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Summary

Patients with diabetic kidney disease have an increased risk of developing 
cardiovascular and kidney complications, which contributes to a substantial 
reduction in quality of life and life expectancy. The current standard of care 
comprises treatment with renin-angiotensin-aldosterone system inhibitors, 
which have been shown to reduce albuminuria and delay the progressive 
loss of kidney function. More recently, sodium-glucose co-linked transporter 
2 inhibitors have been a welcome addition to the therapeutic armamentarium 
that demonstrated similar kidney protective effects.  Despite the fact that 
renin-angiotensin-aldosterone system inhibitors and sodium-glucose  co-linked 
transporter 2 inhibitors have improved the prognosis of patients with diabetic 
kidney disease, the residual risk of developing cardiovascular and kidney 
complications remains high, which emphasises the continued unmet medical 
need to develop new treatment strategies that target the progressive 
kidney function loss. Drug development in this area has however not been 
very  successful, which can, at least in part, be attributed to inadequate 
dose  selection and high between-subject variability. High between-subject 
 variability also affects clinical practice. Clinicians translate results of large 
 outcome trials to an individual patient, but both treatment guidelines and 
 clinical trials are not designed to take variability between-patients into 
 account. Therefore, optimal individual treatment of patients could be 
 hampered. 

Aim of this thesis
In this thesis, we aim to improve the understanding of variability in anti-diabetic 
drug response, by quantifying the dose-exposure-response relationship of 
anti-diabetic drugs. Quantifying the dose-exposure-response relationship 
provides the opportunity to identify predictors for treatment response and 
additionally provides insight whether dose modifications could improve 
individual treatment response. 

In chapter 2, we focused on the phase 3 AleCardio trial, which investigated 
the efficacy and safety of the PPAR-α/γ agonist, aleglitazar, in patients with 
type 2 diabetes who had a recent acute coronary syndrome. The trial 
 terminated early due to futility and an increased incidence of heart failure and 
gastrointestinal side effects in the aleglitazar arm.1 The dose of aleglitazar was 
based on beneficial effects observed in glycaemic control and lipid profile 
in phase 2 studies in patients with type 2 diabetes.1, 2 As the dose-finding 
 focused on both glycaemic and non-glycaemic markers, the reason for the 
early termination of the AleCardio trial was not understood. In this thesis, 
we identified concomitant medication of clopidogrel, a drug frequently 
used in patients who had an acute coronary syndrome, as a factor that 
influenced the elimination of aleglitazar (potentially mediated by CYP2C8). 
Consequently, a majority of patients experienced an increased exposure to 
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aleglitazar  throughout the trial. Furthermore, patients who used clopidogrel 
in  combination with aleglitazar also demonstrated more pronounced 
effects in markers for efficacy and safety. These data demonstrate that a 
 pharmacokinetic interaction between clopidogrel and aleglitazar could have 
significantly influenced the outcome of the trial. This example has important 
implications for future trials. As mentioned above, the dose finding studies of 
aleglitazar were conducted in patients with type 2 diabetes without a recent 
acute coronary syndrome. It therefore remains unclear whether a lower dose 
of aleglitazar would have translated into a more beneficial outcome, but our 
findings underscore the notion that dose-finding studies should be conducted 
in the same population as the intended patient population, which unfortunately 
is still not always the case in real world practice.

Dose finding of aleglitazar focused on both glycaemic and non-glycaemic 
markers, but for a newer anti-diabetic drug, dapagliflozin, dose-finding 
focussed solely on glycaemic control. In contrast to aleglitazar,  dapagliflozin 
demonstrated long-term improvements in glycaemic control and 
 cardiovascular and kidney protection.3, 4 Further, favourable effects have 
been observed in multiple risk markers for cardiovascular and kidney disease 
progression, such as systolic blood pressure, body weight, haematocrit 
and albuminuria.5, 6 Therefore, in chapter 3, we investigated whether the 
dose- exposure-response relationship of several cardiovascular and renal 
risk  markers follows the glycaemic dose-exposure-response relationship. We 
found that a higher dose than the currently registered 10 mg dapagliflozin 
dose could provide additional beneficial effects on systolic blood pressure 
and albuminuria. A higher dose of dapagliflozin could lead to more side 
 effects and thus a higher dose should be balanced against the risks of 
adverse events. The probability of developing one of the most common 
side effects, namely genital tract infections, appeared to plateau at dosages 
higher than 10 mg. This suggests that a higher dose could provide more 
 cardiovascular and kidney protection and could still be safe. This also 
 demonstrates that the optimal glycaemic dose of an anti-diabetic drug is 
not always the most optimal dose for cardiovascular and kidney protection 
as the dose- exposure-response relationship between risk markers could 
be different. Several large outcome trials investigate the efficacy and safety 
of dapagliflozin for cardiovascular and kidney protection in different patient 
populations, including non-diabetic patients. This questions whether the 
dose of  dapagliflozin, which has been based on glycaemic response, is also 
 appropriate for treatment of non-diabetic patients. New dose-finding studies 
should be considered to evaluate the optimal dose of anti-diabetic drugs that 
focus on cardiovascular and kidney protection, specifically in non-diabetic 
patients.  

In chapters 4 and 5, we investigated whether plasma exposure to 
 dapagliflozin was also able to explain variability between-patients in treatment 
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response in patients with chronic kidney disease. To this end we performed 
exposure-response analyses in two investigator initiated randomised placebo 
controlled cross-over trials in patients with diabetic kidney disease (IMPROVE 
study) or non-diabetic kidney disease (DIAMOND study).7, 8 The cross-over 
design of the clinical trials allowed us to investigate whether plasma exposure 
could explain individual response. We found that the plasma exposure in 
non-diabetic kidney disease patients in the DIAMOND study was higher than 
patients with diabetic kidney disease in the IMPROVE study, which could be 
explained by differences in kidney function and body weight between the two 
studies. In both patients with diabetic kidney disease and patients with non- 
diabetic kidney disease, a higher exposure to dapagliflozin resulted in more 
pronounced effects on renal risk markers, such as body weight, albuminuria 
and systolic blood pressure. Importantly, in chapter 5, we demonstrated that 
variability in exposure to dapagliflozin in patients with non-diabetic kidney 
disease could mainly be explained by kidney function as determined by 
 measured glomerular filtration rate. This indicates that patients with a lower 
kidney function have a higher exposure to 10 mg dapagliflozin compared to 
patients with a normal kidney function and, consequently, more pronounced 
effects on renal risk markers. These data suggest that patients with an 
impaired kidney function who use 10 mg dapagliflozin may be more likely 
to achieve high plasma exposures and, consequently, adequate kidney and 
cardiovascular protection compared to patients with normal kidney function.

Long-term outcome trials have demonstrated that some anti-diabetic drugs 
provide additional cardiovascular benefit, independent of glycaemic control. 
In previous chapters, we found that the dose-exposure-response relationship 
could differ between risk markers. This indicates that dose selection of anti- 
diabetic drugs should not be exclusively based on, on-target, glycaemic drug 
effects, but that multiple non-glycaemic, off-target, drug effects should also 
be considered to facilitate dose selection towards optimal cardiovascular and 
kidney protection. It is however currently unknown to what extent off-target 
drug effects are taken into account in the dose selection of new anti-diabetic 
drugs. Therefore, in chapter 6, we investigated which drug effects were 
used in the dose justification of registered anti-diabetic drugs to regulatory 
authorities. In this study, we found that dose-finding studies reported both 
on-target and off-target drug effects. In contrast, solely on-target drug effects 
were typically used for dose justification to regulatory authorities. Upon visual 
inspection, the off-target dose-response relationship did not always follow 
the on-target dose-response relationship. Therefore, in addition to including 
the on-target effects of a drug, dose selection could benefit from integrating 
off-target risk markers in the dose selection process. 

The lessons learned in chapters 3 to 6 were accounted for in the clinical 
development programme of the endothelin receptor antagonist atrasentan. 
Endothelin receptor antagonists have been shown to reduce albuminuria 
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in multiple short-term studies and based on these findings are considered 
a promising treatment option to delay kidney function decline in patients 
with diabetic kidney disease. Specifically, atrasentan administered at doses 
of 0.75 and 1.25 mg atrasentan significantly reduced albuminuria in patients 
with diabetic nephropathy in phase 2 dose-finding RADAR-JAPAN trials. 
Fluid retention, reflected by increases in body weight and b-type natriuretic 
peptide, was however observed more frequently in patients using atrasentan, 
possibly increasing the risk of developing heart failure in these patients. 
Previous posthoc analyses demonstrated that the albuminuria and fluid 
retention responses were not associated, which allowed optimisation of the 
dose of atrasentan to favour kidney protection over fluid retention. Therefore, 
in chapter 7, we investigated the relationship between atrasentan plasma 
exposure and  treatment response in albuminuria, as a marker for kidney 
protection, and body weight increase, as a marker for fluid retention. This way, 
we could select an atrasentan dose with maximum kidney protection and 
minimal fluid retention. Our analysis indicated that atrasentan plasma exposure 
was significantly associated with both albuminuria and body weight response. 
Furthermore, the relationship between exposure and response suggested that 
0.75 mg atrasentan once daily provided the most optimal balance between 
kidney protection and fluid retention.

The efficacy and safety of 0.75 mg atrasentan was further investigated in the 
phase 3 Study of Diabetic Nephropathy with Atrasentan (SONAR) trial. In the 
design of the SONAR trial, an enrichment period was included that aimed at 
selecting patients that were likely to respond to atrasentan, as reflected by 
their albuminuria lowering response, as surrogate for kidney protection, and to 
exclude patients that were prone to fluid retention, as reflected by their BNP 
increase. In chapter 8, we investigated whether individual atrasentan plasma 
exposure was able to explain between-subject variability in response. Despite 
all patients receiving the same daily 0.75 mg atrasentan dose, we found 
that the plasma exposure to atrasentan also varied substantially between 
patients. This between-patient variability in exposure accounted for part of the 
between-patient variability in both surrogates for efficacy (albuminuria) and 
safety (B-type natriuretic peptide) independent of other patient characteristics. 
Furthermore, several patient characteristics were also identified that affected 
response. This suggests that the dose of atrasentan can be tailored on the 
basis of individual patient characteristics, which could potentially improve the 
overall benefit/risk profile. 

Dose selection of atrasentan assumed that plasma exposure would be 
comparable between the phase 2 and 3 trials and that the selected surrogate 
outcomes were adequate proxies for long term kidney and heart failure 
 outcomes. Therefore, in the final chapter 9, we investigated whether 
 atrasentan plasma exposure in the double-blind period of the SONAR trial 
was comparable to previous observations. Additionally, we investigated 
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whether the plasma exposure was also associated with long-term kidney and 
heart  failure outcomes. The analysis demonstrated that atrasentan plasma 
exposure in the phase 3 trial followed a similar distribution as observed during 
the  primary dose-finding trial. Furthermore, atrasentan plasma exposure, in 
 addition to several patient characteristics, was associated with both outcomes. 
The mean atrasentan plasma exposure in the double-blind period of the 
SONAR trial favoured long-term kidney protective effects over heart failure, 
confirming the adequacy of the selected 0.75 mg dose of atrasentan.

In conclusion, the results presented in chapters 7 to 9 demonstrate, by 
confirmation of assumptions in the dose-exposure-response relationship, that 
atrasentan is a good example of a successful transition of results from phase 2 
to phase 3.

Future perspectives

The dose-exposure-response relationship of a new drug is often determined 
in early-stage proof-of-concept trials. Drugs that demonstrate a favourable 
response without observing intolerable side effects will be continued for 
further clinical development. Before initiation of large confirmatory outcome 
trials, several factors that potentially influence the dose-exposure-response 
relationship are explored (e.g. drug-drug interactions, hepatic and kidney 
impairment, etc.). If necessary, dose adjustments are made, which are often 
based on demonstration of equivalence in plasma exposure. In this thesis, 
we however demonstrated that important covariates (such as the severity 
of the disease and use of concomitant medications), that influence the 
dose- exposure-response relationship, can be missed before initiation of a 
confirmatory trial. This influences the probability of success of a confirmatory 
trial and prevents potentially successful drugs reaching the market, which 
increases the costs of drug development. It is therefore recommended to 
confirm the dose-exposure-response relationship in confirmatory long-term 

Lesson’s learned:

• The dose-exposure-response relationship can be affected by several 
factors, such as patient characteristics or concomitant medication 
• The dose-exposure-response relationship can be different between 
response parameters . 
• The dose-exposure-response relationship can be different between 
patients
• The dose of anti-diabetic drugs is mainly based on glycaemic drug 
effects
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outcome trials. For example, this can be done by incorporating an enrichment 
period that confirms whether individual plasma exposure is within pre-defined 
acceptance criteria, in addition to confirmation of individual response as 
was done in the SONAR trial. Alternatively, as also described in chapter 6 
for dulaglutide, a phase 2/3 trial could include a dose selection phase and a 
confirmatory phase. In the dose selection phase, patients were randomised 
to several active treatment arms with different dosages. Subsequently, a 
Bayesian algorithm based on multiple markers was used to determine the 
most optimal dose on a population level, which was then evaluated in the 
confirmatory phase of the trial. 

Confirmation of the dose-exposure-response relationship is also important 
when the treatment goal or patient population is different than the preliminary 
proof-of-concept trials. Several long-term outcome trials currently investigate 
the cardiovascular and kidney efficacy and safety of anti-diabetic drugs. Yet, 
all of these trials incorporate the registered glycaemic dose. This seems 
logical in so far that the reduction in glycaemic control is driving the long-term 
protection. However, for sodium-glucose co-linked transporter 2 inhibitors 
(and this also applies to glucagon-like-peptide-1 receptor agonists), it is has 
been shown that the long-term benefits of these drugs are unlikely mediated 
by improvements in glycaemic control alone. This could also imply that the 
optimal dose for kidney protection is different than the dose for glycosuria. 
It is however unknown whether this glycaemic dose is optimal to address 
the  different treatment goals of kidney and cardiovascular protection. 
 Furthermore, some of these trials include a different patient population (e.g. 
patients with non-diabetic kidney disease), in which glycaemic control is 
 expected to be less important than the cardiovascular and kidney benefits. 
Trials are still on-going, but independent of the outcome, it will be unknown 
whether a different dose, based on a more appropriate response parameter, 
would result in a more optimal benefit/risk balance of these anti-diabetic 
therapies. Besides focusing on appropriate response parameters, the 
pathophysiology of a disease is often complex and can usually be influenced 
by multiple pathways. The dose-exposure-response relationship is usually 
only characterised for one response parameter, the on-target parameter, 
which forms the basis for dose selection. Off-target response parameters 
can however influence long-term treatment outcomes as much or potentially 
even more than the on-target response parameters. Therefore, development 
of disease progression models taking into account the complex nature of the 
disease and the multiple effects of a single drug could enhance the accuracy 
and precision of dose selection as these models are able to integrate drug 
effects in multiple response parameters on long-term treatment outcomes. 

The dose-exposure-response relationship is often quantified on a population 
level, however, in this thesis, we observed that the dose-exposure-response 
relationship could also differ among patients. After receiving the same 
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dose of a drug, some patients will be able to respond adequately, while 
others show no response. Increasing the dose, and thus exposure, in these 
patients could potentially increase their probability of response. On the 
other hand, some  patients might have already achieved a maximum effect 
of drug therapy, which is considered insufficient to adequately control the 
disease, and,  consequently, further increments in the individual dose will not 
translate in additional effects. These patients appear to be therapy-resistant. 
Quantifying the dose-exposure-response relationship on an individual level, 
using  population pharmacokinetic and pharmacodynamic models, has the 
advantage that predictors for exposure and response can be identified. 
Subsequently, the required dose adaption to achieve adequate response 
can be predicted using these models. Drug development can benefit from 
these models by selection of patients that are likely to respond and exclude 
patients that are likely to experience more harm than benefit of the therapy 
under  investigation. Furthermore, quantifying the dose-exposure-response 
relationship allows for selection of an optimal individualised dose, which could 
enhance the  probability of success on an individual basis.

In summary, this thesis has shown the importance of quantifying the 
dose-exposure-response relationship of drugs used in the management of 
patients with type 2 diabetes and chronic kidney disease. This has important 
consequences for both drug development as well as clinical practice. With 
respect to the latter, using the dose-exposure-response relationship, individual 
treatment response can be predicted based on predictors for both exposure 
and response (e.g. patient characteristics, such as body weight or kidney 
function). This allows determination of an optimal dose before initiation of 
therapy and also for more efficient optimisation of individual therapy in the 
maintenance phase. Patients that are, for example, predicted to achieve insuf-
ficient response can be started on a higher starting dose or different therapy 
straight away. Furthermore, the effect of factors that influence therapy during 
the maintenance phase, such as when concomitant medication is initiated dur-
ing therapy, can be estimated and adjusted for if deemed necessary. This way, 
characterisation of the dose-exposure-response relationship, by population 
pharmacokinetic and pharmacodynamic models, will allow personalisation of 
therapy.
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