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Abstract
Large clinical trials demonstrate that control of blood pressure or hyperlipidemia reduces risk for
cardiovascular events by ~30%. Factors that may further reduce remaining risk are not definitively
established. One potential target is atherosclerosis, a crucial feature in the pathogenesis of
cardiovascular diseases whose development is determined by multiple mechanism including complex
interactions between endothelial dysfunction and insulin resistance. Reciprocal relationships
between endothelial dysfunction and insulin resistance as well as cross-talk between hyperlipidemia
and the rennin–angiotensin–aldosterone system may contribute to development of atherosclerosis.
Therefore, one appealing strategy for prevention or treatment of atherosclerosis may be to
simultaneously address several risk factors with combination therapies that target multiple
pathogenic mechanisms. Combination therapy with statins, peroxisome proliferators-activated
receptor agonists, and rennin–angiotensin–aldosterone system blockers demonstrate additive
beneficial effects on endothelial dysfunction and insulin resistance when compared with
monotherapies in patients with cardiovascular risk factors. Additive beneficial effects of combined
therapy are mediated by both distinct and interrelated mechanisms, consistent with both pre-clinical
and clinical investigations. Thus, combination therapy may be an important concept in developing
more effective strategies to treat and prevent atherosclerosis, coronary heart disease, and co-morbid
metabolic disorders characterized by endothelial dysfunction and insulin resistance.
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1. Introduction
Development of atherosclerosis is regulated by multiple complex mechanisms that include
endothelial dysfunction with impaired nitric oxide (NO) bioavailability, oxidative stress,
inflammation, hemostasis, and insulin resistance [1,2]. Hypertension and hypercholesterolemia
often occur in conjunction with other metabolic risk factors including glucose intolerance,
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obesity, diabetes, and metabolic syndrome. This clustering may be due, in part, to reciprocal
relationships between endothelial dysfunction and insulin resistance [3,4]. Risk of coronary
heart disease increases in stepwise fashion with an increasing number of risk factors. Only 14%
of coronary events in hypertensive men and 5% of those in hypertensive women occur in the
absence of additional risk factors. Appropriate therapy for hypertensive patients should be
guided by risk stratification to improve the multivariate risk profile. An important emerging
concept for prevention or treatment of atherosclerosis is that pathophysiological cross-talk
between risk factors may be effectively addressed by combination therapy that simultaneously
targets several risk factors and addresses multiple molecular mechanisms [2–6]. In this review,
we discuss the rationale and importance of combination therapy in treating and preventing
cardiovascular events.

2. Differential biological effects among antihypertensive drugs
Systemic hypertension, hypercholesterolemia, and diabetes are all associated with vascular
endothelial dysfunction. Drug therapies that simultaneously improve blood pressure (BP),
endothelial dysfunction, and insulin resistance may have a larger effect to reduce risk of major
cardiovascular events when compared with drugs that target BP alone. Several large-scale
randomized clinical studies support the hypothesis that effects of antihypertensive drugs to
reduce cardiovascular events are due to actions that go beyond BP reduction per se [7–9]. For
example, the angiotensin converting enzyme (ACE) inhibitor ramipril and the angiotensin II
(Ang II) type I (AT1) receptor blocker (ARB) losartan may favorably alter endothelial and/or
vascular structure/function to mediate reduction of cardiovascular disease beyond effects due
to lowering BP per se.

We recently investigated effects of candesartan therapy in hypertensive patients [10,11].
Candesartan treatment inhibits the rennin–angiotensin–aldosterone system (RAAS), and
improves markers of oxidative stress, inflammation, and fibrionolysis independent of BP
lowering effects. Different classes of anti-hypertensive drugs have differential effects on left
ventricular hypertrophy. When effects of losartan or atenolol to alter ultrasound and
biochemical markers of myocardial fibrosis were investigated, losartan decreases myocardial
collagen content, whereas atenolol does not [12]. In another study, losartan therapy
significantly decreases collagen volume fraction [13]. Effects of losartan and atenolol on
resistance artery abnormalities in patients with essential hypertension have also been
investigated [14]. One year with either treatment reduces blood pressure to a comparable
degree. Interestingly, losartan therapy corrects the altered structure and endothelial dysfunction
of resistance arteries, whereas atenolol does not. Finally, valsartan has BP-independent effects
on left ventricular hypertrophy, reactive oxygen species formation by monocytes, and C-
reactive protein in hypertensive patients with left ventricular hypertrophy, when compared with
amlodipine [15].

It remains controversial whether reducing blood pressure with thiazide diuretics and beta
blockers may provide comparable benefit to ACE inhibitors and ARBs [16,17]. For example,
significant benefits of thiazide diuretics and beta blockers were demonstrated in the ALLHAT
study [16]. On the other hand, relative inefficacy and multiple adverse metabolic effects of
beta blockers and diuretics may make ACE inhibitors and ARBs preferable in some contexts
[17]. Nevertheless, in patients with advanced hypertensive cardiovascular disease, benefits of
lowering blood pressure may outweigh adverse metabolic events associated with diuretics and,
in some specific cases, even with beta blockers. This topic still requires further investigation
for definitive conclusions and clinical recommendations.

Many clinical studies show that widely used antihypertensive agents including thiazide
diuretics and beta blockers adversely increase blood glucose levels [18]. On the other hand,
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some intervention trials demonstrate a decrease in incidence of new-onset diabetes in
hypertensive subjects treated with ACE inhibitors or ARBs [7,9,19,20]. Although ramipril fails
to prevent the new onset of diabetes in one recent clinical study [21], ramipril prevents onset
of diabetes in another clinical study [8]. When insulin action and secretion and body fat
distribution were investigated after 12-week treatment with candesartan, hydrochlorothiazide,
and placebo in hypertensive patients [22], blood pressure was reduced to a comparable extent
by both candesartan and hydrochlorothiazide (vs placebo). However, it is important to note
that visceral fat redistribution, liver fat accumulation, low-grade inflammation, and aggravated
insulin resistance were caused by hydrochlorothiazide but not candesartan treatment.

Endothelial dysfunction associated with diabetes, obesity, metabolic syndrome, and other
insulin-resistant states is characterized by impaired NO release from endothelium with a
relative decrease in blood flow and delivery of metabolic substrates and hormones to target
tissues. Thus, improvement in endothelial function is predicted to enhance insulin sensitivity.
The RAAS has multiple effects in the central nervous system, skeletal muscle, liver, and
adipose tissue that may interfere with insulin action. Thus, RAAS dysregulation may contribute
to the evolution of insulin resistance explaining how RAAS blockades may potentially help
prevent new-onset diabetes [23]. Further, cross-talk between Ang II receptor signaling and
insulin-signaling pathways may contribute to insulin resistance [24]. RAAS blockade may
have direct effects to augment insulin-stimulated glucose uptake, promote adipogenesis [25],
and induce peroxisome proliferator-activated receptor-γ activity that promotes differentiation
of adipocytes [26]. Recently, it was reported that quinapril increases insulin-stimulated
endothelial function and vascular expression of adiponectin in patients with type 2 diabetes
[27].

We compared vascular and metabolic effects of antihypertensive drugs in hypertensive
patients. Atenolol, amlodipine, and candesartan therapies significantly reduce systolic blood
pressure when compared with ramipril. Atenolol and thiazide therapies increase triglycerides
levels to a greater extent than either ramipril or candesartan therapy alone. Ramipril and
candesartan therapies improve flow-mediated dilation and increase adiponectin levels and
insulin sensitivity measured by QUICKI (Quantitative Insulin-Sensitivity Check Index, a
surrogate measure of insulin sensitivity) to a greater extent than atenolol or thiazide therapies
alone (Fig. 1). Amlodipine therapy increases adiponectin levels more than atenolol therapy.
Ramipril, candesartan, and amlodipine therapies significantly decrease leptin levels more than
atenolol or thiazide therapies [28]. Leptin may play an important role in atherosclerotic lesion
formation and progression and also potentiate pressor effects of hyperinsulinemia in insulin
resistant states that may have deleterious cardiovascular effects in obesity [29]. Our
observations are consistent with a meta-analysis evaluating differential effects of
antihypertensive drugs on incidence of new-onset diabetes [30].

ACE inhibitors reduce Ang II production and also prevent bradykinin breakdown. However,
continued production of Ang II by non-ACE-dependent pathways may occur. ARBs inhibit
actions of AT1 receptors resulting in compensatory increases in Ang II that may have biological
consequences mediated by other receptors distinct from AT1 receptors [31]. Although ACE
inhibitor and ARBs target the RAAS by distinct mechanisms, both give similar clinical
advantage except with respect to myocardial infarction (MI) (ARB-MI paradox) [32,33]. As a
consequence of AT1 blockade, ARBs increase Ang II levels several-fold above baseline by
uncoupling a negative-feedback loop. Increased levels of circulating Ang II result in unopposed
stimulation of the AT2 receptors. AT2 receptor stimulation may be harmful under certain
circumstances through mediation of growth promotion, fibrosis, and hypertrophy, as well as
proatherogenic and proinflammatory effects [34,35]. Ang II may promote plaque rupture by
augmenting matrix metalloproteinase-1 in an AT2-dependent fashion and by preventing
growth of vascular smooth muscle cells with reduced collagen deposition and additional
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cellular apoptosis within advanced plaques [36]. These data raise the possibility that ARBs
may promote plaque vulnerability and propensity to rupture. Indeed, the reduction in incidence
of both MI and cardiovascular death seen with ACE inhibitors is significantly greater than that
achieved by ARBs in patients [37–39]. However, new trials ONTARGET/TRANSCEND
(ONgoing Telmisartan Alone and in combination with Ramipril Global Endpoint Trial/
Telmisartan Randomized AssessmeNt Study in ACEiNtolerant subjects with cardiovascular
Disease) report that ARBs give results comparable to ACE inhibitors with respect to MI and
cardiovascular death [40,41].

3. Reciprocal relationships between insulin resistance and endothelial
dysfunction

Endothelial dysfunction and insulin resistance play crucial roles in the pathogenesis of
atherosclerosis and related cardiovascular diseases. Mechanisms contributing independently
to both insulin resistance and endothelial dysfunction include glucotoxicity, lipotoxicity, and
inflammation [2,3,42,43]. In metabolic and cardiovascular diseases associated with insulin
resistance, impairment in the phosphatidylinositol 3-kinase branch of insulin-signaling
pathways in both vascular and metabolic tissues contributes to synergistic coupling of insulin
resistance and endothelial dysfunction [3]. These reciprocal relationships between insulin
resistance and endothelial dysfunction are present in the spontaneously hypertensive rat, a
genetic model with characteristics of the human metabolic syndrome [44,45]. In transgenic
rats, increased AT1 receptor/NADPH oxidase activation/reactive oxygen species contributes
to vascular insulin resistance, endothelial dysfunction, apoptosis, and inflammation [46]. The
endogenous NO synthase inhibitor asymmetrical dimethylarginine reduces insulin sensitivity,
consistent with previous observations that NO plays a role in insulin sensitivity [47]. In clinical
studies, there are positive correlations between insulin resistance with respect to vasodilator
actions and metabolic insulin resistance in diabetic and obese subjects [48].

4. Additive beneficial effects on atherosclerosis with combination treatment
4.1. Cross-talk between statin and RAAS: statins combined with ACE inhibitors or ARBs vs
monotherapy

4.1.1. Pre-clinical evidence—Statins improve endothelial function via stimulation of NO
synthase activity and mediate antioxidant effects that result in enhanced NO bioactivity [1,
49]. RAAS blockade also improves endothelial function [10,11]. In addition, low-density
lipoprotein (LDL) induces expression of AT1 receptor. Hypercholesterolemic rabbits display
enhanced vascular expression of AT1 receptors that mediate increased activity of Ang II
[50]. Hypercholesterolemia leads to a significant increase in Ang II-induced BP elevation.
Statins that reverses the elevated BP response to Ang II infusion is accompanied by decreased
AT1 receptor density [51]. Statins also have indirect NOX inhibitory action through inhibition
of Rac isoprenylation [52] and attenuate oxidative stress through inhibition of Rac1 [53].
Atorvastatin protects against cerebral infarction via inhibition of NADPH oxidase-derived
superoxide in transient focal ischemia [54]. Cerivastatin may act by inhibiting the prenylation,
membrane anchoring, and subsequent activation of Ras proteins [55]. Lovastatin also
stimulates protein kinase B/Akt kinase activity, and Akt-dependent phosphorylation forces p21
in the cytoplasm, where it inhibits Rhokinases contributing to the suppression of cardiomyocyte
hypertrophy [56] (Fig. 2).

Hypercholesterolemia and hypertension have synergistic deleterious effects on coronary
endothelial function [57]. RAAS blockade inhibits binding of Ang II to the AT1 receptor,
resulting in decreased production of oxygen-derived free radicals. Statins inhibit upregulation
of AT1 receptor expression. Furthermore, statins inhibit production of oxygen-derived free
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radicals by reducing LDL, increasing NO synthesis, and promoting antioxidant effects.
Therefore, combined therapy with statins and RAAS blockade may have additive beneficial
effects on endothelial function, insulin resistance, and atherosclerosis [4,5] (Fig. 2). Indeed, in
apolipoprotein E null mice fed with a high-cholesterol diet, neither valsartan nor fluvastatin
had any effect on BP or cholesterol level. However, combined therapy with both drugs
decreases plaque area and lipid deposition after 10 weeks [58].

4.1.2. Clinical evidence—We reported vascular and metabolic responses to therapies with
statin and RAAS blockade alone or in combination in hypertensive, hypercholesterolemic
patients. Simvastatin combined with losartan improves endothelial function, reduces
inflammatory markers, and improves insulin sensitivity to a greater extent than monotherapy
with either drug in hypercholesterolemic, hypertensive patients [59,60]. In another study,
additive beneficial effects of combined therapy with a statin and the ACE inhibitor ramipril
was investigated in hypercholesterolemic patients with type 2 diabetes [61]. Combined therapy
with ramipril and simvastatin has beneficial additive effects on tissue factor activity and
prothrombin fragment 1 + 2 in patients with type 2 diabetes [62]. In type 2 diabetic patients,
short-term atorvastatin combined with irbesartan treatment was more effective than either
monotherapy [63]. On-pump coronary artery bypass graft surgery is associated with an intense
systemic inflammatory response that is almost completely prevented by early treatment with
high doses of ACE inhibitors and statins [64].

4.2. Cross-talk between PPARs and RAAS: PPARs combined with ACE inhibitors or ARBs
vs monotherapy

4.2.1. Pre-clinical evidence—Fenofibrate, a synthetic ligand of peroxisome proliferators-
activated receptor (PPAR) α, reduces triglycerides and increases high-density lipoprotein
cholesterol. Fenofibrate improves endothelial function via stimulation of NO synthase activity
and mediates antioxidant effects that result in enhanced NO bioactivity [65,66]. Fenofibrate
lowers abdominal and skeletal adiposity and improves insulin sensitivity in OLETF rats [67].
The expression of visfatin and adiponectin mRNA in visceral fat depots is elevated by
rosiglitazone or fenofibrate treatment (when compared with untreated OLETF rats). Moreover,
tumor necrosis factor-α mRNA is downregulated by these drugs [68].

Thiazolidinediones (PPARγ agonists) improve insulin resistance in patients with type 2
diabetes while simultaneously exerting a broad spectrum of anti-atherogenic effects in vitro
and in animal models of atherosclerosis [69–71]. PPARγ ligands increase endothelial NO
release without altering endothelial NO synthase expression [72]. Superoxide anion radical
decreases NO bioavailability. NADPH oxidase produces superoxide anion radical thereby
contributing to NO catabolism in endothelium. PPARγ ligands decrease NADPH-dependent
superoxide anion radical production in human umbilical vein endothelial cells and also reduce
relative mRNA levels of NADPH oxidase subunits. PPARγ ligands stimulate both activity and
expression of Cu/Zn-SOD (superoxide dismutase). Thus, in addition to direct effects on NO
production in endothelial cells, PPARγ ligands may enhance NO bioavailability, in part, by
altering endothelial superoxide anion radical metabolism through suppression of NADPH
oxidase and induction of Cu/Zn-SOD. These findings illuminate additional molecular
mechanisms by which PPARγ ligands may directly alter vascular endothelial function [73]
(Fig. 2). Also, PPARγ agonists lower BP in diabetic patients and animal models, at least
partially independent of their insulin-sensitizing effects [74,75]. This blood pressure-lowering
effect is more moderate in human patients than in animal models [76,77].

Cross-talk exists between signaling pathways regulated by PPARγ or PPARγ and Ang II [26,
78–80]. Through activation of NF-κB, Ang II stimulates proinflammatory gene expression and
downregulation of PPARγ and PPARγ. This promotes vascular inflammation and acceleration
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of atherosclerosis in apolipoprotein E knockout mice [78]. PPARγ activators attenuate
development of hypertension, correct structural abnormalities, and improve endothelial
dysfunction induced by Ang II, a potent endogenous vasoconstrictor. The effect of fenofibrate
to oppose the elevated BP response to Ang II infusion is accompanied by decreases in oxidative
stress and inflammation in the vascular wall [79]. PPARγ ligands reduce AT1 receptor mRNA
and protein [80]. High-density lipoprotein also reduces hyperglycemia-induced upregulation
of AT1 receptor in human aortic endothelial cells. This is associated with decreases in reactive
oxygen species, NAD(P)H oxidase activity and responsiveness to Ang II [81] (Fig. 2).
Therefore, combined therapy with PPARγ or PPARγ and RAAS blockade has additive
beneficial effects on endothelial function, insulin resistance, and atherosclerosis [4,5] (Fig. 2).
Indeed, candesartan or pioglitazone protects against hypertensive cardiovascular damage
without lowering BP while combination therapy exerts greater beneficial effects than
monotherapy with either drug on hypertensive cardiovascular injury [82].

4.2.2. Clinical evidence—Fenofibrate therapy significantly changes lipoprotein levels,
improves endothelial function, reduces markers of inflammation and hemostasis, and raises
adiponectin levels in patients with hypertriglyceridemia [83]. We investigated vascular and
metabolic responses to either fenofibrate or candesartan either alone or in combination in
hypertriglyceridemic, hypertensive patients. Fenofibrate combined with candesartan improves
endothelial function and reduces inflammatory markers to a greater extent than monotherapy
in hypertriglyceridemic, hypertensive patients [84].

The Fenofibrate Intervention and Event Lowering in Diabetes (FIELD) study assesses the
effect of fenofibrate on cardiovascular disease events in 9795 participants aged 50–75 years,
with type 2 diabetes mellitus. Fenofibrate does not significantly reduce the risk of the primary
outcome of coronary events. It does reduce total cardiovascular events, mainly due to fewer
non-fatal myocardial infarctions and revascularizations [85]. There are several important
potential confounding factors to consider when interpreting the results of the FIELD study.
These include normal to mildly elevated mean basal triglycerides levels in study subjects, a
high dropout rate, uneven allocation of patients between placebo (17%) and fenofibrate (8%)
treatment, and concurrent treatment with other lipid-lowering agents (predominantly statins)
and cardioprotective therapies such as aspirin, beta blockers, and ACE inhibitors [66,86]. Thus,
higher rate of starting statin therapy in patients allocated to placebo may mask a moderately
larger treatment benefit. Because of these substantial limitations, conclusions drawn from the
FIELD study regarding fibrates need to be interpreted cautiously.

In nondiabetic patients with low high-density lipoprotein cholesterol and metabolic syndrome,
pioglitazone treatment significantly raises high-density lipoprotein cholesterol and favorably
affects lipoprotein particle size, markers of inflammation, and adipokines without changing
triglycerides, LDL cholesterol, or weight [87].

Thiazolidinediones also exert beneficial effects on other parameters of the metabolic syndrome.
In particular, a considerable number of animal and human studies show that thiazolidinediones
treatment results in small but significant reductions of BP [88,89]. A meta-analysis of the effect
of thiazolidinediones on BP with 37 clinical trials has been reported. Trials with independent-
group design and trials with pre–post design were evaluated separately. When compared with
baseline, thiazolidinediones lower systolic BP by 4.70 mmHg (95% confidence interval, −6.13
to −3.27) and diastolic BP by 3.79 mmHg (95% confidence interval, −5.82 to −1.77). When
compared with placebo, thiazolidinediones lower systolic BP by 3.47 mmHg (95% confidence
interval, −4.91 to −2.02) and diastolic BP by 1.84 mmHg (95% confidence interval, −3.43 to
−0.25). Thus, thiazolidinediones lower both systolic and diastolic BP, albeit the BP-lowering
effect is small [90].
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5. Clinical implication
Dysregulation of RAAS is a critical feature of the pathogenesis of atherosclerosis. This may
contribute to reciprocal relationships between insulin resistance and endothelial dysfunction.
Cross-talk between hyperlipidemia and RAAS occurs at multiple points. Combined therapy
with statins, PPARs, and RAAS blockers demonstrate additive beneficial effects on endothelial
dysfunction and insulin resistance when compared with monotherapies in patients with
cardiovascular risk factors. This is mediated by both distinct and interrelated mechanisms (Fig.
2). We report the effect of such combined therapy mainly on surrogate parameters of
arteriosclerosis such as endothelial function and other biomarkers. However, there is no direct
evidence that improvement in endothelial function is associated with improved survival.
Nevertheless, several studies have shown that a single measurement of endothelial function in
both the coronary and peripheral circulation is of prognostic value in various clinical cohorts
including patients with established coronary disease and those with atypical symptoms [91,
92]. In a large population of young adults, strong inverse relationships exist between
endothelial-dependent dilation and structural arterial disease (by carotid intima media
thickness) after multivariable adjustment for traditional risk factors [93]. This is most striking
in those with the worst endothelial-dependent dilation. Thus, a protective role for the quiescent
endothelial phenotype may exist and complementary use of endothelial function testing and
structural measurements for characterization of early disease may be beneficial [94]. With
respect to issues such as improved survival, further investigation in larger prospective studies
is required [95].

Statins may significantly improve blood pressure control in subjects with both
hypercholesterolemia and uncontrolled hypertension. On the other hand, statins may not
improve blood pressure control in subjects with both hypercholesterolemia and controlled
hypertension [96]. Indeed, pravastatin and atorvastatin did not reduce blood pressure in patients
taking antihypertensive drugs in large clinical trials. Nevertheless, statins markedly reduce the
burden of cardiovascular disease [97,98]. Additive beneficial effects of combined therapy are
consistent with previous pre-clinical and clinical investigations [99–101]. For example, low
LDL cholesterol and systolic BP beneficially impact coronary atherosclerosis. However, the
association between intensive control of both risk factors and coronary plaque progression
remains unclear. Changes in atheroma burden monitored by intravascular ultrasound were
studied in 3437 patients with coronary artery disease. Very low LDL cholesterol and normal
systolic BP are associated with the slowest progression of coronary atherosclerosis [102].
These findings suggest the need for intensive control of hypercholesterolemia and hypertension
in patients with coronary artery disease.

There is a strong scientific rationale for recommending combination therapy to treat or prevent
atherosclerosis and coronary heart disease [6,103–106]. Combined therapy may be an
important emerging concept in developing optimal treatment and prevention strategies for
atherosclerosis, coronary heart disease, and co-morbid metabolic disorders characterized by
endothelial dysfunction and insulin resistance.
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Fig. 1.
Ramipril and candesartan therapies significantly increased adiponectin levels to greater extent
than atenolol or thiazide therapies. Amlodipine therapy significantly increased adiponectin
levels to a greater extent than atenolol therapy. Ramipril and candesartan therapies significantly
increased insulin sensitivity [as assessed by Quantitative Insulin-Sensitivity Check Index
(QUICKI)] to a greater extent than atenolol or thiazide therapies. Pl, placebo; At, atenolol;
Am, amlodipine, Th, thiazide; Ra, ramipril; Ca, candesartan. Standard error of the mean is
identified by the bars. Reproduced with permission from Koh et al. [28].
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Fig. 2.
Dysregulation of the rennin–angiotensin–aldosterone system (RAAS) may contribute to the
pathogenesis of atherosclerosis. Angiotensin II binds to angiotensin II type I receptor (AT1R)
resulting in enzymatic production of oxygen-derived free radicals. This leads to dissociation
of inhibitory factor, IκB with subsequent activation of NF-κB that stimulates expression of
proinflammatory genes, chemokines, and cytokines. Cross-talk between hyperlipidemia and
RAAS at multiple steps is illustrated here. This may help to explain why combined therapy
with statins, peroxisome proliferators-activated receptors (PPARs), and RAAS blockade have
additive beneficial effects on endothelial dysfunction and insulin resistance when compared
with monotherapies in patients with cardiovascular risk factors. Modified from Dr. Koh [1,4,
5,6].
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