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Abstract: Congestive heart failure (CHF), a complex clinical syndrome with impaired cardiac pump function, occurs as a consequence of 
mechanical deformities (pressure and volume overload), myocardial abnormalities (neurohormonal disorders, myocarditis, cardiomy-
opathies, inflammation and loss of cardiomyocytes) and rhythmic defects (conduction disturbances, fibrillation and tachycardia). Several 
studies have demonstrated that chronic activation of sympathetic and renin-angiotensin systems, alteration in myocardial substrate utiliza-
tion, increase in intracellular Ca2+ concentration, development of oxidative stress, release of pro-inflammatory cytokines and increased 
production of endothelin are responsible for the maladaptive cardiac and subcellular remodeling depending upon the type and stage of 
heart failure. A variety of pharmacological agents have been used to prevent the development and progression of CHF under different 
experimental and clinical settings. Although these drugs belong to specific classes, depending on their mechanism of action, individual 
drug biotransformation into different metabolites makes them distinct chemical moieties. Thorough understanding of biological effects of 
these pharmacological agents and metabolism is necessary to establish the basis for their preeminent use in clinical settings. The purpose 
of this review is to present a mechanistic understanding for the biological activities of different drugs used to treat CHF and to provide an 
insight of different metabolites formed after biotransformation of these chemical entities. Since development of CHF is a multifactorial 
and heterogeneous process, induction of combination regimens and improvement in patient compliance are the major challenges for fu-
ture drug development. 

Keywords: Angiotensin converting enzyme inhibitors, angiotensin receptor blockers, -blockers, aldosterone antagonists, diuretics, digoxin, 
vasodilators. 

1. INTRODUCTION 

 It is now well known that congestive heart failure (CHF), an 
end stage of a cardiac disease, occurs as a consequence of hyperten-
sion, ischemic heart disease, genetic and idiopathic cardiomyopa-
thy, diabetes, septal defects, hypercholesterolemia and valvular 
defects [1]. It has become a major challenge for the health care 
system; 5,300,000 Americans 20 years of age are currently suffer-
ing from CHF and another 660,000 develop this condition each year 
[National Health and Nutrition Examination Survey: NHANES 
(1999-2004)] [2]. The incidence and prevalence of CHF correlates 
directly with age as the annual rate per 1000 population of new 
CHF events in white men vs. women are 15.2, 8.2 for 65-74 years, 
31.7, 19.8 for 75-84 years and 65.2, 45.6 for  85 years of age [2]. 
Similarly, in the same age groups of black men vs. women the rates 
are 16.9, 14.2; 25.5, 25.5 and 50.6, 44.0, respectively [2]. Accord-
ing to the 44 year follow-up of the National Heart, Lung and Blood 
Institute (NHLBI) Framingham Heart Study (FHS) cohort and 20 
year follow-up of the offspring cohort, 80% of men and 70% of 
women (less than 65 years of age) are currently suffering from this 
condition and will die within next 8 years [3]. It is pointed out that 
the incidence of sudden cardiac death in CHF patients is 6-9 times 
higher than the general population with 1 year mortality rate of 20% 
[2]. With the advent of different pharmacological and surgical in-
terventions hospital discharge for CHF patients have increased from 
400,000 to 1,084,000 (1979-2005). However, the number of total 
deaths due to CHF remains as high in 2004 (284,365) as in 1994 
(284,087) [2]. In addition, the number of visits to hospitals and 
physicians were 3.4 million in the US for the period of 1 year 
(1999-2000) and estimated direct and indirect costs to treat CHF 
was $34.8 billion for 2008 [2, 4]. Therefore, it seems likely that 
CHF has become a major social and economic burden and it is ab-
solutely essential to understand the pathophysiologic basis of this 
condition with a focus on the different targets for current and future 
drug development.  
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 Accordingly, in this review we have discussed in detail the 
biological actions of different drugs acting at a number of targets to 
better decipher this complex pathological condition. Since these 
drugs are biochemically modified into active or inactive metabolites 
through specialized enzyme systems present in the body which 
determines the duration and intensity of their action, a comprehen-
sive overview of different biotransformation mechanisms has also 
been provided. Although in recent years various surgical interven-
tions such as biventricular pacers, ventricular assist devices, cardiac 
transplantation, and stem cell transplantation are emerging to treat 
end stages of heart failure (HF) [5-8], this review will only focus on 
the available and future targets for drug development under experi-
mental and clinical settings.  

2. RENIN-ANGIOTENSIN-ALDOSTERONE SYSTEM 
(RAAS) AS A TARGET FOR PHARMACOTHERAPY OF 

CHF 

 Epidemiological and experimental studies have demonstrated 
that activation of RAAS is one of the key events during the devel-
opment of heart failure [9, 10]. Increased production of renin due to 
decreased cardiac output and as a result of reduced blood flow 
causes the conversion of angiotensinogen to angiotensin I (Ang I ), 
which is subsequently converted to angiotensin II (Ang II) by the 
action of angiotensin-converting enzyme (ACE) (dipeptidyl car-
boxypeptidase I) [10] . Ang II is the major effector hormone which 
exhibits its multiple deleterious effects through the action on Ang II 
type 1 (AT1) receptors [11, 12]. It causes an increase in blood pres-
sure via vasoconstriction of efferent arterioles and enhances epi-
nephrine release from the adrenal medulla [9, 10, 13]. In addition, 
Ang II promotes the synthesis and release of aldosterone from ad-
renal cortex leading to sodium and water retention [14]. Ang II also 
enhances the release of vasopressin from the pituitary [13]. Ang II 
has been implicated in cardiac remodeling, which occurs as an 
adaptive response to alter shape and size of the heart and contribute 
to worsening of CHF condition in the compromised myocardium 
[9, 12]. Ang II and aldosterone increases intracellular Ca2+, which is 
known to be a second messenger in increasing fibroblast collagen 
turnover leading to myocardial fibrosis [15]. Different components 
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of RAAS pathway and the target for drug therapy are summarized 
in Fig. (1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Schematic representation of renin-angiotensin-aldosterone system 

(RAAS) indicating the targets for different pharmacological agents. ACE: 

angiotensin converting enzyme. 

2.1. Angiotensin Converting Enzyme (ACE) Inhibitors 

 Depending upon the molecular structure, ACE inhibitors have 
been classified into sulfhydryl containing agents (captopril and 
zofenopril), dicarboxylate containing agents (enalapril, ramipril, 
lisinopril, quinapril, perindopril and benazepril) and phosphonate 
containing agents (fosinopril) [16]. The structures of prototype 
agents are given in Fig. (2). Several clinical trials [17-21] have 
shown that ACE inhibitors are the drugs of choice for the treatment 
of patients at different stages of heart failure as shown in Table 1. 

Although significant reduction in all cause mortality and decreased 
frequency of hospitalization were observed in CHF patients (with 
impaired left ventricular ejection fraction) after treatment with ACE 
inhibitors [22, 23], differential effects of ACE inhibitors were ob-
served in CHF patients while conducting a direct comparison. In 
this context, Fosinopril Heart Failure Study Investigators indicated 
that fosinopril (5-20 mg/day) was more effective in improving the 
event-free survival time and total rate of hospitalizations as com-
pared to enalapril (5-20 mg/day) in CHF patients with ejection frac-
tion (EF) <40% [24]. On the other hand, no significant differences 
were observed between long acting ACE inhibitor lisinopril (5-20 
mg once daily) and captopril (12.5-50 mg b.i.d) [25] as well as 
lisinopril (5-20 mg once daily) with enalapril (5-20 mg once daily) 
in patients with mild-to moderate CHF [26]. In addition, no signifi-
cant difference in the mortality was observed between enalapril, 
ramipril, quinapril, captopril, lisinopril, benzapril, perindopril and 
cilazapril [27]. Therefore, it seems likely that evidence-based 
choice of a particular ACE inhibitor is the option for the treatment 
of CHF. Ramipril has been selected as drug of choice in patients in 
which -blockers are contraindicated and have a greater risk of fatal 
or non fatal arrhythmias [28]. Oral administration of ramipril in 
patients with transient or overt CHF resulted in a significant reduc-
tion in premature death [28]. Since 50-65% patients of CHF have 
myocardial infarction (MI) as an underlying cause [29], the benefi-
cial effects of ACE inhibitors have also been established in MI-
induced CHF under these clinical and experimental settings [9]. It is 
important to point out that ACE inhibitors show maximum benefit 
in terms of decreasing the risk of premature death and development 
of CHF in patients with acute MI (within 24 hours of heart attack) 
[30]. 

 Captopril, lisonopril, ramipril, quinapril, fosinopril and enala-
pril have been approved for the treatment of CHF by the United 
States Food and Drug Administration (FDA) [31]. Captopril, enala-
pril and quinapril have an absolute bioavailability of 70%, 60% and 
50%, respectively after oral administration [32]. Captopril differs 
from enalapril and quinapril as it is mainly metabolized in the 
plasma [33]. On the other hand, enalapril and quinapril are de-
esterified in the liver to their active metabolites enalaprilat and 
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Fig. (2). Chemical structures of different angiotensin converting enzyme (ACE) inhibitors captopril (A), enalapril (B) and fosinopril (C) and AT1 receptor 

blockers (ARBs) losartan (D), candesartan (E), irbesartan (F), valsartan (G), telmisartan (H) and eprosartan (I). 
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quinaprilat, respectively [34]. In addition, benazepril, cilazapril, 
fosinopril, perinopril, ramipril and trandolapril are designed as pro-
drugs and are hydrolyzed to their active metabolites benezeprilat, 
cilazaprilat, fodinoprilat, perinoprilat, ramiprilat and trandolaprilat, 
respectively, in the liver to improve their bioavailability [32, 34]. 
Hepatic dysfunction slows down the conversion of quinapril to its 
active metabolite [35]. Plasma concentration of quinapril increases 
with a decrease in quinaprilat in patients with liver cirrhosis sug-
gesting that patients with primary liver disease should not be treated 
with quinapril [33]. A study by Ohnishi et al. [36] showed impair-
ment in biotransformation of enalapril to enalaprilat in patients with 
hepatic dysfunction due to liver cirrhosis. Incontrast, a study by 
Baba et al. [37] revealed no alteration in the conversion of enalapril 
to its active metabolite in hepatic dysfunction due to compensated 
liver cirrhosis. However, it was noted by Ohnishi et al. [36] that the 
pharmacodynamic effects of enalapril were unaffected in patients 
with liver cirrhosis. Due to these discrepancies in enalapril metabo-
lism, intravenous enalaprilat, which is devoid of hepatic activation, 
has been suggested as the preferred ACE inhibitor for hospitalized 
patients with liver dysfunction [16]. Some new ACE inhibitors such 
as moexipril, spirapril, temocapril and imidapril have also been 
designed as pro-drugs and are converted to their active metabolites 
moexiprilat, spiraprilat, temocaprilat and imidiprilat, respectively, 
by hydrolysis in the liver [38-41]. Unlike enalapril, ramipril and 
lisinopril, food intake decreases the bioavailability of captopril [35]. 
A dosage reduction of 25-50% has been suggested in patients with 
renal impairment as most of the ACE inhibitors are excreted 
through the kidneys [42]. Fosinopril is the only drug which is 
recommended in CHF patients with reduced renal function as it is 
mainly eliminated by the hepatobiliary pathway under these condi-
tions [42]. In healthy subjects 46% of fosinopril is eliminated via 
hepatic metabolism and 44% via kidney secretion [43]; however in 
patients with renal insufficiency, the hepatic clearance of fosinopril 
increases significantly as a compensatory response due to reduced 
kidney function [44, 45]. The major side effects of ACE inhibitors 
are dry cough, symptomatic hypotension and renal dysfunction 
mainly due to ACE inhibitor mediated accumulation of bradykinin 
[46]. In 0.1-0.2% patients, a rare but potentially life-threatening 
side effect of ACE inhibitors is angioedema characterized by local-
ized swelling of the face, lips, tongue, and glottis [47, 48]. Brown et 
al. [49] have suggested that the risk of developing angioedema is 
more common in black Americans in contrast to white subjects. 
Therapy with any ACE inhibitor should be interrupted promptly 
after immediate recognition of the warning signs of angioedema 
and an alternative class of medication is preferred under such con-
ditions [50]. ACE inhibitors are also contraindicated in patients 

taking high doses of K+-sparing diuretics (spironolactone) and 
NSAIDS (aspirin) [51]. Therefore alternative therapies are needed 
in patients intolerant to ACE inhibitors. 

2.2. AT1 Receptor Blockers (ARBs) 

 Since ACE inhibitors reduce the potential beneficial effects of 
Ang II through AT2 receptors [52], it is important to selectively 
block AT1 receptors. Long term treatment with ACE inhibitors have 
been shown to cause reversal of Ang II levels or increase its level 
from pretreatment values [53]. The existence of alternative local 
pathways of Ang II production through chymase, which is not 
blocked by ACE inhibitors, is the major reason for such an increase 
[54, 55]. Therefore, the blockage of AT1 receptors is considered as a 
rationale therapy for the treatment of CHF.  

 ARBs can be divided into different groups on the basis of their 
chemical structure related to a prototype antagonist CV-2961 [56]. 
Losartan, candesartan and irbesartan have biphenyl and tetrazole 
substituted imidazole groups whereas valsartan has biphenyl groups 
[57]. Telmisartan is a substituted benzimidazole derivative and 
eprosartan is non-biphenyl non-tetrazole substituted imidazole de-
rivative [57] (Fig. 2). A number of studies have examined the effect 
of AT1 receptor blockers alone (ELITE, ELITE I and CHARM-
alternative) or in combination with an ACE inhibitor (CHARM-
added) (Table 2) [58-63]. A subpopulation of the CHARM-
alternative trial, not taking ACE inhibitors, demonstrated that 
ARB’s are the choice of drug in ACE intolerant patients [62]. The 
results of the Val-HeFT trial demonstrated the beneficial effects of 
valsartan in reducing clinical signs and symptoms of CHF in ACE 
inhibitor intolerant patients [60]. Recently, the FDA approved val-
sartan for the treatment of patients who are unable to take ACE 
inhibitors. However, in patients with asymptomatic heart failure 
with preserved LV function ACE inhibitors are preferred over 
ARBs [64]. Similarly, in CHF patients with LV dysfunction early 
after MI, a non-significant difference in mortality in favor of capto-
pril as compared to losartan was observed (OPTIMAL: Optimum 
Trial in Myocardial Infarction with Angiotensin II Antagonist 
Losartan) [65]. The authors concluded that ACE inhibitors should 
remain the first-choice of drug in complicated acute MI patients 
[65]. On the other hand, the results of VALIANT (Valsartan in 
Acute Myocardial Infarction Trial) have demonstrated that valsar-
tan was as effective as captopril in reducing the cardiovascular 
events after MI [66]. It still remains questionable whether the com-
bination therapy of ACE inhibitors and ARB is more beneficial 
than monotherapy. The VALIANT trial results have shown that the 
combination therapy of valsartan and captopril increased the risk

Table 1. Major Clinical Trials of Various ACE Inhibitors for the Treatment of CHF 

Drug and dosage NYHA classif ication Clinical trial End effect Reference 

Enalapril (2.5-40 mg/day) Class IV CONSENSUS (enalapril with con-

ventional CHF therapy vs. placebo) 

50% reduction in total mortality without any differ-

ence in sudden cardiac death as compared to placebo 

17 

Enalapril (2.5-20 mg/day) Class II and III with EF  

35% 

SOLVD-T (enalapril with conven-

tional CHF therapy vs. placebo) 

Significant reduction in mortality (209 vs. 251 pla-

cebo) and hospitalization (613 vs. 736 placebo)  

18 

Enalapril (2.5-20 mg/day) Asymptomatic Class I with 

EF  35% 

SOLVD-P (enalapril vs. placebo) Reduction in total no. of deaths and cases of CHF (630 

vs. 818 placebo) and hospitalization (434 vs. 518 

placebo) 

19 

Lisinopril (low dose 2.5-5 

mg/day) and high dose 

(32.5-35 mg/day) 

Class II-IV with EF  30% ATLAS (lisinopril low dose vs. high 

dose) 

24% decrease in hospitalization and 4% reduction in 

end point mortality in high dose group vs. low dose 

group without any difference in side-effect profile 

20 

Fosinopril (10-40 mg/day) Class II and III with 

EF=26.5 ± 6.9% 

FEST (fosinopril with diuretic ther-

apy and optional digoxin treatment 

vs. placebo) 

62% increase in exercise tolerance time, reduction in 

frequency of clinical events (89% vs. 75% placebo) 

and hospitalization (3% vs. 12 % placebo)  

21 

NYHA: New York Heart Association; CONSENSUS: Cooperative North Scandinavian Enalapril Survival Study; SOLVD-T: Studies of Left Ventricular Dysfunction-Treatment; 

SOLVD-P: Studies of Left Ventricular Dysfunction-Prevention; ATLAS: Assessment of Treatment with Lisinopril and Survival and EFST: Fosinopril Efficacy/Safety Trial. Conven-
tional therapy includes the treatment with vasodilators, digitalis and diuretics for the treatment of CHF. 
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Table 2. Major Clinical Trials of Various ARBs for the Treatment of CHF 

Drug and dosage NYHA classification Clinical trial End effect Ref. 

Losartan (50 mg/day) or capto-

pril (50 t.i.d) 

Class II-IV with EF  40%  

age 65 yr 

ELITE (losartan vs. captopril) Decrease in all cause mortality with losartan (4.8% 

vs. 8.7% with captopril) with fewer adverse effects 

58 

Losartan (50 mg/day) or capto-

pril (50 t.i.d) 

Class II-IV  

EF  40%  

age 60 yr 

ELITE II (losartan vs. captopril) Losartan was well tolerated without any difference in 

all-cause mortality, sudden death or resuscitated 

arrests as compared to captopril 

59 

Valsartan (160 mg b.i.d) Class II-IV  Val-HeFT (valsartan with conven-

tional CHF therapy vs. placebo)) 

Reduction in mortality and morbidity as well as 

improve clinical signs and symptoms of CHF. Com-

bination with ACE inhibitor and -blocker causes 

adverse effects  

60 

Candesartan  

(32 mg/day) 

Class II-IV with EF  40% with 

preserved LV function 

CHARM-preserved (candesartan with 

conventional CHF therapy vs. pla-

cebo) 

Reduced hospitalization without any difference in 

cardiovascular deaths  

61 

Candesartan  

(32 mg/day) 

Class II-IV with EF  40% 

intolerant to ACE inhibitors 

CHARM-alternative 

(candesartan vs. placebo) 

Well tolerated with decreased cardiovascular mortal-

ity and morbidity as compared to placebo  

62 

Candesartan  

(32 mg/day) 

Class II-IV with EF  40% CHARM-added candesartan with 

ACE inhibitors and conventional CHF 

therapy vs. placebo) 

Reduced hospitalization and cardiovascular events.  63 

NYHA: New York Heart Association; ELITE: Evaluation of Losartan in the Elderly Study; Val-HeFT: Valsartan Heart Failure Trial; CHARM: Candesartan in Heart Failure-

Assessment of Reduction in Morbidity and Mortality. 

 

for adverse events without any improvement in survival [66]. Even 
with monotherapy, hypotension and renal dysfunction were com-
mon with valsartan treated patients and dry cough, rash and taste 
disturbance were more common side effects in captopril treated 
patients. In contrast, the RESOLVD (Randomized Evaluation of 
Strategies for Left ventricle Dysfunction) Pilot Study showed that 
candesartan alone was as safe, effective and tolerable as enalapril 
and combination of candesartan and enalapril was more efficacious 
than candesartan or enalapril monotherapy for preventing ventricu-
lar remodeling in CHF patients [67]. Differences in the dose and 
type of ARB as well as differences in the patient populations may 
be the reason for these inconsistent effects. It should be noted that 
the VALIANT trial employed high doses of captopril (50 mg t.i.d) 
and valsartan (160 mg b.i.d) in combination whereas RESOLVD 
used relatively low doses of candesartan (4 or 8 mg daily) plus 
enalapril (10 mg b. i. d.) [66, 67]. In addition, the VALIANT trial 
looked at the use of ACE inhibitors and ARBs after an acute MI, 
complicated by CHF, left ventricular dysfunction, or both.  

 Losartan is different from other ARBs as it is metabolized in 
vivo by oxidation in the liver through cytochrome P450 (CYP)2C9 
to form its active metabolite EXP 3174 [68-70]. Isolated human 
liver microsomal studies have shown that in vitro losartan is me-
tabolized to EXP 3174 via two CYP isoforms: CYP2C9 and 
CYP3A4 [71]. Losartan is not considered as a classic pro-drug as it 
is only 10-fold less active than its metabolite and only 14% of the 
drug is converted to EXP 3174 [69]. Candesartan cilexetil is a pro-
drug and is hydrolyzed to candesartan and its inactive metabolite 
CV-15959 in the small intestinal wall [57]. Irbesartan is mainly 
metabolized through CYP2C9 to its inactive metabolite and is 
eliminated through the bile. All other ARBs are mainly eliminated 
through the kidneys; therefore dosage adjustment is needed in pa-
tients with renal impairment [57]. However, dosage adjustment for 
losartan is needed in patients with hepatic impairment. An ap-
proximate 50% reduction in losartan dose is recommended in pa-
tients with mild to moderate liver cirrhosis [35, 72]. The oral 
bioavailability of these agents is not affected by food, therefore 
these drugs can be taken with or without meals [57]. 

 ARBs vary in their ability to bind to Ang II type 1 receptors. 
Studies in isolated rabbit aorta have shown that Ang II-induced 
contractions are inhibited competitively by losartan indicating that 
losartan is a competitive antagonist, whereas candesartan blocked 
the contractions in an insurmountable manner [56, 73]. EXP 3174, 

valsartan and irbesartan have intermediate receptor antagonism 
properties as they block the Ang-II induced aortic contractions in a 
manner intermediate between competitive and insurmountable an-
tagonism [56]. Candesartan cilexetil, has the highest affinity for 
AT1 receptors [74]. Binding studies in the rabbit aorta have shown 
that candesartan had 80 and 10 times higher affinity for AT1 recep-
tors than losartan and EXP 3174, respectively [74]. In addition, 
candesartan has a half life of 9 hr as compared to losartan (2 hr) and 
EXP 3147 (4-6 hours) [75]. Valsartan has a 80-100 times greater 
AT1 receptor affinity as compared to losartan [76]. However, the 
clinical significance of these differences in the mechanism of action 
of these agents needs further investigation.  

2.3. Aldosterone Receptor Antagonists 

 Aldosterone is not only released by high levels of Ang II in 
CHF patients, other stimulants such as increased K+ levels, reduced 
Na+ levels, low fluid levels and blood volume, high plasma cortico-
trophin as well as circulating catecholamines, endothelins, arginine 
and vasopressin play an important role in its excretion [77]. Long 
term treatment with ACE inhibitors and AngII receptor blockers 
may not suppress the production of aldosterone [78, 79]. In severe 
hypertensive patients, treatment with the ACE inhibitor captopril 
caused an initial decrease in plasma concentration of aldosterone 
(74 to 21 pg/ml) [80]. However, after one year of treatment with 
captopril a significant increase in plasma concentration of aldoster-
one (163 pg/ml) was observed [80]. Similarly, aldosterone escape 
of RAAS blockade was observed in patients with acute MI [81]. In 
addition, in 40% of heart failure patients > 144 pg/ml plasma aldos-
terone concentration was observed after long term treatment with 
ACE inhibitors [54]. Reduced hepatic perfusion in CHF patients 
with attenuated clearance of aldosterone from hepatic venous 
plasma seemed to be the major reason for such an increase [82].  

 Increased levels of aldosterone have been known to cause Na+ 

and water retention as well as K+ excretion and this results in an 
increase in blood pressure and kidney perfusion in hypo-perfused 
kidneys [83]. However, in CHF patients where the myocardium is 
already compromised, the heart has to pump against a stronger af-
terload and preload which can aggregate the damage on the ailing 
myocardium [83]. Increased levels of aldosterone in patients with 
CHF have been shown to promote magnesium loss, endothelial 
dysfunction, peripheral and interstitial fibrosis as well as blunting 
the baroreflex response [78]. In addition, aldosterone decreases the 
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uptake of norepineprine from neurons and hence accelerates the 
probability of cardiac arrhythmias in CHF patients [78].  

 The various clinical trials [84, 85] showing cardioprotective 
effects of aldosterone receptor blockers (spironolactone and epler-
enone) are provided in Table 3 and their structures are shown in 
Fig. (3). The data from RALES (Randomised Aldactone Evaluation 
Study) indicated that the reduction in mortality by spironolactone 
was linked with the reduction of fibrosis, in addition to its diuresis 
effects [84]. In addition, reduction in reentry arrthymias was the 
reason for attenuated percentage of sudden cardiac death in the 
spironolactone treated group [84]. In a sub-study of RALES, spi-
ronolactone has been shown to reduce the serum markers of ex-
tracellular matrix turnover, PIIINP (procollagen type III amino 
terminal peptide) [86]. Although significant reduction in mortality 
was observed in CHF patients with sprinolactone, which is a com-
petitive inhibitor of mineralocorticoid receptors, the nonspecific 
anti-androgenic and progestrogenic effects blunted its long term use 
in CHF patients. In this context, 10% of men in the spironolactone 
group (RALES trial) suffered from gynaecomastia or breast pain 
[84]. These endocrine side effects of spironolactone lead to high 
rate of discontinuation of treatment in the spironolactone group as 
compared to placebo [84]. A newer selective antagonist of the al-
dosterone receptor, eplerenone, has not shown these endocrine ad-
verse effects as it has a 500-fold lower affinity for androgenic and 
progesterone receptors [87]. The presence of 9, 11-epoxy in the 
lactone ring and 7 –ester substitution is mainly responsible for the 
selectivity of eplerenone for mineralocorticoid receptors [88]. Epl-
renone has been approved by the FDA for the treatment of CHF 
patients following an acute MI [83]. 

 Spironolactone is metabolized quickly in the liver without any 
unchanged drug in the urine [89]. The concomitant intake of food 
increases its bioavailability by improving the drugs dissolution and 
absorption as well as decreasing the first pass metabolism [90-92]. 
Pharmacokinetic studies demonstrated that the dethioacetylated 
derivative, canrenone, is the major metabolite of spironolactone 
[89]. However, 7 -thiomethylspironolactone (7 -TMS) is mainly 
responsible for the pharmacodynamic action of spironolactone [90]. 
7 -TMS is also responsible for the endocrine side effects of spi-
ronolactone [88]. Eplerenone is mainly metabolized by CYP 3A4 
with an elimination t1/2 of 4-6 hrs [93]. Eplerenone has no active 
metabolite; however two inactive metabolites 6-  hydroxy epler-
enone and an open lactone ring form of eplerenone have been ob-
served in human mineralocorticoid studies [94]. 6-  hydroxy epler-
enone, 6-  21-hydroxy eplerenone, 21-hydroxy eplerenone and 2 , 
3 , 21-hydroxy eplerenone have been observed in urine and feaces 
after oral eplerenone treatment [95]. 

 One major problem with aldosterone receptor antagonists is the 
risk of hyperkalemia (increased serum K+ levels), which is more 
common with eplerenone as observed in the EPHESUS trial [85] as 
compared to spironolactone in CHF patients [84]. Hypokalemia and 
hyperkalemia occur in succession during the development of CHF. 
Hypokalemia occurs in the early stages of HF development when 
renal function is intact, whereas hyperkalemia occurs in the later 
decompensated stages with progressive loss of renal function [96]. 
ACE inhibitors and Ang II receptor blockers affect the renal clear-
ance of K+ [97, 98]. Therefore, serum K+ levels should be moni-
tored when adding aldosterone receptor antagonists to ACE inhibi-
tors or Ang II receptor blockers depending upon the stage of HF.  

3. -BLOCKERS FOR THE TREATMENT OF CHF 

 Binding of catecholamines to -adrenoceptors ( -AR) triggers 
the activation of Gs protein-adenylyl cyclase-cAMP-protein kinase 
pathway leading to an increase in cardiac contractile force [99]. 
Varying degrees of defects in the -AR signal transduction pathway 
comprising downregulation of 1-ARs, decreased adenylyl cyclase 
activity, uncoupling of 2-ARs, increase in inhibitory Gi -proteins 
and upregulation of G-protein coupled receptor kinases (GRK2) 

seem to be responsible for the depression in contractile function due 
to reduction in inotropic response to adrenergic stimulation in dif-
ferent types and stages of HF [100, 101]. -Blockers were once 
contraindicated for the treatment of CHF based on the theoretical 
rationale that inhibition of sympathetic stimulation, a vital compo-
nent of circulatory function, may further depress the cardiac con-
tractility and aggravate the signs of CHF [102]. It is now recog-
nized that activation of the sympathetic nervous system during the 
early stages of HF development is important to maintain the heart 
function. However, with the progression of the disease increased 
sympathetic drive causes cardiotoxic effects via cardiac and subcel-
lular remodeling with LV dysfunction, cardiomyocyte death, de-
fects in Ca2+-cycling proteins and attenuated contractility [103, 
104]. This adrenergic hypothesis leads to the use of -blockers in 
the treatment of CHF under experimental and clinical settings. 

 -blockers can be classified on the basis of their selectivity for 

1- and 2-ARs. The first generation -AR blockers (propranolol as 
a prototype) are non-selective for 1- and 2-ARs and have similar 
affinity for 1- and 2. The second generation agents are selective 

1-AR blockers with higher affinity for 1-AR ( 1>> 2) (me-
toprolol, and bisoprolol) whereas third generation -blockers have 
mixed 1 and 1 2 antagonist effect ( 1= 2) (carvedilol and bucin-
dolol) [105]. The structures of these agents are shown in Fig. (3). 
The first generation agents are contraindicated for the treatment of 
CHF as they increase systemic vascular resistance and reduce car-
diac index (ratio of cardiac output to body surface area) with an 
initial negative inotropic effect [106]. Clinical trials [107-110] have 
shown that -AR blockers (long acting metoprolol, bisoprolol and 
carvedilol) decrease the all cause mortality in CHF patients (Table 
4). It is noted that -AR blocker therapy should be started as a low 
dose with stepping slowly towards the target dose to avoid serious 
pulmonary and peripheral side effects with signs of decompensation 
in CHF patients [111]. Although the specific mechanism of action 
of different -blockers is not completely understood, reduction of 
sympathetic activity with decrease in heart rate, increase in myo-
cardial diastolic filling with effective coronary perfusion, reduction 
in energy expenditure of the compromised myocardium by reducing 
after-load and wall stress as well as improvement of EF seems to be 
responsible for the cardioprotection [51, 111]. In addition, -
blockers have anti-ischemic effects and they attenuate the degree of 
cardiac remodeling [104] and the frequency of supraventricular and 
ventricular arrhythmias [112]. -blockers have also been shown to 
act synergistically with ACE inhibitors as they prevent the conver-
sion of prorenin to renin [113] and thus suppress the RAAS system 
in CHF patients [114]. Ancillary properties (vasodilation, anti-
oxidant, anti-proliferative effects) of some -AR blockers (e.g. 
carvedilol) in addition to its anti-adrenergic effect, have an addi-
tional benefit in CHF patients [115]. Cardvedilol seemed to be su-
perior to metoprolol tartarate as observed in COMET (Carvedilol or 
Metoprolol European Trial) [116]. This trial compared the effects 
of carvedilol (target dose 50 mg/day) with metoprolol tartarate (tar-
get dose 100 mg/day) in CHF patients (NYHA: New York Heart 
Association Class II-IV, EF<35%) already taking ACE inhibitors 
and diuretics. All cause mortality: carvedilol 33.9% vs. metoprolol 
39.5% group, annual mortality rate: carvedilol 8.35% vs. me-
toprolol 10% and the degree of sudden cardiac death carvedilol 
14% vs. metoprolol 17% were observed in all CHF groups [116]. 
Recently a newer third generation selective 1 blocker, nebivolol, 
with vasodilating effect through the L-arginine/nitric oxide path-
way, showed a potential benefit in older patients with CHF [117]. 
The results of SENIORS (Study of Effects of Nebivolol Interven-
tion on Outcomes and Rehospitalization in Seniors with Heart Fail-
ure) showed that nebivolol (target dose 10 mg/day) caused a 38% 
decrease in overall cause of mortality with a significant reduction in 
hospitalization [118]. The cardioprotective effects of -AR blockers 
are not consistent throughout the class. In this context, bucindolol, a 
third generation agent, did not show a significant reduction in mor-
tality in NYHA class III or IV patients in the -blocker Evaluation
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Fig. (3). Chemical structures of different aldosterone receptor antagonists spironolactone (A) and eplerenone (B) and -blockers propranolol (C), metoprolol 

(D), bisoprolol (E), carvedilol (F) and bucindolol (G). 

 

Table 3 Major Clinical Trials of Various Aldosterone Receptor Antagonists for the Treatment of CHF 

Drug and dosage NYHA classification Clinical trial End effect Ref. 

Spironolactone (25 mg/day) Class II-IV with EF  35%  RALES (spironolactone with loop 

diuretic, ACE inhibitor (if tolerated) 

and -blocker vs. placebo) 

30% reduction in all cause mortality and 32% lower 

risk of sudden cardiac death with spironolactone 

84 

Eplerenone (50 mg/day)  -Class II-IV  

EF  40%  

-Acute phase of MI 

EPHESUS (elperenone with ACE 

inhibitor or AT1 receptor blocker or -

blocker vs. placebo) 

13% reduction in all cause mortality and 17% reduc-

tion in sudden cardiac death with reduced hospitaliza-

tion  

85 

NYHA: New York Heart Association ; RALES: Randomized Aldactone Evaluation Study Investigators; EPHESUS: Eplerenone Post-Acute Myocardial Infarction Heart Failure 

Efficacy and Survival Study Investigators 

 

Table 4. Major Clinical Trials of Various -Adrenoceptor Blockers for the Treatment of CHF 

Drug and dosage NYHA classification Clinical trial End effect Ref. 

Metoprolol (starting dose 12.5 

or 25 mg/day with target dose 

200 mg/day). Dose titration 

period 1-8 weeks 

Class II-IV with EF  40% MERIT-HF (metoprolol with ACE 

inhibitor, diuretic and digoxin (op-

tional) vs. placebo) 

38% reduction in all cause mortality, 41% decrease in 

sudden cardiac death and 49% reduction in death due 

to worsening heart failure) 

107 

Bisoprolol (starting dose 1.25 

mg/day with target dose 10 

mg/day). Dose titration period 1-

15 weeks 

Class III-IV  

EF  35%  

CIBIS-II (bisoprolol with ACE inhibi-

tor, diuretic and digoxin (optional) vs. 

placebo) 

 34% reduction in all cause mortality, all cause hospi-

tal admission (440 vs. 513 placebo), 44% reduction in 

sudden cardiac death and 26% reduction in death due 

to worsening heart failure 

108 

Carvedilol (6.25 mg/b.i.d with 

target dose 25-50 mg/b.i.d). 

Dose titration period  

Class II and III  

EF  35%  

U.S. Carvedilol HF Study Group 

(carvedilol with ACE inhibitor, diu-

retic and digoxin (optional) vs. pla-

cebo) 

65% reduction in all cause mortality  

27% reduction in rate of hospitalization for cardio-

vascular reasons and 38% reduction of combined risk 

of hospitalization or death 

109 

Carvedilol (target dose 25 mg 

b.i.d)  

Class II and III  

EF  25%  

COPERNICUS (carvedilol with ACE 

inhibitor, diuretic and digoxin (op-

tional) vs. placebo) 

35% reduction in all cause mortality  110 

NYHA: New York Heart Association; MERIT-HF: Metoprolol CR/XL Randomised Intervention Trial in Congestive Heart Failure; CIBIS-II: The Cardiac Insufficiency Bisoprolol 

Study II ; COPERNICUS: The Carvedilol Prospective Randomized Cumulative Survival. 
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of Survival Trial (BEST) [119]. Heterogeneity in patient popula-
tions and the presence of intrinsic sympathomimetic activity (ISA) 
of bucindolol, which is known to increase cAMP with damaging 
effects on the myocardium, seemed to be responsible for the detri-
mental effect [119]. Similarly, xamoterol, a 1-selective partial 
agonist with 1-AR antagonistic effect at high sympathetic tone and 
a 45% ISA, was reported to be associated with increased sudden 
cardiac and overall mortality in CHF patients (NYHA class III-IV) 
(The Xamoterol in Severe Heart Failure Study Group) [120]. It 
should be noted that -AR blocker therapy is contraindicated in 
patients with symptomatic bradycardia or hypotension, acute pul-
monary edema, severe pulmonary congestion and severe general-
ized edema [121].  

 All -blockers used in major clinical trials such as metoprolol 
(lipophilic), bisoprolol (moderately lipophilic) and carvedilol (lipo-
philic) are administered as racemic mixtures containing R(+)- and 
S(-) enantiomers. S-bisoprolol has a 30-80 times higher 1-blockade 
activity than R-bisoprolol [122]. Horikiri et al. [123] demonstrated 
that the plasma concentration of S-enantiomer was higher that the 
R-enantiomer and was dependent upon the in vivo metabolism by 
CYP2D6. In vitro metabolic studies using recombinant human 
CYP450 isoforms have indicated that CYP2D6 causes a steroselec-
tive metabolism of bisoproprol, whereas CYP3A4 mediated me-
tabolism is not stereospecific [124]. Bisoprolol has a long elimina-
tion t1/2 (9-12 hrs) and [±] 4-{[2-hydroxy-3-(isopropylamino)-
propoxy] benzyloxy)}ethanol is the major metabolite of bisoprolol 
after O-deisopropylation [125].  

 The S-enantiomer of metoprolol is 30 times more potent than 
the R- enantiomer for its 1-blockade properties [125]. Metoprolol 
has been shown to be metabolized by -hydroxylation and O-
dealkylation to -hydroxymetoprolol, O-demethymetoprolol, N-
dealklyl metoprolol and metoprolol acid [126]. The metabolism of 
metoprolol is highly affected by CYP2D6 polymorphism with car-
riers of CYP2D6 variants encoding for poor metabolizes (PM), 
ultrafast metabolizers (UM) and extensive metabolizers (EM) [127, 
128]. PMs have a 5-fold lower drug clearance than UMs and UMs 
have a 2-fold higher drug clearance than EMs. PMs seem to have 
higher risk of development of adverse effects [128, 129]. Signifi-
cant pharmacokinetic and pharmacodynamic differences exist be-
tween immediate release metoprolol tartarate (duration of action 6-
12 hr b.i.d or t.i.d) and extended release metoprolol succinate (once 
daily with 24 hr duration of action) [125]. 

 The S- enantiomer of carvedilol has both 1- and -AR block-
ade properties with a similar affinity to 1-AR like R- enantiomer 
but a 100-fold higher affinity for -ARs than the R- enantiomer 
[130]. It is mainly metabolized by oxidation and glucuronidation 
into several active metabolites such as desmethyl carvedilol (M2), 
4 -hydroxyphenyl-carvedilol (M4), 5 -hydroxyphenyl-carvedilol 
(M5), 1-hydroxycarbazolyl-carvedilol (M14) and 8-hydroxycarba-
zolyl-carvedilol (M16) [131]. It has sterospecific first pass metabo-
lism with a 3-fold higher plasma concentration of R-carvedilol than 
S-carvedilol in healthy human volunteers [132]. Oral administration 
of carvedilol (6.25, 12.5, 25 and 50 mg) in CHF patients (NYHA 
class III-IV) caused a dose-proportional increase in steady state 
plasma concentration and its active metabolites [131]. Zhou and 
Wood showed that sterospecific metabolism of carvedilol in hu-
mans was highly dependent upon the phenotype of CYP2D6 [133]. 
In poor and extensive metabolizers of debrisoquin, an adrenergic 
neuron blocker exclusively metabolized by CYP2D6, the plasma 
concentration of R-carvedilol was higher than S- carvedilol indicat-
ing that clearance of R-carvedilol was significantly lower than S-
carvedilol. In poor metabolizers a further decrease in clearance for 
R-carvedilol and metabolites of carvedilol (M4 and M5) was ob-
served. On the other hand, clearance of S-carvedilol was not differ-
ent between poor and extensive metabolizers [133]. Therefore, the 
determination of CYP2D6 phenotype is an important measure dur-

ing the administration of -blockers for the treatment for CHF to 
avoid serious side effects.  

4. DIURETICS FOR THE TREATMENT OF CHF 

 In CHF patients, decreased cardiac output has been shown to 
cause the activation of sympathetic nervous system, RAAS and 
non-osmotic release of arginine vasopressin, which leads to de-
crease in renal flow and Na+ secretion as a compensatory response 
[134]. The resulting retention of Na+ and water results in an expan-
sion of extracellular fluid volume and consequently pulmonary 
congestion and peripheral edema [135]. The therapeutic goal of 
diuretic therapy in CHF is to reduce and eventually eliminate the 
symptoms of fluid retention and hence prevent the progression of 
disease [136, 137]. In addition, diuretics also cause decrease in 
pulmonary wedge pressure, preload and arterial resistance [138]. 
According to American Heart Association (AHA) Task Force and 
European Society of Cardiology guidelines, diuretics should always 
be administered in conjunction with ACE inhibitors and -blockers 
for symptomatic treatment of CHF [139, 140].  

 Depending upon their site of action, diuretics can be classified 
into 5 categories: carbonic anhydrase inhibitors (acetazomide), 
osmotic diuretics (mannitol), loop diuretics (furosemide, bumeta-
nide, torsemide and ethacrynic acid), thiazide diuretics (hydroclor-
thiazide and metazole) and K+-sparing diuretics (spironolactone) 
[141]. The structures of prototype agents are shown in Fig. (4). The 
phamacodynamic and pharmacokinetic properties of spironolactone 
have been previously discussed in the section of aldosterone recep-
tor antagonists. Acetazolamide inhibits carbonic anhydrase and 
blocks the formation of H+ and HCO3

- from CO2 and H2O which 
results in NaHCO3 excretion into the urine [141]. Indirectly, it also 
blocks the Na+-H+ exchanger in the renal proximal convulated tu-
bule by decreasing the conversion of intracellular CO2 and H2O into 
bicarbonate and H+ which is needed for the Na+-H+ exchanger to 
reabsorb sodium and H2O back from the tubule lumen [141, 142]. 
Mannitol exerts an osmotic effect and impairs the ability of proxi-
mal tubule and thick ascending limb to reabsorb Na+ and H2O [141, 
142]. The most commonly used diuretics used for the treatment of 
CHF are loop diuretics which act on the ascending limb of loop of 
Henle and inhibit Na+-K+-2Cl- symporter [143]. This portion of 
loop of Henle is responsible for 25% of Na+-reabsorption and thus 
inhibiting the transport at this site results in greater degree of diure-
sis [144]. Loop diuretics act on the luminal surface of the epithelial 
cells and they reach there via urine through active secretion [141]. 
In CHF patients with renal impairment, a reduction of secretion of 
loop diuretics has been observed. Accumulation of organic anions, 
which compete with loop diuretics at their site of action and prevent 
the reabsorption of Na+, Cl- and K+, seem to be the major reason for 
such an effect in CHF patients [145]. Furosemide, a short acting 
loop diuretic, causes natriuresis as long as it can block the Na+-K+-
2Cl- symporter; however, it gets metabolized quickly from the body 
and post-diuretic salt retention occurs during the diuretic free pe-
riod [146]. High concentrations of furosemide are needed to over-
come this competitive inhibition in CHF patients with renal insuffi-
ciency. Nevertheless, higher doses can increase the chances of seri-
ous side effects such as ototoxicity and hypokalemia with fu-
rosemide [147]. In addition, chronic administration of loop diuretics 
causes diuretic resistance, which results in reduced natriuresis 
[145]. High concentrations of loop diuretics expose the cells of 
distal convoluted tubule (DCT) to increased levels of Na+ by inhib-
iting the reabsorption of Na+ at the ascending limb of the loop of 
Henle, which causes adaptative changes (increased hypertrophy and 
hyperplasia) in DCT epithelial cells. This results in increased reab-
sorption of Na+ from DCT and thus blunts the natriuretic effect of 
loop diuretics [148, 149]. Combination of thiazide diuretics with 
low doses of loop diuretics have been shown to be effective in pre-
venting diuretic resistance in patients with severe CHF [150]. Some 
caution must be exercised in CHF patients when giving combina-
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tions of diuretics as they can cause severe loss of K+ and Mg2+. 
Frequent monitoring of electrolyte levels as well as adding a K+-
sparing diuretic (spironolactone) to the drug regime may be re-
quired.  

 Although loop diuretics are used interchangeably in different 
treatment regimens, a significant difference exists in their pharma-
cokinetic properties. Up to 80% of bumetanide is excreted un-
changed in the urine and rest undergoes hydroxylation and glucu-
ronization [151]. Similarly, 20% of furosemide undergoes phase II 
metabolism via glucuronidation and the rest is excreted unchanged 
in the urine [151]. Furosemide acyl glucuronide is responsible for 
the diuretic action of furosemide [152]. Pharmacokinetics of fu-
rosemide rely more on kidney function unlike torsemide and bu-
metanide, which rely more on hepatic clearance [153]. Torsemide 
has 80% bioavailability (approximately double than that of fu-
rosemide 26-65%) with minimal first pass effect [153] and under-
goes extensive hepatic metabolism to different metabolites such as 
M1, M3 and M5 [154]. M1 and M3 are formed by hydroxylation of 
methyl groups of phenyl ring and phenyl ring of torsemide, respec-
tively. M5, a carboxylic acid derivative, is formed after metabolism 
of M1 [154]. Experimental studies have demonstrated that M3 is 
equipotent to parent molecule, whereas M1 is 10% active and M5 is 
inactive; 20% of torsemide is eliminated unchanged in the urine 
[155]. Vormfelde et al. have shown that in vivo biotransformation 
of torsemide and its metabolites M1 and M3 is dependent on 
CYP2C9*3 polymorphism [156]. On the other hand, the carboxyla-
tion metabolite (M5) clearance was independent of any variation in 
the CYP2C*3 allele [157].  

5. CARDIAC GLYCOSIDES FOR THE TREATMENT OF 
CHF 

 Cardiac glycosides are divided on the basis of their sources: 
digitalis from the leaves of Digitalis purpurea, digitoxin, and di-
goxin from the leaves of Digitalis lanata, strophanthin-K from the 

seeds of Strophanthus kombe and strophanthin-G (ouabain) is ob-
tained from the seeds of Strophanthus gratus [158]. Digitalis is 
applied as a collective term and is defined as a prototype for cardiac 
glycosides. Digitalis in the form of digoxin is the most commonly 
used cardiac glycoside for the treatment of CHF specifically in 
patients with atrial fibrillation [159]. The structure of digoxin is 
provided in Fig. (4). Digoxin is known as a positive inotropic agent 
which inhibits Na+-K+ ATPase and increases cardiac contractility 
via activation of Na+-Ca2+ exchanger with subsequent accumulation 
of intracellular Ca2+ [160]. However, the beneficial effect of di-
goxin in CHF is mainly mediated by neurohormonal modulation at 
low doses of digoxin (<0.25 mg/day) in contrast to inotropic effect 
at high doses (>0.25 mg/day) [161]. Digoxin increases the vago-
tonic response by inhibiting Na+-K+ ATPase in the vagal afferent 
fibers and causes a reduction in sympathetic activity [162]. In addi-
tion, digoxin suppresses the release of renin from the kidneys and 
decreases tubular reabsorption of Na+ [163]. The combination of 
carvedilol (a mixed 1 and 1 2 antagonist) and digoxin seems 
more advantageous than either carvedilol or digoxin alone for the 
treatment of atrial fibrillation in CHF patients (mean EF<40%) 
[164]. Two major short-term randomized clinical trials, the Pro-
spective Randomized Study of Ventricular Failure and the Efficacy 
of Digoxin (PROVED) [165] and the Randomized Assessment of 
Digoxin on Inhibitors of the Angiotensin Converting Enzyme 
(RADIANCE) [166] trials, assessed the effect of digoxin with-
drawal in mild to moderate (NYHA II-III) HF patients in sinus 
rhythm. PROVED compared HF patients treated with digoxin and 
diuretics vs. diuretics alone and RADIANCE compared the effect 
of digoxin, diuretics and ACE inhibitors vs. diuretics and ACE 
inhibitors alone. These trials demonstrated that digoxin withdrawal 
from the standard therapy resulted in higher risk of worsening of 
HF with a deterioration of functional capacity of the myocardium 
[165, 166]. The long-term benefit of digoxin (in combination with 
diuretics and ACE inhibitors) in CHF patients (NYHA class III-IV) 
was observed in the Digitalis Investigation Group (DIG) trial [167]. 
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Fig. (4). Chemical structures of different classes of diuretics acetazolamide (A), mannitol (B), furosemide (C), bumetanide (D), torsemide (E) and hydrochlor-

thiazide (F) and digitalis glycosides (digoxin) (G). 



214    Current Drug Metabolism, 2009, Vol. 10, No. 3 Saini-Chohan
 
and Hatch 

Although digoxin addition to conventional therapy did not reduce 
overall mortality, a significant reduction in the rate of hospitaliza-
tion and less worsening of HF was observed [167]. In the DIG trial 
the average dose of digoxin was 0.25 mg/day and digoxin toxicity 
(11.9% vs. 7.9%) was observed in treated groups [167]. On the 
other hand, in PROVED and RADIANCE, relatively high doses of 
digoxin (0.375 mg/day and 0.370mg/day, respectively) were used 
and only one episode of digoxin toxicity was observed in RADI-
ANCE with no significant toxicity in PROVED [165, 166]. The 
long term vs. short term duration of therapy in these trials seem to 
be the major reason for such discrepancies.  

 CHF patients are at higher risk of developing digoxin toxicity 
which is shown to be associated with ventricular tachycardia or 
fibrillation, second-or-third degree atrioventricular block as well as 
supraventricular arrhythmias [167, 168]. Diuretic-induced hypo-
kaelemia increases the sensitivity of Na+-K+ ATPase to digoxin and 
may lead to toxicity in CHF patients [169]. A post-hoc subgroup 
analysis of the DIG trial showed sex based differences in the effects 
of digoxin and revealed that digoxin treatment was associated with 
a higher rate of death in women as compared to men [170]. It was 
suggested that digitalis toxicity was the major reason for the higher 
rate of death in women in the DIG trial [171]. Serum digoxin con-
centrations (SDC) from 0.5-1.5 ng/ml are recommended in HF pa-
tients without any toxicity [172]. Although little relationship has 
been observed between SDC and its therapeutic effects in different 
clinical trials [169], routine measurement of SDC during HF ther-
apy is an important aspect to consider. Young et al. [173] have 
suggested that “triple therapy” with digoxin, diuretics and ACE 
inhibitors should be considered as the first choice for the initial 
management of patients with symptomatic heart failure due to sys-
tolic dysfunction. However, Dhaliwal et al. [174] have shown that 
addition of digoxin to concomitant ACE inhibitors and -blocker 
therapy did not decrease the hospitalization rates and mortality in 
CHF patients with systolic dysfunction and atrial fibrillation. Nev-
ertheless, the ACC/AHA 2005 guidelines recommended that di-
goxin should be used as a first line drug in CHF patients with atrial 
fibrillation and as a second line drug after diuretics, ACE inhibitors 
and -blockers in CHF patients with in sinus rhythm [139, 159]. 

 Digoxin is mainly metabolized in the liver into several metabo-
lites via hydrolysis, oxidation, epimerization and conjugation. The 
mono-digitoxoside and bis-digitoxoside and metabolites are consid-
ered to be cardioactive, whereas 3-keto and 3-  (epi) digoxigenin 
are considered to be less cardioactive than digoxin [175]. In ap-
proximately 10% of patients taking digoxin other cardioinactive 
metabolites known as digoxin reduction products (DRPs) such as 
dihydrodigoxin and dihydrodigoxigenin result from the metabolism 
of digoxin by gastrointestinal bacteria [176]. Digoxin is primarily 
eliminated via the kidney (70%) and the rest via bile with an elimi-
nation t1/2 of 36 to 48 hrs and 3.5 to 5 days in patients with impaired 
renal function. Therefore determination of creatinine clearance in 
CHF patients with renal dysfunction is mandatory [171]. P-
glycoprotein, a xenobiotic transport protein localized in liver, pan-
creas, kidney, colon and jejunum, plays an important role in the 
pharmacokinetics of digoxin [177]. Digoxin is actively transported 
via P-glycoproteins and agents that inhibit the activity of P-
glycoproteins (e.g. antiarrhythmic drugs like amiodarone) increase 
the SDC [178]. Therefore, some caution must be exercised while 
using P-glycoprotein inhibitors in combination with digoxin to 
avoid the risk of digoxin toxicity. 

6. STATUS OF OTHER PHARMACOLOGICAL AGENTS IN 

THE TREATMENT OF CHF 

 Other agents such as nitro vasodilators (combination of isosor-
bide dinitrate and hydralazine) have shown some beneficial effects 
on survival of CHF patients [Vasodilator-Heart failure Trial I (V-
HeFT I)] [179], this combination was not superior to the treatment 
of an ACE inhibitor ([Vasodilator-Heart failure Trial I (V-HeFT I)] 

[180]. Similarly, the results of Outcomes of a Prospective Trial of 
Intavenous Milrinone for exacerbations of Chronic Heart Failure 
(OPTIME-CHF) have reported an increase in the incidence of sus-
tained hypotension and mortality with milrinone, a phosphodi-
esterase III inhibitor with vasodilator and positive inotropic proper-
ties [181]. A new class of positive inotropic agents, the Ca2+-
sensitizers (levosimendan and pimobendan), have shown some 
hemodynamic and symptomatic improvement in CHF patients [182, 
183]; however their effect on long-term mortality in CHF is contro-
versial and may even increase the incidences of atrial fibrillation 
[182]. Other pharmacological agents such as endothelin receptor 
antagonists, cytokine antagonists and vasopeptidase inhibitors have 
shown beneficial effects on altering cardiac remodeling and symp-
tomatic improvement during the development of HF in experimen-
tal studies [184, 185]. Large scale trials with clinical endpoints are 
needed to establish their status for the treatment of CHF.  

7. CONCLUSIONS AND FUTURE DIRECTIONS 

 On the basis of current available clinical data, ACE inhibitors, 
AT1 receptor antagonists, -blockers, diuretics and digoxin form the 
basis of therapeutic recommendations of CHF patients at different 
stages of development of the disease [139, 140]. Since the changes 
in myocardial structure and function can occur silently after the 
initial acute insult before the development of CHF [11], the time 
frame of drug administration which can lead to attenuation of the 
disease process stays questionable. In fact, mortality due to CHF is 
quite high with impaired quality of life [2]. Identification of the 
stage and the underlying reason of HF, genetic polymorphism and 
the rate of drug metabolism, which determines the individual re-
sponsiveness to a particular drug regimen, must be taken into con-
sideration when recommending a particular therapy. Careful titra-
tion of drug dose and a rational analysis of biotransformation of a 
particular drug are needed to optimize the CHF therapy with mini-
mal adverse drug effects.  

ACKNOWLEDGEMENTS 

 This works was supported by a grant from the Heart and Stroke 
Foundation of Manitoba (G.M.H.). H. K. Saini-Chohan is a post-
doctoral fellow of CIHR/HSFC-IMPACT Strategic Training Pro-
gram and Heart and Stroke Foundation of Canada. G. M. Hatch is a 
Canada Research Chair in Molecular Cardiolipin Metabolism. 

REFERENCES 

[1] Francis G.S.; Cohn, J.N. Heart failure, mechanisms of cardiac and 

vascular dysfunction and the rationale for pharmacologic interven-
tion. FASEB J., 1990, 4(13), 3068-3075. 

[2] Rosamond, W.; Flegal, K.; Furie, K.; Go, A.; Greenlund, K.; 

Haase, N.; Hailpern, S.M.; Ho, M.; Howard, V.; Kissela, B.; 
Kittner, S.; Lloyd-Jones, D.; McDermott, M.; Meigs, J.; Moy, C.; 
Nichol, G.; O'Donnell, C.; Roger, V.; Sorlie, P.; Steinberger, J.; 

Thom, T.; Wilson M.; Hong Y. American Heart Association Statis-
tics Committee and Stroke Statistics Subcommittee. Heart disease 
and stroke statistics--2008 update, a report from the American 

Heart Association Statistics Committee and Stroke Statistics Sub-
committee. Circulation, 2008, 117(4), e25-e146.  

[3] Lloyd-Jones, D.M.; Larson, M.G.; Leip, E.P.; Beiser, A.; 

D'Agostino, R.B.; Kannel, W.B.; Murabito, J.M.; Vasan, R.S.; 
Benjamin, E.J.; Levy, D. Framingham Heart Study. Lifetime risk 
for developing congestive heart failure, the Framingham Heart 

Study. Circulation, 2002, 106(24), 3068-3072. 
[4] Burt, C.W.; Schappert, S.M. Ambulatory care visits to physician 

offices, hospital outpatient departments, and emergency depart-

ments, United States, 1999--2000. Vital Health Stat., 2004, 13 
(157), 1-70. 

[5] Vitali, E.; Colombo, T.; Fratto, P.; Russo, C.; Bruschi, G.; Frigerio, 

M. Surgical therapy in advanced heart failure. Am. J. Cardiol., 
2003, 91(9A), 88F-94F. 

[6] Boehmer, J.P. Device therapy for heart failure. Am. J. Cardiol., 

2003, 91(6A),53D-59D. 



Biological Actions and Metabolism of Currently Used Pharmacological Agents Current Drug Metabolism, 2009, Vol. 10, No. 3    215 

[7] Chiu, R.C. Bone-marrow stem cells as a source for cell therapy. 

Heart Fail. Rev., 2003, 8(3), 247-251. 
[8] Sethi, R.; Saini, H.K.; Elimban, V.; Dhalla, N.S. Pathophysiology 

and treatment of heart failure. In Pharmacotherapy of Heart Fail-

ure; Gupta, S.K.; Agrawal, S.S.; Singal, P.K.; Eds. Anamaya Pub-
lishers, New Delhi, 2005, pp.16-37. 

[9] Guo, X.; Saini, H.K.; Wang, J.; Gupta, S.K.; Goyal, R.K.; Dhalla, 

N. S. Prevention of remodeling in congestive heart failure due to 
myocardial infarction by blockade of the renin-angiotensin system. 
Expert. Rev. Cardiovasc. Ther., 2005, 3 (4), 717-732.  

[10] Willenbrock, R.; Philipp, S.; Mitrovic, V.; Dietz, R. Neurohumoral 
blockade in CHF management. J. Renin Angiotensin Aldosterone 

Syst., 2000, 1 (Suppl 1), 24-30. 

[11] Dhalla, N.S.; Afzal, N.; Beamish, R.E.; Naimark, B.; Takeda, N.; 
Nagano, M. Pathophysiology of cardiac dysfunction in congestive 
heart failure. Can. J. Cardiol., 1993, 9(10), 873-887. 

[12] Babick, A.P., Dhalla, N.S. Role of subcellular remodeling in car-
diac dysfunction due to congestive heart failure. Med. Princ. 

Pract., 2007, 16(2), 81-89. 

[13] Packer, M. Neurohormonal interactions and adaptations in conges-
tive heart failure. Circulation, 1988, 77(4), 721-730. 

[14] Tan, L.B.; Schlosshan, D.; Barker, D. Fiftieth anniversary of aldos-

terone, from discovery to cardiovascular therapy. Int. J. Cardiol., 
2004, 96(3), 321-333. 

[15] Ramires, F.J.; Sun, Y.; Weber, K.T. Myocardial fibrosis associated 

with aldosterone or angiotensin II administration, attenuation by 
calcium channel blockade. J. Mol. Cell. Cardiol., 1998, 30(3), 475-
483. 

[16] White, C.M. Pharmacologic, pharmacokinetic, and therapeutic 

differences among ACE inhibitors. Pharmacotherapy, 1998, 18(3), 
588-599.  

[17] The CONSENSUS Trial Study Group. Effects of enalapril on mor-

tality in severe congestive heart failure. Results of the Cooperative 
North Scandinavian Enalapril Survival Study (CONSENSUS). N. 

Engl. J. Med., 1987, 316(23), 1429-1435. 

[18] The SOLVD Investigators. Effect of enalapril on survival in pa-
tients with reduced left ventricular ejection fractions and congestive 
heart failure. N. Engl. J. Med., 1991, 325(5), 293-302. 

[19] The SOLVD Investigators. Effect of enalapril on mortality and the 
development of heart failure in asymptomatic patients with reduced 
left ventricular ejection fractions. N. Engl. J. Med., 1992, 327(10), 

685-691.  
[20] Sculpher, M.J.; Poole, L.; Cleland, J.; Drummond, M.; Armstrong, 

P.W.; Horowitz, J.D.; Massie, B.M.; Poole-Wilson, P.A.; Ryden, L. 

Low doses vs. high doses of the angiotensin converting-enzyme in-
hibitor lisinopril in chronic heart failure, a cost-effectiveness analy-
sis based on the Assessment of Treatment with Lisinopril and Sur-

vival (ATLAS) study. The ATLAS Study Group. Eur. J. Heart 

Fail., 2000, 2(4), 447-454. 
[21] Erhardt, L.; MacLean, A.; Ilgenfritz, J; Gelperin, K; Blumenthal, 

M. Fosinopril attenuates clinical deterioration and improves exer-
cise tolerance in patients with heart failure. Fosinopril Effi-
cacy/Safety Trial (FEST) Study Group. Eur. Heart J., 1995, 

16(12), 1892-1899. 
[22] Guidelines for the evaluation and management of heart failure. 

Report of the American College of Cardiology/American Heart As-

sociation Task Force on Practice Guidelines (Committee on 
Evaluation and Management of Heart Failure). Circulation, 1995, 
92(9), 2764-2784. 

[23] Cohn, J.N. The management of chronic heart failure. N. Engl. J. 

Med., 1996, 335(7), 490-498.  
[24] Zannad, F.; Chati, Z.; Guest, M.; Plat, F. Differential effects of 

fosinopril and enalapril in patients with mild to moderate chronic 
heart failure. Fosinopril in heart failure study investigators. Am. 

Heart J., 1998, 136(4 Pt 1), 672-680. 

[25] Bach, R.; Zardini, P. Long-acting angiotensin-converting enzyme 
inhibition, once-daily lisinopril versus twice-daily captopril in 
mild-to-moderate heart failure. Am. J. Cardiol., 1992, 70(10), 70C-

77C. 
[26] Zannad, F.; van den Broek, S.A.; Bory, M. Comparison of treat-

ment with lisinopril versus enalapril for congestive heart failure. 

Am. J. Cardiol., 1992, 70(10), 78C-83C. 
[27] Garg, R.; Yusuf, S. Overview of randomized trials of angiotensin-

converting enzyme inhibitors on mortality and morbidity in patients 

with heart failure. Collaborative group on ACE inhibitor trials. 

JAMA, 1995, 273(18), 1450-1456.  
[28] The Acute Infarction Ramipril Efficacy (AIRE) Study Investiga-

tors. Effect of ramipril on mortality and morbidity of survivors of 

acute myocardial infarction with clinical evidence of heart failure. 
Lancet, 1993, 342(8875), 821-828. 

[29] Krum, H.; Gilbert, R.E. Demographics and concomitant disorders 

in heart failure. Lancet, 2003, 362(9378), 147-158.  
[30] ACE Inhibitor Myocardial Infarction Collaborative Group. Indica-

tions for ACE inhibitors in the early treatment of acute myocardial 

infarction, systematic overview of individual data from 100,000 pa-
tients in randomized trials. Circulation, 1998, 97(22), 2202-2212. 

[31] White, C.M. Angiotensin-converting-enzyme inhibition in heart 

failure or after myocardial infarction. Am. J. Health Syst. Pharm., 
2000, 57 (Suppl 1), S18-S25. 

[32] Kelly, J.G.; O'Malley, K. Clinical pharmacokinetics of the newer 

ACE inhibitors. A review. Clin. Pharmacokinet., 1990, 19(3), 177-
196. 

[33] Vertes, V.; Haynie, R. Comparative pharmacokinetics of captopril, 

enalapril, and quinapril. Am. J. Cardiol., 1992, 69(10), 8C-16C. 
[34] Kubo, S. H; Cody, R. J. Clinical pharmacokinetics of the angio-

tensin converting enzyme inhibitors. A review. Clin. Pharmacoki-

net., 1985, 10(5), 377-391.  
[35] Kirsten, R.; Nelson, K.; Kirsten, D.; Heintz, B. Clinical pharma-

cokinetics of vasodilators. Part I. Clin. Pharmacokinet., 1998, 

34(6), 457-482. 
[36] Ohnishi, A.; Tsuboi, Y.; Ishizaki, T.; Kubota, K.; Ohno, T.; Yo-

shida, H.; Kanezaki, A.; Tanaka, T. Kinetics and dynamics of 
enalapril in patients with liver cirrhosis. Clin. Pharmacol. Ther., 

1989, 45(6), 657-665. 
[37] Baba, T.; Murabayashi, S.; Tomiyama, T.; Takebe, K. The pharma-

cokinetics of enalapril in patients with compensated liver cirrhosis. 

Br. J. Clin. Pharmacol., 1990, 29(6), 766-769. 
[38] White, W.B.; Fox, A.A.; Stimpel, M. Long-term efficacy and 

safety of moexipril in the treatment of hypertension. J. Hum. Hy-

pertens., 1994, 8(12), 917-921. 
[39] Grass, P.; Gerbeau, C.; Kutz, K. Spirapril, pharmacokinetic proper-

ties and drug interactions. Blood Press. Suppl., 1994, 2, 7-13. 

[40] Puchler, K.; Sierakowski, B.; Roots, I. Single dose and steady state 
pharmacokinetics of temocapril and temocaprilat in young and eld-
erly hypertensive patients. Br. J. Clin. Pharmacol., 1998, 46(4), 

363-367. 
[41] Harder, S.; Thurmann, P.A.; Ungethüm, W. Single dose and steady 

state pharmacokinetics and pharmacodynamics of the ACE-

inhibitor imidapril in hypertensive patients. Br. J. Clin. Pharma-

col., 1998, 45(4), 377-380. 
[42] Greenbaum, R.; Zucchelli, P.; Caspi, A.; Nouriel, H.; Paz, R.; 

Sclarovsky, S.; O'Grady, P.; Yee, K.F.; Liao, W.C.; Mangold, B. 
Comparison of the pharmacokinetics of fosinoprilat with enalapri-
lat and lisinopril in patients with congestive heart failure and 

chronic renal insufficiency. Br. J. Clin. Pharmacol., 2000, 49(1), 
23-31. 

[43] Singhvi, S.M.; Duchin, K.L.; Morrison, R.A.; Willard, D.A.; 

Everett, D.W.; Frantz, M. Disposition of fosinopril sodium in 
healthy subjects. Br. J. Clin. Pharmacol., 1988, 25(1), 9-15. 

[44] Hoyer, J.; Schulte, K.L.; Lenz, T. Clinical pharmacokinetics of 

angiotensin converting enzyme (ACE) inhibitors in renal failure. 
Clin. Pharmacokinet., 1993, 24(3), 230-254. 

[45] Hui, K.K.; Duchin, K.L.; Kripalani, K.J.; Chan, D.; Kramer, P.K.; 

Yanagawa, N. Pharmacokinetics of fosinopril in patients with vari-
ous degrees of renal function. Clin. Pharmacol. Ther., 1991, 49(4), 
457-467. 

[46] Pitt, B. Importance of angiotensin-converting enzyme inhibitors in 
myocardial infarction and congestive heart failure, implications for 
clinical practice. Cardiology, 1995, 86 (Suppl 1), 41-45. 

[47] Israili, Z.H.; Hall, W.D. Cough and angioneurotic edema associated 
with angiotensin-converting enzyme inhibitor therapy. A review of 
the literature and pathophysiology. Ann. Intern. Med., 1992, 

117(3), 234-242. 
[48] Finley, C.J., Silverman, M.A., Nunez, A.E. Angiotensin-converting 

enzyme inhibitor-induced angioedema, still unrecognized. Am. J. 

Emerg. Med., 1992, 10(6), 550-552.  
[49] Brown, N.J., Ray, W.A., Snowden, M., Griffin, M.R. Black Ameri-

cans have an increased rate of angiotensin converting enzyme in-



216    Current Drug Metabolism, 2009, Vol. 10, No. 3 Saini-Chohan
 
and Hatch 

hibitor-associated angioedema. Clin. Pharmacol. Ther., 1996, 

60(1), 8-13. 
[50] Slater, E.E., Merrill, D.D., Guess, H.A., Roylance, P.J., Cooper, W. 

D., Inman, W.H., Ewan, P.W. Clinical profile of angioedema asso-

ciated with angiotensin converting-enzyme inhibition. JAMA., 
1988, 260(7), 967-970. 

[51] Erdmann, E. The management of heart failure--an overview. Basic 

Res. Cardiol., 2000, 95 (Suppl 1), I3-I7. 
[52] McMurray, J.J. Angiotensin receptor blockers for chronic heart 

failure and acute myocardial infarction. Heart, 2001, 86(1), 97-103. 

[53] Tarazi, R.C.; Fouad, F.M.; Ceimo, J.K.; Bravo, E.L. Renin, aldos-
terone and cardiac decompensation, studies with an oral converting 
enzyme inhibitor in heart failure. Am. J. Cardiol., 1979, 44(5), 

1013-1018. 
[54] MacFadyen, R.J.; Lee, A.F.; Morton, J.J.; Pringle, S.D.; Struthers, 

A. D. How often are angiotensin II and aldosterone concentrations 

raised during chronic ACE inhibitor treatment in cardiac failure? 
Heart, 1999, 82(1), 57-61. 

[55] Urata, H.; Healy, B.; Stewart, R.W.; Bumpus, F.M.; Husain, A. 

Angiotensin II-forming pathways in normal and failing human 
hearts. Circ. Res., 1990, 66(4), 883-890. 

[56] Unger, T. Significance of angiotensin type 1 receptor blockade, 

why are angiotensin II receptor blockers different? Am. J. Cardiol., 
1999, 84(10A), 9S-15S.  

[57] Csajka, C.; Buclin, T.; Brunner, H.R.; Biollaz, J. Pharmacokinetic-

pharmacodynamic profile of angiotensin II receptor antagonists. 
Clin. Pharmacokinet., 1997, 32(1), 1-29. 

[58] Pitt, B.; Segal, R.; Martinez, F.A.; Meurers, G.; Cowley, A.J.; 
Thomas, I.; Deedwania, P.C.; Ney, D.E.; Snavely, D.B.; Chang, P. 

I. Randomised trial of losartan versus captopril in patients over 65 
with heart failure (Evaluation of Losartan in the Elderly Study, 
ELITE). Lancet, 1997, 349(9054), 747-752. 

[59] Pitt, B.; Poole-Wilson, P.A.; Segal, R.; Martinez, F.A.; Dickstein, 
K.; Camm, A.J.; Konstam, M.A.; Riegger, G.; Klinger, G.H.; Nea-
ton, J.; Sharma, D.; Thiyagarajan, B. Effect of losartan compared 

with captopril on mortality in patients with symptomatic heart fail-
ure, randomised trial--the Losartan Heart Failure Survival Study 
ELITE II. Lancet, 2000, 355(9215), 1582-1587. 

[60] Cohn, J.N.; Tognoni, G. Valsartan Heart Failure Trial Investigators. 
A randomized trial of the angiotensin-receptor blocker valsartan in 
chronic heart failure. N. Engl. J. Med., 2001, 345(23), 1667-1675.  

[61] Yusuf, S.; Pfeffer, M.A.; Swedberg, K.; Granger, C.B.; Held, P.; 
McMurray, J.J.; Michelson, E.L.; Olofsson, B.; Ostergren, J. 
CHARM Investigators and Committees. Effects of candesartan in 

patients with chronic heart failure and preserved left-ventricular 
ejection fraction, the CHARM-Preserved Trial. Lancet, 2003, 
362(9386), 777-781. 

[62] Granger, C.B.; McMurray, J.J.; Yusuf, S.; Held, P.; Michelson, 
E.L.; Olofsson, B.; Ostergren, J.; Pfeffer, M.A.; Swedberg, K. 
CHARM Investigators and Committees. Effects of candesartan in 

patients with chronic heart failure and reduced left-ventricular sys-
tolic function intolerant to angiotensin-converting-enzyme inhibi-
tors, the CHARM-Alternative trial. Lancet, 2003, 362(9386), 772-

776. 
[63] McMurray, J.J.; Ostergren, J.; Swedberg, K.; Granger, C.B.; Held, 

P.; Michelson, E.L.; Olofsson, B.; Yusuf, S., Pfeffer, M. A. 

CHARM Investigators and Committees. Effects of candesartan in 
patients with chronic heart failure and reduced left-ventricular sys-
tolic function taking angiotensin-converting-enzyme inhibitors, the 

CHARM-Added trial. Lancet, 2003, 362(9386), 767-771. 
[64] Pitt, B. Clinical trials of angiotensin receptor blockers in heart 

failure, what do we know and what will we learn? Am. J. Hyper-

tens., 2002, 15(1 Pt 2), 22S-27S. 
[65] Dickstein, K.; Kjekshus, J. OPTIMAAL Steering Committee of the 

OPTIMAAL Study Group. Effects of losartan and captopril on 

mortality and morbidity in high-risk patients after acute myocardial 
infarction, the OPTIMAAL randomised trial. Optimal trial in myo-
cardial infarction with angiotensin ii antagonist losartan. Lancet, 

2002, 360(9335), 752-760. 
[66] Pfeffer, M.A.; McMurray, J.J.; Velazquez, E.J.; Rouleau, J.L.; 

Køber, L.; Maggioni, A.P.; Solomon, S.D.; Swedberg, K.; Van de 

Werf, F.; White, H.; Leimberger, J.D.; Henis, M.; Edwards, S.; Ze-
lenkofske, S.; Sellers, M.A.; Califf, R.M. Valsartan in Acute Myo-
cardial Infarction Trial Investigators. Valsartan, captopril, or both 

in myocardial infarction complicated by heart failure, left ventricu-

lar dysfunction, or both. N. Engl. J. Med., 2003, 349(20), 1893-
1906.  

[67] McKelvie, R.S.; Yusuf, S.; Pericak, D.; Avezum, A.; Burns, R.J.; 

Probstfield, J.; Tsuyuki, R.T.; White, M.; Rouleau, J.; Latini, R.; 
Maggioni, A.; Young, J.; Pogue, J. Comparison of candesartan, 
enalapril, and their combination in congestive heart failure, ran-

domized evaluation of strategies for left ventricular dysfunction 
(RESOLVD) pilot study. The RESOLVD Pilot Study Investigators. 
Circulation, 1999, 100(10), 1056-1064. 

[68] Wong, P.C.; Price, W. A. Jr.; Chiu, A.T.; Duncia, J.V.; Carini, D.J.; 
Wexler, R.R.; Johnson, A.L.; Timmermans, P. B. Nonpeptide an-
giotensin II receptor antagonists. XI. Pharmacology of EXP3174, 

an active metabolite of DuP 753, an orally active antihypertensive 
agent. J. Pharmacol. Exp. Ther., 1990, 255(1), 211-217. 

[69] Lo, M.W.; Goldberg, M.R.; McCrea, J.B.; Lu, H.; Furtek, C.I.; 

Bjornsson, T.D. Pharmacokinetics of losartan, an angiotensin II re-
ceptor antagonist, and its active metabolite EXP3174 in humans. 
Clin. Pharmacol. Ther., 1995, 58(6), 641-649. 

[70] Yasar, U.; Forslund-Bergengren, C.; Tybring, G.; Dorado, P.; 
Llerena, A.; Sjöqvist, F.; Eliasson, E.; Dahl, M.L. Pharmacokinet-
ics of losartan and its metabolite E-3174 in relation to the CYP2C9 

genotype. Clin. Pharmacol. Ther., 2002, 71(1), 89-98. 
[71] Stearns, R.A.; Chakravarty, P.K.; Chen, R.; Chiu, S.H. Biotrans-

formation of losartan to its active carboxylic acid metabolite in 

human liver microsomes. Role of cytochrome P4502C and 3A sub-
family members. Drug Metab. Dispos., 1995, 23(2), 207-215. 

[72] Sica, D.A.; Lo, M.W.; Shaw, W.C.; Keane, W.F.; Gehr, T.W.; 
Halstenson, C.E.; Lipschutz, K.; Furtek, C.I.; Ritter, M.A.; Shahin-

far, S. The pharmacokinetics of losartan in renal insufficiency. J. 

Hypertens. Suppl., 1995, 13(1), S49-S52. 
[73] Song, J.C.; White, C.M. Pharmacologic, pharmacokinetic, and 

therapeutic differences among angiotensin II receptor antagonists. 
Pharmacotherapy, 2000, 20(2), 130-139.  

[74] Noda, M.; Shibouta, Y.; Inada, Y.; Ojima, M.; Wada, T.; Sanada, 

T.; Kubo, K.; Kohara, Y.; Naka, T.; Nishikawa, K. Inhibition of 
rabbit aortic angiotensin II (AII) receptor by CV-11974, a new 
nonpeptide AII antagonist. Biochem. Pharmacol., 1993, 46(2), 311-

318. 
[75] Israili, Z.H. Clinical pharmacokinetics of angiotensin II (AT1) 

receptor blockers in hypertension. J. Hum. Hypertens., 2000, 14 

(Suppl 1), S73-S86. 
[76] Oparil, S. Newly emerging pharmacologic differences in angio-

tensin II receptor blockers. Am. J. Hypertens., 2000, 13(1 Pt 2), 

18S-24S. 
[77] Weber, K.T. Aldosterone in congestive heart failure. N. Engl. J. 

Med., 2001, 345(23), 1689-1697. 

[78] Struthers, A.D. Why does spironolactone improve mortality over 
and above an ACE inhibitor in chronic heart failure? Br. J. Clin. 

Pharmacol., 1999, 47(5), 479-482. 

[79] Jorde, U.P.; Vittorio, T.; Katz, S.D.; Colombo, P.C.; Latif, F.; Le 
Jemtel, T. H. Elevated plasma aldosterone levels despite complete 
inhibition of the vascular angiotensin-converting enzyme in chronic 

heart failure. Circulation, 2002, 106(9), 1055-1057. 
[80] Staessen, J., Lijnen, P.; Fagard, R.; Verschueren, L.J.; Amery, A. 

Rise in plasma concentration of aldosterone during long-term an-

giotensin II suppression. J. Endocrinol., 1981, 91(3), 457-465. 
[81] Borghi, C.; Boschi, S.; Ambrosioni, E.; Melandri, G.; Branzi, A.; 

Magnani, B. Evidence of a partial escape of renin-angiotensin-

aldosterone blockade in patients with acute myocardial infarction 
treated with ACE inhibitors. J. Clin. Pharmacol., 1993, 33(1), 40-
45. 

[82] Tait, J.F.; Little, B.; Tait, S.A.; Flood, C.; Bougas, J. Splanchnic 
extraction and clearance of aldosterone in subjects with minimal 
and marked cardiac dysfunction. J. Clin. Endocrinol. Metab., 1965, 

25, 219-228. 
[83] Wimett, L.; Laustsen, G. Inspra improves survival for CHF pa-

tients. Nurse Pract., 2004, 29(7), 56-59. 

[84] Pitt, B.; Zannad, F.; Remme, W.J.; Cody, R.; Castaigne, A.; Perez, 
A.; Palensky, J.; Wittes, J. The effect of spironolactone on morbid-
ity and mortality in patients with severe heart failure. Randomized 

Aldactone Evaluation Study Investigators. N. Engl. J. Med., 1999, 
341(10), 709-717. 



Biological Actions and Metabolism of Currently Used Pharmacological Agents Current Drug Metabolism, 2009, Vol. 10, No. 3    217 

[85] Pitt, B.; Remme, W.; Zannad, F.; Neaton, J.; Martinez, F.; Roniker, 

B.; Bittman, R.; Hurley, S.; Kleiman, J.; Gatlin, M. Eplerenone 
Post-Acute Myocardial Infarction Heart Failure Efficacy and Sur-
vival Study Investigators. Eplerenone, a selective aldosterone 

blocker, in patients with left ventricular dysfunction after myocar-
dial infarction. N. Engl. J. Med., 2003, 348(14), 1309-1321.  

[86] Zannad, F.; Alla, F.; Dousset, B.; Perez, A.; Pitt, B. Limitation of 

excessive extracellular matrix turnover may contribute to survival 
benefit of spironolactone therapy in patients with congestive heart 
failure, insights from the randomized aldactone evaluation study 

(RALES). Rales Investigators. Circulation, 2000, 102(22), 2700-
2706.  

[87] Menard, J. The 45-year story of the development of an anti-

aldosterone more specific than spironolactone. Mol. Cell. Endocri-

nol., 2004, 217(1-2), 45-52. 
[88] Sica, D. A. Pharmacokinetics and pharmacodynamics of mineralo-

corticoid blocking agents and their effects on potassium homeosta-
sis. Heart Fail. Rev., 2005, 10(1), 23-29. 

[89] Overdiek, H.W.; Merkus, F. W. The metabolism and biopharma-

ceutics of spironolactone in man. Rev. Drug Metab. Drug Interact., 
1987, 5(4), 273-302.  

[90] Gardiner, P.; Schrode, K.; Quinlan, D.; Martin, B.K.; Boreham, 

D.R.; Rogers, M.S.; Stubbs, K.; Smith, M.; Karim, A. Spironolac-
tone metabolism, steady-state serum levels of the sulfur-containing 
metabolites. J. Clin. Pharmacol., 1989, 29(4), 342-347. 

[91] Overdiek, H.W., Merkus, F.W. Influence of food on the bioavail-
ability of spironolactone. Clin. Pharmacol. Ther., 1986, 40(5), 531-
536. 

[92] Melander, A. Influence of food on the bioavailability of drugs. 

Clin. Pharmacokinet. 1978, 3(5), 337-351. 
[93] Cook, C.S.; Berry, L.M.; Kim, D.H.; Burton, E.G.; Hribar, J.D.; 

Zhang, L. Involvement of CYP3A in the metabolism of eplerenone 

in humans and dogs, differential metabolism by CYP3A4 and 
CYP3A5. Drug Metab. Dispos., 2002, 30(12), 1344-1351. 

[94] Ravis, W.R.; Reid, S.; Sica, D.A.; Tolbert, D. S. Pharmacokinetics 

of eplerenone after single and multiple dosing in subjects with and 
without renal impairment. J. Clin. Pharmacol., 2005, 45(7), 810-
821. 

[95] Cook, C.S.; Berry, L.M.; Bible, R.H.; Hribar, J.D.; Hajdu, E.; Liu, 
N. W. Pharmacokinetics and metabolism of [14C]eplerenone after 
oral administration to humans. Drug Metab. Dispos., 2003, 31(11), 

1448-1455. 
[96] Sica, D.A.; Gehr, T.W.; Yancy, C. Hyperkalemia, congestive heart 

failure, and aldosterone receptor antagonism. Congest. Heart Fail., 

2003, 9(4), 224-229. 
[97] Kostis, J.B.; Shelton, B.; Gosselin, G.; Goulet, C.; Hood, W.B. Jr.; 

Kohn, R.M.; Kubo, S.H.; Schron, E.; Weiss, M.B.; Willis, P. W. 

3rd.; Young, J.B.; Probstfield, J. Adverse effects of enalapril in the 
Studies of Left Ventricular Dysfunction (SOLVD). SOLVD Inves-
tigators. Am. Heart J., 1996, 131(2), 350-355. 

[98] Hiranyachattada, S.; Saetew, S.; Harris, P.J. Acute effects of cande-
sartan on rat renal haemodynamics and proximal tubular reabsorp-
tion. Clin. Exp. Pharmacol. Physiol., 2005, 32(9), 714-720. 

[99] Wang, X.; Dhalla, N.S. Modification of beta-adrenoceptor signal 
transduction pathway by genetic manipulation and heart failure. 
Mol. Cell. Biochem., 2000, 214(1-2), 131-155. 

[100] Choi, D.J.; Rockman, H.A. Beta-adrenergic receptor desensitiza-
tion in cardiac hypertrophy and heart failure. Cell. Biochem. Bio-

phys., 1999, 31(3), 321-329. 

[101] Dhalla, N.S.; Wang, X.; Sethi, R.; Das, P.K.; Beamish, R.E. Beta-
adrenergic linked signal transduction in failing hearts. Heart Fail. 

Rev., 1997, 2, 55-65. 

[102] Epstein, S.E.; Braunwald, E. The effect of beta adrenergic blockade 
on patterns of urinary sodium excretion. Studies in normal subjects 
and in patients with heart disease. Ann. Intern. Med., 1966, 65(1), 

20-27. 
[103] Bristow, M.; Port, J.D. Beta-adrenergic blockade in chronic heart 

failure. Scand. Cardiovasc. J. Suppl., 1998, 47, 45-55.  

[104] Sabbah, H.N. Biologic rationale for the use of beta-blockers in the 
treatment of heart failure. Heart Fail. Rev., 2004, 9(2), 91-97. 

[105] Krum, H. Beta-blockers in heart failure. The 'new wave' of clinical 

trials. Drugs, 1999, 58(2), 203-210.  

[106] Patterson, J.H.; Rodgers, J.E. Expanding role of beta-blockade in 

the management of chronic heart failure. Pharmacotherapy, 2003, 
23(4), 451-459.  

[107] Hjalmarson, A.; Goldstein, S.; Fagerberg, B; Wedel, H; Waagstein, 

F.; (Sweden), Kjekshus, J.; Wikstrand, J.; Westergren, G.; Thimell, 
M. Effect of metoprolol CR/XL in chronic heart failure, Metoprolol 
CR/XL Randomised Intervention Trial in Congestive Heart Failure 

(MERIT-HF) Lancet, 1999, 353(9169), 2001-2007. 
[108] The Cardiac Insufficiency Bisoprolol Study II (CIBIS-II), a ran-

domised trial. Lancet, 1999, 353(9146), 9-13. 

[109] Packer, M.; Bristow, M.R.; Cohn, J.N.; Colucci, W.S.; Fowler, 
M.B.; Gilbert, E.M.; Shusterman, N.H. The effect of carvedilol on 
morbidity and mortality in patients with chronic heart failure. U.S. 

Carvedilol Heart Failure Study Group. N. Engl. J. Med., 1996, 
334(21), 1349-1355. 

[110] Eichhorn, E.J.; Bristow, M.R. The Carvedilol Prospective Random-

ized Cumulative Survival (COPERNICUS) trial. Curr. Control 

Trials Cardiovasc. Med., 2001, 2(1), 20-23. 
[111] Cleland, J.G.; Bristow, M.R.; Erdmann, E.; Remme, W.J.; Swed-

berg, K.; Waagstein, F. Beta-blocking agents in heart failure. 
Should they be used and how? Eur. Heart J., 1996, 17(11), 1629-
1639. 

[112] Strauer, B.E. Beta-blocking agents in heart failure, modern con-
cepts and overview. J Cardiovasc. Pharmacol., 1990, 16 (Suppl 5), 
S129-S132. 

[113] Blumenfeld, J.D.; Sealey, J.E.; Mann, S.J.; Bragat, A.; Marion, R.; 
Pecker, M.S.; Sotelo, J.; August, P.; Pickering, T.G.; Laragh, J. H. 
Beta-adrenergic receptor blockade as a therapeutic approach for 
suppressing the renin-angiotensin-aldosterone system in normoten-

sive and hypertensive subjects. Am. J. Hypertens., 1999, 12(5), 
451-459. 

[114] Holmer, S.R.; Hengstenberg, C.; Mayer, B.; Engel, S.; Löwel, H.; 

Riegger, G.A.; Schunkert, H. Marked suppression of renin levels 
by beta-receptor blocker in patients treated with standard heart fail-
ure therapy, a potential mechanism of benefit from beta-blockade. 

J. Intern. Med., 2001, 249(2),167-172. 
[115] Bristow, M. Carvedilol tratment of chronic heart failure, a new era. 

Heart, 1998, 79 (Suppl 2), S31-S34. 

[116] Poole-Wilson, P.A.; Swedberg, K.; Cleland, J.G.; Di Lenarda, A.; 
Hanrath, P.; Komajda, M.; Lubsen, J.; Lutiger, B.; Metra, M.; 
Remme, W.J.; Torp-Pedersen, C.; Scherhag, A.; Skene, A. Carve-

dilol Or Metoprolol European Trial Investigators. Comparison of 
carvedilol and metoprolol on clinical outcomes in patients with 
chronic heart failure in the Carvedilol Or Metoprolol European 

Trial (COMET), randomised controlled trial. Lancet, 2003, 
362(9377), 7-13. 

[117] Weber, M.A. The role of the new beta-blockers in treating cardio-

vascular disease. Am. J. Hypertens., 2005, 18(12 Pt 2), 169S-176S. 
[118] Flather, M.D.; Shibata, M.C.; Coats, A.J.; Van Veldhuisen, D.J.; 

Parkhomenko, A.; Borbola, J.; Cohen-Solal, A.; Dumitrascu, D.; 

Ferrari, R.; Lechat, P.; Soler-Soler, J.; Tavazzi, L.; Spinarova, L.; 
Toman, J.; Bohm, M; Anker, S.D.; Thompson, S.G.; Poole-Wilson, 
P. A. SENIORS Investigators. Randomized trial to determine the 

effect of nebivolol on mortality and cardiovascular hospital admis-
sion in elderly patients with heart failure (SENIORS). Eur. Heart 

J., 2005, 26(3), 215-225. 

[119] Domanski, M.J.; Krause-Steinrauf, H.; Massie, B.M.; Deedwania, 
P.; Follmann, D.; Kovar, D.; Murray, D.; Oren, R.; Rosenberg, Y.; 
Young, J.; Zile, M.; Eichhorn, E. BEST Investigators. A compara-

tive analysis of the results from 4 trials of beta-blocker therapy for 
heart failure, BEST, CIBIS-II, MERIT-HF, and COPERNICUS. J. 

Card. Fail., 2003, 9(5), 354-363. 

[120] The Xamoterol in Severe Heart Failure Study Group. Xamoterol in 
severe heart failure. Lancet, 1990, 336(8706), 1-6.  

[121] Tang, W.H.; Francis, G. S. Polypharmacy of heart failure. Creating 

a rational pharmacotherapeutic protocol. Cardiol. Clin., 2001, 
19(4), 583-596, viii. 

[122] Haeusler, G.; Schliep, H.J.; Schelling, P.; Becker, K.H.; Klockow, 

M.; Minck, K.O.; Enenkel, H.J.; Schulze, E; Bergmann, R; Schmit-
ges, C. J. High beta 1-selectivity and favourable pharmacokinetics 
as the outstanding properties of bisoprolol. J. Cardiovasc. Pharma-

col., 1986, 8 (Suppl 11), S2-S15. 



218    Current Drug Metabolism, 2009, Vol. 10, No. 3 Saini-Chohan
 
and Hatch 

[123] Horikiri, Y.; Suzuki, T.; Mizobe, M. Pharmacokinetics and metabo-

lism of bisoprolol enantiomers in humans. J. Pharm. Sci., 1998, 
87(3), 289-294. 

[124] Horikiri, Y.; Suzuki, T.; Mizobe, M. Stereoselective metabolism of 

bisoprolol enantiomers in dogs and humans. Life. Sci., 1998, 
63(13), 1097-1108. 

[125] Talbert, R. L. Pharmacokinetics and pharmacodynamics of beta 

blockers in heart failure. Heart Fail. Rev., 2004, 9(2), 131-137. 
[126] Li, F.; Cooper, S.F.; Cote, M. Determination of the enantiomers of 

metoprolol and its major acidic metabolite in human urine by high-

performance liquid chromatography with fluorescence detection. J. 

Chromatogr. B. Biomed. Appl., 1995, 668(1), 67-75. 
[127] Kirchheiner, J.; Heesch, C.; Bauer, S.; Meisel, C.; Seringer, A.; 

Goldammer, M.; Tzvetkov, M.; Meineke, I.; Roots, I.; Brockmol-
ler, J. Impact of the ultrarapid metabolizer genotype of cytochrome 
P450 2D6 on metoprolol pharmacokinetics and pharmacodynam-

ics. Clin. Pharmacol. Ther., 2004, 76(4), 302-312. 
[128] Seeringer, A.; Brockmoller, J.; Bauer, S.; Kirchheiner, J. Enantio-

specific pharmacokinetics of metoprolol in CYP2D6 ultra-rapid 

metabolizers and correlation with exercise-induced heart rate. Eur. 

J. Clin. Pharmacol., 2008, 64(9), 883-888. 
[129] Wuttke, H.; Rau, T.; Heide, R.; Bergmann, K.; Bohm, M.; Weil, J.; 

Werner, D.; Eschenhagen, T. Increased frequency of cytochrome 
P450 2D6 poor metabolizers among patients with metoprolol-
associated adverse effects. Clin. Pharmacol. Ther., 2002, 72(4), 

429-437. 
[130] Stoschitzky, K.; Koshucharova, G.; Lercher, P.; Maier, R.; Sakot-

nik, A.; Klein, W.; Liebmann, P.M.; Lindner, W. Stereoselective 
effects of (R)- and (S)-carvedilol in humans. Chirality, 2001, 13(7), 

342-346. 
[131] Tenero, D.; Boike, S.; Boyle, D.; Ilson, B.; Fesniak, H.F.; Brozena, 

S.; Jorkasky, D. Steady-state pharmacokinetics of carvedilol and its 

enantiomers in patients with congestive heart failure. J. Clin. 

Pharmacol., 2000, 40(8), 844-853. 
[132] Neugebauer, G.; Akpan, W.; Kaufmann, B.; Reiff, K. Stereoselec-

tive disposition of carvedilol in man after intravenous and oral ad-
ministration of the racemic compound. Eur. J. Clin. Pharmacol., 
1990, 38 (Suppl 2), S108-S111. 

[133] Zhou, H.H.; Wood, A. J. Stereoselective disposition of carvedilol is 
determined by CYP2D6. Clin. Pharmacol. Ther., 1995, 57(5), 518-
524. 

[134] Sica, D. A. Sodium and water retention in heart failure and diuretic 
therapy, basic mechanisms. Cleve. Clin. J. Med., 2006, 73 (Suppl 
2),S2-S7; discussion S30-S33.  

[135] Abraham, W.T.; Schrier, R. W. Body fluid volume regulation in 
health and disease. Adv. Intern. Med., 1994, 39, 23-47. 

[136] Taylor, S. H. Diuretic therapy in congestive heart failure. Cardiol. 

Rev., 2000, 8(2), 104-114. 
[137] Reyes, A.J. Diuretics in the treatment of patients who present con-

gestive heart failure and hypertension. J. Hum. Hypertens., 2002, 

16 (Suppl 1),S104-13. 
[138] Moser, M. Diuretics in the prevention and treatment of congestive 

heart failure. Cardiovasc. Drugs Ther., 1997, 11 (Suppl 1), 273-

277.  
[139] Hunt, S.A. American College of Cardiology; American Heart As-

sociation Task Force on Practice Guidelines (Writing Committee to 

Update the 2001 Guidelines for the Evaluation and Management of 
Heart Failure). ACC/AHA 2005 guideline update for the diagnosis 
and management of chronic heart failure in the adult, a report of the 

American College of Cardiology/American Heart Association Task 
Force on Practice Guidelines (Writing Committee to Update the 
2001 Guidelines for the Evaluation and Management of Heart Fail-

ure). J. Am. Coll. Cardiol., 2005, 46(6), e1-e82. 
[140] Swedberg, K.; Cleland, J.; Dargie, H.; Drexler, H.; Follath, F.; 

Komajda, M.; Tavazzi, L.; Smiseth, O.A.; Gavazzi, A.; Haverich, 

A.; Hoes, A.; Jaarsma, T.; Korewicki, J.; Levy, S; Linde, C; Lopez-
Sendon, J.L.; Nieminen, M.S.; Pierard, L.; Remme, W. J. Task 
Force for the Diagnosis and Treatment of Chronic Heart Failure of 

the European Society of Cardiology. Guidelines for the diagnosis 
and treatment of chronic heart failure, executive summary (update 
2005), The Task Force for the Diagnosis and Treatment of Chronic 

Heart Failure of the European Society of Cardiology. Eur. Heart J., 
2005, 26(11), 1115-1140.  

[141] Brater, D.C. Pharmacology of diuretics. Am. J. Med. Sci., 2000, 

319(1), 38-50. 
[142] Lant, A. Diuretics. Clinical pharmacology and therapeutic use (Part 

I). Drugs, 1985, 29(1), 57-87.  

[143] Brater, D.C. Diuretic therapy in congestive heart failure. Congest. 

Heart Fail., 2000, 6(4), 197-201. 
[144] Chennavasin, P.; Seiwell, R.; Brater, D.C.; Liang, W. M. Pharma-

codynamic analysis of the furosemide-probenecid interaction in 
man. Kidney Int., 1979, 16(2), 187-195. 

[145] De Bruyne, L.K. Mechanisms and management of diuretic resis-

tance in congestive heart failure. Postgrad. Med. J., 2003, 79(931), 
268-271. 

[146] Ellison, D.H. Diuretic resistance, physiology and therapeutics. 

Semin. Nephrol., 1999, 19(6), 581-597.  
[147] Wang, D.J.; Gottlieb, S. S. Diuretics, still the mainstay of treat-

ment. Crit. Care Med., 2008, 36(1 Suppl), S89-S94. 

[148] Kaissling, B.; Stanton, B. A. Adaptation of distal tubule and col-
lecting duct to increased sodium delivery. I. Ultrastructure. Am. J. 

Physiol. Renal Physiol., 1988, 255(6 Pt 2), F1256-F1268. 

[149] Stanton, B.A.; Kaissling, B. Adaptation of distal tubule and collect-
ing duct to increased Na delivery. II. Na+ and K+ transport. Am. J. 

Physiol. Renal Physiol., 1988, 255(6 Pt 2), F1269-F1275. 

[150] Dormans, T.P.; Gerlag, P.G.; Russel, F.G.; Smits, P. Combination 
diuretic therapy in severe congestive heart failure. Drugs, 1998, 
55(2), 165-172. 

[151] Ward, A.; Heel, R.C. Bumetanide. A review of its pharmacody-
namic and pharmacokinetic properties and therapeutic use. Drugs, 
1984, 28(5), 426-464. 

[152] Vree, T.B.; van der Ven, A.J. Clinical consequences of the biphasic 

elimination kinetics for the diuretic effect of furosemide and its 
acyl glucuronide in humans. J. Pharm. Pharmacol., 1999, 51(3), 
239-248.  

[153] Lesne, M. Comparison of the pharmacokinetics and pharmacody-
namics of torasemide and furosemide in healthy volunteers. 
Arzneimittelforschung, 1988, 38(1A), 160-163. 

[154] Neugebauer, G; Besenfelder, E.; von Mollendorff, E. Pharmacoki-
netics and metabolism of torasemide in man. Arzneimittelfor-

schung, 1988, 38(1A), 164-166. 

[155] Knauf, H.; Mutschler, E. Clinical pharmacokinetics and pharma-
codynamics of torasemide. Clin. Pharmacokinet., 1998, 34(1), 1-
24. 

[156] Vormfelde, S.V.; Engelhardt, S.; Zirk, A.; Meineke, I.; Tuchen, F.; 
Kirchheiner, J.; Brockmoller, J. CYP2C9 polymorphisms and the 
interindividual variability in pharmacokinetics and pharmacody-

namics of the loop diuretic drug torsemide. Clin. Pharmacol. Ther., 
2004, 76(6), 557-566. 

[157] Vormfelde, S.V.; Schirmer, M.; Toliat, M.R.; Meineke, I.; Kirch-

heiner, J.; Nurnberg, P.; Brockmoller, J. Genetic variation at the 
CYP2C locus and its association with torsemide biotransformation. 
Pharmacogenom. J., 2007, 7(3), 200-211. 

[158] Heller, M. Cardiac glycosides. New/old ideas about old drugs. 
Biochem. Pharmacol., 1990, 40(5), 919-925. 

[159] Campbell, T.J.; MacDonald, P. S. Digoxin in heart failure and 

cardiac arrhythmias. Med. J. Aust., 2003, 179(2), 98-102. 
[160] Smith, T. W. The basic mechanism of inotropic action of digitalis 

glycosides. J. Pharmacol., 1984, 15 (Suppl 1), 35-51. 

[161] Packer, M. The development of positive inotropic agents for 
chronic heart failure, how have we gone astray? J. Am. Coll. Car-

diol., 1993, 4 (Suppl A), 119A-126A. 

[162] Kjeldsen, K.; Norgaard, A.; Gheorghiade, M. Myocardial Na,K-
ATPase, the molecular basis for the hemodynamic effect of digoxin 
therapy in congestive heart failure. Cardiovasc. Res., 2002, 55(4), 

710-713.  
[163] Eichhorn, E.J.; Gheorghiade, M. Digoxin. Prog. Cardiovasc. Dis., 

2002, 44(4), 251-266. 

[164] Khand, A.U.; Rankin, A.C.; Martin, W.; Taylor, J.; Gemmell, I.; 
Cleland, J. G. Carvedilol alone or in combination with digoxin for 
the management of atrial fibrillation in patients with heart failure? 

J. Am. Coll. Cardiol., 2003, 42(11), 1944-1951. 
[165] Uretsky, B.F.; Young, J.B.; Shahidi, F.E.; Yellen, L.G.; Harrison, 

M.C.; Jolly, M.K. Randomized study assessing the effect of di-

goxin withdrawal in patients with mild to moderate chronic conges-
tive heart failure, results of the PROVED trial. PROVED Investiga-
tive Group. J. Am. Coll. Cardiol., 1993, 22(4), 955-962. 



Biological Actions and Metabolism of Currently Used Pharmacological Agents Current Drug Metabolism, 2009, Vol. 10, No. 3    219 

[166] Packer, M.; Gheorghiade, M.; Young, J.B.; Costantini, P.J.; Ad-

ams, K.F.; Cody, R.J.; Smith, L.K.; Van Voorhees, L.; Gourley, 
L.A.; Jolly, M.K. Withdrawal of digoxin from patients with chronic 
heart failure treated with angiotensin-converting-enzyme inhibitors. 

RADIANCE Study. N. Engl. J. Med., 1993, 329(1), 1-7. 
[167] The Digitalis Investigation Group. The effect of digoxin on mortal-

ity and morbidity in patients with heart failure. N. Engl. J. Med., 

1997, 336 (8), 525-533. 
[168] Kelly, R.A.; Smith, T. W. Recognition and management of digitalis 

toxicity. Am. J. Cardiol., 1992, 69(18), 108G-118G; disc. 118G-

119G. 
[169] Dec, G.W. Digoxin remains useful in the management of chronic 

heart failure. Med. Clin. North Am., 2003, 87(2), 317-337. 

[170] Rathore, S.S.; Wang, Y.; Krumholz, H. M. Sex-based differences 
in the effect of digoxin for the treatment of heart failure. N. Engl. J. 

Med., 2002, 347(18), 1403-1411. 

[171] Rahimtoola, S. H. Digitalis therapy for patients in clinical heart 
failure. Circulation, 2004, 109(24), 2942-2946. 

[172] Hauptman, P.J.; Kelly, R. A. Digitalis. Circulation, 1999, 99(9), 

1265-1270. 
[173] Young, J.B.; Gheorghiade, M.; Uretsky, B.F.; Patterson, J.H.; Ad-

ams, K. F. Jr. Superiority of "triple" drug therapy in heart failure, 

insights from the PROVED and RADIANCE trials. Prospective 
Randomized Study of Ventricular Function and Efficacy of Di-
goxin. Randomized Assessment of Digoxin and Inhibitors of An-

giotensin-Converting Enzyme. J. Am. Coll. Cardiol., 1998, 32, 
686-692. 

[174] Dhaliwal A.S.; Bredikis, A.; Habib, G.; Carabello, B.A.; Rama-
subbu, K.; Bozkurt, B. Digoxin and clinical outcomes in systolic 

heart failure patients on contemporary background heart failure 
therapy. Am. J. Cardiol., 2008, 102(10), 1356-1360.  

[175] Gault, M.H.; Longerich, L.L.; Loo, J.C.; Ko, P.T.; Fine, A.; Vas-

dev, S.C.; Dawe, M. A. Digoxin biotransformation. Clin. Pharma-

col. Ther., 1984, 35 (1), 74-82. 
[176] Lindenbaum, J.; Rund, D.G.; Butler, V.P. Jr.; Tse-Eng, D.; Saha, J. 

R. Inactivation of digoxin by the gut flora, reversal by antibiotic 
therapy. N. Engl. J. Med., 1981, 305(14), 789-794. 

[177] Verschraagen, M., Koks, C.H., Schellens, J.H., Beijnen, J.H.P-

glycoprotein system as a determinant of drug interactions, the case 
of digoxin-verapamil. Pharmacol. Res., 1999, 40(4), 301-306. 

[178] Nademanee, K., Kannan, R., Hendrickson, J., Ookhtens, M., Kay, 

I., Singh, B. N. Amiodarone-digoxin interaction, clinical signifi-
cance, time course of development, potential pharmacokinetic 
mechanisms and therapeutic implications. J. Am. Coll. Cardiol., 

1984, 4(1), 111-116. 
[179] Cohn, J.N.; Archibald, D.G.; Ziesche, S.; Franciosa, J.A.; Harston, 

W.E.; Tristani, F.E.; Dunkman, W.B.; Jacobs, W.; Francis, G.S.; 

Flohr, K. H. Effect of vasodilator therapy on mortality in chronic 
congestive heart failure. Results of a Veterans Administration Co-
operative Study. N. Engl. J. Med., 1986, 314(24), 1547-1552. 

[180] Cohn, J.N.; Johnson, G.; Ziesche, S.; Cobb, F.; Francis, G.; Tris-
tani, F.; Smith, R.; Dunkman, W.B.; Loeb, H.; Wong, M. A com-
parison of enalapril with hydralazine-isosorbide dinitrate in the 

treatment of chronic congestive heart failure. N. Engl. J. Med., 
1991, 325(5), 303-310. 

[181] Thackray, S.; Coletta, A.; Jones, P.; Dunn, A.; Clark, A.L.; Cle-

land, J.G. Clinical trials update, Highlights of the Scientific Ses-
sions of Heart Failure 2001, a meeting of the Working Group on 
Heart Failure of the European Society of Cardiology. CONTAK-

CD, CHRISTMAS, OPTIME-CHF. Eur. J. Heart Fail., 2001, 3(4), 
491-494. 

[182] Antoniades, C.; Tousoulis, D.; Koumallos, N.; Marinou, K.; Stefa-

nadis, C. Levosimendan, beyond its simple inotropic effect in heart 
failure. Pharmacol. Ther., 2007, 114(2), 184-197.  

[183] Perrone, S.V.; Kaplinsky, E.J. Calcium sensitizer agents, a new 
class of inotropic agents in the treatment of decompensated heart 

failure. Int. J. Cardiol., 2005, 103(3), 248-255. 
[184] Remme, W.J. Pharmacological modulation of cardiovascular re-

modeling, a guide to heart failure therapy. Cardiovasc. Drugs 

Ther., 2003, 17(4), 349-360. 
[185] Weber, M.A. Vasopeptidase inhibitors. Lancet, 2001, 358(9292), 

1525-1532.  

 

 
 

Received: November 14, 2008 Revised: December 11, 2008 Accepted: February 11, 2009 


