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19.1 � Introduction

Arteriosclerosis of the coronary and peripheral vasculature is the undisputed leading 
cause of death worldwide resulting from cardiovascular disease, peripheral vascular 
disease, and stroke. Identified risk factors for cardiovascular disease and the suc-
cessful mitigation of these risk factors in reducing the risk for cardiovascular dis-
ease has been the topic of recent state-of-the-art reviews (WHO et al. 2011; Smith 
et al. 2012; Lloyd-Jones 2010). Effective treatment of lipid disorders as a risk factor 
through combinations of diet and drug therapy has led to the dramatic reduction in 
the risk of cardiovascular disease. Despite the improvements in therapies, there is 
still residual cardiovascular risk which remains untreated and drives the search and 
development for additional treatments of these grievous illnesses.

Deposition of cholesterol into the vessel wall is a key factor in the process of 
arteriosclerosis. Almost all lipoproteins are an integral part of cholesterol transport 
processes forming the core of circulating lipids and are central in the pathogenesis 
of cardiovascular disease. Therefore, it is no surprise that lipoproteins represent a 
surrogate for cardiovascular risk, and the rich use of mathematical models describ-
ing lipoprotein kinetics have been investigated for nearly the past 50 years. These 
efforts represent some of the earliest applications of mathematical modeling to un-
derstand the basic physiology of lipoprotein metabolism, the influence of disease, 
and mechanism of action of drug treatments modifying these pathways.
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The application of pharmacometrics in hyperlipidemia is an emerging area. Both 
semi-mechanistic and empirical pharmacokinetic and pharmacodynamic (PK/PD) 
models have been developed to describe dose response and time course of effects 
for lipids. The application of pharmacometrics has been shown to effectively guide 
drug development decision making by accurately simulating trials, optimizing 
dosing regimens, and informing early termination of programs with unacceptable 
risk to benefit ratios. These approaches can support the development of the next 
wave of new treatments to meet therapeutic goals and further reduce cardiovascular 
risk. This chapter provides an overview of quantitative lipid metabolism, current 
treatments, and reviews the current state-of-the-art PK/PD modeling as applied to 
hyperlipidemia treatments.

19.2 � Overview of Biology of Lipid Disorders

19.2.1 � Lipoprotein Metabolism Overview

Lipoproteins are spherical molecules consisting of apolipoproteins, cholesterol, tri-
glycerides, and phospholipids and serve to carry lipids with limited aqueous solu-
bility in plasma water. They are characterized by their density, lipid composition, 
and the associated lipoproteins, which provide specificity with respect to functional 
interactions (Table 19.1).

Lipoprotein metabolism can be conveniently divided into two general pathways 
and are discussed in greater detail below. In healthy individuals, the first pathway 
functions to distribute cholesterol whereas the second pathway is often referred to 
as “reverse cholesterol transport” which returns cholesterol from the periphery for 
reuse and/or elimination. In individuals with lipid disorders, these two pathways 
are hypothesized to contribute to the degree of vascular pathology by either leading 
to deposition of excess cholesterol into or participating in removal of cholesterol 
from the vessel walls. Therefore, from a quantitative pharmacology perspective, the 
understanding of lipid and lipoprotein kinetics describes the process of lipid move-
ment providing mechanistic insight into normal and pathological processes. In this 
manner, lipoprotein kinetics can help to characterize the mechanism of action and 
magnitude of treatment effects.

Mathematical models are applied to quantify lipoprotein metabolism. Kinetic 
parameters of production and elimination of circulating lipids, their precursors, 
and lipoproteins are obtained through direct measurement of either production or 
elimination of these species using tracers. These tracers can be either stable-labeled 
or radiolabeled molecules. The tracers can be either incorporated into lipids and 
lipoproteins inside the body, or labeled outside the body and then reintroduced. 
There are pros and cons for each approach depending on the objective of the study. 
The fundamental principles and major assumptions behind these quantitative tracer 
studies are: (1) steady-state conditions (i.e., zero-order synthesis and first-order 
elimination), (2) the tracer amount does not perturb the system, and (3) the tracer is 
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representative of the disposition of the tracee. The data are fit using compartmental 
analyses in order to derive either the production and/or elimination rates directly or 
from a steady-state assumption. In older studies, exogenously radiolabeled lipopro-
teins were used. With the advent of sensitive mass spectrometry, incorporation of 
stable isotopes into proteins has been utilized with greater frequency over the past 
20 years. Excellent reviews of the methodologies, models, and assumptions have 
been published (Barrett et al. 1996; Ji et al. 2006).

19.2.2 � Production and Transport of Exogenous  
and Endogenous Lipids

A schematic describing the transport of exogenous or dietary lipids as well as the de 
novo synthesis of new lipids and their incorporation into lipoproteins is depicted in 
Fig. 19.1. Dietary lipids are absorbed and incorporated into nascent chylomicrons 
containing apo B48, apo AI, apo AII, and apo AIV. The mature chylomicron is a 
sphere consisting of primarily triglyceride with smaller amounts of phospholipids 
and free cholesterol. These particles are transported into the circulation via the tho-
racic duct. Once in circulation, apo C proteins are transferred from high-density 
lipoprotein (HDL). Apo CII appears to be responsible for the subsequent hydrolysis 
of triglycerides through their activation of lipoprotein lipase (LPL) residing in the 
capillaries of muscle and adipose tissues where the resulting fatty acids can be uti-
lized. Once hydrolysis has occurred, apo CI and apo CII are transferred back to the 
surface of HDL. Apo E is then picked up by these chylomicron remnants that can 
be recognized by low-density lipoprotein receptors (LDLR). In this manner, the free 
cholesterol and phospholipids from chylomicron remnants are supplied to the liver.

Through the uptake and/or synthesis of triglycerides and cholesterol, the liver 
produces the majority of endogenous lipids supplying cholesterol to peripheral tis-
sues. These lipids are combined with phospholipids and apo B100 and then secreted 
into the circulation as nascent very low-density lipoprotein (VLDL) particles. Other 
apolipoproteins (apo CI, apo CII, apo E) are inserted into VLDL particles. As with 
chylomicrons, VLDL is subject to action by LPL to intermediate-density lipoprotein 

Table 19.1   Summary of major circulating lipoproteins
Lipoprotein Density (g/dL) Approximate 

molecular 
mass (kD)

Lipid composition (%) Associated 
apolipoprotein

TG Chol Phospholipid
Chylomicron 0.95 400,000 80–95 2–7 3–9 B48, C, E, A
VLDL 0.95–1.006 10,000–80,000 55–80 5–15 10–20 B100, C, E
IDL 1.006–1.019 5000–10,000 20–50 20–40 15–25 B100, C, E
LDL 1.019–1.063 2300 5–15 40–50 20–25 B100
HDL 1.063–1.210 1700–3600 5–10 15–25 20–30 A, C, E

Chol cholesterol, HDL high-density lipoprotein, IDL intermediate-density lipoprotein, LDL low-
density lipoprotein, TG triglycerides, VLDL very-low-density lipoprotein
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(IDL; VLDL remnants). These particles are then converted to smaller LDL particles 
through the action of hepatic triglyceride lipase and apo E. The liver takes up most 
LDL and removal of LDL (and other apo B100 particles) occurs through the LDLR 
on the hepatocyte. The primary signal in the regulation of hepatic cholesterol pro-
duction for secretion and hepatic cholesterol uptake by LDL and interaction with 
LDLR is the intracellular concentration of cholesterol. This regulation is mediated 
through transcription factors primarily sterol regulatory element-binding proteins 
(SREBP). This level of regulation has been reviewed in depth and may serve as the 
basis of a model-based systems biology approach to understanding the effects of 
dyslipidemia and treatment on circulating cholesterol. (Brown and Goldstein 2006; 
Dietschy 1997; van der Wulp et. al. 2012)

19.2.3 � Reverse Cholesterol Transport

The concept of reverse cholesterol transport (RCT) was proposed half a century ago 
in describing the process of the lecithin-cholesterol acyltransferase enzyme (LCAT) 
activity (Glomset and Wright 1964). The role of HDL in the removal and return of 
excess cholesterol to the liver for reuse and efflux from the body is continuing to 
evolve and a current understanding is shown in Fig. 19.2.

The RCT pathway consists of lipoproteins with apo AI as their core and is be-
lieved to be protective against atherosclerosis. Pre-beta (electorphoretic mobility) 

Fig. 19.1   Absorption and production of cholesterol. chylomicrons ( CM), chylomicron remnants 
( CM Rem), VLDL remnants ( VLDL Rem), LDL-receptor ( LDLR), autosomal recessive hyper-
cholesterolemia ( ARH), ATP-binding cassette family G type 5 or 8 ( ABCG5/8). (Reprinted from 
Rader DJ et al (2003) Monogenic hypercholesterolemia: new insights into pathogenesis and treat-
ment. J Clin Invest 111/12:1796, permission conveyed through Copyright Clearance Center, Inc.)
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particles arise from secretion by the intestine and liver or are generated from chylo-
microns which have undergone lipolysis or removal of cholesteryl ester from HDL2 
particles. The role of these discoid shaped particles is to accept unesterified cho-
lesterol from the peripheral tissues. Cholesterol appears to be transported by mem-
bers of the ATP-binding cassette transporter family from peripheral tissues includ-
ing macrophages. These identified transporters include ABCA1 and ABCG1. The 
molecular mechanisms of HDL function and the associated cellular events by which 
peripheral lipid homeostasis is achieved is the subject of a recent review (Orso et al. 
2011). Once the cholesterol is transferred to HDL particles, they undergo esterifica-
tion through the action of lecithin-cholesterol acyltransferase (LCAT) leading to 
the development of spherical shaped particles. These maturing HDL particles pack 
cholesteryl esters into the core, and continue to grow in size while reducing their 
density. These particles continue to mature into HDL2 and HDL3 particles which 
constitute the largest amount of circulating HDLs. The further expansion of cho-
lesteryl ester (CE) into the core of these HDL particles occurs as a result of apo E 
incorporation.

The steps in elimination of the acquired HDL cholesterol from the plasma in hu-
mans involve a number of pathways. These include the transfer of CE from HDL to 
VLDL/LDL particles by the action of cholesteryl ester transfer protein (CETP) and 
subsequent recycling to the periphery or delivery to the liver through the LDLR, di-

Fig. 19.2   Reverse cholesterol transport. Efflux esterification hepatic uptake fecal excretion. cho-
lesteryl ester ( CE), cholesteryl ester transfer protein ( CETP), high-density lipoprotein ( HDL), 
low-density lipoprotein ( LDL), very-low-density lipoprotein ( VLDL), LDL-receptor ( LDLR), tri-
glyceride ( TG), lecithin-cholesterol acyltransferase ( LCAT), apolipoprotein ( A1), apolipoprotein 
( B), apolipoprotein ( C2), apolipoprotein ( E), scavenger receptor ( SR-BI), free cholesterol ( FC), 
ATP-binding cassette family A or G type 1 ( ABC A/G1)
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rect removal of apo AI-containing particles through the hepatic scavenger receptor 
class B type I (SR-BI) and direct interaction of the apo E-containing HDL particles 
with the LDLR. Cholesterol in the liver is then subject to excretion into the bile and 
the feces. It is estimated that approximately 90 % of excreted cholesterol is through 
the formation of bile acids whose metabolic path is tightly and coordinately regu-
lated by orphan nuclear receptors (Russell 2009; Repa and Mangelsdorf 2000). The 
remaining 10 % is through direct secretion into the bile by canilicular transporters 
and incorporation in the synthesis of biologically active steroids.

19.3 � Linkage Between LDL-C and Cardiovascular Risk

A wide range of research methods including experimental animal models, laborato-
ry investigations, epidemiology, clinical, and genetic studies indicate that elevated 
LDL-C is a major cause of coronary heart disease (CHD; National Heart, Lung, and 
Blood Institute (NHLBI) 2004). The linkage between other lipoproteins and CHD 
is less clear. Given the strong linkage, LDL-C is a standard primary endpoint for 
clinical trials evaluating the efficacy of new hypercholesterolemia drugs (European 
Medicines Agency 2010).

Using meta-analysis of trial level data involving ten controlled clinical stud-
ies, there was a direct relationship between on-treatment LDL-C and absolute risk 
of CHD in the primary and secondary prevention settings (O’Keefe et al. 2004). 
Figure 19.3 shows the relationship between LDL-C and CHD event rates in second-
ary prevention trials.

Fig. 19.3   Linkage between LDL-C and CHD events in secondary prevention trials. (Reprinted 
from O’Keefe et al. 2004, © 2004 by the American College of Cardiology Foundation)
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Another large-scale meta-analysis provides additional support for the linkage 
between LDL-C and CHD risk reduction (CTT Collaboration 2010). In a meta-
analysis of individual data involving 170,000 patients participating in controlled 
clinical studies, relative risk reduction was calculated from studies investigating ei-
ther high- versus low-dose statin or statin versus placebo. The key findings from the 
analysis indicated that a reduction in LDL-C of 38.6 mg/dL (or 1 mmol/L) reduced 
CHD risk by ~ 20 % for both high versus low statin and statin versus placebo trials. 
The authors conclude that the primary goal for patients at risk of CHD should be to 
achieve the largest LDL-C reduction possible.

19.4 � Mechanisms of Action of Hyperlipidemia Therapies

A number of therapeutic options exist for the treatment of hyperlipidemia. All of 
the therapies lower cholesterol but have differential effects on lipoprotein path-
ways. Therapies with different mechanisms of action are often combined to achieve 
clinical goals. Individual classes of hyperlipidemia treatments are discussed below. 
Figure 19.4 highlights the mechanism of action of hyperlipidemia treatments.

Fig. 19.4   Mechanism of action for hyperlipidemia drugs: anion exchange resins ( A), bile acids 
( BA), cholesteryl ester ( CE), high-density lipoprotein ( HDL), 3-hydroxy-3-methylglutaryl coen-
zyme A ( HMG CoA), low-density lipoprotein ( LDL), LDL-receptor ( LDL-R), very-low-density 
lipoprotein ( VLDL), triglyceride ( TG). (Reprinted from Neal MJ (2012) Medical pharmacology at 
a glance, 7th edn, with permission from John Wiley and Sons)
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Statins (including generic names of lovastatin, rosuvastatin, atorvastatin, sim-
vastatin, pravastatin, pitavastatin, fluvastatin) inhibit 3-hydroxy-3-methylglutaryl 
coenzyme A (HMG-CoA) reductase. Their role in lowering LDL-C involves inhibi-
tion of HMG-CoA reductase, preventing the conversion of HMG-CoA to mevalonic 
acid (MVA), and further subsequent reactions involved in LDL-C synthesis in hepa-
tocytes of the liver (Istvan and Deisenhofer 2001). Statin treatment also induces de-
creases in intracellular cholesterol and increased cell-surface expression of LDLR 
(Goldstein and Brown 2009).

Ezetimibe (Zetia) limits the absorption of dietary cholesterol across the intestine 
into circulation (Merck, Zetia highlights of Prescribing Information 2013; Sweeney 
and Johnson 2007; Van Heek et al. 2000). Limiting dietary cholesterol results in a 
reduced production of VLDL and LDL-C. Ezetimibe is also available in a combina-
tion product known as Vytorin (simvastatin/ezetimibe).

Fibrates are a class of drugs (such as fenofibrate, gemfibrozil, fenofibric acid, 
and others) that work via oxidation of fatty acids resulting in multiple pharmaco-
logical effects reducing triglycerides and LDL-C in circulation. In the nuclei of liver 
hepatocytes, fibrates interact with the peroxisome proliferator-activated receptor 
alpha (PPAR-α), a nuclear transcription factor, and induce lipoprotein lipolysis, 
removal of LDL-C by altering affinity for LDL-C receptor, and increasing HDL-C 
production (Staels et al. 1998; Caslake et al. 1993).

Niacin also works to increase HDL-C, however, the mechanism by which niacin 
alters lipid profiles has not been well defined (AbbVie, Niaspan Highlights of Pre-
scribing Information 2013). The mechanism may involve several actions including 
partial inhibition of release of free fatty acids from adipose tissue, and increased 
LPL activity, which may increase the rate of chylomicron triglyceride removal from 
plasma. Niacin decreases the rate of hepatic synthesis of VLDL and LDL, and does 
not appear to affect fecal excretion of fats, sterols, or bile acids. The benefit of 
niacin therapy on cardiovascular risk is unclear in the current era of statins and 
ezetimibe as approved therapies. Investigation of niacin, prior to the availability of 
statins, did demonstrate a benefit (Canner et al. 1986). However, a 2011 study con-
ducted by the NHLBI investigating adding high-dose, extended-release niacin to 
statin treatment was ended early. Results showed the combination treatment did not 
reduce the risk of cardiovascular events, including heart attacks and stroke (NHLBI 
2011). Most recently, niacin failed to show an additional benefit when added to 
simvastatin (Merck press release 2012).

Omega-3-acid ethyl esters are also prescribed as treatment for lowering LDL-
C and triglycerides. The mechanism of action of omega-3-acid ethyl esters is not 
well understood (Glaxo Smith Kline, Lovaza Highlights of Prescribing Information 
2013). Potential mechanisms may include inhibition of acyl-CoA:1,2-diacylglyc-
erol acyltransferase, increased mitochondrial and peroxisomal β-oxidation in the 
liver, decreased lipogenesis in the liver, or increased plasma LPL activity. Omega-
3-acid ethyl esters also may reduce the synthesis of triglycerides in the liver.

Mipomersen (Kynamro™) is an antisense oligonucleotide inhibitor of apolipo-
protein B-100 (apo B100) ribonucleic acid synthesis inhibiting apo B100 protein 
synthesis (Isis, Kynamro™ Highlights of Prescribing Information 2013). Reduced 
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protein synthesis of apo B100 results in reduced production of VLDL, LDL, and 
cholesterol.

Lomitapide (Juxtapid™) directly binds and inhibits microsomal triglyceride 
transfer protein (MTP), which resides in the lumen of the endoplasmic reticulum, 
thereby preventing the assembly of apo B100-containing lipoproteins in enterocytes 
and hepatocytes. This action inhibits the synthesis of chylomicrons and VLDL lead-
ing to reduced levels of LDL-C in circulation (Aegerion, Juxtapid Highlights of 
Prescribing Information 2013).

Inhibitors of CETP are being investigated for the treatment of dyslipidemia. As 
CETP is involved in the exchange of cholesteryl esters from HDL-C to VLDL, 
inhibition of CETP increases HDL-C, and may variably reduce LDL-C (Barter and 
Rye 2012). Preclinical efficacy studies have demonstrated that a CETP inhibitor can 
inhibit the progression of atherosclerosis in rabbits (Okamoto et al. 2000). This is 
a challenging area of investigation as two development programs have been halted 
due to safety outcomes or lack of efficacy (Barter and Rye 2012). Programs for 
at least two molecules (evacetrapib and anacetrapib) are still ongoing at this time 
(Nicholls et al. 2011; Bloomfield et al. 2009).

Mutations in the gene for proprotein convertase subtilisin/kexin type 9 (PCSK9) 
were identified as the third locus of autosomal dominant hypercholesterolemia 
(Abifadel et al. 2003), and inhibitors of PCSK9 are being investigated for the treat-
ment of hyperlipidemia. PCSK9 is involved in the regulation of LDLR (Derek et al. 
2007; Lambert et al. 2009). Preclinical efficacy studies have demonstrated that a 
PCSK9 inhibitor lowers LDL-C up to 70–80 % (Chan et al. 2009; Liang et al. 2011). 
Clinical studies have confirmed the effect of PCSK9 inhibition on the lowering of 
circulating LDL-C (Dias et al. 2012; Giugliano et al. 2012; Stein et al. 2012; Koren 
et al. 2012).

19.5 � Drug Effect Models

19.5.1 � Overview

Several types of pharmacometric analysis have been undertaken to describe the 
effects of hyperlipidemia drugs. In general, LDL-C has been the primary focus of 
these analyses, though recent examples have included MVA and HDL. A summary 
of drug effect models describing LDL-C is shown in Table 19.2. Models have been 
developed for HMG-CoA reductase inhibitors, CETP inhibitors, ezetimibe, gem-
cabene, and methylprednisolone. An Imax model was developed to characterize the 
steady-state drug effects. In addition, a semi-mechanistic PK/PD model was devel-
oped to capture dose response and time course of LDL-C. Models have employed 
dose or concentration to predict LDL-C response to treatment.

One challenge in the application of pharmacometrics in this area was the lack 
of a clear exposure–response relationship for statins. For example, it was reported 
that dose was a better predictor of LDL-C reduction than exposure (as measured 
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by Cmax and AUC) after 2 weeks of atorvastatin treatment (Cilla et al. 1996). Chal-
lenges exist to measure active drug species which can be confounded by active 
metabolites and active uptake/efflux transport. However, LDL-C can be accurately 
measured after collection of blood samples and serves as a surrogate of efficacy. 
Thus, dose–response relationships can adequately characterize the drug effect after 
statin treatment. In addition, doses of statins can be titrated after approximately 2 
weeks of treatment to optimize LDL-C reduction and minimize side effects.

19.5.2 � Imax Models

The time course of pharmacodynamic effects can be viewed as either direct or indi-
rect. For direct PK/PD relationships, concentrations are correlated with effects in a 
reversible manner with the peak pharmacodynamic effect observed at the same time 
as peak drug concentrations. The sigmoid Imax model (Hill Equation) is based on the 
receptor occupancy theory and used to describe the nonlinear concentration–effect 
relationship as shown below in Eq. 19.1:

�
(19.1)E
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n n=
+

max·
,

50

Table 19.2   Summary of drug effect models to describe LDL-C
Mechanism of action Drug Model Predictor 

variable
Reference

HMG-CoA reductase 
inhibitors (Statins)

Atorvastatin, 
simvastatin, 
fluvastatin

Indirect response Dose Faltaos et al. 
2006

Rosuvastatina Indirect response Concentration Aoyama et al. 
2010

Simvastatin Indirect response Concentration 
(simvastatin 
acid)

Kim et al. 2011

Rosuvastatin Imax Dose Yang et al. 2011
Atorvastatin Indirect response Dose Oh et al. 2012

CETP inhibition Anacetrapibb Imax Concentration Krishna et al. 
2011

Multiple mechanisms Ezetimibe 
(cholesterol 
absorption 
inhib), gem-
cabene (novel 
mechanism), 
Atorvastatin 
(HMG-CoA)

Imax Dose Mandema et al. 
2005

Glucocorticoid receptor 
agonist

Methylpredniso-
lone

Indirect response LDL receptor 
mRNA

Hazra et al. 2008

a PK/PD model was developed to predict mevalonic acid 
b PK/PD model was developed to predict LDL-C and HDL
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where the effect of the drug ( E) can be described by some maximal inhibitory ef-
fect ( Imax) and the concentration associated with half of the maximal inhibitory 
effect ( IC50). In addition, dose–response analysis can be performed and the dose 
associated with the half-maximal inhibitory effect (ID50) can be estimated. The Hill 
slope coefficient ( n) increases or decreases the steepness of the concentration–effect 
relationship depending on whether the value of n is greater or less than 1, respec-
tively. Alternatively, for drugs that increase the response, an alternate model can be 
selected with an Emax, EC50, and n parameters in the form of Eq. 19.1.

The sigmoid Imax model was applied to describe the dose–response relationship 
of statins to facilitate drug development of gemcabene, a new chemical entity for 
the treatment of hypercholesterolemia (Mandema et al. 2005). The objective of the 
analysis was to use model-based meta-analysis to guide decision making for gem-
cabene, using a model of statin, ezetimibe, and gemcabene alone or in combination. 
Trial level data was obtained from 21 randomized clinical trials involving atorv-
astatin, rosuvastatin, simvastatin, lovastatin, pravastatin, and ezetimibe following 
multiple-dose treatment for at least 4 weeks as monotherapy. The statins shared a 
common Imax and n, and unique ED50 values were estimated for each drug. LDL-C 
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Fig. 19.5   Dose–response relationship for statins as monotherapy treatment. The solid red line 
represents the model-predicted LDL-C reduction expressed as % change from baseline in LDL-C. 
Symbols and bars represent the observed mean and 95 % confidence interval. (With kind permis-
sion from Springer Science + Business Media: Mandema et al (2005) AAPS J 7(3):E513–522; 
Fig. 19.1)
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values were expressed as percentage change from baseline. Figure 19.5 shows the 
dose–response relationship for statins, and Table 19.3 gives a summary of the pa-
rameter estimates.

The sigmoid Imax model effectively described the shape of the dose–response 
curve for each statin. The mean response after placebo was 0.802 % change from 
baseline indicating a small placebo response relative to the effect of statins. An 
estimated mean Imax of − 78.7 % change from baseline and n of 0.451 was observed, 
which is consistent with the common pharmacological mechanism of action for 
statins. The statin ID50 values varied from 4.35 to 97.3 mg reflecting in vivo potency 
for each statin. In addition, the Imax, ID50, and n for ezetimibe and gemcabene as 
monotherapy were characterized.

Because gemcabene was under development for use in combination with statins, 
the pharmacodynamic interaction was investigated for comparison to ezetimibe, 
an approved therapy for use in combination with statins. The pharmacodynamic 
interaction model included the effect of placebo, dose response for statin or non-
statin, and an interaction term to characterize the nature of the pharmacodynamic 
interaction. The interaction term between statin and ezetimibe was estimated to be 
1, which indicated pharmacological independence. In contrast, the interaction term 
between statin and gemcabene was 1.69 which indicated a less than independent 
interaction. Moreover, limited additional LDL-C reduction was predicted when 
adding gemcabene to the highest doses of statins. The model-based meta-analysis 
supported the decision to discontinue the development of gemcabene preventing 
costly additional clinical studies.

Table 19.3   Summary of PK/PD parameters (± 95 % confidence intervals) from Imax models of 
LDL-C response
Drug E0 (%) Imax (%) ID50 (mg) n Reference
Atorvastatin 0.802

(0.0598, 1.54)
− 78.7
(− 90.7, − 66.7)

13.1
(6.57, 26.2)

0.451
(0.366, 0.557)

Mandema 
et al. 2005

Rosuvastatin 4.35
(2.19, 8.62)

Simvastatin 30.5
(15–62.1)

Lovastatin 82.8
(37.1–185)

Pravastatin 97.3
(42.4, 223)

Ezetimibe − 19.6
(− 20.6, − 18.6)

0.302
(0.151, 0.604)

1 Mandema 
et al. 2005

Rosuvastatin 0.802 (fixed)a − 57.0
(− 61.3, − 52.7)

1.74
(1.00, 2.48)

1 (fixed) Yang et al. 
2011

Anacetrapibb 107 (3)c

140(1)d
− 80 (4) 237(25)e 1 (fixed) Krishna et al. 

2011
a Fixed value from Mandema et al. (2005) 
b Parameter estimate (± SE) 
c Baseline in mg/dL for healthy volunteers 
d Baseline in mg/dL for patients 
e IC50 in ng/mL
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Differences in the response to rosuvastatin in Western and Asian hypercholes-
terolemia patients were examined using a sigmoid Imax model (Yang et al. 2011). 
Trial-level data from 14 dose-ranging, and 22 one-dose trials with rosuvastatin 
were combined for model-based meta-analysis. The placebo response was fixed 
at 0.802 % change from baseline based on Mandema et al. The mean Imax and ID50 
were estimated at − 57 % change from baseline and 1.74 mg/day, respectively. Asian 
patients had a mean ID50 value that was approximately half (0.564) of the Western 
patient population estimate. The analysis supports the current dosing recommenda-
tion of 5–20 mg in Asian and 10–40 mg in Western populations which was based on 
bridging pharmacokinetic exposure across populations. It was reported that Asian 
patients have a lower oral clearance of rosuvastatin compared to Western patients 
(Lee et  al. 2005). The resulting higher exposures may explain the lower ID50 in 
Asian populations. Results from the Imax model indicate that race differences in 
rosuvastatin pharmacodynamics were consistent with the pharmacokinetic differ-
ences, suggesting that the underlying PK/PD relationship is consistent for Asian and 
Western populations. A trend towards higher approved maximal doses for cardio-
vascular drugs has been observed for Westerners relative to Japanese and Asians in 
general (Liao 2007; Arnold et al. 2010).

Recently, the Imax model was applied to describe the effects of anacetrapib, a 
CETP inhibitor (Krishna et al. 2011). Because anacetrapib may be used in combina-
tion with statins, the pharmacodynamic interaction between anacetrapib and ator-
vastatin was characterized. Individual subject level data was obtained from phase 
1 and phase 2b studies. Trough anacetrapib concentrations were found to be most 
predictive of HDL and LDL-C response. The effect of anacetrapib was modeled 
as proportional to the baseline of LDL-C. Mean baseline LDL-C values of 107 
and 140 mg/dL were estimated for healthy subjects and patients, respectively, with 
24 % intersubject variability in the baseline. The Imax and IC50 were − 78 % and 240  
ng/mL, respectively, for anacetrapib as monotherapy. Treatment with atorvastatin 
(20 mg/day) lowered LDL-C values by − 44.5 %. The pharmacodynamic interac-
tion term for anacetrapib and atorvastatin was estimated to be 0.99 which indi-
cated pharmacological independence. A similar approach was applied to define the 
trough exposure-response for HDL. Simulations were performed using the model 
to predict the effect of food, patient status, and dose on LDL-C decrease and HDL 
increase. The Imax model effectively characterized the trough exposure–response 
relationship and provided quantitative support for phase 3 dose selection.

19.5.3 � Indirect Response Models

The indirect response model has been used extensively to characterize drug ef-
fects for drugs which act on turnover processes such as production or elimination 
(Dayneka et  al. 1993; Sharma and Jusko 1996; Mager et al. 2003). The indirect 
response model will describe a time delay between peak plasma concentrations and 
the maximal response which can be useful to help define the onset and offset of 
pharmacological effects. Figure 19.6 shows the compartmental model structure for 
the indirect response model.
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The general equation for the indirect response model is shown in Eq. 19.2:

�
(19.2)

where R is the response, ksyn is the zero-order synthesis rate, and kdeg is the first-
order degradation rate. A family of four indirect effect models has been applied. 
Drug effects can include (1) inhibition of input, (2) inhibition of output, (3) stimula-
tion of input, and (4) stimulation of output, where model selection is based on an 
understanding of the mechanism of drug action. Models 1 and 4 have been most 
commonly used to describe the time course of effect on LDL-C by statins.

The indirect response model was applied to characterize the hyperlipidemic ef-
fects of corticosteroids after single-dose administration in normal male Wistar rats 
(Hazra et al. 2008). Corticosteroids induce effects through binding to glucocorti-
coid receptors. Through a cascade of events, the glucocorticoid receptors modulate 
the expression of LDL receptors in the liver. As noted in Sect. 19.2.2, hepatocyte 
LDL receptors are the predominant elimination mechanism for LDL-C in humans 
and preclinical species, accounting for 50–80 % of the elimination of LDL-C in 
preclinical species (Bilheimer 1984). The authors proposed a mechanistic model 
where reduction in messenger RNA (mRNA) levels of the LDL receptor reduces 
the kdeg of LDL-C under the assumption that LDL receptor mRNA levels are cor-
related with the activity of LDL receptor. The model described the time course of 
LDL-C elevations after a single dose of 50 mg/kg methylprednisolone by intramus-
cular injection. The initial value of LDL-C was 35.8 mg/dL, and kdeg was 0.51 h−1. 
The mechanistic model successfully described the time delay between methylpre-
dinsolone concentrations ( tmax of ~ 1 h) and peak LDL-C response ( tmax of ~ 18 h) 
after administration of methylprednisolone in rats giving biological insights into 
corticosteroid-induced hyperlipidemia.

The indirect response modeling approach was applied to simvastatin to charac-
terize the dose–response relationship of LDL-C reduction in Koreans (Kim et al. 
2011). Healthy volunteers recruited to participate in a drug–drug interaction study 
received simvastatin 40 mg daily for 14 days. Intensive PK measurements were 
obtained for simvastatin and simvastatin acid on days 1, 7, and 14, with trough 
measurements on days 5, 6, 12, and 13. A two-compartment model with first-order 

d
d syn
R
t

k k R= − deg· ,

ksyn kdegResponse
(R)

1 3 2 4

Fig. 19.6   Compartmental model structure for the indirect response model. Inhibitory effects are 
represented by the shaded bar such that models 1 and 2 represent inhibition of production rate 
constant ( ksyn) or elimination rate constant ( kdeg), respectively. Stimulatory effects are represented 
by the open bar such that models 3 and 4 represent stimulation of ksyn or kdeg, respectively
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absorption described the pharmacokinetics of simvastatin with 70 % of the dose 
eliminated as simvastatin (central compartment), and 30 % of the dose eliminated 
as simvastatin acid (represented as a peripheral compartment). Simvastatin acid 
was the active pharmacological species that inhibited ksyn of LDL-C in the PK/
PD model. Table  19.4 gives a summary of the PK/PD parameter estimates. The 
system parameters baseline LDL-C and ksyn were 92 mg/dL and 0.274 g/L x day, 
respectively. Simvastatin acid had an Imax and IC50 of 0.489 and 0.0868  ng/mL, 
respectively. Intersubject variability was greatest for the IC50 with 93.2 % CV, and 
less for Imax, ksyn, and baseline LDL-C at 15.7, 50.2, and 20.5 % CV, respectively. 
The authors noted that the IC50 and intersubject variability in IC50 may have been 
poorly estimated because simvastatin acid concentrations were much higher than 
the IC50 for the 40 mg dose. A visual predictive check of concentration and LDL-C 
indicated that the model fit the data well and explained the observed variability, as 
shown in Fig. 19.7.

Simulations were performed using the PK/PD model to compare the predicted 
dose–response relationship with observed dose–response data. To determine if the 
concentration–response model could predict the effect of simvastatin on LDL-C 
in patients, the authors overlayed the model-predicted dose–response relationship 
with available data from a meta-analysis and the Zocor label. This analysis demon-
strated the successful prediction of steady-state LDL-C response in patients from 
healthy subjects using population PK/PD modeling. Overall, the indirect response 
model successfully described the dose–response relationship for simvastatin in 
Korean patients.

The indirect response model proposed by Kim et al. was used as the basis inves-
tigating LDL-C reductions after morning or evening administration of simvastatin 

Table 19.4   Summary of PK/PD parameters (± 95 % confidence intervals) from basic and precur-
sor-pool indirect response models of LDL-C
Drug INH ID50 (mg) kin (g/L/day) kout (1/day) BSV

kin

BSV
ID50

Reference

Atorvastatin 0.21
(0.19–0.28)

26
(19–66)

0.14
(0.10–0.24)

NR 72 160 Faltaos 
et al. 2006

Simvastatin 1.3
(1.0–3.7)

Fluvastatin 15
(9–34)

Simvastatin NE 0.0868a 
(0.000150–
0.396)

0.274 
(0.208–0.346)

0.297 50.2 93.2 Kim et al. 
2011

Atorvastatin 0.09 11.9
(3.8–31.8), 
patients
2.0
(0.2–5.9) 
healthy

0.15
(0.12–0.20)

0.105
(0.08–0.144)

1.6 98 Oh et al. 
2012

NR not reported, BSV between subject variability (%) 
a IC50 in ng/mL
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Fig. 19.7   Application of 
the indirect response model 
to LDL-C turnover after 
administration of simvastatin 
40 mg/day for 14 days in 
healthy, Korean subjects. 
(Reprinted from Kim et al. 
2011, with permission from 
John Wiley and Sons and © 
2011 The Authors Basic & 
Clinical Pharmacology & 
Toxicology © 2011 Nordic 
Pharmacological Society)
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in a simulation study (Wright et al. 2011). It has been reported that the effects of 
statins are more prominent after administration in the evening, but are also asso-
ciated with a 5–25 % reduction in compliance relative to morning administration 
(Vrijens et al. 2008). The authors modified the indirect response model to include a 
circadian production of LDL‑C, and performed simulations to compare the impact 
of morning versus evening administration for 10, 20, 40, and 80 mg/day simvas-
tatin. In addition, the effect of 10 % noncompliance was considered for subjects re-
ceiving the evening dose. The difference in LDL-C reduction for morning, evening, 
and evening with 10 % noncompliance was 30.6, 33.0, and 31.6 %, respectively, 
after 10 mg/day simvastatin. The model predictions suggested a relatively small 
advantage for evening administration that could be almost completely eliminated 
by noncompliance.

The indirect response model has been used to characterize the inhibitory ef-
fects of rosuvastatin on MVA (Aoyama et al. 2010). HMG-CoA reductase converts 
HMG-CoA to MVA as the rate-limiting step in de novo cholesterol biosynthesis. 
The data source for the modeling was based on a previously published report of 
the administration of 10 mg/day rosuvastatin to 24  subjects in a two-way cross-
over study comparing the effects of morning versus evening administration (Martin 
et al. 2002). The indirect response model was modified to account for the circadian 
production of MVA throughout the course of a day. A 7.7 % reduction in the area 
under the effect curve over 24 h was reported for MVA for morning administration 
relative to evening administration. The extended indirect response model success-
fully described the circadian fluctuations in MVA and effects of rosuvastin after 
morning or evening administration. The implications of the findings with MVA on 
steady-state LDL-C are not entirely clear as the link between MVA and LDL-C has 
not been defined.

19.5.4 � Precursor Pool Indirect Response Model

A modified version of the indirect response model which we refer to as the precur-
sor pool indirect response model was proposed to describe the LDL-C reduction 
after multiple dose administration of atorvastatin, simvastatin, and fluvastatin in 
hypercholesterolemia patients (Faltaos et al. 2006). The model included a precur-
sor compartment which represented the production of LDL-C in hepatocytes, and 
a response compartment which represented circulating LDL-C pool as shown in 
Fig. 19.8.

kin koutResponse
(R)

Precursor
(P)

K

Fig. 19.8   Precursor pool indirect response model. Inhibitory effects are represented by the shaded 
bar. Stimulatory effects are represented by the open bar. kin production rate constant, K transfer 
rate constant, kout elimination rate constant
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Distinct from the precursor-dependent indirect response model which describes 
tolerance and rebound phenomena (Sharma et al. 1998), the precursor pool indirect 
response model in this case was developed based on the known pharmacological 
mechanism of statins (described in Sect. 19.6.3). The general equation for the pre-
cursor pool indirect response model is shown below in Eqs. 19.3 and 19.4:

�

(19.3)

�
(19.4)

where P is the precursor compartment, R is the response compartment, kin is the 
zero-order synthesis rate, K is the transfer rate from precursor to response compart-
ment, and kout is the first-order elimination rate. INH and STIM represent the drug 
effects of statins, namely inhibition of synthesis and stimulation of elimination, 
respectively. Pharmacokinetic data were not available from the study, so the effect 
of each statin on kout was proposed to be dose-dependent in the form of an Emax 
model while the INH function was independent of dose and/or statin. One of the 
limitations of the precursor pool indirect response model was reported (Kim et al. 
2011), where the authors found that the model was overparameterized when applied 
to simvastatin data from healthy Korean subjects.

The precursor pool indirect response model was applied to describe the effect 
of atorvastatin, simvastatin, and fluvastatin on LDL-C in hypercholesterolemic 
patients (Faltaos et  al. 2006). LDL-C observations ( n = 309) were collected from 
100 patients after daily administration of atorvastatin (10–40 mg/day), simvastatin 
(10–80 mg/day), and fluvastatin (10–80 mg/day) at different times (ranging from 14 
to 150 days). Table 19.4 gives a summary of the PK/PD parameter estimates. The 
model described the data adequately, and suggested a kin value of 0.14 g/L/day that 
was inhibited by 21 % by statin treatment. The potency of simvastatin, fluvastatin, 
and atorvastatin as measured by the ED50 for stimulating kout was 1.3, 15, and 26  
mg/day, respectively. Extensive intersubject variability in kin and ED50 were report-
ed (72 and 160 %, respectively). The model was one of the first examples to describe 
the time course of LDL-C reduction, and could be a useful platform for the design of 
clinical studies. Unfortunately, the authors did not provide an estimate for K or kout 
in the publication, limiting the general application of the model by other scientists.

The precursor pool indirect response model was subsequently utilized to de-
scribe the PK/PD relationship of atorvastatin to gain insights into the dose–response 
relationship in Korean dyslipidemic patients and nonpatient volunteers (Oh et al. 
2012). The study included 15 dyslipidemic patients that participated in a two-step 
dose escalation trial where the dose of atorvastatin was initiated at either 10 or 
20 mg/day and escalated to 40 or 80 mg/day after 21 days of dosing. In addition, 11 

dP
dt

k INH K P= − −in· ( ) ·1

dR
dt

K P STIM k R= − +· ( ) · · ,1 out
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healthy subjects were included in the study and received 10 mg/day atorvastatin for 
21 days. Blood samples were collected to measure lipids for 56 days. Figure 19.9 
shows the predicted and observed LDL-C reduction after administration of atorvas-
tatin to Korean patients and healthy subjects.

Based on the analysis, the kin for LDL-C was 0.15 g/L/day in the Korean subjects 
with a low intersubject variability of 13 %. The elimination rate constant for LDL-
C was 0.105 day−1 which suggested a half-life of 6.6 days. Atorvastatin inhibited 
kin by 9 % which was slightly less than the 21 % reported by Faltaos et al. The ID50 
in patients and healthy subjects were 11.9 and 2.0, respectively, which suggested 
that healthy subjects might be more sensitive to the effects of atorvastatin. How-
ever, due to the imprecision of the ID50 estimates, there was an overlap in the 95 % 
confidence intervals of the ID50 estimates. Extensive intersubject variability in the 
ID50 of atorvastin (99 % CV) was reported. The implications of a sixfold difference 
between patients and healthy subjects were not discussed by the authors. Because 
dose was the predictor of pharmacodynamic response, pharmacokinetic differences 
between healthy subjects and patients were not investigated. The atorvastatin ID50 
value from Oh et al. was in close agreement to the value reported by Mandema et al. 
(11.9 vs. 13 mg/day atorvastatin, respectively). Application of the precursor pool 
indirect response model enabled the characterization of atorvastatin dose–response 
relationship in Korean patients and healthy subjects. The model could be used to 
help optimize drug therapy in dyslipidemic patients.

Fig. 19.9   Application of the precursor pool indirect response model to LDL-C turnover after 
administration of atorvastatin in Korean dyslipidemic patients and nonpatient ( NP) volunteers. 
(Reprinted from Oh et al. 2012, with permission from Dustri-Verlag and © 2012 Dustri-Verlag 
and Dr. K Feistle)
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19.5.5 � Other Applications

Examples of other applications of pharmacometrics that are not solely focused on 
drug effects are presented. A systems biology approach was applied to characterize 
the impacts of aging on LDL-C (McAuley et  al. 2012). The model captured the 
known physiology of cholesterol metabolism, and included six compartments to 
describe intake, intestinal absorption, excretion, plasma, hepatic, and peripheral tis-
sues. The influence of changes in cholesterol absorption and elimination by LDL 
receptors was simulated to give insights into their respective importance in cho-
lesterol balance. Based on the simulations, a 50 % reduction in hepatic clearance 
of LDL-C can result in a 116 mg/dL increase in plasma LDL-C. Also, increasing 
the bioavailability of cholesterol from 50 to 80 % can increase plasma LDL-C by 
34 mg/dL. The findings from a systems biology model give insights into the fun-
damental biology of lipoproteins, and suggest that plasma LDL-C levels were most 
sensitive to changes in the rate of hepatic elimination.

There may be an opportunity for pharmacometrics to guide dosing decisions 
in order to optimize the risk to benefit ratio of hyperlipidemia treatments. Use of 
high-dose simvastatin (80 mg) has been associated with an increased risk of myopa-
thies and in rare cases rhabdomyolysis compared to lower doses (Egan and Colman 
2011). In addition, the risk of myopathies can be increased with drug interactions 
such as coadministration of CYP3A inhibitor and/or OATP1B1 inhibitor (Neuvonen 
et al. 2006). Additional concentration-safety analysis may support ongoing efforts 
to identify intermittent dosing strategies that maintain benefit and reduce risk of 
myopathy with statin treatment (Keating et al. 2013).

In the area of cardiovascular disease progression, the focus of research has been 
on defining short-term risk estimates of cardiovascular events to define treatment 
algorithms (NHLBI 2004). More recently, the question of duration of LDL-C ex-
posure as it pertains to cardiovascular risk has been raised, where it was noted that 
longer treatment with statins was associated with reduced risk of CHD (Brown and 
Goldstein 2006). In addition, it was proposed that the cumulative exposure to LDL-
C may serve as surrogate of lifetime cardiovascular risk based on outcomes from 
human genetic observational studies (Horton et al. 2009). In the future, a pharmaco-
metric disease progression model may serve to unify the effect of LDL-C reduction 
on cardiovascular risk reduction.

19.6 � Summary and Conclusions

Cardiovascular disease produces significant worldwide morbidity and mortality. 
Lipoproteins represent a major risk factor for cardiovascular disease. Therefore, 
treatment of lipoproteins is important to the goal of reducing cardiovascular risk 
given its relationship to arteriosclerosis. PK/PD models have been used to char-
acterize the effect on LDL-C for a wide variety of drugs including statins, CETP 
inhibitors, and ezetimibe. Both empirical and semi-mechanistic models have been 
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used to characterize dose response and the time course of effects of hyperlipidemia 
therapies. The application of pharmacometrics has been shown to effectively guide 
drug development decision making by accurately simulating trials, optimizing dos-
ing regimens, and informing early termination of programs with unacceptable risk 
to benefit ratios. In conclusion, pharmacometrics will continue to be an important 
tool to facilitate the development of new drug therapies to alleviate the burden of 
cardiovascular disease.

Summary of Key Messages

•	 PK/PD models have been used to characterize the effect on LDL-C for hyperlip-
idemia drugs including statins, CETP inhibitors, and ezetimibe.

•	 Both empirical and semi-mechanistic models have been used to characterize 
dose response and the time course of effects of hyperlipidemia therapies.

•	 The application of pharmacometrics in the cardiovascular area has been shown 
to effectively guide drug development decision making by accurately simulating 
trials, optimizing dosing regimens, and informing early termination of programs 
with unacceptable risk/benefit ratios.
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