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Abstract 
The development of rebound and tolerance is an important consideration 
when optimizing medical therapy, both with respect to drug dosing and 
adverse effects. By using quantitative approaches to study these processes, 
potential risks can be minimized. In this thesis nicotinic acid (NiAc)-induced 
changes in non-esterified fatty acids (NEFA) were used as a tool to 
investigate key determinants of tolerance and rebound in normal Sprague 
Dawley and in obese Zucker rats, a disease model of dyslipidaemia. The aim 
of the studies was to develop and challenge a model that described 
tolerance and rebound following different durations, rates and routes of 
NiAc administration. 

In normal rats, administration of NiAc resulted in a rapid decrease in NEFA 
plasma concentration, followed by rebound, the extent of which depended 
on both the level and duration of drug exposure. Rebound oscillations 
followed long duration of NiAc exposure. During constant drug exposure, 
increasing NEFA concentrations indicated tolerance development. The 
pharmacodynamic characteristics of NiAc-induced changes in NEFA differed 
in normal and diseased rats, with NEFA baseline concentrations being 
increased, rebound diminished, and tolerance development more pro-
nounced in the diseased animals.  

The non-intuitive pattern of NiAc-induced changes in NEFA was captured by 
a feedback model with a moderator distributed over a series of transit 
compartments, where the first compartment inhibited the formation of 
response and the last stimulated the loss of response. The model was based 
on mechanistic principles, mimicking the dual actions of insulin in inhibiting 
the hydrolysis of triglycerides to NEFA and glycerol, and stimulating the re-
esterification of NEFA. In both the normal and diseased rats, the model 
described the pharmacodynamic characteristics adequately.  

The concentration-response relationship at steady state was shifted upwards 
and to the right, and was shallower, in diseased rats compared to normal 
rats. The extent of such shifts demonstrates the impact of disease at 
equilibrium in the system.  

These studies have shown that by eliciting different exposure patterns and 
taking into account both the washout dynamics of the administered drug 
and the pharmacodynamic characteristics of normal and diseased animals, a 
mechanistically-based feedback model was able to tease out important 
information about tolerance and rebound.  
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Pharmacokinetic and pharmacodynamic parameters and functions 
Ab Amount of drug in biophase (µmol) 
A1 Linear absorption process 
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Ag Amount of drug in gut (µmol) 
AUCE Area under the positive effect time-course (mmol⋅min⋅L-1) 
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Input Exogenous NiAc input rate (µmol⋅min-1 kg-1)  
ka First-order absorption rate constants (min-1) 
kcap Formation of NEFA in capillaries (mmol⋅L-1⋅min-1) 
ke Elimination rate constant (min-1) 
kin Turnover rate for production of response (mmol2⋅L-2⋅min-1) 
Km1 Michaelis-Menten constant, high affinity pathway 1 (µmol⋅L-1) 
Km2 Michaelis-Menten constant, low affinity pathway 2 (µmol⋅L-1) 
Km,g Amount of drug in gut at half max. absorption rate (µmol⋅kg-1) 
kout Fractional turnover rate of response (L⋅mmol-1⋅min-1) 
ktol  Turnover rate constant of moderator (min-1) 
M Moderator (mmol⋅L-1) 
Mi  Moderator in compartment i where i = 1, ..., 8 (mmol⋅L-1) 
MN Moderator in compartment N (mmol⋅L-1) 
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N Number of moderator transit compartments 
p Amplification factor of impact of M1 on kin  
P Pool/precursor to the response 
PKPD Pharmacokinetic-pharmacodynamic 
R NEFA plasma concentration (response) (mmol⋅L-1)  
R0 Baseline NEFA plasma concentration (mmol⋅L-1) 
Rmin Lowest measured response (mmol⋅L-1) 
RSS Pharmacodynamic steady state NEFA concentration (mmol⋅L-1) 
Synt Endogenous NiAc synthesis rate (µmol⋅min-1⋅kg-1) 
t1/2 Half-life (min) 
Vc  Central volume of distribution (L⋅kg-1) 
Vmax1 Maximal velocity, high affinity pathway 1 (µmol⋅min-1⋅kg-1) 
Vmax2 Maximal velocity, low affinity pathway 2 (µmol⋅min-1⋅kg-1) 
Vmax,g Maximal absorption rate (µmol⋅min-1⋅kg-1)   
Vt Peripheral volume of distribution (L⋅kg-1) 
γ Sigmoidicity factor  
 
Abbreviations of the analysis 
CV % Precision of parameter estimate calculated as (SE/mean)⋅100 
HPLC High performance liquid chromatography 
IIV  Inter-individual variability (%) 
LC-MS Liquid chromatography mass spectrometry 
LLOQ Lower limit of quantification 
OFV Objective function value 
RSE Relative standard error (%) 
SE Standard error 
σ Residual proportional (σ1, %) or additive (σ2) error  
 
Biomarkers 
AC Adenylyl cyclase 
AMP Adenosine monophosphate 
ATP Adenosine triphosphate 
cAMP cyclic AMP 
HDL High-density lipoprotein 
HSL Hormone-sensitive lipase 
LDL Low-density lipoprotein 
NEFA Non-esterified fatty acids 
NiAc Nicotinic acid 
PKA Protein kinase A  
TG Triglycerides 
VLDL Very-low-density lipoprotein 
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1 Introduction 

1.1 Background 
Pharmacokinetics describes the absorption, distribution, metabolism and 
excretion of a drug whereas pharmacodynamics represents the relationship 
between drug concentration and the onset, intensity and duration of a 
pharmacological response [1, 2]. Pharmacodynamics includes the explora-
tion and assessment of relevant variables such as pharmacologically active 
metabolites, functional adaptation and the effects of genetics and of under-
lying diseases [3]. A pharmacokinetic-pharmacodynamic (PKPD) model can 
be used to summarize quantitatively knowledge about the mechanism of 
drug action, the pharmacokinetic and pharmacological properties of the 
drug, and the impact of disease on the pharmacological response.  

Exposure of intended targets or receptors to a drug over an extended period 
of time may cause a progressive reduction in the response to the drug. This 
phenomenon is variously termed desensitization, tachyphylaxis, functional 
adaptation, or tolerance. The extent of tolerance and rebound varies with 
the type of drug, probably reflecting diversity in the basic mechanism of 
tolerance and rebound development [4]. Although many researchers have 
investigated tolerance and rebound [e.g. 5-11], there is need for a broader 
understanding of quantitative aspects of the rate and extent of development 
of tolerance and rebound. In the studies underpinning this thesis nicotinic 
acid (NiAc)-induced changes in non-esterified fatty acids (NEFA) were used as 
a tool to study key determinants of rate and extent of tolerance and rebound 
in normal and diseased rats.      

NiAc is used as a treatment for dyslipidaemia and has been associated with a 
decrease in cardiovascular events such as myocardial infarction and death 
[12-14]. NiAc inhibits lipolysis in adipose tissue, resulting in a pronounced 
decrease in plasma NEFA concentrations [15, 16]. Although NiAc has been 
used clinically for years, its pharmacokinetic and pharmacodynamic proper-
ties, including tolerance and rebound, are not fully understood.  



2 | P a g e  
 

It is known that a rapid decrease in exposure to a drug may enhance 
rebound, and a gradual decline may confound it [17-22]. Furthermore, when 
there is rapid pharmacokinetics, the turnover of the pharmacodynamic 
system becomes the rate limiting step and rebound may become evident. In 
the case of NiAc, elimination is rapid and a NiAc-induced reduction in NEFA 
concentrations is seen within a few minutes of onset of treatment. This, 
together with the short half-life of NiAc implies that informative experiments 
for studying tolerance and rebound can be performed within a few hours of 
drug administration. 

Although it is known that binding of drugs to other receptors such as 
adenosine receptors also reduces NEFA plasma concentrations [23, 24], the 
regulation of these processes is intentionally not addressed here, as setting 
up a general model of NEFA regulation to include all major endogenous 
determinants was beyond the scope of the investigations.  

1.2 Dyslipidaemia 
Dyslipidaemia is diagnosed as an abnormal concentration of one or more 
plasma lipoproteins. Common biomarkers of dyslipidaemia include elevated 
levels of total cholesterol, low-density lipoprotein (LDL) cholesterol and tri-
glycerides (TG), and low levels of high-density lipoprotein (HDL) cholesterol, 
all of which can occur in isolation or in combination [25]. Elevated levels of 
total cholesterol, LDL cholesterol and TG, and low levels of HDL cholesterol 
are major risk factors for coronary heart disease and other forms of atheros-
clerotic vascular diseases [26]. In 2004, 7.2 million people died globally from 
coronary heart disease, and 5.7 million from stroke [27]. 

1.3 Nicotinic acid 
As a clinical treatment for dyslipidaemia, oral doses of 1-3 grams of NiAc per 
day lower total cholesterol, LDL cholesterol, very-low-density lipoprotein 
(VLDL) cholesterol and plasma TG, and simultaneously raise HDL cholesterol 
(HDL) [28-35]. NiAc has been shown to reduce the risk of recurrent myo-
cardial infarction [36] and the mortality from coronary heart disease in man 
[12-14, 37]. These benefits probably result from the ability of NiAc to inhibit 
lipolysis in adipose tissue and thereby reduce plasma NEFA concentrations 
[16]. 

Conceptually, the antilipolytic effect of NiAc might provide a way to improve 
glucose tolerance in pre-diabetic or diabetic patients. Indeed, several reports 
indicate that NiAc or its analogues improve glucose use and insulin sensitivity 
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in type 2 diabetic patients, at least in the short term [38-40]. This is in 
contrast to reports indicating that the long-term administration of NiAc 
decreases glucose tolerance in these patients [41]. A NiAc analogue that, 
taken prior to a meal, rapidly decreases NEFA concentrations substantially 
with short effect duration (e.g. around 2 h) and no rebound might be a 
compound to aim for. With reduced NEFA concentration, glucose will be 
used as a source of energy, which may result in improved insulin sensitivity. 
Short effect duration has proven to be beneficial for systems exhibiting 
tolerance, as the primary effect does not last long enough for the counter-
acting mechanisms, accountable for tolerance and rebound, to develop [42-
47].  

The lipid-lowering effect of NiAc was discovered by Altschul et al. in 1955 
[48]. However, the mechanism of action was not clarified until 2003 when 
several groups reported that the G protein-coupled receptor GPR109A 
(HM74A in humans; PUMA-G in mice) is activated by NiAc concentrations 
elicited by therapeutic doses [49-51]. When NiAc binds to the receptor in 
adipose tissue, a cascade of events commences, resulting in inhibited 
hydrolysis of TG to NEFA and glycerol (Figure 1). Consequently, the release of 
NEFA to the circulation is reduced, which results in a substrate shortage for 
liver synthesis and secretion of TG and VLDL, which eventually leads to a 
decrease of VLDL, LDL, and TG levels in plasma [15, 16, 52-54]. However, the 
mechanism of the nicotinic acid-induced increase of HDL levels in plasma is 
still not known [55, 56]. 

Although NiAc is efficacious and favourably modifies the lipoprotein profile, 
its long-term use is limited for many patients because of its adverse effects, 
including flushing and itching of the skin, gastrointestinal distress, glucose 
intolerance, hepatotoxicity, hyperuricaemia, and other rarer side effects 
[57]. Furthermore, the time-course of NiAc-induced changes in plasma NEFA 
concentrations is complex, including tolerance and rebound. To increase the 
probability of finding a drug that affects the same pathway but exhibits less 
tolerance and rebound, the NiAc-induced pattern of NEFA response needs to 
be characterized quantitatively to further understand its homeostatic control 
mechanisms and its exposure-response relationship in normal and diseased 
animals. These factors can then be used when predicting the onset, intensity 
and duration of response following different drug exposure scenarios in 
humans, enabling the dose regimen to be optimized so as to minimize 
adverse effects.  
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Figure 1. Mechanism of NiAc-induced changes in lipid metabolism. Activation of the G 
protein-coupled receptor GPR109A by nicotinic acid (NiAc) results in inhibition of adenylyl 
cyclase (AC) activity, leading to decreased formation of cyclic adenosine monophosphate 
(cAMP) from adenosine triphosphate (ATP). cAMP regulates lipolysis in adipocytes by 
activating protein kinase A (PKA); in turn, PKA phosphorylates hormone-sensitive lipase 
(HSL). The hydrolysis of triglycerides (TG) into non-esterified fatty acids (NEFA) and 
glycerol, which is catalyzed by HSL, is thus reduced by NiAc. Adapted from Offermanns, 
2006 [58].   

1.4 Tolerance and rebound 

1.4.1 Mechanisms behind development of tolerance  
A broad definition of tolerance is “a pharmacologically defined phenomenon 
that appears after one or several exposures to a drug, when the same dose 
or concentration of the same drug produces a smaller response than that 
which appears in appropriate controls” [59]. When tolerance occurs after 
one dose of the drug or within the duration of one continuous drug 
exposure, it is called acute tolerance or tachyphylaxis [4]. The development 
of tolerance to drug action is an important consideration in optimizing 
medical therapy, both with respect to drug dosing and adverse effects, and it 
can be characterized quantitatively using PKPD models. These models are 
useful when designing dosing regimens and, by providing mechanistic 
information about drug action, may assist in finding ways of influencing the 
development of tolerance [60].  

Mechanistically, tolerance may be categorized as 1) dispositional or 
pharmacokinetic, 2) functional or pharmacodynamic, 3) behavioural, or 
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4) conditioned [60]. Dispositional (pharmacokinetic) tolerance occurs when 
repeated doses or sustained exposure to a drug result in increased meta-
bolism [4]. In functional (pharmacodynamic) tolerance, the response to a 
given concentration of the drug at the receptor site or another site of action 
is altered over time [4]. Behavioural tolerance, which accompanies some 
psychoactive drugs, is evidenced as learning to compensate for the effect of 
the drug on a particular skill [61, 62]. Conditioned tolerance develops to 
exposure in one particular environment, but not necessarily in another 
environment [63-65]. The studies reported in this thesis focus on functional 
tolerance.  

Functional tolerance may be due to 1) changes in post-receptor regulation 
such as depletion of an endogenous intermediary (e.g. a neurotransmitter); 
2) inactivation or reduction (down-regulation) in numbers of receptors; or 
3) development of homeostatic feedback mechanisms [66] (Figure 2). 

1.4.2 Mechanisms behind development of rebound  
Rebound is the characteristics of a drug to produce contrary effects when 
the effect of the drug has passed or the patient no longer responds to it. 
There are many different classes of medication, as well as specific drugs, 
which produce rebound, including antidepressants [67-71], opioides [72, 73], 
beta-adrenoceptor blockers [74, 75] and nitroglycerine [20, 76-79].   

In most cases, the rebound effect occurs after regular use of a medication 
(i.e. once or twice weekly, to daily, usage) followed by abrupt dis-
continuation, but rebound may also appear after a single drug dose. 
Rebound becomes a safety problem if the response has the potential to be 
toxic or life-threatening. For this reason, rebound is unwanted. With gradual 
drug withdrawal it may be possible to reduce the magnitude of the rebound 
[18, 20, 22]. 

After a drug is taken, endogenous counteracting mechanisms may pull in the 
opposite direction to the drug as they try to return the body to its pre-
existing state [80]. These counteracting mechanisms are often seen as 
developing tolerance during drug treatment.  

If the regulation of the counteracting mechanisms is slow in comparison to 
the decline of drug effect it may outlast the drug effect, leading to rebound 
[20, 81].  
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Termination of treatment with an antagonist may give rise to a rebound 
effect because, after prolonged contact with antagonist, new receptors may 
have been formed (up-regulation), leading to increased tissue sensitivity. As 
a result, the response to endogenous agonist may increase after washout of 
the antagonist. Up-regulation of receptors may be responsible for rebound 
hypertension, appearance of angina pectoris or increased heart rate 
following withdrawal of beta-adrenoceptor blockers [82, 83].  

 
Figure 2. Schematic illustrations of basic events leading to a pharmacological response 
following drug administration (A), and of mechanisms underlying functional tolerance 
(B-D). The red triangles and yellow circles represent the drug and receptor, respectively. 
(A) Interaction of a drug with its receptor produces a drug-receptor complex, which 
directly or indirectly regulates some function (post-receptor regulation), detected as the 
drug-induced response. (B) Tolerance caused by changes in post-receptor regulation such 
as depletion of an intermediary. (C) Tolerance resulting from receptor inactivation or 
down-regulation. (D) Tolerance consequent on developing homeostatic feedback 
mechanisms which counteract the primary response. Adapted from Gabrielsson and 
Weiner, 2006 [84]. 



7 | P a g e  
 

1.4.3 Experimental designs for studying tolerance and rebound 
As it may be difficult to detect tolerance following a single dose of drug, 
other dosing regimens may be needed to reveal it. One approach is the use 
of repeated doses of a drug at varying time intervals. When a second dose is 
administered in close temporal proximity to a previous dose, the magnitude 
of the second response will be smaller if there is any tolerance. If sufficient 
time is allowed between doses, tolerance will dissipate, and the two 
responses will be similar [47, 85-89]. Another approach involves giving a 
constant infusion of drug to achieve and maintain a relatively constant 
plasma concentration over a prolonged period of time. A decline in response 
in spite of constant drug exposure indicates development of functional 
tolerance [46, 87, 89-93].   

An important factor determining the size of rebound is the decline in 
exposure of test compound in relation to the turnover rates of the physio-
logical system. Rapid decline in exposure tends to cause a large rebound, 
whilst gradual decline tends to confound rebound [17-22]. In order to 
characterize the rate and extent of rebound, the pharmacodynamic response 
must be sampled throughout washout. 

1.5 Modelling of tolerance and rebound 

1.5.1 Introduction to PKPD modelling 
Mathematical models can be fitted to experimental data to describe the 
time-course of drug exposure and response using linear or nonlinear 
regression methods [1, 2, 94, 95]. The most common approach involves 
sequential analysis of plasma concentration versus time data, followed by 
response versus time data, with the plasma kinetic model providing an input 
function that drives the response of some biomarker [1]. However, high 
quality pharmacodynamic data, even in the absence of measured drug 
concentrations, contain information about a drug’s biophase kinetics which 
can be used to drive and quantify the response [96]. This approach is 
referred to as dose-response-time analysis.   

Ideally, a model should be mechanistically based as this facilitates extra-
polation to other experimental conditions. A key element of such modelling 
is the explicit distinction between parameters for describing drug-specific 
properties and biological system-specific properties. Mechanism-based PKPD 
models contain specific expressions for the characterization of processes 
between drug exposure and biomarker response such as target-site 
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distribution, target binding and activation, biomarker turnover, time-
dependent transduction mechanisms, homeostatic feedback mechanisms, 
disease processes, and disease progression [97]. By changing the drug-
specific components of a model to those of another drug, it is possible to 
predict the consequences of different drug treatments. Thus, a mechanistic 
model has the potential to be predictive beyond the range of data upon 
which it was developed. Furthermore, mechanistic models enable different 
sources of information to be merged into one model, so that underlying 
functional mechanisms may be better understood.  

1.5.2 Categories of tolerance and feedback models 
In the past, there have been several approaches to modelling tolerance and 
feedback, including models based on a single turnover equation (Figure 3A) 
[98-100], pool/precursor models (Figure 3B) [81, 101, 102], and models that 
include moderator-induced negative feedback (Figure 3C) [22, 103-107]. In 
addition, tolerance has been modelled as formation of a hypothetical 
metabolite which acts as an antagonist to the positive effect of the parent 
compound [47, 88] and as time-dependent attenuation of parameters 
resulting in e.g. decreased efficacy or potency of the drug over time [108, 
109]. 

In tolerance models based on a single turnover equation (Figure 3A), 
turnover rate is governed by the level of response. When the response 
approaches a physiological limit, the turnover rate is reduced. These models 
do not capture rebound or overshoot. In pool/precursor models (Figure 3B), 
a pool P is respectively produced and lost by means of kin and ktol, with the 
mass of the pool then providing input to the response compartment R. The 
loss from the pool may be stimulated or inhibited by the drug, represented 
by H(Cp). If a certain fraction of the pool is pushed into the response 
compartment R, resulting in a positive effect area above the baseline (AUCE), 
an equal fraction will be needed to refill the pool before the original 
equilibrium can be re-established. The period of refill results in a response 
below the baseline, also called the rebound. The area of the rebound AUCR, 
equals the area of the positive response AUCE. This is a phenomenon seldom 
seen in biological systems.  

In feedback models, the feedback may be represented by an endogenous 
moderator M that counteracts changes in the response R (Figure 3C). A drug-
induced increase in R results in an increase in M that feeds back and affects 
the level of R negatively. With slow moderator dynamics (e.g. ktol is small 
relative to kout) R will overshoot before it settles at the pharmacodynamic 
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steady state RSS. If the drug stimulus is quickly removed, the delayed 
counteracting effect of M will result in rebound. For these models, the 
positive effect area AUCE before the original equilibrium is re-established is 
generally different from AUCR. These models have proven to be flexible for 
characterizing the onset, intensity and duration of a response in systems that 
exhibit feedback, tolerance and rebound [22]. In the studies described in this 
thesis, the feedback model in Figure 3C has been adjusted and extended to 
describe NiAc-induced changes in turnover of NEFA. 

 
Figure 3. Schematic illustrations of three categories of tolerance models (upper panels) 
and their response-time profiles during and after drug infusion (lower panels). The grey 
bars represent the period of drug infusion. (A) Simple feedback affecting turnover rate; 
(B) pool/precursor model; and (C) negative feedback via a moderator. R represents the 
measured response, P a precursor, M an endogenous moderator, kin the turnover rate 
constant for production of R, and kout and ktol the first-order rate constants for loss of R, 
and for loss of P plus production and loss of M, respectively. H(Cp) indicates the site where 
drug must act to elicit tolerance/rebound in the R compartment. AUCE and AUCR represent 
the positive effect and rebound area, respectively, and R0 and RSS the baseline and steady 
state response, respectively. The dashed line in (A) represents the physiological limit of the 
response, and the dashed curve the response without tolerance. Although not shown in 
(A), the loss term kout·R may also provide simple feedback. 

1.6 PKPD modelling in diseased states 
There are many reasons for large inter-individual variability in the pharmaco-
dynamics of drugs, one of which is the presence of underlying disease [3, 
110-117]. However, in the clinic it is often difficult to establish whether a 
disease-associated change in the temporal pharmacological profile of a drug 
is of purely pharmacokinetic or pharmacodynamic origin. This is further 
complicated by the unstable nature of most diseases and by the fact that few 
patients suffer from only one well-defined disease. Therefore, studies of the 
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kinetics of drug action in diseased states in animal models under well-
defined conditions are crucial [110].  

Dyslipidaemia is frequently associated with obesity and insulin resistance. 
Obesity may influence the distribution and clearance of compounds [118-
123]. Insulin is known to influence the regulation of NEFA turnover in healthy 
individuals by inhibiting the hydrolysis of TG to NEFA and glycerol [124, 125] 
and by stimulating the re-esterification of NEFA to TG [125, 126]. It is 
therefore possible that NEFA homeostasis is altered in patients suffering 
from obesity and insulin resistance. Disease-induced hormonal changes may 
also affect NEFA turnover. Consequently, the onset, intensity and duration of 
drug effects may change. Therefore, the impact of disease on the structural 
PKPD model, system parameters, drug parameters and pharmacokinetics 
need to be assessed as a part of the model building process.  
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2 Aims and progression of studies 

The studies described in this thesis were undertaken to investigate the key 
determinants of tolerance and rebound in normal and diseased rats. To 
achieve this, nicotinic acid (NiAc)-induced changes in non-esterified fatty 
acids (NEFA) were used as a tool-system.  

2.1 Specific aims 
The specific aims were: 

• To develop a dose-response-time feedback model describing NiAc-
induced changes in NEFA plasma concentrations in the absence of 
measurements of NiAc exposure in normal rats (Paper I), and to use that 
information for subsequent experimental design 

 
• To develop and challenge a feedback model that describes the tolerance 

and oscillatory rebound of NEFA plasma concentrations following 
different durations, rates and routes of NiAc administration to normal 
rats (Papers II and IV) 

 
• To evaluate the major determinants of rate and extent of tolerance and 

rebound found in normal rats by means of a mathematical/analytical and 
numerical approach (Paper III) 

 
• To develop a model that describes NEFA plasma concentrations following 

NiAc infusions in an animal model of dyslipidaemia, in order to evaluate 
the impact of disease on the NiAc-induced changes in NEFA turnover 
(Paper V) 
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2.2 Progression of studies 
The results described in these studies were based on a feedback model in 
which the feedback is described by means of an endogenous moderator M 
that counteracts changes in the response R (i.e. in NEFA formation). This 
model has previously been published by Ackerman [103], Wakelkamp et al. 
[104], Zuideveld et al. [105], Bundgaard et al. [106], and Gabrielsson and 
Peletier [22, 107]. Because the model had been shown to adequately 
describe NiAc-induced changes in NEFA response in normal rats in the 
absence of measured NiAc exposure (dose-response-time analysis, Paper I), 
it was used here to simulate new experiments.  

In the rat experiments described in Paper II, which were designed based on 
the model in Paper I, the response-time data elicited by different infusion 
regimens revealed a lower physiological limit in NEFA response, slowly 
developing tolerance in spite of constant drug exposure, and oscillations in 
the rebound primarily following long infusions. Because the model used for 
the dose-response-time analysis in Paper I failed to capture these 
characteristics, it was extended in Paper II to include a series of moderator 
compartments to capture the feedback. In this new model, the first 
moderator inhibited the formation of response, and the last stimulated the 
loss of response. With these changes, the characteristics of the NEFA 
response in normal rats were captured successfully. Mechanistically this may 
represent the dual actions of insulin on NEFA regulation [124-126]. 

In order to understand why this new model succeeded where the initial 
model had failed, it was analyzed mathematically in Paper III, focussing 
primarily on the rate and extent of tolerance and rebound. 

The model was then challenged in new experiments in Paper IV, with NiAc 
being administered to normal rats at different rates and by different routes, 
resulting in diverse exposure patterns. The new model described the NEFA 
response following these provocations adequately.  

In Paper V, the model was challenged further, with its applicability being 
tested to pharmacodynamic data obtained from rats with dyslipidaemia. It 
was found to describe the altered characteristics of the animals both at 
baseline and following administration of NiAc. 
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3 Materials and methods 

3.1 Animals 
Male Sprague Dawley rats (Harlan Laboratories B.V., The Netherlands), 
weighing 220-447 g, were used in Papers I, II and IV. In Paper V, male Zucker 
rats [127-129](Harlan Laboratories B.V., The Netherlands), weighing 473-
547 g, were used. All rats were housed and acclimatized in groups of 2-6 for 
at least one week prior to surgery. The studies were approved by the Ethics 
Committee for Animal Experiments, Gothenburg, Sweden. Animals were 
kept in climate-controlled facilities at a room temperature of 20–22 °C and 
relative humidity of 40–60 % under a 12:12-h light:dark cycle (lights on at 
6:00 am) and standard diet and tap water were available ad libitum. 

3.2 Surgical procedure 
The rats in Paper I were anaesthetized with an intra-peritoneal injection 
(180 mg·kg-1 BW) of Na-thiobutabarbital (Inactin®, Sigma Chemical Co., St 
Louis, MO, USA) and tracheotomized with PE 240 tubing (Intramedic®, 
Becton Dickinson and Company, USA). One catheter (PE 50 tubing; 
Intramedic®, Becton Dickinson and Company, USA) was placed in the left 
carotid artery for blood sampling and recording of arterial blood pressure. 
Two catheters (PE 10 tubing; Intramedic®, Becton Dickinson and Company, 
USA) were inserted into the right jugular vein, one for infusion of NiAc or 
vehicle and the other for infusion of diluted Na-thiobutabarbital. The animals 
were allowed a minimum post-surgical recovery period of 1.5 h to enable 
glucose levels to stabilize.   

The rat surgery in Papers II, IV and V was performed under isoflurane 
(Forene®, Abbott Scandinavia AB, Solna, Sweden) anaesthesia. One catheter 
was implanted in the left carotid artery (PE 25 tubing; Intramedic®, Becton 
Dickinson and Company, USA) for blood sampling, and one in the right 
external jugular vein (PE 50 tubing; Intramedic®, Becton Dickinson and 
Company, USA) for drug administration. After cannulation, the catheters 
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were exteriorized at the nape of the neck and sealed. After surgery, the rats 
were housed individually and allowed a minimum of 5 days to recover. In all 
studies a sterile sodium-citrate solution (20.6 mM Na3-citrate in sterile 
saline; Pharmaceutical and Analytical R&D, AstraZeneca, Mölndal, Sweden) 
was used to prevent clotting in the catheters. 

3.3 Experimental design 

3.4.1 Paper I 
Paper I was an inventory of previous performed experiments that were 
originally designed to qualitatively assess the behaviour of plasma NEFA 
concentrations after different NiAc provocations, rather than for a 
quantitative PKPD analysis. As a result, the exposure to NiAc was not 
characterized, and sampling schedule was intended to detect the maximum 
and minimum response to NiAc and to demonstrate rebound. The data 
collected were therefore more exploratory than optimal in the context of 
parameter identification.  

NiAc, dissolved in sterile 0.9 % NaCl, was administered as intravenous 
infusions to anaesthetized rats using four different infusion regimens (Table 
1). The concentrations of the dosing solutions were adjusted to give infusion 
flow rates in the range of 0.7-40 μL⋅min-1. Arterial blood samples (13-24 per 
rat, 30 μl per sample) were collected predose and during the infusion and 
washout periods for analysis of NEFA. The total blood volume removed did 
not exceed 0.8 mL. 

Table 1. Experimental design for Paper I (normal Sprague Dawley rats)  

* n=7 in the treatment group and n=3 in the control group; control rats received vehicle 
for the same total duration as treated rats 

** 3 min stepwise rate changes 

Dosing regimen Study 1 
n=10* 

Study 2 
n=1 

Study 3 
n=1 

Study 4 
n=1 

Infusion Consecutive 
infusions 

Single 
infusion 

Consecutive 
infusions 

Progressive 
plus constant 
rate infusions

Rate (nmol·min-1) 
 
Duration (min) 
 
Total dose (mg·kg-1) 

0.8, 1.6, 3.2, 6.4, 
12.8, 25.6 
30, 30, 30, 30,  
30, 40  
0, 0.5 

26 
 
30 
 
0.2 

32, 64 
 
73, 31 
 
1  

0→13**, 13, 
13→0** 
30, 30, 30 
 
0.2 
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3.4.2 Paper II 
The aim of Paper II was to assess the NiAc-induced changes in NEFA from a 
quantitative point of view using normal Sprague Dawley rats. Animals were 
assigned to 8 groups, each of which received an intravenous constant rate 
infusion for either 30 or 300 min (Table 2). Four groups received vehicle 
(0.9 % NaCl, n = 10), or 1, 5 or 20 µmol·kg-1 NiAc (n = 4-9 per group) over 
30 min. The other 4 groups received vehicle (n = 8), or 5, 10 or 51 µmol·kg-1 
NiAc (n = 7-9 per group) over 300 min.  

Table 2. Experimental design for Papers II and IV (normal Sprague Dawley rats)  

The concentrations of the dosing solutions were adjusted to give infusion 
volume flow rates in the range of 3.5-22 µL⋅min-1, based on body weight. The 
dosing solutions were prepared within 30 min of administration by dissolving 
an appropriate amount of NiAc in saline solution. Multiple (11-13 per rat) 
arterial blood samples were drawn for analysis of NiAc and NEFA plasma 

Dosing  
regimen 

Dose 
(µmol⋅kg-1) 

Rate 
(µmol⋅min-1⋅kg-1) 

Length of 
infusion 
(min)

Number 
of rats 

Paper

Infusion 0 0* 30 10 II, IV 

 1 0.033  4  

 5 0.17  8  

 20 0.67  9  

 0 0* 300 8  

 5 0.017  9  

 10 0.033  8  

 51 0.17  7  

 0 0, 0* 30, 180* 1 IV 

 5, 5→0.033** 0.17, 0.17→0.0033** 30, 180** 5  

 0 0, 0, 0* 30, 180*, 30 1  

 5, 5→0.033**, 5 0.17, 0.17→0.0033**, 0.17 30, 180**, 30 5  

Oral 0 - - 6 IV 

 24.4 - - 6  

 81.2 - - 6  

 812 - - 6  
* Control rats received vehicle using the same dose regimen as the NiAc group 
** Stepwise decrease in dose of 0.009 µmol⋅min-1⋅kg-1 every 10 min 
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concentrations. The total volume of blood removed did not exceed 1.5 mL 
per animal. 

3.4.3 Paper III 
The feedback model developed to describe NiAc-NEFA data in Paper II was 
evaluated from a mathematical/analytical perspective, focussing on the rate 
and extent of tolerance and rebound development. Numerical simulations 
were done to further explore the model behaviour. 

3.4.4 Paper IV 
In Paper IV, the data set from Paper II was extended using different 
intravenous and oral dosing regimens to produce additional patterns of NiAc 
exposure. This was done to explore the NiAc-induced changes in NEFA under 
new conditions, and to challenge the model. 

Each animal was assigned to one of 16 groups (Table 2). Groups 1-8 received 
an intravenous constant rate infusion of vehicle (0.9 % NaCl, n = 18) or NiAc 
(n = 4-9 per group) for either 30 or 300 min. NiAc infusions of 0, 1, 5 or 
20 µmol⋅kg-1 body weight were given over 30 min, and of 0, 5, 10 or 
51 µmol⋅kg-1 over 300 min. Group 10 received a total NiAc dose of 
20 µmol⋅kg-1 administered as a constant infusion (5 µmol⋅kg-1, n = 5) for 30 
min, followed by a stepwise decrease in infusion rate every 10 min for 
180 min; the flow rate and treatment duration for vehicle in the control 
(group 9, n = 1) were the same as in group 10. Group 12 (n = 5) received a 
total NiAc dose of 25 µmol⋅kg-1 administered according to the same regimen 
as group 10 for the first 210 min; at which time a subsequent 30 min infusion 
of 5 µmol⋅kg-1 was given; its control (group 11, n = 1) received vehicle 
according to the same regimen. Groups 13-16 were dosed orally by gavage 
with vehicle or 24.4, 81.2, or 812 µmol⋅kg-1 NiAc (n = 6 per group). The 
concentrations of the dosing solutions were adjusted to give infusion volume 
flow rates in the range 0.4-22 μL⋅min-1 and an oral dosing volume in the 
range 1.4-1.6 mL, based on body weight. All dosing solutions were prepared 
within 30 min of administration by dissolving NiAc in saline. Multiple (11-15 
per rat) arterial blood samples were drawn for analysis of NiAc and NEFA 
plasma concentrations. The total volume of blood removed did not exceed 
1.5 mL per animal. 

3.4.5 Paper V 
NiAc was administered to obese Zucker rats, an animal model of 
dyslipidaemia exhibiting insulin resistance and obesity [129], to assess the 
impact of disease on NiAc-induced changes in NEFA turnover. Animals were 
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assigned to 4 groups of rats each of which received an intravenous constant 
rate infusion for either 30 or 300 min (Table 3). Two groups received vehicle 
(0.9 % NaCl) or 20 µmol·kg-1 NiAc over 30 min, and 2 groups vehicle or 
51 µmol·kg-1 NiAc over 300 min. The concentrations of the dosing solutions 
were adjusted to give infusion volume flow rates in the range 5.7-18 μL⋅min-

1. Multiple (13-14) arterial blood samples were drawn for analysis of NiAc 
and NEFA plasma concentrations. The total volume of blood removed did not 
exceed 1.5 mL per animal. Data from the obese rats were compared with 
comparable data from normal rats reported in Papers II and IV. 

Table 3. Experimental design for Paper V (obese Zucker rats) 

* Control rats received vehicle using the same dose regimen as the NiAc group 

3.4 Analytical assays 
NiAc plasma concentration was analyzed and quantified using LC-MS. The 
high performance liquid chromatography (HPLC) system was an Agilent 1100 
Series (Hewlett-Packard GmbH, Walbronn, Germany) coupled to an HTC PAL 
auto sampler (CTC Analytics AG, Zwingen, Germany). Plasma samples (50 µL 
per sample) were precipitated with cold acetonitrile containing 0.2 % formic 
acid (150 µL per sample). After vortex mixing and centrifugation at 4 °C 
(4 000 × g, 20 min), an aliquot of 100 μL of the supernatant was used for the 
analysis. The mobile phase consisted of (A) 2 % acetonitrile and 0.2 % formic 
acid in water and (B) 0.2 % formic acid in acetonitrile. Separation was 
performed on a 50 x 2.1 mm Biobasic AX column with 5 μm particles 
(Thermo Hypersil-Keystone, Runcorn, Cheshire, UK) with a gradient of 95 to 
20 % B over 1 min,  held at 20 % B for 1.5 min and returned to initial 
conditions in one step. The HPLC system was connected to a Sciex API 4000 
quadrupole mass spectrometer with a positive electrospray ionization 
interface (Applied Biosystems, Ontario, Canada) and the mass transition was 
124.0 > 80.2. Data acquisition and data evaluation were performed using 
Analyst 1.4.1 (Applied Biosystems). The method showed linearity over a 
concentration range of 0.001-250 µmol⋅L-1. The lower limit of quantification 
(LLOQ) was 0.001 µmol⋅L-1 applying a sample volume of 50 µL plasma. 

Dosing 
regimen 

Dose 
(µmol⋅kg-1) 

Rate 
(µmol⋅min-1⋅kg-1) 

Length of 
infusion (min) 

Number 
of rats 

Infusion Control 0 30 2 
 20 0.67  8 
 Control 0 300 2 
 51 0.17  7 
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Plasma NEFA concentration was analyzed using an enzymatic colourimetric 
method (Wako Chemicals GmbH, Neuss, Germany) adapted to a 96-well 
format. This method relies upon the acylation of coenzyme A (CoA) by fatty 
acids in the presence of added acyl-CoA synthetase. The acyl-CoA thus 
produced is oxidized by added acyl-CoA oxidase with generation of hydrogen 
peroxide that, in the presence of peroxidase, permits the oxidative 
condensation of 3-methy-N-ethyl-N(β-hydroxyethyl)-aniline with 4-
aminoantipyrine to form a purple coloured adduct which can be measured 
colourimetrically at 550 nm. The method showed linearity over a NEFA 
concentration range of 0.002-2 mmol⋅L-1. The lower limit of quantification 
(LLOQ) was 0.002 mmol⋅L-1 applying a sample volume of 10 µL plasma. 

The binding of NiAc to plasma proteins in Sprague Dawley and obese Zucker 
rats was measured in Paper V by an automated equilibrium dialysis assay. 
After dialysis of plasma against a phosphate buffer at pH 7.0 over night, 
plasma and buffer samples were analyzed using LC-MS. The binding was 
measured at NiAc concentrations of and 1 and 10 µmol⋅L-1. The fraction 
unbound, fu, was calculated from the analyses in plasma and buffer. 

3.5 Data analysis 
The dose-response-time analysis (Paper I), was performed in WinNonlin 5.2 
(Pharsight, CA, USA), whereas the pharmacokinetic and pharmacodynamic 
data in Papers II, IV and V, were modelled by means of nonlinear mixed-
effects modelling using NONMEM (Version VI level 2.1, Icon Development 
Solutions, Elliot City, MD, USA).  

3.6.1 Structural models 

3.6.1.1 Dose-response-time analysis 
Response versus time data, even in the absence of measured concentrations, 
inherently contain useful information about the turnover characteristics of a 
response (turnover rate, half-life of response), the drug’s biophase kinetics 
(bioavailability, half-life) and the pharmacodynamic characteristics (potency, 
intrinsic activity) [96].  

In the dose-response-time model developed in Paper I, the amount of drug 
in the biophase was used to drive the inhibitory drug mechanism function, 
and the elimination rate constant of the biophase and pharmacodynamic 
parameters were estimated in the regression analysis. 
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The biophase kinetics of NiAc was modelled as: 

be
b AkInput

dt

dA
⋅−=     (1) 

where Ab, Input and ke are the drug amount in the biophase, the infusion 
regimen and the first-order elimination rate constant of NiAc from the 
biophase, respectively (Figure 4). The biophase kinetics of NiAc was then 
assumed to drive NEFA turnover via an inhibitory drug mechanism function: 

γγ

γ

b50

bmax
b AID

AI
1)A(I

+
⋅

−=     (2) 

where Imax, ID50 and γ are, respectively, the efficacy (maximum drug-induced 
inhibitory effect of formation of the NEFA response), the potency (amount in 
biophase reducing formation of response by 50 %) and the sigmoidicity 
factor, respectively. The mechanism of action of NiAc on NEFA plasma 
concentration R was modelled by means of inhibition of the turnover rate kin: 

Rk)A(I
M
1

k
dt
dR

outbin ⋅−⋅⋅=     (3) 

where kin, M, kout and I(Ab) are the turnover rate constant, the moderator, 
the fractional turnover rate constant and the inhibitory drug mechanism 
function (Equation 2), respectively (Figure 4). The moderator M then inhibits 
the production of R. The build-up and loss of M are governed by the first-
order turnover rate constant ktol: 

)MR(k
dt

dM
tol −=      (4) 

The ktol parameter will then govern the rate of tolerance development. The 
steady state response RSS is expressed as: 

)A(I
k

k
R b

out

in
SS ⋅=      (5) 

where I(Ab) can be translated to the inhibitory drug mechanism function for 
plasma concentration I(Cp) using a volume of distribution allometrically 
scaled from guinea pigs (0.17 L, in-house data not shown).  
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Figure 4. Schematic illustration of the dose-response-time model of NEFA turnover in 
normal Sprague Dawley rats. The amount of NiAc in the biophase, governed by the 
infusion regimen (Inf) and the elimination rate (ke), acts on the production of NEFA (R) via 
the inhibitory drug mechanism function I(Ab). R acts linearly on the production of the 
moderator M, which in turn acts inversely on the production of R. The solid and dashed 
lines represent fluxes and control processes, respectively. 

3.6.1.2 Pharmacokinetics of NiAc in normal Sprague Dawley rats 
The disappearance of NiAc from the gastrointestinal tract (Paper IV) was 
described as two parallel linear and nonlinear processes (Figure 5) given by: 

gg,m

ggmax,
ga

g

AK

AV
Ak

dt

dA

+
⋅

−⋅−=     (6) 

where Ag is the amount of drug in the gut, ka is the first-order absorption 
rate constant, Vmax,g is the maximum absorption rate, and Km,g is the amount 
of drug in the gut when the absorption rate is 50 % of Vmax,g. Including the 
bioavailability as a parameter in the modelling resulted in an estimate close 
to 1 and it was therefore fixed to 1 throughout the analysis.  

The disposition of NiAc (Papers II and IV) was modelled as a two-
compartment model with endogenous NiAc synthesis (Synt) and two parallel 
capacity-limited elimination processes (Figure 5) that probably correspond to 
glycine conjugation and amidation [130]. The exogenous input and 
disposition of NiAc were mathematically described by: 
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where, respectively, Cp and Ct denote the NiAc concentration in the central 
(plasma) and peripheral compartments, Vc and Vt the central and peripheral 
volumes of distribution, Input the rate of intravenous infusion or oral 
administration of the drug, and Synt the endogenous synthesis rate of NiAc. 
The Vmax1 and Km1 parameters denote the maximal velocity and Michaelis-
Menten constant of the high affinity elimination process, respectively, Vmax2 
and Km2 the corresponding parameters for the low affinity elimination 
process, and Cld the intercompartmental distribution.  

 
Figure 5. Schematic illustration of the absorption and disposition of NiAc in rats. 
(A) Normal Sprague Dawley rats (Papers II and IV). (B) Obese Zucker rats (Paper V). 
Ag denotes the amount of NiAc in the gut, and Cp and Ct the NiAc concentrations in plasma 
and the peripheral compartment, respectively. Dosepo and Inf represent the oral dosing 
and intravenous infusions, respectively. A1 and A2 represent the linear and nonlinear 
absorption, respectively. The NiAc absorption and disposition parameters are ka, Vmax,g, 
Km,g, Vc, Vt, Vmax1, Km1, Vmax2, Km2, Cld, and Synt (definitions in Table 5). 
 
The total clearance Cltot can be expressed as: 
 

pm
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V
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+
+

+
=     (9) 

 

3.6.1.3 Pharmacokinetics of NiAc in obese Zucker rats 
The disposition of NiAc in obese Zucker rats (Paper V) was modelled as a 
one-compartment model with endogenous synthesis (Synt) of NiAc and a 
single capacity-limited elimination (Figure 5). The model is mathematically 
described as: 
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where Cp denotes the NiAc concentration in the central compartment, Vc the 
central volume of distribution, Input the rate of intravenous infusion of NiAc, 
and Synt the endogenous synthesis rate. The Vmax1 and Km1 parameters are 
the maximal velocity and Michaelis-Menten constant, respectively.  

3.6.1.4 Feedback model of NEFA in Sprague Dawley and obese Zucker rats 
The hydrolysis of TG to NEFA and glycerol in adipocytes is inhibited by NiAc, 
with this inhibitory process I(Cp) being described by: 

γγ

γ

p50

pmax
p CIC

CI
1)C(I

+
⋅

−=     (11) 

where Cp, Imax, IC50 and γ  are, respectively, the NiAc plasma concentration, 
the maximum NiAc-induced inhibition of NEFA, the NiAc plasma concen-
tration at 50 % reduction of the NEFA turnover rate (potency), and the 
sigmoidicity factor. 

The feedback is governed by a moderator which is distributed over a series 
of 8 transit compartments, where moderator M1 in the first compartment 
inhibits the adipocyte-dependent formation of R, and moderator M8 in the 
eighth compartment stimulates the loss of R (Figure 6). The dual action of 
insulin on NEFA regulation is captured firstly by M1, which denotes the rapid 
inhibition of the hydrolysis of TG to NEFA and glycerol in adipocytes [124, 
125], and secondly by M8, which represents the delayed stimulation of re-
esterification of NEFA to TG [125, 126]. The moderator is affected by R via a 
first-order build-up of M (ktol·R). Each M compartment has a transit time of 
1/ktol. 

When NiAc inhibits the adipocyte-dependent formation of NEFA, NEFA will 
decrease, causing a reduction in the production of moderator and a sub-
sequent decrease in M1. As the formation of NEFA is inversely proportional 
to the moderator raised to the power of p (M1

p), the formation of NEFA will 
increase when M1 decreases. After a delay, the level of moderator M8 in the 
final compartment will also fall, reducing the loss of NEFA. Eventually the 
concentrations of R and Mi (where i = 1, …, 8) will equilibrate. 
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Figure 6. Schematic illustration of the feedback model describing NiAc-induced changes in 
NEFA. NEFA and M1,…,8 denote the response and moderator compartments, respectively. 
The NEFA turnover parameters are kin, kout, ktol, kcap, and p (definitions in Table 6). I(Cp) is 
defined in Equation 11. The solid and dashed lines represent fluxes and control processes, 
respectively. 

A lower physiological limit of NEFA is observed at high NiAc concentrations 
probably due to lipoprotein lipase-catalyzed hydrolysis of TG to NEFA and 
glycerol in the capillaries. This NiAc-independent process is incorporated as a 
zero-order production term kcap in the model: 

8outcappp
1

in MRkk)C(I
M

1
k

dt

dR ⋅⋅−+⋅⋅=    (12) 

where M1 and M8 are described above, and kin is the turnover rate of NEFA, p 
the amplification factor, I(Cp) the inhibitory drug mechanism function 
(Equation 11), kcap the rate of formation of NEFA in capillaries, and kout the 
fractional turnover rate of R. The turnover equations of the moderators are 
given by: 
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where ktol is the first order rate constant of moderator turnover.  
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The turnover rate kin of NEFA is derived and expressed as: 

p
0cap

2
0outin R)kRk(k ⋅−⋅=    (14) 

where R0 is the baseline NEFA concentration and p the amplification factor. 
The extent of tolerance can be approximated by comparison of the full 
feedback system (Equations 12 and 13) and a non-tolerant turnover system. 
In the non-tolerant system all moderators remain at baseline at all times 
(Mi(t) = M0 = R0) and Equations 12 and 13 can then be simplified to:  

0outcappp
0

in RRkk)C(I
R

k
dt
dR ⋅⋅−+⋅⋅= 1    (15) 

3.6.1.5 Initial parameter estimates and steady state expressions 
The turnover rate kin of NEFA was estimated in the modelling process as a 
function of R0, kout and kcap according to Equation 14.  

The baseline concentration R0 was obtained from the predose level of NEFA. 
Following a high dose of NiAc (Cp >> IC50), Equation 12 can be approximated 
by: 

8outcap MRkk
dt
dR ⋅⋅−≈     (16) 

Provided kcap is initially much less than kout⋅R⋅R0, Equation 16 can be 
simplified to:  

0out RRk
dt
dR ⋅⋅−≈      (17) 

where M8 is approximated by R0. Thus, the initial downswing of R on a semi-
logarithmic plot gives a slope of –kout⋅R0. The kout parameter can then be 
estimated from the ratio of the slope to R0. 

The lower physiological limit of NEFA was reached following the highest dose 
of NiAc. Assuming complete inhibition (i.e., I(Cp) = 0) and that both R and M8 
are equal to Rmin, kcap can be estimated from: 

2
minoutcap Rkk ⋅≈      (18) 

where Rmin denotes the minimum response following a 30 min infusion. 
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The rebound is governed by ktol and it takes 3-4 t1/2,ktol for the response to re-
stabilize at baseline after rebound. The length of rebound following a 30 min 
infusion of NiAc is approximately 40 min and t1/2,ktol is subsequently around 
10 min. An initial estimate of ktol can then be roughly approximated 
according to: 

tol
ktol,2/1 k)1p(

)2ln(
t

+
=      (19) 

The IC50 was approximated as the concentration of NiAc resulting in a half 
maximal response following a 30 min infusion. The sigmoidicity (γ) and 
amplification (p) factors were initially both set equal to unity. 

The steady state values for the response R and the moderators Mi (i = 1,…, N) 
of the feedback model, formulated in Equations 12 and 13, are given by: 

  R M MR ssN1 ==== L     (20) 

where the steady state concentration Rss is the unique solution of the 
equation: 
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in which  

p
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2
0outin R)kRk(k ⋅−⋅=     (22) 

and R0 is the baseline response. In general it is not possible to write 
the solution RSS of Equation 21 as an explicit expression when kcap is nonzero. 

For the obese animals, kcap could not be estimated and was therefore fixed 
to zero throughout the analysis. Equation 21 can then be simplified and 
solved for RSS: 
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3.6.2 Statistical models 
Pharmacokinetic and pharmacodynamic software (e.g. WinNonlin and 
NONMEM) iteratively search for the parameter estimates of a predefined 
model, resulting in the best graphical description of experimental data. In 
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traditional pharmacokinetic and pharmacodynamic analysis, a two-stage 
approach is often applied, with a model being fitted to each individual 
separately, and the inter-individual variability in the parameters being 
calculated subsequently [131, 132]. This method requires frequent sampling 
from each individual, and to sufficiently describe the experimental data in 
each individual, different structural models might be applied, biasing 
calculations of inter-individual variability. A two-stage approach can also lead 
to overestimation of the inter-individual variability as this method does not 
discriminate between random residual variability (unexplained variability) 
and variability in the parameters. An alternative approach is to use nonlinear 
mixed-effects modelling, where a minimum of two levels of variability 
(referred to as random effect parameters) are identified and separated, in 
addition to the parameters of the structural model (referred to as fixed 
effects parameters). The first level of variability handles random residual 
variability, which corresponds to the unexplained variability such as model 
misspecification and experimental errors. The second level explains 
variability of parameters between subjects and occasions. In nonlinear 
mixed-effects modelling, the structural and statistical models are fitted to 
the observations simultaneously, allowing discrepancies in data density and 
parameter estimates between individuals. A disadvantage of this method is 
that it can be computer intensive and time consuming.  

3.6.2.1 Statistical models and numerics applied in Papers II, IV and V 
All fixed effects parameters were assumed to be log-normally distributed 
and the inter-individual variability was, accordingly, modelled as exponential 
models for all parameters. The random residual variability in the pharmaco-
kinetic analysis of NiAc was modelled as a function of proportional and 
additive error in Paper II, whereas a single proportional error model was 
used in Papers IV and V. In the feedback modelling of NEFA in Papers II and 
V, a proportional error model was used, whereas an additive model was 
used in Paper IV. 

The Laplacian estimation method with interactions was used in the 
pharmacokinetic analysis of NiAc in Paper IV, and without interactions in 
Papers II and V. The turnover of NEFA was analyzed by the Laplacian 
estimation method without interactions.  

The individual pharmacokinetic parameters of NiAc were introduced as fixed 
parameters in the analysis of NEFA data. 
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4 Results and discussion 

4.1 Dose-response-time analysis (Paper I) 
The rationale behind modelling dose-response-time data is that response-
time relationships contain information about the underlying kinetics of a 
drug in the biophase. By using appropriate modelling, it should be possible 
to derive this kinetic information from the pharmacodynamic data. To 
achieve this, a virtual compartment that represents the biophase in which 
the drug amount is driving the pharmacodynamics is usually included in the 
model. Early descriptions of this concept were given by Levy [133-135] and 
Smolen [136], and further developed by Verotta and Sheiner [137]. Dose-
response-time models have been applied to data in the fields of anaesthesia-
logy [138, 139], lipolysis [140], antinociception, cortisol secretion and body 
temperature regulation [96].  

Using a multiple intravenous infusion technique, NiAc was shown to reduce 
plasma NEFA concentrations in rats by 67-86 % below baseline, followed by a 
post-infusion rebound of 28-150 % above predose baseline (Figure 7).  

The dose-response-time feedback model described in Section 3.6.1.1 was 
fitted to individual response-time data from the different studies (see Table 
1). The average final parameter estimates and their precision (CV %) are 
shown for Study 1 in Table 4, together with the range of each estimate from 
applying the model to all 4 studies. The model-predicted NEFA concentra-
tions were consistent with the experimental data (Figure 7) and the precision 
of the estimates was high for all parameters (Table 4). The final parameter 
estimates from Study 1 fell on either the lower or upper boundary of the 
range for most parameters. However, the challenging design of the multiple 
consecutive infusions regimen in Study 1 may have revealed more correct 
behaviour of the system than the parameter ranges as the latter also 
included Studies 2-4, each with one animal. 
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Figure 7. Individual time-courses of the plasma NEFA concentration (mmol⋅L-1) following 
constant rate intravenous infusion of NiAc to normal Sprague Dawley rats. NiAc 
administration commenced at time t = 0 min. Symbols represent observed concentrations 
for a single animal and solid black lines the model-predicted response. The grey areas 
symbolize the duration for which different doses were infused. (A) Study 1 – Consecutive 
infusions of 0.8, 1.6, 3.2, 6.4, 12.8 and 25.6 nmol⋅min-1, with the infusion rate doubled 
every 30 min and infusion stopped at 196 min. The break at 90-96 min was due to 
changing the syringe. (B) Study 2 – Infusion of 25.6 nmol⋅min-1 for 30 min. (C) Study 3 – 
Consecutive infusions of 32 and 64 nmol⋅min-1, with the infusion rate increased at 73 min 
and infusion stopped at 104 min. (D) Study 4 – Infusion rate increased stepwise every 
3 min for 30 min from 0 to 13 nmol⋅min-1, held constant at 13 nmol⋅min-1 for 30 min, and 
decreased stepwise every 3 min for 30 min from 13 to 0 nmol⋅min-1. 

By dividing the ID50 value by the volume of distribution (0.17 L) scaled 
allometrically from guinea pig, IC50 was estimated to be 0.038 µmol⋅L-1.      

The NEFA datasets analyzed in Paper I were originally designed to assess 
qualitatively the behaviour of plasma NEFA concentrations after different 
NiAc provocations. As a result, the sampling schedule was intended to detect 
the maximum and minimum response to NiAc, and to demonstrate the 
rebound phenomenon. Hence, the data collected were exploratory rather 
than optimal for parameter estimation. However, although the biophase 
kinetic model may not have precisely represented the plasma kinetics of 
NiAc, it still contributed to the estimation of the system (e.g. kout, ktol) and 
drug parameters (ID50, γ). 
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Table 4. Final parameter estimates from the dose-response-
time analysis in Study 1 (Paper I) 
Parameter Estimate ± CV %* (Range)** 

R0 (mmol⋅L-1) 0.55 ± 3.6 (0.41-0.55) 
kout (min-1) 0.30 ± 31 (0.14-0.35) 
ktol (min-1) 0.079 ± 27 (0.023-0.079) 
ID50 (µmol) 0.0065 ± 31 (0.0065-0.058) 
γ 1.4 ± 9.2 (1.4-3.7) 
ke (min-1) 0.44 ± 18 (0.21-0.44) 
* Final estimates from Study 1 presented as mean ± CV % 

(n=10); CV % is the precision of the parameter estimate, 
calculated as (SE/estimate)⋅100 in WinNonlin 

** Range from all 4 studies in Paper 1 (n=1 for each of 
Studies 2-4) 

Smolen [136] assumed that dose-response-time analysis might be expected 
to fail unless linear kinetics, linear dynamics, time-constant parameters, no 
active metabolites, and no tolerance or rebound pertained. However, it has 
been demonstrated that, with appropriate design, the drug effect can be 
modelled successfully in spite of indirect action [96, 140], active metabolites 
[140], and feedback/time dependencies [96].  

This analysis exemplifies the possibility of assigning kinetic forcing functions 
in pharmacodynamic modelling for the purpose of characterizing a drug’s 
response (i.e. discriminating between system- and drug-specific parameters, 
and optimizing the design of subsequent studies). However, crucial 
determinants of the success of modelling dose-response-time data are dose 
selection, multiple dosing, and an optimized sampling regimen [96, 140].   

4.2 Pharmacokinetics of NiAc 

4.2.1 Normal Sprague Dawley rats (Papers II and IV) 
Observed plasma concentrations of NiAc following infusions and oral 
administration of NiAc are shown in Figure 8. The highest NiAc concentration 
(223 µmol⋅L-1) was observed after oral administration of 812 µmol⋅kg-1 NiAc 
(Figure 8D). The nonlinear disposition of NiAc became pronounced at high 
drug concentrations. The NiAc concentration-time profiles displayed a 
plateau after oral dosing, which could indicate nonlinear absorption. 
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Figure 8. Observed plasma NiAc concentration-time profiles in normal Sprague Dawley 
rats during and after vehicle or NiAc administration. Control groups received vehicle 
according to the same regimen as their respective NiAc-treated group. (A) 30 min infusion 
of 0, 1, 5 or 20 µmol NiAc per kg of body weight; (B) 300 min infusion of 0, 5, 10 or 
51 µmol⋅kg-1; (C) 30 min infusion of 0 or 5 µmol⋅kg-1, followed by a stepwise decrease in 
infusion rate every 10 min over 180 min (total dose of 20 µmol⋅kg-1, dashed) and a 
subsequent 30 min infusion of 0 or 5 µmol⋅kg-1 commencing at 210 min (total dose of 
25 µmol⋅kg-1, solid); (D) oral dose of 0, 24.4, 81.2 or 812 µmol⋅kg-1. The NiAc 
concentrations in the two control animals in (C) fell below the LLOQ. In (B), no samples 
were taken between 200 and 300 min in two rats given 10 µmol⋅kg-1.  

The reason for modelling NiAc concentration-time data was to obtain an 
individual time curve for each animal that could be used to drive the NEFA 
concentration time-course. A two-compartment model with endogenous 
NiAc synthesis and two parallel capacity-limited elimination pathways, 
probably corresponding to glycine conjugation and amidation, described the 
disposition of NiAc consistently (Figure 9). Iwaki et al. [130] showed that the 
glycine conjugation forming nicotinuric acid was capacity-limited in rats in 
vivo, and also provided weak evidence that the amidation pathway was 
capacity-limited. The absorption from the gastrointestinal tract was de-
scribed in the current studies by a parallel nonlinear and linear process 
(Equation 6).  
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Figure 9. Representative model fits of NiAc plasma concentration-time data in normal 
Sprague Dawley rats after infusion (A-H) and oral dosing (I-K) of NiAc. Solid and dotted 
lines represent individual and population fits, respectively. Infusion of (A) 1 µmol⋅kg-1, 
(B) 5 µmol⋅kg-1, and (C) 20 µmol⋅kg-1 over 30 min; (D) 5 µmol⋅kg-1, (E) 10 µmol⋅kg-1, and  
(F) 51 µmol⋅kg-1 over 300 min; (G) total dose of 20 µmol⋅kg-1 administered as 5 µmol⋅kg-1 
over 30 min, followed by a stepwise decrease in infusion rate every 10 min for 180 min; 
(H) total dose of 25 µmol⋅kg-1 administered as 5 µmol⋅kg-1 over 30 min, followed by a 
stepwise decrease in infusion rate every 10 min for 180 min, and another 5 µmol⋅kg-1 
infusion over 30 min. Oral dose of 24.4 (I), 81.2 (J) or 812 (K) µmol⋅kg-1. 

The NiAc parameter estimates in normal Sprague Dawley rats obtained in 
Papers II and IV are shown in Table 5. In Paper II, the additive error is small, 
but only a proportional error model resulted in increased objection function 
value (OFV) and impaired curve-fit. In Paper IV, the intercompartmental 
distribution Cld was estimated to 0.00085 L⋅min-1⋅kg-1 which corresponds to a 
blood flow in humans around 20 mL⋅min-1. The peripheral compartment 
would then represent a tissue that is only perfused to a tenth of that of 
adipose tissue. This indicates that a one-compartment model might suffice 
to describe the disposition of NiAc. 
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Table 5. Typical NiAc pharmacokinetic parameter estimates and inter-individual variability 
(IIV), with corresponding relative standard errors (RSE %) for normal Sprague Dawley 
(Papers II and IV) and obese Zucker (Paper V) rats 
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In Figure 10, total clearance Cltot, calculated using parameter estimates in 
each of Papers II and IV, is plotted against NiAc concentration, together with 
total clearance from Iwaki et al. [130]. At low NiAc concentrations total 
clearances differed considerably in these studies, whereas at concentrations 
above ∼ 0.5 µmol⋅L-1 the differences decreased. This may be due to the 
different NiAc concentration ranges in the three studies (0.001-20 µmol⋅L-1 in 
Paper II, 0.001-220 µmol⋅L-1 in Paper IV, and 0.8-800 µmol⋅L-1 in Iwaki et al.) 
As the LLOQ in Iwaki et al. was 0.8 µmol⋅L-1, there is high uncertainty in the 
calculated total clearance at concentrations below their LLOQ. The rat strains 
also differed between these studies, with Papers II and IV using Sprague 
Dawley rats, and Iwaki et al. Wistar. Finally, Iwaki et al. did not include an 
endogenous synthesis parameter or a mixed-effects modelling approach.  

 
Figure 10. Total clearance versus NiAc concentration in normal Sprague Dawley rats, 
calculated from the NiAc disposition parameters in Papers II and IV (Table 5),  and in  
Iwaki et al. [130]. The LLOQ was 0.001 µmol⋅L-1 in Papers II and IV and 0.8 µmol⋅L-1 in 
Iwaki et al.  The curves for Papers II and IV were derived using Equation 9 in Section 
3.6.1.2 and the final parameter estimates in Table 5. For Iwaki et al., a single capacity-
limited elimination model was used, with Vmax1 and Km1 of 1.9 µmol⋅min-1⋅kg-1 and 
39 µmol⋅L-1, respectively. 

In terms of the discrepancies between Papers II and IV, differences in 
methodology that may have influenced the results include the amounts of 
available data, the provocations included in the analysis, the range of NiAc 
exposure, the routes of NiAc administration, over-parameterisation, and 
changes in the differential equation solver and the method of estimation. 
However, it is important to note that the primary purpose of the NiAc model 
was to drive the pharmacodynamics and an acceptable description of the 
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observed individual concentration time-courses was therefore the primary 
goal of the pharmacokinetic analysis.  

The free fraction of NiAc in plasma (fu) in Sprague Dawley rats was 81 and 
74 %, at 1 and 10 µmol L-1 NiAc, respectively, resulting in an average of 78 %. 
This is discussed together with the obese rats in Section 4.2.2.   

4.2.2 Obese Zucker rats (Paper V) 
Observed NiAc concentration time-courses for obese Zucker rats are plotted 
in Figure 11, with comparable data from normal Sprague Dawley rats. NiAc 
infusion rates of 0.67 µmol⋅min-1⋅kg-1 (20 µmol⋅kg-1 over 30 min, Figure 11A) 
and 0.17 µmol⋅min-1⋅kg-1 (51 µmol⋅kg-1 over 300 min, Figure 11B) resulted in 
slightly higher plasma concentrations in the obese rats compared to the 
normal rats. The highest observed NiAc concentrations were 23.3 and 
17.9 µmol⋅L-1 in the obese and normal rats, respectively. 

Compared to normal rats, the disposition of NiAc was altered in obese rats, 
being adequately described (Figure 11C, D) by a one-compartment model 
with endogenous NiAc synthesis and a single capacity-limited elimination 
process. Not only has it been reported that the pharmacokinetics of drugs 
may be altered in disease [141-143], but it has been proposed that obesity 
influences the distribution and clearance of compounds [119-123]. The 
altered disposition of NiAc in obese rats compared to normal rats was, 
therefore, not surprising. 

The disposition parameters of NiAc in obese rats are summarized in Table 5. 
The structural parameters were estimated with high precision, but the inter-
individual variability (IIV) was estimated with low certainty in this preliminary 
analysis. However, as the aim of modelling NiAc concentration-time data was 
to find individual time profiles that could drive the individual NEFA 
concentration time-courses, the present analysis fulfilled this aim. Never-
theless, further modelling is required to estimate the inter-individual 
variability with higher certainty and to enable definite conclusions about 
NiAc disposition in normal and obese rats to be drawn.  

The free fraction fu of NiAc in obese Zucker rats at 1 and 10 µmol⋅L-1 NiAc 
was, respectively, 94 and 102 %, with an average of 98 %. Plasma protein 
binding was slightly lower in the obese rats than in normal rats (average fu 
78 %), which is consistent with the possible competition of NEFA for binding 
to plasma proteins [144]. Because NiAc is rapidly eliminated and perfusion of 
the liver is the rate-limiting step, the unbound NiAc concentration is 
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dependent on fu [145], suggesting that a difference in protein binding 
between normal and obese rats might be important. However, as the molar 
concentration of plasma albumin is around 600 µmol⋅L-1 and the highest 
observed NiAc concentration in obese rats was only around 20 µmol⋅L-1, the 
impact of protein binding would be negligible and unlikely to account for 
other differences in the NiAc-NEFA system of the two strains of rats. 

 
Figure 11. Plasma NiAc concentration-time profiles during and after infusion of vehicle 
(grey) or NiAc (black). Observed data for normal (dotted lines) and obese (solid lines) rats 
(A and B), and predicted data for obese rats (C and D). Control groups received vehicle 
according to the same regimen as their respective NiAc-treated group. (A) 30 min of 0 or 
20 µmol NiAc per kg of body weight; (B) 300 min of 0 or 51 µmol⋅kg-1. The NiAc baseline 
concentration could only be quantified in the limited number of control samples which 
were at or above the LLOQ (≥ 0.001 µmol⋅L-1). Individual (solid line) and population (dotted 
line) predicted NiAc plasma concentration time-course in a representative obese rat after 
30 min of 20 µmol⋅kg-1 (C), and 300 min of 51 µmol⋅kg-1 (D) NiAc. 

4.3 Feedback modelling of NEFA 

4.3.1 Normal Sprague Dawley rats (Papers II and IV) 
Observed individual NEFA concentration-time profiles obtained after NiAc 
administration are shown for normal rats in Figure 12. Baseline NEFA 
concentrations ranged from 0.29 to 1.2 µmol⋅L-1. NiAc administration rapidly 
decreased the concentration to approximately 10 % of the predose baseline 
level. Increased NiAc exposure did not further reduce NEFA concentrations, 
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suggesting a lower physiological limit of NEFA of around 0.05 mmol⋅L-1 
(LLOQ = 0.002 mmol⋅L-1). Following abrupt decreases in NiAc exposure, NEFA 
concentration increased rapidly, with marked rebound (to between 118 and 
362 % of the predose baseline level) after all dose regimens. The rebound 
amplitude depended on both the extent and duration of NiAc exposure, 
being increased after high and prolonged exposure. Post-rebound oscillatory 
behaviour was most noticeable following long (300 min) infusions (Figure 
12B).  

 
Figure 12. Observed plasma NEFA concentration-time profiles in normal Sprague Dawley 
rats during and after vehicle or NiAc administration. Control groups received vehicle 
according to the same regimen as their respective NiAc-treated group. (A) 30 min infusion 
of 0, 1, 5 or 20 µmol NiAc per kg of body weight; (B) 300 min infusion of 0, 5, 10 or 
51 µmol⋅kg-1; (C) 30 min infusion of 0 or 5 µmol⋅kg-1, followed by a stepwise decrease in 
infusion rate every 10 min over 180 min (total dose of 20 µmol⋅kg-1, dashed) and a 
subsequent 30 min infusion of 0 or 5 µmol⋅kg-1 commencing at 210 min (total dose of 
25 µmol⋅kg-1, solid); (D) oral dose of 0, 24.4, 81.2 or 812 µmol⋅kg-1. NEFA concentrations 
were stable in individual control animals, but there was large variability between animals. 

The NiAc-NEFA system showed adaptation, a lower physiological limit, 
rebound and post-rebound oscillatory behaviour. Representative individual 
and population predictions superimposed on experimental data after 
different dose regimens and routes of administration are shown in Figure 13. 
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Figure 13. Representative model fits of NEFA plasma concentration-time data in normal 
Sprague Dawley rats after infusion (A-H) and oral administration (I-K) of NiAc. Solid and 
dotted lines represent individual and population fits, respectively, and grey lines the 
individually predicted baseline. Infusion of (A) 1 µmol⋅kg-1, (B) 5 µmol⋅kg-1, and 
(C) 20 µmol⋅kg-1 over 30 min; (D) 5 µmol⋅kg-1, (E) 10 µmol⋅kg-1, and (F) 51 µmol⋅kg-1 over 
300 min; (G) total dose of 20 µmol⋅kg-1 administered as 5 µmol⋅kg-1 over 30 min, followed 
by a stepwise decrease in infusion rate every 10 min for 180 min; (H) total dose of 
25 µmol⋅kg-1 administered as 5 µmol⋅kg-1 over 30 min, followed by a stepwise decrease in 
infusion rate every 10 min for 180 min, and another 5 µmol⋅kg-1 infusion over 30 min. Oral 
dose of 24.4  (I), 81.2  (J), and  812 (K) µmol⋅kg-1.   

Insulin, one of several NEFA regulators, primarily affects NEFA homeostasis 
by rapidly inhibiting hydrolysis of TG to NEFA and glycerol [124, 125], and by 
stimulating re-esterification of NEFA to TG through a more slowly acting path 
[125, 126]. The feedback model used here was built on mechanistic 
principles, mimicking insulin’s regulatory impact on NEFA homeostasis by 
introducing a moderator which acted via a series of transit compartments; 
with moderator in the first and last compartments representing the rapid 
and slow mechanisms, respectively. The model successfully mimicked the 
observed non-intuitive changes in NEFA concentration after different 
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patterns of NiAc exposure produced by different rates and routes of NiAc 
administration. 

The typical parameters in normal Sprague Dawley rats were estimated with 
high precision (Table 6). The system parameter estimates (kin, kout, ktol, kcap 
and p) were generally in good agreement between the two studies, with the 
exception that, compared to Paper II, kout was reduced by 34 % in Paper IV 
and kin (estimated as a secondary parameter) was increased by 36 %. The 
drug parameters γ and IC50 were increased by 47 and 52 %, respectively, in 
Paper IV compared to Paper II. These discrepancies may reflect differences in 
experimental design and/or analytical methods, as outlined in Section 4.2.1.  

The contribution of the baseline NiAc concentration to the reduction in NEFA 
is probably negligible because NiAc potency (i.e. NEFA IC50, Table 6) was 
0.045 and 0.068 µmol⋅L-1, and the endogenous NiAc concentration 0.007 and 
0.008 µmol⋅L-1 in Papers II and IV, respectively.   

The lower limit of plasma NEFA concentrations was captured by means of a 
separate parameter kcap, mimicking the non-adipocyte dependent release of 
NEFA into plasma. Because a lower physiological limit is also seen following 
administration of other GPR109A agonists (e.g. acipimox [146]), it is 
suggestive of a system- rather than drug-specific parameter. Consequently, 
substituting kcap for Imax in order to capture the lower physiological limit 
would not be mechanistically correct. Simultaneous estimation of kcap and 
Imax would be difficult since both parameters are determined from the 
minimum response and will therefore be highly correlated unless data of 
both full and partial agonists are evaluated simultaneously.  

Ideally, the number of transit compartments should be estimated as a 
parameter in the model, as this makes it possible to add inter-individual 
variability of the number of compartments, as shown by Sun and Jusko [147] 
and Savic et al. [148]. However, these methods could not be applied, 
because they were based on the assumption that there was no continuous 
input to the first transit compartment, whilst here, all eight compartments 
were filled. Thus, the optimal number of compartments N was estimated to 
be 8 by manually increasing N until the best fit and minimum OFV was 
established. By increasing N, the oscillatory behaviour of the response 
became more pronounced. For N < 6, oscillatory rebound was not 
adequately captured and OFV was increased. 
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Table 6. Typical pharmacodynamic (NEFA response) parameter estimates and inter-
individual variability (IIV) with corresponding relative standard errors (RSE %) for normal 
Sprague Dawley (Papers II and IV) and obese Zucker (Paper V) rats 
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4.3.2  Obese Zucker rats (Paper V) 
Observed individual NEFA concentration-time profiles after NiAc administra-
tion to obese (Paper V) and normal (Papers II and IV) rats are shown in Figure 
14. The differences are summarized qualitatively in Table 7. In normal rats, 
plasma NEFA concentrations decreased rapidly to a lower physiological limit 
of 0.055 mmol⋅L-1. In obese rats, the NEFA reduction was slower despite the 
comparable drug exposure profiles, and there was no plateau indicative of a 
lower physiological limit. The lowest measured NEFA concentration in obese 
rats was 0.16 mmol⋅L-1.  

 
Figure 14. Plasma NEFA concentration-time profiles during and after infusion of vehicle 
(grey) or NiAc (black). Observed data for normal (dotted lines) and obese (solid lines) rats 
(A and B), and predicted data for obese rats (C and D). Control groups received vehicle 
according to the same regimen as their respective NiAc-treated group. (A) 30 min of 0 or 
20 µmol NiAc per kg of body weight; (B) 300 min of 0 or 51 µmol⋅kg-1. The NEFA 
concentrations were stable in individual control animals, but there was large variability 
between animals. Individual (solid line) and population (dotted line) predicted NEFA 
plasma concentration time-courses in representative obese individuals after (C) 30 min of 
20 µmol⋅kg-1 and (D) 300 min of 51 µmol⋅kg-1 NiAc. 

Although NEFA concentrations increased post-infusion in obese rats, they did 
not exceed the baseline concentration after the 30 min infusions. Rebound 
and post-rebound oscillations followed the 300 min infusions, but they were 
substantially less than in the normal rats. There was more pronounced 
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slowly developing tolerance during the period of constant NiAc exposure in 
obese than in normal rats, resembling the pattern during 300 min infusions 
in normal rats at lower NiAc doses (5 or 10 µmol⋅kg-1, see Figure 12B). 

Representative individual and population predictions superimposed on 
experimental data after different doses and infusion times are shown in 
Figure 14C and D. Although the pharmacodynamic characteristics in obese 
and normal rats differed, the new feedback model also described the pattern 
of NiAc-induced changes in NEFA in the obese rats, capturing the increased 
NEFA baseline, the pronounced slowly developing tolerance, the diminished 
rebound, and, following the 300 min infusions, the post-rebound oscillations. 
However, as the dose was too low, no lower physiological limit of NEFA was 
reached, so kcap could not be estimated with acceptable precision in the 
modelling process. When kcap was fixed to the value of the normal rats, the 
precision in the rest of the parameters was impaired and the OFV increased. 
It was therefore fixed to zero throughout the analysis.  

Table 7. Summary of qualitative differences between obese and normal rats in NEFA 
concentration-time profiles, after a 30 min (20 µmol⋅kg-1) or 300 min (51 µmol⋅kg-1) intra-
venous infusion of NiAc 
Pharmacodynamic feature Obese rats Normal rats 
  30 min 300 min 30 min 300 min  
Rebound - + ++ ++ 
Post-rebound oscillations - + - ++ 
Slow developing tolerance - ++ - + 
Lower physiological limit - - ++ ++ 
+ = observed, ++ =  more pronounced, - = not observed 

 

The final population parameter estimates and inter-individual variabilities 
are shown in Table 6. All primary parameters were estimated with high 
precision with the exception of IC50. The poor precision in IC50 may reflect the 
large number of parameters and the limited number of animals. 
Simultaneous analysis of the normal and obese animal data may give 
estimates with higher precision. Compared to the normal rats (Paper IV), R0, 
p and kin (estimated as a secondary parameter in the analysis) were 
increased by 44, 78 and 41 %, respectively, in the obese rats, and kout andγ 
were reduced by 64 and 84 %. The ktol and IC50 were equal in both rat strains. 

Insulin inhibits the formation of NEFA (kin, [124, 125]) and stimulates its loss 
(kout, [125, 126]). Because the NEFA baseline concentration R0 is governed by 
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the ratio of kin to kout in obese rats, an increase in kin coupled to a decrease in 
kout would have a multiplicative effect in raising R0. Thus, the reduced 
influence of insulin on NEFA concentrations in insulin-resistant obese Zucker 
rats is likely to account for the increased R0. 

The dynamics of the moderator and the response can be compared by 
expressing the ratio of ktol to kout. This ratio was estimated to be 0.085 and 
0.30 mmol L-1 in normal and obese rats, respectively. It was predicted that, 
as this ratio increased, the extent of rebound would decrease (Paper III). This 
is consistent with the reduced rebound and post-rebound oscillations in the 
obese rats (Figure 14). The amplification factor p was also increased in the 
obese rats, which, according to predictions in Paper III, would increase the 
extent of tolerance. Again, this prediction was fulfilled in the obese rats 
during the period of constant exposure (Figure 14).  

4.4 Concentration-response relationship at equilibrium 
(Papers I, II, IV and V) 

By using a quantitative approach, response time-courses can be translated to 
corresponding concentration-response relationships at equilibrium, enabling 
graphical comparison of different compounds binding to the same target. 
The concentration-response relationships at equilibrium obtained in Papers 
I, II, IV and V are shown in Figure 15. 

There was a sigmoid relationship between the simulated steady state 
concentration of NiAc (CSS) and NEFA (RSS) in normal animals (Papers I, II and 
IV), with NEFA decreasing as the concentration of NiAc increased from ∼ 0.02 
to 0.5 µmol⋅L-1. At NiAc baseline concentrations (region a in Figure 15), 
discrepancies between the studies reflected differences in the estimates kin 
and kout, the ratio of which primarily governed the steady state response (see 
Appendix A in Paper IV). The discrepancies between the studies are due to 
differences in the estimates of these parameters. At NiAc concentrations 
around IC50 (b in Figure 15) all parameters affected the steady state response 
(see Appendix B in Paper IV). At high concentrations (c in Figure 15), the 
steady state response in Papers II and IV was governed by the ratio of kcap to 
kout (see Appendix B in Paper IV). In Paper I, however, the absence of kcap 
reduced this response to zero at high concentrations.  

In obese animals, the NEFA concentration decreased progressively with 
increasing NiAc concentration, with no evident plateau and, compared with 
normal animals, the curve was shifted upwards and to the right, and was 
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shallower. The extent of such shifts is important, as they demonstrate the 
impact of disease at equilibrium and, if ignored, will lead to erroneous dose 
predictions and, in consequence, poorly designed studies. The steady state 
response for the obese rats at baseline NiAc concentrations was higher than 
in normal rats (region a in Figure 15), reflecting the multiplicative effect on 
the NEFA baseline concentration (R0) of the increase in kin and decrease in 
kout. At NiAc concentrations around IC50 (b in Figure 15), the steady state 
response was increased in the obese animals because of the multiplicative 
effect of the increased kin and decreased kout, together with the increase in p. 
Because of the different estimates for the sigmoidicity factor (γ = 0.35 in 
obese rats and ∼ 2 in normal rats), the inhibitory drug mechanism function 
I(Cp) affected the steady state response throughout the therapeutic 
concentration interval differently in the two groups (see c in Figure 15 and 
Equation 11). In short, because of the shallow concentration-response 
relationship in obese rats, it would be possible to increase the drug 
concentration considerably without materially changing the NEFA response. 

 
Figure 15. Simulated steady state plasma NiAc concentration (CSS) versus predicted 
plasma NEFA concentration at equilibrium (RSS) in Papers I (dot-dash black line), II (dashed 
black line), IV (solid black line) and V (solid grey line). These curves were derived, 
respectively, using Equations 5, 21 and 23 in Section 3.6.1.1 and 3.6.1.5, and the final 
parameter estimates in Table 4 (Paper I) and Table 6 (Papers II, IV and V). Regions a, b and 
c indicate low, intermediate and high NiAc concentrations, respectively. 
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4.5 Rate and extent of tolerance and rebound (Paper III) 

4.5.1 Rate of tolerance development 
Infusion and sampling times in any experiment that aims to study tolerance 
must be sufficiently long to enable tolerance to develop fully. The rate of 
tolerance development can be addressed by quantitatively estimating the 
time to steady state, with the time to 90 % of steady state being commonly 
approximated by 3-4 t1/2. The half-life of tolerance development was shown 
to be dependent on the drug exposure, increasing with increases in drug 
exposure. Thus, the time to steady state also increased with increased drug 
exposure.  

According to the model, the behaviour of the NiAc-NEFA system at washout 
is highly dependent on the value of the last moderator. As MN varies with 
time, there would be a dynamic input to the loss term of the response, and 
equilibrium would be established via a damped oscillation. 

Here it was found that the time to steady state decreased with increases in 
ktol/kout. As the ratio of ktol to kout increased, the delay in the moderators 
responsible for overshoot and rebound would diminish, with the system 
reaching equilibrium more rapidly. The moderator time-courses would 
closely follow the response time-course, preventing overshoot and rebound 
and reducing the time to equilibrium, when the ktol parameter gets large.  

4.5.2 Extent of tolerance 
The extent of tolerance varies with the type of drug used. This is reflected by 
the underlying mechanism of tolerance development and results in different 
patterns of the concentration-response curve [4]. The extent of tolerance 
can be quantified in various ways, such as alterations in the response time-
course at one specific drug exposure or differences in the steady state 
concentration-response relationship between a tolerant and a non-tolerant 
system. For a tolerant system, a higher drug exposure would be needed to 
achieve a specific effect compared to a non-tolerant system (Figure 16).  

The extent of tolerance varied with NiAc steady state concentration and was 
most pronounced at concentrations slightly higher than IC50 (Figure 16). 
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Figure 16. Simulated steady state plasma NiAc concentration (CSS) versus plasma NEFA 
concentration (RSS) (left panel) and the difference between the tolerant and non-tolerant 
steady state relationships (right panel). The black and grey curves in the left panel were 
derived, respectively, using Equations 12 and 15 in Section 3.6.1.4 and the final parameter 
estimates obtained in Paper IV (Table 6). The estimate from Paper IV of the potency of 
NiAc (IC50) is indicated in the right panel. 

4.5.3 Extent of rebound 
Too dramatic a rebound may become a safety issue, so if the factors 
controlling the extent of rebound are known, it is possible they could be 
used to minimize or even avoid rebound of response. The duration of 
exposure is one important factor, with rebound being considerably smaller 
following a short rather than a long drug exposure. According to the 
feedback model (Figure 6), the moderators counteract the drug-induced 
changes in the response and, if the drug effect is rapidly removed, there will 
be a delay before the counteracting effects decline. During short drug 
exposure (e.g. 30 min), M8 would remain at baseline and have no effect on 
NEFA concentrations. Thus, when the drug effect was removed, M1 would be 
the only moderator pushing the NEFA concentration above baseline. During 
extended exposure (> 150 min) both M1 and M8 would counteract the NiAc-
induced reduction in NEFA concentrations, increasing the extent of rebound 
after abrupt drug removal. These predictions were confirmed experimentally 
(Figure 8 and Figure 12).     

In addition to the duration of exposure, the half-life of a drug influences the 
magnitude of rebound [18, 20, 22], with rapidly eliminated compounds being 
accompanied by greater rebound than more slowly eliminated compounds. 
When the response time-course was simulated following prolonged 
(2000 min) infusion of a compound with a half-life of 90 min, rebound had 
almost disappeared compared with that for a compound with a 2 min half-
life (Figure 17). In other words, the slow washout kinetics of the drug 
became the rate-limiting step of the system.  
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Finally, the model predicts that the underlying cause of rebound is the 
delayed action of the moderators. This means that the length of the delay, 
which is governed by the ratio ktol/kout, will be important in determining the 
extent of rebound. A small ratio would result in a long delay and pronounced 
rebound; conversely, a large ratio, with its fast moderator dynamics and 
moderators that closely followed the response, would not lead to rebound. 
The amplification factor p, intensifies the impact of M1 on the formation of 
response (Equation 12). Thus, an increase in p will also result in increased 
rebound.   

 
Figure 17. Simulations of drug disposition and NEFA response during and after a 2000 min 
infusion of compounds with different half-lives. The drug and system parameters were 
taken from Paper II (Table 6), using a half-life of 2 min (solid lines) and 90 min (dashed 
lines). Disposition was assumed to follow mono-exponential elimination. The responses 
were almost identical during drug exposure but at washout there was no or very little 
rebound for the more stable compound. 
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5 General discussion 

The aim of these studies was to find a model that looked specifically at acute 
activation by NiAc of the GPR109A receptor, rather than one that captured 
all processes involved in NEFA regulation. The reason for this was that acute 
NiAc-induced changes in NEFA provided a tool for investigating the key 
determinants of tolerance and rebound in normal and diseased rats. 
Consequently, there is no attempt to evaluate regulation of the 
GPR109A/NEFA system on a chronic basis, or to model or consider other 
receptors which influence plasma NEFA concentrations (e.g. adenosine 
receptors [23, 24] and GPR43 [149]). By using a quantitative approach 
restricted to the acute activation of the NiAc-NEFA system it was possible to 
investigate whether NiAc-induced tolerance and rebound, with their 
associated risks, could be avoided. Consequently, the existence and pattern 
of tolerance and rebound are stressed throughout this thesis.  

The NiAc-NEFA system was selected as a tool-system in these studies 
because of the short half-life of NiAc, the rapid onset and offset of the NiAc-
induced changes in NEFA, and the fact that the NEFA response manifests 
tolerance and rebound. Not only do changes in NEFA plasma concentration 
in rats commence within 5 min of initiating NiAc infusion, but steady state 
exposure to NiAc is reached within 10 min and the decline of NiAc exposure 
is rapid, facilitating the study of potential rebound [17-22, 107].   

The NEFA tolerance cannot be explained by changes in drug pharmaco-
kinetics, as the steady state plasma concentrations remain constant during 
the NiAc infusions [45, 150]. Thus, the NEFA tolerance was classified as 
functional tolerance, which is defined as the reduction of drug-induced 
effect in the presence of the same drug concentration [4, 46, 87, 89-93]. This 
phenomenon may arise from down-regulation or alterations of receptor 
populations, depletion of endogenous intermediaries or from homeostatic 
counteracting mechanisms [66, 151, 152]. Throughout this thesis, the NEFA 
tolerance and rebound are assumed to be caused by endogenous counter-



48 | P a g e  
 

acting mechanisms that are integrated in a moderator. The formation of the 
moderator is driven by the NEFA concentration. These assumptions 
appeared to be physiologically relevant as insulin, glucose, glucagon, growth 
hormone, cortisol and TG are known to be involved in the NEFA regulation 
[124-126, 153-155].       

In Paper I, an inventory of previously performed rat experiments was carried 
out and a dose-response-time model was fitted to the response-time data in 
the absence of measured NiAc exposure. This approach often requires a 
wider dose range, multiple dosing, a longer observational period, pharmaco-
dynamic sampling at optimal time points and/or a larger number of subjects 
than is the case for exposure-driven approaches to modelling [96, 140]. The 
experimental design incorporated several provocations, providing a good 
basis for dose-response-time modelling. The model was based on a 
previously published feedback model [22, 103-107] in which feedback was 
described by means of an endogenous moderator that counteracted the 
changes in response. Because the model captured the experimental data 
consistently it was used for the design of the next set of experiments, which 
investigated tolerance and rebound in the NiAc-NEFA system in normal rats.  

The study outlined in Paper II revealed new information, with tolerance 
being seen as increasing NEFA concentrations in the presence of constant 
NiAc exposure and the extent of rebound being dependent on both the level 
and duration of drug exposure. In addition, there were rebound oscillations 
following long duration NiAc exposure. This non-intuitive pattern was 
captured by a new feedback model with a moderator distributed over a 
series of transit compartments, where the level of moderator in the first 
compartment inhibited the formation of response and that in the last 
compartment stimulated the loss of response. The model was based on 
mechanistic principles, mimicking the dual actions of insulin in inhibiting the 
hydrolysis of NEFA to TG and glycerol [124, 125] and stimulating the re-
esterification of NEFA [125, 126]. NiAc-induced reduction of NEFA followed 
by a substantial rebound has been reported in mice, rats, dogs and humans 
[15, 16, 50, 146, 156-158]. However, to our knowledge oscillations in the 
rebound following extended exposure has not previously been reported.  

Although NiAc is primarily administered orally in daily doses of 1.5-3 g [58] in 
the clinic, it was infused in the experiments in Paper II. In Paper IV, the new 
model was therefore challenged further. Firstly, different oral doses of NiAc 
were used to elicit NEFA response-time data, and secondly, the impact on 
the extent of rebound was evaluated by decreasing the rate at which 
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exposure declined. The model captured the NEFA response following all the 
provocations and different patterns of NiAc exposure. Now that the model 
has been challenged successfully by different rates and routes of 
administration, and its system parameters have been estimated with high 
certainty, it may be possible to carry out simulations using other dose 
regimens, and to scale the parameters to other species.   

The model developed in Paper II and challenged in Paper IV was novel. In 
order to understand its characteristics and the features that enabled it to 
describe NiAc-induced changes in NEFA, it was analyzed mathematically in 
Paper III. Here it was shown that the rate of tolerance and time to 
pharmacodynamic steady state were dependent on drug exposure, with the 
half-life of the response being increased with increasing drug exposure, 
approximating 300-400 min at high exposure (I(Cp) ≈ 0). For the simpler 
feedback model used in Paper I, the half-life of response was independent of 
drug exposure and substantially shorter. Although the duration of the 
extended (300 min) infusion experiments in Papers II and IV, was selected on 
the basis of the Paper I model, it was intended to be sufficient for the system 
to reach steady state. However, quantitative analysis using the full model 
predicted that the time to steady state would be substantially longer than 
this and that it would be dependent on drug exposure. In fact, an infusion of 
25 h would be required for the system to reach pharmacodynamic steady 
state irrespective of drug exposure (see Appendix C in Paper III). In addition 
to drug exposure, the rate of tolerance is a multifactorial process governed 
not only by the slowest rate constant (e.g. if ktol < kout), but also by the 
disequilibrium between R and M.  

The extent of tolerance was primarily determined by the steady state drug 
concentration CSS, being most pronounced at concentrations slightly higher 
than IC50. However, tolerance also increased as the ratio of ktol to kout 
decreased. The extent of rebound was primarily governed by the duration of 
drug exposure and its rate of reduction. To minimize rebound, a slow 
decrease in drug exposure is needed primarily at drug concentrations around 
IC50. Such information is vital when optimizing the properties of NiAc 
analogues.  

Because the presence of underlying disease may alter the kinetics of drug 
action [3, 110-117], its impact on the response to a drug must be evaluated 
for successful translation to patients. In Paper V, NiAc was given to obese 
Zucker rats, a disease model of dyslipidaemia and insulin resistance [127-
129, 159]. This provided a further challenge to the newly proposed feedback 
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model. The pharmacodynamic characteristics in the diseased and normal 
animals differed, with NEFA baseline concentrations being increased, re-
bound being diminished, and tolerance development being more pronoun-
ced in the obese rats. This resulted in a concentration-response relationship 
at steady state that was shifted upwards and to the right, and was shallower, 
than that for normal animals. The extent of such shifts is important, as they 
demonstrate the impact of disease at equilibrium and, if ignored, will lead to 
erroneous dose predictions and, as a consequence, poorly designed studies. 
Obviously it would require future studies in healthy and patient populations 
to evaluate the performance of the model in the clinic.    

Although, NiAc is an effective and unique anti-lipolytic agent, unwanted 
effects such as cutaneous vasodilation evident as flushing, and rebound, 
reduce its therapeutic usefulness [58, 160-164]. Furthermore, its intrinsic 
characteristics mean that variations in the dose regimen are less likely to 
prevent rebound. In spite of this, it was considered important to estimate 
the NiAc-NEFA system parameters in these studies because, by means of the 
system properties, it will be possible to simulate response time-courses for 
NiAc analogues with different drug parameter estimates. The purpose of 
such simulations would be to find a potential compound that could be taken 
prior to a meal, elicit a rapid and substantial decrease in NEFA lasting around 
2 h, and would not produce rebound. With reduced NEFA concentration, 
glucose will be used as a source of energy which may eventually result in 
improved insulin sensitivity [38-40]. Short effect duration has proven to be 
beneficial for systems exhibiting tolerance, as the primary effect does not 
last long enough for the counteracting mechanisms, accountable for 
tolerance and rebound, to develop [42-47]. The results of the present studies 
support the proposition that a compound which fulfilled these requirements 
and satisfied appropriate properties in terms of its pharmacokinetics, 
potency, efficacy and sigmoidicity, should be targeted. The compound 
should also not give rise to flushing. Although the present studies made no 
attempt to evaluate the relationship between NiAc exposure and flushing 
because of the extensive nature of such experiments, establishing such a 
relationship would greatly facilitate the development of a clinically useful 
NiAc analogue.   

By designing studies that looked at the consequences of changing the rate 
and route of administration of NiAc, and the duration of its exposure, and by 
coupling these data to washout dynamics, it has been possible to reveal and 
better understand the development and magnitude of tolerance and 
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rebound. However, to ensure that the model adequately captures the 
response before, during and after pharmacodynamic steady state, studies 
are needed where NiAc and NiAc analogues are infused for at least 25 h. 
Finally, although the current experiments in obese rats evaluated the 
kinetics of drug action in a diseased state, they provided no information 
about the effect on disease progression. To obtain such data it would be 
valuable to follow disease progression in untreated genetically obese Zucker 
rats over several months, monitoring NEFA, insulin, glucose, TG, growth 
hormone, cortisol and glucagon [124-126, 153-155]. Initiating and terminat-
ing treatment with NiAc or a NiAc analogue at different stages of the disease 
would then reveal any effect of the drug on disease progression [165]. 

In conclusion, these studies have highlighted not only examples of drug 
properties that can be revealed by models based on mechanistic principles, 
but also the inherent value of such modelling in pharmaceutical discovery 
and development.  
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6 Conclusions 

The overall aim of this thesis was to study tolerance and rebound in normal 
and diseased rats, using nicotinic acid (NiAc)-induced changes in non-
esterified fatty acids (NEFA) as a tool-system. The work described in this 
thesis comprises studies in Sprague Dawley (normal) and obese Zucker 
(diseased) rats who were given NiAc as intravenous infusions in doses of 1-
51 µmol⋅kg-1 over 30-300 min, or as oral doses of 24-810 µmol⋅kg-1. These 
NiAc doses reduced NEFA concentration in plasma to approximately 10 % of 
the predose baseline level. The results obtained allow the following 
conclusions regarding the pharmacokinetics and pharmacodynamics of the 
NiAc-NEFA system:   

• A dose-response-time model with feedback included as a moderator that 
inhibits the formation of response, described the NiAc-induced changes 
in NEFA plasma concentrations in absence of measured drug exposure   

 
• The dose-response-time model could be used for design of new 

experiments, but the model under-predicted the time to pharmaco-
dynamic steady state 

 
• A two-compartment model with two parallel capacity-limited elimination 

pathways described the NiAc disposition adequately in normal rats     
 

• The absorption of NiAc from the gastrointestinal tract in normal rats 
could be described by a linear and a non-linear process 

 
• A one-compartment model with a single capacity-limited elimination 

pathway, described the NiAc disposition in diseased animals, but the 
inter-individual variabilities were estimated with low precision  

 
• Different rates and routes of NiAc administration to normal rats revealed  

a slowly developing tolerance in spite of constant drug exposure, a 
substantial rebound that oscillated following long duration of NiAc 
exposure and a lower physiological limit in NEFA concentrations 
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• The lower physiological limit seen in normal rats was modelled as a zero-
order production term kcap of NEFA representing the lipoprotein lipase-
catalyzed hydrolysis of TG to NEFA and glycerol in the capillaries  

 
• A model with feedback governed by a series of transit compartments, 

where the moderator in the first and last compartment inhibits the 
formation and stimulates the loss of response, respectively, described 
the tolerance and oscillatory rebound seen in normal rats 

 
• NEFA rebound was diminished and the slowly developing tolerance was 

more pronounced in diseased rats compared to normal rats  
 

• No lower physiological limit was observed in the diseased rats at drug 
exposure levels comparable to the ones in normal rats  

 
• The feedback model with a series of moderators also captured the 

altered pharmacodynamic characteristics seen in diseased rats 
 

• Compared to the normal rats the kin, p and R0 were increased by 41, 78 
and 44 %, respectively, in the diseased rats, and kout and γ were reduced 
by 64 and 84 %. The ktol and IC50 were equal in both physiological states 
(normal/diseased) 

 
• The concentration-response relationship in normal rats was steep, with 

NEFA decreasing as NiAc increased from 0.02-0.5 µmol⋅L-1 
 

• The concentration-response relationship in diseased animals was shifted 
upwards and to the right, and was more shallow than that for the normal 
animals  

 
• The rate of tolerance development is dependent on the drug concentra-

tion and on the dynamics of the moderators (ktol) relative to the dyna-
mics of response (kout) 

 
• The extent of tolerance is determined by the steady state drug 

concentration and the dynamics of the moderators (ktol) relative to the 
dynamics of response (kout) 

 
• The extent of rebound is primarily governed by the duration and decline 

of drug exposure 
 

• A study design with different durations, rates and routes of drug 
administration coupled to washout dynamics, has shown to be critical to 
reveal and better understand the development and magnitude of 
tolerance and rebound 
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7 Populärvetenskaplig sammanfattning 

Tolerans är när effekten av ett läkemedel avtar trots att halten av läkemedel 
i blodet är oförändrad. Toleransutveckling följs ibland av en reboundeffekt, 
vilket innebär att när läkemedlet försvunnit ur kroppen uppkommer, för en 
tid, en effekt som är motsatt den positiva effekt som läkemedlet hade. Både 
tolerans och reboundeffekt är oönskade egenskaper hos ett läkemedel. Om 
man förstår vilka biologiska mekanismer som orsakar tolerans och rebound-
effekt kan man eventuellt hitta ett läkemedel och en doseringsform där 
dessa oönskade effekter kan undvikas.  

Nikotinsyra är ett läkemedel som sänker fria fettsyror i blodet. Om halten 
nikotinsyra i blodet hålls konstant kan man se toleransutveckling som en 
liten ökning av halten fettsyror i blodet över tiden. När en behandling med 
nikotinsyra avslutas ökar halten fettsyror i blodet fort och når halter högre 
än den ursprungliga nivån. Detta är vad vi kallar en reboundeffekt. I detta 
avhandlingsarbete används nikotinsyras sänkning av fettsyror i friska och 
sjuka råttor som ett modellsystem för att studera och få bättre kunskap om 
vad som kan orsaka tolerans och rebound och hur man eventuellt kan 
undkomma dessa problem.   

Förändringen i halten fettsyror vid behandling med nikotinsyra skiljde sig åt 
mellan friska och sjuka råttor. Nivån av fettsyror i blodet innan behandlingen 
påbörjades var högre i de sjuka djuren än i de friska. Man kunde inte heller 
sänka nivån av fettsyror lika mycket i de sjuka djuren som i de friska. Efter 
behandlingen avslutades var reboundeffekten i de sjuka djuren mycket 
mindre än i de friska. Genom att bygga in denna information i en matematisk 
modell kunde de oväntade resultaten förklaras.  

Med en modell som beskriver den biologiska verkningsmekanismen hos ett 
läkemedel kan effekten av läkemedlet efter olika typer av doseringsformer 
förutsägas. Modellen kan även användas för att förutsäga hur effekten skulle 
se ut i andra djurslag och slutligen i människa.  
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Sammanfattningsvis kan sägas att detta avhandlingsarbete ökat förståelsen 
för hur viktig doseringsformen av ett läkemedel är för att man ska upptäcka 
toleransutveckling och reboundeffekt. Effekten av ett läkemedel, tolerans-
utveckling och rebound kan skilja sig mycket mellan friska och sjuka 
individer. Detta måste man studera och ta hänsyn till när man bedömer 
användbarheten och bestämmer doseringsformen av ett läkemedel i 
patienter.  
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