with post hoc Tukey-Kramer multiple comparisons
testing. The p<0.05 level was set as significant. All patients
were entered in the study on an intention-to-treat basis and no
subjects dropped out or were removed from the study.

Results

Demographics, blood indices and glycaemic control
(Table 1)

There were no statistical differences between controls and
diabetics in age or BMI. 24-h urinary albumin in diabetics
was within the normal reference range (Cobasmiras, Roche).

There were no statistical differences in haemoglobin,
inflammatory indicators (white cell count, erythrocyte
sedimentation rate and C-reactive protein), urea and elec-
trolytes, liver function tests, cholesterol, low-density lipo-
protein, high-density lipoprotein or triglycerides. Packed
cell volume was statistically lower in diabetics (0.42
(0.01)) when compared with controls (0.45, p=0.048); this
was unaltered with treatment. Serum glucose measure-
ments were not significantly elevated in patients with dia-
betes at the various time points. Glycosylated haemoglobin
(HA-8140, Menarini) was statistically higher in diabetics
(7.8 (0.9)) compared with controls (4.3, p=0.010), This
was unaltered throughout the study period. There was a
statistical difference in fructosamine levels between con-
trols (236) and diabetics (409) and throughout the study
period (p<0.050) (see Table 1).

Applanation tonometry: myocardial workload

parameters (Table 2)

End Systolic / Mean systolic | Mean diastolic blood pressures  There
were no statistical differences between controls and patients
(baseline, placebo or taurine treated).

Augmentation index Diabetic patients at baseline (2.3 (4.8))
had a statistically higher augmentation index when com-
pared with controls (-10.9 (1.9), p=0.020). This was returned
to control levels with 2 weeks taurine supplementation
(-15.3 (3.5), p=0.001) (see Figure 2).

Applanation tonometry: myocardial perfusion
parameters (Table 2)

Heart rate Diabetic patients at baseline (69 (2.5) beats/
min) had a statistically higher heart rate when compared
with controls (58 (3.6) beats/min, p=0.010). This was unal-
tered by taurine or placebo supplementation.

Ejection duration Diabetic patients had a statistically lower
ejection duration (298 (7) ms) when compared with con-
trols (324 (9), p=0.042). This was unaltered by taurine or
placebo supplementation.

Buckberg Index (SEVR) Diabetic patients at baseline (171
(5)) had a statistically lower SEVR when compared with
controls (208 (15), p=0.041), this was unaffected by either
placebo or taurine supplementation.

Brachial artery reactivity (Table 2)
Baseline vessel diameter There were no statistical differ-
ences in brachial artery diameter between controls and dia-
betics and throughout the study period.
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Table |. Demographics, blood indices and glycaemic control.

Control DM-Baseline DM-Taurine DM-Placebo p value
Age (Years) 29 (1.0) 28 (2.0) 28 (2.0) 28 (2.0) NS
BMI (kgl/m) 27.9(1.2) 22.7 (0.9) - - NS
Haemoglobin (g/dL) 15.5 (0.4) 14.9 (0.3) 14.9 (0.2) 14.7 (0.3) NS
Haematocrit (PCV) 0.45 (0.009) 042 (0.01) % 0.41 (0.006) 0.41 (0.01) <0.05
White cell count (X10%/L) 5.8 (0.3) 5.8(0.7) 6.0 (0.7) 5.3 (0.6) NS
Erythrocyte sedimentation rate (mm/h) 3.9 (0.7) 4.8 (0.7) 3.2 (0.5) 42 (L.1) NS
Total Cholesterol (mmol/L) 4.3 (0.2) 4.7 (0.5) 4.6 (0.4) 4.8 (0.5) NS
Triglycerides (mmol/L) 1.14 (0.2) 1.2 (0.3) 1.2 (0.2) 1.6 (0.4) NS
HDL cholesterol (mmol/L) 1.3 (0.06) 1.4 (0.2) 1.4 (0.1) 1.2 (0.1) NS
LDL cholesterol (mmol/L) 25(0.1) 2.7 (0.4) 2.7 (0.4) 2.9 (04) NS
Serum von Willebrand factor (% control) 71 (4) 110 (10) $ 111 (14) 93 (8) <0.05
Serum glucose (mmol/L) 4.8 (0.2) 9(2.8) 11 (3.8) 9 (3.4) NS
Haemoglobin A 4.3 (0.3) 78(09 % 7.9 (0.9) 7.9 (1.0) <0.05
Fructosamine 236 (17.5) 409 (70.6) $ 422 (55.8) 401 (52.4) <0.05

Key: DM = diabetes mellitus; BMI = body mass index; HDL = high-density lipoprotein; LDL = low-density lipoprotein; $ - DM vs. Control p<0.05

Table 2. Subjects haemodynamic parameters assessed by applanation tonometry, brachial artery ultrasound and laser Doppler

fluximetry.

Control DM-Baseline DM-Taurine DM-Placebo P value
Myocardial Workload
End systolic BP (mmHg) 93 (2) 93 (3) 9l (4) 94 (4) NS
Mean systolic BP (mmHg) 99 (2) 97 (3) 98 (2) 98 (3) NS
Mean diastolic BP (mmHg) 86 (8) 86 (3) 86 (2) 86 (3) NS
Augmentation index -10.9(1.9) 23(48) % =153 (3.5) 0.3 (6.6) 0.001
Myocardial Perfusion Parameters
Heart Rate (beats/min) 58 (3.6) 69 (2.5) £ 71 (4.0) 69 (1.6) <0.05
Ejection Duration (msec) 324 (9) 298 (7) £ 289 (8) 293 (6) <0.05
Buckberg index (SEVR) 208 (15) 171 (5) £ 171 (10) 173 (8) <0.05
Brachial Artery Reactivity
Baseline vessel diameter 4.7 (0.2) 4.4 (0.1) 4.6 (0.04) 4.7 (0.3) NS
Flow-mediated dilatation (%) 9.8 (1.1) 40(0.6) % 9.0 (1.0) 4.3 (0.5) 0.004
Dilatation to GTN (%) 16.9 (1.9) 13.9 (2.1) 15.8 (1.4) 12.7 (1.4) NS
Laser Doppler Fluximetry
% Constriction 37 (4.3) 30(%.3) 30 (12.5) 26 (5.1) NS
% Dilatation 2113 (615) 794 (299) £ 749 (170) 803 (198) <0.05

Key: DM = diabetes mellitus; BP = blood pressure; SEVR = sub-endocardial viability ratio; GTN = glyceryl trinitrate; $ - DM-Baseline vs. Control &

DM-Taurine p<0.05. £ - DM-Baseline vs. Control p<0.05.

Endothelial-dependent dilatation (Figure 3) Diabetics had a
statistically lower FMD (4.0 (0.6)) when compared with
controls (9.8 (1.1), p=0.001). This was returned to control
levels with 2 weeks taurine supplementation (9.0 (1.0),
p=0.004).

Endothelial-independent dilatation (smooth muscle dilatation)
There were no statistical differences between any of the
groups.

77

Laser Doppler fluximetry (Table 2)

Percentage constriction to leg dependency There was no
significant difference between controls and diabetes groups
(at baseline, taurine or placebo treated).

Percentage dilatation to heat Diabetics had a statistically
lower percentage dilatation (794 (299)) when compared
with controls (2113 (615), p=0.047), this was unaltered by
treatment with taurine or placebo.
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AUGMENTATION INDEX

Figure 2. This graph demonstrates the Augmentation index (Al) in controls, diabetics at baseline (DM) and diabetics following
supplementation with taurine and placebo for 2 weeks. Diabetics have a statistically higher Al compared with controls (* p=0.020).
This is returned to control levels with 2 weeks taurine supplementation (** p=0.001).

CONTROL

D.M.

FLOW-MEDIATED DILATATION

TAURINE PLACEBO

Figure 3. This graph demonstrates the flow-mediated dilatation (FMD) in controls, diabetics at baseline (DM) and diabetics
following supplementation with taurine and Placebo for 2 weeks. Diabetics have a statistically lower FMD (* p=0.001) compared with
controls. This returned to control levels with 2 weeks taurine supplementation (** p=0.004).

Discussion

This study confirms a multitude of detectable abnormalities
in type | diabetics, all of which showed excellent glycaemic
control. Also, we have for the first time demonstrated that 2
weceks taurine supplementation in young, normoalbuminurac-
mic, asymptomatic, type 1 diabetics reversed the augmenta-
tion index, a marker of arterial stiffness, and restored conduit
vessel dysfunction, reflected in improvements in FMD.
Interestingly, in our study population of diabetics there were
no statistical differences in glucose levels between controls and

D from dvr.sagepub

diabetics at the various time points. This is a reflection of the
diabetic population’s tight glycaemic control. Also, short-term
glycaemic control, reflected in fructosamine levels, was unal-
tered in the diabetics across the various time points.

The incidence of many manifestations of coronary artery
discase are increased in patients with type 1 diabetes.®
Indeed, carly markers of cardiovascular disease may be
present in the absence of clinically detectable disease in
diabetes, as reflected in this study in increased arterial stiff-
ness and abnormal conduit vessel function, reflected in
decreased FMD.
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As with asymptomatic smokers,® our patient popula-
tion of diabetics had a multitude of detectable, pre-clinical
abnormalities. Augmentation index, assessed by non-inva-
sive applanation tonometry, was statistically higher when
compared with controls, even in the absence of any abnor-
mal myocardial pressures parameters. Type 1 diabetics are
reported to have stiffer large arteries in many,* although
not all, studies.®” Insulin therapy was found to decrease arte-
rial stiffness in uncomplicated type 1 diabetes mellitus."
Aortic pulse wave velocity is a recognised independent pre-
dictor of mortality in both diabetics and glucose-tolerance-
tested population samples. This is strongly correlated with a
previous validated estimate of arterial stiffness.”” Although
we found no differences in central pressure parameters in
the diabetic population assessed, coexistent raised arterial
blood pressure in diabetes is associated with increased car-
diovascular morbidity and mortality.'? Our blood pressure
findings are in contrast to previous reports of significant
alterations in central pressure parameters in normoalbu-
minuraemic, type 1 diabetics.* This is possibly a reflection
of our study population.

Diabetics assessed had multiple myocardial perfusion
parameter abnormalities, which were unaltered by taurine.
Both ejection duration and the SEVR were statistically
lower in diabetics compared with controls. A decreased
SEVR is a direct reflection of increased propensity to myo-
cardial ischaemia, and failure to reverse this suggests that
pulse rate is the dominant factor in the determination of the
Buckberg index.

With regards to conduit vessel function, the diabetic
population assessed had a statistically lower FMD when
compared with controls. This is in keeping with previously
published data.’”!* Two weeks taurine supplementation
reversed diabetic conduit vessel abnormalities to control
values, as assessed by endothelial-dependent dilatation. This
most likely resulted from improvements in bioavailability
of nitric oxide due to increases in endothelial nitric oxide
synthase.® Endothelial-independent dilatation, assessed by
administration of sublingual GTN, was similar in all groups,
thus confirming an endothelial-dependent abnormality as
assessed by brachial artery reactivity.

Microcirculatory baseline flow was not statistically
different in the diabetics compared with controls. Baseline
flow was increased with taurine supplementation, but
this was not statistically significant. With regards to the
microcirculatory responses, there were no differences in
percentage constriction between the groups, but diabetics
had a statistically lower percentage dilatation response to
heat. This was unaltered by taurine supplementation, pos-
sibly reflective of irreversible microcirculatory structural
changes in our diabetic population. However, others have
questioned both the reproducibility and reliability of the
assessment of the skin microcirculatory bed, particularly
in diabetics.

Our group, and others, have previously documented
improvements in type 1 diabetic conduit vessel function
with HMG CoA reductase inhibitors.*'* Lifelong incidence
of adverse side effects from statin use is, as yet, unpub-
lished. Also, the risk of rhabdomyolysis and other adverse
effects with statin use can be exacerbated by several factors,
including diabetes.'®

Taurine, a semi-essential amino acid, therapeutic levels
of which can be obtained by dietary manipulation, was
found previously to have a hypoglycaemic effect in patients
with diabetes mellitus.”® Several papers have reported that
taurine potentiates the effect of insulin,” and possibly the
insulin receptor.” There have been several clinical trials on
the assessment of taurine in type 1 diabetics.”® One study
demonstrated that both plasma and platelet taurine levels
are reduced in these patients.*® Oral supplementation
returned them to above control levels.?*%

The pre-clinical, therapeutic potential of taurine in this
‘at-risk” population of normoalbuminuraemic type 1 dia-
betics is clearly evident. The fact that therapeutic plasma
concentrations of the amino acid can be achieved with die-
tary supplementation supports this strategy in the possible
prevention of progression of type 1 normoalbuminuraemic
diabetics to clinically overt vascular disease. Studies to
evaluate the role of taurine in hyperglycaemic patients,
type-2 diabetics and diabetics with microalbuminuria are
essential, and assessment of taurine supplementation in
these populations is mandatory, particularly in the setting of
established cardiovascular disease.
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ABSTRACT: Several experimental studies have shown that levocarnitine reduces
myocardial injury after ischemia and reperfusion by counteracting the toxic
effect of high levels of free fatty acids, which occur in ischemia, and by improving
carbohydrate metabolism. In addition to increasing the rate of fatty acid trans-
port into mitochondria, levocarnitine reduces the intramitochondrial ratio of
acetyl-CoA to free CoA, thus stimulating the activity of pyruvate dehydrogenase
and increasing the oxidation of pyruvate. Supplementation of the myocardium
with levocarnitine results in an increased tissue carnitine content, a prevention
of the loss of high-energy phosphate stores, ischemic injury, and improved
heart recovery on reperfusion. Clinically, levocarnitine has been shown to have
anti-ischemic properties. In small short-term studies, levocarnitine acts as an
antianginal agent that reduces ST segment depression and left ventricular end-
diastolic pressure. These short-term studies also show that levocarnitine releases
the lactate of coronary artery disease patients subjected to either exercise testing
or atrial pacing. These cardioprotective effects have been confirmed during
aortocoronary bypass grafting and acute myocardial infarction. In a ran-
domized multicenter trial performed on 472 patients, levocarnitine treatment
(9 g/day by intravenous infusion for 5 initial days and 6 g/day orally for the next
12 months), when initiated early after acute myocardial infarction, attenuated
left ventricular dilatation and prevented ventricular remodeling. In treated pa-
tients, there was a trend towards a reduction in the combined incidence of
death and CHF after discharge. Levocarnitine could improve ischemia and
reperfusion by (1) preventing the accumulation of long-chain acyl-CoA, which
facilitates the production of free radicals by damaged mitochondria; (2) im-
proving repair mechanisms for oxidative-induced damage to membrane phos-
pholipids; (3) inhibiting malignancy arrhythmias because of accumulation
within the myocardium of long-chain acyl-CoA; and (4) reducing the ischemia-
induced apoptosis and the consequent remodeling of the left ventricle. Propio-
nyl-L-carnitine is a carnitine derivative that has a high affinity for muscular
carnitine transferase, and it increases cellular carnitine content, thereby allow-
ing free fatty acid transport into the mitochondria. Moreover, propionyl-L-
carnitine stimulates a better efficiency of the Krebs cycle during hypoxia by
providing it with a very easily usable substrate, propionate, which is rapidly
transformed into succinate without energy consumption (anaplerotic path-
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way). Alone, propionate cannot be administered to patients in view of its toxic-
ity. The results of phase-2 studies in chronic heart failure patients showed that
long-term oral treatment with propionyl-L-carnitine improves maximum exer-
cise duration and maximum oxygen consumption over placebo and indicated a
specific propionyl-L-carnitine effect on peripheral muscle metabolism. A multi-
center trial on 537 patients showed that propionyl-L-carnitine improves exer-
cise capacity in patients with heart failure, but preserved cardiac function.

KEYWORDS: myocardial metabolism; myocardial ischemia; levocarnitine;
propionyl-L-carnitine

LEVOCARNITINE

Levocarnitine occurs naturally as an essential cofactor of fatty acid metabolism,
which is synthesized endogenously or obtained from dietary sources. It is a cofactor
of several enzymes (carnitine translocase, acylcarnitine transferases I and II). Its
main role is to shuttle long-chain fatty acids and activated acetate across the inner
mitochondrial membrane.! A specific translocase facilitates this exchange of long-
chain acylcarnitine and acetylcarnitine. Levocarnitine acts as the shuttle for the end
products of peroxisomal fatty acid oxidation and for the o-ketoacids derived from
the branched-chain amino acids. The o-ketoacids are transferred into the mitochon-
drial matrix for completing oxidation. Furthermore, levocarnitine modulates the
intramitochondrial acyl-CoA/CoA ratio. The reaction is freely reversible and is
catalyzed by the mitochondrial enzyme, carnitine acetyltransferase. In the case of
inadequate carnitine concentrations, the reaction would be pushed in the direction of
acyl-CoA moiety, resulting in decreased free CoA concentrations within the mito-
chondrial matrix. This shift, in turn, interferes with all reactions that are dependent
upon the availability of free CoA and downregulates intermediary metabolism
within the mitochondrion.

Although the major role of levocarnitine is in free fatty acid metabolism, it also
enhances carbohydrate utilization.? Several results obtained in intact animals
support this view. Treatment with levocarnitine resulted in a significant improve-
ment in several parameters of mechanical function of the heart during a period of
mild ischemia.’ These data were concomitant with a lower accumulation of acyl-
CoA. No major changes of myocardial mechanical functions and systemic pressure
were noted during the infusion of levocarnitine in the preischemic period. In
addition, in these studies, the authors also investigated the effects of p-carnitine and
DpL-carnitine.* It is interesting to note that the D-isomer was biologically inert. In
contrast, the results obtained in the DL-isomer-treated group were between L-isomer
and control group results. These observations clearly demonstrate an isomer-specific
effect, although the biochemical bases remain unknown.

Levocarnitine does not have hemodynamic effects in healthy volunteers or
patients with CAD. However, an improvement of individual maximal aerobic power
(VO5may) is demonstrated in healthy subjects® and athletes® after chronic treatment
with levocarnitine (4 g daily over a period of 2 weeks). Thus, levocarnitine has to
affect heart metabolism. Its effects on myocardial metabolism at rest or during
pacing-induced tachycardia have been studied in coronary-artery-diseased patients
with normal left ventricular function.”? At rest, levocarnitine (40 mg/kg adminis-
tered intravenously as a single bolus over 5 to 45 min before the second pacing)
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caused (a) a significant reduction in arterial concentration of free fatty acids owing
to increased myocardial uptake; (b) a reduction in myocardial uptake of glucose; (c)
no major changes in myocardial uptake of lactate; and (d) no significant increase in
the overall oxygen consumption of the heart. During sinus pacing, levocarnitine
caused (a) a decrease of myocardial lactate production, maintaining a positive
extraction relative to that seen in the untreated or placebo-treated group; and (b) an
increase in myocardial free fatty acid extraction,

There are widespread systemic metabolic effects of levocarnitine, including
increased glucose utilization in patients with insulin-dependent diabetes? and
reduction of blood lactate concentration.

There is a close relationship between tissue carnitine levels and liver glycogen
content. Oral levocarnitine (3-4 g daily) normalizes plasma total cholesterol or tri-
glyceride levels (or both) and increases high-density lipoprotein (HDL)-cholesterol
in patients with type II and type IV hyperlipoproteinemia over a 2-month period. %1

Placebo-controlled studies performed in patients with stable chronic effort angina
suggest that levocarnitine given acutely (40 mg/kg iv) or chronically (1-3 g daily for
a month) improves exercise capacity and the electrocardiographic manifestations of
ischemia,12-14

Oral levocarnitine (4 g daily for 21 days) improves the maximal walking distance
of patients with intermittent claudication caused by peripheral arterial disease.!’

THERAPEUTIC USE OF LEVOCARNITINE

Interestingly and importantly, there is not any known disease or syndrome in
which levocarnitine administration is contraindicated. Thus, levocarnitine is
extremely safe.

There are several therapeutic uses of L-carnitine:

(1) Treatment of primary carnitine deficiency syndromes:

(i) systemic carnitine deficiency;
(ii) myopathic carnitine deficiency.
(2) Treatment of secondary carnitine deficiency/insufficiency states:

(i) genetically determined metabolic errors (mainly organic acidurias);
(ii) chronic intermittent hemodialysis in end-stage renal failure;

(iii) valproate-induced hepatotoxicity;

(iv) cardiac and/or skeletal muscle ischemia.

In this report, we concentrate only on secondary carnitine deficiency since primary
has already been discussed elsewhere in this volume.

TREATMENT OF SECONDARY CARNITINE DEFICIENCY

Genetically Determined Metabolic Errors

The genetically determined conditions are recessive, No significant prevalence of
these disorders is found between sexes or in different ethnic groups. The symptoms
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appear in children from 0 to 13 years of age and affect fatty acid metabolism. The
most common findings are weakness, coma, failure to thrive, hypoglycemia, meta-
bolic acidosis, low serum carnitine (<20 uM), elevated esterified/free carnitine ratio
(>0.40), and dicarboxylic aciduria.!'® Medium-chain acyl-CoA dehydrogenase
(MCAD) deficiency has emerged as the most distinctive organic aciduria associated
with carnitine deficiency.!” Some of the earliest examples of “primary systemic
carnitine deficiency” have proved to be secondary to MCAD deﬁciency.lg‘m The
metabolic errors are diverse. The specific defects identified are short-chain acyl-
CoA dehydrogenase (SCAD) deficiency, MCAD deficiency, long-chain acyl-CoA
dehydrogenase (LCAD) deficiency, multiple acyl-CoA dehydrogenase (MAD)
deficiency, isovaleric acidemia, propionic acidemia, methylmalonic aciduria,
hydroxymethylglutaryl-CoA lyase deficiency, glutaric aciduria type I, B-kethiolase
deficiency, homocystinuria, 5-methylene tetrahydrofolate reductase efficiency,
adenosine deaminase deficiency, ornithine transcarbamoylase heterozygote state,
cystinosis, and cytochrome oxidase deficiency. These diverse conditions are associ-
ated with impaired esterification of carnitine and decreased serum or tissue carnitine
concentrations. 18

Administration of exogenous levocarnitine has positive metabolic effects,
buffering the excess of acyl-CoAs in the mitochondria, and thus yielding formation
of acylcarnitines. These are shuttled out of mitochondria and eliminated in the
urine.1? Improvement of the general conditions and muscle tone, and reduction of
recurrent metabolic attacks, reflects the detoxification role of carnitine conjugation.
The responder population is approximately 50% of the total.20-22

Carnitine Deficiency in Patients with End-Stage Renal Failure
Undergoing Long-Term Intermittent Hemodialysis

Serum carnitine concentration was found to decline by ~75% during one hemo-
dialysis session.?? In patients undergoing hemodialysis, free carnitine concentration
is subnormal and acylcarnitine is elevated, the latter probably being a result of
abnormal fatty acid oxidation combined with diminished renal excretion. Often, the
muscle concentration is also subnormal.2* A variety of metabolic disorders and
symptoms associated with the long-term intermittent hemodialysis are treated with
levocarnitine. The doses range from 100 mg/kg when administered intravenously
after each dialysis session, and from 1-2 g daily when administered orally. This
treatment might reduce the increased concentration of tri%lycerides. which occurs in
patients under dialysis,>>2% but not univocally s0.2728 Crossover, double-blind
controlled trials demonstrated that levocarnitine treatment induces a reduction in the
incidence of intradialytic hypotension and muscle cra!.mpsz“'z9 and attenuates
cardiac arrhythmias.3 Similar observations have been reported using the oral or the
intravenous administration. In addition, patients under dialysis receiving oral
levocarnitine normally experience significant increases in hematocrit,25-31:32

Valproate-Induced Hepatotoxicity

Valproate has been in worldwide clinical use for the treatment of epilepsy.
However, its chronic administration can cause hepatotoxicity and carnitine defi-
ciency.333* Treatment with carnitine was proposed to reduce valproate toxicity.
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Studies demonstrated that oral levocarnitine administration (1-2 g daily) significantly
restores the serum concentration of total carnitine and decreases the incidence of
liver dysfunction.33-37

Cardiac and/or Skeletal Muscle Ischemia

The finding in experimental animals and in humans38-3? that the ischemic and the
failing myocardium has low content of free carnitine supports the concept that
myocardial ischemia is often accompanied by relative carnitine insufficiency.
Administration of carnitine (20-140 mg/kg iv) to CAD patients subjected to atrial
pacing increases significantly pacing duration, maximal heart rate, and rate-pressure
product. Concomitantly, it reduced left ventricular end-diastolic pressure and lactate
production, which is converted into a net extraction.”>4? A few placebo-controlled
studies suggest that both the acute (40 mg/kg iv) and the prolonged oral administra-
tions of levocarnitine (1-3 g daily) improve exercise capacity and the electro-
cardiographic manifestations of ischemia.'>”'% In no study was treatment with
levocarnitine compared with standard antianginal therapy.

Tissue fatty acid accumulation during myocardial ischemia is a cause of ventric-
ular arrhythmias. Because of this notion, a double-blind, parallel, placebo-controlled
study was carried out in 56 patients suffering from acute myocardial infarction. After
aclinical stratification, patients were randomly allocated to receive placebo or levo-
carnitine at a dose of 100 mg/kg every 12 h for 36 h. The end point of the study was
the reduction in number of premature ventricular beats evaluated by Holter
recording over a period of 48 h. Active treatment significantly decreased the ectopic
ventricular beats, probably because of metabolic effects that avoid fatty acid myo-
cardial accumulation. This hypothesis is suggested by the high concentration of
long- and short-chain carnitine esters found in the urine of the treated patients at 48 h
after drug infusion.4!

All these data have prompted the conduction of a multicenter trial on 472 patients
to evaluate the effects of levocarnitine administration on left ventricular remodeling
after acute anterior infarction, called the Levocarnitine Ecocardiografia Digitalizzata
Infarto Miocardico (CEDIM) trial.#? This randomized, double-blind, placebo-
controlled, multicenter study was performed to evaluate the effects of levocarnitine
administration on long-term left ventricular dilatation in patients with acute myo-
cardial infarction. Placebo or levocarnitine (9 g iv daily for the first 5 days and then
6 g orally daily) was administered for 12 months. The primary end points of the trial
were left ventricular volumes and ejection fraction, at 12 months after the emergent
event, assessed by two-dimensional echocardiography.

Treatment with the active compound resulted in a significant reduction of left
ventricular dilatation. The percentages of both end-diastolic and end-systolic
volumes were reduced significantly in the levocarnitine-treated group. No modifica-
tion of left ejection fraction was observed. The incidences of death, congestive heart
failure, and/or ischemic events were less in the carnitine-treated groups.

These encouraging data on survival have prompted another multicenter trial on
over 2000 patients aimed to evaluate the short-term effects (6 months) of early levo-
carnitine administration on clinical end points (the CEDIM II trial) in patients with
acute myocardial infarction. The study has been completed and the results will be
available soon,
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The effects of levocarnitine on peripheral muscle have also been studied.** The
first double-blind, crossover study was designed to evaluate the effects of levo-
carnitine in 20 patients randomly assigned to receive placebo or levocarnitine (2 g
twice daily, orally) for a period of 3 weeks. The end point was the difference of
absolute walking distance at the end of each treatment, which was significantly
increased by active treatment.

These data were concomitant with a reduction of popliteal venous lactate concen-
tration and no important modification of blood flow. Biopsy of the ischemic muscle,
performed before and after levocarnitine treatment, showed an increase of total
carnitine level. The authors concluded that levocarnitine treatment improves the
exercise duration of patients with peripheral vascular disease, probably through a
metabolic mechanism.*? To further prove this hypothesis, another study was carried
out in which blood flow was measured in the affected limb by impedance plethys-
mography under resting conditions at 2-min intervals for 10 min after a 5-min period
of ischemia in the same limb. After a washout period of 2 weeks, patients were ran-
domly assigned to receive placebo or levocarnitine, 3 g iv as a bolus, followed by
continuous intravenous infusion of 2 mg/kg/min for 30 min. At the end of perfusion,
ischemia was induced by abolishing the blood flow.

Levocarnitine treatment did not modify blood flow under resting conditions;
however, it significantly increased postischemic blood flow, suggesting an improve-
ment in functional circulatory reserve in patients with peripheral vascular disease.

PROPIONYL-L-CARNITINE (PLC)

PLC is formed via carnitine acetyltransferase from propionyl-CoA, a product of
methionine, threonine, valine, and isoleucine, as well as of odd-chain fatty acids.
Pharmacokinetic studies demonstrated that, in humans, plasma concentration of
PLC increases following intravenous administration and then decreases to baseline
values within 6 to 24 h.** This life span varies with dosage. PLC increases plasma
and cellular carnitine content, thus enhancing free fatty acid (FFA) oxidation in
carnitine-deficient states, as well as increasing glucose oxidation rates.*

PLC is highly specific for skeletal and cardiac muscle;* it carries the propionyl
group and enhances the uptake of this agent by myocardial cells.*” This is particu-
larly important because propionate can be used by mitochondria as an anaplerotic
substrate, thus providing energy in the absence of oxygen consum tion.*8 Note that
propionate alone cannot be administered because of its toxicity.*’ Finally, because
of the particular structure of the molecule with a long lateral tail, PLC has a specific
pharmacologic action that is independent of its effect on muscle metabolism; this
results in peripheral dilatation and positive inotropic effects. 5051

Because of PLC’s characteristics, it was hypothesized that it could provide adju-
vant benefit over standard therapy by specifically improving impaired metabolism
of skeletal and heart muscle in patients with CHF. When administered acutely to an
isolated and perfused heart preparation, PLC does not modify left ventricular
pressure.52 When administered intravenously through in vivo preparation, PLC
causes a dose-dependent, short-lasting enhancement of cardiac output in dogs
studied under open and closed chest conditions.*#*5 These responses are not modi-
fied by o~ or B-adrenergic blockade or by administration of calcium antagonists. In

88



FERRARI et al.: EFFECTS OF L-CARNITINE & PROPIONYL-L-CARNITINE 85

addition, PLC causes coronary vasodilatation with reduced oxygen extraction; these
effects are not seen with levocarnitine alone. Thus, all of the cardiovascular actions
of PLC can be attributed to its pharmacologic properties rather than to its role as a
metabolic intermediate.

PLC hemodynamic effect was evaluated in 10 patients with coronary artery
disease with normal LV function.*¢47 The drug was intravenously administered at
15 mg/kg. PLC improved the stroke volume and reduced the ejection impedance as
aresult of decreased systemic and pulmonary resistances and increased arterial com-
pliance. Total external heart power improved with a proportionally smaller increase
in the energy requirement; this suggested that PLC has a positive inotropic property.

PLC increased the performance of the aerobic myocardium independently from
changes of peripheral hemodynamics or coronary flow when administered chroni-
cally to the animals several days before the isolation of the heart.43-52 To investi gate
whether the chronic effect is specific for PLC or is due to levocarnitine or propionic
acid, we designed experiments in which rabbits were treated for 10 days with saline,
levocarnitine, propionic acid, or PLC (all at 1 mmol/kg). Propionic acid resulted in
98% mortality after 10 days. No deaths occurred after PLC or levocarnitine treat-
ment. Treatment with levocarnitine failed to modify the volume-pressure curves of
the isolated heart. Conversely, treatment with PLC prevented the decrease of the
optimum developed pressure and the rise in end-diastolic pressure, which remained
constant even after overstretching. It has been postulated that the rise in end-diastolic
pressure enhanced the mechanical performance of the heart by improving its metab-
olism.3? It is known that pyruvate increases heart contractility, which allows a more
efficient energy use.*® Administration of pyruvate leads to a higher cytosolic phos-
phorylation potential, which in conjunction with a reduced inorganic phosphate (Pi)
concentration translates into an increased contraction. We investigated whether a
similar mechanism is the basis for the PLC effects. Energy metabolism does not
seem to be involved because high-energy phosphates, Pi, and mitochondrial function
remain unchanged after chronic PLC administration. These findings, however, led to
some important implications. Usually, typical inotropic agents, such as digitalis, cal-
cium, and adrenergic compounds, stimulate contractility by increasing myofibrillar
energy use at the expense of energy supply. Consequently, these agents cause a de-
cline in the phosphocreatinine (PCr)/Pi ratio; this suggested that they place the heart
in a supply/demand imbalance.*® This was not the case for PLC.

Energy metabolism remained unchanged despite the increase in myocardial
performance. During the repolarization phase, which is modified by PLC, important
events occurred that influenced contractility.5* It is appealing to correlate the effect
on papillary muscle action potential duration with that on cardiac mechanical
performance because PLC, but not levocarnitine, affects both of them.

Broderick er al.>> conducted research with ischemic myocardium on isolated rat
hearts and global no-flow ischemia that showed that, during the reperfusion of
previously ischemic hearts, PLC stimulated glucose oxidation and significantly im-
proved the functional recovery as measured by heart rate and peak systolic pressure.
This supported the theory that carnitine’s beneficial effects on ischemic myocardium
are the result of its ability to overcome the inhibition of glucose oxidation that is
induced by increased levels of fatty acids. Another study suggested an intracellular
mechanism of action and implied that better protection is provided if the agent is
administered before ischemic insult.5®
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Paulson ef al.”’ studied isolated rat hearts that were subjected to global low-flow
ischemia. During reperfusion, the group that was treated with PLC exhibited signif-
icantly greater recovery of all hemodynamic variables. In a similar preparation,
1 mmol PLC had no protective effect, whereas 5.5 and 11 mmol improved the
recovery of cardiac output. The beneficial effect is greater than that of L-acetyl-
carnitine or levocarnitine on a molar basis. PLC was also found to directly improve
postischemic stunning.3” Specific experimental studies were conducted on the
efficacy of this agent with respect to CHF.*78 In particular, treatment with PLC
(50 mg/kg, intra-arterially) for 4 days significantly improved the hemodynamics of
pressure overloaded (by constriction of the abdominal aorta) in conscious rats.”® In
another study, papillary muscles were isolated from rats that had been treated with
180 mg/kg PLC for 8 weeks, starting from weaning.>® Aortic constriction was per-
formed at 8 weeks of age and lasted for 4 weeks. The papillary muscles of untreated
animals showed increased time-to-peak tension and a reduced peak rate of tension
rise and delay. PLC normalized all of these parameters.>’

In an infarct model of CHF, chronic administration of PLC (60 mg/kg orally
given for 5 months) positively influenced ventricular remodeling; it was equally as
effective as the ACE inhibitor, enalapril (1 mg/kg orally), in limiting the magnitude
of LV dilatation estimated by pressure-volume curves. PLC limited the alterations in
ventricular chamber stiffness that were induced by infarction at low and high filling
pressures.® In isolated myocytes obtained from infarcted rats, PLC increased peak
systolic calcium, peak shortening, and velocity of cell shortening to a greater extent
than in normal cells.%! Pasini et al.5? investigated the effects of PLC (250 mg/kg by
intraperitoneal injection for 2 months) on the isolated and perfused heart from rab-
bits with streptozotocin-induced diabetes.®? Cardiac performance was determined
under basal conditions and during a stepwise increase in volume of a saline-filled
balloon that was inserted into the LV. PLC prevented the decrease in developed pres-
sure and the increase in diastolic pressure because of the progressive filling of the
LV balloon. The same treatment also prevented the depression in the function of the
sarcoplasmic reticulum that was observed in untreated rats. Calcium-stimulated
ATPase activity, calcium uptake, and magnesium ATPase activity were similar to
those of the nondiabetic heart. On the contrary, treatment with PLC failed to rescue
the diabetes-induced changes in the sarcolemmal calcium ATPase.3

The effects of PLC in a number of models of CHF are particularly evident under
conditions of high-energy demand that is induced by increases in workload. There-
fore, it seems likely that PLC is able to correct some metabolic steps of the process
that leads to heart failure.

Besides its effect on the heart, PLC could be helpful in CHF for a specific action
on peripheral heart muscle. In CHF, exertional fatigue is not simply the result of
skeletal muscle underperfusion.®*-%7 In most patients, there is a decrease in flow re-
sponses to exercise as a result of an abnormality of arterial vasodilatation, evidenced
by a failure of leg vascular resistances to decrease during exercise.95-63 Alterations
in mitochondrial population or substrate use also may be responsible for the
depressed exercise performance as well as metabolic deconditioning. Interestingly,
at rest, the peripheral muscle of patients with CHF does not extract FFA, but only
glucose, 5% 0 This suggests that impairment of FFA oxidation might be due to a lack
of carnitine; or conversely, glucose uptake is enhanced. During moderate exercise,
there is an increase of glucose uptake with excessive production of lactate, but no
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recruitment of FFA.37:38 Al of these observations, and the positive data obtained by
the use of PLC to improve the walking capacities of patients with peripheral arterial
disease, 17> suggested that PLC could specifically improve metabolism and
function of skeletal muscle in patients with CHF.

THERAPEUTIC USE OF PROPIONYL-L-CARNITINE

PLC is used for treatment of cardiovascular diseases. Anand et al.”® studied the
effects of acute and chronic administration of PLC (1.5 g/day) on hemodynamics,
hormonal levels, exercise capacity, and oxygen consumption in 30 patients with
CHF New York Heart Association (NYHA) classes II and III, and LV ejection
fraction (EF) less than 40%. There were no changes in the hemodynamics or neuro-
hormonal levels after acute or chronic administration, except for a reduction in
pulmonary artery pressure. After 1 month of treatment, however, a significant
increase in exercise capacity and peak VO, was observed; this suggested a possible
improvement of peripheral muscle metabolism.

Another study examined the effects of PLC (15 g/day for 1 month) on limb
metabolism, at rest and during exercise.’? Skeletal muscle metabolism was assessed
as femoral arterial venous (A-V) difference for lactate, pyruvate, and FFA. At rest,
PLC caused a reduction of arterial and venous blood levels of FFA, but did not
change the overall muscle extraction of FFA, lactate, or pyruvate. After maximal
exercise, PLC decreased the negative A-V difference for lactate, restored a positive
A-V difference for pyruvate, and did not change that for FFA. The investigators con-
cluded that PLC improved skeletal muscle metabolism in patients with idiopathic di-
lated cardiomyopathy by increasing pyruvate flux into the Krebs cycle and
decreasing lactate production. This effect, which occurs in the absence of major
hemodynamic and neuroendocrine changes, may underlie the ability of PLC to
increase exercise performance in patients with CHF.

Caponnetto et al.”’ reported the effects of PLC on 50 patients with mild CHF
(NYHA class II) who were symptomatic despite therapy with digitalis and diuretics,
with an EF less than 45%. The patients were randomized to receive 1.5 g/day of PLC
or placebo orally for 6 months. Maximal exercise time in the treated group was
significantly increased (1 min longer vs. placebo), whereas lactate production was sig-
nificantly reduced. LV shortening fraction and left ventricular ejection fraction (LVEF)
showed a significant increase in the group that was given PLC, and systemic vascular
resistances lowered. The greatest changes occurred after the first month of treatment
and persisted throughout the entire period of treatment. Other authors confirmed sim-
ilar data.”® Bachetti e al.”® reported that, when PLC was given to patients with severe
heart failure (NYHA 1V), it was able to reduce the increase in tumor necrosis factor-o
(TNF-a) and, in particular, its soluble receptor that is elevated in CHEF,80-82 and that it
is responsible for intracellular signaling of the effects of TNFor, An increased TNF was
implicated in the skeletal muscle changes of patients with CHE.83

These data have encouraged a multicenter, international study on the effects of
PLC on exercise duration.8* A total of 574 patients under stable mandatory therapy
with angiotensin-converting enzyme inhibitors, diuretics, and digitalis were studied.
The primary efficacy variable was the maximum exercise test duration on a bicycle;
rates of negative outcomes and quality of life were the main secondary variables. A
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slight (nonsignificant) difference of 15 s in favor of PLC was noted in the adjusted
6-month means of maximum exercise duration in the completer/compiler population
(353 patients: 188 in the PLC group and 165 in the placebo group). In a subgroup of
patients with EF between 30% and 40% and baseline exercise duration within 480 s,
there was a 57.7-s increase in exercise test duration after PLC administration; this
suggested that patients with some degree of deconditioning and relatively preserved
myocardial function are likely to benefit from treatment. There are several studies
on the effects of PLC in peripheral artery disease, but this is beyond the scope of this
review; this topic will be addressed in detail by William Hiatt in this volume.
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Influence of L-carnitine and its derivatives on
myocardial metabolism and function in ischemic
heart disease and during cardiopulmonary
bypass

Abstract

Carnitine and its derivatives have recently been shown to protect cardiac
metabolism and function in ischemic heart disease and other clinical
conditions of myocardial ischemia. Potential mechanisms of this effect
include an increase in glucose metabolism, a reduction of toxic effects of
long-chain acyl-CoA and acyl-carnitine in myocytes, an increase in
coronary blood flow and anti-arrhythmic effect. It has also been shown
that propionyl-L-carnitine which penetrates faster than carnitine into
myocytes is effective in inhibiting production of free radicals. Beneficial
effects of carnitine supplementation have been demonstrated under a
variety of clinical conditions such as acute cardiac ischemia, during
extracorporeal circulation, in carnitine-dependent cardiomyopathy as well
as in patients with chronic circulatory failure and in cardiogenic shock.
However, further studies are required before carnitine administration
could be recommended as a routine procedure in ischemic heart disease
or before cardiopulmonary bypass.

Keywords Coronary disease  Energy metabelism  Heart failure  Ischemia
Myocytes  Ventricular function

Time for primary review 42 days.

1. Introduction

L-Carnitine (B-hydroxy-y-trimethyl-amino-butyric acid) is a crucial
component of activated fatty acids transport mechanism across the
mitochondrial membrane [1]. Carnitine facilitates oxidation of long-chain
farty acids, modulates the ratio of CoA to CoA-SH, and is involved in
trapping acyl residues from peroxisomes and mitochondria. Carnitine also
participates in metabolism of branched chain amino acids and stabilizes
cellular membranes. It is also a free radical scavenger and is likely to take
part in control of nuclear transcription [1,2]. The primary sites for
carnitine synthesis from 6- A-trimethylolysine are the liver and the
kidneys, although the brain does have a small potential as well. Substrates
that are indispensable for carnitine synthesis and are present in the diet
are lysine and methionine, although the presence of vitamins C and B,
and iron [3] is equally important. However, if the diet is deficient in
carnitine, a considerable drop soon develops in its plasma concentration
[4]. Minimum supplementation of carnitine in the diet to maintain its body
stores constant ranges from 8 to 11 mg per day [4]. The richest source of
carnitine is red meat, which contains about 5.5 pmol /g of tissue, and
among plant-origin products — beans (0.72 umol/g) and avocado.

The total content of carnitine in the human body is about 100 mmol (16 g)
but it depends on the diet, muscle mass and the age [1]. Muscles contain
98% of that total amount, while 1.5 and 0.5% of carnitine are found in the
liver and other tissues, respectively [5]. The total carnitine concentration in
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plasma is usually in the range of 42-85 pmol/l, and that of free carnitine
in the range of 35-70 pmol/| [6]. Carnitine concentration in the heart is
about 4.2 ymol/g of tissue, which is over three times higher, than that in
the striated muscles (1.26 pmol/g), four times higher than that in the liver
(0.94 umol/g), and eight times higher than that in the kidney (0.52
pmol/g) [7]. The skeletal muscles and the heart lack potential for
synthesizing carnitine,

Accumulation of carnitine in the heart is facilitated by active extraction of
carnitine from plasma against a 60-fold concentration gradient [8]. Unlike
in the liver, carnitine concentration in the myocardium and skeletal muscle
is relatively independent of its temporary supply [9].

Over 95% of ingested carnitine is excreted in urine in humans [10]. The
clearance of free carnitine is about four times lower than of acyl-carnitine
(1.1 mi/min and 4.8 ml, respectively). There is evidence that a Na™
dependent system exists driven by energy from the ATP hydrolysis. It is
responsible for carnitine transport through the muscle cell membrane
[11]. Carnitine transport to the mitochondria is carried out by a specific
protein carrier [12]. Long-chain fatty acids constitute a basic substrate for
oxidative energy metabalism in the myocardium. Following transport
through the cellular membrane, they undergo activation to acyl-CoA in the
cytoplasm or on the external mitochondrial membrane. Though some of
activated fatty acids undergo esterification to triglycerides, majority
becomes a substrate for B-oxidation in mitochondria. Carnitine has a
basic role in transporting activated fatty acids from the cytoplasm into
mitochondria, where B-oxidation occurs. Short- and medium-chain fatty
acids are transported into the mitochondrial matrix without any carnitine
assistance in the process. Long-chain fatty acid acyl groups are
transported exclusively as carnitine esters by a carnitine carrier the
translocase, which constitutes a trans-membraneous protein in the inner
mitochondrial membrane [13,14].

The ‘carnitine system’ consists mainly of carnitine, carnitine
acyl-transferases, translocase, and transporting proteins located in plasma
membranes. Carnitine palmitoyl transferase 1 (CPT 1) which is located on
the internal side of the external mitochondrial membrane transfers
activated long-chain acyl residues from acyl-CoA into carnitine. Carnitine
translocase exchanges acyl-carnitine for carnitine from the matrix via the
internal mitochondrial membrane. On the internal side of the inner
mitochondrial membrane, carnitine palmitoyl transferase 2 (CPT 2)
catalysis acyl-CoA synthesis from acyl-carnitine and matrix pool of
CoA-5H (Fig. 1). Finally acyl-CoA undergoes mitochondrial p-oxidation
with a release of energy in the ATP form. Carnitine lowers the ratio of
intramitochondrial acyl-CoA to CoA and causes detoxification of
accumulated acyl-CoA esters in patients with defective metabolism of
glucose or acyl-oxidation. The above mechanism is impaired when
mitochondrial B-oxidation disturbances develop in carnitine deficient
patients [15].

Fig. 1

Carnitine dependent
transport of long-chain acyl
groups through the
mitochondrial membrane.

View larger version:
In this page  In a new window
Download as PowerPoint Slide

Systemic carnitine deficiency manifests mainly as a dysfunction of skeletal
muscles and myocardium, where fatty acids constitute a basic energy
substrate. Other symptoms of carnitine deficiency also include
hypoglycemia due to exhaustion of glucose reserves, which is an
alternative substrate to fatty acids, hyperammonemia, hypoketonemia,
coma, seizures, and developmental retardation, as well as the presence of
lipid deposits in the histopathologic picture of the liver and muscles.
Primary carnitine deficiencies result from inborn defects in specific
proteins or in carnitine transferases. Secondary causes of L-carnitine
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deficiency include metabolic defects in fatty acid oxidation, mitochondrial
myopathy, prematurity, L-carnitine deficiency in the diet, dialysis therapy,
diabetes, and inadequate absorption from the gastrointestinal tract.
Studies on carnitine concentration can indicate either an absolute deficit of
carnitine when its level drops below 20 pmol/l, or its relative deficit when
the ratio of carnitine esters to free carnitine is above 0.4 [11]. Absolute or
relative carnitine deficits develop in chronic congestive heart failure, acute
myocardial ischemia, diseases of peripheral blood vessels, diabetes, and
disturbances of lipid metabolism. The clinical importance of carnitine in
the treatment of circulatory disorders was first demonstrated in 1973
when its deficit was discovered in patients with lipid cardiomyopathy and
reduced fatty acid oxidation [16]. Additionally, carnitine administration
has been proven clinically beneficial in other diseases characterized by
carnitine deficit that include, among others, ischemic cardiomyopathy and
peripheral atherosclerosis [2].

Positive clinical effects of carnitine administration were also observed in
nervous system degenerative diseases, brain ischemia, chronic fatigue
syndrome, Alzheimer's disease, and AIDS [17-19]. L-Carnitine in a
long-term supplementation has been shown to be beneficial to the
function of erythrocytes in hemodialysed patients [20]. Positive results of
carnitine therapy are due to, among others, oxidation of fatty acids, the
process which is linked with saving muscle glycogen reserves. A number
of therapeutic effects possibly come from the interaction of carnitine and
its derivatives with the elements of cellular membranes [21].

Some improvement in the muscle blood supply after carnitine
supplementation has been related to vasodilatation. In diabetes,
L-carnitine supplementation causes a decrease in triglyceride synthesis, a
drop in the cellular free fatty acids uptake, and the removal from organism
of excessive long-chain carnitine esters, as well as increase in glycolysis,
oxidation of pyruvate, and improvement in neuronal transmission [22].

2. Disturbances of myocardial function and carnitine metabolism — experimental
data

Carnitine is released from ischemic myocardium, and its concentration in
the coronary sinus is proportional to the concentration of lactate [23,24].
These changes are reflected by a change in the ratio of free carnitine to
carnitine esters in the heart. Anoxia caused by myocardial ischemia has
been experimentally proven to be associated with the depletion of
carnitine reserves and accumulation of toxic metabolites of fatty acid
esterification, in consequence of restricted fatty-acids mitochondrial
B-oxidation [25]. The result is a decrease of ATP concentration in the
heart [26]. After only a few minutes of ischemia, free fatty acids,
long-chain acyl-CoA esters and acyl-carnitine are all increased several
times above the control level [27] and, after half an hour of ischemia, the
free carnitine in the heart drops by half [26].

Long-chain acyl-carnitine esters are lipophylic and may readily damage
membrane lipids and particularly, membrane bound enzymatic proteins
[27]. This results in an increase of membrane fluidity and affects
membrane ion transport. Inhibition of the sodium-potassium ATP-ase in
sarcolemma results in a decrease of membrane rest-potential. In
consequence, spontaneous action potentials may appear along with a
delayed depolarization of action potential [28].

In the study of Silverman et al. carnitine supplementation had a positive
and dose-dependent effect on preserving ventricle compliance and
contractility of ischemic canine heart muscle, yet had no influence upon a
decrease in ATP concentration induced by ischemia [25]. In another study,
when oxygenated blood supply was restored, no recovery of lipid
oxidation was observed unless carnitine deficiency had been compensated
[29]. According to Liedtke et al. reduced carnitine reserves in the
myocardium strengthen the negative influence of lipids and particularly of
free fatty acids, on heart metabolism [29]. The positive carnitine influence
seen in acute myocardial ischemia was explained by limiting a decrease in
high-energy phosphates [30] and some improvement in glucose oxidation
and lactate extraction [31]. Basic metabolic effects of carnitine
supplementation during ischemia-reperfusion and its suggested clinical
effects are presented in Fig. 2.
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Following carnitine administration, some improvement in relaxation was
observed in rat hearts with increased afterload [32]. However, when
isolated rabbit hearts were studied, no improvement of contractility, heart
rate, or coronary perfusion pressure was reported [32]. Broderick et al.
demonstrated a more than two-fold increase in glucose metabolism after
ischemia and reperfusion in rat heart preparations perfused with
carnitine-enriched blood before the onset of ischemia [31].

Fig. 2

Metabolic action of
L-carnitine during
myocardial ischemia-
reperfusion, and its
suggested clinical
consequences.

View larger version:
In this page  In a new window
Download as PowerPoint Slide

A positive carnitine influence on myocardial metabelism during ischemia-
reperfusion has been confirmed by increased ATP concentration in
myocardium [33]. Another study demonstrated a beneficial effect of
carnitine, added to cold cardioplegia, on the aorta flow velocity, the stores
of ATP in myocardium, and the condition of mitochondria in rat hearts
after reperfusion [34]. L-Carnitine supplementation beside causing an
increase in ATP concentration, was associated with a lower amount of
toxic esters [33], and with some improvement of systolic and diastolic
function of diabetic rat hearts [35]. A similar therapy applied to a group of
diabetes-free rats did not result in any change of heart function [35].
Experimental studies have demonstrated that in diabetic rats even a
short-term carnitine supplementation caused an improvement of
myocardial contractility after ischemia-reperfusion [36]. Administration of
propionyl-L-carnitine to diabetic rats prior to ischemia and reperfusion
resulted in a more complete recovery of post-reperfusion contractility
[23].

In dogs without previous myocardial ischemia, supplementation of high
carnitine doses was linked with a considerable increase (60-100%) in
coronary blood flow [37]. In the same study a substantial increase in
stroke volume and dPjdt for the left ventricle was reported.

When dogs with myocardial infarction were studied, a 50% lower ST
elevation was observed in ECG, if L-carnitine was administered after the
onset of ischemnia [38]. Incubation of heart endothelium cells in a
L-carnitine-rich environment causes a better recovery of their proper
function during post-ischemic reoxygenation [39].

Protection of cell membranes and especially of membrane enzymes is a
possible cause of electrophysiologic changes and antiarrythmic effect of
carnitine. Studies on dogs treated with L-carnitine in doses of 40 and 80
mg/kg/min revealed a decrease In the heart rate by about 17 and 30%,
respectively [31]. In canine heart preparations subjected to ischemia, a
considerable carnitine-induced decrease in the frequency of ventricular
arrhythmia, including ventricular fibrillation was observed [40]. The
authors suggested it might have been caused by limiting the necrotic area
rather than by direct antiarrythmic action. It has also been demonstrated
that carnitine supplementation is connected to limiting heart rhythm
disturbances that come from a high concentration of free fatty acids in
dogs [41]. Carnitine administration to perfused isolated preparations of
guinea pig hearts has substantially lowered the incidence of arrhythmia
resulting from ischemia and reperfusion [42].

Propionyl-L-carnitine was demonstrated to be able to reduce the incidence
of ventricle fibrillation during reoxygenation after ischemia in isolated
preparations of guinea pig hearts [43].

Positive results of treatment with carnitine were observed in experimental
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heart failure. Both in guinea pigs and dogs subjected to the toxin of
Corynebacterium diphtheriae an improvement was observed in the left
ventricle function and in the time of survival in the groups treated with
L-carnitine [44,45]. Application of propionyl-L-carnitine to volume-loaded
rat hearts was associated with an improvement in ventricle function
without a simultaneous increase in oxygen consumption [46]. Schonekess
et al. have reported an improvement in the function of hypertrophied
myocardium and an increase in carbohydrate oxidation in rats treated with
propionyl-L-carnitine [47]. Another study reported a decrease in mortality
in hamsters with cardiomyopathy treated with carnitine [48]. There have
also been contradictory reports, which presented a positive influence of
inhibiting endogenic carnitine synthesis upon ischemic rat hearts [49]. In
summary, relative myocardial carnitine deficiency is observed during
ischemia and many experimental data suggest that some negative
metabolic and biologic effects of ischemia, as well as heart failure are
alleviated by carnitine supplementation.

3. Biological effects of carnitine and propionyl-carnitine ad ministration

It has been suggested to treat metabolic dysfunction resulting from
carnitine deficiency not only by administering L-carnitine, but also its
derivative — propionyl-L-carnitine (Table 1). Some biologic properties of
propionyl-L-carnitine suggest that beneficial clinical effects could be
enhanced when compared to L-carnitine. Propionyl-L-carnitine has higher
affinity for the plasma membrane transport system. It is more lipophylic
and penetrates myocytes faster than L-carnitine [50]. Moreover, the
propionyl residue of propionyl-L-carnitine can be metabolized to the
succinate, a substrate of citric acid cycle [51]. Propionyl-L-carnitine has
also protective properties for blood vessels and the energy reserves of
ischemic striated muscles [52]. L-Carnitine and propionyl-L-carnitine were
shown to protect the ischemic myocardium against oxidative stress, which
is one of the basic mechanisms leading to a post-ischemic myocardial
dysfunction known as ‘stunning’ [53]. Ferrari et al. have published
interesting study concerning the maintenance of oxidative
phosphorylation and prevention of calcium ion influx into mitochondria
during reperfusion of rabbit hearts treated with propionyl-L-carnitine
before the onset of ischemia [54]. Protection of the heart against oxidative
stress during reperfusion was demonstrated after pre-ischemic
administration of carnitine and its derivatives, particularly propionyl-
L-carnitine [2]. Propionyl-L-carnitine does have a potential for inhibiting
production of free hydroxyl radicals. Endothelial cellular membranes are
better protected by propionyl-L-carnitine against Fe2* and Fe3* ions
induced peroxide production, the protection being possibly due to ion
chelating [39].

The protective effect of proplonyl-L-carnitine in perfused rat hearts is
dose-dependent and also depends on the time of administration, provided
it is administered before post-ischemic reperfusion begins [55]. As
suggested in the study, propionyl-L-carnitine may also have a role in
stabilizing plasma membranes and in lowering the purine release from the
perfused rat heart [39].

Table 1

Metabolic, experimental and
clinical effects of carnitine
and propionyl-L-carnitine
supplementation on cardiovascular system

View this table:
In this window  In a new window

From the accumulated results it seems that positive biological effects
observed after propionyl-L-carnitine are more evident that after
L-carnitine administration. Better penetration into myocytes and supplying
a substrate for the citric acid cycle can explain this observation in
short-term supplementation. Inhibiting free-radicals generation and
stabilizing plasma membranes may be other contributing factors.

4. Carnitine and circulatory diseases — clinical studies

4.1. Ischemic heart disease
A decreased carnitine concentration in the heart was observed in patients
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who died of myocardial infarction [56]. In patients with acute myocardial
infarction, a four-fold increase was observed in free camitine elimination
and almost a two-fold increase in the elimination of short-chain carnitine
esters by kidney [20]. Arsenian et al. demonstrated a decrease in mortality
and incidence of circulatory failure in a group of patients with acute
myocardial infarction, who were administered 3 g of carnitine along with
solution of glucose, insulin, potassium and magnesium [57]. Propionyl-
L-carnitine used in doses of 15 mg/kg caused a slight decrease in
peripheral vascular resistance in patients with stable coronary disease, but
due to a simultaneous increase in stroke volume, no decrease in arterial
blood pressure was observed [58].

A similar dose administered to patients with ischemic heart disease caused
in a short time (5 min) a 43% increase in lactate uptake by myocardium
and increase in stroke volume by 8% [59]. On the other hand,
administration of L-carnitine in a single dose of 40 mg/kg to patients with
stable coronary heart disease did not cause any change in the heart rate at
rest or in systolic and diastolic arterial pressure [60].

Coronary artery sclerosis is particularly common in diabetic patients.
Disturbances of myocardial contractility in diabetic patients are generally
associated with a higher incidence of coronary heart disease in this
population. Many diabetics, however, suffer from decreased myocardial
contractility in spite of negative coronarographic examinations. The
causes of impaired heart contractility in diabetic patients who present no
changes detectable by coronarography include, among others,
microangiopathy and metabolic disturbances. Carnitine deficiency is now
the best recognized condition of the latter. Decreased level of free and
total carnitine in diabetes, with a simultaneous increase in concentrations
of long-chained acyl-CoA and long-chain carnitine esters has been shown
[23].

Some correlation has been also demonstrated between the left ventricular
contraction index and long-chain acyl-carnitine concentration in the
myocardium during reperfusion in patients after mitral valve replacement
[61]. These data suggest, in line with the results of experimental studies
that carnitine and its derivatives protect human ischemic heart against
oxidative stress not only by modifying carnitine acyl-transferase activity
and metabolic effect, but by other mechanisms as well [21].

4.2, Arrhythmia

Heart electrophysiology after carnitine administration (30 mg per kg body
weight over 3 min) did not show any changes either in the conductivity
time or in refraction period. The cycle duration in the sinus node was
shortened by 5%, while the arterial blood pressure remained unchanged
[62]. It has been shown that the incidence of ventricular and
supraventricular arrhythmia could be limited during hemodialysis in
chronic renal failure [63]. A prolonged L-carnitine therapy in angina
pectoris was associated with a considerable decrease in the frequency of
ventricular arrhythmias [64]. Rizzon et al. noticed a statistically significant
decrease of the frequency of ventricular arrhythmia in a group of patients
with acute myocardial infarction who were administered 100 mg of
carnitine per kg of body weight [65]. Although the studied groups of
patients were small, L-carnitine administration to patients with ischemic
heart disease appears to be a promising therapy of ischemia-induced
arrhythmia as potentially addressed to restoring of membrane
rest-potential.

4.3. Cardiopulmonary bypass surgery

Oral administration of carnitine (1 g) for 2 days before the coronary artery
bypass graft (CABG) operation was associated with a higher ATP
concentration and a more favourable ratio of free carnitine to long-chain
acyl-carnitine in the atrial muscle [66]. Administration of high L-carnitine
doses for 3 days prior to the extracorporeal circulation was not linked to
an improvement of hemodynamic parameters, although a biopsy of
septum revealed a better preserved cellular ultrastructure [67]. On the
other hand, in patients with a low ejection fraction a dose of 360 mg of
L-carnitine added to cardioplegia was demonstrated to have a positive
influence on the stroke volume immediately after weaning from
extracorporeal circulation [68]. In patients after CABG, L-carnitine
supplementation has been shown to be associated with an increased
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uptake of free fatty acids by myocardium and with their lower
concentration in blood [2].

4.4. Circulatory failure

Early reports on carnitine in the treatment of circulatory failure were
concerned with its application in cases of carnitine deficiency syndrome.
Carnitine deficiency syndromes can be divided into systemic and
myopathic in nature. The former is characterized by a low carnitine
concentration both in muscles and the blood, and the latter is known for a
low carnitine concentration in muscles coexisting with the proper carnitine
concentration in blood. This division enables assessment of the rationale
for using carnitine in the treatment of concurrent circulatory failure.
Cardiomyopathies that coexist with a low blood carnitine level are
generally well treatable with carnitine [69,70]. Myopathies and
cardiomyopathies with proper blood carnitine concentration prevalently do
have some acyl-CoA dehydrogenase deficiency or functional disturbances
of carnitine transport proteins [71]. However, increased carnitine
concentrations in blood have been also seen in cardiomyopathic patients
[72]. In dilated cardiomyopathy patients who underwent heart
transplantation for circulatory failure, a low carnitine concentration was
found both in the blood and myocardium [73]. Myocardial carnitine
concentration was also lower in rheumatic heart disease [74].
Administration of carnitine to children with diphtheria was found to have
reduced substantially the incidence of myocarditis [75]. One-month
propionyl-L-carnitine therapy in doses of 1.5 g for 24 h in patients with
congestive heart failure resulted in an increased ejection fraction [76).
Hemodialysed patients were observed to have a lower free-carnitine
concentration in blood, despite normal concentration of total carnitine.
After a 12-month carnitine therapy at 500 mg/24 h dose the same
patients had improved circulatory function in electrocardiographic
examination [77].

Pugliese et al. observed a decrease in pulmonary arterial pressure, in the
heart rate in patients with hepatic cirrhosis after administration of 30 mg
of L-carnitine per kilogram body weight [78]. Both short- and long-term
propionyl-L-carnitine supplementations, in patients with congestive heart
failure resulted in decreased pressure in the pulmonary artery and the left
ventricle diameter [79]. One study on patients with shock who were given
high L-carnitine doses did demonstrate clinical improvement [80], while
another report concluded that a 12-h acetyl-carnitine administration to
patients in shock was associated only with a slight improvement in
selected hemodynamic parameters [81].

In the light of these collected results, application of carnitine appears
promising in circulatory failure. However, except for carnitine deficiency
syndromes, this has not been satisfactorily proven.

4.5. Peripheral blood vessel diseases

The data on the influence of carnitine and its derivatives in cases of
peripheral blood vessel disease generally come from experimental studies.
Accordingly, propionyl-carnitine has a potential for inhibiting thrombosis
induced in the rat's tail [82]. Corsico et al. observed the protective
properties of propionyl-L-carnitine for the condition and function of
muscles as well as the condition of vessels that were damaged with
sodium lauryl-sulphate [53]. Patients with peripheral blood vessel disease
were found to have on exertion an increased blood concentration of total
carnitine as well as long- and short-chain acyl-carnitine [83]. Following a
3-week carnitine therapy, these patients had a longer claudication
distance [84]. Beneficial effects of propionyl-L-carnitine in peripheral
blood vessel disease can be not only related to an improved metabolism of
ischemic muscles. They are also possibly linked to some potential for
limiting a negative influence of endothelin on blood vessels [85) or to
increasing tissue concentration of plasminogen activator, or to an
improvement in the rheological properties of erythrocytes [86). Studies
have also proven that propionyl-L-carnitine has a vasodilative action
independent of nitric oxide, but mediated by prostaglandins [87].

An increasing amount of data supports the thesis of the beneficial effects
of carnitine in patients with ischemic heart disease and ischemia-related
arrhythmia, circulatory failure and peripheral vascular disease. The results
of studies on hemodynamic effects of carnitine and its derivatives
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administration could possibly be more univocal, if the studied groups were
more homogenic concerning poor ventricular function and coexisting state
of carnitine deficiency.

e effects

Carnitine preparations administered orally can occasionally cause
heart-burn and dyspepsia. Two patients treated with intravenous carnitine
in doses of 6 g complained of blurred vision and one reported a headache
[88]. Fairly high doses of carnitine administered orally may produce an
unpleasant body odor that is similar to that of rotten fish. There are no
reports to date of serious side effects caused by L-carnitine and its
derivatives, and most clinical studies have claimed there were not any
undesired effects.

6. Conclusions

The results reviewed in this article indicate that carnitine and propionyl-
L-carnitine exert a positive metabolic and functional effect on myocardium
in ischemic heart disease and in heart failure. The accumulated data
resulting from experimental and clinical studies and general knowledge of
myocardial metabolism in ischemia and reperfusion, allows us to expect
encouraging clinical results especially in carnitine-deficient patients.
However, some conflicting results do not permit definitive conclusion to
be drawn about the efficacy of the action of carnitine and its derivatives on
ischemic and reperfused myocardium. Additional studies performed under
well-controlled conditions are needed to further elucidate the rationale for
carnitine administration in ischemic heart disease and before
cardiopulmonary bypass surgery.
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Heart failure (HF) is a common, disabling, and costly disease. Despite major advances in medical therapy, morbidity
and mortality remain high, in part because current pharmacological regimens may not fully address some unique
requirements of the heart for energy. The heart requires a continuous supply of energy-providing substrates and
amino acids in order to maintain its function. In HF, defects in substrate metabolism and cardiac energy and sub-
strate utilization may contribute to contractile dysfunction. HF is often accompanied by a deficiency in key micronutri-
ents required for unimpeded energy transfer. Correcting these deficits has been proposed as a method to limit or
even reverse the progressive myocyte dysfunction and/or necrosis in HF. This review summarizes the existing HF liter-
ature with respect to supplementation trials of key micronutrients involved in cardiac metabolism: coenzyme Q10,
L-carnitine, thiamine, and amino acids, including taurine. Studies using a broader approach to supplementation are
also considered. Although some of the results are promising, none are conclusive. There is a need for a prospective

trial to examine the effects of micronutrient supplementation on morbidity and mortality in patients with HF.
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Heart failure (HF) is a common, disabling, and costly
disease throughout the world (1,2). Annual costs related to
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the treatment of HF in the U.S. are estimated at $38 billion,
and account for 5.4% of the health care budget (3). The
treatment of HF is based on medical guidelines published
by the professional societies (4-7). The recommended
pharmacological therapy includes the use of angiotensin-
converting enzyme inhibitors, angiotensin receptor blockers,
diuretics, beta-blockers, and aldosterone antagonists.
Additional nonpharmacologic measures, such as cardiac
resynchronization therapy, implantable cardioverter-
defibrillators, and exercise training, have shown beneficial
outcomes in quality of life, morbidity, and/or mortality of
HF patients (7).

Despite improvements in mortality, HF hospitaliza-
tions continue to rise (8). Hospitalization for HF is a
strong predictor of poor prognosis and is associated with
post-discharge mortality and readmission rates that can
be as high as 15% and 30%, respectively, within 60 to 90
days (9,10). Although new therapeutic options have un-
doubtedly improved morbidity and mortality, additional
interventions are needed to prevent progression of HF and
improve outcomes (10,11).

Although current therapies have addressed hemodynam-
ics, neurohormonal modulation, and electrophysiological
aspects of HF, these therapies have not targeted the meta-
bolic needs of the failing heart (12).
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Normal Cardiac Metabolism

The adult human heart, which weighs between 200 and
425 g, is a highly efficient converter of chemical energy to
mechanical energy (13). This relatively small mass uses
more energy, in the form of adenosine triphosphate (ATP),
than any other organ as it pumps 5 | of blood per minute,
7,200 1 per day, and over 2.6 million liters per year (14). It
is estimated that over 6 kg of ATP is hydrolyzed by the
heart daily for this pumping function (15). To maintain this
essential level of efficiency, the enzymes, membranes, and
structural elements of the heart undergo constant turnover
and rebuilding. Every 30 days, an entire heart is recon-
structed with brand-new protein components, using a
steady supply of nutritional building blocks in the form of
amino acids, lipids, and carbohydrates (16,17).

Energy transfer in the beating heart can be visualized as
a system of interconnected cycles that receives nutrients
through the circulation and that transfers energy from
nutrients to ATP, which, in turn, is used to support cyclic
contractions (Fig. 1). Under normal conditions, the system
readily responds to environmental changes by either increas-
ing or decreasing the rate of energy turnover. The schematic
refers to yet another biological principle: cycles consist of
moieties (e.g., blood in the circulation, enzymes in cells)
that provide the necessary machinery for energy transfer.

The heart has also been described as a metabolic omni-
vore, because it has the capacity to oxidize fat and carbo-
hydrates simultaneously or interchangeably for its energy
needs (18,19). Macronutrients are defined here as fats and
carbohydrates that constitute the main sources of ATP for
contraction of the mammalian heart. Micronutrients, such as
coenzyme Q10 (CoQ10), L-carnitine, thiamine, amino
acids, including taurine, and other small molecules are

Macronutrients - -
[ Micronutrientq

Systemic
Circulation
(0,)

Cellular
Metabolism
(ATP)

Crossbridges
(Ca*)

Contraction

Cycles of Energy Transfer
and the Place of Micronutrients

Energy transfer in the heart as a system of interconnected cycles. Micronutri-
ents are essential components of moiety-conserved cycles in the cell. See the
Normal Cardiac Metabolism section for further discussion.
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Abbreviations
and Acronyms

ATP = adenosine
triphosphate

defined as essential cofactors for
energy transfer, biochemical main-
tenance, and physiological heart
function (20,21).

Metabolism in HF T

EF = ejection fraction
Deficiencies in CoQ10, L-carnitine,
thiamine and other B vitamins,
and taurine are all well docu-
mented in the failing myocardium
(22,23). Deficiencies of L-carnitine,
thiamine, and taurine alone are well-
established causes of cardiomyop-
athy (23). Animal models have

HF = heart failure

LV = left ventricle/
ventricular

LVEDV = left ventricular
end-diastolic volume

LVESV = left ventricular
end-systolic volume

MRI = magnetic resonance

similarly revealed that micronutri- ™88
ent deficiencies are present in HF, =~ NYHA = New York Heart
Association

that genetically induced deficien-
cies lead to HF, and that correc-
tion of these deficits can improve heart function (24-30).
Thus, in HF, it has been proposed that the human heart is
deficient in adequate amounts of key nutrient cofactors or
micronutrients (Fig. 1) (23,31-36). However, the heart is “not
out of fuel” as it has been suggested (34), because the coronary
circulation provides substrates in excess of their rate of utiliza-
tion. Indeed, a large part of the morbidity of HF appears to be
the result of impaired energy substrate metabolism (37). ATP
turnover in the failing myocardium may be reduced by as much
as 30%, although it is not clear whether the reduced rate of
ATP turnover is the cause or the consequence of HF (38).

When the heart is stressed, as seen in HF, it returns to
the fetal gene program, switching from the dominant fatty
acid metabolism to a more efficient use of carbohydrates in
an attempt to limit further damage (39—44). It is also of
interest that infants have a reduced ability to biosynthesize
L-carnitine and taurine. Hence, these nutrients are man-
dated for inclusion in infant formulas. Whether the fetal
gene program contributes to the deficiencies of L-carnitine
and taurine seen in HF is unknown. In any case, the early
adaptation of the heart eventually becomes maladaptive as
HF progresses (17,45). The evolution of HF usually occurs
over a number of years; therefore, only a very small percent-
age of cardiomyocytes at a given time may be irreversibly
injured. These myocytes retain a relatively preserved struc-
ture and are in a “vegetative state” equal to viable, but
dysfunctional, myocardium as a result of metabolic imbal-
ance, in part related to excessive and continuous activation
of the neuroendocrine system (31,32,46,47). Therapy with
micronutrients when deficiencies exist has the potential to
prevent myocyte death and restore function.

In HF, maladaptive changes appear to occur at all steps of
energy production and transfer: substrate utilization, oxida-
tive phosphorylation, and ATP utilization (37). Inadequate
energy conversion in already overworked cardiomyocytes
may potentially result in cell damage or death mediated by
oxidative stress, resulting in mitochondrial damage and
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Guideline Recommendation Level of Evidence
ACC/AHA (T) Routine use of nutritional supplements of unproved value and not recommended Class lll, Level of Evidence: C
HFSA (5) F with HF, especially those on diuretic therapy and restricted diets, should be considered Level of Evidence: C

for daily multivitamin-mineral supplementation to dequate intake of the
recommended daily value of essential nutrients
ESC (4) Omitted in 2008 guideli N/A
CCS (6) CoQ10, vitamin and herbal lements are not recomr ded as HF therapy Class lll, Level of Evidence: C
ACC = American College of Cardiology; AHA = American Heart A CCS = Canadian Cardi lar Society; CoQ10 = coenzyme Q10; ESC = European Society of Cardiology; HF = heart failure;

N/A = not Hahl

HFSA = Heart Failure Society of A

cytochrome c release (23,48). Decreased capacity for energy
conversion makes the damaged heart more susceptible to
ischemia, accelerating the process of HF. In Figure 1, it is
proposed that micronutrients allow for the efficient and
appropriate utilization of fuel for the preservation of normal
structure and function of the heart. It should also be
recognized that plasma levels of compounds such as
L-carnitine, taurine, and CoQ10 may not reflect tissue levels
because of large transmembrane cellular gradients (23,49-53).

The lack of sufficient micronutrients may be intensified
by medical interventions. Commonly prescribed medica-
tions, such as the cholesterol-lowering HMG-CoA reduc-
tase inhibitors, have been shown to cause reductions in
serum CoQ10 levels, thus potentially exacerbating already-
present nutritional deficiencies and limiting long-term
treatment success (54-59). Similarly, loop diuretics have
been shown to substantially lower thiamine levels in patients
with HF (60-63).

Micronutrient Supplementation

Micronutrients may work synergistically with standard ther-
apies in patients with HF by correcting defects in energy
metabolism and providing the failing heart with deficient
cofactors that are limiting cellular energy transfer (Fig. 1).
Despite the appeal of such a strategy, large clinical trials
evaluating therapy with micronutrients are lacking (Table 1).
However, this is a potentially promising new paradigm for
the treatment of HF therapy, deserving further investiga-
tion. Micronutrient supplementation offers the opportunity
to correct deficiencies in critical myocyte pathways, includ-
ing those associated with the provision of ATP (CoQ10,
L-carnitine, thiamine and the B vitamins, amino acids),
protein production (amino acids), intracellular calcium bal-
ance (taurine), and the reduction of oxidative stress (CoQ10
and taurine).

To date, clinical research of a single micronutrient in the
treatment of HF has been the usual investigative approach.
However, this method may potentially shift the rate-
limiting step to another pathway of the energy cascade.
There are only a few studies evaluating a broader, multiple-
micronutrient approach. Such an approach may be a more
comprehensive method of supplementation and overcome
some of the limitations with a single-supplement method.
As described below, nutritional studies to date as a whole
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have significant design drawbacks, indicating an important
need for larger, more comprehensive micronutrient trials in

HF.

The Need for More Clinical Trials

The subsequent sections will summarize the existing data in
this supplementation field, identify the limitations of cur-
rent studies, and propose how to move forward with
research to fill critical gaps in knowledge. Here, the focus 1s
primarily on CoQJ10, L-carnitine, thiamine, and taurine.
These nutrients were chosen because: 1) they are known
essential components for metabolic pathways that partici-
pate in energy production, myocardial calcium balance, and
oxidative defenses; 2) there is evidence for a reduction in the
level of each in HF; 3) there is evidence that a deficiency in
each of them, alone, may result in cardiac or skeletal muscle
pathology; and 4) there is possibly pathological reversal
(27,64,65).

CoQ10

CoQ10, or ubiquinone, is an obligatory component of the
respiratory chain in mitochondria. It serves as a carrier for
electrons flowing through complexes I, II, and III. As such,
CoQ10 plays an essential role in ATP formation in most
tissues, including the heart, skeletal muscle, brain, kidney,
and liver. CoQ10 is localized in the inner mitochondrial
(and other intracellular) membrane, where it serves to
stabilize these structures, control electron flow, and regulate
the flow of reducing equivalents (66,67). In addition to its
role in energy transfer, CoQ10 also functions as an antiox-
idant and protects circulating low-density lipoprotein par-
ticles from oxidation (68). Its inhibition of the mitochon-
drial permeability transition pore prevents the activation of
apoptotic cascades and the oxidative inactivation of key
proteins involved in ATP production (69,70). The diverse
roles of CoQ10 in energy metabolism are important in the
failing heart, where oxidation of energy-providing substrates
becomes inadequate (54). Deficiency of CoQ10 can be
caused by inhibition of its synthesis. Mevalonate, a precur-
sor of CoQ10, is formed in a pathway dependent on
HMG-CoA reductase. Not surprisingly, statins, which
inhibit HMG-CoA reductase, have been shown to reduce
the production of CoQ10 (54-58).
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CoQ10 is widely available in dietary sources such as meat,
poultry, and oils, which together provide an average daily
intake of 5 mg (71). However, the majority of CoQ10 is
produced by the human body from tyrosine and mevalonate
through endogenous pathways. Trials involving CoQ10
supplementation in HF have primarily used dosage ranges
from 60 to 300 mg/day. No significant toxicity has been
observed in human studies, although there have been
adverse side effects, including diarrhea, nausea, epigastric
discomfort, and elevated liver enzyme levels. Gastrointesti-
nal side effects are decreased by administration in divided
doses no greater than 100 mg (55,72).

The first study on the role of CoQ10 in HF was
published in 1976 (73). Serum and tissue levels of CoQ10
are lower in HF patients compared with normal control
subjects (74,75). Additionally, the degree of CoQ10 defi-
ciency may correlate with New York Heart Association
(NYHA) functional class, left ventricular (LV) function,
and mortality (76—79). This apparent deficiency of CoQ10
in HF has led to numerous trials seeking to establish the
efficacy of CoQ10 supplementation in varying etiologies of
HF (Table 2). These trials are promising because they have
shown statistically significant improvement in a variety of
functional, structural, and hemodynamic parameters, in-
cluding ejection fraction (EF), stroke volume, cardiac out-
put, pulmonary artery pressure, exercise capacity, and
quality of life (72,75,80—-86). Additionally, decreases in
end-diastolic volume, NYHA functional class, hospital
admissions, dyspnea, and fatigue have also been docu-
mented. However, results have been mixed (87,88). The
largest trial conducted with CoQ10 in an HF population
was not a double-blind, placebo-controlled study (72).
Conversely, several of the studies showing no effect have
been criticized for not achieving adequate CoQ10 serum
levels, in addition to being too short in duration (87-89).
Meta-analyses to evaluate the overall findings of CoQ10
trials appear to support many of the aforementioned benefits
of CoQ10 in HF (90-92). In short, CoQ10 appears to be a
safe and potentially effective nutritional supplement for the
treatment of HF, based primarily, however, on small studies
and meta-analyses. Larger trials of CoQ10 in combination
with other micronutrients are needed to show a reduction in
morbidity and mortality for HF patients already receiving
standard therapy.

L-Carnitine

L-carnitine is an amino acid derivative synthesized primarily
from the amino acids lysine and methionine (93). It plays a
critical role in fatty acid transport into the mitochondria
(94). Additionally, L-carnitine reverses the inhibition of
pyruvate dehydrogenase, allowing for improved coupling
between glycolysis and glucose oxidation (95). Genetic
carnitine deficiency, secondary to a plasma membrane trans-
porter defect, results in a cardiomyopathy (28). Lastly, an
alternate form of the molecule, propionyl-L-carnitine, has a
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high penetration rate into myocytes, and its products can
serve as a substrate of the Krebs cycle (93). Propionyl-L-
carnitine has been shown to improve contractile function in
the isolated working rat heart (96) and also to reduce the
lactate and hydrogen burden in the hypertrophied human
heart by increasing glucose oxidation (95).

L-carnitine is either supplied in the diet or produced
endogenously, although daily consumption far exceeds en-
dogenous production (97). L-carnitine deficiency in the
failing heart has been well documented (36,98-100). As
noted previously, infants have a reduced ability to biosyn-
thesize L-carnitine; whether the fetal gene program contrib-
utes to the deficiency of L-carnitine seen in HF is unknown.
Studies have also shown that plasma levels of L-carnitine
often do not reflect the tissue level of L-carnitine because a
significant intracellular-to-extracellular gradient is main-
tained by sodium-dependent pumps (23,100). Most trials
conducted with L-carnitine supplements in HF have used
doses of 1.5 to 3 g/day, which seem to be well tolerated
(101-105).

There have been several promising studies evaluating the
role of L-carnitine in cardiac diseases, including HF (Table 3).
However, their value has been limited by their design and
inconsistent results. Although multicenter trials, such as the
CEDIM (L-Carnitine Ecocardiografia Digitalizzata Infarto
Miocardico) study, have shown a benefit of L-carnitine on
cardiac remodeling after myocardial infarction (106), less is
known about L-carnitine in the treatment of HF of non-
ischemic causes. Supplementation of L-carnitine or its
analog, propionyl-L-carnitine, in HF has led to statistically
significant increases in exercise capacity, maximum exercise
time, peak heart rate, and peak oxygen consumption (101-
104). Small studies on hemodynamic and echocardiographic
effects of supplementation also have shown promising re-
sults, reducing pulmonary artery pressure, as well as LV
systolic, diastolic, left atrial, and end-diastolic dimensions
(102). Improvements in EF have also been observed, albeit
not consistently (102,104). Interpretation has been limited
due to lack of control groups and high dropout rates in
certain trials (102,103). A larger European study relied on
subgroup analyses to observe an effect (101). One trial
revealed a potentially interesting benefit of L-carnitine on
mortality by demonstrating a significantly improved 3-year
survival in patients with dilated cardiomyopathy and
NYHA functional class III to IV HF (105). It is therefore
proposed that both carnitine and propionyl-L-carnitine
warrant further study in patients with HF.

Thiamine (Vitamin B,) and Other B Vitamins

Thiamine (vitamin B,;) is a water-soluble B vitamin that
plays an important role as a coenzyme in carbohydrate
metabolism. Through the addition of magnesium and ATP,
thiamine is converted to thiamine pyrophosphate by the
enzyme thiamine pyrophosphokinase (107). As the meta-
bolically active form of thiamine, thiamine pyrophosphate

107



JACC Vol. 54, No. 18, 2009
October 27, 2009:1660-73

Soukoulis ef al.

1664

: An Unmet Need in HF

1encies

Micronutrient Defic

“T BIQEL Ul S SUORRIBIGYR Jaylo K)jep

SaLul) aauy) = (L BWnjos aqod)s = AS ‘aunssaud 21jo)sis Jenoupuan JyFu = 4SAYM ‘aunssaud [ee WEL = Jyy ‘aunssaud aBpam fiejides £ d = dmod * d aZpam Lape £ d = dmyd : d liaue £ d = dyd ‘uone; ¥ MESH HIOA MEN = YHAN
E | ELL Hal = ASINT n2af; Hal = 43A7 I 1l 1P-p Ha| = AJIAT o) juopaala = 43 d 2| p-pua = 43 ‘indino sejpaes = 9 ‘Ajep aomi = QIg 1qnyuy i i {due = 30V
*dMad 18055010
pue Q9 40} UO|IEZIIBYIED pa||ouod
%GE= 43 yeay WEY ‘43 pue ‘ASIA] -ogaoe|d (88)
0TDOD jo asop Jamo| pasn ‘az|s ||ews auoN aiLfw gg aBueys yueayiugis oN ‘papodai JoN ‘AQ3AT JO uonEn|eAs SYUoW £ 3y ‘pulig-2ignog og 666T ‘e 12 uosiep
uopdwnsuos Zg yead
uj Y2 pue ‘Aydesgoinapjuan pajjoauod
paulElE s|aAa]| uopdwnsuod |anu Ag p qaoed (18)
winias OTHoY 1amo) ‘az1s Apmis ||ews auoN Aep/8w 00g 20 sead ‘43 uo 989 ON A= se ‘43 u agueyd syjuow g 1y ‘pulig-2igneg ot 0002 ‘Ie 3@ eneyy
SSE|O |euoiduny pa|josuos
*518%20|G-2}24q jou WHAN Ul Juawaaoiduy SyjuoLL € JE S5B[D |euopouny -oqaoejd (98)
ng |30V Uim pajeal] ‘az|s Apnis ||ews YN Aep/Aw 0ST jueoyug|s Aljeanspiess Ing jlews n=n wojdwifs YHAN passasse-uep|siyd ‘pulig-signog 6E £002 ‘e 3@ ySoay
SHaaMm ZT
‘safueld ou asIMISYID “Hiom 1B 3UOP MIOM JO UjW € 10 ‘T ‘1534 pajjonuod
1B dMOd T "1s8d e dMVd T 18 dMOd Pue ‘dyd ‘da3 ‘dSAd -ogaoejd (g8) e 10
az|s Apmis |jews WN a|lg fw 00T  ‘Yiom pue 3sal je Xapu| syons | ‘dvY 1o} uonezyBIBIED Leay I ‘pulig-signog zT 666T wioyxuniy
Bewapa pa||oauod
BLwiapa Areuownd Sujuaiealyy-ayl) -ogaose|d (T8)
Adesay) wispow 21043q pue 2215 ||ews YN fep/Ay/Aw g  Mleuowind pue uonezjeydsoy 1 A= pue uopezyendsoy jo prou| pulig-aignog T6T £66T ‘|e 32 0IsHOW
Kape
|e1yseiq jo uope|p juspuadep Aaye |ejyseiq jo uonep 18055010
-wnjjayjopusa uj Juswasoiduwy juapuadap-wnjjayjopua pue pa||ouod
*uawigal Sujujen) asIaxa uj ‘Wead pue jsa4 18 4377 ‘43 ‘xew Zop uo Sujuesy ssi qaoeld (08) "1e 32
sjuaped pajenjeas osjy ‘azis Apms |lews auoN aiL 8w 00T uj aseasou] ‘xew oA uj aseasou] pue QTD0) JO $193149 SHaaMm ¥ Iy ‘pulig-2ignog €e 2002 liieulpiejag
13A0SS04D
SHaaM BE 19A0 -a|gnop
[CLET] snjeys |eo|ulD pue JySiem ‘|ans)| ogaoeld (51) e
Adesayy wiapow 2i042q pue 2zis ||ews auoN aig fw g'eg wnias 0THod | ‘Aspue 43 | wnuas OTDOED ‘AS ‘43 Jo uopen|eay ‘pulig-signog 6T S8BT ugofsgueq
duy (eajuyd 10)
jujod pasq ajqejieae sem Adelayy sjuaped Apmis
ulapow aiojag "palea sasoq "Apnis JO 9%$S ul uaas swoldwis a|eas jujod-; e Suisn swojdwis [JUe||jaans (z1)
pa|jos3uoa-ogadeld ‘pujg-a|gnop & JoN auoN Aep/Sw 0ST-05 € Isea| je Jo Juswanoiduw| | pue sug|s [edju)|o JO JUBLUSSISSY Supsxiew-jsod +99' 66T ‘e 3o ojFFeg
syleway 0TboD asog synsay sse|n ujod pu3 Lewpd ug|saq Apms sjuaped  lesp (# "Jod)
0} pajejay |euogoung 0 ‘ON loyny Apms
S30843 apis VHAN

4H u) uopejuawsalddng OTDOD YUM SIelL poloales r4EILET

108



1665

Soukoulis et al.

: An Unmet Need

JACC Vol. 54, No. 18, 2009

in HF

1encies

Micronutrient Defic

October 27, 2009:1660-73

‘g PuE T S3|Qe U] Se Suole|ARIqge Jaylo yinow Ag = Od ¢ A = 1w yal = A1t = Al ‘2121 Meay = HH =19 1 pua = AS3 'awnjoa pua = AQ3 * d poojq = dg “ayd0|g-e18q = 88
syjuow ZT pa|josuod
"4H Ul 10N “IIN @Inoe 10} 0d Aep,/d g uay) *43A7 Ul suaisyip I 12)e syjuow -ogaoe|d
iayje s)nsal pajen|eAs YN ‘P G 10} NI kep/B 6 ON ‘AS3AT Pue AQ3AT T VN €T 1& 43 pue awnjoA A7 ‘pulig-signog cly S66T (90T) "Ie 1@ 0122y))
dg Aeuownd/jepaye Ajjeyow Jeak-g pue ‘gD
‘09 ‘uopdwinsuod ‘dg feuownd pue |euspe
(pajajdwos Zp yead ‘aw asjoiaxs ‘uopdwnsuod Zop yead pajjosnuod
Ayjedofwolpies le) syuaped winwxew pasosduw) Ayyedofwolpies ‘auuf) as|aJaxa wnwxew -ogaoe|d
PAIEYP 0} PAIWIT € Ul HOJWODSIP |9 Aep/E g ‘leruns kg | pa1enp A=l ‘43A7 Jo wawsinsesy ‘punia-siqneq 08 0002 (S0T) soziy
shep 08T 03 dn je pajjonuod
alqejieae sjuawieal 43 pue awp ajafalq 19380849 Uo AW -oqaoe)d
JUB4IND 310Jaq ‘BZIS ||BWS YN aiL 8w pos asjolaxe Wnwxew | n-n 35]04aX8 WINWIXEW PUe 4347 ‘puiig-ajgnog 09 Z66T (FOT) “IE 12 WPpuep
shep
08T 03 dn je safueys |5
‘sigjeweled pue ‘4H ‘anssaid ojjoiselp
ajel nodosp alweuipoway pue 21j0shs ‘asuewuopad pajjonuod
ysy ‘sjuswssasse jujod pascsdiu) pJemo) puas) WINLWXELW aujualap -ogaoe|d
pua pajjwy| pue az|s ||lews YN aLgT ‘gouewopad pasoidw| n=n 0} 1s9) JajaLuogio ajpkolg ‘pulig-s|gnog T 666T (E0T) "Ie 10 483507
"HH @si049xa ‘awn
as/219%3 ‘uodwunsuod
SoMead | ‘sjenal
auowloy u) agueys
ON "0 pue T sfep uopdwnsuod
uo dMvd pue dvd 1 Zg yead pue ‘foedes
‘uopesedas |eydas jujod as]2Jaxa ‘s|aAa| auowoy
pua puE SUoISUIWIP ‘sojweudpoway ‘uopouny pa|josucd
azis Apms aiL fw gos usy ajjoiselp-pus 1 Alj0 ! gaoerd
llews pue puljq 3jSuis auoN ‘84/8w og snjoq |y ‘uonauny A7 ul agueys oN OF pue ‘ST ‘T skep 1y ‘pung-e[duis og 866T (20T) "1e 12 pueuy
"(9%0¥-%0€) 43 Jaysiy
yum sjuaned u) HH xew
| 'sisAjeue dnosggns uopjeinp as|a4axa apkolg pa|josuod
uoud e-uou ‘(againip BS|248Xa LWINWIXELW guisn Ayoed | gaoed (TOT)
pue |39V Ajuo) pasn gg oN 8uoN aiggT ul asualayip oN n=n Jo uojlenjeAa pue syjuow 9 3y ‘pulig-2|gnog €SE 666T si0jegnsaaul Apms
syeway aupwen asoq s)nsoy sse10 jujod pu3 Aewpgd ugisaq Apmis sjuaned 1eap (# "Jo¥)
0} pajejay leuoouny YHAN 0 "ON loyyny Apmg
530943 °pIS

dH ul supjuied UM sielll pajos|es peaE B

109



1666 Soukoulis et al.

Micronutrient Deficiencies: An Unmet Need in HF

serves as a cofactor for the pyruvate dehydrogenase complex
and for transketolase, both key mediators of energy substrate
metabolism. Thiamine deficiency results in decreased ATP
production and increased cellular acidosis on a metabolic
level (108).

Thiamine itself is stored in the body in only small
amounts and cannot be produced endogenously (23). Ade-
quate nutritional intake through diet (whole grains, le-
gumes, nuts) or supplements is therefore critical in prevent-
ing deficiency. Doses used in trials have ranged from 1.5 to
200 mg/day.

The cardiac effects of severe thiamine deficiency are
clinically referred to as wet beriberi (109). A chronic disease
develops consisting of a peripherally vasodilated state that
leads to fluid retention through activation of the renin-
angiotensin system. The end result of thiamine deficiency is
high-output HF (110). In the Western world, however, wet
beriberi is rarely encountered. Instead, concern focuses on
moderate thiamine deficiency in patients with HF. Animal
models have shown that thiamine deficiency can lead to
cardiac dysfunction, hypertrophy, and arrhythmias without
the presence of beriberi (111-121). In patients with HF, the
incidence of thiamine deficiency ranges from 13% to 93%
(60-62,122-125). Patients with NYHA functional class
III/IV HF appear to have more severe deficiency than their
class I/II counterparts (60). Furosemide, commonly used in
such patients, may exacerbate this problem through urinary
excretion of thiamine (60—63). There also appears to be an
increased need for thiamine in the setting of HF, as similar
nutritional amounts are inadequate in HF patients com-
pared with controls (60).

Given the proposed role of thiamine deficiency in HF,
several small studies have been conducted to examine the
clinical utility of supplementation. Thiamine deficiency
appears to respond to oral supplements as small as 1.5
mg/day, as shown in 1 study of 100 hospitalized HF
patients (60). In one of the most promising trials, 30
patients with HF receiving furosemide were given either
thiamine (200 mg/day) or placebo (126). After only 1 week,
thiamine levels had increased, with statistically significant
improvements in diuresis and EF noted. By the end of the
7-week study, improvement in cardiac function was ob-
served with a 22% increase in EF. Although results from
other trials have been mixed (124,127), the known effects of
thiamine deficiency on the heart suggest that supplementa-
tion may be of therapeutic benefit if examined in larger HF
trials.

Riboflavin (vitamin B,) and pyridoxine (vitamin B) play
critical roles in carbohydrate energy metabolism and the
production of red blood cells. These B vitamins, like
thiamine, are water soluble, are subject to renal excretion,
have limited tissue storage, and are dependent on intake.
Therefore, their status may also be adversely affected by the
use of loop diuretics. Indeed, similar deficiencies in HF have
been reported (22). The prevalence of having a deficiency of
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any one B vitamin in HF was recently reported to be 68%
(35). Vitamin B, and folate have also been shown to be
deficient in a small subset of HF patients (128). Although
these vitamins have been postulated to play a role in
endothelial dysfunction through homocysteine action, stud-
ies to support an effect in HF are currently lacking.

Amino Acids

Amino acids play a dual role in cardiac metabolism. First,
they are the “building blocks” of proteins. Second, they are
intermediary metabolites in energy substrate metabolism
(16,33). A relevant role is played by taurine, which com-
prises 25% of the cardiomyocyte amino acid pool in hu-
mans. Taurine is not a substrate for protein synthesis or
intermediary metabolism, but rather functions both as an
antioxidant and as an important endogenous regulator of
intracellular calcium homeostasis (129-132). Taurine mod-
ulates voltage-dependent calcium channels, sodium-calcium
exchange, and sodium-taurine cotransport. The net effect is
to protect heart muscle cells from calcium overload, on the
one hand, and low calcium states on the other. Since
myocyte calcium levels increase in HF and contribute to
cellular injury, maintenance of appropriate taurine levels
would seem to be critical. Taurine, like CoQ10, is also a
potent antioxidant and reacts with a variety of potentially
toxic intracellular aldehydes (133). Cytokine activity, par-
ticularly TNF-alpha, is increased in HF; TNF-alpha has
been shown to decrease taurine levels (134). Lastly, the
adverse actions of angiotensin II are potentiated in taurine-
deficient cardiomyocytes (135).

Although taurine can be synthesized from methionine or
cysteine, and as such is not an essential amino acid, the
majority is obtained from dietary sources such as fish and
milk (136,137). The heart extracts its supply through active
transport by a taurine transporter (138). In infants and the
elderly, taurine biosynthesis is reduced; thus, there was an
increasing dependence on dietary sources (137). It is an
essential ingredient in infant formulas, as taurine deficiency
can produce HF. Taurine, dosed at up to 1 g 3 times per
day, appears to be well tolerated (137). Indeed, large doses
of taurine are a central component of many popular caffeine
energy drinks.

Taurine levels are reduced in ischemic cardiomyopathy
(137,139,140). Animal studies have shown that supplemen-
tal amino acids, including taurine, are beneficial in several
cardiac injury and HF models (24,25,30,141,142). In hu-
mans with HF, amino acid mixtures have resulted in
improvements in exercise capacity (143-145). There is only
1 small study examining taurine supplementation specifi-
cally (129). After 6 weeks, a significant improvement in EF
was observed in the taurine-treated group. Additional stud-
ies are needed to confirm any beneficial effects of amino acid
supplementation in HF.
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Other Micronutrients

There are many other micronutrients of potential interest
with respect to HF. Although the evidence surrounding
them is not as robust as for the molecules we have
mentioned above, and some may not play a role in energy
metabolism, it is worthwhile to briefly mention them to
provide a complete picture of the field.

Creatine is a key regulator of energy metabolism in all
muscle tissues of the body, including the heart. Mitochon-
drial energy stored in the phosphate bond of ATP is
transferred to phosphocreatine by creatine kinase (146). In
the failing myocardium, there is evidence that this system
becomes dysfunctional and that the level of deficiency may
correlate with the severity of HF (147-150). There are few
studies specifically examining creatine supplementation in
HF, however, and analysis is complicated by its effects on
skeletal muscle and the alterations in creatinine levels that
occur with supplementation that confuse monitoring of
renal function (151-153).

Vitamin D is a molecule that plays an important role in
the homeostasis of calcium, a key player in cardiac contrac-
tility. It is also an inhibitor of renin production (154). Low
vitamin D levels have been observed in HF patients (155).
Early experiments have suggested that low vitamin D levels
may contribute to cardiac dysfunction through both
calcium-dependent and calcium-independent processes
(156,157).

Multiple cations, such as magnesium, potassium, zinc,
and selenium, have been associated with HF to varying
degrees (158). Magnesium and potassium deficiencies have
been primarily related to arrhythmias in HF, although the
prognostic significance of this finding is unclear (159-161).
Zinc is an antioxidant that has been found to be deficient in
HF patients, although the exact importance of this finding
remains unclear (162). Finally, selenium is a component of
glutathione peroxidase, an antioxidant enzyme that protects
against endothelial dysfunction (163). Dietary deficiency in
China has been associated with a cardiomyopathy in chil-
dren, and there are case reports suggesting a role of severe
selenium deficiency in the development of HF after bariatric
surgery in the U.S. (164).

Multiple-Micronutrient Supplementation

A limitation of many of the clinical trials reviewed here has
been the use of only a single supplement. Although this
allows researchers to focus on the effects of each micronu-
trient individually, it may potentially lead to minimal
clinical outcomes if it simply shifts rate-limiting steps from
one to another component of the complex energy-providing
pathways. Correcting 1 deficiency thus, in theory, would
unmask 1 of the many other deficiencies present. Also, the
need for a given nutrient may not be apparent, as blood
levels do not always reflect a deficiency or increased require-
ments in the diseased myocardium (e.g., L-carnitine).
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Therefore, given the multiple-nutrient deficits in HF pa-
tients, an alternative strategy is to use a combination of
supplements to attempt to maximize clinical effects, as
performed in animal experiments (27,36,165).

One study showed that cardiomyopathic hamsters had
deficiencies in CoQ10, L-carnitine, and taurine at the
myocardial level during the late stages of their disease (27).
Supplementation for 3 months versus a placebo diet im-
proved the actual structure of myocyte sarcomeres and
mitochondria, contractility, and cardiac function. In a more
recent study, rats pre-treated with this combination before
coronary artery ligation exhibited markedly improved sur-
vival, cardiac function, and reduced infarct size when
compared with placebo (165).

Few studies have included multiple-nutrient supplemen-
tation in human HF (Table 4). One study (79) examined
the effects of a nutrient drink. Although this supplement
contains many nutrients, the ones relevant to this review
include CoQ10, carnitine, thiamine, and taurine. Forty-one
patients with ischemic cardiomyopathy (EF <40%) sched-
uled for elective bypass surgery were randomized to either
the nutrient supplement or a similar-tasting placebo. The
groups were relatively well matched except for a slightly
higher age and lower digoxin use in the control group. The
patients were then followed for 40 to 45 days until their
surgery, at which point LV biopsies were obtained. These
tissue samples were used to confirm the primary end points:
increases in myocardial levels of taurine, carnitine, and
CoQ10. Indeed, tissue samples revealed 40% to 144%
higher levels of each of these nutrients in the treated group.
Secondary end point analysis showed a decrease in left
ventricular end-diastolic volume (LVEDV) when compared
with placebo and a trend toward reduced left ventricular
end-systolic volume (LVESV). However, EF was unaf-
fected. Adverse effects of the supplement were minimal.
The primary complaint was gastrointestinal, possibly due to
the large undivided dose of CoQ10 administered. An
isolated increase in creatinine, not blood urea nitrogen, was
felt to likely be secondary to the breakdown of creatine
consumed through the supplement. Overall, whereas the
results were promising, the study did face several limita-
tions. The small sample size and short duration of the trial
made detecting significant differences more difficult. Addi-
tionally, many patients in the study did not have clinical
symptoms of HF at the onset of the trial. Thus, no
comment could be made on symptom improvement with
supplementation. The confirmation, however, of increased
levels of certain key nutrients in the myocardium with oral
administration did reaffirm the validity of such a delivery
method for future trials.

Another study evaluating the role of multiple-
micronutrient supplementation in elderly HF patients has
also showed promising results (166). In this trial, patients
with stable, ischemic HF (EF <35%) were randomized to
either capsules containing multiple nutrients or placebo.
Although many vitamins and minerals were administered,
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Remarks

Short study duration and

Side Effects Related
to Supplement

Dose

CoQ10 150 mg/day, carnitine

Results

Patient
Population
HF with CAD

Primary End Point
Comparison of the myocardial

Study Design
Double-blind,

Patients

No. of

Year

2002

(Ref. #)

Study Author
Jeejeebhoy et al.

1 patient exited study

1 Myocardial levels
of carnitine,
CoQ10, and
taurine

41

small size. No

due to diarrhea

3 g/day, thiamine 25

levels of taurine, carnitine, (EF =40%)

placebo-

(79)

assessment of

mg/day, taurine 3 g/day

and CoQ10 for 30-45 days

controlled

symptoms. Secondary

end point

improvement in LVED

volume. No change in

EF.
Small study size. Limited

None

CoQ10 150 mg/day,

1 EF. | LVEDV,

LVESV. No

HF with CAD

Evaluation of LV function,

Double-blind,

30

2005

Witte et al.

supplement cocktail.

thiamine 200 mg/day

(EF =35% +
fatigue or

pro-inflammatory cytokines,
and QoL at end of therapy

(~1yr)

placebo-

(166)

difference in

controlled

levels.

Improvement in
Qol scores.

¥

breat

CAD = coronary artery disease; QoL = quality of life; other abbreviations as in Tables 1 and 2.
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the substances relevant to this review were CoQ10 and
thiamine. No significant adverse effects were noted during
the study. Patients were followed for 9 months, at which
point the primary end point, a change in EF, was evaluated
by cardiac magnetic resonance imaging (MRI). The active
compound, but not placebo, significantly improved EF,
with a significant decrease in LVESV and LVEDV. There
was an improvement in quality-of-life scores at 6 months,
reaffirming the need for long-term observation to witness
improvement from supplementation. However, there were
no changes in NYHA functional class or exercise capacity,
which the authors attributed to the small sample size.
Overall, this study did show improvement in cardiac func-
tion parameters on MRI, which is highly promising. Yet
again, a larger study population would have been helpful for
detecting more subtle differences, as noted by the authors.
Also, the inclusion of key missing nutrients, such as carni-
tine and amino acids, would have minimized the chance of
unmasking these deficiencies when administering a more
limited supplement cocktail.

Both of the trials described here, in their own way,
illustrate the promise for long-term improvement of cardiac
function in HF patients when key nutrients are adminis-
tered simultaneously. Future studies are needed to first
confirm these results and to then lead to a better definition
of the ideal regimen to maximize cardiac benefits.

Outlook and Challenges

The optimal treatment of HF remains a formidable chal-
lenge, as suggested by the disappointing outcomes of recent
trials (10,59,167-169). There is a clear need for new
therapies that can work synergistically with standard treat-
ments to reverse the progression of the disease. This calls for
a more detailed examination of the role of nutrition in the
treatment of HF. The recent GISSI-HF (Gruppo Italiano
per lo Studio della Sopravvivenza nell'Infarto Miocardio—
Heart Failure) trial, for example, has shown the promise of
such a complementary approach with respect to fatty acids
(170).

In the failing heart, the presence of viable, but dysfunc-
tional, myocardium is relatively common and is an impor-
tant predictor of improvement of systolic function (reverse
remodeling) in response to medical and revascularization
therapies (171-174). Certain causes of dysfunctional myo-
cardium are known, such as stunning hibernation due to
chronic ischemia (175). Perturbed energetics due to micro-
nutrient deficiencies may also be responsible for dysfunc-
tional myocardium. The chronic improvement or normal-
ization of contractility of dysfunctional myocardium may be
used as a surrogate end point to assess the effects of
micronutrients in HF (171,173,174,176).

An underexplored therapeutic field involves micronutri-
ents and their effects on the energy dynamics of the heart.
The nutritional studies summarized here show interesting
results in the treatment of HF. It is well known that the
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Limitations of Existing Trials and Suggested Improvements in Methodology

Pitfalls in P

Study Methodologies

Suggested Improvements

Supplementation of only a single nutrient
Small sample size (largest multinutrient trial has 41 patients)

No pre-trial assessment of viable, but dysfunctional, myocardium

Conducted prior to the use of current standard-of-care therapy for HF
Short duration of study
Evaluation of limited end points

Supplementation of multiple nutrients previously studied individually
Large patient population in a double-blind, placebo-controlled trial

Use of MRI or other modalities to assess for viable, but dysfunctional, myocardium
pre-trial and at specified intervals thereafter

dard-af.

re therapy, including ACEl and BB

Use of current guideline-directed
Long-term outcome trial (=1 yr)
Evaluation of symptom improvement, cardiac structure/function (e.g., reverse

remodeling, EF), and survival

MRI = i imaging; other abb as in Tables 1, 2, and 3.

heart has unique and significant energy requirements due to
its mechanical pumping function and that a failing heart is
in a perpetual state of increased stress due to neurohormonal
activation. Defects in complex pathways, such as those
involved in ATP production and driving calcium cycling,
result in further energy imbalances and lead to additional
contractile impairment in HF. Results from animal models
and small human trials suggest a potential cardiac benefit to
correcting micronutrient deficiencies. To varying degrees,
CoQ10, L-carnitine, thiamine, taurine, and amino acids
have all been shown to improve functional, structural, and
hemodynamic parameters in HF patients, mostly by im-
proving flux through the cycles of energy transfer in the
heart (Fig. 1). Micronutrients have been shown to improve
EF (90,91,104,126,129). However, there are substantial
limitations to the research in its current state. First, studies
have often been small, with inconsistent end points, and
short in duration. A few trials were not randomized, and
most did not examine key end points such as improvement
in pump function and clinical outcomes. Lastly, the focus on
replenishment of only a single nutrient has possibly masked
therapeutic effects by simply shifting rate-limiting steps to
other energy pathways. Given the complex nature of myo-
cardial energy metabolism (19), it is not likely that a single
substance alone will be able to reverse the widespread
deficits present in HF, similar to a starving individual
requiring diverse nutrition from multiple food groups for
survival. These design limitations have together contributed
to the often inconsistent results evident in the existing
literature (Table 5). Animal and human studies that have
attempted to overcome the single-nutrient restriction have
yielded interesting, but not conclusive, results (79,166).
Current advances in imaging technology (e.g., MRI, echo-
cardiography) have also not yet been adequately utilized in
this field (171). No single trial conducted to date has met
the necessary criteria to demonstrate a significant clinical
benefit when 1 or more micronutrients were added to
standard therapy for HF (Table 5). Such a study should
show conclusive improvement in important outcomes such
as hospitalizations and mortality in HF when micronutri-
ents are added to standard therapy. Compared with the
landmark multicenter trials of existing HF therapies, the
studies of nutritional supplementation are in a relative state
of infancy (177-179). If proven to be beneficial, the wide-
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spread availability of these individual nutritional compounds
from generic manufacturers may offer patients a lower-cost
therapy not burdened by development and marketing expenses.

In summary, the potential importance of any novel
therapy in a disease with increasing prevalence, such as HF,
necessitates a timely and detailed examination of efficacy in
a clinical trial population. The unmet energy requirements
of the failing heart have been carefully detailed, and the
molecules controlling energy and substrate utilization are
equally recognized from extensive laboratory work. Unfor-
tunately, the effort dedicated up to now to testing the
theoretical benefits of these micronutrients in a scientifically
rigorous clinical trial fashion has been insufficient to yield
any conclusions that can be applied to widespread practice.
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