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The journey from bench to bedside is paved with failures as most drugs getting into 
clinical development will never reach the patients they are meant to treat (1–3). The 
rate of failure, also known as attrition rate, has been a point of discussion for more 
than a decade (1). Differently from the 1990s, when 40% of drugs failed because 
of pharmacokinetics and bioavailability issues, now the primary reasons for failure 
are clinical efficacy, safety and commercial, in this order (1–3). Since new drugs 
frequently advance into the clinic based on animal studies, insufficient efficacy or 
safety in humans suggests that animal models are not predictive enough (1,4,5). On 
these grounds, animal testing is now under increased scrutiny as drug developers 
search for potential explanations and solutions (4,6,7).

A closer look at animal research sheds light on an important factor for this lack of 
predictivity: animal experiments are seldom reproducible. Two landmark papers 
on the reproducibility of animal research published worrying results. Prinz and 
colleagues tried to reproduce in-house, at Bayer Healthcare, the results of 67 
publications in oncology, women’s health and cardiovascular diseases (8). They only 
successfully reproduced 21% of the studies, with an additional 7% being partially 
reproducible. The following year, Begley and Ellis published a similar analysis, 
conducted at Amgen, with 53 ‘landmark papers’ (9). The results confirmed Prinz’s: 
only 6% of studies were reproduced.

With such low rates of reproducibility, some clinical trials may be advancing based 
on spurious results. Nevertheless, what causes results from an animal experiment 
not to translate to the clinic? Two concepts are essential to answer this question: 
internal and external validities. The internal validity refers to whether the findings 
of an experiment can be attributed to the differences between groups and not to 
random chance. In contrast, external validity refers to the generalisation of results to 
different settings, such as animal to human translation (4).

The effects of poor internal validity have already been explored in clinical and 
preclinical studies (10,11). In animals, studies that did not mention randomisation or 
blinding – two measures that address most types of bias – were more than 3 times 
more likely to report positive outcomes. Vogt and colleagues showed that measures 
to prevent bias were barely described in animal experiments applications and 
their corresponding publications – with none reporting the sample size calculation 
(12). Moreover, these findings seem to be commonplace also in high-esteemed 
institutions and high-impact journals (13).

The ubiquity of suboptimal study design resulted in many initiatives to address 
internal validity. The Animal Research: Reporting In Vivo Experiments (ARRIVE) 
guidelines, published in 2010, were the first harmonised reporting guidelines across 
research areas. With harmonised reporting standards, it is clearer how reliable the 



11

|
G

en
er

al
 In

tr
od

uc
tio

n

1

results from a given experiment are. Nonetheless, despite the endorsement by over 
300 journals, translation to eight languages and extensive divulgation, the ARRIVE 
guidelines have not yet improved the reporting quality in animal research (14,15).

Next to the ARRIVE guidelines, the Planning Research and Experimental Procedures 
on Animals: Recommendations for Excellence (PREPARE) guidelines, published 
in 2018, address the study design and planning aspects of animal studies (16). 
The European Quality in Preclinical Data (EQPID), a project from the Innovative 
Medicines Initiative (IMI) launched in 2017, focuses on strengthening the robustness, 
rigour and validity of preclinical data (17). EQIPD’s publications explore a range 
of topics and include a handbook of good preclinical research practices. Thus, an 
improvement of the internal validity now depends on the implementation, rather 
than development, of guidelines and recommendations.

For external validity, some aspects of study design are also fundamental. For 
instance, one of the reasons often mentioned for the lack of translatability in acute 
stroke research is the time to intervention (18). In animals, most neuroprotective 
agents are administered before or shortly after stroke induction while in humans, 
there is usually a delay of at least 6 hours. However, a sound study design alone 
does not address a significant aspect of external validity: the animal models 
themselves. A telling example of the importance of animal model selection can be 
found in research in Amyotrophic Lateral Sclerosis (ALS). Whereas most studies use 
the superoxide dismutase 1 (SOD1) mouse model, the homologous human gene 
is present in only 10% of patients of what is called ‘familial’ ALS (19). Also, there 
are significant sex differences in time to onset that can affect survival endpoints 
directly. The abysmal success rates of ALS drugs in the clinic can be at least partially 
attributed to treating ‘sporadic’ ALS patients with drugs tested in a ‘familial’ ALS 
mouse model (19,20). Hence, how can we evaluate the external validity of animal 
models of human conditions, also known as animal models of disease or disease 
models?

Traditionally, three concepts have been used to assess disease models regarding 
their ability to simulate the human condition: face, construct and predictive 
validities. These concepts were first introduced for animal models of depression by 
McKinney and Bunney and later popularised by Willner (21,22). The face validity 
refers to how the disease is manifested in the animal when compared to humans, 
e.g. symptomatology; construct validity refers to whether the human and animal 
conditions share the underlying pathophysiology; predictive validity refers to 
whether animals can replicate the human response to effective drugs. Although 
these concepts present the first set of criteria to assess external validity, they are not 
standardised, may be interpreted differently by researchers and preclude an easy 
comparison between models.
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A tool developed by Sams-Dodd in 2006 and further elaborated by Denayer 
and colleagues in 2014, resolved some of the limitations related to the concepts 
of validity (23,24). The tool applies to in vitro and in vivo models and is based on 
the ‘distance’ (including a scoring system) to the patient regarding the species, 
disease simulation, face validity, complexity and predictivity. This tool represents an 
advancement in terms of standardisation, but it lacks a more in-depth analysis of 
pathophysiological features, and it may lead to two models scoring the same with 
few possibilities for differentiation.

Currently, the validity concepts and Sams-Dodd’s tool do not offer a biologically 
encompassing, systematic and evidence-based method to evaluate disease models’ 
external validity. Nonetheless, it is only by establishing the essential information 
through which animal models can be evaluated that we can select models more likely 
to predict the human response. Hence, there is a need for new ways to discriminate 
among potentially predictive animal models of disease.

Aim and Outline of the Thesis

This thesis aims to fill the gap of producing new ways to discriminate among 
potentially predictive animal models. Here, we define the standards to guide the 
assessment, comparison and validation of animal models used to test the preliminary 
efficacy of new drugs. We base our approach on outlining the relationships between 
animal and human disease at physiological, pharmacological and therapeutic 
levels. To this end, we present a framework to evaluate the similarities between 
disease models and patients, delineating a clear procedure to validate disease 
models on these grounds. Furthermore, we complement our framework by applying 
existing methodologies to investigate the predictivity of animal models regarding 
pharmacological and therapeutic effects. When combined, these methods provide 
a holistic, systematic and evidence-based manner to select disease models based 
on their ability to predict the human response.

In Chapter 2, we present the development of the Framework to Identify Models of 
Disease (FIMD). We detail the rationale behind each feature of FIMD, and provide 
instructions for its application in the assessment, validation and comparison of 
animal models of disease. In Chapter 3, we discuss the validation of FIMD, which 
included both a simplified version of the framework (pilot study) and a full validation 
of two animal models of Type 2 Diabetes (T2D) and Duchenne Muscular Dystrophy 
(DMD), respectively. We elaborate on the application of all features of FIMD, 
providing a stepwise approach for its implementation.
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FIMD assesses most aspects relevant to the evaluation of disease models’ external 
validity at (patho)physiological level, but only superficially explores the concordance 
between animal and human drug response. In Chapter 4, we further explore the 
results from FIMD’s pilot study in T2D, which showed only minor differences between 
the two assessed models. Therefore, we conduct a systematic review and meta-
analysis of animal studies to validate the pilot study results at the therapeutic level 
(glucose-lowering effect). Moreover, we establish the basis for the application of 
systematic reviews and meta-analysis to compare animal and human efficacy data.

In Chapter 5, we explore preclinical pharmacokinetic and pharmacodynamic 
predictions in early clinical development to assess disease models at the 
pharmacological level. To this goal, Investigator’s Brochures (IBs), a critical document 
that summarises all relevant information before first-in-human studies, are used as a 
source material. We use the IB-derisk tool (developed at the Centre for Human Drug 
Research – CHDR, Leiden, NL) to integrate animal and human pharmacokinetic 
and pharmacodynamic data. The preclinical data in the IB is compared with early 
clinical data through key pharmacokinetic parameters, allowing the assessment of 
the predictivity of disease models at a pharmacological level.

Finally, we present the thesis discussion – which was published separately from the 
general summary – in Chapter 6. Here, we summarise the findings from the previous 
chapters and put them into perspective with each other and the broader literature. 
We discuss the impact of the adoption of FIMD, systematic reviews and meta-
analyses, and the IB-derisk tool may have on drug development, the role of each 
stakeholder and what the next steps are toward a sensible assessment of the use of 
animal models to investigate the preliminary efficacy of new drugs.



14

|

C
hapter 1

1

References

1.  Kola I, Landis J. Can the pharmaceutical industry reduce attrition rates? Nat Rev Drug Discov. 
2004;3(8):711–5. 

2.  Hwang TJ, Carpenter D, Lauffenburger JC, Wang B, Franklin JM, Kesselheim AS. Failure of 
Investigational Drugs in Late-Stage Clinical Development and Publication of Trial Results. JAMA 
Intern Med. 2016 Dec 1;176(12):1826–33. 

3.  Hay M, Thomas DW, Craighead JL, Economides C, Rosenthal J. Clinical development success rates 
for investigational drugs. Nat Biotechnol. 2014 Jan;32(1):40–51. 

4.  van der Worp HB, Howells DW, Sena ES, Porritt MJ, Rewell S, O’Collins V, et al. Can Animal Models 
of Disease Reliably Inform Human Studies? PLoS Med. 2010 Mar 30;7(3):e1000245. 

5.  Schulz JB, Cookson MR, Hausmann L. The impact of fraudulent and irreproducible data to the 
translational research crisis - solutions and implementation. J Neurochem. 2016;139 Suppl 2:253–
70. 

6.  Pound P, Ebrahim S, Sandercock P, Bracken MB, Roberts I. Where is the evidence that animal 
research benefits humans? BMJ. 2004 Feb 28;328(7438):514–7. 

7.  Pound P, Bracken MB. Is animal research sufficiently evidence based to be a cornerstone of 
biomedical research? BMJ. 2014 May 30;348:g3387–g3387. 

8.  Prinz F, Schlange T, Asadullah K. Believe it or not: how much can we rely on published data on 
potential drug targets? Nat Rev Drug Discov. 2011 Sep;10(9):712–712. 

9.  Begley CG, Ellis LM. Drug development: Raise standards for preclinical cancer research. Nature. 
2012 Mar 28;483(7391):531–3. 

10.  Juni P. Systematic reviews in health care: Assessing the quality of controlled clinical trials. BMJ. 2001 
Jul 7;323(7303):42–6. 

11.  Bebarta V, Luyten D, Heard K. Emergency medicine animal research: does use of randomization 
and blinding affect the results? Acad Emerg Med. 2003 Jun;10(6):684–7. 

12.  Vogt L, Reichlin TS, Nathues C, Würbel H. Authorization of Animal Experiments Is Based on 
Confidence Rather than Evidence of Scientific Rigor. Dirnagl U, editor. PLoS Biol. 2016 Dec 
2;14(12):e2000598. 

13.  Macleod MR, McLean AL, Kyriakopoulou A, Serghiou S, De Wilde A, Sherratt N, et al. Risk of bias in 
reports of in vivo research: a focus for improvement. Vol. 13, PLOS Biology. 2015. p. 232097 bytes. 

14.  Baker D, Lidster K, Sottomayor A, Amor S. Two Years Later: Journals Are Not Yet Enforcing the 
ARRIVE Guidelines on Reporting Standards for Pre-Clinical Animal Studies. Eisen JA, editor. PLoS 
Biol. 2014 Jan 7;12(1):e1001756. 

15.  Leung V, Rousseau-Blass F, Beauchamp G, Pang DSJ. ARRIVE has not ARRIVEd: Support for the 
ARRIVE (Animal Research: Reporting of in vivo Experiments) guidelines does not improve the 
reporting quality of papers in animal welfare, analgesia or anesthesia. Pritchett-Corning KR, editor. 
PLoS ONE. 2018 May 24;13(5):e0197882. 

16.  Smith AJ, Clutton RE, Lilley E, Hansen KEA, Brattelid T. PREPARE: guidelines for planning animal 
research and testing. Lab Anim. 2018 Apr;52(2):135–41. 

17.  EQIPD. European Quality in Preclinical Data (EQIPD) [Internet]. [cited 2020 Mar 6]. Available from: 
https://quality-preclinical-data.eu/

18.  Schmidt-Pogoda A, Bonberg N, Koecke MHM, Strecker J, Wellmann J, Bruckmann N, et al. Why 
Most Acute Stroke Studies Are Positive in Animals but Not in Patients: A Systematic Comparison 
of Preclinical, Early Phase, and Phase 3 Clinical Trials of Neuroprotective Agents. Ann Neurol. 2020 
Jan;87(1):40–51. 

19.  Perrin S. Preclinical research: Make mouse studies work. Nature. 2014 Mar;507(7493):423–5. 
20.  Benatar M. Lost in translation: Treatment trials in the SOD1 mouse and in human ALS. Neurobiology 

of Disease. 2007 Apr;26(1):1–13. 



15

|
G

en
er

al
 In

tr
od

uc
tio

n

1

21.  McKinney WT. Animal Model of Depression: I. Review of Evidence: Implications for Research. Arch 
Gen Psychiatry. 1969 Aug 1;21(2):240. 

22.  Willner P. The validity of animal models of depression. Psychopharmacology. 1984 Apr;83(1):1–16. 
23.  Sams-Dodd F. Strategies to optimize the validity of disease models in the drug discovery process. 

Drug Discovery Today. 2006 Apr;11(7–8):355–63. 
24.  Denayer T, Stöhr T, Roy MV. Animal models in translational medicine: Validation and prediction. 

European Journal of Molecular & Clinical Medicine. 2014 Aug 27;2(1):5. 



1)  Department of Pharmaceutics, Utrecht Institute for Pharmaceutical Sciences, Utrecht University, Utrecht, The Netherlands;
2) Copernicus Institute of Sustainable Development, Innovation Studies, Utrecht University, Utrecht, The Netherlands;
3) Medicines Evaluation Board, Utrecht, The Netherlands.

Edited from the publication “A standardised framework to identify optimal animal models for efficacy assessment in 
drug development” in PLOS ONE, 2019, 14, (6), e0218014 and PLOS ONE, 2019, 14, (7), e0220325



Guilherme S. Ferreira1,
Désirée H. Veening-Griffioen1, 
Wouter P. C. Boon2, 
Ellen H. M. Moors2, 
Christine C. Gispen-de Wied3, 
Huub Schellekens1, 
Peter J. K. van Meer1, 3

1)  Department of Pharmaceutics, Utrecht Institute for Pharmaceutical Sciences, Utrecht University, Utrecht, The Netherlands;
2) Copernicus Institute of Sustainable Development, Innovation Studies, Utrecht University, Utrecht, The Netherlands;
3) Medicines Evaluation Board, Utrecht, The Netherlands.

2

FIMD: a standardised framework to validate, 
assess and compare models of disease

Edited from the publication “A standardised framework to identify optimal animal models for efficacy assessment in 
drug development” in PLOS ONE, 2019, 14, (6), e0218014 and PLOS ONE, 2019, 14, (7), e0220325



18

|

C
hapter 2

2

Abstract (Original Publication)

Introduction - Poor translation of efficacy data derived from animal models can 
lead to clinical trials unlikely to benefit patients – or even put them at risk – and is a 
potential contributor to costly and unnecessary attrition in drug development.

Objectives – To develop a tool to assess, validate and compare the clinical 
translatability of animal models used for the preliminary assessment of efficacy.

Design and Results – We performed a scoping review to identify the key aspects 
used to validate animal models. Eight domains (Epidemiology, Symptomatology and 
Natural History – SNH, Genetic, Biochemistry, Aetiology, Histology, Pharmacology 
and Endpoints) were identified. We drafted questions to evaluate the different facets 
of human disease simulation. We designed the Framework to Identify Models of 
Disease (FIMD) to include standardised instructions, a weighting and scoring system 
to compare models as well as factors to help interpret model similarity and evidence 
uncertainty. We also added a reporting quality and risk of bias assessment of drug 
intervention studies in the Pharmacological Validation domain. A web-based survey 
was conducted with experts from different stakeholders to gather input on the 
framework. We conducted a pilot study of the validation in two models for Type 2 
Diabetes (T2D) – the ZDF rat and db/db mouse. Finally, we present a full validation 
and comparison of two animal models for Duchenne Muscular Dystrophy (DMD): 
the mdx mouse and GRMD dog. We show that there are significant differences 
between the mdx mouse and the GRMD dog, the latter mimicking the human 
epidemiological, SNH, and histological aspects to a greater extent than the mouse 
despite the overall lack of published data.

Conclusions - FIMD facilitates drug development by serving as the basis to select 
the most relevant model that can provide meaningful data and is more likely to 
generate translatable results to progress drug candidates to the clinic.

Keywords: animal model, drug development, efficacy model, external validity, 
translational research, validation, 3Rs.
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Introduction

The use of non-human animals to evaluate the safety of new drugs is an integral 
part of the regulatory research and development process (1,2). Established at a 
time when laboratory animals were one of the most complex systems available, 
they are still considered as the gold standard. However, despite their apparent value 
as a drug testing system to predict safety and efficacy in humans, scientists are 
increasingly aware of their considerable drawbacks and limited predictivity (3–6).

While no apparent toxicity in poorly predictive animal models can lead to possible 
harm to patients, false toxic signals might prevent potentially safe drugs from 
reaching the market. At the same time, models which overestimate the efficacy of 
new drugs lead to clinical trials with drugs that have a modest effect at best or are 
entirely ineffective at worst – meaning we could be effectively putting patients at 
risk for no possible benefit (5,7).

We previously assessed the value of regulatory safety studies in a public-private 
research consortium which consisted of pharmaceutical company stakeholders, the 
Dutch regulatory agency and academia (8). This partnership was unique in that it 
allowed proprietary data to be used for our primary analyses, which could then be 
presented in an aggregated, anonymised fashion to propose policy changes (9–
13). A key finding of these studies was that regardless of non-human primate (NHP) 
models having the closest biological resemblance to humans, their indiscriminate 
use in the safety testing of new biotechnology products (e.g. mAbs) as well as to 
demonstrate the similarity of biosimilar to reference products often adds limited 
value to the preclinical package. When taken all together, these results suggest the 
mandatory use of non-human animal safety testing according to current guidelines 
should be reconsidered.

Contrary to safety assessment, the evaluation of efficacy is not subject to formalised 
guidance or regulations since each new drug warrants a tailor-made approach based 
on its mechanism of action and indication (14,15). Consequently, predefining which 
assays or models to be used to test new drugs’ efficacy, as done for safety, could 
jeopardise innovative companies’ ability to develop such drug-specific strategies.

Nevertheless, most late-stage clinical trials, which are frequently based on efficacy 
data from non-human animal studies fail due to the lack of efficacy (16–20). The 
low internal validity (i.e. the methodological qualities of an experiment, such as 
randomisation and blinding) of non-human animal research has been frequently 
suggested as a likely cause for such poor translation to the clinic (21–25). For 
example, non-randomised and non-blinded studies are 3.4 and 3.2 times more 
likely to report positive results, respectively (21). Other factors, like housing and 
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husbandry, can also significantly affect animal models’ behaviour and other 
phenotype parameters, such as neurotransmitter levels (26).

Several projects aimed at improving design and reporting standards of preclinical 
studies have been initiated in the past decade. The ARRIVE guidelines were the first 
harmonised guidelines to establish reporting standards in animal research (27). 
In the same vein, the PREPARE guidelines provide extensive guidance on the key 
parameters necessary to design and conduct higher quality animal experiments 
(28). With the growing popularity of systematic reviews and meta-analysis of 
non-human animal studies, the use of the GRADE approach to grade the quality 
of evidence and strength of the recommendations given has also been suggested 
(29). The European Quality In Preclinical Research (EQIPD), funded by the 
Innovative Medicines Initiative (IMI), was introduced in 2017 aiming at improving 
the robustness of preclinical data, focusing mostly on neuroscience research (30). 
All these initiatives now allow researchers to address these issues effectively.

The inadequate assessment of the external validity of efficacy models (i.e. how well non-
human animal results are generalisable to the human situation) is also an important 
factor for poor translation (4). Currently, drug developers frequently rely on the well-
established criteria of face, construct and predictive validity to assess the external 
validity of animal models (31,32). Face validity refers to how well an animal model 
reproduces the clinical symptoms and manifestations of a disease; construct validity 
refers to how close the underlying biology thought to be causing these symptoms in 
the human condition is replicated in the animal model; and predictive validity refers to 
how similar to a human an animal model responds to clinically effective drugs (32,33). 
Because none of these criteria is integrated nor present a systematic way to assess 
the ability of an animal model to predict drug efficacy in humans, they are highly 
susceptible to user interpretation. The absence of standardisation leads to animal 
models being assessed by different disease parameters, which further complicates a 
scientifically relevant comparison between them.

A tool applicable to in vitro and in vivo settings was suggested by Sams-Dodd and 
further refined by Denayer et al. (34,35). It scores five categories (species, disease 
simulation, face validity, complexity and predictivity) from 1 to 4, a score of 4 being 
the closest to the patient. Nonetheless, this tool fails to capture the nuances of most 
characteristics potentially relevant for the demonstration of efficacy (e.g. genes, 
biomarkers, histology) to make it informative and usable to evaluate the external 
validity of animal models.
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The Framework t o Identify Models of Disease (FIMD)

Literature Review and Questionnaire Draft

To answer our research question “what are the main parameters used to validate 
animal models of disease?”, we performed a scoping review using the search 
strategy “animal model”[tiab] AND validation[tiab] based on Medical Subjects 
Heading (MeSH) terms in PubMed on 03.06.2016. The search was not designed to 
be an exhaustive account of the available literature, but rather as a snapshot of the 
core aspects used by researchers to validate disease models. Articles were included 
if they were published in English and if they contained details about the validation 
of a new animal model or optimisation of an existing one aiming at drug screening. 
Articles were excluded if the aim of validation was behavioural tests or biomarkers; 
if the model aimed at evaluating a surgical technique; and/or if they were not 
available via the university’s online library. Titles and abstracts were screened, and 
publications which met the inclusion criteria were then read in full-text.

A total of 587 records were screened by title and abstract, of which eight were not 
available through the university’s virtual library. Eighty-one (81) articles were selected 
for full-text assessment. Of these, 78 records (59 of development or optimisation 
of animal models and 19 reviews) met the inclusion criteria. The literature search 
process is shown in Fig 1.

Papers screened 
by title and abstract 

(n = 587)

Papers read 
in full-text 

(n = 81)

Papers excluded 
(n = 497)

Papers not available through the 
university’s virtual library 

(n = 8)

Papers excluded after full-text 
assessment 

(n = 3)

1 method validation;
1 animal model for animal disease;

1 surgery model.
Papers included 

(n = 78)

FIGURE 1 | Literature search process. Identification, screening and inclusion of articles for the 
identification of validation parameters in the literature.
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The thematic content analysis (TCA) method was used to identify the main 
validation parameters present in the literature (36). Briefly, this method consists 
of collecting information on a field in a structured way, followed by extracting the 
data from the identified sources and, finally, grouping these parameters into more 
general, broader categories. In our study, we determined the parameters defined 
by the included articles’ authors as determinative to ‘validate’ the animal model. 
Identified parameters were then grouped into themes – based on the concepts of 
face, construct and predictive validity – and were given a generic, broader name. 
Eight domains were identified based on the validation parameters reported in the 
literature and are presented in Table 1.

TABLE 1 | The eight domains identified and their frequency in the included articles.

Domain Description
Frequency

(n = 79)

 Epidemiology related to age and sex 12
Symptomatology and Natural 
History (SNH)

related to symptoms and natural history 
of disease

62

Genetics related to genes, genetic alterations and expression 19
Biochemistry related to biomarkers 43
Aetiology related to the aetiology 26
Histology related to the histopathological features 37
Pharmacological related to the effect of effective and ineffective drugs 39
Endpoints related to the endpoints and the methods to assess 

thereof chosen for the pharmacological studies
9

The eight identified domains were used to draft questions related to the different facets of disease 
simulation (Table 2).

We designed FIMD to circumvent some significant limitations present in the current 
approaches, such as the absence of standardisation, integration and facility of 
model comparison. We also conducted a web-based survey with experts from 
academia, industry and regulatory agencies to validate our findings and identify 
opportunities for improvement (see Appendix A). To make the framework systematic, 
transparent and to minimise parameter discordance, instructions on how to 
complete the validation sheets as well as a template are provided (see Appendixes 
B for instructions and online for the template1, respectively). Non-human animal 
studies of both effective and ineffective drugs are included in the Pharmacological 
Validation. This inclusion results in a better understanding of the pathways that are 
involved in the disease pathophysiology of a model when compared to humans. 
With this information, companies with extensive non-human animal data from 
failed projects can easily perform a read-across of their models to inform the choice 
of future programmes. Also, all interventional drug studies in the Pharmacological 
1  Available at https://doi.org/10.1371/journal.pone.0218014.s003.
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Validation have a reporting quality and risk of bias assessment adapted from the 
ARRIVE guidelines and the SYRCLE’s Risk of Bias Tool (see Appendix B) (27,37).

TABLE 2 | The Framework to Identify Models of Disease (FIMD). Questions per validation parameter, 
and weight of each question and domain according to the same weighting system, in which the total of 
100 points is divided equally by the eight domains, and then equally by each question within a domain.

Weight

1. EPIDEMIOLOGICAL VALIDATION 12,5

1.1  Is the model able to simulate the disease in the relevant sexes? 6,25

1.2 Is the model able to simulate the disease in the relevant age groups (e.g. juvenile, adult 
or ageing)?

6,25

2. SYMPTOMATOLOGY AND NATURAL HISTORY VALIDATION 12,5
2.1 Is the model able to replicate the symptoms and co-morbidities commonly present in this 
disease? If so, which ones?

2,5

2.2 Is the natural history of the disease similar to human’s regarding:
2.2.1 Time to onset

2,5

2.2.2 Disease progression 2,5
2.2.3 Duration of symptoms 2,5
2.2.4 Severity 2,5

3. GENETIC VALIDATION 12,5
3.1  Does this species also have orthologous genes and/or proteins involved in the human 
disease?

4,17

3.2 If so, are the relevant genetic mutations or alterations also present in the orthologous 
genes/proteins?

4,17

3.3 If so, is the expression of such orthologous genes and/or proteins similar to the human 
condition?

4,16

4. BIOCHEMICAL VALIDATION 12,5
4.1 If there are known pharmacodynamic (PD) biomarkers related to the pathophysiology of 
the disease, are they also present in the model?

3,125

4.2 Do these PD biomarkers behave similarly to humans’? 3,125
4.3 If there are known prognostic biomarkers related to the pathophysiology of the disease, 
are they also present in the model?

3,125

4.4 Do these prognostic biomarkers behave similarly to humans’? 3,125

5. AETIOLOGICAL VALIDATION 12,5
5.1 Is the aetiology of the disease similar to humans’? 12,5

6. HISTOLOGICAL VALIDATION 12,5
6.1 Do the histopathological structures in relevant tissues resemble the ones found in humans? 12,5

7. PHARMACOLOGICAL VALIDATION 12,5

7.1 Are eff ective drugs in humans also eff ective in this model? 4,17
7.2 Are ineff ective drugs in humans also ineff ective in this model? 4,17
7.3 Have drugs with diff erent mechanisms of action and acting on diff erent pathways been 
tested in this model? If so, which?

4,16

8. ENDPOINT VALIDATION 12,5
8.1 Are the endpoints used in preclinical studies the same or translatable to the clinical 
endpoints?

6,25

8.2 Are the methods used to assess preclinical endpoints comparable to the ones used to 
assess related clinical endpoints?

6,25



24

|

C
hapter 2

2

Weighting and Scoring System

To facilitate the comparison between animal models in the same indication and 
ultimately, the choice of the best fit for investigating a drug’s efficacy, we developed 
a weighting and scoring system. This system was developed based on a maximum 
score of 100 points. The 100 points were equally distributed across the eight domains 
(12.5 points per domain) and in each domain, evenly distributed per question – the 
same weight (SW) system. Table 2 shows the weighting per domain and question 
according to the same weighting system. Although an indication-specific weighting 
system could potentially improve the sensitivity of the score, there is not enough 
data to accurately determine weightings for each question based on disease 
characteristics. At this stage, the presence of such a feature is hardly justifiable 
given the complexity it would add to the overall framework. Thus, we opted not to 
add indication-specific weighting systems in this version. Examples of how to score 
the questions are provided in Appendix B.

Calculating the score from each domain allows easy visualisation in a radar plot, 
which is a key product of FIMD (Box 1). The final score is an indication of the degree 
to which a model simulates the human condition. While it is not validated at this 
point, it allows researchers to identify the strengths and weaknesses of an animal 
model at a glance. The underlying (qualitative) data will further determine which 
model is the most relevant to test a given drug. Hence, the best fit will not necessarily 
be the model with the highest score but rather the model that more closely mimics 
the pathways involved in the mechanism of action of a drug.

Next to the weighting and scoring system, two factors were created to contextualise 
the final score: the uncertainty and the similarity factors. Although these factors are 
not used in the score calculation, they help to explain the differences or absence 
thereof in the score between models. The uncertainty factor is used to inform how 
much information is missing in the validation of a model – how many questions 
were answered with ‘unclear’. ‘Unclear’ is used to answer questions for which no 
data is available or conflicting evidence is found. The similarity score is used when 
comparing two models, informing about how often questions received the same 
answer in both models. It indicates how comparable two models are. Further details 
on how to calculate and interpret the uncertainty and similarity factor are available 
in Appendix B, sections D and E.
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BOX 1 | Validation Domains Overview with a Radar Plot.

The radar plot is generated by using the ratio of each domain’s score (sum of each question within 
a domain) to the maximum possible score. For instance, if a model scores 6.25 points in the fi rst 
domain, Epidemiological Validation (3.125 per question), of a total of 12.5 points, the ratio is 0.5 
(6.25/12.5). These ratios are calculated for each domain and then aggregated in the radar plot, 
which is a relative demonstration of how close an animal model can simulate the human condition. 
The closer a domain is to the edge, the closer the model mimics that specifi c aspect of the human 
disease (ratio of 1). Radar plots can include one or more models. An example is given in Fig 2.

Model B Model A

8. ENDPOINTS

7. PHARMACOLOGICAL

6. HISTOLOGICAL

5. AETIOLOGICAL

4. BIOCHEMICAL

3. GENETIC

2. SNH

1. EPIDEMIOLOGICAL

FIGURE 2 | Hypothetical Radar Plot. Radar plot with hypothetical scores per parameter per model. 
The closer a parameter is to the edge, the better the model simulates that aspect of the human 
disease. SNH – Symptomatology and Natural History.

Validating Efficacy Models with FIMD

We addressed the lack of a clear definition of what the minimum requirements 
to validate an animal model are from previous approaches. There are several 
interpretations of what the validation of an assay or model should entail and how 
to assure its reproducibility. For the OECD and EURL-ECVAM, validation means 
establishing a statistically rigid range for several criteria to describe a test’s ability to 
be reproduced reliably (38). This validation is frequently an expensive and lengthy 
process, mostly applicable to in vitro tests, which would not be practical or add 
much value to efficacy assessment in animal models (14). A more applied approach 
is presented by ICHS5(R3), in which the definition of the context of use (i.e. the 
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conditions in which the assay results can be relied upon) is the guiding factor for the 
validation of a test (39).

Our validation definition aims to provide the evidence for an efficacy model’s 
context of use (i.e. the intended indication for which drugs are being developed). 
Although animal models are not expected to mimic the human condition completely, 
identifying which aspects they can reproduce and to which extent is crucial to 
determining whether they are the most suitable choice. Therefore, we established 
four levels of confidence in the validation of animal models in their context of use 
based on the percentage of definite answers to the eight validation domains (see 
Table 3). A ‘definite answer’ is defined as any answer except for ‘unclear’.

TABLE 3 | Different levels of validation according to the percentage of definite answers to the questionnaire.

(%) Defi nite Answers Validation Level

0 - 40 Insuffi  ciently validated
41 - 60 Slightly validated
61 - 80 Moderately validated
81 - 100 Highly validated

The product of FIMD is a validation sheet of an animal model for an indication, 
which provides the necessary information for its assessment as a potential model to 
demonstrate a drug’s efficacy. We have conducted a pilot study and a full validation 
in one indication each to test the main features of FIMD, which are further described 
in Chapter 3.

Limitations

In FIMD, the validation of an animal model relies on the definition of the disease 
parameters and therefore, it depends on how well-understood the aetiology and 
pathophysiology are. Poorly understood diseases (e.g. Alzheimer’s) represent a 
major challenge for the definition of these parameters and thus to the validation 
of animal models in these indications. However, FIMD provides researchers with a 
platform to discuss both the more established aspects of a disease as well as the 
ones in which there is no consensus in a structured and standardised manner (e.g. 
aetiology, genetic, biochemical). This way, an animal model’s ability to simulate the 
different aspects of disease according to various theories or hypotheses (whenever 
available) can be discussed and assessed in one place by the same parameters.

All in all, FIMD provides researchers with the information necessary for them to 
decide on whether a model is the most relevant to test the efficacy of a new drug. 
Additionally, the definition of the disease parameters themselves might prove 
controversial, as there is currently no standardised and objective way of defining 



27

|
FI

M
D

: a
 s

ta
nd

ar
di

se
d 

fr
am

ew
or

k 
to

 v
al

id
at

e,
 a

ss
es

s 
an

d 
co

m
pa

re
 m

od
el

s 
of

 d
is

ea
se

2

them. The recommendation to organise a task force with experts in the field to 
achieve consensus on which parameters to include could preclude the introduction 
of most biases, although it will frequently be unfeasible.

The weighting system provided here aims to roughly indicate in quantitative terms 
how well a model can simulate the human disease, but it could not be validated 
yet. Ideally, the weight of each question should be set based on a statistical model 
that correlates the likelihood of an animal model predicting human response with 
its assessment through FIMD. This approach would first require that a considerable 
number of models are assessed through FIMD; followed by an evaluation of the 
likelihood each model has of predicting efficacy in humans for each drug that has 
been tested on it. Then, it would be possible to correlate the likelihood of a model 
predicting human response with each type of answer to the validation questions. 
This statistical model would give a weighting for each question and also allow 
the setting of the weights specific to each indication, which would provide a more 
accurate and scientifically sound weighting system. Such an approach will become 
feasible as more animal models are validated using FIMD. Furthermore, the use of 
partial grades (50% of the score) for models which only partially mimic a particular 
aspect of the disease considerably decreases sensitivity, leading to the same score 
for models that simulate the same aspect to different extents.

Another limitation is that FIMD only includes publicly available information, which 
means it inherently incorporates the publication bias often reported in preclinical 
and clinical research (4,40,41). However, there is a growing demand for the pre-
registration of preclinical studies and the publication of their results (42–44). With 
the establishment of registries like PreclinicalTrials.eu, the overall publication bias 
is expected to be reduced and therefore, so will be its impact on FIMD (45). This 
factor is especially relevant for the Pharmacological Validation questions 7.1 and 
7.2, which include drug intervention studies and might lead to skewed results. Also, 
due to time and resource constraints, we did not investigate the inter-rater reliability 
to verify the reproducibility of the results. However, we provide detailed instructions 
in Appendix B which are likely to reduce variation between users.

Applications and Final Considerations

Based on a drug’s mechanism of action, models can be first discriminated by 
assessing whether the correlation between non-human animal and human drug 
studies of relevant pathways is available in the Pharmacological Validation domain. 
The other domains provide additional information, such as the presence of relevant 
genes and biomarkers. Finally, the validation level is an index of the reliability 
of a model’s overall ability to mimic the human condition, serving as another 
layer to further differentiate potentially more useful from less useful models. The 
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combination of all these features allows researchers to select, among a plethora of 
models, the model most likely to correctly predict the efficacy of a drug in humans.

FIMD allows the comparison between animal models from a purely scientific 
perspective. In practice, other factors may influence the choice of one model over 
another, such as personnel expertise, available facilities and cost. Larger models 
(e.g. dogs) are considerably more expensive than rodents and, despite possibly 
mimicking the human disease to a greater extent, might still not be the model 
of choice in many occasions. These factors are not taken into account in FIMD, 
as they vary not only between but also within institutions. However, by providing 
the scientific background on which to base the selection of a model, we hope to 
substantiate discussions within ethics committees and funding bodies on how 
these non-scientific factors can affect model selection. This discussion can provide 
researchers with arguments to obtain more funding to conduct projects on more 
expensive models which also have a higher likelihood of predicting the efficacy of 
new drugs.

An essential application for FIMD is on the approval of non-human animal studies 
by Institutional Review Boards (IRBs). IRBs often base their decisions on unpublished 
non-human animal studies with low internal validity (44). FIMD presents an 
opportunity to assess the validity of a specific model for efficacy assessment while 
also providing insights from earlier research. By using the validation sheet of models 
used to support the first-in-human trials, IRBs can, for the first time, tackle all these 
issues at once. FIMD provides the background for the choice of the model(s), allowing 
IRBs to accurately assess whether the data generated is likely to be translatable to 
the clinic.

Although it is not our goal to address the problems with internal validity of animal 
studies with FIMD, we included a reporting quality and risk of bias assessment in 
the Pharmacological Validation. We aimed to confront researchers with the often-
poor quality of studies routinely used to base grant and marketing authorisation 
decisions, and subsequent research, forcing them to think about their own study 
designs. For this reason, we did not provide guidance on how to interpret these 
results as the relevance of each quality aspect will depend on the research question 
and indication.

The collection of validation sheets of models of efficacy will allow the development 
of an open database of validated models in which users can, based on their drug’s 
characteristics (e.g. mechanism of action or intended indication), find the optimal 
model to evaluate the efficacy of a drug before planning an animal experiment.

FIMD can simplify the interaction between companies and regulatory agencies as 
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it permits a more objective and science-based discussion on the selection of an 
animal model. It can potentially prevent efficacy studies on less relevant models, 
effectively contributing to the reduction of the use of animal models in the context 
of the 3R’s. By assessing the degree to which a model mimics a human condition, 
FIMD facilitates the choice of an appropriate model for efficacy assessment and 
promotes the conduct of efficacy studies whose results are more likely to translate 
to the clinical situation.
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Appendix A – Survey

Survey Results

A web-based survey was created to collect feedback regarding the use and 
implementation of FIMD (formerly Question-Based Validation Sheet - QBVS) 
from experts from different stakeholders (e.g. regulatory agencies, academia 
and pharmaceutical industry). The expert panel had access to the questionnaire, 
instructions on how to complete it and the results of the case studies.  Their 
suggestions were processed, considered relevant and therefore, implemented in 
FIMD.

The anonymous survey could be accessed via an open link, which means any person 
with the link could access it. The link was initially sent by email to 46 experts, which 
were identified by convenience sample (i.e. use of authors’ network, contacting 
corresponding authors of studies included in the pilot study). The distribution of the 
survey link within the experts’ network was not only allowed but also encouraged. 
Nonetheless, due to the low number of responses, only descriptive statistics are 
presented.

Twelve (12) experts participated in the survey. The majority is based in Europe 
(83%), are academics (67%), but industry and regulatory agencies were also 
represented (25% and 8%, respectively). All experts had experience with designing 
animal studies, 92% have conducted animal experiments, 83% have assessed and 
reviewed animal studies, 67% have developed or optimised animal models and 
25% have experience on evaluating the risk of bias and publication bias, drafting 
guidelines for safety aspects or regulatory aspects in general. Most respondents 
(75%) have at least ten years of experience in these functions, 17% have at least 
five and 8% between two and five years.

Most respondents support the use of FIMD as a tool to validate animal models 
of disease (92%). Around 83% responded it is only moderately likely for two 
independent researchers to arrive at the same results, despite the availability of 
instructions on how to fill in and score each question. The main reason reported was 
the difference in background and the individual skill of each researcher.

Regarding adoption, almost 42% of those surveyed answered that is ‘slightly likely’ 
for FIMD to be adopted in their organisation, followed by 33% answering it is ‘very 
likely’ while 27% thinks it is only ‘moderately likely’. The main reasons reported are 
the significant time investment for training and execution of the validation.

As for the score, most experts think it adds value to the validation process (83%), 
although 17% sees it also as a potential source of bias. More than half affirmed that 
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the score should be defined only in the method (58%), not allowing researchers to 
set the weights themselves.

One respondent commented that, for some animal models, there are significant 
differences in pathophysiological parameters between colonies, which should be 
reported. One example is the GRMD dog, which has a different natural history of the 
disease in some colonies: in one American colony, dogs hardly ever lose ambulation 
while in the French colony, around 25% lose the ability to walk (1). If the phenotype 
differences are substantial enough, they shall be investigated beforehand, and, in 
such cases, each colony would be considered as a related, but an individual model. In 
this situation, only studies which included animals from that specific colony shall be 
included. These differences shall also be reported in the ‘Background Information’ 
section of FIMD for all related models.

Another respondent suggested that a parameter should be included to indicate 
how many articles support the answers in each section of FIMD. This parameter 
was called ‘strength of evidence’: the more well-established the evidence becomes, 
the higher the strength of evidence. We decided not to include it because to make 
it useful; we would have to apply it to all questions, unreasonably increasing the 
complexity of the framework and hampering its feasibility.

An updated to the weighting system was also suggested by the expert panel. Where 
FIMD initially supported a one-size-fits-all approach to defining the weighting, the 
development of a fit-for-purpose weighting system was recommended to improve 
the adoption of FIMD, especially in the industry. Such a strategy aimed at increasing 
the resolution of the scoring system. Nonetheless, since there are not enough data 
to determine the values accurately, we have not been able to test whether the 
different weighting systems, in fact, increase resolution. At this stage, the presence 
of such a feature is hardly justifiable, given the complexity it adds to the overall 
framework. Thus, we decided not to include the indication-specific weighting. 
We have maintained only the same weighting system, in which all domains (and 
questions within a domain) have the same weighting.
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Web-Survey Questions

Q0 Which of the examples below is clearer in helping to understand how to 
answer the following question: 2.1.2 Is the model able to simulate the disease 
in the relevant age groups (juvenile, adult or ageing)?
1. Specific Example
Yes, completely.
The ZDF rat develops diabetes around the same age as humans – middle-aged 
adults, progressing into old age and death.

Yes, partially.
Although the time to onset of diabetes has been decreasing in the past years, ZDF 
rat still develops diabetes somewhat earlier than humans. However, it progresses 
into adulthood and ageing phases, similarly to the human disease.

No.
The ZDF rat develops diabetes much earlier than humans already in their first 
two weeks. The disease progresses and leads to death before the beginning of 
adulthood.

2. Generic Example
Yes, completely. 
The model X develops disease Y around the same age as humans – middle-aged 
adults, progressing into old age and death.

Yes, partially. 
Although the time to onset of disease Y has been decreasing in the past years, 
the model X still develops disease Y somewhat earlier than humans. However, it 
progresses into adulthood and ageing phases, similarly to the human disease.

No. 
The model X develops disease Y much earlier than humans already in their first 
two weeks. The disease progresses and leads to death before the beginning of 
adulthood.

Q11 Based on the instructions provided and your own experience, would you be 
able to fill out the QBVS for a given animal model?
1. Yes
2. No
3. I am not sure



36

|

C
hapter 2

2

Q111 What would prevent you from being able to fill out the QBVS?
1. Questions not clear enough
2. Instructions not clear enough
3. Instructions not objective enough
4. Other

Q12 If different people fill out the QBVS for the same model, how likely is it that 
they would arrive at the same results?
1. Not at all likely
2. Slightly likely
3. Moderately likely
4. Very likely
5. Completely likely

Q121 Why do you think they would not arrive at the same results?
Open text.

Q13 Do you think the QBVS can be used as a tool to validate animal models?
1. Yes
2. No

Q131 Why do you think the QBVS cannot be used as a tool to validate animal 
models?
Open text.

Q14 Would you include, edit or exclude any questions?
1. Yes
2. No

Q141 Which changes would you suggest?
Open text.

Q21 Do you think having a score included in the QBVS...
1. adds value to it?
2. introduces bias?
3. Other

Q211 How would you determine the weight for each question?
Open text.
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Q212 For what reason(s) would it not add value?
Open text.

Q213 For what reason(s) would it introduce bias?
Open text.

Q22 Having a score included in the QBVS would affect my opinion of it…
1. negatively
2. positively
3. neither negatively nor positively

Q23 If the QBVS were to have a score included, do you think the weighting 
system(s)...
1. should be defined only in the QBVS method
2. should be defined only by the person filling out the QBVS
3. should be defined in the QBVS method and also allow the person filling out the 
QBVS to set its own
4. I do not think QBVS should have a score embedded
5. none of the above

Q31 From the presented weighting methods, which represents the best way to 
weight different aspects of disease simulation in animal models?
1. SW
2. W1
3. W3
4. None of the above.
5. I do not know.

Q32 Would you make any changes to the weights of specific questions?
Open text.

Q41 What is the likelihood of the QBVS tool being adopted by you and your 
colleagues?
1. Not at all likely
2. Slightly likely
3. Moderately likely
4. Very likely
5. Completely likely
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Q411 Why is it unlikely you and your colleagues would adopt the QBVS?
1. the time investment is too big
2. the instructions are not clear enough
3. the method is not objective enough
4. too much training required
5. other

Q412 What changes should be made for you to adopt the QBVS?
Open text.

Q51 Do you have any additional remarks not covered by any of the previous 
questions?
Open text.

Q52 Would you know anyone who could be also interested in participating in 
this consultation? If so, please leave their name and email for contact below.
Open text.
Q61 In which region are you located?
1. USA and Canada
2. Latin America
3. Europe
4. Africa
5. Middle East
6. Asia
7. Australia

Q62 What is your position at your institution?
Open text.

Q63 For what kind of institution do you work?
1. Government Body
2. Industry (1-10 employees)
3. Industry (11-50 employees)
4. Industry (51-250 employees)
5. Industry (251+ employees)
6. Regulatory Agency
7. Research Institute (not within a University)
8. University
9. Other
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Q64 In which activities presented below are or have you been involved? (mark 
all that apply)
1. Design of animal studies
2. Conduct of animal studies
3. Animal model development and/or optimisation
4. Assessment and review of animal studies (including due diligence)
5. Other

Q65 How many years of experience do you have in these functions?
1. Up to 2 years
2. 2+ to 5 years
3. 5+ to 10 years
4. 10+ years.
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Appendix B - Instructions

A. Getting Started

 The definition of the validation parameters is the first step to validate an animal 
model in a specific indication. While we recommend a task force of experts in the 
field as the most objective and reliable alternative to define these parameters, we 
realise the difficulties to set one up will often prevent its implementation. In these 
cases, the disease parameters can be identified by searching for published reviews 
on the disease and its natural history. Only full-text articles in English and published 
in peer-reviewed journals shall be included.

To identify the correct terminology for both the indication and model of interest, we 
suggest the use of the Medical Subject Headings (MeSH) website2 for PubMed; and 
the Emtree3 for Embase. For animal models, it is important to include abbreviations 
and plurals as well (“ZDF rat” OR “ZDF rats” OR “Zucker Diabetic Fatty rat” OR 
“Zucker Diabetic Fatty rats”). Besides reviews published in the literature, typing 
the strain of the model (e.g. BKS.Cg-Dock7m +/+ Leprdb/J for the db/db mouse) 
on the supplier’s website (e.g. Jackson Laboratories, Charles River Laboratories) 
often provides extra information on the basic characterisation of the strain. Also, 
whenever different background strains can be used to breed the model, it shall be 
investigated whether there are significant differences between different strains. If 
so, separate validation sheets must be filled for each background strain of interest. 
If the background strain is not mentioned, it shall be reported as such.

Once relevant reviews are identified, the reference list and forward citation (e.g. 
Google Scholar, Web of Science, Scopus) shall be used to determine original research 
to answer the validation questions. Since completing the questionnaire is mostly 
an iterative process, no specific search string is needed to answer most questions, 
except for the Pharmacological Validation questions 7.1 and 7.2, for which further 
guidance is provided in their respective sections. In the case that after the general 
literature search some questions are still left unanswered, specific search strings 
can be used to identify relevant articles. For example, if no information was initially 
found about the up- or downregulation of a gene in a model, PubMed and Embase 
can be searched with a string such as ‘[model, including terminology variations] 
AND [gene]’. The use of MeSH and Emtree terms for each search component is 
encouraged.

²  https://meshb.nlm.nih.gov/search
3  https://www.embase.com/#emtreeSearch/default
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The final score is based on the Same Weighting (SW) system. Each domain has the 
same weight in a total of 100 points (12.5 per domain). The 12.5 points are equally 
divided by the number of questions in each domain. Based on the answers inputted 
in the Score Calculator (available online as S8 Supporting Information), a radar plot 
will be automatically generated.

Once the final score, the uncertainty and similarity factors are calculated (sections 
D and E, respectively), fill in this information in the first page of the validation sheet. 
Include the validation date (latest date of publication of the validation references). 
Determine the validation level as defined in Table 3 from the main text. Describe the 
historical background of the model as described in section B. Fill each question’s score.

Below we present a quick stepwise approach to FIMD:

1) Use MeSH and Emtree to identify all terminology related to the model and 
indication of interest, including abbreviations and plurals;

2) Organise an expert group to define the disease parameters. If that is not 
possible, search for reviews on the human disease and animal models for that 
condition. Whenever necessary, justify the choice of disease parameters;

3) Answer the questions in the validation sheet template (available online as S3 
Supporting Information) based on the information found in the papers. If, in the 
end, some questions are still unanswered, use specific search strings for these 
questions;

4) For the Pharmacological Validation, assess each paper based on the instructions 
for questions 7.1, 7.2; and sections F1 Reporting Quality and F2 Risk of Bias. 
Fill this information in a separate spreadsheet file (available online as S7 
Supporting Information);

5) Fill in the Score Calculator (available online as S8 Supporting Information) to 
get the total score and the radar plot;

6) Calculate the Uncertainty Factor according to section D;
7) If another model has been validated for the same indication, calculate the 

Similarity Factor according to section E;
8) Finalise the validation sheet (fill in the first page validation sheet, score per 

question).

B. General Definitions

Answers

All questions (except for 7.1 and 7.2) shall be answered with ‘yes’, ‘yes, completely’, 
‘yes, partially’, ‘no’ or ‘unclear’. Examples based on the results of the pilot study of 
Type 2 Diabetes (T2D) and the full validation of Duchenne Muscular Dystrophy 
(DMD) models are provided in the How to score? grey-lighted boxes to illustrate how 



42

|

C
hapter 2

2

the questions should be answered. Given the currently limited available dataset, 
it was not possible to provide data-driven examples for all possible answers to all 
questions. For each question, one answer was extracted as it is from Appendices D 
and E and hypothetical answers were provided for all the other possible answers.

‘Yes’ and ‘Yes, completely’ have the same meaning and are equivalent. The 
difference in use depends on whether the question allows a gradation of response. 
For example, question 3.1 refers to the presence of orthologous genes and proteins 
in the model, for which the answer can only be ‘yes’, ‘unclear’ or ‘no’ since each gene 
is assessed individually. On the other hand, answering question 5.1 with a ‘yes’ is 
not enough as the question allows the gradation: animal models may only partially 
mimic the human condition’s aetiology. Questions answered with ‘Yes’ or ‘Yes, 
completely’ get 100% of the score.

‘Yes, partially’ is used to answer questions in which the model only recapitulates 
parts of the human disease parameter. For instance, if for question 1.1, a human 
condition can manifest in both males and females, but the animal model can only 
simulate the disease in males, the answer shall be ‘yes, partially’ as the model can 
only partially mimic that aspect. Questions answered with ‘Yes, partially’ get 50% of 
the maximum score.

‘No’ shall be used to answer questions when the model does not mimic that aspect 
of the human condition at all. For one question (1.1) we did not include a ‘no’ answer 
in the examples because such an answer would require an animal model to simulate 
the human condition in the opposite sex the condition manifest in humans, an 
unlikely situation. Questions answered with ‘No’ get 0% of the maximum score.

‘Unclear’ shall be used in two situations. The first is when no literature can be found 
even after the use of specific search strings. The second is to answer questions for 
which conflicting evidence is found. For example, if when answering question 3.3 
two papers are found: one stating there is no change in a gene’s regulation while 
another shows upregulation of said gene, this characterises conflicting evidence. 
A brief discussion on the results available is warranted, which shall also include an 
assessment of whether one or another is more likely to be true if possible. Special 
attention is necessary in cases of old vs new studies, in which new evidence might 
be brought to light which contradicts previous research. Whenever possible, these 
differences must be investigated to evaluate whether there is a new consensus in 
the field that previous data is not considered accurate any longer. We encourage 
researchers to always search for recent papers to further corroborate old research 
findings (e.g. up to the 2000s). Questions answered with ‘Unclear’ get 10% of the 
maximum score.



43

|
FI

M
D

: a
 s

ta
nd

ar
di

se
d 

fr
am

ew
or

k 
to

 v
al

id
at

e,
 a

ss
es

s 
an

d 
co

m
pa

re
 m

od
el

s 
of

 d
is

ea
se

2

Well-established

The term ‘well-established’ is used in some questions to indicate a scientific consensus 
on a topic. Its subjectivity is intentional, and it requires a scientifically sound and 
well-referenced justification.

C. Fields Breakdown

Model Name

The name of the model shall be presented with as much detail as possible, including 
specific genetic alterations whenever relevant (e.g. Zucker Diabetic Fatty (ZDF)-
Leprfa/Crl rat). In case a model has a much commoner name, this shall be stated in 
parenthesis (e.g. C57Bl10scsn-Dmdmdx mouse (mdx mouse)).

Indication

The indication for which the model is being validated shall be stated. In case of 
symptoms of diseases, the disease in which the chosen symptom is manifested shall 
also be stated (e.g. food poisoning diarrhoea).

Validation Date

The validation date refers to the publication date of the last peer-reviewed reference 
included in any of the eight domains.

Subsections

Subsections can either be questions for which no further distinction is necessary (e.g. 
5.1 on aetiology) or each section within a question (e.g. in question 7.1 on effective 
drugs, each drug is considered a subsection). For instance, a specific indication 
had its parameters defined as 5 symptoms, 4 genes, 2 pharmacodynamic and 2 
prognostic biomarkers, 4 histopathological features, 1 approved drug class with 2 
drugs approved and 2 failed drug classes with one drug each. The total number of 
subsections would be: 2 (epidemiological) + 9 (SNH) + 12 (genetic) + 8 (biochemical) 
+ 1 (aetiological) + 4 (histological) + 5 (pharmacological) + 2 (endpoints), which is 
equal to 43. This number is the denominator used to calculate the uncertainty and 
similarity factors (sections D and E, respectively).

Total Score

The total score is the sum of each question score for all eight domains. It is 
calculated automatically by the Score Calculator (available online as S8 Supporting 
Information).

Validation Level

The validation level refers to the level of confidence in the reliability of a model to 
simulate the human condition, and it is defined based on the percentage of definite 
answers in the validation sheet. A ‘definite answer’ is defined as any answer except 
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for ‘unclear’, which is used to indicate the absence of evidence in the literature or 
conflicting results. The validation level can be insufficiently validated (up to 40% of 
definite answers); slightly validated (41-60%); moderately validated (61-80%); and 
highly validated (81-100%).

Historical Background

A brief historical background of the model shall be presented. It shall include the 
first publication to mention the model whenever possible as well as a brief history 
line of its characterisation. Known colony and supplier variations shall be stated at 
the end with the relevant references.

1. Epidemiological Validation

1.1  Is the model able to simulate the disease in the relevant sexes?

Describe whether the model can reproduce the disease in both sexes with sex-specific 
characteristics in a similar fashion to how the disease is manifested in humans. Sex-
specific information on the pathophysiology of the disease shall be included if present 
(e.g. protective effect of oestrogen in females for the development of diabetes).

How to score?

Yes, completely.
Both male and female db/db mice can develop diabetes. The diabetic condition is somewhat 
more pronounced in male than in female mice. This specific female resistance to the 
development of diabetes is in line with what is seen in humans, due to a possible protective 
effect of oestrogen on pancreatic beta-cells.

Yes, partially.
Only male db/db mice can develop diabetes. Female mice have slightly higher but non-
significant glycaemia and do not develop overt diabetes at any point in life.

1.2 Is the model able to simulate the disease in the relevant age groups (e.g. 

juvenile, adult or ageing)?

Describe whether the model can reproduce (spontaneously or by intervention) the 
disease in the relevant age groups (e.g. juvenile, adult and ageing) in which the 
disease is commonly manifested in humans (clinical presentation of symptoms). It is 
important to state in which age group is the onset of the disease in the model when 
compared to humans and whether the disease develops totally, partially or not at 
all in the same development phases. Where possible, narrower age categories shall 
be reported.
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How to score?

Yes, completely.
The ZDF rat develops diabetes around the same age as humans – middle-aged adults, 
progressing into old age and leading to death.

Yes, partially.
Although the time to onset of diabetes has been decreasing in the past years, the ZDF rat still 
develops diabetes somewhat earlier than humans. However, it progresses into adulthood and 
ageing phases, similarly to the human disease.

No.
The ZDF rat develops diabetes much earlier than humans already in their first two weeks. The 
disease progresses and leads to death before the beginning of adulthood.

2. Symptomatology and Natural History (SNH) Validation

2.1 Is the model able to replicate the symptoms and co-morbidities commonly 

present in this disease? If so, which ones?

Describe whether the hallmark symptoms and co-morbidities of the disease are 
present and how well (completely, partially or not at all) the model can simulate 
these symptoms/co-morbidities. The definition of which symptoms/co-morbidities to 
include shall ideally be done by a working group of experts in the field. Alternatively, 
a search on scientific literature databases such as PubMed and Embase can be 
performed to identify reviews on the human condition from which the characteristic 
symptoms and co-morbidities can be identified. A brief description of each 
symptom in the model, when compared to the human condition, shall be added. 
Sometimes, human symptoms cannot be directly translated to the animal situation 
or are a result of a more fundamental process that can be compared in this section 
instead of the nominal symptoms. For instance, in T2D, the symptoms presented by 
humans (e.g. polyphagia, polydipsia, polyuria, weight loss) are directly caused by 
hyperglycaemia, hyper and hypoinsulinemia, and dyslipidaemia. We considered 
the presence of the latter three together with obesity – which is an important co-
morbidity – as more relevant parameters to validate the animal models for T2D. In 
such cases, the justification must be presented in this section before the comparison 
between animal and human parameters.
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How to score?

The total score for this question is calculated based on the proportionality of symptoms 
modelled and partially modelled. For example, if there are three symptoms defined for a given 
disease and a model simulates one symptom completely (whole point), one partially (half a 
point) and the last one not at all, the score would be calculated by multiplying 1.5/3 by the 
weight of this question.

Examples

Symptoms modelled.
Muscle wasting: comparable to DMD boys across all main groups of muscles.

Symptoms partially modelled.
Muscle wasting: comparable to DMD boys only regarding diaphragm degeneration.

Symptoms not modelled.
Muscle wasting: the mdx mouse does not have severe muscle wasting in any muscle as seen 
in humans.

2.2 Is the natural history of the disease similar to human’s regarding:

2.2.1 Time to onset;

Describe whether the model manifests the disease at around the same phase of 
development a human would. It is necessary to reference literature that compares 
the human and the species’ development, which is available for the most prevalent 
animal model species, such as mice, rats and dogs. 

How to score?

Yes.
Although GRMD dogs have a somewhat high rate of neonatal death (~25%) not seen in 
either mdx mice or humans, the first clinical signs appear at 6-9 weeks, analogous to humans 
at 2-4 years.

No.
The first clinical signs appear at 15-20 weeks, much later than humans at 2-4 years.

2.2.2 Disease progression;

Describe whether the disease progresses in the model at around the same rate and 
leading to similar outcomes as in humans. The natural history of the disease shall 
be described comparatively in humans and the animal model, including the time to 
onset of different symptoms and complications.
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How to score?

Yes, completely.
In humans, first symptoms start around 2.5 years, with loss of ambulation around 10 to 15 
years. In GRMD dogs, muscular atrophy along with joint involvement (including jaw mobility), 
abnormal gait, decreased respiratory function and cardiomyopathy appears around six 
months of age. Like DMD, there is a honeymoon phase between 6 and ten months wherein the 
disease is relatively stable. Loss of ambulation is frequent, and like humans, death is commonly 
caused by heart failure and/or cardiomyopathy.

Yes, partially.
In humans, first symptoms start around 2.5 years, with loss of ambulation around 10 to 15 
years. In GRMD dogs, muscular atrophy along with joint involvement (including jaw mobility), 
abnormal gait, decreased respiratory function and cardiomyopathy appears around six 
months of age. Like DMD, there is a honeymoon phase between 6 and ten months wherein 
the disease is relatively stable. Loss of ambulation is infrequent, with only around 1/3 of GRMD 
dogs losing ambulation completely, although they do lose mobility considerably.

No.
In humans, first symptoms start around 2.5 years, with loss of ambulation around 10 to 15 
years. In GRMD dogs, muscular atrophy along with joint involvement (including jaw mobility), 
abnormal gait, decreased respiratory function and cardiomyopathy appears later in life, at 
around two years of age. There is no honeymoon phase wherein the disease is relatively stable. 
Loss of ambulation is infrequent, with only around 1 in 20 GRMD dogs losing ambulation 
completely, with most dogs being mobile until death.

2.2.3 Duration of symptoms;

Describe whether the symptoms are manifested for the same duration as the ones 
in humans (e.g. lifelong or temporary).

How to score?

Yes, completely.
A: Symptoms of DMD are lifelong due to permanent muscle degeneration. In mdx mice, once 
symptoms get worse, there is also permanent damage that leads to reduced lifespan.

Yes, partially.
A: Symptoms of DMD are lifelong due to permanent muscle degeneration. In mdx mice, once 
symptoms get worse until around 10 to 15 weeks, in which muscles sustain significant damage 
but do not further degenerate allowing some retention of function.

No.
A: Symptoms of DMD are lifelong due to permanent muscle degeneration. In mdx mice, 
symptoms get worse until around 10 to 15 weeks, in which muscles start to recover and 
partially regain their function.
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2.2.4 Severity

Describe whether the severity of the symptoms manifested in the model is similar 
to the ones manifested in humans. This shall be done comparatively, with a brief 
description of both the human and animal situation.

How to score?

Yes, completely.
A: Mdx mice show the same level of muscle degeneration as seen in humans, including great 
variation in fibre size, architecture and continuous necrosis and proliferation of connective 
tissue.

Yes, partially.
A: Mdx mice do not show the same level of muscle degeneration as seen in humans, except for 
the diaphragm which shows progressive degeneration evident at six months of age with great 
variation in myofibre size, architecture and continuous necrosis and proliferation of connective 
tissue.

No.
A: Mdx mice do not show the same level of muscle degeneration as seen in humans in any 
muscle.

3. Genetic Validation

3.1  Does this species also have orthologous genes and/or proteins involved in the 

human disease?

Describe whether the primary genes and proteins involved in the pathophysiology of 
the disease in humans are present in the animal model species. Identification of such 
genes shall ideally be made by a working group of experts in the field. Alternatively, 
it can be done by searching for reviews on the genetic background of the disease 
and genome-wide association studies (GWAS). Once identified, the reasoning 
for such definition shall be justified with scientific literature. Additionally, for each 
identified gene, a brief description of its function and role in the pathophysiology of 
the disease along with its GeneID and location shall be reported for both humans 
and model species. The GeneID and location can be found at PubMed’s database, 
available at https://www.ncbi.nlm.nih.gov/gene.
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How to score?

For each relevant gene/protein, a subsection shall be created and individually analysed. The 
total score for this question shall be calculated by the sum of each subsection (which can be 
answered according to the pre-specified answers).

Examples
Yes.
3.1.1 Dystrophin: the human dystrophin gene (Gene ID: 1756) is the largest gene found in 
humans measuring a total of 2.4 Mb located at Xp21.2-p21.1. Dystrophin forms parts of the 
dystrophin-glycoprotein complex (DGC), responsible for connecting the inner cytoskeleton 
and the extracellular matrix. In dogs, the dystrophin gene (Gene ID: 606758) is located at 
chromosome X.

No.
3.1.1. The dystrophin gene together with its protein product is not present in GRMD dog muscles. 
The human dystrophin gene (Gene ID: 1756) is the largest gene found in humans measuring a 
total of 2.4 Mb located at Xp21.2-p21.1. Dystrophin forms parts of the dystrophin-glycoprotein 
complex (DGC), responsible for connecting the inner cytoskeleton and the extracellular matrix.

3.2 If so, are the relevant genetic mutations or alterations also present in the 

orthologous genes/proteins?

Describe the specific alterations (mutations, deletions etc.) in those genes and 
proteins present in humans and check whether they are also present in the model. 
Relevant genetic alterations (mutations, deletions, rearrangements etc.) shall be 
included for each gene identified in question 3.1. The procedure to identify such 
alterations follows the same principles, in which the identification of GWAS plays 
a more prominent role. A brief description of the effect of each alteration shall be 
included for each gene, contextualising it for both humans and the animal model.

How to score?

For each relevant gene/protein, a subsection shall be created and individually analysed. The 
total score for this question shall be calculated by the sum of each subsection (which can be 
answered according to the pre-specified answers).

Examples
Yes, completely.
A: DMD is caused by deletions, duplications, small mutations or other smaller rearrangements 
of the gene that codes for dystrophin in chromosome X. In that sense, DMD being an X-linked 
inherited disorder, the mdx mouse has the same aetiology (spontaneous mutations). This is 
caused by a nonsense point mutation (C-to-T transition) in exon 51 that aborts full-length 
dystrophin expression, which is the case 13% human patients and is the site of action of 
eteplirsen, an exon-skipping drug approved for the treatment of DMD.
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Yes, partially. 
A: DMD is caused by deletions, duplications, small mutations or other smaller rearrangements 
of the gene that codes for dystrophin in chromosome X. In that sense, DMD being an X-linked 
inherited disorder, the mdx mouse has the same aetiology (spontaneous mutations). 
Nevertheless, mdx mice have a nonsense point mutation (C-to-T transition) in exon 23 that 
aborts full-length dystrophin expression. This is not the case for human patients who have 
other alterations that lead to dystrophin deficiency.

No.
A: DMD is caused by deletions, duplications, small mutations or other smaller rearrangements 
of the gene that codes for dystrophin in chromosome X. The mdx mouse does not have the 
same mutation, as the lack of dystrophin in the muscles is caused by a deletion located at 
chromosome 2, completely different from the human situation.

3.3 If so, is the expression of such orthologous genes and/or proteins similar to 

the human condition?

Describe whether the expression (under-, normal or overexpression) levels of the 
relevant genes and proteins mentioned in the questions above and check whether 
the model has the same pattern of expression. If relevant, temporal (i.e. relevant 
only during a specific stage of development of disease phase) and spatial (i.e. 
present only in specific tissues) aspects of expression must also be considered.

How to score?
For each relevant gene/protein, a subsection shall be created and individually analysed. The 
total score for this question shall be calculated by the sum of each subsection (which can be 
answered according to the pre-specified answers).

Examples
Yes.
3.3.1 Dystrophin: Like DMD patients, mdx mice are dystrophin-deficient not expressing full-
length dystrophin.

No.
3.3.1 Dystrophin: Mdx mice are not dystrophin-deficient, expressing fully functional dystrophin. 

4. Biochemical Validation

4.1 If there are known pharmacodynamic (PD) biomarkers related to the 

pathophysiology of the disease, are they also present in the model?

Describe whether the known and well-established PD biomarkers relevant to 
the pathophysiology of the disease in humans are also present in the model. 
Pharmacodynamic biomarkers are defined as molecules which can describe the 
current state of a disease. Pharmacodynamic biomarkers can also be prognostic 
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biomarkers. Identification of such biomarkers shall ideally be done by a working 
group of experts in the field. Alternatively, reviews published in the literature can 
be used to identify these biomarkers. In both cases, scientific literature shall be 
included to support their choice. If relevant, temporal (i.e. relevant only during a 
specific stage of development of disease phase) and spatial (i.e. present only in 
specific tissues) aspects must also be considered.

How to score?
If more than one biomarker is identified, a subsection shall be created for each relevant 
biomarker and individually analysed. The total score for this question shall be calculated by 
the sum of each subsection (which can be answered according to the pre-specified answers).

Examples
Yes.
A: High levels of creatine kinase (CK) – a marker of muscle damage, with the muscle-type 
variants being predominant in plasma are also present in mdx mice.

No.
A: Creatine kinase (CK) levels – a marker of muscle damage, with the muscle-type variants 
being predominant in plasma are not elevated in mdx mice.

4.2 Do these PD biomarkers behave similarly to humans’?

Describe whether the behaviour of such biomarkers (higher or lower levels) is similar 
to the one seen in humans. If relevant, temporal (i.e. relevant only during a specific 
stage of development of disease phase) and spatial (i.e. present only in specific 
tissues) aspects of expression must also be considered.

How to score?
If more than one biomarker is identified, a subsection shall be created for each relevant 
biomarker and individually analysed. The total score for this question shall be calculated by 
the sum of each subsection (which can be answered according to the pre-specified answers).

Examples
Yes.
Like humans, ZDF rats have increased levels of blood glucose.

No.
Unlike humans, ZDF rats have normal levels of blood glucose.

4.3 If there are known prognostic biomarkers related to the pathophysiology of 

the disease, are they also present in the model?

Describe whether the known and well-established prognostic biomarkers in 
humans are also present in the model. Prognostic biomarkers are defined as any 
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measurement which can often predict the rate of progression of the disease and/or 
the likelihood of an outcome (e.g. recurrence). They can also be pharmacodynamic 
biomarkers. The identification of such biomarkers shall ideally be made by a working 
group of experts in the field. Alternatively, reviews published in the literature can 
be used to identify these biomarkers. In both cases, scientific literature shall be 
included to support their inclusion. If relevant, temporal (i.e. relevant only during 
a specific stage of development or disease phase) and spatial (i.e. present only in 
specific tissues) aspects must also be considered.

How to score?
If more than one biomarker is identified, a subsection shall be created for each relevant 
biomarker and individually analysed. The total score for this question shall be calculated by 
the sum of each subsection (which can be answered according to the pre-specified answers).

Examples
Yes.
A: Glycaemic markers are also prognostic markers as higher glycaemic levels can potentially 
lead to faster worsening of the diabetic condition. Glycaemic markers can also be measured 
in ZDF rats.

No.
A: Glycaemic markers are also prognostic markers as higher glycaemic levels can potentially 
lead to faster worsening of the diabetic condition. Unlike humans, no glycaemic markers can 
be measured in ZDF rats.

4.4 Do these prognostic biomarkers behave similarly to humans’?

Describe whether the behaviour of such biomarkers (higher or lower levels) is similar 
to the one seen in humans. If relevant, temporal (i.e. relevant only during a specific 
stage of development of disease phase) and spatial (i.e. present only in specific 
tissues) aspects of expression must also be considered.

How to score?
If more than one biomarker is identified, a subsection shall be created for each relevant 
biomarker and individually analysed. The total score for this question shall be calculated by 
the sum of each subsection (which can be answered according to the pre-specified answers).

Examples
Yes.
Like humans, ZDF rats have increased levels of blood glucose.

No. 
Unlike humans, ZDF rats have normal levels of blood glucose.
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5. Aetiological Validation

5.1 Is the aetiology of the disease similar to humans’?

Describe whether the aetiology of the disease in the model is similar to humans 
regarding both genetic and environmental (including lifestyle) factors. A brief review 
of what is known of the aetiology of the disease shall be included together with a 
comparative discussion on the animal model’s disease aetiology. Genetic factors 
shall be cited in reference to the Genetic Validation domain, and environmental 
factors shall also be described.

It can be the case that a disease’s aetiology is not yet known (idiopathic conditions) 
or there are many plausible causes (e.g. Alzheimer’s Disease). In these cases, a 
discussion must be provided on the human aetiology including all current theories 
and a comparison of the model to each of them.

How to score?
If the disease’s aetiology is not known or there are many concurrent hypotheses, since there is 
no ‘correct’ parameter to compare to, models which fit in one of the possible aetiologies shall 
be scored with a ‘Yes, partially’.

Examples
Yes, completely.
A: DMD is caused by deletions, duplications, small mutations or other smaller rearrangements 
of the gene that codes for dystrophin in chromosome X. In that sense, DMD is an X-linked 
inherited disorder, the mdx mouse has the same aetiology (spontaneous mutations). This is 
caused by a nonsense point mutation (C-to-T transition) in exon 51 that aborts full-length 
dystrophin expression, which is the case 13% human patients and is the site of action of 
eteplirsen, an exon-skipping drug approved for the treatment of DMD.

Yes, partially.
A: DMD is caused by deletions, duplications, small mutations or other smaller rearrangements 
of the gene that codes for dystrophin in chromosome X. In that sense, DMD is an X-linked 
inherited disorder, the mdx mouse has the same aetiology (spontaneous mutations). 
Nevertheless, mdx mice have a nonsense point mutation (C-to-T transition) in exon 23 that 
aborts full-length dystrophin expression, which is not necessarily the case for human patients 
who can have other mutations that may also lead to dystrophin deficiency.

No.
A: DMD is caused by deletions, duplications, small mutations or other smaller rearrangements 
of the gene that codes for dystrophin in chromosome X. The mdx mouse does not have the 
same mutation, as the lack of dystrophin in the muscles is caused by a deletion located at 
chromosome 2, completely different from the human situation.
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6. Histological Validation

6.1 Do the histopathological structures in relevant tissues resemble the ones 
found in humans?

Describe whether the main histopathological features in target tissues in humans are 
also present in the model. Identification of such structures shall ideally be made by 
a working group of experts in the field. Alternatively, reviews describing the disease 
and the animal model commonly make a comparison between histopathological 
features and can be used to identify such structures. A brief description of the 
comparison between the human and the animal situation shall be included.

How to score?
The total score for this question is calculated based on the proportionality of histopathological 
features modelled and partially modelled. For example, if there are three histopathological 
features defined for a given disease and a model simulates one histopathological feature 
completely (whole point), one partially (half a point) and the last one not at all, the score 
would be calculated by multiplying 1.5/3 by the weight of this question.

Examples
Histopathological feature modelled.
Muscle regeneration: existent with similar intensity as humans, being unable to outpace the 
increasing muscle necrosis.

Histopathological feature partially modelled.
Muscle regeneration: existent but at a somewhat faster pace than in humans, considerably 
slowing down the increasing muscle necrosis.

Histopathological feature not modelled.
Muscle regeneration: existent but at a much faster pace than in humans, effectively countering 
muscle necrosis with almost no effect on function.

7. Pharmacological Validation

7.1 Are effective drugs in humans also effective in this model?

Describe whether drugs proven to be effective in humans are also effective in the 
model, which indicates that the underlying mechanisms of the disease present in 
humans are also present in the model. The objective of this domain is to compare the 
relevance of pathways knowingly involved in the human disease’s pathophysiology. 
Thus, different drug classes are used as examples to test the relevance of specific 
pathways (even if they overlap) in the model when compared to humans.
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An effective drug is defined as a drug that has been determined to have a 
positive benefit-risk profile by the Committee for Medical Products for Human 
Use (CHMP), and thus received a Marketing Authorisation Application from the 
European Medicines Agency (EMA); or has been approved by the Food and 
Drug Administration (FDA). Drugs are grouped in classes by their mechanism of 
action and/or chemical similarity. Drug classes can be identified by searching for 
their Anatomical Therapeutic Chemical Classification System (ATC), publications 
of preclinical or clinical studies, reviews of management and/or therapy of the 
disease, consulting pharmacology textbooks and/or by accessing commercial 
drug databases such as Adis Insight and Pharmaprojects. All drugs approved for 
the treatment of a given indication shall be included. Inclusion of all drugs of each 
class allows a more systematic assessment of the pathway in the model for many 
reasons. The first is by preventing the introduction of bias by selectively including 
a drug which has positive or negative effects not shared by the rest of the class. 
Secondly, by skewing of results in case the model responds differently to a particular 
drug than to the rest of the class. Finally, by correcting for the fact that not all drugs 
of a class will be tested in all models.

The methodology (i.e. search string, database(s) searched, date of search and 
number of results found) to search for animal studies must be disclosed to allow 
reproducibility. Search strings for this question shall consist of the model’s name 
(including abbreviations and plurals) and a drug (including drug codes and 
alternative names), e.g. (“ZDF rat” OR “ZDF rats” OR “Zucker Diabetic Fatty rat” OR 
“Zucker Diabetic Fatty rats”) AND (exenatide OR “AC 2993” OR “AC 2993 LAR” OR 
Bydureon OR Byetta OR “Ex4 Peptide” OR “Exendin 4” OR Exendin-4 OR “ITCA 650”). 
In case too many hits are found, we advise to clean the results by adding [mesh], 
[tiab] to the model and drug search components.

Studies shall only be included if they include at least a control (placebo or an approved 
drug) and a monotherapy arm of the drug (combinations can be considered if they 
are the standard of care or if a combination drug is being developed). This does 
not apply to indications for which no approved treatment is available. Studies in 
which the treatment arm consists of plant extracts, phytotherapeutics and dietary 
supplements shall not be included unless they are extensively characterised. Studies 
shall be included only if the drug being tested is administered in vivo after the onset 
of the disease. Prevention studies (when a drug is administered before the onset of 
the disease) shall only be included if the indication aims to prevent the development 
of a condition. In case of Advanced Therapeutics Medicinal Products (ATMPs) or 
other drugs that are designed to interact specifically with human receptors or other 
structures, it is advised to also include in the search string a term for homologous 
drugs for that species. A summary of results shall also be included, highlighting the 
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main effects of each drug primarily on the functional outcomes and secondarily 
on the other types of outcomes, according to the authors’ significance testing. 
Conflicting results shall be reported and briefly discussed.

Additionally, a secondary file shall be created to include the classification of each 
study according to the concepts of general outcome and outcome context as 
defined below (How to score? Questions 7.1 and 7.2). A reporting quality and risk of 
bias assessment shall also be performed according to the parameters defined in the 
Reporting Quality and Risk of Bias Assessment in section F. An example is available 
online as S7 Supporting Information.

7.2 Are ineffective drugs in humans also ineffective in this model?

This question aims to identify whether drugs proven to be ineffective in humans are 
also ineffective in the model, indicating that the underlying mechanisms by which 
these drugs act have either similar relevance or are not present neither in humans 
nor the model.

Ineffective drugs are defined as drugs that due to lack of efficacy have either failed 
in clinical trials – phase II or III or were withdrawn by either agency; and do not share 
a mechanism of action with any drug currently approved by either EMA or FDA for 
the same indication. They can be identified by searching clinicaltrials.gov for clinical 
trials for any given indication. With the list of drugs (and drug codes) currently in 
development, drugs that have failed at phase II or III due to lack of efficacy can 
be identified via literature search of clinical trials published and/or press reports 
from originator/licensee companies. Additionally, a literature search can also be 
conducted for the mechanism of actions of drugs identified this way, so that even 
if a drug does not have clinical trials registered at clinicaltrials.gov, it could still be 
identified through its mechanism of action. When using the mechanism of action in 
the string, it is advised to look for the specific medical subject headings (MeSH) in 
Pubmed or Emtree terms in Embase as they allow the search for all drugs already 
catalogued within that class. Alternatively, the use of commercial drug databases 
such as Adis Insight and Pharmaprojects, which offer specific filters for terminated 
projects, is also encouraged. Drugs which have been withdrawn by regulatory 
agencies due to lack of efficacy can easily be identified by searching EMA and 
FDA’s websites. Only drugs which have been tested in clinical trials that investigate 
efficacy shall be included.

This question follows the same reporting standards as question 7.1.
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How to score? Questions 7.1 and 7.2.
The main findings of the included studies shall be reported in a brief description of each drug. 
The total score is calculated by the product of the weight of the pharmacological validation 
section by the sum of each subsection’s score. The latter is calculated by the product of the 
general outcome (GO), outcome context (Oc) and subsection value (Sv). All values shall be 
reported with four decimals. A formula for such calculation is provided below:

0 c (G O S )Si
vSj

Total Score W= ⋅ ⋅∑

The general outcome (GO) refers to whether the studies included are in line with what was 
seen in the clinic: effective drugs are approved, and ineffective drugs have their development 
terminated or are withdrawn. This shall be only considered for functional outcomes (category 
II) as defined below. Other findings (e.g. histopathological changes) shall not be considered. 
Each study’s outcome can be positive (Y), negative (N) or conflicting/partially in line (P). A 
study shall be classified as positive if it shows a statistically significant difference as reported 
by the authors in the functional outcome and negative if it did not. Studies which initially 
show a statistically significant difference and during the study lose such significance shall 
be classified as partially in line (P) unless such effect is characteristic of the drug/drug 
class being tested. Studies which report conflicting results in different functional outcomes 
analysed shall also be classified as (P). The score of each drug is calculated by the majority 
of studies, and it can be 0, 0.5 or 1. A score of 1 means that most studies are in line with the 
clinic, indicating the model could reliably predict human efficacy for that specific drug. A 
model which scores 1 in most drugs has most of the relevant pathways used for the treatment 
of a condition, meaning it is more likely to be able to predict human response to a drug 
involving those pathways.

Studies classified as category I (as defined below) are excluded as they, per definition, did not 
assess the functional outcomes used or comparable to the ones used in the clinical setting. 
In case a drug only has category I articles or has no published studies on the model being 
validated, the score shall be 10%, standing for ‘unclear’. For example, if a drug has five studies 
in the model being validated, of which three were positive, one conflicting or partially positive 
and one negative, this multiplier’s value is 1. If the number of studies with a positive and a 
negative assessment is the same or if most studies are conflicting, the section gets a multiplier 
with half of the points (0.5). If the majority is negative, the section gets a multiplier of 0.

The outcome context multiplier is calculated based on the weighted value of each study 
according to which category (I or II) a given study was classified. The classification in categories 
is based on the type of outcomes they report and is defined below:

Category I: Genetic/Biochemical/Histopathological (GBH): if an article only reports outcomes 
related to changes in gene expression, biochemical and/or histopathological marks of disease 
(e.g. inflammatory cell infiltration or blood levels of a commonly elevated enzyme), it shall be 
classified as category I. Articles in this category get a 0.5 multiplier for the outcome context 
score;

Category II: Functional: any article that reports at least one functional outcome shall be 
classified in category II. Functional outcomes are outcomes that can be considered ‘clinically 
relevant’ outcomes. These outcomes measure the function affected by the disease, offering 
the highest translational value for the clinical context. These outcomes are defined by the 
(mostly primary) outcomes used in pivotal trials (usually phases II/III) of approved drugs. If 
no drug is approved for a given indication, trials in the pipeline can be used as a reference. If 
there are no clinical trials for that indication, such outcomes can be defined in consultation with 
experts in the field. The justification for the selected outcomes must be provided (specifically in
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question 8.1). Measures of muscle strength in degenerative muscle diseases (e.g. grip 
strength of fore- and hindlimbs in Duchenne Muscular Dystrophy) are examples of functional 
outcomes. Well-established surrogate outcomes that would otherwise be classified as 
genetic/biochemical/histopathological outcomes – such as HIV viral load for HIV infection/
AIDS, glycaemic parameters (e.g. blood glucose, HbA1c, oral glucose tolerance test (OGTT) 
and urinary glucose) and cholesterol levels for diabetes and atherosclerosis, respectively – 
shall also be considered functional outcomes. Articles in this category get a 1.0 multiplier for 
the outcome context. Thus, if of 3 studies, 2 are category II and one category I, the outcome 
context multiplier is 2.5 (two full points plus one half-point) divided by 3 (total number of 
studies), which equals 0.8333.

The last multiplier is the subsection value, which is a simple division of 1 by the number of 
identified drug classes. An indication that has two drug classes approved (7.1.1 and 7.1.2, for 
instance), has a section value of 0.5. Within a subsection (i.e. each drug class), the subsection 
value is divided equally among all drugs. The final score (product of all multipliers) is then 
multiplied by the section’s weight to achieve the final score. The same approach is taken for 
ineffective drugs.

7.3 Have drugs with different mechanisms of action and acting on different 

pathways been tested in this model? If so, which?

Describe whether the diversity of known mechanisms of action of drugs tested in 
humans was also tested in the model, providing a better characterisation of it.

How to score?
This question shall be answered by reporting the number of mechanisms of action of approved 
and failed drugs (in reference to questions 7.1 and 7.2) in comparison to the number of 
mechanisms of action assessed in the model being validated. The score of this question is 
calculated based on the proportionality of the mechanisms of action tested in the model. For 
instance, if there are five known mechanisms of action for which there are approved drugs and 
3 for failed drugs, the total number of identified mechanisms of action is 8. If based on the 
answers in questions 7.1 and 7.2, 5 of these mechanisms have been tested on this model, the 
score is calculated by multiplying 5/8 by the weight of this question.

8. Endpoint Validation

8.1 Are the endpoints used in preclinical studies the same or translatable to the 

clinical endpoints?

 Describe whether the endpoints used in at least one study included in the 
pharmacological validation are the same or can be translated to the clinical 
endpoints commonly used in clinical trials, indicating their feasibility in the model. 
 Translatable endpoints can be defined as endpoints that measure the same or 
similar parameters but in a different context, often adapted to be performed in 
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animals, such as muscle strength (e.g. fore- or hindlimbs grip strength on rotarod 
in comparison with the execution of specific tasks that measure muscle strength in 
humans). Well-established surrogate endpoints (e.g. blood pressure in hypertension, 
viral load in HIV infection or blood glucose in diabetes) shall also be considered 
surrogate endpoints. A discussion on the translatability of such endpoints the 
justification for their classification in category I or II, as defined in question 7.1, must 
be provided. In addition to scientific literature, guidelines by regulatory agencies 
such as the FDA and EMA should be used to substantiate this discussion whenever 
relevant.

How to score?
Yes.
All but one study performed in ZDF with agents to treat type 2 diabetes have used glycaemic 
parameters (e.g. glycaemia, HbA1c, OGTT) or other measures of insulin sensitivity. These 
measurements also represent the primary outcomes of trials testing new drugs for the treatment of 
type 2 diabetes, which aim to control glycaemia.

No.
Most studies performed in ZDF with agents to treat type 2 diabetes focus on histopathological 
improvement of the pancreas and gene expression. Glycaemic parameters (e.g. glycaemia, HbA1c, 
OGTT) or other measures of insulin sensitivity, which are often the primary outcomes of trials testing 
new drugs for the treatment of type 2 diabetes, are not included.

8.2 Are the methods used to assess preclinical endpoints comparable to the ones 

used to assess related clinical endpoints?

Describe whether the methods used to assess these endpoints (e.g. biochemical 
techniques) are comparable to the ones used to assess such endpoints in the clinical 
setting. This shall also include an assessment of the state of mind (e.g. wakefulness 
and/or willingness) if relevant.

How to score?

Yes.
The measure of strength for both extension and flexion was taken in awake dogs, based on 
tasks they had to perform and were previously drilled. This is similar to DMD boys, who have to 
run a certain distance or perform certain tasks (e.g. get up from the floor without using hands).

No.
The measure of strength for both extension and flexion was taken in anesthetised dogs, in 
which flexion or extension was caused by electrical stimulation of muscles. DMD boys have to 
run a certain distance or perform certain tasks (e.g. get up the floor without using hands) while 
being awake and fully aware of the tasks.
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D. Uncertainty Factor

The uncertainty factor is calculated as the percentage of the ratio of subsections 
answered with “Unclear” by the total number of subsections. This factor helps 
discriminate models which achieved a low final score because they are not well 
characterised. The number of subsections which had ‘unclear’ as an answer shall be 
divided by the total number of subsections.

If of 43 subsections, 15 were answered with ‘unclear’ either due to a lack of data 
or conflicting evidence, the uncertainty factor would be calculated as follows: 
15/43*100 = 34.9%.

E. Similarity Factor

The similarity factor is calculated as the percentage of the ratio of subsections 
answered the same for two or more animal models being compared by the total 
number of subsections. This factor helps contextualise differences or the absence 
thereof in the scores of different animal models. The number of subsections which 
have the same answer in both models shall be divided by the total number of 
subsections. Answers can be ‘Yes’; ‘Yes, completely’; ‘Yes, partially’; ‘No’; or ‘Unclear’.

For the SNH Validation question 2.1, it means having the same symptoms modelled, 
partially modelled or not modelled. The same applies to question 6.1 (Histological 
Validation). For the Pharmacological Validation questions 7.1 and 7.2, the same 
answer refers to the concordance with the clinical setting (General Outcome – Go). 
For instance, if in model A, drug 1 had 20 articles in line with the clinical findings 
and one not, its Go is 1.0. If in model B, drug 1 had 6 articles in line with the clinical 
findings and 3 not, its Go is also 1.0. These subsections would then be considered as 
‘same answer’ and would be counted for the calculation of the similarity factor. For 
question 7.3, the number of tested mechanisms of action must be the same. 

An example of how to calculate the similarity factor based on the validated models 
of DMD is presented in Table E1. Calculation of the similarity factor for the mdx 
mouse and GRMD dog (see Chapter 3, Appendix E). Subsections from questions 
2.1 and 6.1 are presented in the order they appear in the mdx mouse validation. 
Question/subsections with different answers are presented in bold.
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TABLE E1 |Example of how to calculate the similarity factor per question. Parameters are presented in 
the same order they appear in the mdx mouse validation sheet (see Chapter 3, Appendix E).

Question (Subsections = 33) Mdx mouse GRMD dog
1.1 Yes, completely Yes, completely
1.2 Yes, partially Yes, completely
2.1.1 Reduce grown-up weight Modelled Modelled
2.1.2 ECG abnormality Modelled Modelled
2.1.3 Cardiomyopathy Modelled Modelled
2.1.4 Reduced lifespan Partially modelled Modelled
2.1.5 Muscle wasting Partially modelled Modelled
2.1.6 Cognitive and CNS defects Partially modelled Unclear
2.1.7 Loss of ambulation Not modelled Partially modelled
2.2.1 No Yes
2.2.2 Yes, partially Yes, partially
2.2.3 Yes, completely Yes, completely
2.2.4 Yes, partially Yes, partially
3.1.1 Dystrophin Yes Yes
3.1.2 Utrophin Yes Yes
3.2 Yes, partially Yes, partially
3.3.1 Dystrophin Yes, completely Yes, completely
3.3.2 Utrophin Yes, completely Yes, completely
4.1 Yes, completely Yes, completely
4.2 Yes, completely Yes, completely
5.1 Yes, partially Yes, partially
6.1.2 Limb muscle fi brosis Modelled Partially modelled
6.1.1 Muscle regeneration Not modelled Modelled
6.1.3 Adipose tissue Not modelled Partially modelled
7.1.1.1 Predinisone Go = 1 Go = 0.1
7.1.1.2 Defl azacort Go = 1 Go = 0.1
7.1.2 Ataluren Go = 1 Go = 0.1
7.1.3 Eterplirsen Go = 1 Go = 0.1
7.2.1 Bestatin Go = 0.1 Go = 0.1
7.2.2 Stamulumab Go = 0.1 Go = 0.1
7.3 5 1
8.1 Yes Yes
8.2 Yes, completely No
Total of # subsections 16
Similarity Factor 16/33 = 48.5%
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F. Reporting Quality and Risk of Bias Assessment

A reporting quality and risk of bias assessment of all articles in domain 7. 
Pharmacological Validation shall be included. The reporting quality and risk of 
bias assessment shall be based on an adaptation of the criteria defined by the 
ARRIVE guidelines and on SYRCLE’s Risk of Bias Assessment Tool (1,2). A summary 
of the reporting quality and risk of bias assessments shall be provided per drug in 
the respective drug section (see Appendix E). When calculating the summary with 
all pharmacological studies, it is important to remove studies with more than one 
drug that has been administered to the same model to avoid duplication (see S7 
Supporting Information).

While it is not our goal to focus on internal validity, we included the assessment of 
reporting quality and risk of bias to draw attention to the often poor internal validity 
of animal studies. It is up to the researchers to evaluate these assessments and their 
impact on the results of the studies of interest.

F1. Reporting Quality

It is important to note that the description of such parameters must be clear. For 
instance, ‘standard’ lab chow, housing or ‘controlled’ temperature and humidity 
are not considered as proper descriptions as well as ‘carrying the experiments 
according to the regulations of a given institution’. Answers can be a ‘Yes (Y)’ if 
the paper properly described the parameter or ‘No (N)’ if it did not. The criteria 
for reporting quality are housing, husbandry, sample size, sample size calculation, 
acclimatisation, sex, background strain, blinding and randomisation. 

Housing

1) type of facility: specify whether it is a regular facility or not (e.g. specific 
pathogen-free [SPF]);

2) type of cage or housing: describe the cage or housing (tank for fish) shape (if 
relevant) and material etc.;

3) bedding material: describe the material used in the bedding, if applicable;
4) number of cage companions: describe whether animals were individually 

housed or in groups and, if the latter, how big the groups were;

Husbandry

5) breeding programme: describe whether the animals were bred in-house or 
were bought from another company;

6) light/dark cycle: describe how many hours of light and dark the animals were 
exposed to;
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7) temperature and humidity: describe both what the temperature and humidity 
were in the room were animals were housed;

8) quality of water etc (for fish): describe the quality parameters of the water;
9) type of food: describe what kind of food was provided, including the provider 

if bought commercially. If prepared in-house, describe the composition of the 
food;

10) access to food and water: describe whether animals could eat and drink ad 
libitum and if not, what were the periods animals could access food and water, 
and how much they could eat or drink;

11) environmental enrichment: describe whether there was any environmental 
enrichment (such as treadmills). If no environmental enrichment was provided, 
whether this was clearly reported;

Sample size

12) specify the total number of animals used in each experiment, and the number 
of animals in each experimental group;

Sample size calculation

13) explain how the number of animals was arrived at. Provide details of any 
sample size calculation used;

Any Blinding

14) describe whether blinding at any level and detail was described in the 
methodology;

Any Randomisation

15) describe whether randomisation at any level and detail was described in the 
methodology;

Acclimatisation

16) describe how long animals had to adapt to their facilities and/or training for 
functional measures;

Sex

17) describe whether animal sex was disclosed and if so, whether it included male 
(M), female (F) or male and female animals (B) in the treatment groups;

Background strain

18) whenever relevant, describe whether the background strain for the control 
was disclosed and which strain it was;

19) whenever relevant, describe whether the background strain for the model 
was disclosed and which strain it was;
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F2. Risk of Bias (Signalling Question)

We suggest users to read and use of the Risk of Bias tool published by SYRCLE, 
which provides more information on its development and usability (2). Ideally, 
when assessing the risk of bias, users should take notes on the justification of their 
assessment. However, often the volume of studies will prevent the reporting of 
individual and summarised risks of bias at that level of detail. Thus, answers to each 
parameter follow the main signalling questions in which ‘Yes (Y)’ describes studies 
with a low risk of bias; ‘Unclear (U)’ studies in which there is not enough information 
to assess the risk of bias; and ‘No (N)’ studies with a high risk of bias. It is important 
to note that the additional signalling questions described in the original paper 
may help users conduct a proper risk of bias evaluation. The parameter referring to 
other risks of bias shall be reported with a brief explanation in the comments. The 
criteria for risk of bias are blinding, randomisation, sequence generation, baseline 
characteristics, incomplete outcome data, selective outcome reporting and ‘other’. 
All criteria are defined below:

Blinding

20) allocation concealment (Was the allocation adequately concealed?): 
describe the method used to conceal the allocation sequence in sufficient 
detail to determine whether intervention allocations could have been foreseen 
before or during enrolment;

21) blinded outcome assessment (Was the outcome assessor blinded?): describe 
all measures used, if any, to blind outcome assessors from knowing which 
intervention each animal received. Provide any information relating to whether 
the intended blinding was effective;

22) blinded operations (Were the caregivers and/or investigators blinded from 
knowledge which intervention each animal received during the experiment?): 
Describe all measures used, if any, to blind trial caregivers and researchers from 
knowing which intervention each animal received. Provide any information 
relating to whether the intended blinding was effective.

Randomisation

23) random cage allocation (Were the animals randomly housed during the 
experiment?): if animals are not housed individually, whether the assignment 
of a cage to a treatment was randomised and how this was achieved;

24) random outcome assessment (Were animals selected at random for outcome 
assessment?): Describe whether animals were selected at random for outcome 
assessment, and which methods to select the animals, if any, were used;
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Sequence Generation (Was the allocation sequence adequately generated and 
applied?)

25) describe the methods used, if any, to generate the allocation sequence in 
sufficient detail to allow an assessment whether it should produce comparable 
groups;

Baseline Characteristics (Were the groups similar at baseline or were they adjusted 
for confounders in the analysis?)

26) describe all the possible prognostic factors or animal characteristics, if any, 
that are compared in order to judge whether or not intervention and control 
groups were similar at the start of the experiment;

Incomplete Outcome Data (Were incomplete outcome data adequately 
addressed?)

27) Describe the completeness of outcome data for each main outcome, 
including attrition and exclusions from the analysis. State whether attrition and 
exclusions were reported, the numbers in each intervention group (compared 
with total randomised animals), reasons for attrition or exclusions, and any re-
inclusions in analyses for the review;

Selective Outcome Reporting (Are reports of the study free of selective outcome 
reporting?)

28) State how selective outcome reporting was examined and what was found;

Other (Was the study apparently free of other problems that could result in high 
risk of bias?)

29) State any important concerns about bias not covered by other domains in the 
tool.
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Abstract

The Framework to Identify Models of Disease (FIMD) is a tool that allows researchers 
to assess, validate and compare animal models of disease. Here, we present 
FIMD’s validation process, which consisted of two steps: a pilot study and complete 
validation. The pilot study was designed to test the feasibility of the framework’s 
main features in a shorter timeframe. We selected two models of Type 2 Diabetes 
(T2D) for the pilot study owing to their extensive use in efficacy studies: the Zucker 
Diabetic Fatty (ZDF) rat and db/db mouse. The pilot study showed that there are 
only minor differences between the ZDF rat and the db/db mouse. However, a 
common point between these models was the lack of pharmacology studies. For 
the complete validation, we selected two models of Duchenne Muscular Dystrophy 
(DMD) based on their similarity to the human condition: the mdx mouse and 
Golden Retriever Muscular Dystrophy (GRMD) dog. The assessment with FIMD 
demonstrated there are significant differences between the mdx mouse and the 
GRMD dog in the Epidemiology, Symptomatology and Natural History (SNH) 
and Histology, Pharmacology and Endpoints domains. Our results indicate that 
the GRMD dog might be a more relevant model for drugs that target muscle 
degeneration. Moreover, we present a step-wise approach to validate animal 
models of disease using DMD as an example. Here, we show that FIMD can be used 
as a tool to systematically evaluate animal models of disease and therefore, allows 
the selection of models more likely to predict the human response.

Keywords: animal model, drug development, efficacy model, external validity, 
translational research, validation, 3Rs.
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Introduction

The Framework to Identify Models of Disease (FIMD) consists of 21 questions 
across eight domains: Epidemiology, Symptomatology and Natural History (SNH), 
Genetics, Biochemistry, Aetiology, Histology, Pharmacology and Endpoints. The 
development of FIMD included an iterative validation of four animal models in two 
indications: Type 2 Diabetes (T2D) and Duchenne Muscular Dystrophy (DMD). We 
selected T2D because it has complex pathophysiology with a multifactorial aetiology 
and an extensive set of therapies is available (1). The Zucker Diabetic Fatty (ZDF) 
rat and the db/db mouse were chosen as T2D models owing to their routine use 
in drug screening for antidiabetic drugs. We chose DMD as an indication because 
it is caused by mutations in a single gene (known aetiology) and has few effective 
therapies available (2). The mdx mouse was chosen because it is the most commonly 
used animal model and the GRMD dog for better replicating the symptoms and 
histological features of DMD (3,4).

We adopted some methodological simplifications in the pilot study to quickly test 
the main features of the framework. Table 1 shows the differences between the 
pilot study and the complete validation. First, the search was conducted only on the 
PubMed database. Second, given the large number of studies in T2D, in question 
7.1 (Pharmacological Validation), only one approved drug from each drug class 
was included. We favoured first-in-class drugs which are still in the market (either 
in the USA or EU) since it is likely that older drugs will have more studies published. 
If the first-in-class drug was withdrawn, the second-in-class was then preferred 
(and so on, if necessary). Including every first-in-class drug allowed an easy and 
clear standardisation as there can be only one first-in-class (unlike best- or last-
in-class, which may be subjective and/or change over time). Finally, the reporting 
quality assessment consisted of a generic version of the parameters published in 
the Animal Research: Reporting In Vivo Experiments (ARRIVE) guidelines (5). For 
example, instead of explicitly assessing whether the animals were randomised 
into the treatment groups, the randomisation method was mentioned, or cage 
randomisation was performed, we assessed whether the authors provided any 
information on randomisation at all. The same was applied to blinding. For 
other multifaceted parameters (e.g. housing, husbandry), any facets mentioned 
warranted a positive evaluation.

The method for the complete validation was designed to minimise bias introduction. 
The complete validation includes searching on both PubMed and Embase, the 
largest biomedical research databases to ensure most animal studies are included. 
In the pharmacological validation section, all effective and ineffective drugs from all 
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drug classes must be included to avoid drug-specific effects being generalised to the 
whole drug class. We have made the reporting quality parameters more specific and 
unidimensional to ease their interpretation. Also, we added a risk of bias assessment 
with the SYstematic Review Center for Laboratory animal Experimentation (SYRCLE) 
tool (6) for all studies included in the Pharmacological Validation. We also provide a 
score calculator, which is available online4. These changes increased the robustness 
of the validation procedure and final product, the validation sheet.

In the following sections, we present the findings from the pilot study of T2D in the 
ZDF rat and db/db mouse; the complete validation of the mdx mouse and GRMD 
dog in DMD; and a step-wise approach to the use of FIMD as a tool to assess, 
validate and compare animal models of disease in drug development.

TABLE 1 | Differences in the methodology of the pilot study and the complete validation.

Parameter Pilot Study Complete Validation

Database PubMed PubMed and Embase
Pharmacological Validation Drugs First-in-class All drugs
Reporting Quality Assessment 8 generic parameters 19 specifi c parameters
Risk of Bias Assessment None 10 parameters*

*From the SYRCLE’s Risk of Bias tool (6).

Pilot study: insights on Type 2 Diabetes

A total of 195 publications was included for the ZDF rat and 282 for the db/db 
mouse. The final scores were 66.49 and 64.59, respectively. The relative scores 
per parameter are presented in Fig 1. There were only minor differences since the 
similarity factor between the two models is almost 90%. The ZDF rat has a few more 
studies characterising the expression of genetic alterations (e.g. KCNJ11) than 
the db/db mouse and therefore, scored slightly higher on the genetic validation 
section. Both T2D models have uncertainty factors above 20%, mostly because of 
the few studies included in the pharmacological validation. The similar aetiology 
in the rat and the mouse likely influenced the similar scores, but we explore these 
(dis)similarities further in Chapter 4. The validation sheets of the ZDF rat and db/db 
mouse are available in Appendix D.

4 https://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.
pone.0218014.s008
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ZDF rat Db/db mouse

8. ENDPOINTS

7. PHARMACOLOGICAL

6. HISTOLOGICAL

5. AETIOLOGICAL

4. BIOCHEMICAL

3. GENETIC

2. SNH

1. EPIDEMIOLOGICAL

FIGURE 1 | T2D models results. Radar plot with the scores per parameter per model of T2D. The closer 
a parameter is to the edge, the better the model simulates that aspect of the human disease. SNH – 
Symptomatology and Natural History. 

The reporting quality assessment was performed according to abridged parameters 
derived from the ARRIVE guidelines). Publications with experiments on two models 
were counted separately for each model while studies with more than one arm of 
an included drug were counted once. The reporting quality results (except for sex) 
for the ZDF rat and db/db mouse are presented in Table 2. Table 3 includes only the 
studies that reported the animal sex. The results per individual study for T2D5 are 
available online. Most studies did not provide any information on the randomisation 
(66.3%, N = 251) or blinding (99.2%, N = 251). No publication explained how they 
arrived at the number of animals used in each experiment. Also, male animals were 
almost ten times more likely to be used than females while the use of both sexes is 
sporadic, making up only 4% of all studies. The reporting quality compliance was 
comparable in the ZDF rat and db/db mouse. 

5 https://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.
pone.0218014.s007
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TABLE 2 | percentage of studies which comply totally or partially with reporting quality parameters 
adapted from the ARRIVE guidelines per model.

Parameter
ZDF rat
(n = 96)

Db/db mouse
(n = 169)

Total
(n = 251)

(%)
Housing 36.3 34.2 35.1
Husbandry 84.4 78.3 80.9
Sample Size 91.2 93.2 92.8
Sample Size Calculation 0.0 0.0 0.0
Blinding 0.0 1.2 0.8
Randomisation 35.2 34.2 33.7
Acclimatisation 48.4 33.5 39.0
Sex 91.2 88.8 90.0
Background Strain - 78.3 87.2

TABLE 3 | percentage of studies which included only male, female or both sexes per model.

Sex
ZDF rat
(n = 83)

Db/db mouse
(n = 143)

Total
(n = 226)

(%)
Male 91.6 84.6 87.2
Female 2.4 12.6 8.8
Both 6.0 2.8 4.0

Complete validation: insights on Duchenne Muscular Dystrophy

A total of 58 articles were included for the mdx mouse and 41 for the GRMD dog. The 
final scores were 67.78 and 65.42 for the mdx mouse and GRMD dog, respectively. 
The relative scores per parameter are presented in Fig 3. The GRMD dog scores 
better in the epidemiological, SNH and histological domains while the mdx mouse 
does so in the pharmacological and endpoints domains. The GRMD dog mimics the 
natural history of the disease, symptoms (e.g. muscle wasting) and histopathological 
features (e.g. muscle regeneration) better than the mdx mouse. Especially for drugs 
which aim to slow down muscle degeneration or delay the disease onset, the GRMD 
dog is likely to generate more translatable data than the mdx mouse.

The difference in the pharmacological and endpoints domains stems mostly from 
the uncertainty factor, which is 18.2% and 6.1% for the GRMD dog and the mdx 
mouse, respectively. Since most drug screening studies are done in mdx mice, there 
are more studies available for the pharmacological validation. However, there 
are no published studies in GRMD dogs for most drugs tested in humans. The only 
published study that assessed a functional outcome did so in sedated dogs, which 
reduced the score of the Endpoints Validation. Hence, a comparison between these 
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models in these two domains is unlikely to be informative. The validation sheets of 
the mdx mouse and GRMD dog are available in Appendix E.

GRMD dogMdx mouse

8. ENDPOINTS

7. PHARMACOLOGICAL

6. HISTOLOGICAL

5. AETIOLOGICAL

4. BIOCHEMICAL

3. GENETIC

2. SNH

1. EPIDEMIOLOGICAL

FIGURE 2 | DMD models results. Radar plot with the scores per parameter per model of DMD. The 
closer a parameter is to the edge, the better the model simulates that aspect of the human disease.

A reporting quality and risk of bias assessment was included based on parameters 
adapted from the ARRIVE guidelines (see Chapter 2, Appendix B, section F). 
Publications with experiments on two models were counted separately for each 
model. A total of 35 preclinical studies were included for the mdx mouse (32) and 
GRMD dog (3). Assessments of reporting quality and risk of bias per publication 
are provided online6. Table 4 shows the aggregated data for reporting quality, 
and Table 5 for the risk of bias. Most preclinical studies did not report important 
measures to reduce the risk of bias, such as any mention of randomisation (68.6%, N 
= 35) and blinding (57.1%, N = 35). Even studies which did mention these measures 
did not detail them enough to allow a proper evaluation of the risk of selection, 
performance and detection biases. The selective outcome reporting was the only 
parameter in which most studies were graded with a low risk of bias, indicating all 
outcomes defined in the methodology were reported in the results section.

6 https://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.
pone.0218014.s006
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Male animals were more than two times more likely to be used than females, while 
studies including both sexes accounted for almost one-third of the total (31.8%, N = 
35). Although in DMD this does not have a significant impact due to most patients 
with DMD being males, this trend is consistent with our findings for T2D, which show 
an overrepresentation of males in non-human animal studies.

TABLE 4 | Percentage of studies complying with the reporting quality parameters adapted from the 
ARRIVE guidelines per parameter per model.

Parameter 
Mdx mouse

(N =32)
GRMD dog

(N = 3)
Total

(N = 35)
Y (%)

Type of Facility 6.3 0.0 5.7
Type of Cage or Housing 12.5 0.0 11.4
Bedding Material 0.0 0.0 0.0
Number of Cage Companions 12.5 0.0 11.4
Breeding Programme 53.1 100.0 57.1
Light/Dark Cycle 25.0 0.0 22.9
Temperature and Humidity 3.1 0.0 2.9
Quality of the Water (fi sh) - - -
Type of Food 6.3 0.0 5.7
Access to Food and Water 34.4 0.0 31.4
Environmental Enrichment 0.0 0.0 0.0
Any Blinding 43.8 33.3 42.9
Any Randomisation 34.4 0.0 31.4
Sample Size 84.4 100.0 85.7
Sample Size Calculation 6.3 33.3 8.6
Acclimatisation 18.8 0.0 17.1
Sex Disclosed 46.9 33.3 45.7
Male (N = 15) 53.3 0 50.0
Female (N = 3) 20.0 0 18.8
Both Male and Female (N = 16) 26.7 100 31.3
Background Control - - -
Background Model - - -
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TABLE 5 | Percentage of studies with low (Yes) or unclear (Unclear) risk of bias per parameter per model.

Risk of Bias
Mdx mouse

(N =32)
GRMD dog

(N = 3)
Total

(N = 35)
Yes/Unclear (%)

Allocation Concealment 0/100 0/100 0/100
Blinded Outcome Assessment 3.1/96.8 0/100 2.9/97.1
Blinded Operations 0/100 0/100 0/100
Random Cage Allocation 0/100 0/100 0/100
Random Outcome Assessment 0/100 0/100 0/100
Sequence Generation 0/96.8 0/100 0/97.1
Baseline Characteristics 3.1/96.8 0/100 2.9/97.1
Incomplete Outcome Data 18.8/67.7 0/100 17.1/71.4
Selective Outcome Reporting 96.9/3.2 100/0 97.1/2.9
Other 71.9/6.5 33.3/0.0 68.6/5.7

A step-wise guide to FIMD: the example of DMD

Based on the complete validation procedure, we elaborated a step-wise guide to 
executing FIMD using DMD as an example.

1) Use MeSH and Emtree to identify all terminology related to the model and 
indication of interest, including plurals;
After an initial literature search to identify reviews models of DMD using the 
string ‘(“animal model” OR “animal models”) AND (“Duchenne Muscular 
Dystrophy” OR DMD) AND review’, we selected the mdx mouse and the 
Golden Retriever Muscular Dystrophy (GRMD) dog. On PubMed, there are no 
MeSH terms for either the mdx mouse or the GRMD dog, so we opted for the 
use of ‘mdx’ and ‘GRMD’ as general, broad terms of the subsequent searches. 
In Embase, we used the terms from the Emtree (see Chapter 2, Appendix B, 
questions 7.1 and 7.2).

2) Organise an expert group to define the disease parameters. If that is not 
possible, search for reviews on the human disease and animal models 
for that condition. Whenever necessary, justify the choice of disease 
parameters;
We could not set up an expert group for the definitions of the disease 
parameters. We started by using the terms identified in the previous item to 
search for general reviews on the models. We found most of the effective and 
ineffective drugs in these reviews combined with searches in ClinitralTrials.gov 
and the free version of AdisInsight. Using reviews’ reference lists and forward 
citations, we identified most papers used in the validation. Since we could not 
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find any prognostic biomarkers for DMD, we decided to exclude questions 4.3 
and 4.4 (both related to prognostic biomarkers), adding a justification and the 
references on which we based our decision.

3) Answer the questions in the validation sheet template (Chapter 2, 
Appendix C) based on the information found during the search for papers. 
If, in the end, some questions are still unanswered, use specific search 
strings for these questions;
Often papers will have data that can be used to answer more than one 
question. Just by reading reviews, their references and using forward citation 
on Google Scholar, we could answer all questions from FIMD. We did not have 
to use any specific search strings.

4) For the Pharmacological Validation, assess each paper based on the 
instructions for questions 7.1, 7.2; and Chapter 2, Appendix B, sections F1. 
Reporting Quality and F2. Risk of Bias. Fill this information in a separate 
spreadsheet file (such as the excel sheet provided online7);
We assessed 32 articles for the Pharmacological Validation of the mdx mouse 
and 3 for the GRMD dog. A report per paper, as well as aggregated data, is 
provided in the online version. A summary of the reporting quality and risk of 
bias assessment was provided for each drug (see Tables 3 and 4).

5) Fill in the Score Calculator (available online) to get the total score and the 
radar plot;
All the answers were filled in the score calculator. We had to adjust the 
calculation of the final score to account for the exclusion of questions 4.3 and 
4.4, resulting in a total max score of 93.75. We calculated the equivalent score 
to 100 (), which for the mdx mouse was 67.78 and for GRMD dog was 65.41. 
The radar plot is automatically generated once all fields are filled out.

6) Calculate the Uncertainty Factor according to Chapter 2, Appendix B, 
section D;
More details on how to calculate the uncertainty factor are provided in Chapter 
2, Appendix B, section D. The mdx mouse had an uncertainty factor of 6.1% 
while the GRMD dog had 18.2%. In both models, all ‘unclear’ answers were 
given to sections in the Pharmacological Validation, especially for the GRMD 
dog, which had only three studies with one of the five drugs identified.

7 https://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.
pone.0218014.s006
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7) If another model has been validated for the same indication, calculate the 
Similarity Factor according to Chapter 2, Appendix B, section E;
More details on how to calculate the similarity factor are provided in Appendix 
B, section E. The similarity factor was 48.5%, meaning that less than half of 
the questions were answered in the same way, which indicates there are 
considerable differences between the mdx mouse and the GRMD dog.

8)  Finalising the validation sheet;
Once the final score, the uncertainty and similarity factors are calculated, fill in 
this information in the first page of the validation sheet. Include the validation 
date (latest date of publication of the validation references). Determine the 
validation level as defined in Table 3. Describe the historical background of 
the model, as explained in Chapter 2, Appendix B. Fill each question’s score.

Final considerations

The pilot study showed only minor differences between the ZDF rat and db/db 
mouse. Both animal models seem comparable across all eight domains. On the 
other hand, the findings of the complete validation of DMD models suggest the 
mdx mouse and GRMD dog have significant dissimilarities. The GRMD dog scores 
better than the mdx mouse in critical domains, such as SNH and Histology, but 
lacks enough studies for an adequate comparison in the Pharmacology domain. 
The scores in both the pilot study and the full validation suggest more sensitivity 
is needed, possibly through the adoption of an indication-specific weighting and 
scoring system. As discussed in the previous chapter, the development of such a 
system will require widespread adoption and gathering of data to calculate the 
weights based on the disease characteristics. Moreover, our findings regarding 
reporting quality and risk of bias were consistent across indications, and are in line 
with the literature (7–11). The poor reporting – and arguably performance – of the 
studies included in the pharmacological validation put their reliability into question.

Here, we showcased the feasibility of assessing and comparing animal models of 
disease with FIMD. The step-wise approach also provides researchers with a quick 
guide on how to start a full validation and use all features of the framework. Thus, 
researchers now have a tool to collect, aggregate and analyse disease model data 
in a systematic, reproducible and evidence-based fashion, allowing the selection of 
more predictive animal models.
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Appendix D - Pilot Study – Type 2 Diabetes (T2D)

MODEL NAME Zucker Diabetic Fatty (ZDF)-Leprfa/Crl rat

INDICATION Type 2 Diabetes Mellitus (T2D)

VALIDATION DATE 18.4.2017

TOTAL SUBSECTIONS 59

TOTAL SCORE 68.36

UNCERTAINTY FACTOR (%) 20.3

HISTORICAL BACKGROUND

The Zucker Fatty (ZF) rat was identifi ed after crossing Merck M-strain with Sherman rats in 1961 
(1,2). In these mice, the leptin receptor is mutated (the fatty or fa mutation). Another mutation 
– an autosomal recessive defect in pancreatic β-cells transcription inherited independently from 
the leptin mutation – occurred in a colony of outbred ZF rats, leading to the characterisation of 
a substrain with a diabetogenic phenotype called Zucker Diabetic Fatty (ZDF) rat (3). Further 
establishment of the line has been done by inbreeding rats with diabetic lineage (3).

1. EPIDEMIOLOGICAL VALIDATION

1.1 Is the model able to simulate the disease in the relevant sexes? Score

Yes, completely.
Remarks: There are reports of diffi  culties in being able to properly simulate diabetes in 
female ZDF rats, which are commonly used as controls to males in preclinical studies (4,5). 
However, both Charles River Laboratory (the main supplier of this strain) and Corsetti et al 
have successfully induced the diabetic state in females by using specifi c diets (DI2468 and 
48% high-fat diet, respectively) (3,5,6). Furthermore, this specifi c female resistance to the 
development of diabetes is in line with what is seen in humans, due to a possible protective 
eff ect of oestrogen on pancreatic beta-cells (7,8). 

2

1.2 Is the model able to simulate the disease in the relevant age groups (juvenile, adult or 
ageing)?

Score

Yes, partially.
Remarks: Although the time to onset of diabetes has been decreasing in the past years, ZDF 
rat still develops diabetes somewhat earlier than humans (9). However, it progresses into 
adulthood and ageing phases, similarly to the human disease (6,10–14).

1

2. SYMPTOMATOLOGY AND NATURAL HISTORY (SNH) VALIDATION
2.1 Is the model able to replicate the symptoms commonly present in this disease? If so, 
which ones?

Score

Yes, completely.
The most common symptoms of diabetes type 2 are polyphagia, polydipsia, polyuria, 
weight loss, fatigue, healing impairment and obesity (15). The latter may not be considered 
a symptom per se, being better classifi ed as a co-morbidity. However, due to the high 
prevalence of this condition in T2D patients and likely association to the pathophysiology, it 
was also included in this section. 

Most of these symptoms are directly connected to the hyperglycaemia and 
dyslipidaemia and therefore they were translated into the following parameters: 
hyperglycaemia, hyperinsulinemia followed by hypoinsulinemia, dyslipidaemia (divided 
into hypercholesterolemia and hypertriglyceridemia according to the common human 
pathological profi le) and obesity.

13
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2.1.1 Symptoms modelled

Hyperglycaemia: At 5-7 weeks, fasting blood glucose is already higher than lean littermates 
and with a further increase at 10-12 weeks and stabilising at a few-fold more than lean rats 
(11,14,16–23).
Hyperinsulinemia followed by hypoinsulinemia: insulin levels in ZDF rats are initially 
signifi cantly higher than their lean littermates, however, they decrease steadily with age due 
to β-cell insuffi  ciency (6,11,17,21).
Hypercholesterolemia: high cholesterol levels are found in ZDF rats as well as humans, 
which eventually leads to atherosclerosis (17,21,22).
Hypertriglyceridemia: triglyceride and free fatty acids (FFA) levels in ZDF rats are signifi cantly 
higher than in lean littermates (11,14,17,19,21,22).
Obesity: ZDF rats are signifi cantly heavier than their lean littermates at a young age, but 
tend to signifi cantly lose weight after overt diabetes, which is consistent with the sudden 
weight loss seen in humans (11,16,18–21,23,24).

2.2 Is the natural history of the disease similar to humans regarding:

2.2.1 Time to onset; Score
No.

Remarks: type 2 diabetes is usually diagnosed around 40 years, although age at diagnosis 
has been decreasing (9). The onset of diabetes in male ZDF rats may vary from 6 to 12 
weeks, but commonly happening between 7 and 8 weeks (6,10–14).This happens at quite 
an early stage of life when compared to humans: rats 24 weeks of age are in a similar stage 
of development as humans around 18 years (25).

0

2.2.2 Disease progression; Score

Yes, partially.

Remarks: Diabetes progression in ZDF rats follows much of the human disease. The increase 
in sugar/fat intake in diets leads to an increase in insulin secretion, reducing the ability to 
activate the TK receptor (between 3 and 8 weeks of age). Consequently, this then leads 
to an increase in glycaemia and β-cell degeneration, fi nally leading to β-cell apoptosis 
and glucose intolerance (between 6 and 12 weeks of age) (6,10–13). The whole process, 
however, happens at quite an early stage of life when compared to humans: rats 6 months 
of age are in a similar stage of development as humans around 18 years (25). Although as 
mentioned before, the age of onset of diabetes has been decreasing in the past years (9).
As for common diabetic complications, such as nephropathy, retinopathy and neuropathy, 
ZDF rats can partially reproduce them. They are able to develop renal lesions (such as 
albuminuria, glomerulosclerosis, tubulointerstitial scarring and infl ammation) progressively 
with age, but these are confounded by natural ageing lesions and hydronephrosis (26–28). 
ZDF rats can also develop ocular lesions typical of diabetes such as cataract formation and 
apoptotic death of lens cells but lack other lesions commonly present in humans, such as 
pericyte degeneration, microaneurysms, and acellular capillaries (29–31). Likewise, ZDF rats 
can partially develop neurological complications, such as decreased caudal motor nerve 
conduction velocity (MNCV), impairment of acetylcholine-mediated vascular extension of 
epineural arterioles of the sciatic nerve, but do not show sympathetic neuronal dystrophy 
(24,32,33).

1

2.2.3 Duration of symptoms; Score

Yes, completely.

Remarks: like humans, once insulin resistance and glucose intolerance are set, β-cell 
apoptosis follows, worsening the diabetic condition progressively and leading to overt 
diabetes and diabetic complications (16,34).

2
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2.2.4 Severity. Score

Yes, partially.

Remarks: the biochemical parameters in ZDF rats are similar to humans in severity, being 
considerably increased (please see section 2.1). However, the complications that follow after 
the onset of overt diabetes are somewhat milder in ZDF rats (lack of pericyte degeneration 
in the retinopathy or sympathetic neuronal dystrophy in nephropathy).

1

3. GENETIC VALIDATION

3.1 Does this species also have orthologous genes and/or proteins involved in the human 
disease? If so, which?

Score

Yes, completely.

Although is widely accepted that diabetes type 2 has genetic factors involved, reliable 
tracking and identifi cation of such genes remain a challenge (35–42). This is often referred 
to as the ‘missing heritability’ (36). In some cases, T2D can be caused by a single gene 
(such as mutations on HNF4A for Maturity-Onset-Diabetes of the Young type 1 – MODY1 
– or PTF1A for neonatal diabetes) (35,37). Nonetheless, in most cases it is a polygenic 
and heterogeneous disease, meaning multiple genes might be involved and diff erent 
combinations of polymorphisms can lead to the pathological phenotype, which makes the 
genetic validation of animal models at best extremely challenging (35,37,39–42).

With the advent of Genome-Wide Association Studies (GWAS), many genes have been 
associated with an increased risk of developing type 2 diabetes, shedding light on the 
complex genetic architecture of the disease (35,43,44). However, three of them have been 
consistently established in GWAS as likely genetic factors: TCF7L2, KCNJ11 and PPARG 
(35,38,45). Therefore, these were the only ones included in this section.
All three genes are present in ZDF rats (46–48).

8

3.1.1 TCF7L2

TCF7L2 is a gene (also known as also known as TCF-4 or β-catenin interacting protein) 
located at 10q25.2-q25.3 in humans and at 1q55 in rats that codes a transcription factor 
involved in the WNT signalling pathway (46,49–52). This is the strongest and most well-
replicated genetic factor associated to T2D (35,38,43,44,53,54). It acts as a nuclear 
receptor for β-catenin, which is involved in the secretion of GLP-1 in gut endocrine cells 
and various other genes (50,51,55). There are also reports that indicate a possible role in 
the incretin axis, adipocyte function and glucose production by the liver, despite some of 
the results being confl icting (52,56–60).

3.1.2 KCNJ11

KCNJ11 is a gene (also known as KIR6.2) located at 11p15.1 in humans and at 1q22 in rats 
that has been associated with an increased risk of developing T2D (43–45,48,61). It codes 
for a major subunit of the ATP-sensitive K+ channel, an inward-rectifi er potassium ion 
channel present in the pancreatic islets with direct infl uence over insulin secretion (62,63). 
Mutations in this gene are connected to neonatal diabetes (35).

3.1.3 PPARG

PPARG is a gene that codes for the transcription factor peroxisome proliferator-activated 
receptor-γ (PPARγ) located at 3p25.2 and at 4q42 in rats in humans (47,64). The PPARG 
is involved in adipocyte regulation, fat accumulation and glucose metabolism and it is 
stimulated by insulin in a ligand-dependent manner (65–68). Two isoforms exist in humans: 
PPARγ1 and PPARγ2, the fi rst being expressed in most tissues and the second one mostly 
in the liver and adipose tissue (69). The isoform 2 is also the target of thiazolidinediones, 
such as rosiglitazone. 
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3.2 If so, are the relevant genetic mutations or alterations also present in the orthologous 
genes/proteins?

Unclear. 0.5

3.2.1 TCF7L2

Unclear.

In humans, the rs12255372 and rs7903146 alleles are the most strongly associated 
variants with carriers of such type having reduced insulin secretion but not increased 
insulin resistance (70). Being homozygous for the high-risk allele doubles the chance of 
developing T2D (35). No studies investigating specifi c genetic alterations in this gene 
could be found in PubMed in ZDF rats using the string (“ZDF rat” OR “ZDF rats” OR “Zucker 
Diabetic Fatty rat” OR “Zucker Diabetic Fatty rats”) AND TCF7L2 on 13/04/2017.

3.2.2 KCNJ11

Unclear.

In humans, the commonest polymorphism is a glutamate to lysine substitution at position 
23 (E23K or rs5219) (71–74). This mutation is linked to a reduction in channel sensitivity, 
increasing the signal threshold for the release of insulin and impairing serum insulin 
response (62,71,72,75). Homozygous carriers of this mutation (KK) have an almost double 
risk of developing T2D when compared to non-carriers (73). 

No studies investigating specifi c genetic alterations in this gene could be found in PubMed 
in ZDF rats using the string (“ZDF rat” OR “ZDF rats” OR “Zucker Diabetic Fatty rat” OR 
“Zucker Diabetic Fatty rats”) AND (KCNJ11 OR KIR6.2 OR “KIR 6.2”) on 13/04/2017.

3.2.3 PPARG

Unclear.

In humans, the SNP rs1801282 consists of a proline substitution for alanine in position 
12 (Pro12Ala or P12A) of PPARγ2 (the other isoform is not aff ected), the proline allele is 
associated with an increased risk of developing T2D, higher BMI and decreased insulin 
sensitivity while the alanine one confers resistance (43–45,73,74,76–78). Even though the 
mechanism is still unclear, the Ala variant has a lower transactivation effi  ciency, reducing 
stimulation of PPARG target genes and therefore also reducing the levels of adipose 
tissue mass accumulation (76). Nonetheless, there are also reports of increased risk of 
cardiovascular disease in carriers of this polymorphism (79,80).

No studies investigating specifi c genetic alterations in this gene could be found in PubMed 
in ZDF rats using the string (PPARgamma) AND (“ZDF rat” OR “ZDF rats” OR “zucker 
diabetic fatty rat” OR “zucker diabetic fatty rats”) on 18/04/2017.

3.3 If so, is the expression of such orthologous genes and/or proteins similar to the human 
condition?

Score

Yes, partially. 1.07

3.3.1 TCF7L2

Unclear.

Two studies found the TCF7L2 gene is overexpressed in carriers of the risk genotype in 
pancreatic islets of T2D patients, but no changes in TCF7L2 expression were found by 
study of the Diabetes Genome Anatomy Project (DGAP) (35,56,81). One study by Shu 
and colleagues showed a possible protective eff ect on the islets against glucose- and 
cytokine-induced apoptosis and function impairment. This study was later retracted due 
to image duplication and concerns over data reliability (82). One study in ZDF rats has 
shown overexpression of TCF7L2 in the islets, unaff ected by the blockade of SREBP-1c (83).
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3.3.2 KCNJ11

Yes, completely.

KCNJ11 is underexpressed in human islets and ZDF rats islets and hypothalamus, which is 
consistent with impaired β-cell insulin release (84–87).

3.3.3 PPARG

Yes, partially.
PPARG is overexpressed in adipose tissue in diabetic humans and ZDF rats, but expression 
levels in the liver are confl icting: underexpression being reported in humans and 
overexpression in ZDF rats (35,87).

 4. BIOCHEMICAL VALIDATION
4.1 If there are known pharmacodynamic (PD) biomarkers related to the pathophysiology 
of the disease, are they also present in the model?

Score

Yes, completely.

Remarks: Glycaemic markers (blood glucose and HbA1c), cholesterol and triglycerides 
levels are directly related to the development of diabetes and diabetic complications, being 
used as PD biomarkers.

3

 4.1.1 Glycaemic markers (blood glucose, HbA1c)

All glycaemic markers can be measured in ZDF rats.

4.1.2 Cholesterol

Cholesterol levels can be measured in ZDF rats.

4.1.3 Triglycerides

Triglycerides levels can be measured in ZDF rats.

4.2 Do these PD biomarkers behave similarly to humans’? Score

Yes, completely. 2

 4.2.1 Glycaemic markers (blood glucose, HbA1c)

All glycaemic markers are increased in ZDF rats (see section 2.1.1).

4.2.2 Cholesterol

Cholesterol levels are increased in ZDF rats (see section 2.1.1).

4.2.3 Triglycerides

Triglycerides levels are increased in ZDF rats (see question 2.1.1).

4.3 If there are known prognostic biomarkers related to the pathophysiology of the disease, 
are they also present in the model?

Score

Yes, completely.

Remarks: Glycaemic markers are also prognostic markers as higher glycaemic levels 
can potentially lead to faster worsening of the diabetic condition (88–90). The same for 
cholesterol and triglycerides, which are directly involved in cardiovascular damage and 
diabetic complications (91,92).

3

4.3.1 Glycaemic markers (blood glucose, HbA1c)

All glycaemic markers can be measured in ZDF rats.

4.3.2 Cholesterol

Cholesterol levels can be measured in ZDF rats.
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4.3.3 Triglycerides

Triglycerides levels can be measured in ZDF rats.

4.4 Do these prognostic biomarkers behave similarly to humans’? Score

Yes, completely.

Remarks: Like humans, ZDF rats have increased levels of blood glucose, cholesterol and 
triglycerides.

2

4.4.1 Glycaemic markers (blood glucose, HbA1c)

All glycaemic markers are increased in ZDF rats (see section 2.1.1).

4.4.2 Cholesterol

Cholesterol levels are increased in ZDF rats (see section 2.1.1).

4.4.3 Triglycerides

Triglycerides levels are increased in ZDF rats (see question 2.1.1).

5. AETIOLOGICAL VALIDATION

5.1 Is the aetiology of the disease similar to humans’? Score

Yes, partially.

Remarks: diabetes type 2 is strongly associated with obesity, high-fat/carbs diet and sed-
entary lifestyle (9,93). Lifestyle changes such as a healthful diet, BMI control and reduction 
of smoking/alcohol intake could prevent as much as 90% of type diabetes cases (93,94).

In ZDF rats, diabetes is caused by the concomitant presence of two diff erent genetic factors. 
The fi rst is a mutation in the extracellular domain of the leptin receptor (lepr) gene. Leptin 
is a hormone that can be produced by various tissues, but mostly by mature adipocytes in 
white adipose tissue. It has an important role in satiety when it is taken up by the brain from 
the circulation (34). The mutation in the leptin gene is called ‘fa’ because it was originally 
identifi ed in the Zucker Fatty rats, from which the ZDF rat strain was derived (34). ZDF rats 
are homozygous for this missense mutation in the leptin receptor from A to C at position 
880, which causes a Gln to Pro change in all identifi ed isoforms of the Ob-R protein, while 
lean littermates do not have it (34,95). The second factor is an autosomal recessive defect in 
β-cell transcription, which is inherited independently from the lepr mutation and contributes 
directly to the manifestation of overt diabetes (96).

In humans, although leptin has a similar function, it seems to be less critical for the regula-
tion of energy expenditure as inactivating mutations in its receptor have milder eff ects than 
in rodents (97). Several genome-wide association studies (GWAS) have confl icting results 
regarding the association of polymorphisms in the lepr gene and risk of diabetes (98–100). 
Nevertheless, the existence of genetic factors is widely accepted, although they probably 
result from the product of several small to moderate gene eff ects (35–42).

For overt diabetes to develop in humans, it is necessary to have a genetic predisposition, 
β-cell dysfunction and insulin resistance (usually acquired due to obesity). In that sense, ZDF 
rats are similar (96). Male ZDF rats develop diabetes even on low-fat diets while females 
need high-fat diets to do so, the latter being closer to the common human aetiology (6). This 
fact is also in line with the specifi c female resistance to the development of diabetes seen 
in humans, due to a possible protective eff ect of oestrogen on pancreatic beta-cells (7,8).

7
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6. HISTOLOGICAL VALIDATION
6.1 Do the histopathological structures in relevant tissues resemble the ones found in 
humans?

Score

Yes, partially.

There is some evidence of β-cell mass reduction and pathogenic role of amyloid deposits in 
human patients, even though conflicting results to these notions are also present (101–104). 
Nonetheless, they were included to better characterise the models in this sheet. The pancreas 
was the only tissue selected for the histological validation because it primarily aff ects the 
pancreatic islets, in which long-term damage then leads to diabetic complications.

5.5

6.1.1 Histopathological features modelled

B-cell mass: as seen in diabetic patients, the β-cell mass in ZDF rats islets is severely 
diminished with the development of overt diabetes (16,105).

6.1.2 Histopathological features partially modelled

Islet morphology: islets become irregularly delineated with the advancement of diabetes, 
also increasing in size and presenting vacuolations between the mantles. Even though the 
basic morphology is diff erent than the human pancreas, the presence of fi brosis and fat 
infi ltration is similar. Vacuolations commonly present in ZDF rat pancreas tissue are present 
in humans only due to tissue processing errors (12,16,102,106–108).

6.1.3 Histopathological features not modelled

Amyloidosis: although there is evidence of hypersecretion of islet amyloid polypeptide 
(IAPP) or amylin in ZDF rats’ pancreas, there is no report of formation of the characteristic 
amyloid plaques as seen in humans (20,108,109).

7. PHARMACOLOGICAL VALIDATION

7.1 Are eff ective drugs in humans also eff ective in this model? Score

Yes, partially.

Remarks: one drug from each class approved by FDA and/or EMA for the treatment of type 
2 diabetes was included.

4.02

7.1.1 Amylin Agonist: Pramlintide

Methodology: studies were searched on PubMed with the string ‘(“ZDF rat” OR “ZDF rats” OR 
“zucker diabetic fatty rat” OR “zucker diabetic fatty rats”) AND pramlintide’ on 27/02/2017, 
yielding no results.

7.1.2 Biguanide: Metformin (110–131)

Methodology: studies were searched on PubMed with the string ‘(“ZDF rat” OR “ZDF rats” OR 
“zucker diabetic fatty rat” OR “zucker diabetic fatty rats”) AND metformin’ on 27/02/2017, 
yielding 26 results which were screened by title and abstract. A study retrieved through the 
search string for rosiglitazone with a metformin monotherapy arm was also screened. Of 
these, twenty-two (22) articles were included in this section.

Results: most studies show a reduction of glycaemia measures, such as plasma glucose, 
HbA1c, OGTT; and triglycerides and free fatty acids. Studies which did not report a reduction 
in glycaemic parameters often cite dose as the probable reason for this fi nding. Metformin 
improves islet histology and increases β-cell total mass (increases expression of anti-
apoptotic genes while decreasing pro-apoptotic ones) when compared to controls. It has 
also been shown to have a moderate eff ect on liver steatosis and to improve nephropathy by 
reducing genomic damage. However, it caused no improvement in the endothelial function. 
All but one article were classifi ed as category II. Of the 21 studies classifi ed as category II, 
fourteen (14) are in line with clinical fi ndings.
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Quality assessment: according to the pre-specifi ed criteria and n = 22, 41% have 
information on housing; 95% on husbandry, 91% on sample size, none on sample size 
calculation nor blinding, 50% on randomisation; 59% on acclimatisation; and 95% on sex 
(19 used only male animals, one used only female animals and one used both).

7.1.3 Bile Acid Sequestrant: Colesevelam (132)

Methodology: studies were searched on PubMed with the string ‘(“ZDF rat” OR “ZDF rats” OR 
“zucker diabetic fatty rat” OR “zucker diabetic fatty rats”) AND colesevelam’ on 27/02/2017, 
yielding 1 result which was screened by title and abstract. This article was included in this 
section.

Results: the only study shows a positive eff ect of colesevelam on reducing common 
glycaemic parameters such as fasting blood glucose and oral glucose tolerance test 
(OGTT). Colesevelam treatment improved had no eff ect on body weight nor on food 
intake, suggesting its action is exerted through increased levels of active GLP-1. It was also 
eff ective at reducing β-cell islets degeneration when compared to the control. This article 
was classifi ed as category II. This study is in line with clinical fi ndings.

Quality assessment: according to the pre-specifi ed criteria and n = 1, the article has no 
information on housing nor husbandry, has information on sample size, has no information 
on sample size calculation, blinding, randomisation nor acclimatisation and has information 
on sex (all animals were male).

7.1.4 Dopamine-2 Receptor Agonist: Bromocriptine

Methodology: studies were searched on PubMed with the string ‘(“ZDF rat” OR “ZDF rats” 
OR “zucker diabetic fatty rat” OR “zucker diabetic fatty rats”) AND bromocriptine’ on 
27/02/2017, yielding no results.

7.1.5 DPP-IV inhibitor: Sitagliptin (115,122,132–138)

Methodology: studies were searched on PubMed with the string ‘(“ZDF rat” OR “ZDF rats” OR 
“zucker diabetic fatty rat” OR “zucker diabetic fatty rats”) AND sitagliptin’ on 27/02/2017, 
yielding 12 results which were screened by title and abstract. Of these, ten (10) articles were 
included in this section.

Results: most studies show a positive eff ect on glycaemic control with sitagliptin signifi cantly 
lowering plasma glucose, HbA1c and increasing insulin secretion. Two studies did not fi nd 
any signifi cant change in these outcomes. They also show an increase in aGLP-1 levels 
and a decrease in triglycerides. An increase in general β-cell function is also reported by 
the glucose/insulin ration and the HOMA-beta index. This is supported by no evidence 
of induction of pancreatitis and general improvement of islet histology (reduction of 
β-cell vacuolation, infl ammation, fi brosis and apoptosis). Additionally, a reduction in the 
expression of IL-1β and genes involved in apoptosis induction was also reported. All articles 
were classifi ed as category II. Eight (8) studies are in line with clinical fi ndings.

Quality assessment: according to the pre-specifi ed criteria and n = 10, 20% have 
information on housing; 80% on husbandry, 100% on sample size, none on sample size 
calculation nor blinding, 20% on randomisation; 40% on acclimatisation; and 90% on sex 
(all animals were male).

7.1.6 GLP-1 agonist: Exenatide (106,139–145)

Methodology: studies were searched on PubMed with the string ‘(“ZDF rat” OR “ZDF rats” OR 
“zucker diabetic fatty rat” OR “zucker diabetic fatty rats”) AND exenatide’ on 27/02/2017, 
yielding 14 results which were screened by title and abstract. Of these, eight (8) articles were 
included in this section.
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Results: all studies show a positive eff ect of exenatide on blood glucose and/or HbA1c. 
Exenatide was also able to increase insulin levels after feeding, indicating increased β-cell 
activity. Additionally, it reduced triglyceride levels in female ZDF rats and improved islet 
histology (e.g. reduced β-cell vacuolation). All articles were classifi ed as category II. All 
studies are in line with clinical fi ndings.

Quality assessment: according to the pre-specifi ed criteria and n = 8, 25% have information 
on housing; 88% on husbandry, 100% on sample size, none on sample size calculation nor 
blinding, 25% on randomisation; 50% on acclimatisation; and 88% on sex (6 used only 
male animals and one used both).

7.1.7 Metiglinide: Repaglinide

Methodology: studies were searched on PubMed with the string ‘(“ZDF rat” OR “ZDF rats” OR 
“zucker diabetic fatty rat” OR “zucker diabetic fatty rats”) AND repaglinide’ on 27/02/2017, 
yielding no results. The same string was used to search for studies replacing repaglinide by 
nateglinide, however, this search also returned no results. 

7.1.8 PPAR-γ agonist: Rosiglitazone (105,107,119,126,146–180)

Methodology: studies were searched on PubMed with the string ‘(“ZDF rat” OR “ZDF 
rats” OR “zucker diabetic fatty rat” OR “zucker diabetic fatty rats”) AND rosiglitazone’ on 
27/02/2017, yielding 47 results which were screened by title and abstract. Of these, thirty-
nine (39) articles were included in this section.

Results: most studies show a signifi cant reduction in glycaemic (plasma glucose, HbA1c, 
OGTT) and lipidemic parameters (LDL, free fatty acids (FFA), total cholesterol and 
triglycerides). Some studies in which no eff ect on glycaemic control was achieved were 
performed in older animals, in which β-cell degeneration is already at an advanced stage and 
this reason was cited as a possible cause for the lack of effi  cacy. Rosiglitazone reduced insulin 
levels during the hyperinsulinemic phase and increased them during the hypoinsulinemic 
phase. It also increased HOMA-IR and insulin sensitivity indexes, improved islet morphology 
(increased islet area and insulin content). Many studies showed a considerable reduction of 
food intake with an increase in body weight. Furthermore, rosiglitazone could reverse the 
metabolic phenotype of the diabetic heart, reduce the number of apoptotic cardiomyocytes 
and infarction size. It can normalise gene expression in the liver and decrease hepatic fat. It 
has also been showed to improve nephropathy by decreasing kidney weight, hypertrophy 
and urinary glucose. Although according to one study it can restore endothelium-dependent 
vasorelaxation, it had no eff ect on endothelium’s mechanical properties. All articles but one 
were classifi ed as category II. Of the 38 category II studies, thirty-two (32) are in line with 
clinical fi ndings.

Quality assessment: according to the pre-specifi ed criteria and n = 39, 46% have 
information on housing; 82% on husbandry, 90% on sample size, none on sample size 
calculation nor blinding, 41% on randomisation; 46% on acclimatisation; and 90% on sex 
(32 used only male animals, one used only female animals and 2 used both).

7.1.9 SGLT-2 inhibitor: Canaglifl ozin (133,181–186)

Methodology: studies were searched on PubMed with the string ‘(“ZDF rat” OR “ZDF rats” OR 
“zucker diabetic fatty rat” OR “zucker diabetic fatty rats”) AND canaglifl ozin’ on 27/02/2017, 
yielding 7 results which were screened by title and abstract. Of these, six (6) articles were 
included in this section.
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Results: all studies show a positive eff ect of canaglifl ozin on plasma glucose, HbA1c and 
glucose AUC in OGTT tests. Some studies also report an increase in plasma insulin levels 
and aGLP-1, although there are confl icting results regarding aGLP-1. Canaglifl ozin was able 
to restore insulin immunoreactivity in ZDF rat islets back to similar levels as the lean controls. 
Furthermore, it reduced β-cell vacuolation and increase β-cell general activity measured by 
glucose/insulin ratio following an OGTT. All articles were classifi ed as category II. All studies are 
in line with clinical fi ndings.

Quality assessment: according to the pre-specifi ed criteria and n = 6, 17% have information on 
housing; 83% on husbandry, 100% on sample size, none on sample size calculation, blinding 
nor randomisation; 50% on acclimatisation; and 100% on sex (all animals were male). 

7.1.10 Sulphonylurea: Glibenclamide (111,187)

Methodology: studies were searched on PubMed with the string ‘(“ZDF rat” OR “ZDF rats” OR 
“zucker diabetic fatty rat” OR “zucker diabetic fatty rats”) AND (glibenclamide OR glyburide)’ 
on 27/02/2017, yielding six (6) results which were screened by title and abstract. Of these, two 
(2) articles were included in this section.

Results: one study showed a positive eff ect of glibenclamide on OGTT, lowering the glucose 
AUC

0-4h when compared to control. However, the other study showed no eff ect on blood glucose, 
insulin or HbA1c levels besides no improvement on islet histology. Both articles were classifi ed 
as category II. Only one study is in line with clinical fi ndings.

Quality assessment: according to the pre-specifi ed criteria and n = 2, 50% have information on 
housing, 100% on husbandry, 50% sample size, none on sample size calculation nor blinding, 
50% on randomisation, none on acclimatisation; and 100% sex (all animal were male).

7.1.11 α-glucosidase Inhibitor: Acarbose (31,188–190)

Methodology: studies were searched on PubMed with the string ‘(“ZDF rat” OR “ZDF rats” OR 
“zucker diabetic fatty rat” OR “zucker diabetic fatty rats”) AND acarbose’ on 27/02/2017, 
yielding 4 results which were screened by title and abstract. All four articles were included 
in this section.

Results: all studies show a positive eff ect of acarbose on reducing blood glucose and 
HbA1c. Acarbose has also been shown to reduce basement membrane thickening with a 
modest eff ect on cell density in ZDF retinopathy. It can also reduce free fatty-acid levels in 
the blood as well as cholesterol. All articles were classifi ed as category II. All studies are in 
line with clinical fi ndings.

Quality assessment: according to the pre-specifi ed criteria and n = 4, 25% have information 
on housing, 75% on husbandry, 75% on sample size, none on sample size calculation nor 
blinding, 25% on randomisation, 25% on acclimatisation; and 75% on sex (all animal were 
male).

7.2 Are ineff ective drugs in humans also ineff ective in this model? Score

Of the six identifi ed classes of ineff ective drugs, only two have been tested in ZDF rats, none 
being in line with the clinical fi ndings. The effi  cacy of the other fi ve classes in this model 
remains unclear.

0.10

7.2.1 11-Beta hydroxysteroid dehydrogenase inhibitors

Methodology: studies were searched on PubMed with the string ‘(“ZDF rat” OR “ZDF rats” 
OR “zucker diabetic fatty rat” OR “zucker diabetic fatty rats”) AND (“11-beta hydroxysteroid 
dehydrogenase inhibitor” OR “11-beta hydroxysteroid dehydrogenase inhibitors” OR “11 
beta-HSD” OR “11βHSD”)’ on 27/02/2017, yielding no results.
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7.2.2 Adenosine A1 receptor agonists

Methodology: studies were searched on PubMed with the string ‘(“ZDF rat” OR “ZDF rats” 
OR “zucker diabetic fatty rat” OR “zucker diabetic fatty rats”) AND “Adenosine A1 receptor 
agonist” OR “Adenosine A1 receptor agonists” OR AA1RA’ on 27/02/2017, yielding 1 result 
which was screened by title and abstract. This article was included in this section.

7.2.2.1 CVT-3619 (191)

Results: the only study in ZDF rats showed CVT-3619 reduced FFA levels and inhibited 
lipolysis. This article was classifi ed as category I.
Quality Assessment: according to the pre-specifi ed criteria and n = 1, the article has 
information on housing, on husbandry, on sample size, no information on sample size 
calculation, blinding, randomisation nor acclimatisation; and has information on sex (all 
animals were male).

7.2.3 Nicotinic α-7 receptor agonists

Methodology: studies were searched on PubMed with the string ‘(“ZDF rat” OR “ZDF rats” 
OR “zucker diabetic fatty rat” OR “zucker diabetic fatty rats”) AND “nicotinic α-7 receptor” 
OR “Nicotinic α-7 receptor agonist” OR “α7NR”’ on 27/02/2017, yielding no results.

7.2.4 TGR5 receptor agonists

Methodology: studies were searched on PubMed with the string ‘(“ZDF rat” OR “ZDF rats” 
OR “zucker diabetic fatty rat” OR “zucker diabetic fatty rats”) AND (“G protein-coupled bile 
acid receptor 1 agonist” OR GPBAR1) (“TGR5 receptor” OR Gpbar1 OR M-BAR OR GPR131 
OR BG37 OR Axor109)’ on 27/02/2017, yielding 1 result which was screened by title and 
abstract. This article was not included in this section.

7.2.5 Protein tyrosine phosphatase 1B inhibitors

Methodology: studies were searched on PubMed with the string ‘(“ZDF rat” OR “ZDF rats” 
OR “zucker diabetic fatty rat” OR “zucker diabetic fatty rats”) AND (PTP1B OR “protein 
tyrosine phosphatase 1B inhibitor” OR “protein tyrosine phosphatase 1B inhibitors”)’ on 
27/02/2017, yielding 1 result which was screened by title and abstract. This article was not 
included in this section.

7.2.6 Fructose-1,6-bisphosphatase inhibitors

Methodology: studies were searched on PubMed with the string ‘(“ZDF rat” OR “ZDF 
rats” OR “zucker diabetic fatty rat” OR “zucker diabetic fatty rats”) AND (“fructose-1,6-
bisphosphatase inhibitor” OR “fructose-1,6-bisphosphatase inhibitors” OR “FBPase 
inhibitor” OR “FBPase inhibitors”)’ on 27/02/2017, yielding 5 results which were screened by 
title and abstract. Of these, three (3) articles were included in this section.

7.2.6.1 CS-917 (192–194)

Results: all three studies showed a signifi cant reduction in plasma glucose levels and 
inhibition of gluconeogenesis. All articles were classifi ed as category II. None of these 
studies is in line with the clinical fi ndings.

Quality Assessment: according to the pre-specifi ed criteria and n = 3, no articles have 
information on housing, 67% have information on husbandry, 100% on sample size, none 
on sample size calculation nor blinding, 33% on randomisation, 33% on acclimatisation; 
and 100% on sex (2 used only male animals and one used both sexes).
7.3 Have drugs with diff erent mechanisms of action and acting on diff erent pathways been 
tested in this model? If so, which?

Score

Yes, partially. 

Remarks: out of the 17 identifi ed drug classes tested and/or used to treat type 2 diabetes, 
10 were tested in ZDF rats.

1.18
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8. ENDPOINT VALIDATION
8.1 Are the endpoints used in preclinical studies the same or translatable to the clinical 
endpoints?

Score

Yes.

Remarks: most studies performed in ZDF rats with agents to treat type 2 diabetes have 
used glycaemic parameters (e.g. glycaemia, HbA1c, OGTT) or other measures of insulin 
sensitivity. These measurements also often represent the primary outcomes of trials testing 
new drugs for the treatment of type 2 diabetes, which aim to control glycaemia.

8

8.2 Are the methods used to assess preclinical endpoints comparable to the ones used to 
assess related clinical endpoints?

Score

Yes.

Remarks: the biochemical methods used in the preclinical studies are the same or similar to 
the ones used to measure glycaemic parameters in humans.ii

3

MODEL NAME db/db mouse (BKS.Cg-Dock7m +/+ Lepr db/J)

INDICATION Type 2 Diabetes Mellitus (T2D)

VALIDATION DATE 10.07.2017

TOTAL SUBSECTIONS 59

TOTAL SCORE 67.36

UNCERTAINTY FACTOR (%) 23.7

HISTORICAL BACKGROUND

In 1966 at Jackson Laboratories, a mutation in the inbred mouse strain C57BL/Ks occurred which 
caused a metabolic syndrome similar to the human diabetes mellitus (195). The mice manifested 
hyperglycaemia, hyper- then hypoinsulinemia and histological changes in the pancreatic islets. This 
is an autosomal recessive mutation and the strain was called db/db mouse (recessive diabetic) 
in a similar fashion to ob/ob (recessive obese) mouse (195). Both strains have mutations in the 
leptin pathway, the db/db aff ecting the leptin receptor while the ob/ob aff ects leptin itself. This 
nomenclature replaced the old ‘Ob-protein and Ob-receptor’ used before to diff erentiate both 
strains. The misty mutation (Dock7m) was introduced to maintain the diabetes gene as homozygotes 
for the Leprdb mutation are infertile besides helping in the identifi cation of homo- and heterozygotes 
by colour changes in the fur (196). The db/db mouse is commercialised with two diff erent 
backgrounds: C57BL/6 (resistant to the development of diabetes) and C57BL/Ks (susceptible), 
which also known as C57BL/KsJ (196–200).

1. EPIDEMIOLOGICAL VALIDATION

1.1 Is the model able to simulate the disease in the relevant sexes? Score

Yes, completely.

Remarks: both male and female db/db mice can develop diabetes. The diabetic condition 
is somewhat more pronounced in male than in female mice (195,201). This specifi c female 
resistance to the development of diabetes is in line with what is seen in humans, due to a 
possible protective eff ect of oestrogen on pancreatic beta-cells (7,8). 

2

1.2 Is the model able to simulate the disease in the relevant age groups (juvenile, adult or ageing)? Score

Yes, partially.

Remarks: Although the time to onset of diabetes has been decreasing in the past years, the 
db/db mouse still develops diabetes somewhat earlier than humans (9,196). However, it 
progresses into adulthood and ageing phases, similarly to the human disease (202–206).

1
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2. SYMPTOMATOLOGY AND NATURAL HISTORY (SNH) VALIDATION
2.1 Is the model able to replicate the symptoms commonly present in this disease? If so, 
which ones?

Score

Yes, completely.

The most common symptoms of diabetes type 2 are polyphagia, polydipsia, polyuria, 
weight loss, fatigue, healing impairment and obesity (15). The latter may not be considered 
a symptom per se, is better classifi ed as a co-morbidity. However, due to the high prevalence 
of this condition in T2D patients and likely association to the pathophysiology, it was also 
included in this section. 

Most of these symptoms are directly connected to the glycaemia and dyslipidaemia and 
therefore they were translated into the following parameters: hyperglycaemia, hyperinsu-
linemia followed by hypoinsulinemia, dyslipidaemia (divided into hypercholesterolemia and 
hypertriglyceridemia according to the common human pathological profi le) and obesity.

13

2.1.1 Symptoms modelled

Hyperglycaemia: db/db mice have increased blood glucose levels of up to 500% normal 
levels (195,197–199,202,203,205,207,208).
Hyperinsulinemia followed by hypoinsulinemia: insulin levels are increased in db/db mice 
as early as 10 days of age. Over time, with extenuation of β-cells, insulin levels drop to nor-
mal or below normal (197,200–203,205,208,209).
Hypercholesterolemia: cholesterol levels are signifi cantly increased in db/db mice starting 
at 5 weeks of age (206,210).
Hypertriglyceridemia: triglycerides levels are higher in db/db mice than in controls of the 
same background, starting with a moderate increase at 5 weeks and progressively increas-
ing with age up to 19 weeks (206,210).

Obesity: db/db mice are signifi cantly heavier than their lean littermates at a young age, but 
tend to signifi cantly lose weight after overt diabetes, which is consistent with the sudden 
weight loss sometimes seen in humans (195,199,202,203,208).

2.2 Is the natural history of the disease similar to humans regarding:

2.2.1 Time to onset; Score

No.

Remarks: type 2 diabetes is usually diagnosed around 40 years, although age at diagnosis 
has been decreasing (9). The onset of diabetes in db/db mice may vary from 4 to 8 weeks 
(196). This happens at quite an early stage of life when compared to humans: mice 4 weeks 
of age are in a similar stage of development as humans between 6 months and 10 years old 
while mice at 8 weeks correspond to a human at around 20 years (211,212).

0

2.2.2 Disease progression; Score

Yes, partially.

Remarks: Diabetes progression in db/db mice follows much of the human disease. The 
increase in sugar/fat intake in diets leads to an increase in insulin secretion, reducing the 
ability to activate the TK receptor (between 4 and 8 weeks of age). Consequently, this then 
leads to an increase in glycaemia and β-cell degeneration, fi nally leading to β-cell apoptosis 
and glucose intolerance (202–206). The whole process, however, happens at quite an early 
stage of life when compared to humans: mice 4 weeks of age are in a similar stage of devel-
opment as humans between 6 months and 10 years old while mice at 8 weeks correspond 
to a human at around 20 years (211,212). Although as mentioned before, the age of onset 
of diabetes has been decreasing in the past years (9).

1
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As for common diabetic complications, such as nephropathy, retinopathy and neuropathy, 
db/db mice can partially model them. They are able to develop renal lesions (such as albu-
minuria, glomerular basement thickening, loss of podocytes and moderate mesangial ma-
trix expansion) but fail to reproduce mesangiolysis, nodular mesangial sclerosis and severe 
tubulointerstitial fi brosis, not developing progressive renal insuffi  ciency (213–218). Regard-
ing retinopathy, some characteristics such as pericyte loss, degeneration of the blood-retinal 
barrier (BRB), apoptosis of neuro-retinal cells, thickening of capillary basement membranes, 
glial reactivation and vascular proliferation are present while it cannot model retinal neo-
vascularization (219–224). Likewise, db/db mice can partially develop neurological compli-
cations, such as decreased motor nerve conduction velocity (MNCV), the absence of large 
myelinated fi bres, axonal atrophy and dystrophy (myelinated and unmyelinated fi bres); and 
degeneration of myelin sheath, but do not develop neurotic dystrophy (225–229).

1

2.2.3 Duration of symptoms; Score

Yes, completely.

Remarks: like humans, once insulin resistance and glucose intolerance are set, β-cell apop-
tosis follows, worsening the diabetic condition progressively and leading to overt diabetes 
and diabetic complications (195,200,202).

2

2.2.4 Severity. Score

Yes, partially.

Remarks: the biochemical parameters in db/db mice are similar to humans in severity, is 
considerably increased. However, the complications that follow after the onset of overt 
diabetes are somewhat milder in db/db mice (e.g. lack of mesangiolysis and tubulointerstitial 
fi brosis in nephropathy; neovascularisation in retinopathy or neurotic dystrophy in neuropathy).

1

3. GENETIC VALIDATION
3.1 Does this species also have orthologous genes and/or proteins involved in the human 
disease? If so, which?

Score

Yes, completely.

Although is widely accepted that diabetes type 2 has genetic factors involved, reliable 
tracking and identifi cation of such genes remain a challenge (35–42). This is often referred 
to as the ‘missing heritability’ (36). In some cases, T2D can be caused by a single gene 
(such as mutations on HNF4A for Maturity-Onset-Diabetes of the Young type 1 – MODY1 
– or PTF1A for neonatal diabetes) (35,37). Nonetheless, in most cases it is a polygenic 
and heterogeneous disease, meaning multiple genes might be involved and diff erent 
combinations of polymorphisms can lead to the pathological phenotype, which makes the 
genetic validation of animal models at best extremely challenging (35,37,39–42).

With the advent of Genome-Wide Association Studies (GWAS), many genes have been 
associated with an increased risk of developing type 2 diabetes, shedding light on the 
complex genetic architecture of the disease (35,43,44). However, three of them are better 
established as likely genetic factors: TCF7L2, KCNJ11 and PPARG (35,38,45). Therefore, 
these were the only ones included in this section.

All three genes are present in db/db mice (230–232).

8
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3.1.1 TCF7L2

TCF7L2 is a gene (also known as also known as TCF-4 or β-catenin interacting protein) 
located at 10q25.2-q25.3 in humans and at 1q55 in rats that codes a transcription factor 
involved in the WNT signalling pathway (46,49–52). This is the strongest and most well-
replicated genetic factor associated to T2D (35,38,43,44,53,54). It acts as a nuclear receptor 
for β-catenin, which is involved in the secretion of GLP-1 in gut endocrine cells and various 
other genes (50,51,55). There are also reports that indicate a possible role in the incretin 
axis, adipocyte function and glucose production by the liver, despite some of the results 
being confl icting (52,56–60).

3.1.2 KCNJ11

KCNJ11 is a gene (also known as KIR6.2) located at 11p15.1 in humans and at 1q22 in 
rats that has been associated with an increased risk of developing T2D (43–45,48,61). It 
codes for a major subunit of the ATP-sensitive K+ channel, an inward-rectifi er potassium ion 
channel present in the pancreatic islets with direct infl uence over insulin secretion (62,63). 
Mutations in this gene are connected to neonatal diabetes (35).

3.1.3 PPARG

PPARG is a gene that codes for the transcription factor peroxisome proliferator-activated 
receptor-γ (PPARγ) located at 3p25.2 and at 4q42 in rats in humans (47,64). The PPARG 
is involved in adipocyte regulation, fat accumulation and glucose metabolism and it is 
stimulated by insulin in a ligand-dependent manner (65–68). Two isoforms exist in humans: 
PPARγ1 and PPARγ2, the first being expressed in most tissues and the second one mostly in 
the liver and adipose tissue (69). The isoform 2 is also the target of thiazolidinediones, such 
as rosiglitazone. 

3.2 If so, are the relevant genetic mutations or alterations also present in the orthologous 
genes/proteins?

Score

Unclear. 0.5

3.2.1 TCF7L2
Unclear.

In humans, the rs12255372 and rs7903146 alleles are the most strongly associated 
variants with carriers of such type having reduced insulin secretion but not increased insulin 
resistance (70). Being homozygous for the high-risk allele doubles the chance of developing 
T2D (35). No studies investigating specifi c genetic alterations in this gene could be found in 
PubMed in db/db mice using the string (“db/db mouse” OR “ db/db mice”) AND TCF7L2 on 
05/07/2017.
3.2.2 KCNJ11
Unclear.

In humans, the commonest polymorphism is a glutamate to lysine substitution at position 
23 (E23K or rs5219) (71–74). This mutation is linked to a reduction in channel sensitivity, 
increasing the signal threshold for the release of insulin and impairing serum insulin 
response (62,71,72,75). Homozygous carriers of this mutation (KK) have an almost double 
risk of developing T2D when compared to non-carriers (73). 

No studies investigating specifi c genetic alterations in this gene could be found in PubMed 
in db/db mice using the string (“db/db mouse” OR “ db/db mice”) AND (KCNJ11 OR KIR6.2 
OR “KIR 6.2”) on 05/07/2017.
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3.2.3 PPARG

Unclear.

In humans, the SNP rs1801282 consists of a proline substitution for alanine in position 
12 (Pro12Ala or P12A) of PPARγ2 (the other isoform is not aff ected), the proline allele is 
associated with an increased risk of developing T2D, higher BMI and decreased insulin 
sensitivity while the alanine one confers resistance (43–45,73,74,76–78). Even though the 
mechanism is still unclear, the Ala variant has a lower transactivation 

Effi  ciency, reducing stimulation of PPARG target genes and therefore also reducing the levels 
of adipose tissue mass accumulation (76). Nonetheless, there are also reports of increased 
risk of cardiovascular disease in carriers of this polymorphism (79,80).

No studies investigating specifi c genetic alterations in this gene could be found in db/
db mice in PubMed using the string (“db/db mouse” OR “ db/db mice”) AND PPARg on 
05/07/2017.
3.3 If so, is the expression of such orthologous genes and/or proteins similar to the human 
condition?

Score

Unclear. 0.2

3.3.1 TCF7L2

Unclear.

Two studies found the TCF7L2 gene is overexpressed in carriers of the risk genotype in 
pancreatic islets of T2D patients, but no changes in TCF7L2 expression were found by 
study of the Diabetes Genome Anatomy Project (DGAP) (35,56,81). One study by Shu and 
colleagues showed a possible protective eff ect on the islets against glucose- and cytokine-
induced apoptosis and function impairment. This study was later retracted due to image 
duplication and concerns over data reliability (82). Two studies analysed expression of 
TCF7L2 in db/db mice in two diff erent tissues: fat tissue and islets. TCF7L2 expression was 
increased in fat tissue of db/db mice, similarly to what is reported in humans while in islets, 
it is decreased (57,233,234).

3.3.2 KCNJ11

Unclear.

KCNJ11 is underexpressed in human islets, which is consistent with impaired β-cell insulin 
release (86,87). Nevertheless, no studies investigating expression levels of KCNJ11 could be 
found in db/db mice using the string (“db/db mouse” OR “ db/db mice”) AND (KCNJ11 OR 
KIR6.2 OR “KIR 6.2”) on 07/07/2017.

3.3.3 PPARG

Unclear.

PPARG is overexpressed in adipose tissue and underexpressed in the liver of diabetic humans 
(35). In db/db mice, during endotoxemia PPARG is underexpressed in White Adipose Tissue 
(WAT) (235). A knockout mouse of Wdr13 with C57BL6 or db/db background signifi cantly 
increases expression of PPARG in fat tissue (236). A study of gene expression variation in db/
db mice during the day showed signifi cantly increased PPARG expression levels in the aorta 
during certain periods but did not analyse adipose tissue, islets or liver (237). No studies 
specifi cally assessing PPARG expression in adipose tissue and liver could be found using the 
string (“db/db mouse” OR “ db/db mice”) AND PPARG on 07/07/2017.
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4. BIOCHEMICAL VALIDATION
4.1 If there are known pharmacodynamic (PD) biomarkers related to the pathophysiology 
of the disease, are they also present in the model?

Score

Yes, completely.

Remarks: Glycaemic markers (blood glucose and HbA1c), cholesterol and triglycerides 
levels are directly related to the development of diabetes and diabetic complications, being 
used as PD biomarkers.

3

4.1.1 Glycaemic markers (blood glucose, HbA1c)

All glycaemic markers can be measured in db/db mice.

4.1.2 Cholesterol

Cholesterol levels can be measured in db/db mice.

4.1.3 Triglycerides

Triglycerides levels can be measured in db/db mice.

4.2 Do these PD biomarkers behave similarly to humans’? Score

Yes, completely. 2

4.2.1 Glycaemic markers (blood glucose, HbA1c)

All glycaemic markers are increased in db/db mice (see section 2.1.1).

4.2.2 Cholesterol

Cholesterol levels are increased in db/db mice (see section 2.1.1).

4.2.3 Triglycerides

Triglycerides levels are increased in db/db mice (see section 2.1.1).

4.3 If there are known prognostic biomarkers related to the pathophysiology of the disease, 
are they also present in the model?

Score

Yes, completely.

Remarks: Glycaemic markers are also prognostic markers as higher glycaemic levels 
can potentially lead to faster worsening of the diabetic condition (88–90). The same for 
cholesterol and triglycerides, which are directly involved in cardiovascular damage and 
diabetic complications (91,92).

3

4.3.1 Glycaemic markers (blood glucose, HbA1c)

All glycaemic markers can be measured in db/db mice.

4.3.2 Cholesterol

Cholesterol levels can be measured in db/db mice.

4.3.3 Triglycerides

Triglycerides levels can be measured in db/db mice.

4.4 Do these prognostic biomarkers behave similarly to humans’? Score

Yes, completely.

Remarks: Like humans, db/db mice have increased levels of blood glucose, cholesterol and 
triglycerides.

2
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4.4.1 Glycaemic markers (blood glucose, HbA1c)

All glycaemic markers are increased in db/db mice (see section 2.1.1).

4.4.2 Cholesterol

Cholesterol levels are increased in db/db mice (see section 2.1.1).

4.4.3 Triglycerides

Triglycerides levels are increased in db/db mice (see question 2.1.1).

5. AETIOLOGICAL VALIDATION

5.1 Is the aetiology of the disease similar to humans’? Score

Yes, partially.

Remarks: diabetes type 2 is strongly associated with obesity, high-fat/carbs diet and sed-
entary lifestyle (9,93). Lifestyle changes such as a healthful diet, BMI control and reduction 
of smoking/alcohol intake could prevent as much as 90% of type diabetes cases (93,94).

Diabetes is caused in the db/db mouse by a point mutation (Gly → Thr) in the OB-R (leptin 
receptor) sequence located at chromosome 4 (238,239). The lack of signalling promotes 
the hypersecretion of circulating leptin, but the defective receptor prevents it from properly 
regulating the size of the body fat depot (34). This was fi rst suggested in several parabiosis 
experiments in which controls and diabetic mice (ob and db) had their circulatory systems 
connected. Ob/ob mice were able to lose weight and reduce food intake, indicating the 
mutation interfered with the action of a circulating factor (leptin) while db/db mice did not 
have any improvement, indicating its mutation aff ected the signal reception (leptin recep-
tor) (207,240–242). This hypothesis is further supported by the lack of response of db/db 
mouse to recombinant leptin (243–246).

In humans, although leptin has a similar function, it seems to be less critical for the regula-
tion of energy expenditure as inactivating mutations in its receptor have milder eff ects than 
in rodents (97). Several genome-wide association studies (GWAS) have confl icting results 
regarding the association of polymorphisms in the Lepr gene and risk of diabetes (98–100). 
Nevertheless, the existence of genetic factors is widely accepted, although they probably 
result from the product of several small to moderate gene eff ects (35–42).

For overt diabetes to develop in humans, it is necessary to have a genetic predisposition, 
β-cell dysfunction and insulin resistance (usually acquired due to obesity). In that sense, db/
db mice can only partially reproduce this dysfunction as diet restriction only slightly improves 
their condition (208). Male db/db mice also have a somewhat more severe manifestation of 
diabetes than female mice. This fact is also in line with the specifi c female resistance to the 
development of diabetes seen in humans, due to a possible protective eff ect of oestrogen 
on pancreatic beta-cells (7,8).

7

6. HISTOLOGICAL VALIDATION
6.1 Do the histopathological structures in relevant tissues resemble the ones found in 
humans?

Score

Yes, partially.

There is some evidence of β-cell mass reduction and pathogenic role of amyloid deposits 
in human patients, even though conflicting results to these notions are also present (101–
104). Nonetheless, they were included to better characterise the models in this sheet. The 
pancreas was the only tissue selected for the histological validation because it primarily 
aff ects the pancreatic islets, whose long-term damage then leads to diabetic complications.

5.5
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6.1.1 Histopathological features modelled

B-cell mass: as seen in diabetic patients, the β-cell mass in db/db mice islets is severely 
diminished with the development of overt diabetes (195,203–205).

6.1.2 Histopathological features partially modelled

Islet morphology: islets become irregularly delineated with the advancement of diabetes, 
showing signs of hypertrophy, mixtures of acinar and islet cells and partial or total 
degranulation and necrosis of β-cells (195,198,203–205).

6.1.3 Histopathological features not modelled

Amyloidosis: islet amyloid polypeptide (IAPP) or amylin start increasing at 8 weeks but 
decrease signifi cantly at 24 weeks. Nonetheless, there is no report of formation of the 
characteristic amyloid plaques as seen in humans (247).

7. PHARMACOLOGICAL VALIDATION

7.1 Are eff ective drugs in humans also eff ective in this model? Score

Yes, partially.

Remarks: one drug from each class approved by FDA and/or EMA for the treatment of type 2 
diabetes was included. Studies that used db/db mice with C57BL/6 background (also known 
as B6.BKS(D)-Lepr db/J, #00697 at Jackson Laboratories) were excluded. In consultation 
with the main provider of this model, Jackson Laboratories, the following assumptions/
decisions were made: studies that used db/db mice with C57BLK6/J or C57BLK/6 
background were considered to have used the C57BL/6 background and therefore were 
also excluded. Studies with mice of C57BL/KsOlaHsd-Lepr and C57BLKS/J lar m+/Leprdb

were also excluded as it is likely that a mutation was engineered into the strain. A C57BL/
KFJ background was assumed to be a C57BL/KsJ background (likely typo) as the references 
cited referred to this strain. Additionally, studies that did not disclose which background 
strain was used (i.e. just mentioned db/db mice) were included but were fl agged with a 
‘missing background’ note.  If a study disclosed the control’s strain but not specifi cally the 
db/db mouse’s, it was assumed the diabetic mice had the same background as the control.

3.88

7.1.1 Amylin Agonist: Pramlintide

Methodology: studies were searched on PubMed with the string ‘(“db/db mouse” OR “db/
db mice”) AND pramlintide’ on 10/07/2017, yielding no results.

7.1.2 Biguanide: Metformin (248–281)

Methodology: studies were searched on PubMed with the string ‘(“db/db mouse” OR “db/
db mice”) AND metformin’ on 10/07/2017, yielding 68 results which were screened by title 
and abstract. A study retrieved through the search string for rosiglitazone with a metformin 
monotherapy arm was also screened. Of these, thirty-four (34) articles were included in this 
section.

Results: most studies show a reduction of glycaemia measures, such as plasma glucose, HbA1c, 
OGTT upon administration of metformin. Frequently, metformin has been shown to reduce 
plasma insulin levels during the hyperinsulinemic phase, although such benefi t was not reported 
consistently. Some studies also report an improvement on the lipidic profi le (reduction of LDL and 
FFA; and increase of HDL) and reduction of body weight and food intake. However, these results 
are often confl icting with other studies showing no eff ect at all on these parameters. A reduction of 
HOMA-IR is also often reported, including improvement on islet histopathology (e.g. reduced loss 
of islet boundaries and vacuolar degeneration). In the few studies which investigated metformin’s 
eff ect on diabetic retino- and nephropathy, it failed to show any signifi cant improvement.  
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Two (2) articles were classifi ed as category I and thirty-two (32) as category II. Of the latter, 
twenty-eight (28) studies are in line with clinical fi ndings.

Quality assessment: according to the pre-specifi ed criteria and n = 34, 29% have 
information on housing, 79% on husbandry, 94% on sample size, none on sample size 
calculation nor blinding, 44% on randomisation, 41% on acclimatisation, 88% on sex (31 
used only male animals and 3 only female animals); and 76% on background strain.

7.1.3 Bile Acid Sequestrant: Colesevelam

Methodology: studies were searched on PubMed with the string ‘(“db/db mouse” OR “db/
db mice”) AND cholestyramine’ on 10/07/2017, yielding 2 results which were screened by 
title and abstract. None of these articles was included in this section.

7.1.4 Dopamine-2 Receptor Agonist: Bromocriptine

Methodology: studies were searched on PubMed with the string ‘(“db/db mouse” OR “db/
db mice”) AND bromocriptine’ on 10/07/2017, yielding 1 result. This article was not included 
in this section.

7.1.5 DPP-IV inhibitor: Sitagliptin (282)

Methodology: studies were searched on PubMed with the string ‘(“db/db mouse” OR “db/
db mice”) AND sitagliptin’ on 10/07/2017, yielding 5 results which were screened by title 
and abstract. Of these, one (1) article was included in this section.

Results: the only study included reports a signifi cant reduction of blood glucose, triglycerides 
and LDL while an increase in HDL. Both glucose tolerance (OGTT) and HOMA index were 
improved after treatment with sitagliptin. This article was classifi ed as category II. This study 
is in line with clinical fi ndings.

Quality assessment: according to the pre-specifi ed criteria and n = 1, this article has 
no information on housing, husbandry, sample size, sample size calculation, blinding, 
randomisation, acclimatisation nor sex; while it has information on background strain.

7.1.6 GLP-1 agonist: Exenatide (283–302)

Methodology: studies were searched on PubMed with the string ‘(“db/db mouse” OR “db/
db mice”) AND exenatide’ on 10/07/2017, yielding 60 results which were screened by title 
and abstract. Of these, twenty (20) articles were included in this section.

Results: most studies report a positive eff ect of exenatide on glycaemic parameters (blood 
glucose, HbA1c) and glucose tolerance. Administration of exenatide has also been shown to 
increase plasma insulin levels, improve the HOMA-IR and islet histology, increase β-cell mass 
and the count of insulin-positive cells. Additionally, it improved diabetic nephropathy (e.g. 
by reducing glomerular hypertrophy and mesangial matrix expansion) despite no evident 
eff ect on blood glucose. Some studies have also shown an improvement in the overall lipidic 
profi le by reducing in free-fatty acids (FFA) and LDL levels while increasing HDL. Three (3) 
articles were classifi ed as category I and seventeen (17) as category II. Of the latter, twelve 
(12) studies are in line with clinical fi ndings.

Quality assessment: according to the pre-specifi ed criteria and n = 20, 30% have 
information on housing, 65% on husbandry, 100% on sample size, none on sample size 
calculation nor blinding, 20% on randomisation, 10% on acclimatisation, 80% on sex (12 
used only male animals and 4 only female animals); and 85% on background strain.
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7.1.7 Metiglinide: Nateglinide (303)

Methodology: studies were searched on PubMed with the string ‘(“db/db mouse” OR “db/
db mice”) AND repaglinide’ on 10/07/2017, yielding no results. The same string was used to 
search for studies replacing repaglinide by nateglinide, ‘(“db/db mouse” OR “db/db mice”) 
AND nateglinide’), yielding 1 result. This article was included in this section.

Results: the only study did not show any signifi cant eff ect on blood glucose, plasma nor 
pancreatic insulin. This article was classifi ed as category II. This study is not in line with 
clinical fi ndings.

Quality assessment: according to the pre-specifi ed criteria and n = 1, this article has no 
information on housing nor husbandry, has information on sample size, none on sample size 
calculation, blinding, randomisation nor acclimatisation, has information on sex (all animal 
were male) and none on background strain was.
7.1.8 PPAR-γ agonist: Rosiglitazone (163,179,253,266,269,281,304–392)

Methodology: studies were searched on PubMed with the string ‘(“db/db mouse” OR “db/
db mice”) AND rosiglitazone’ on 10/07/2017, yielding 128 results which were screened by 
title and abstract. Of these, ninety-six (96) articles were included in this section. One likely 
relevant article was not included because it was not available via university’s library:

Nanayakkara et al, Current Pharmaceutical Design. 2013, 19(27):4839-4847.

Results: most studies show a signifi cant reduction in glycaemic (plasma glucose, HbA1c, 
OGTT) parameters. Although the majority of studies report an improvement in lipidemic 
parameters (LDL, free fatty acids (FFA), total cholesterol and triglycerides), some show 
confl icting results with an increase in total cholesterol and LDL and a decrease in HDL. 
Rosiglitazone reduced and increased insulin levels during the hyperinsulinemic and 
hypoinsulinemic phases, respectively. It also improved HOMA-IR and insulin sensitivity 
indexes, including islet morphology (increased β-cell area and number of insulin-positive 
cells). Many studies showed a considerable increase in body weight and body weight gain. 
Rosiglitazone treatment has been shown to improve fi brosis and infl ammatory infi ltration in 
the liver. Additionally, some studies show a deleterious eff ect on cardiac gene expression, 
mostly by activation of pro-apoptotic genes, which is likely related to rosiglitazone’s 
cardiotoxicity. Sixteen (16) articles were classifi ed as category I and eighty (80) as category 
II. Of the latter, seventy-eight (78) studies are in line with clinical fi ndings.

Quality assessment: according to the pre-specifi ed criteria and n = 96, 36% have information 
on housing, 82% on husbandry, 92% on sample size, none on sample size calculation, 1% 
on blinding, 35% on randomisation, 38% on acclimatisation, 91% on sex (75 used only 
male animals, 10 only female animals and 2 both sexes); and 75% on background strain.

7.1.9 SGLT-2 inhibitor: Canaglifl ozin (184)

Methodology: studies were searched on PubMed with the string ‘(“db/db mouse” OR “db/
db mice”) AND canaglifl ozin’ on 10/07/2017, yielding 1 result which was screened by title 
and abstract. This article was included in this section.

Results: the only study included shows a signifi cant decrease in blood glucose of db/db mice 
treated with canaglifl ozin. No other parameters were analysed in this study in db/db mice. 
This article was classifi ed as category II. This study in line with clinical fi ndings.

Quality assessment: according to the pre-specifi ed criteria and n = 1, the article has 
information on sex (all animals were male) and background strain while no information 
on housing, husbandry, sample size, sample size calculation, blinding, randomisation nor 
acclimatisation was present.
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7.1.10 Sulphonylurea: Glibenclamide (248,249,303,393–395)

Methodology: studies were searched on PubMed with the string ‘(“db/db mouse” OR “db/
db mice”) AND (glibenclamide OR glybenclamide)’ on 10/07/2017, yielding nine (9) results 
which were screened by title and abstract. A study retrieved through the search string for 
acarbose with a glibenclamide monotherapy arm was also screened. Of these, seven (7) 
articles were included in this section.

Results: With a thin margin, most studies show a positive eff ect of glibenclamide treatment 
on plasma glucose and insulin. One study also reports benefi ts for the integrity of the blood-
brain barrier including a reduction in infl ux and activation of apoptosis-related biomarkers 
such as caspase-3 while another reports an increase in irisin release and reduction of 
triglycerides levels. Three (3) studies do not report any eff ect of glibenclamide on blood 
glucose, HbA1C and/(n)or plasma insulin levels. All articles were classifi ed as category II. 
Four (4) studies are in line with clinical fi ndings.

Quality assessment: according to the pre-specifi ed criteria and n = 7, 43% have information 
on housing, 57% on husbandry, 100% on sample size, none on sample size calculation nor 
blinding, 14% on randomisation, none on acclimatisation, 100% on sex (6 used only male 
animals and 1 used only female animals); and 57% on background strain. 

7.1.11 α-glucosidase Inhibitor: Acarbose (250,304,396–402)

Methodology: studies were searched on PubMed with the string ‘(“db/db mouse” OR “db/
db mice”) AND acarbose’ on 10/07/2017, yielding 15 results which were screened by title 
and abstract. Of these, nine (9) articles were included in this section.

Results: most studies show a positive eff ect of acarbose in reducing blood glucose and/or 
HbA1c. One study reported no eff ect on blood glucose despite reductions in HbA1c and 
urinary glucose excretion; and amelioration of diabetic nephropathy. Confl icting results on 
body weight and food intake reduction are reported. Acarbose has been shown to improve 
wound healing and angiogenesis. Moreover, it signifi cantly decreases sucrase-isomaltase 
(SI) complex expression. All articles were classifi ed as category II. All studies but one are in 
line with clinical fi ndings.

Quality assessment: according to the pre-specifi ed criteria and n = 9, 67% have information 
on housing, 89% on husbandry, 100% on sample size, none on sample size calculation nor 
blinding, 44% on randomisation, 56% on acclimatisation, 100% on sex (8 used only male 
animals and one both sexes); and 100% on background strain.

7.2 Are ineff ective drugs in humans also ineff ective in this model? Score

The effi  cacy of the six identifi ed drug classes in this model remains unclear. 0.1

7.2.1 11-Beta hydroxysteroid dehydrogenase inhibitors

Methodology: studies were searched on PubMed with the string ‘(“db/db mouse” OR “db/db 
mice”) AND (“11-beta hydroxysteroid dehydrogenase inhibitor” OR “11-beta hydroxysteroid 
dehydrogenase inhibitors” OR “11 beta-HSD” OR “11βHSD”)’ on 10/07/2017, yielding no 
results.

7.2.2 Adenosine A1 receptor agonists: GS-9667/CVT-3619

Methodology: studies were searched on PubMed with the string ‘(“db/db mouse” OR “db/
db mice”) AND (“Adenosine A1 receptor agonist” OR “Adenosine A1 receptor agonists” OR 
AA1RA)’ on 10/07/2017, yielding no results. 
7.2.3 Nicotinic α-7 receptor agonists

Methodology: studies were searched on PubMed with the string ‘(“db/db mouse” OR “db/
db mice”) AND (“nicotinic α-7 receptor” OR “Nicotinic α-7 receptor agonist” OR “α7NR”)’ on 
10/07/2017, yielding no results.
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7.2.4 TGR5 receptor agonists

Methodology: studies were searched on PubMed with the string ‘(“db/db mouse” OR “db/
db mice”) AND (“TGR5 receptor” OR Gpbar1 OR M-BAR OR GPR131 OR BG37 OR Axor109)’ 
on 10/07/2017, yielding 5 results which were screened by title and abstract. No articles 
were included in this section.

7.2.5 Protein tyrosine phosphatase 1B inhibitor

Methodology: studies were searched on PubMed with the string ‘(“db/db mouse” OR “db/
db mice”) AND (“PTP 112” OR PTP112 OR PTP-112 OR ertiprotafi b)’ on 10/07/2017, yielding 
19 results which were screened by title and abstract. No articles were included in this section.

7.2.6 Fructose bisphosphatase inhibitor/Gluconeogenesis inhibitor

Methodology: studies were searched on PubMed with the string ‘(“db/db mouse” OR “db/
db mice”) AND (“fructose-1,6-bisphosphatase inhibitor” OR “fructose-1,6-bisphosphatase 
inhibitors” OR “FBPase inhibitor” OR “FBPase inhibitors”)’ on 10/07/2017, yielding 3 results 
which were screened by title and abstract. No articles were included in this section.
7.3 Have drugs with diff erent mechanisms of action and acting on diff erent pathways been 
tested in this model? If so, which?

Score

Yes, partially. 

Remarks: out of the 17 identifi ed drug classes tested and/or used to treat type 2 diabetes, 
9 were tested in db/db mice.

1.18

8. ENDPOINT VALIDATION
8.1 Are the endpoints used in preclinical studies the same or translatable to the clinical 
endpoints?

Score

Yes.

Remarks: most studies performed in db/db mice with agents to treat type 2 diabetes have 
used glycaemic parameters (e.g. glycaemia, HbA1c, OGTT) or other measures of insulin 
sensitivity. These measurements also often represent the primary outcomes of trials testing 
new drugs for the treatment of type 2 diabetes, which aim to control glycaemia.

8

8.2 Are the methods used to assess preclinical endpoints comparable to the ones used to 
assess related clinical endpoints?

Score

Yes.

Remarks: the biochemical methods used in the preclinical studies are the same or similar to 
the ones used to measure glycaemic parameters in humans.

3
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Appendix E – Validation Duchenne Muscular Dystrophy (DMD)

MODEL NAME  C57Bl10scsn-Dmdmdx mouse (mdx mouse)

INDICATION Duchenne Muscular Dystrophy

VALIDATION DATE 19.09.2016

TOTAL SUBSECTIONS 33

TOTAL SCORE 67.78

UNCERTAINTY FACTOR (%) 6.06

VALIDATION LEVEL (%) Highly Validated (93.9)

HISTORICAL BACKGROUND

The muscular dystrophy X-chromosome linked (mdx) mouse is the most widely used animal model to 
study Duchenne Muscular Dystrophy (DMD) [6]. It was fi rst described by Bulfi eld et al in the 80’s, after 
inbreeding C57BL/10ScSn mice for fi ve generations and noticing increased creatine kinase (CK) and 
pyruvate kinase (PK). Histopathological muscle damage similar to DMD patients was also observed 
[7]. Later this spontaneous mutation was characterised by Sicinski et al as being a nonsense point 
mutation (C-to-T transition) in exon 23, which leads to failure in expressing full-length dystrophin [8]. 

1. EPIDEMIOLOGICAL VALIDATION

1.1 Is the model able to simulate the disease in the relevant sexes? Score

Yes, completely.

Remarks: most literature published on mdx mice reports the use of male animals. DMD 
occurs almost exclusively in males with an incidence of 1 every 3,500 to 6,291 births [9,10].

6.25

1.2 Is the model able to simulate the disease in the relevant age groups (juvenile, adult or 
ageing)?

Score

Yes, partially.

Remarks: DMD is a disease caused by a genetic defect in the dystrophin coding gene. Humans 
are aff ected during infancy, with clinical presentation at around 2.5 years. Mdx mice present 
pathological signs at 3 weeks, but clinical symptoms appear only in late adulthood (12 to 15 
months). Hence, there is only a limited period the disease overlaps in both species [11–16].

3.13

2. SYMPTOMATOLOGY AND NATURAL HISTORY (SNH) VALIDATION

2.1 Is the model able to replicate the symptoms and co-morbidities commonly present in this 
disease? If so, which ones?

Score

Yes, partially. 1.61
2.1.1 Symptoms modelled

Reduced grown-up body weight (BW): BW is reduced in mdx mice when compared to con-
trol or wild-type mice [14,17].

ECG abnormality: similar to humans, ECG changes such as sinus tachycardia, shortened PR 
interval, prolonged QT interval, deep Q wave, and polyphasic R’ wave are observed in old 
mdx mice [14].

Cardiomyopathy: fi brosis, calcifi cation and enlarged ventricular chamber are also present 
in mdx mice [7,14].
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2.1.2 Symptoms partially modelled

Reduced lifespan: approximately 18% reduced lifespan when compared to wild-type mice 
[18]. In humans, the reduction is more signifi cant at around 75% [6,13].

Muscle wasting: it is comparable to DMD boys only regarding diaphragm degeneration 
[7,18,19].

Cognitive and CNS defects: mdx mice show a defi cit in cognitive defi cit fl exibility, long-term 
spatial and recognition memory, although somewhat milder than in boys in with DMD and 
with no short-term memory involvement [20–26].

2.1.3 Symptoms not modelled

Loss of ambulation: hardly ever present in mdx mice while for humans it happens between 
10 and 15 years – the latter being for patients with less damaging exon skipping and treat-
ment with glucocorticoids [6,12,13,17].

2.2 Is the natural history of the disease similar to humans regarding:

2.2.1 Time to onset; Score

No.

Remarks: although histological marks of disease can be detected early (at 3 weeks is the 
start of limb muscle degeneration), real impairment (muscle wasting, scoliosis and heart fail-
ure) do not occur until mice are 15 months or older – equivalent to around 26 years in humans 
[7,14–17,27–29]. In humans, fi rst symptoms start around 2.5 years, with loss of ambulation 
around 10 to 15 years [11–13].

0

2.2.2 Disease progression; Score

Yes, partially.

Remarks: mild progression, as most of the limb muscles maintain hypertrophy although with 
a loss in specifi c force and normalised power unlike DMD boys, whose muscles’ degenerative 
processes largely outdistance the regenerative, rapidly causing muscle atrophy [6,18,30]. Al-
though histological marks of disease can be detected early (at 3 weeks is the start of limb 
muscle degeneration; at 5 weeks is the start of muscle necrosis; at 9 weeks (adult mice): all 
muscles are aff ected), real impairment (muscle wasting, scoliosis and heart failure) do not 
occur until mice are 15 months or older [7,14–17,27,28]. At ~12 to 15 months old mdx mice 
show abnormal histopathology, echocardiography and ECDG and at 21 months old (eq. to 
~53 years in humans) mdx mice show signs of cardiomyopathy [14]. In humans, fi rst symp-
toms start around 2.5 years, with loss of ambulation around 10 to 15 years [11–13].

1.25

2.2.3 Duration of symptoms; Score

Yes, completely.

Remarks: symptoms in DMD are lifelong due to permanent muscle degeneration. In mdx 
mice, once symptoms get worse, there is also permanent damage that leads to reduced lifes-
pan [18].

2.50

2.2.4 Severity. Score

Yes, partially.

Remarks: mdx mice do not show the same level of muscle degeneration as seen in humans, 
except for the diaphragm which shows progressive degeneration evident at 6 months of age 
with great variation in myofi bre size, architecture and continuous necrosis and proliferation 
of connective tissue [7,18,19,30].

1.25
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3. GENETIC VALIDATION

3.1 Does this species also have orthologous genes and/or proteins involved in the human 
disease?

Score

Yes.

Remarks: DMD is caused by the lack of dystrophin, thus the dystrophin gene alongside with 
utrophin (a functional and structural analogue) have been included in this section [31]. The 
mouse has orthologous genes for both of them [32,33].

4.17

3.1.1 Dystrophin

The human dystrophin gene (Gene ID: 1756) is the largest gene found in humans measuring 
a total of 2.4 Mb located at Xp21.2-p21.1 [34]. Dystrophin forms parts of the dystrophin-
glycoprotein complex (DGC), responsible for connecting the inner cytoskeleton and 
the extracellular matrix [34]. In mice, the dystrophin gene (Gene ID: 13405) is located at 
chromosome X C1; X 38.38 cM [32].

3.1.2 Utrophin

The human utrophin gene (Gene ID: 7402) is located in humans at 6q24.2 [35]. Utrophin 
is a structural and functional analogue to dystrophin, being also present at neuromuscular 
synapses and myotendinous junctions [35]. Utrophin upregulation is thought to be a 
compensation mechanism partially responsible for the milder phenotype in mdx mice [35]. 
In mice, the utrophin gene (Gene ID: 22288) is located at chromosome 10 A1-A2; 10 3.77 
cM [33].

3.2 If so, are the relevant genetic mutations or alterations also present in the orthologous 
genes/proteins?

Score

Yes, partially.

Remarks: DMD is caused by deletions, duplications, small mutations or other smaller 
rearrangements of the gene that codes for dystrophin in chromosome X [31]. In that 
sense, DMD being an X-linked inherited disorder, the mdx mouse has the same aetiology 
(spontaneous mutations). Nevertheless, mdx mice have a nonsense point mutation (C-to-T 
transition) in exon 23 that aborts full-length dystrophin expression [8]. This is not the case for 
human patients who have other alterations that lead to dystrophin defi ciency.

2.09

3.3 If so, is the expression of such orthologous genes and/or proteins similar to the human 
condition?

Score

Yes, completely. 4.16

3.3.1 Dystrophin

Yes, completely.

Remarks: like DMD patients, mdx mice are dystrophin-defi cient, not expressing full-length 
dystrophin [8].

3.3.2 Utrophin

Yes, completely.

Remarks: utrophin upregulation (a compensation mechanism partially responsible for the 
milder phenotype in mdx mice) is reported in mdx mice and humans [14,36,37].
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4. BIOCHEMICAL VALIDATION

4.1 If there are known pharmacodynamic (PD) biomarkers related to the pathophysiology of 
the disease, are they also present in the model?

Score

Yes, completely.

Remarks: high levels of creatine kinase (CK) – a marker of muscle damage, with the muscle-
type variants being predominant in plasma are present in mdx mice [7,38]. Pyruvate kinase 
(PK) is also increased, although it has secondary importance and it is a less reliable marker of 
muscle damage than CK, being included here only for information purposes [38].

3.13

4.2 Do these PD biomarkers behave similarly to humans’? Score

Yes, completely.

Remarks: both PK and CK are increased in mdx mice and humans [7,38].
3.13

4.3 If there are known prognostic biomarkers related to the pathophysiology of the disease, 
are they also present in the model?

Score

N/A.

Remarks: currently, DMD has no prognostic biomarker that is validated and widely used 
in clinical practice. Many biomarkers are still under exploratory phase. A list of biomarkers 
being explored can be found in the supplementary material from Guiraud et al, 2015 and in 
the paper from Hathout et al, 2016 [39,40].

-

4.4 Do these prognostic biomarkers behave similarly to humans’? Score

N/A. -

5. AETIOLOGICAL VALIDATION

5.1 Is the aetiology of the disease similar to humans’? Score

Yes, partially.

Remarks: DMD is caused by deletions, duplications, small mutations or other smaller 
rearrangements of the gene that codes for dystrophin in chromosome X [31]. In that 
sense, DMD being an X-linked inherited disorder, the mdx mouse has the same aetiology 
(spontaneous mutations). Nevertheless, mdx mice have a nonsense point mutation (C-to-T 
transition) in exon 23 that aborts full-length dystrophin expression [8]. This is not the case for 
human patients who have other alterations that lead to dystrophin defi ciency.

6.25

6. HISTOLOGICAL VALIDATION

6.1 Do the histopathological structures in relevant tissues resemble the ones found in 
humans?

Score

Yes, partially. 4.17

6.1.1 Histopathological features modelled

Limb muscle fi brosis: like in DMD boys, it is signifi cantly increased in the mdx mouse muscles 
[16,17,27].

6.1.2 Histopathological features not modelled

Muscle regeneration: in mdx mice, muscle regeneration is signifi cantly higher than in 
humans until old age [17,27,28].

Adipose tissue: scarcely developed in mdx muscle, unlike in DMD patients [17,28].

Remarks: acute necrosis is present in mdx mice muscles but not in humans [17]. -
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7. PHARMACOLOGICAL VALIDATION

7.1 Are eff ective drugs in humans also eff ective in this model? Score

3.61

7.1.1 Glucocorticosteroids

7.1.1.1 Prednisone [41–55]

 Methodology: studies were searched on 13/09/2016 on PubMed with the string ‘mdx AND 
(Prednisone[mesh] OR prednisone OR Apo-Prednisone OR Cortan OR Cortancyl OR Cutason 
OR Dacortin OR Decortin OR Decortisyl OR Dehydrocortisone OR Deltasone OR Encorton 
OR Encortone OR Enkortolon OR Kortancyl OR “Liquid Pred” OR Meticorten OR Orasone 
OR Panafcort OR Panasol OR Predni Tablinen OR Prednidib OR Predniment OR Prednison 
Acsis OR “Prednison Galen” OR “Prednison Hexal” OR Pronisone OR Rectodelt OR Sone 
OR Sterapred OR Ultracorten OR Winpred OR delta-Cortisone)’, yielding 27 results; and on 
Embase with the string ‘(“Duchenne muscular dystrophic mouse” OR “Duchenne muscular 
dystrophy mouse” OR “MDX mouse” OR “mice, inbred mdx” OR “X chromosome-linked 
muscular dystrophy mouse” OR “X-linked muscular dystrophic mouse” OR “X-linked muscular 
dystrophy mouse”) AND (prednisone OR “1, 2 dehydrocortisone” OR “17, 21 dihydroxypregna 
1, 4 diene 3, 11, 20 trione” OR ancortone OR apo-prednisone OR biocortone OR colisone OR 
cortan OR cortidelt OR cortiprex OR cutason OR dacorten OR “de cortisyl” OR decortancyl 
OR decortin OR “decortin e merck” OR decortine OR decortisyl OR dehydrocortisone OR 
dekortin OR delitisone OR “dellacort a” OR “delta 1 dehydrocortisone” OR “delta cortelan” 
OR “delta cortisone” OR “delta dome” OR “delta e” OR “delta prenovis” OR delta-dome OR 
deltacorten OR deltacortene OR deltacortisone OR deltacortone OR deltasone OR deltison 
OR deltisona OR deltra OR “di adreson” OR di-adreson OR diadreson OR drazone OR 
encorton OR encortone OR enkorton OR fernisone OR hostacortin OR insone OR “liquid pred” 
OR lodotra OR me-korti OR meprison OR metacortandracin OR meticorten OR meticortine 
OR nisona OR “nsc 10023” OR nsc10023 OR orasone OR orisane OR panafcort OR paracort 
OR pehacort OR precort OR precortal OR prednicen-m OR prednicorm OR prednicot OR 
prednidib OR prednison OR “prednisone alcohol” OR “prednisone intensol” OR “prednisone 
test” OR prednitone OR “pregna 1, 4 diene 3, 11, 20 trione 17, 21 diol” OR pronison OR 
pronisone OR pronizone OR pulmison OR rayos OR rectodelt OR servisone OR steerometz 
OR sterapred OR “sterapred ds” OR ultracorten OR urtilone OR winpred), yielding 34 results; 
which were screened by title and abstract. Of these, fi fteen (15) articles were included in this 
section.

Results: a signifi cant part of the studies shows a positive eff ect prednisone in histological 
(e.g. reduction of the percentage of fi bres with centrally located nuclei, infl ammatory cells 
infi ltration etc.) and functional outcomes (e.g. fore- and hindlimb grip strengths, respiratory 
function and motor coordination), although in some studies prednisone did not show any 
eff ects on functional outcomes (e.g. total distance in open fi eld tests, fore- and hindlimb grip 
strengths). However, there are also reports of an increase in heart muscle fi brosis. Seven (7) 
articles were classifi ed as category I and eight (8) were classifi ed as category II. Of the latter, 
six (6) studies are in line with clinical fi ndings.
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Reporting Quality Risk of Bias

Parameter (N = 15) Y (%) Parameter (N = 15) Y/U (%)

Type of Facility 13.3 Allocation Concealment 0/100
Type of Cage or Housing 20.0 Blinded Outcome Assessment 6.7/93.3
Bedding Material 0.0 Blinded Operations 0/100
N Cage Companions 20.0 Random Cage Allocation 0/100
Breeding Programme 53.3 Random Outcome Assessment 0/100
Light/Dark Cycle 46.7 Sequence Generation 0/93.3
Temperature and Humidity 0.0 Baseline Characteristics 6.7/3.3
Quality of the Water (fi sh) - Incomplete Outcome Data 13.3/60.0
Type of Food 6.7 Selective Outcome Reporting 100/0
Access to Food and Water 53.3 Other 66.7/0
Environmental Enrichment 0.0
Any Blinding 66.7
Any Randomisation 40.0
Sample Size 100
Sample Size Calculation 13.3
Acclimatisation 33.3
Sex Disclosed 53.3
Male/Female/Both (N = 8) 62.5/25.0/12.5
Background Control -
Background Model -

7.1.1.2 Defl azacort [45,46,48,49,56–63]

Methodology: studies were searched on 13/09/2016 on PubMed with the string ‘mdx 
AND defl azacort’, yielding 15 results; and on Embase with the string ‘(“Duchenne muscular 
dystrophic mouse” OR “Duchenne muscular dystrophy mouse” OR “MDX mouse” OR “mice, 
inbred mdx” OR “X chromosome-linked muscular dystrophy mouse” OR “X-linked muscular 
dystrophic mouse” OR “X-linked muscular dystrophy mouse”) AND defl azacort OR “9 
defl uorofl uazacort” OR azacort OR calcort OR defl an OR defl uorofl uazacort OR “dl 458” 
OR “dl 458 it” OR “dl 458it” OR “dl 5458” OR dl458 OR dl458it OR dl5458 OR emfl aza OR 
fl antadin OR “fl uazacort, difl uoro” OR rosilar, yielding 25 results; which were screened by title 
and abstract. Of these, twelve (12) articles were included in this section.

Results: all animal studies show positive eff ects on histological outcomes (reduction of 
the percentage of fi bres with centrally located nuclei, on the prevalence of dystrophic 
lesions, fi bre size variability, the density of infl ammatory cells and area). Of the few which 
investigated functional outcomes (e.g. increase in total run distance and hindlimb grip 
strengths and reduction in muscle fatigue), all demonstrated benefi ts on muscle function 
although no eff ect was reported on exploratory behaviour. Nine (9) articles were classifi ed 
as category I and three (3) were classifi ed as category II. Of the latter, all studies are in line 
with clinical fi ndings.
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Reporting Quality Risk of Bias

Parameter (N = 12) Y (%) Parameter (N = 12) Y/U (%)

Type of Facility 0.0 Allocation Concealment 0/100
Type of Cage or Housing 0.0 Blinded Outcome Assessment 0/100
Bedding Material 0.0 Blinded Operations 0/100
N Cage Companions 0.0 Random Cage Allocation 0/100
Breeding Programme 41.7 Random Outcome Assessment 0/100
Light/Dark Cycle 0.0 Sequence Generation 0/100
Temperature and Humidity 0.0 Baseline Characteristics 0/100
Quality of the Water (fi sh) - Incomplete Outcome Data 33.3/58.3
Type of Food 0.0 Selective Outcome Reporting 100/0
Access to Food and Water 8.3 Other 83.3/0
Environmental Enrichment 0.0
Any Blinding 58.3
Any Randomisation 41.7
Sample Size 91.7
Sample Size Calculation 0.0
Acclimatisation 0.0
Sex Disclosed 25.0
Male/Female/Both (N = 3) 33.3/0/66.7
Background Control -
Background Model -

7.1.2 Read-through compound: Ataluren [64]

Methodology: studies were searched on 13/09/2016 on PubMed with the string ‘mdx AND 
(ptc124 OR ataluren)’, yielding 7 results; and on Embase with the string ‘(“duchenne muscular 
dystrophic mouse” OR “duchenne muscular dystrophy mouse” OR “mdx mouse” OR “mice, 
inbred mdx” OR “x chromosome-linked muscular dystrophy mouse” OR “x-linked muscular 
dystrophic mouse” OR “x-linked muscular dystrophy mouse”) AND (“3 [5 (2 fl uorophenyl) 1, 2, 
4 oxadiazol 3 yl] benzoic acid” OR “3 [5 (2 fl uorophenyl) [1, 2, 4] oxadiazol 3 yl] benzoic acid” 
OR “ataluren sodium” OR “ptc 124” OR ptc124 OR translarna)’, yielding 11 results; which 
were screened by title and abstract. Of these, one (1) article was included in this section.

Results: the only study show dystrophin detection in all muscles examined, including 
restoration of the dystrophin-glycoprotein complex (DCG), reduction of CK levels (linked 
to muscle damage), increase in average force and hanging time (4-limb hanging test) and 
reduction in functional strength defi cit. This article was classifi ed as category II. This study is 
in line with clinical fi ndings.
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Reporting Quality Risk of Bias

Parameter (N = 1) Y (%) Parameter (N = 1) Y/U (%)

Type of Facility 0.0 Allocation Concealment 0/100
Type of Cage or Housing 0.0 Blinded Outcome Assessment 0/100
Bedding Material 0.0 Blinded Operations 0/100
N Cage Companions 0.0 Random Cage Allocation 0/100
Breeding Programme 100 Random Outcome Assessment 0/100
Light/Dark Cycle 0.0 Sequence Generation 0/100
Temperature and Humidity 0.0 Baseline Characteristics 0/100
Quality of the Water (fi sh) - Incomplete Outcome Data 0/100
Type of Food 0.0 Selective Outcome Reporting 0/100
Access to Food and Water 0.0 Other 100/0
Environmental Enrichment 0.0
Any Blinding 0.0
Any Randomisation 100
Sample Size 0.0
Sample Size Calculation 0.0
Acclimatisation 0.0
Sex Disclosed 100
Male/Female/Both (N = 1) 100/0/0
Background Control -
Background Model -

7.1.3 Exon skipping: Eteplirsen [65–69]

Methodology: As eteplirsen is designed to skip exon 51 in humans, it cannot itself be tested 
in mdx mice, which carry a mutation in exon 23. Thus, we also searched for AVI 4225, which 
is the mouse homologous compound of eteplirsen. Studies were searched on 19/09/2016 
on PubMed with the string ‘mdx AND ‘(eteplirsen OR avi-4658 OR “avi 4658” OR AVI-4225 
OR “AVI 4225”)’, yielding 2 results; and on Embase with the string ‘(“duchenne muscular 
dystrophic mouse” OR “duchenne muscular dystrophy mouse” OR “mdx mouse” OR “mice, 
inbred mdx” OR “x chromosome-linked muscular dystrophy mouse” OR “x-linked muscular 
dystrophic mouse” OR “x-linked muscular dystrophy mouse”) AND (eteplirsen OR “avi 4658” 
OR avi4658 OR “avi 4225” OR avi-4225 OR etiplersen OR etiplirsen OR exondys OR “exondys 
51”)’, yielding 7 results; which were screened by title and abstract. Of these, one article was 
included in this section. Moreover, when looking at FDA’s Pharmacology Review of eteplirsen, 
four (4) studies are cited on the mdx mouse with eteplirsen’s mouse homologous compound 
AVI-4225 [70]. These four (4) studies were also included in this section, leading to a total of 
fi ve (5) studies.

Results: in general, all studies showed increased dystrophin expression in muscle. Histological 
measures generally improved, including the diaphragm and cardiac function. Muscle strength 
was also reported to have improved in functional measures (e.g. grip or tetanic strength). All 
articles but one were classifi ed as category II. All studies are in line with clinical fi ndings.
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Reporting Quality Risk of Bias

Parameter (N = 5) Y (%) Parameter (N = 5) Y/U (%)

Type of Facility 0.0 Allocation Concealment 0/100
Type of Cage or Housing 20.0 Blinded Outcome Assessment 0/100
Bedding Material 0.0 Blinded Operations 0/100
N Cage Companions 20.0 Random Cage Allocation 0/100
Breeding Programme 60.0 Random Outcome Assessment 0/100
Light/Dark Cycle 20.0 Sequence Generation 0/100
Temperature and Humidity 20.0 Baseline Characteristics 0/100
Quality of the Water (fi sh) - Incomplete Outcome Data 20.0/80.0
Type of Food 0.0 Selective Outcome Reporting 80.0/20.0
Access to Food and Water 40.0 Other 80.0/20.0
Environmental Enrichment 0.0
Any Blinding 0.0
Any Randomisation 20.0
Sample Size 80.0
Sample Size Calculation 0.0
Acclimatisation 0.0
Sex Disclosed 25.0
Male/Female/Both (N = 2) 50/50/0
Background Control -
Background Model -

7.2 Are ineff ective drugs in humans also ineff ective in this model? Score

Two identifi ed drug classes comprise drugs that were tested in humans and failed due to the 
lack of effi  cacy: aminopeptidase and leucine peptidase inhibitors; and myostatin inhibitors.

0.21

7.2.1 Aminopeptidase and leucine peptidase inhibitors: Bestatin [71]

Methodology: studies were searched on 19/09/2016 on PubMed with the string ‘ mdx AND 
(Ubenimex[mesh] OR ubenimex OR “uben 3-amino-2-hydroxy-4-phenylbutyryl-L-leucine” 
OR bestatin OR “bestatin, (D-Leu)-(R-(R*,R*))-isomer” OR “bestatin, (D-Leu)-(R-(R*,S*))-
isomer” OR “bestatin, (D-Leu)-(S-(R*,S*))-isomer” OR “bestatin, (L-Leu)-(R-(R*,R*))-isomer 
OR bestatin, (L-Leu)-(R-(R*,S*))-isomer” OR “bestatin, (L-Leu)-(S-(R*,R*))-isomer” OR 
“bestatin, (L-Leu)-(S-(R*,S*))-isomer, hydrochloride”)’, yielding 1 result; and on Embase with 
the string ‘(“duchenne muscular dystrophic mouse” OR “duchenne muscular dystrophy mouse” 
OR “mdx mouse” OR “mice, inbred mdx” OR “x chromosome-linked muscular dystrophy 
mouse” OR “x-linked muscular dystrophic mouse” OR “x-linked muscular dystrophy mouse”) 
AND (bestatin OR “(3 amino 2 hydroxy 4 phenylbutanoyl) leucine” OR “(3 amino 2 hydroxy 4 
phenylbutyryl) leucine OR bestatine” OR “n (3 amino 2 hydroxy 1 oxo 4 phenylbutyl) leucine” 
OR “nk 421” OR ubenimex)’, yielding 11 results; which were screened by title and abstract. Of 
these, one (1) article was included in this section.

Results: this study found shows an improvement in resting membrane potentials (RMPs), 
which almost attained normal levels. Additionally, administration of bestatin signifi cantly 
reduced the occurrence of electrical myotonia. This article was classifi ed as category I.
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Reporting Quality Risk of Bias

Parameter (N = 1) Y (%) Parameter (N = 1) Y/U (%)

Type of Facility 0.0 Allocation Concealment 0/100
Type of Cage or Housing 0.0 Blinded Outcome Assessment 0/100
Bedding Material 0.0 Blinded Operations 0/100
N Cage Companions 0.0 Random Cage Allocation 0/100
Breeding Programme 0.0 Random Outcome Assessment 0/100
Light/Dark Cycle 0.0 Sequence Generation 0/100
Temperature and Humidity 0.0 Baseline Characteristics 0/100
Quality of the Water (fi sh) - Incomplete Outcome Data 0/100
Type of Food 0.0 Selective Outcome Reporting 100/0
Access to Food and Water 0.0 Other 0/100
Environmental Enrichment 0.0
Any Blinding 0.0
Any Randomisation 0.0
Sample Size 0.0
Sample Size Calculation 0.0
Acclimatisation 0.0
Sex Disclosed 0.0
Male/Female/Both (N = 1) -/-/-
Background Control -
Background Model -

7.2.2 Myostatin inhibitors: Stamulumab [72]

Methodology: studies were searched on 19/09/2016 on PubMed with the string ‘mdx AND 
(“myostatin inhibitor” OR “myostatin inhibitors” OR “inhibition of myostatin” OR “myostatin 
blockade”)’, yielding 33 results; and on Embase with the string ‘(“duchenne muscular 
dystrophic mouse” OR “duchenne muscular dystrophy mouse” OR “mdx mouse” OR “mice, 
inbred mdx” OR “x chromosome-linked muscular dystrophy mouse” OR “x-linked muscular 
dystrophic mouse” OR “x-linked muscular dystrophy mouse”) AND (“myostatin inhibitor” OR 
“myostatin inhibitors” OR “inhibition of myostatin” OR “myostatin blockade”)’, yielding 11 
results; which were screened by title and abstract. Of these, one (1) articles were included 
in this section.

Results: this study reported an increase in body weight, muscle mass, size and absolute 
muscle strength as assessed by the Rota-rod apparat. Moreover, stamulumab decreased 
muscle degeneration and serum CK levels. This article was classifi ed as category I.
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Reporting Quality Risk of Bias

Parameter (N = 1) Y (%) Parameter (N = 1) Y/U (%)

Type of Facility 0.0 Allocation Concealment 0/100
Type of Cage or Housing 0.0 Blinded Outcome Assessment 0/100
Bedding Material 0.0 Blinded Operations 0/100
N Cage Companions 0.0 Random Cage Allocation 0/100
Breeding Programme 0.0 Random Outcome Assessment 0/100
Light/Dark Cycle 0.0 Sequence Generation 0/100
Temperature and Humidity 0.0 Baseline Characteristics 0/100
Quality of the Water (fi sh) - Incomplete Outcome Data 0/100
Type of Food 0.0 Selective Outcome Reporting 100/0
Access to Food and Water 0.0 Other 100/0
Environmental Enrichment 0.0
Any Blinding 0.0
Any Randomisation 0.0
Sample Size 0.0
Sample Size Calculation 0.0
Acclimatisation 100
Sex Disclosed 100
Male/Female/Both (N = 1) 100/0/0
Background Control -
Background Model -

7.3 Have drugs with diff erent mechanisms of action and acting on diff erent pathways been 
tested in this model? If so, which?

Score

Yes, partially. 

Remarks: All the 5 identifi ed mechanisms of action that have been tested in humans have 
also been tested in mdx mice.

4.16

8. ENDPOINT VALIDATION

8.1 Are the endpoints used in preclinical studies the same or translatable to the clinical 
endpoints?

Score

Yes.

Remarks: most functional measurements of functional pathology in mice, such as grip 
strength and treadmill exercise are directly correlated to the functional measurements in 
humans (6-min walking test, ability to stand up without the use of hands etc.).

6.25

8.2 Are the methods used to assess preclinical endpoints comparable to the ones used to 
assess related clinical endpoints?

Score

Yes.

Remarks: See question 8.1.
6.25
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MODEL NAME Golden Retriever Muscular Dystrophy (GRMD) dog

INDICATION Duchenne Muscular Dystrophy

VALIDATION DATE 19.09.2016

TOTAL SUBSECTIONS 33

TOTAL SCORE 65.42

UNCERTAINTY FACTOR (%) 18.2

VALIDATION LEVEL (%) Highly Validated (81.8)

HISTORICAL BACKGROUND

The Golden Retriever Muscular Dystrophy (GRMD) dog was fi rst identifi ed in 1958, but it only started 
to be thoroughly characterised in the 80’s [73,74]. The mutation in the dog dystrophin gene appeared 
spontaneously and it was later characterised by Sharp et al, consisting of a point mutation in exon 
6, which causes the skipping of exon 7 further leading to the expression of the truncated and non-
functional form of dystrophin [75]. Colonies are maintained mostly in academic centres the USA, 
France, Brazil and Australia [6].

A substantial variation in disease severity, such as the lifespan and ambulation ability of diff erent 
colonies has been reported in the literature [76]. This should be considered when interpreting the data 
hereby presented.

1. EPIDEMIOLOGICAL VALIDATION
1.1 Is the model able to simulate the disease in the relevant sexes? Score

Yes, completely

Remarks: most literature published on GRMD dogs reports the use of male animals. DMD 
occurs almost exclusively in males with an incidence of 1 every 3,500 to 6,291 births [9,10]

6.25

 1.2 Is the model able to simulate the disease in the relevant age groups (juvenile, adult or 
ageing)?

Score

Yes, completely

Remarks: DMD is a disease caused by a genetic defect in the dystrophin coding gene. Like 
aff ected boys, GRMD dogs are born with the disease and manifest it in their juvenile phase, 
often dying in early adulthood [9,77–80].

6.25

2. SYMPTOMATOLOGY AND NATURAL HISTORY (SNH) VALIDATION
2.1 Is the model able to replicate the symptoms and co-morbidities commonly present in this 
disease? If so, which ones?

Score

Yes, partially. 2

2.1.1 Symptoms modelled

Reduced grown-up body weight: at birth, no diff erence is seen regarding body weight. 
Starting at 1 month and further at 6 months, it is possible to notice a reduced body weight 
when compared to controls of up to 40% [77].

Reduced lifespan: aff ected dogs live up to ~3 years, a 75% reduction, similar to humans 

Muscle wasting: comparable to humans for most muscles with signifi cant fi bre necrosis, 
fi brosis and progressive degeneration [77,78,81–83].

ECG abnormality: characteristic ECG changes include increased Q/R ratios, decreased PR 
intervals, and frequent ventricular arrhythmias [79].
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Cardiomyopathy: myocardial degeneration, fi brosis and mineralisation alongside with 
decreased cardiac function and congestive heart failure have been reported in GRMD dogs 
[77,84,85].

2.1.2 Symptoms partially modelled

Loss of ambulation: complete loss of ambulation occurs in about 1/3 of GRMD dogs, 
although dogs which maintain ambulation lose mobility considerably. The reason for this is 
probably less related to the disease, but more to the fact that dogs are quadrupeds as was 
suggested that the main reason for the loss of ambulation in humans is more due to the 
diffi  culty in balancing the upper body than lower limbs muscle weakness [77,80,86].

2.1.3 Symptoms not modelled Score

Cognitive and CNS defects: not reported (unclear).

2.2 Is the natural history of the disease similar to humans regarding:

2.2.1 Time to onset; Score

Yes, completely.

Remarks: although GRMD dogs have a somewhat high rate of neonatal death (~25%) 
not seen in either mdx mice or humans [77,78], the fi rst clinical signs appear at 6-9 weeks, 
analogous to humans at 2-4 years [9,79,80].

2.50

2.2.2 Disease progression; Score

Yes, partially.

Remarks: in humans, fi rst symptoms start around 2.5 years, with loss of ambulation around 10 
to 15 years [11–13]. In GRMD dogs, muscular atrophy along with joint involvement (including 
jaw mobility), abnormal gait, decreased respiratory function and cardiomyopathy appears 
at around 6 months of age [9,77,83]. Similar to DMD, there is a honeymoon phase between 
6 and 10 months wherein the disease is relatively stable [9,77,87]. Loss of ambulation is 
infrequent, with only around 1/3 of GRMD dogs losing ambulation completely, although they 
do lose mobility considerably [77,80,86]. 

1.25

2.2.3 Duration of symptoms; Score

Yes, completely.

Remarks: symptoms in DMD are lifelong due to permanent muscle degeneration. In GRMD 
dogs, muscle wasting and degeneration are progressive, leading to permanent damage and 
signifi cantly reduced lifespan like in humans (9).

2.5

2.2.4 Severity. Score

Yes, partially.

Remarks: muscle regeneration in dogs is less prominent than in mice and on par with 
humans, leading to signifi cant muscle degeneration. The overall loss of muscle strength and 
function is strikingly similar to humans, however, the infrequency of loss of ambulation makes 
the manifestation in dogs somewhat less severe than in humans.

1.25
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3. GENETIC VALIDATION
3.1 Does this species also have orthologous genes and/or proteins involved in the human 
disease?

Score

Yes.

Remarks: DMD is caused by the lack of dystrophin, thus the dystrophin gene alongside with 
utrophin (a functional and structural analogue) have been included in this section [31]. The 
dog has orthologous genes for both of them [88,89].

4.17

3.1.1 Dystrophin

The human dystrophin gene (Gene ID: 1756) is the largest gene found in humans measuring 
a total of 2.4 Mb located at Xp21.2-p21.1 [34]. Dystrophin forms parts of the dystrophin-
glycoprotein complex (DGC), responsible for connecting the inner cytoskeleton and the 
extracellular matrix [34]. In dogs, the dystrophin gene (Gene ID: 606758) is located at 
chromosome X [88].

3.1.2 Utrophin

The human utrophin gene (Gene ID: 7402) is located in humans at 6q24.2 [35]. Utrophin 
is a structural and functional analogue to dystrophin, being also present at neuromuscular 
synapses and myotendinous junctions [35]. Utrophin upregulation is thought to be a 
compensation mechanism partially responsible for the milder phenotype in mdx mice [35]. 
In dogs, the utrophin gene (Gene ID: 442965) is located at chromosome 1 [89].

3.2 If so, are the relevant genetic mutations or alterations also present in the orthologous 
genes/proteins?

Score

Yes, partially.

Remarks: DMD is caused by deletions, duplications, small mutations or other smaller 
rearrangements of the gene that codes for dystrophin in chromosome X [31]. In that 
sense, DMD being an X-linked inherited disorder, the GRMD dog has the same aetiology 
(spontaneous mutations) [90]. Nevertheless, GRMD dogs have a point mutation in exon 
6, which causes the skipping of exon 7 leading to the truncated form of dystrophin [75]. 
This is not the case for human patients who have other alterations that lead to dystrophin 
defi ciency.

2.09

3.3 If so, is the expression of such orthologous genes and/or proteins similar to the human 
condition?

Score

Yes, completely. 4.16

3.3.1 Dystrophin

Yes, completely.

Remarks: Like DMD patients, GRMD dogs are dystrophin-defi cient not expressing full-length 
dystrophin [75].

3.3.2 Utrophin

Yes, completely.

Remarks: Utrophin upregulation was reported at the sarcolemma of dystrophic pups and 
adults, like in humans [36,37,91].
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4. BIOCHEMICAL VALIDATION
4.1 If there are known pharmacodynamic (PD) biomarkers related to the pathophysiology of 
the disease, are they also present in the model?

Score

Yes, completely.

Remarks: high levels of creatine kinase (CK) – a marker of muscle damage, with the muscle-
type variants being predominant in plasma are also present in GRMD dogs [38,82,92–94]. 
Pyruvate Kinase (PK) is also used as a marker of muscle damage and it is present at high 
levels in DMD boys, however, it has secondary importance (and it is considerably less reliable 
as a biomarker than CK) as a tracker of disease progression [38]. It is included here for 
information purposes. It is not clear whether GRMD dogs have high levels of PK.

3.13

4.2 Do these PD biomarkers behave similarly to humans’? Score

Yes, completely.

Remarks: CK levels are increased in GRMD dogs, like in humans [38,82,92–94]. There is no 
information on PK levels in the literature searched.

3.13

4.3 If there are known prognostic biomarkers related to the pathophysiology of the disease, 
are they also present in the model?

Score

N/A.

Remarks: Currently, DMD has no prognostic biomarker which is validated and widely used 
in clinical practice. Many biomarkers are still under exploratory phase. A list of biomarkers 
being explored can be found in the supplementary material from Guiraud et al, 2015 and in 
the paper from Hathout et al, 2016 [39,40]

-

4.4 Do these prognostic biomarkers behave similarly to humans’? Score

N/A.

5. AETIOLOGICAL VALIDATION

5.1 Is the aetiology of the disease similar to humans’? Score

Yes, partially.

Remarks: DMD is caused by deletions, duplications, small mutations or other smaller 
rearrangements of the gene that codes for dystrophin in chromosome X [31]. In that 
sense, DMD being an X-linked inherited disorder, the GRMD dog has the same aetiology 
(spontaneous mutations) [90]. Nevertheless, GRMD dogs have a point mutation in exon 
6, which causes the skipping of exon 7 leading to the truncated form of dystrophin [75]. 
This is not the case for human patients who have other alterations that lead to dystrophin 
defi ciency.

6.25

6. HISTOLOGICAL VALIDATION
6.1 Do the histopathological structures in relevant tissues resemble the ones found in 
humans?

Score

Yes, partially. 8.33

6.1.1 Histopathological features modelled

Muscle regeneration: existent but in similar intensity as humans, being unable to outpace 
the increasing muscle necrosis [78,81,92,95,96].
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6.1.2 Histopathological features partially modelled

Limb muscle fi brosis: progressive as seen in the human disease, but tend to plateau in adult 
life [77,78,81,82,84,92,95,96]

Adipose tissue: fatty infi ltration of muscle is less profound in GRMD dogs than in man, 
sometimes not being evident [77,79,81].

7. PHARMACOLOGICAL VALIDATION

7.1 Are eff ective drugs in humans also eff ective in this model? Score

0.58

7.1.1 Glucocorticosteroids

7.1.1.1 Prednisone [55,97,98]

Methodology: studies were searched on 15/09/2016 on PubMed with the string ‘(GRMD 
OR “golden retriever muscular dystrophy”) AND (Prednisone[mesh] OR prednisone OR 
Apo-Prednisone OR Cortan OR Cortancyl OR Cutason OR Dacortin OR Decortin OR 
Decortisyl OR Dehydrocortisone OR Deltasone OR Encorton OR Encortone OR Enkortolon 
OR Kortancyl OR “Liquid Pred” OR Meticorten OR Orasone OR Panafcort OR Panasol OR 
Predni Tablinen OR Prednidib OR Predniment OR Prednison Acsis OR “Prednison Galen” OR 
“Prednison Hexal” OR Pronisone OR Rectodelt OR Sone OR Sterapred OR Ultracorten OR 
Winpred OR delta-Cortisone)’, yielding 4 results; and on Embase with the string ‘(GRMD OR 
“golden retriever muscular dystrophy”) AND (prednisone OR “1, 2 dehydrocortisone” OR 
“17, 21 dihydroxypregna 1, 4 diene 3, 11, 20 trione” OR ancortone OR apo-prednisone OR 
biocortone OR colisone OR cortan OR cortidelt OR cortiprex OR cutason OR dacorten OR “de 
cortisyl” OR decortancyl OR decortin OR “decortin e merck” OR decortine OR decortisyl OR 
dehydrocortisone OR dekortin OR delitisone OR “dellacort a” OR “delta 1 dehydrocortisone” 
OR “delta cortelan” OR “delta cortisone” OR “delta dome” OR “delta e” OR “delta prenovis” 
OR delta-dome OR deltacorten OR deltacortene OR deltacortisone OR deltacortone OR 
deltasone OR deltison OR deltisona OR deltra OR “di adreson” OR di-adreson OR diadreson 
OR drazone OR encorton OR encortone OR enkorton OR fernisone OR hostacortin OR insone 
OR “liquid pred” OR lodotra OR me-korti OR meprison OR metacortandracin OR meticorten 
OR meticortine OR nisona OR “nsc 10023” OR nsc10023 OR orasone OR orisane OR panafcort 
OR paracort OR pehacort OR precort OR precortal OR prednicen-m OR prednicorm OR 
prednicot OR prednidib OR prednison OR “prednisone alcohol” OR “prednisone intensol” 
OR “prednisone test” OR prednitone OR “pregna 1, 4 diene 3, 11, 20 trione 17, 21 diol” OR 
pronison OR pronisone OR pronizone OR pulmison OR rayos OR rectodelt OR servisone OR 
steerometz OR sterapred OR “sterapred ds” OR ultracorten OR urtilone OR winpred), yielding 
6 results; which were screened by title and abstract. Of these, 3 articles were included in this 
section.

Results: the only study which investigated functional outcomes showed mixed results. High-
dose prednisone increased fi bre calcifi cation and necrosis, and maximal isomeric tibiotarsal 
extension strength while paradoxically decreasing maximal isomeric fl exion strength. No 
statistically signifi cant diff erence between treatment groups and untreated GRMD dogs was 
found regarding joint contracture, muscle hypertrophy. In the other studies, prednisone was 
shown to increase α7-integrin, laminin- α2 and γcyto actin expression. Two (2) articles were 
classifi ed as category I and one (1) as category II. The latter is partially in line with clinical 
fi ndings.
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Reporting Quality Risk of Bias

Parameter (N = 3) Y (%) Parameter (N = 3) Y/U (%)

Type of Facility 0.0 Allocation Concealment 0/100
Type of Cage or Housing 0.0 Blinded Outcome Assessment 0/100
Bedding Material 0.0 Blinded Operations 0/100
N Cage Companions 0.0 Random Cage Allocation 0/100
Breeding Programme 100 Random Outcome Assessment 0/100
Light/Dark Cycle 0.0 Sequence Generation 0/100
Temperature and Humidity 0.0 Baseline Characteristics 0/100
Quality of the Water (fi sh) - Incomplete Outcome Data 0/100
Type of Food 0.0 Selective Outcome Reporting 100/0
Access to Food and Water 0.0 Other 33.3/0
Environmental Enrichment 0.0
Any Blinding 33.3
Any Randomisation 0.0
Sample Size 100
Sample Size Calculation 33.3
Acclimatisation 0.0
Sex Disclosed 33.3
Male/Female/Both (N = 1) 0/0/100
Background Control -
Background Model -

7.1.1.2 Defl azacort

Methodology: studies were searched on 15/09/2016 on PubMed with the string ‘GRMD OR 
“golden retriever muscular dystrophy” AND defl azacort’, yielding no results; and on Embase 
with the string ‘(GRMD OR “golden retriever muscular dystrophy”) AND (defl azacort OR “9 
defl uorofl uazacort” OR azacort OR calcort OR defl an OR defl uorofl uazacort OR “dl 458” 
OR “dl 458 it” OR “dl 458it” OR “dl 5458” OR dl458 OR dl458it OR dl5458 OR emfl aza OR 
fl antadin OR “fl uazacort, difl uoro” OR rosilar), yielding 1 result; which was screened by title 
and abstract. This article was not included in this section.

7.1.2 Read-through compound: Ataluren

Methodology: studies were searched on 15/09/2016 on PubMed with the string ‘searched 
on PubMed with the string ‘GRMD OR “golden retriever muscular dystrophy” AND (ptc124 
OR ataluren)’, yielding no results; and on Embase with the string ‘(GRMD OR “golden retriever 
muscular dystrophy”) AND (“3 [5 (2 fl uorophenyl) 1, 2, 4 oxadiazol 3 yl] benzoic acid” OR “3 [5 
(2 fl uorophenyl) [1, 2, 4] oxadiazol 3 yl] benzoic acid” OR “ataluren sodium” OR “ptc 124” OR 
ptc124 OR translarna), yielding 1 result; which was screened by title and abstract. This article 
was not included in this section.

7.1.3 Exon skipping: Eteplirsen

Methodology: studies were searched on 19/09/2016 on PubMed with the string ‘GRMD OR 
“golden retriever muscular dystrophy” AND ‘(eteplirsen OR avi-4658 OR “avi 4658” OR AVI-
4225 OR “AVI 4225”)’’, yielding no results; and on Embase with the string ‘(GRMD OR “golden 
retriever muscular dystrophy”) AND (“3 [5 (2 fl uorophenyl) 1, 2, 4 oxadiazol 3 yl] benzoic 
acid” OR “3 [5 (2 fl uorophenyl) [1, 2, 4] oxadiazol 3 yl] benzoic acid” OR “ataluren sodium” 
OR “ptc 124” OR ptc124 OR translarna), yielding no results.



142

|

C
hapter 3

3

7.2 Are ineff ective drugs in humans also ineff ective in this model? Score

 Two identifi ed drug classes comprise drugs that were tested in humans and failed due to the 
lack of effi  cacy: aminopeptidase and leucine peptidase inhibitors; and myostatin inhibitors.

0.42

7.2.1 Aminopeptidase and leucine peptidase inhibitors: Bestatin

Methodology: studies were searched on 19/09/2016 on PubMed with the string ‘(“golden 
retriever muscular dystrophy” OR GRMD) AND (Ubenimex[mesh] OR ubenimex OR “uben 
3-amino-2-hydroxy-4-phenylbutyryl-L-leucine” OR bestatin OR “bestatin, (D-Leu)-(R-
(R*,R*))-isomer” OR “bestatin, (D-Leu)-(R-(R*,S*))-isomer” OR “bestatin, (D-Leu)-(S-
(R*,S*))-isomer” OR “bestatin, (L-Leu)-(R-(R*,R*))-isomer OR bestatin, (L-Leu)-(R-(R*,S*))-
isomer” OR “bestatin, (L-Leu)-(S-(R*,R*))-isomer” OR “bestatin, (L-Leu)-(S-(R*,S*))-isomer, 
hydrochloride”)’, yielding no results; and on Embase with the string ‘(GRMD OR “golden 
retriever muscular dystrophy”) AND (bestatin OR “(3 amino 2 hydroxy 4 phenylbutanoyl) 
leucine” OR “(3 amino 2 hydroxy 4 phenylbutyryl) leucine; bestatine” OR “n (3 amino 2 
hydroxy 1 oxo 4 phenylbutyl) leucine” OR “nk 421” OR ubenimex), yielding no results.

7.2.2 Myostatin inhibitors: Stamulumab

Methodology: studies were searched on 19/09/2016 on PubMed with the string ‘(“golden 
retriever muscular dystrophy” OR GRMD) AND (stamulumab OR “myo 029” OR myo029)’, 
yielding no results; and on Embase with the string ‘(GRMD OR “golden retriever muscular 
dystrophy”) AND (stamulumab OR “myo 029” OR myo029), yielding no results.

7.3 Have drugs with diff erent mechanisms of action and acting on diff erent pathways been 
tested in this model? If so, which?

Score

Yes, partially. 

Remarks: only one category II study in GRMD dogs with a glucocorticosteroid – prednisone 
– has been published so far, evidencing the lack of characterisation of this model regarding 
the other 4 drug classes identifi ed.

0.83

8. ENDPOINT VALIDATION
8.1 Are the endpoints used in preclinical studies the same or translatable to the clinical 
endpoints?

Score

Yes.

Remarks: the endpoints used in the only preclinical study measured the strength of fl exion 
and extension, which can be considered a proxy of muscle strength.

6.25

8.2 Are the methods used to assess preclinical endpoints comparable to the ones used to 
assess related clinical endpoints?

Score

No.

Remarks: the measure of strength for both extension and fl exion was taken in anesthetised 
dogs, in which fl exion or extension was caused by electrical stimulation of muscles. DMD 
boys must run a certain distance or perform certain tasks (e.g. get up the fl oor without using 
hands) while being awake and fully aware of the tasks.

0
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Abstract

Previous qualitative research has suggested there are only minor differences between 
the db/db mouse and the Zucker Diabetic Fatty (ZDF) rat, both animal models of 
type 2 diabetes. However, it is not known whether these models are also comparable 
regarding drug response in quantitative terms (effect size). To investigate the extent 
of these differences, we conducted a systematic review and meta-analysis of 
approved drugs in these models. We searched on PubMed and Embase on 3.7.2019 
for studies including either model, a monotherapy arm with an EMA/FDA approved 
drug for the treatment of type 2 diabetes, HbA1c assessment and a control group. 
Studies aimed at diabetes prevention or with surgical interventions were excluded. 
We calculated the Standardised Mean Difference (SMD) to compare effect sizes 
(HbA1c reduction) per drug and drug class across models. We included a risk of bias 
assessment for all included publications. A total of 121 publications met our inclusion 
criteria. For drugs with more than two comparisons, both models predicted the 
direction of the effect regarding HbA1c levels. There were no differences between 
the db/db mouse and ZDF rat, except for exenatide (P = 0.02) and GLP-1 agonists 
(P = 0.03) in which a larger effect size was calculated in the ZDF rat. Our results 
indicate the differences between the db/db mouse and ZDF rat are not relevant for 
preliminary efficacy testing. This methodology can be used to further differentiate 
between animal models used for the same indication, facilitating the selection of 
models more likely to predict human response.

Keywords: animal model; drug development; type 2 diabetes; translational 
research; systematic review; meta-analysis
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 Introduction

The high attrition rate in drug development has been a topic of debate for over a 
decade (1). One of the reasons suggested for such low odds to reach the market 
is the poor translation of animal to clinical data (1,2). Efficacy is the leading cause 
of failure for more than half of all drugs in development, followed by commercial 
reasons and safety (3,4).

For type 2 diabetes, the success rate is particularly low: 9.3% – lower than neurology 
(9.4%) and the average of all indications (10.4%) (3). Thirty-three (33) drugs have 
been approved so far by the European Medicines Agency (EMA) and the Food 
and Drug Administration (FDA) to treat type 2 diabetes. Nevertheless, given the 
prevalence and socioeconomic cost of type 2 diabetes, which affects 32.7 million 
people in EU and is projected to affect 629 million worldwide by 2045, the quest for 
new treatments is far from completed (5,6).

To address the issue of poor translational of preclinical data, we previously 
developed the Framework to Identify Models of Disease (FIMD), a question-based 
approach to assess, compare and validate animal models of disease (7,8). In FIMD’s 
pilot study, we included two of the most commonly used models in type 2 diabetes 
drug development: the db/db mouse and the Zucker Diabetic Fatty (ZDF) rat. While 
both present a mutation in the leptin receptor gene, the ZDF rat also has a defect in 
β-cell transcription that contributes to the diabetic phenotype (9).

The preliminary validation in FIMD’s pilot study showed that, qualitatively, there 
are only minor differences between the two type 2 diabetes models: they scored 
virtually the same in all but one domain (Epidemiology, Symptomatology and 
Natural History, Biochemistry, Aetiology, Histology, Pharmacology and Endpoints). 
The only exception was the Genetics domain, in which the ZDF rat scored higher 
than the db/db mouse not because it mimics this aspect of type 2 diabetes more 
closely, but because there were not as much data available in the literature for the 
db/db mouse. These results are corroborated by a high similarity factor of almost 
90%, a measure of how often questions got the same response in both models.

In this article, we go a step further and conducted a systematic review and meta-
analysis to crosscheck the extent of these (dis)similarities in a quantitative fashion. 
By comparing the effect sizes of different glucose-lowering approved drugs and drug 
classes on each model, we can provide additional validation for FIMD’s ability to 
differentiate between models in the same indication. We selected the glycosylated 
haemoglobin A1c (HbA1c) as our primary outcome because it correlates with blood 
glucose from the previous eight to twelve weeks, and it is the most reliable endpoint 
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for the assessment of the efficacy of new glucose-lowering drugs according to EMA 
and FDA (10–13). Additionally, this systematic review can substantiate the basis 
for a more quantitative approach to discriminate between animal models in any 
therapeutic area.

Material and Methods

We conducted this systematic review and meta-analysis according to the protocol 
registered in advance on PROSPERO (https://www.crd.york.ac.uk/PROSPERO/) 
with ID CRD42019141896.

Search Strategy and Paper Selection

We searched PubMed and Embase on 3.7.2019 for studies investigating the effect 
of glucose-lowering therapy on HbA1c in db/db mice and ZDF rats. We designed a 
comprehensive search strategy using three search components (model, indication 
and drugs), which are detailed in Supporting Information S18. There were no language 
nor date restrictions. We included studies 1) conducted in either the db/db mouse 
(C57BLKS/J background or undisclosed) or ZDF rat; 2) that included at least one drug 
approved up to 3.7.2019 by EMA or FDA to treat type 2 diabetes as monotherapy; 3) 
using a placebo control; 4) that reported the effect of the monotherapy on HbA1c. 
We excluded reviews, in silico, in vitro, ex vivo, and clinical studies; and papers on 
diabetes prevention or with any surgical procedure.  We excluded papers that did 
not report the db/db mouse’s background strain but used C57BL/6J littermates or 
controls, since this background is associated with only mild diabetic symptoms, such 
as transient hyperglycaemia (14). GSF and DVG independently screened articles by 
title and abstract using Rayyan — a web and mobile app for systematic reviews (15). 
The selected papers were then read in full-text, and studies which met all inclusion 
but no exclusion criteria were included. Any divergences were solved by consulting 
CH as a third reviewer. We removed duplicates with Rayyan.

Study Characteristics and Data Extraction

GSF and DVG independently extracted the first author, publication year, animal 
model, background strain, sex, age at the start of treatment, age at the end of 
treatment, treatment duration, intervention(s), formulation (if available), route 
of administration, dose, baseline HbA1c (if available), endpoint HbA1c, standard 
deviation (S.D.) or standard error of the mean (S.E.M.), and number of animals in 
each study arm. The age at the start of the treatment was calculated by adding the 

8  Available online at https://doi.org/10.1016/j.ejphar.2020.173153.
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acclimatisation period to the age at the time of arrival. The age at the end of the 
treatment was calculated by adding the treatment duration to the age at the start of 
the treatment. When drugs were dosed less often than daily, we calculated the daily 
dose by dividing the dose by the interval (in days) between doses. If only graphical 
data were available, we used a digital ruler to extract the numerical values for the 
relevant data points whenever possible (16). If the S.D./S.E.M. was not visible, we 
measured the distance from the middle of the datapoint object (e.g. circle, diamond) 
to its edge to obtain a conservative estimate. If the study characteristics relevant 
for the planned meta-analysis were missing (endpoint HbA1c, S.D./S.E.M. or the 
number of animals), we contacted the corresponding authors. After two weeks, if 
no response was received, we sent a reminder. If the corresponding address was not 
valid or if the authors did not reply after a month, we excluded the study from the 
meta-analysis.

Assessment of Methodological Quality and Risk of Bias

GSF and DVG independently performed the quality assessment using SYRCLE’s risk 
of bias tool (17). A ‘Yes’ (Y) indicates a low risk of bias, while a ‘No’ (N) indicates a 
high risk of bias in a specific domain. Whenever there was not enough information 
to evaluate the risk of a particular bias, we used ‘Unclear’ (U). In an attempt to get 
a more nuanced picture, we added two reporting parameters to our risk of bias 
assessment: blinding and randomisation at any level. For these topics, a ‘Yes’ (Y) 
means the authors mentioned either blinding or randomisation.

Data Synthesis and Statistical Analysis

Data were analysed using the Comprehensive Meta-Analysis software (CMA version 
2.0). We converted S.E.M. to S.D. using the formula below for both the control and 
treatment groups:

×S.D.=S .E .M. n

 If the same control group served more than one treatment group, we divided the 
number of control animals by the total number of groups. If the number of animals 
was reported as a range (e.g. 8-11), we used the lowest number (8). We calculated 
the Standardised Mean Difference (SMD) per model for each drug. The SMD is the 
result of the difference between the mean from the experimental and control groups 
divided by their pooled standard deviation. Despite the anticipated heterogeneity, 
the individual drug effect sizes were pooled to obtain an overall SMD and 95% 
confidence interval for all drug classes for which HbA1c levels were available for 
more than one drug. We used the random-effects model, which considers the 
precision of individual studies and the variation between studies, weighting each 
study accordingly.
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Subgroup analyses were pre-defined in the protocol and performed to assess the 
influence of variables on the effect size. The results from subgroup analyses were 
only interpreted when subgroups contained at least three independent studies or 
five comparisons. We planned subgroup analysis for age at the start and end of 
treatment, treatment duration, route of administration, dose, and risk of bias. We 
performed the meta-analysis for each drug and drug class per model as a subgroup 
analysis. We calculated the extent of heterogeneity using I², which describes the 
variance that we can assign to the differences between studies (18).

Publication Bias

We assessed the publication bias via visual assessment of a funnel plot, Duval and 
Tweedie’s ‘trim and fill’ analysis, and Egger’s regression analysis for drugs with more 
than ten studies per model. Because SMDs may cause funnel plot distortion, we 
plotted the SMD against a sample size-based precision estimate:

1
n

Whenever we performed multiple comparisons, we used the Holm-Bonferroni 
method to correct for it.

Sensitivity Analysis

Although subgroup analyses are only exploratory, we investigated the differences 
between subgroups using sensitivity analysis. We excluded the studies with the 
characteristic(s) thought to explain these differences to verify whether the results 
were robust.

Results

We made a few divergences from the pre-registered protocol. Initially, we planned 
to calculate the Weighted Mean Difference (WMD) because we expected all articles 
to report HbA1c in the percentage of total haemoglobin. However, some studies 
reported the HbA1c in other units (e.g. ng/ml or mmol/L). Also, calculating the SMD 
instead of the WMD allows for a better interpretation given the high heterogeneity 
usual for animal research. 

We expected to conduct subgroup analysis of the route of administration, treatment 
duration, age at the start and end of treatment, dose and risk of bias. Most drugs 
were administered via the same route, and therefore, a subgroup analysis was no 
longer warranted. Since the age at the end of the treatment was dependent on 
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the age when animals started receiving the intervention and treatment duration, 
it would not add any additional information. We also excluded the dose from 
subgroup analysis as it was highly variable in terms of the order of magnitude for 
the drugs that had enough references/comparisons to be eligible. We could not 
assess the risk of bias for the vast majority of studies. Thus, we opted not to perform 
a subgroup analysis of any of the risk of bias parameters. At first, we also did not 
expect a sensitivity analysis would be necessary. Nonetheless, since we found 
significant differences between subgroups, we conducted a sensitivity analysis in an 
attempt to explain these differences.

Study Selection Process

The search on PubMed and Embase retrieved 3,427 and 4,914 publications, 
respectively (8,341 total). After removal of duplicates, 5,405 abstracts were assessed 
(35.2% duplicates), and 1,073 were selected for full-text assessment. A total of 121 
publications (163 comparisons) met our inclusion criteria. The PRISMA flowchart is 
shown in Fig 1.

Duplicates 
(2,936)

Excluded 
(4,332)

- No HbA1c assessment (423)
- Another T2D model (401)
- Review; Ex vivo study; In vitro study; 

Clinical study; In silico study (47)
- No access (36)
- No monotherapy arm with an EMA/FDA 

T2D approved drug (29)
- Prevention study; Surgical Intervention 

(16)

PubMed (3,427) + Embase (4,914)
Total (8,341)

Abstract Screening 
(5,405)

Included in qualitative synthesis 
(121)

Full-Text Assessment 
(1,073)

Included in quantitative synthesis 
(118)

FIGURE 1 | Flowchart of the study selection process.
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Study Characteristics

We provide a table with the individual study characteristics in Supporting Information 
S29. The majority of the included publications used the db/db mouse (n=69) while the 
ZDF rat was used in 52 publications. Authors mentioned the background of the db/
db mouse in 71% of articles (n=69). We retrieved at least one study for 17 approved 
drugs (acarbose, alogliptin, canagliflozin, colesevelam, dapagliflozin, dulaglutide, 
empagliflozin, exenatide, glibenclamide, glimepiride, linagliptin, liraglutide, 
metformin, pioglitazone, rosiglitazone, sitagliptin, vildagliptin). The five drugs with 
the most comparisons (n=163) included across both models were exenatide (34), 
rosiglitazone (30), liraglutide (21), metformin (16), and pioglitazone (15).

The majority of comparisons used male animals (88.3%, n=163), followed by 
unspecified sex (7.4%) and females (7.4%). Over half of the experiments (67.5%) 
were performed in animals during the development of diabetes (defined as 4-8 
weeks for the db/db mouse and 6-12 weeks for the ZDF rat (19,20). Since there 
was one study with rats aged five weeks with a similar magnitude of the effect, we 
included it in the ‘developing diabetes’ group. The treatment duration varied from 2 
to 28 weeks, with most treatments lasting from 4.1 to 12 weeks (59.5%) followed by 
the shortest durations <4 weeks (31.9%). The most frequent routes of administration 
were oral (62%) and subcutaneous (32.5%).

Study Quality and Risk of Bias

The results of the risk of bias evaluation are presented in Fig 2. No studies mentioned 
blinding at any level, while 43% (n=121) reported randomisation somehow. There 
was no report of allocation concealment, blinded outcome assessment, blinded 
operations or random outcome assessment. The vast majority of publication could 
not be assessed for random cage allocation or sequence generation (98.3% and 
97.5%, respectively). Animal groups were controlled for baseline characteristics 
(e.g. glycaemia) in only 21.5% of studies. More than half of the articles (52.9%) 
did not report/justify whether the number of animals was the same before and 
after the experiment was completed. All studies reported HbA1c levels for all 
groups mentioned in the methods section. In two cases, we identified an additional 
source of bias: the first reported significantly different starting HbA1c levels across 
treatment groups and the second did not replicate the same treatment procedure in 
the control and experimental groups.

9  Available online at https://doi.org/10.1016/j.ejphar.2020.173153.
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0,0 0,2 0,4 0,6 0,8 1,0

High Unclear Low

OTHER

SELECTIVE OUTCOME REPORTING

INCOMPLETE OUTCOME DATA

SEQUENCE GENERATION

RANDOM OUTCOME ASSESSMENT

RANDOM CAGE ALLOCATION

BLINDED OPERATIONS

BLINDED OUTCOME ASSESSMENT

BASELINE CHARACTERISTICS

ALLOCATION CONCEALMENT

FIGURE 2 | Results of the risk of bias assessment (n=121) according to the SYRCLE Risk of Bias Tool.

Meta-Analysis of Glucose-Lowering Effect on HbA1c

Due to missing data, we excluded three papers (21–23) from the meta-analysis. The 
remaining 118 studies containing 163 comparisons were included. Table 1 shows 
the results of the meta-analysis for individual drugs and drug classes (whenever 
data for two or more drugs were available) for both models.

Empagliflozin, exenatide, liraglutide, metformin, pioglitazone, rosiglitazone and 
sitagliptin reduced the HbA1c levels in both models. The following drugs did not reach 
statistical significance but had at most two studies: glimepiride and vildagliptin (db/
db mouse); and colesevelam, dapagliflozin, glimepiride, glipizide and vildagliptin 
(ZDF rat).

In the db/db mouse, the highest SMD was from acarbose (-4.65 [-9.13, -0.16], n=3, 
I² = 94%), followed by rosiglitazone (-3.88 [-4.70, -3.06], n=25, I² = 84%). Starting 
the treatment during the time in which mice were developing diabetes (4-8 weeks, 
-2.58 [-3.04, -2.12], n=56, I² = 84%) had a larger effect size than the ones starting 
after diabetes was established (older than eight weeks, -1.68 [-2.19, -1.17], n=23, I² 
= 79%) with P = 0.01. A longer treatment duration was also associated with a higher 
effect size: -2.88 [-3.43, -2.33, n=50, I² = 88%] (4.1-12 weeks) when compared to the 
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shortest duration (0-4 weeks): -1.74 [-2.07, -1.41], n=29, I² = 51%), P = 0.001. There 
was no difference between sexes (P = 0.09).

TABLE 1 | Standardised Mean Differences (SMDs) per drug, drug class, and animal model.

Drug/Drug Class

Db/db mouse ZDF rat

Comparison
SMD (CI 95%)

References 
(Comparisons)

SMD (CI 95%)
References 

(Comparisons)

α-Glucosidase 
Inhibitors
Acarbose -4.65 [-9.13, -0.16] 3 (3)

Biguanides

Metformin -1.44 [-2.36, -0,52] 8 (8) -2.16 [-2.92, -1,40] 8 (8) P = 0.25

Bile Acid-Binding 
Resins

Colesevelam 1.56 [0.92, 2.20] 1 (1)

DPP-IV Inhibitors -0.81 [-1.52, -0.11] 9 (9) -1.11 [-1.47, -0.75] 9 (9) P = 0.53

Alogliptin -0.64 [-1.27, -0.02] 3(3)

Linagliptin -1.75 [-3.50, -0.001] 2 (2)

Sitagliptin -1.09 [-1.92, -0.27] 2 (2) -1.36 [-1.79, -0.94] 7 (7)

Vildagliptin -0.11 [-2.08, 1.86] 2 (2) -0.53 [-1.44, 0.37] 2 (2)

GLP-1 Agonists -1.49 [-1.94, -1.04] 18 (20) -2.23 [-2.73, -1.74] 19 (38) P = 0.03

Dulaglutide -1.53 [-2.77, -0.28] 1 (3)

Exenatide -1.15 [-1.79, -0.52] 9 (11) -2.32 [-3.01, -1.63] 11 (23) P = 0.046

Liraglutide -1.87 [-2.42, -1.32] 9 (9) -2.42 [-3.35, -1,50] 8 (12) P = 0.32

SGLT-2 Inhibitors -2.70 [-3.64, -1.76] 4 (6) -3.37 [-4.43, -2.32] 7 (12) P = 0.36

Canaglifl ozin -5.59 [-6.91, -4,27] 2 (4)

Dapaglifl ozin -2.87 [-4.43, -1,32] 2 (4) -3.93 [-8.46, 0.60] 2 (2)

Empaglifl ozin -2.55 [-3.50, -1.59] 2 (2) -2.23 [-3.37, -1.09] 3 (6)

Sulphonylureas -1.03 [-2.81, 0.75] 2 (2)

Glibenclamide -0.23 [-1.09, 0.62] 1 (1)

Glimepiride -0.94 [-2.13, 0.25] 2 (2) -2.07 [-3.63, -0.51] 1 (1)

Thiazolidinediones -3.63 [-4.29, -2.98] 28 (33) -3.98 [-5.38, -2.59] 12 (12) P = 0.74

Pioglitazone -3.05 [-4.04, -2.06] 8 (8) -3.10 [-4.69, -1.51] 7 (7) P = 0.84

Rosiglitazone -3.88 [-4.70, -3.06] 20 (25) -5.19 [-7.92, -2.47] 5 (5) P = 0.37

CI – confidence interval; DPP-IV - Dipeptidyl Peptidase-4; ES – effect size; GLP-1 – Glucagon-Like 
Peptide-1; SGLT-2 – Sodium/Glucose Cotransporter-2.
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In the ZDF rat, canagliflozin had the largest point estimate (-5.59 [-6.91, -4,27], n=4, 
I² = 0%), also followed by rosiglitazone (-5.19 [-7.92, -2.47], n=5, I² = 88%). There 
was no significant difference in effect size for all other characteristics: age at the 
start of the treatment (P = 0.47), treatment duration (P = 1) or sex (P = 0.72).

The limited number of studies per drug (three independent references or five 
comparisons) only allowed the comparison of exenatide, liraglutide, metformin, 
pioglitazone and rosiglitazone between models. Although all five drugs showed a 
more substantial HbA1c reduction in the ZDF rat compared to the db/db mouse, 
only for exenatide was this difference statistically significant (P = 0.02).

We calculated pooled SMDs for DPP-IV inhibitors, GLP-1 agonists, SGLT-2 inhibitors, 
sulphonylureas and thiazolidinediones. In the db/db mouse, all drug classes 
effectively reduced the HbA1c levels, the thiazolidinediones showed the largest 
effect (-3.63 [-4.29, -2.98], n=33, I² = 81%). In the ZDF rat, sulphonylureas was 
the only class not to impact HbA1c (-0.40 [-1.13, 0.33], n=4, I² = 47%) while the 
thiazolidinediones also caused the greatest reduction (-3.98 [-5.38, -2.59], n=12, I² 
= 88%). The differences in drug classes between models were negligible, except for 
GLP-1 agonists with P = 0.03.

Sensitivity Analysis

We explored the differences between the subgroups in the db/db mouse. Since the 
effect sizes of thiazolidinediones (pioglitazone and rosiglitazone) were significantly 
higher, and they were more prevalent in the db/db mouse, we investigated whether 
they were skewing the meta-analysis results. When we removed all studies that used 
thiazolidinediones, we found no differences in age groups (P = 0.69) nor treatment 
duration (P = 0.38).

Publication Bias

We assessed the publication bias with a funnel plot and Duval and Tweedie’s ‘trim 
and fill’. Only exenatide for the ZDF rat and rosiglitazone for the db/db mouse could 
be assessed as individual drugs (more than 10 comparisons). Publication bias of 
GLP-1 agonists and thiazolidinediones were assessed for both models while SGLT-2 
inhibitors were assessed only for the ZDF rat. We found no evidence of publication 
bias (Table 2).
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TABLE 2 | results from the publication bias funnel plot and ‘trim and fill’ analysis.

Drug Model Egger Regression p-value Imputed (trim and fi ll)

Exenatide ZDF rat 0.27 0

Rosiglitazone Db/db mouse 0.76 0

Drug Class Egger Regression p-value Imputed (trim and fi ll)

GLP-1 Agonists Db/db mouse 0.85 0

GLP-1 Agonists ZDF rat 0.06 0

SGLT-2 Inhibitors ZDF rat 0.29 0

Thiazolidinediones Db/db mouse 0.74 0

Thiazolidinediones ZDF rat 0.94 1

GLP-1 – Glucagon-Like Peptide-1; SGLT-2 – Sodium/Glucose Cotransporter-2.

Discussion

There are over 30 animal models for type 2 diabetes reported in the literature, and 
selecting which is the adequate choice to test the preliminary efficacy of new drugs 
can be challenging (24). Although conducting a systematic review and meta-analysis 
of animal studies is not new, this is the first report of the use of this methodology to 
compare diabetes models’ ability to predict human efficacy. The systematic reviews 
and data syntheses published so far focus on investigating a specific intervention 
or occurrence of adverse events rather than on the models themselves (e.g. (25–
27)). The most advanced approach so far was published by Varga and colleagues 
who presented an innovative method to estimate the predictive validity of animal 
experiments using rosiglitazone (28). However, their approach covered a small 
set of publications and did not investigate the risk of bias nor differences between 
methodologies used in animal and clinical studies. As such, while this method has 
several merits, it does not consist of a robust way to compare animal models.

FIMD’s pilot study research indicated there are only minor differences between 
the db/db mouse and the ZDF rat, which was expected given the similarity of the 
aetiologies in both models (7). FIMD assesses models based on eight domains: 
epidemiology, symptomatology and natural history, genetics, biochemistry, 
aetiology, histology, pharmacology and endpoints. In two of these domains, genetics 
(related to genes, genetic alterations and expression) and pharmacology (related 
to the response to effective and ineffective drugs), the scarcity of studies prevented 
any further statement as to whether these models are potentially equivalent.

In this systematic review and meta-analysis, we evaluated these differences 
quantitively by assessing the effect of approved drugs on HbA1c levels. Both models 
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were able to predict the direction of the effect seen in humans for all approved 
drugs with more than two comparisons. Although effect sizes were larger in ZDF rats 
compared to db db mice for all drugs, we only found this difference to be significant 
for exenatide (P = 0.02). Regarding drug classes, the results are similar: only GLP-1 
agonists were significantly different, primarily driven by exenatide (P = 0.03). Since 
such dissimilarities were not found for liraglutide, it is unlikely that they are caused 
by class-specific effects. It is possible ZDF rats are more sensitive to exenatide (drug-
specific effect), but additional experiments are needed for confirmation.

In the db/db mouse – but not in the ZDF rat, a higher SMD was calculated for 
publications which started the treatment earlier and had longer treatment durations. 
These results could be explained by the higher use of thiazolidinediones – the drug 
class with more than one drug with the highest effect size – in all categories with 
larger effect sizes. We, therefore, conducted a sensitivity analysis and demonstrated 
that when the thiazolidinediones are excluded, all the above-mentioned subgroup 
differences disappear.

The results from this meta-analysis suggest the conclusions from FIMD’s pilot study 
are accurate as the db/db mouse and ZDF rat were comparable for almost all drugs 
and classes. As a follow-up of FIMD, we designed this systematic review to lay the 
foundation for the development of a methodology that correlates effect sizes in 
pre- and clinical studies. By determining effect sizes across drugs and drug classes, 
we can generate tables that allow the evaluation of the similarity between these 
results and clinical data. A factor based on the degree of overlap between point 
estimates and confidence intervals could be calculated for each drug, class, and 
finally, animal model. Researchers could then base the selection of the model(s) for 
preclinical development on the extent of the human-animal overlay for new drugs 
that at least partially share pathways with approved drugs.

Nonetheless, for these comparisons to be scientifically valid, it is necessary to solve 
some methodological questions. For instance, some clinical studies compare the 
difference between endpoint and baseline HbA1c, and meta-analysis of generally 
homogeneous clinical studies calculate the Weighted Mean Difference (WMD) 
instead of the SMD. Further considerations about how to interpret the overlap 
in confidence intervals, sample size, reproducibility, species differences, dosing, 
pharmacokinetics and risk of bias (especially blinding and randomisation) will be 
crucial.

Limitations

The results of a systematic review and meta-analysis are as robust as the data 
sources it uses. As evidenced in our risk of bias assessment – and corroborated by 
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previous literature – animal research is still poorly reported, and often essential 
details regarding the used methodology are not reported (29–31). Consequently, 
for most parameters, it was not possible to assess the risk of bias reliably. While poor 
reporting does not equate to poor conduct, the absence of information regarding 
the study design and execution prevents a rigorous evaluation of the robustness 
of the included studies. As such, the results of this review must be interpreted with 
caution.

We included only approved drugs, which have been proven to be effective in 
humans, naturally skewing the results towards models being considered more 
predictive. Ideally, we should include both effective and ineffective drugs since 
a predictive model should also simulate the absence (or opposite direction) of 
response. Nevertheless, due to the publication bias common in animal research, 
most of these studies are not published and therefore, would not be included in the 
review regardless.

As suggested by the Grading of Recommendations Assessment, Development 
and Evaluation (GRADE) for animal studies, we also considered the indirectness, 
inconsistency, imprecision and publication bias (32). In terms of indirectness, our 
research included mice and rats, which are inferior species that have relevant 
known and unknown disparities when compared to humans. We selected the same 
interventions and outcomes used in clinical research, partially offsetting these 
concerns, but durations, routes of administration, doses, age and other factors 
regularly differ from clinical practice. 

As for inconsistency, heterogeneity levels were generally high, which is not very 
surprising as animal studies are often explorative and heterogeneous regarding 
design and intervention protocols when compared to clinical trials. Exploring this 
heterogeneity is one of the added values of meta-analyses of animal studies and 
it might help to inform the design of future preclinical research and subsequent 
clinical trials. However, to account for the anticipated heterogeneity, we used a 
random- rather than fixed-effects meta-analysis. The sensitivity analysis also helped 
to reliably interpret our subgroup results, preventing that often spurious effects be 
mistaken by actual effects. For example, when we excluded the thiazolidinediones 
in our sensitivity analysis, the subgroup differences in the db/db mouse were no 
longer significant.

The low number of studies for many drugs and drug classes in both models may have 
impaired the precision of the effect sizes reported in this meta-analysis. Finally, the 
publication bias assessment did not find any evidence of publication bias, contrary 
to what is often reported in the literature (33,34). However, most drugs and many 
drug classes had fewer than 10 comparisons and could not be assessed for one or 
both models.
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Conclusion

We conducted the first systematic review and meta-analysis of animal models of 
type 2 diabetes, aiming at discriminating between models. The meta-analysis 
indicates both models respond similarly in terms of Hb1Ac reduction across drugs 
and drug classes, except for exenatide, which seemed to have a more substantial 
effect in ZDF rats. For drugs with more than two comparisons, the findings are in line 
with the clinical literature. These results corroborate previous research in showing the 
differences between the db/db mouse and the ZDF rat are unlikely to be pertinent 
for preliminary efficacy testing.
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Abstract

Insufficient efficacy and safety are the main reasons for failure in clinical development. 
The lack of predictivity of animal studies is often cited as a potential explanation 
to the attrition in the clinical stage. We use Investigator’s Brochures to explore 
the predictivity of animal pharmacokinetic and pharmacodynamic parameters. 
Animal model justification, internal validity and reporting quality data of the animal 
experiments were collected from the IBs. We compared the preclinical and clinical 
Human Equivalent Dose (HED), maximum concentration in plasma (Cmax) and Area 
Under the Curve (AUC) of the concentration-time curve ranges of phase I trials, and 
explored how these related to preclinical pharmacological effects. The IB-derisk 
tool was used to integrate the preclinical and clinical pharmacokinetic parameters. 
We analysed pharmacologically active and toxicological ranges and calculated 
the overlap with clinical data, determined from the early clinical studies with the 
compounds. Most animal studies in the IBs did not report the sex, strain or route of 
administration of all experiments, and none reported any measure to reduce bias 
(e.g. randomisation, blinding). Less than one third of the IBs included a justification 
for the animal model choice. In safety, the actual human HED, Cmax and AUC did 
not exceed the lowest No-Adverse Event Level (NOAEL) reported in the IB. Cmax 
predicted the congruency of safety ranges between animals and humans most 
accurately and regardless of indication. In efficacy, overlaps between animal and 
human data were slightly lower in Cmax (65%) than in HED (70%) and AUC (77%). 
The overlaps were similar for various CNS drugs (HED: 81%, Cmax: 65%, AUC: 80%) 
but different for non-CNS drugs (HED: 48%, Cmax: 67%, AUC: 71%). Our results 
suggest that while animal models can potentially predict human well-tolerated 
and pharmacologically active ranges, there is much room for improvement. The 
main reasons for small overlaps were inadequate endpoints, different routes of 
administration, poor understanding of the mechanism of action and unaccounted 
species differences. We demonstrate that the IB-derisk tool can be used to integrate 
animal and human pharmacokinetic data to assess the predictivity of animal 
models. With a more detailed translational rationale, better reporting and more 
extensive pharmacokinetic characterisation of animal efficacy, the IB can be used 
as a powerful translational tool.

Keywords: animal model; drug development; pharmacokinetics; translational 
research; clinical pharmacology; investigator’s brochure
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 Introduction

The lack of safety and efficacy are the main reasons for failure in the clinical stage 
of drug development (1–4). The translational challenges faced in the transition to 
human testing led to the definition of a ‘valley of death’, which encompasses the 
early development up to phase II clinical trials (5). The lack of predictivity of animal 
studies has been pointed out as a significant contributor to such a high failure rate 
(6). Only recently, more attention has been directed towards the external validity 
of animal models (7,8). However, how we can make this assessment at the various 
stages of development remains underexplored.

The Investigator’s Brochure (IB) is a document required by the Good Clinical Practice 
(GCP) guidelines of the International Council for Harmonisation of Technical 
Requirements for Pharmaceuticals for Human Use (ICH). It compiles nonclinical and 
clinical information on investigational products relevant for their study in humans 
(9). The ICH-GCP guidelines present the minimum requirements of the IB, although, 
in practice, the content may vary significantly (9). The IB is the primary source for the 
development of the translational strategy, which allows the investigators to assess 
the risk-benefit of the proposed trial independently. For first-in-human (FIH) studies, 
it also includes the translation of data from animal models to humans, including 
the proposed dose range. Although current guidelines suggest the consideration of 
pharmacological effects seen in preclinical studies, the No Observed Adverse Event 
Level (NOAEL) is often the basis for dose selection in first-in-human trials (10–12).

The translation between animal and human doses considers three key 
pharmacokinetic (PK) parameters: the Human Equivalent Dose (HED), the maximum 
plasma concentration (Cmax) and the exposure, known as Area Under the Curve (AUC) 
of the concentration-time curve. The HED is frequently calculated based on the dose 
(mg/kg) and the body surface area relationship between species, but it can also 
use the body weight (10,13). Data on HED, Cmax and AUC are highly heterogeneous 
across IBs, and their translatability across species is uncertain. Hence, the integration 
of PK parameters into the overall clinical development plan can be challenging (11).

To facilitate this integration, the Centre for Human Drug Research (CHDR) has 
developed a tool to integrate preclinical and clinical data based on the HED, Cmax

and AUC – the IB-derisk tool, available at https://www.ib-derisk.org/login/ (11). 
The IB-derisk tool allows the extrapolation of missing PK parameters (which are not 
gathered in every preclinical experiment) and comparison of the results of animal 
studies with predicted or collected human data. The IB-derisk tool uses colour-codes 
to enable the quick identification of dose-response patterns of pharmacological 
and toxicological effects.
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Our research assesses the accuracy of the HED, Cmax and AUC to predict 
pharmacological and toxicological ranges in humans integrating the data of the 
IBs using the IB-derisk tool. Also, we investigate the justification for animal model 
selection and the quality of the preclinical evidence (internal validity and reporting 
quality) presented in each IB.

Methods

Investigator’s Brochure selection

IBs from finished clinical studies conducted from 2009 to 2019 at CHDR were retrieved 
from the internal database. Identities of compounds were blinded. We included IBs 
of clinical studies with at least two dose levels that assessed and reported statistically 
significant results of any measure of pharmacological activity related to a drug’s 
mechanism of action. We excluded trials testing combinations and drugs already 
approved by the Food and Drug Administration (FDA) or the European Medicines 
Agency (EMA). For these products, the Summary of Product Characteristics (SmPC) 
is usually provided to the investigator instead of an IB and, therefore, animal 
pharmacokinetic and pharmacodynamic data are not systematically reported. 
An IB-derisk assessment was conducted for all included IBs according to our previous 
publication (11).

Data collection

From the IBs, we extracted the therapeutic area of the proposed indication; the 
mechanism of action; the HED, Cmax and AUC from the lowest and highest doses 
for which a pharmacological effect related to efficacy was reported; anticipated 
therapeutic dose and its rationale; the lowest and highest NOAELs across species 
and the HED, Cmax and AUC associated with them; internal validity information 
(randomisation, blinding); reporting quality (strain, sex, route of administration); 
justification for the use of the models of disease. The HED was calculated according 
to the factors provided by the FDA guidelines (10). The clinical data were extracted 
from protocols and clinical study reports (CSRs) of the corresponding studies at CHDR 
and complemented with the clinical data provided in the IB whenever available.

Parameter inter- and extrapolation

Since most pharmacokinetic parameters are often not available for animal studies, 
we inter- or extrapolated accordingly, as described previously (11). Whenever at least 
one Cmax or AUC value was available for a dose level in a certain species, this value was 
replicated in other experiments in the same species at the same dose level, if Cmax or 
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AUC was not reported. If more than one value was available for the same dose level, 
we calculated the average of the parameter. If no values were available for a dose 
level, we interpolated the Cmax and AUC using the dose levels immediately below and 
above. If only dose levels above or below the dose level with a missing value were 
available, we calculated it proportionally to the available values. Values were inter- or 
extrapolated taking species into account, and sex or strain whenever available.

Data analysis

For each parameter (HED, Cmax and AUC), we calculated the percentage overlap of 
the preclinical dose range based on the clinical range for efficacy pharmacological 
effects. Here, we use ‘efficacy’ to describe pharmacological effects that are expected 
to be associated with therapeutic effects. The preclinical and clinical efficacy dose 
range was defined by the lowest and the highest dose in which any pharmacological 
effect associated with the proposed mechanism of action of the drug was reported. 
The preclinical safety dose range was determined by the lowest and the highest 
NOAEL across species. In humans, it was determined by the range in which the drug 
was well-tolerated, i.e. no severe adverse reactions or permanent discontinuation 
due to a drug-related adverse event was reported. For safety, we evaluated whether 
the clinical range was inferior to the pharmacokinetic parameters associated with 
the lowest and highest NOAELs reported. If it was superior, we calculated the degree 
to which the clinical range surpassed the animal levels.

Results

IB General Characteristics

The search in the CHDR’s database from 2009 to 2019 returned 187 finished clinical 
trials and their corresponding IBs. Of these, 25 trials met the inclusion criteria. Table 
1 shows the reasons for exclusion of the remaining 162. All IBs were from phase I 
pharmacodynamics studies, of which 14 (62%) were FIH. Data from clinical studies 
provided in the IBs were also included in our analysis. Most IBs described drugs 
developed for central nervous system (CNS) (68%, N = 17/25) and endocrine/
metabolic (16%, N = 4/25) conditions. The other four IBs were for respiratory/
sensory organ, urogenital, autoimmune and musculoskeletal disease, all with one 
compound each. The anticipated therapeutic dose was reported in the IB or protocol 
for most drugs (84%, N = 21/25). Most IBs included considerations on both safety 
and efficacy in the dosing rationale (72%, N = 18/25). All studies with a dosing 
rationale that considered only the NOAEL were first-in-human. Table 2 describes 
the IB characteristics.
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TABLE 1 |Reasons for exclusion of IBs and number of IBs excluded.

Reason for exclusion N
Non-interventional 39

Registered drug 31
No PD data 27
One dose 13

Not available 12
No PK data 12

Drug-Drug Interaction 9
Safety 8

No eff ective dose 5
Not conducted 3
Combination 1

Drug not in development 1
Medical Device 1

Total 162
CSR – clinical study report; PK – pharmacokinetics; PD - pharmacodynamics

Animal model justification, internal validity and reporting quality

Most IBs included animal models of disease or testing paradigms (e.g. Morris Water 
Maze) in their preclinical studies (84%, N = 21/25), but only a few justified the 
model selection in some way (28%, N = 7/25). The motivations included availability 
(commonly used models), similar phenotype (symptoms), response to effective 
drugs (pharmacology), histology and biomarkers. There was no explanation as to 
the relevance of model choice when compared to other available options. Although 
all animal experiments included a placebo arm, blinding or randomisation was not 
reported in any. The strain and sex were frequently missing. Only one IB reported the 
strain, sex and route of administration for all studies. In the studies that did report 
the sex, male animals were overrepresented (data not shown).

Safety Assessment

Table 3 shows the safety pharmacokinetic ranges and the lowest and highest 
reported NOAELs per IB. As shown in Figure 1, the highest human well-tolerated 
dose’s HED, Cmax and AUC surpassed the lowest NOAEL’s in 40% (N = 10/25), 
16% (N = 4/25) and 36% (N = 9/25) of drugs, respectively. Only in one trial was 
the highest NOAEL’s HED exceeded (IB19). This exploration of supratherapeutic 
doses was intended to investigate the drug’s abuse potential per FDA’s guideline 
“Assessments of Abuse Potential of Drugs” (14). The medians were 100% across all 
three parameters for the lowest and highest NOAELs. When analysed per indication 
(CNS vs non-CNS), the trend was similar for CNS drugs only – the medians for HED 
(N = 17), Cmax (N = 17) and AUC (N = 16) were all 100%. In non-CNS drugs, the 
medians were 109% (HED), 100% (Cmax), and 188% (AUC).
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TABLE 3 | Animal and human safety dose ranges per pharmacokinetic parameter.

IB

L-
N

O
A

EL
(m

g/
kg

)

H
-N

O
A

EL
(m

g/
kg

)

Human Equivalent Dose (mg) Cmax (ng/ml) Cmax (ng/ml) AUC (ng.h/ml)

A
LR

A
U

R

H
LR

H
U

R

L-
O

ve
rl

ap
 

(%
)

H
-O

ve
rl

ap
 

(%
)

A
LR

A
U

R

H
LR

H
U

R

L-
O

ve
rl

ap
 

(%
)

H
-O

ve
rl

ap
 

(%
)

A
LR

A
U

R

H
LR

H
U

R

L-
O

ve
rl

ap
 

(%
)

H
-O

ve
rl

ap
 

(%
)

1 10 250 97.2 8,115 10 600 617 100 2,310 60,500 9.4 1,430 100 100 29,800 201,293 9 5,790 100 100

2 4 8 77.8 155.5 0.4 0.8 100 100 134 3,511 33.2 156 116 100 1,763 2,294 40.7 606 100 100

3 100 1,000 972 32,460 5 1,500 154 100 1,817 16,450 40.1 868.9 100 100 9,080 130,500 161.4 26,585.8 293 100

4 1 15 32.46 148.5 0.25 1.5 100 100 609 3,440 0.22 1.4 100 100 756 15,826 0.29 3.55 100 100

5 3 300 58.3 2916 0.005 0.125 100 100 610 42,435 0.00913 0.245 100 100 7,584 435,485 0.245 3.925 100 100

6 6 10 58.3 324.6 0.04 100 172 100 1,230 6,350 0.229 559.3 100 100 9,850 10,100 1.6 5,753 100 100

7 50 2,000 1,623 19,440 10 80 100 100 700.5 2,460.7 7.8 60.2 100 100 5,906 14,329.3 131.7 1,031.4 100 100

8 8.25 1,000 267.8 9,720 10 40 100 100 1,270 35,143 183 570 100 100 3,570 135,927 982 3,062 100 100

9 45 200 874.8 1,944 30 450 100 100 4,790 4,820 66.3 1,130 100 100 33,700 63,150 743 14,600 100 100

10 20 1,000 649.2 9,720 5 200 100 100 2,020 11,928 159.7 1,868.9 100 100 10,500 142,950 971.3 22,906.4 218 100

11 15 250 486.9 2,430 50 450 100 100 1,350 10,005 138 1,180 100 100 22,750 199,500 2,456 22,357 100 100

12 1 300 32.5 2,916 1 35 108 100 297 37,700 3.4 235 100 100 1,960 284,500 42 2,210 113 100

13 2 10 19.4 97.2 11 44 227 100 27.1 134 10.7 58.5 216 100 34.8 119 15.7 119 342 100

14 50 150 486 4,869 1 90 100 100 6,976 27,400 97.4 4,575 100 100 NR NR 1,969 64,642 NA NA

15 25 200 811.5 1,944 3 30 100 100 6,315 59,700 110 1,510 100 100 73,908 691,000 1,600 48,400 100 100

16 80 450 777.6 2,916 2.5 375 100 100 5,960 43,300 32.5 3,520 100 100 91,700 472,000 286 46,500 100 100

17 0.3 200 5.83 1,944 0.3 18 309 100 148 2,678 2.93 126 100 100 2,093 21,421 47.7 8,882 424 100

18 4 200 16.2 2,332.8 60 600 3,704 100 374,000 4,447,000 27,200 231,000 100 100 1,606,000 15,867,000 405,000 4,440,000 276 100

19 10 100 97.2 1,166.4 1 1,800 1,852 154 7,280 96,300 17 62,930 864 100 8,104 383,000 14 235,725 2909 100

20 0.1 1 0.97 19.44 0.1 2 206 100 4.5 625 0.707 19.4 431 100 8 1,639 0.582 41.2 515 100

21 0.05 0.05 0.486 0.05 0.005 0.04 100 100 61.416 NA 0.031 0.238 100 100 33.055 NA 0.0844 0.499 100 100

22 0.0175 0.025 0.568 0.812 0.005 0.025 100 100 10.45 13.59 0.08 0.24 100 100 18.7 24.022 0.07 0.37 100 100

23 50 100 972 1,944 0.4 360 100 100 2,445,000 3,025,000 130 270,000 100 100 26,650,000 179,000,000 26,210 169,810,000 637 100

24 3 1,000 29.2 19,440 7.5 7.5 100 100 712 1,087 36.6 85 100 100 4,887 32,800 26.9 42.3 100 100

25 5 250 48.6 2430 1 56.9 117 100 4,500 50,000 13.9 1,167.13 100 100 163,000 4,465,000 35.2 96,889 100 100

Median 100 100 Median Median 100 100 Median 100 100

ALR – Animal Lower Range; AUR – Animal Upper Range; HLR – Human Lower Range; HUR – Human 
Upper Range; H-overlap – overlap with the highest NOAEL; L-overlap – overlap with the lowest NOAEL; 
NA – not applicable; NR – not reported; NOAEL – No-Observed Adverse Event Level
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TABLE 3 | Animal and human safety dose ranges per pharmacokinetic parameter.

IB

L-
N

O
A

EL
(m

g/
kg

)

H
-N

O
A

EL
(m

g/
kg

)

Human Equivalent Dose (mg) Cmax (ng/ml) Cmax (ng/ml) AUC (ng.h/ml)

A
LR

A
U

R

H
LR
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U

R
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O
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rl
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(%
)
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-O
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rl
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)

A
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H
LR
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R
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)
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)

A
LR

A
U

R

H
LR

H
U

R

L-
O

ve
rl

ap
 

(%
)

H
-O

ve
rl

ap
 

(%
)

1 10 250 97.2 8,115 10 600 617 100 2,310 60,500 9.4 1,430 100 100 29,800 201,293 9 5,790 100 100

2 4 8 77.8 155.5 0.4 0.8 100 100 134 3,511 33.2 156 116 100 1,763 2,294 40.7 606 100 100

3 100 1,000 972 32,460 5 1,500 154 100 1,817 16,450 40.1 868.9 100 100 9,080 130,500 161.4 26,585.8 293 100

4 1 15 32.46 148.5 0.25 1.5 100 100 609 3,440 0.22 1.4 100 100 756 15,826 0.29 3.55 100 100

5 3 300 58.3 2916 0.005 0.125 100 100 610 42,435 0.00913 0.245 100 100 7,584 435,485 0.245 3.925 100 100

6 6 10 58.3 324.6 0.04 100 172 100 1,230 6,350 0.229 559.3 100 100 9,850 10,100 1.6 5,753 100 100

7 50 2,000 1,623 19,440 10 80 100 100 700.5 2,460.7 7.8 60.2 100 100 5,906 14,329.3 131.7 1,031.4 100 100

8 8.25 1,000 267.8 9,720 10 40 100 100 1,270 35,143 183 570 100 100 3,570 135,927 982 3,062 100 100

9 45 200 874.8 1,944 30 450 100 100 4,790 4,820 66.3 1,130 100 100 33,700 63,150 743 14,600 100 100

10 20 1,000 649.2 9,720 5 200 100 100 2,020 11,928 159.7 1,868.9 100 100 10,500 142,950 971.3 22,906.4 218 100

11 15 250 486.9 2,430 50 450 100 100 1,350 10,005 138 1,180 100 100 22,750 199,500 2,456 22,357 100 100

12 1 300 32.5 2,916 1 35 108 100 297 37,700 3.4 235 100 100 1,960 284,500 42 2,210 113 100

13 2 10 19.4 97.2 11 44 227 100 27.1 134 10.7 58.5 216 100 34.8 119 15.7 119 342 100

14 50 150 486 4,869 1 90 100 100 6,976 27,400 97.4 4,575 100 100 NR NR 1,969 64,642 NA NA

15 25 200 811.5 1,944 3 30 100 100 6,315 59,700 110 1,510 100 100 73,908 691,000 1,600 48,400 100 100

16 80 450 777.6 2,916 2.5 375 100 100 5,960 43,300 32.5 3,520 100 100 91,700 472,000 286 46,500 100 100

17 0.3 200 5.83 1,944 0.3 18 309 100 148 2,678 2.93 126 100 100 2,093 21,421 47.7 8,882 424 100

18 4 200 16.2 2,332.8 60 600 3,704 100 374,000 4,447,000 27,200 231,000 100 100 1,606,000 15,867,000 405,000 4,440,000 276 100

19 10 100 97.2 1,166.4 1 1,800 1,852 154 7,280 96,300 17 62,930 864 100 8,104 383,000 14 235,725 2909 100

20 0.1 1 0.97 19.44 0.1 2 206 100 4.5 625 0.707 19.4 431 100 8 1,639 0.582 41.2 515 100

21 0.05 0.05 0.486 0.05 0.005 0.04 100 100 61.416 NA 0.031 0.238 100 100 33.055 NA 0.0844 0.499 100 100

22 0.0175 0.025 0.568 0.812 0.005 0.025 100 100 10.45 13.59 0.08 0.24 100 100 18.7 24.022 0.07 0.37 100 100

23 50 100 972 1,944 0.4 360 100 100 2,445,000 3,025,000 130 270,000 100 100 26,650,000 179,000,000 26,210 169,810,000 637 100

24 3 1,000 29.2 19,440 7.5 7.5 100 100 712 1,087 36.6 85 100 100 4,887 32,800 26.9 42.3 100 100

25 5 250 48.6 2430 1 56.9 117 100 4,500 50,000 13.9 1,167.13 100 100 163,000 4,465,000 35.2 96,889 100 100

Median 100 100 Median Median 100 100 Median 100 100

ALR – Animal Lower Range; AUR – Animal Upper Range; HLR – Human Lower Range; HUR – Human 
Upper Range; H-overlap – overlap with the highest NOAEL; L-overlap – overlap with the lowest NOAEL; 
NA – not applicable; NR – not reported; NOAEL – No-Observed Adverse Event Level
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Efficacy Assessment

We use ‘efficacy assessment’ as the assessment of pharmacological effects 
expected to be associated with therapeutic effects. Table 4 shows the dosing type, 
and pharmacokinetic efficacy ranges for HED, Cmax and AUC per IB. The HED (70%, 
N = 25) and AUC (73%, N = 23) were slightly better for predicting pharmacologically 
active ranges than Cmax (65%, N = 25). The medians indicate a similar interpretation 
(95%, 93% and 100%, respectively). Figure 2 shows the HED, Cmax and AUC overlaps 
per IB. Overall, preclinical data either predicted the active ranges to a high (≥ 80% 
overlap in 60%, 64% and 68% of IBs based on HED, Cmax and AUC, respectively) or 
low degree (≤ 20% overlap in 20%, 28% and 16% of IBs based on HED, Cmax and 
AUC, respectively).

When splitting per therapeutic area, the three parameters tell a different story. In 
CNS, while the Cmax overlap remained unchanged (65%, N = 17), both HED (N = 
17) and AUC (N = 15) average overlaps improved to 80% and 79%, respectively, 
increasing the difference to Cmax by almost twofold. The HED and AUC medians 
increased to 100%, while Cmax decreased to 88%. For non-CNS indications (N = 
8), the Cmax overlap increased slightly to 67% (median: 98%), but HED and AUC 
overlaps decreased to 48% (median: 44%) and 61% (median: 94%), respectively.

Most IBs determined the lowest effective dose in animals, meaning the lowest dose 
tested was ineffective (64%, N = 16/25). In the remaining 36%, the lowest tested 
dose was also found to be effective, and therefore, the lowest effective dose was 
not necessarily established preclinically. In two of these, the lowest dose elicited an 
effect in some but not all experiments. Conversely, in most clinical trials, the lowest 
tested dose was also effective (60%, N = 15/25). In one case, the same dose was 
both effective and ineffective in humans across different trials (IB15).
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TABLE 4: Animal and human efficacy dose ranges per pharmacokinetic parameter.

IB

Lowest Dose Type Human Equivalent Dose (mg) Cmax (ng/ml) AUC (ng.h/ml)

Animal Human A
TD

 
(m

g)

A
LR

A
U

R

H
LR

H
U

R

O
ve

rl
ap

 
(%

)

A
LR

A
U

R

H
LR

H
U

R

O
ve

rl
ap

 
(%

)

A
LR

A
U

R

H
LR

H
U

R

O
ve

rl
ap

 
(%

)

1 Eff ective dose Eff ective dose 29 2.9 29.16 300 600 100 51.9 15,619 477 1,430 100 396.5 250,938 1,440 5,790 100

2 Eff ective dose Eff ective dose 0.8 2.4 16,230 0.4 0.8 100 0.177 1,5855 149.3 156 100 2.82 14,523 347 606 100

3 Eff ective dose Eff ective dose NR 0.243 972 200 1,500 93 1660 16,450 479.3 868.9 0 6,741 130,500 6,113.1 26,585.8 72

4 Eff ective dose Eff ective dose NR 97.2 9,720 1.5 5 100 2.1 700 1.4 7.1 88 0.6 1,189 3.55 14.97 100

5 Eff ective dose Tested eff ective dose 5 97.2 291.6 0.005 5 100 0.074 42,435 0.009 1.144 94 0.205 435,485 0.245 262.66 100

6 Eff ective dose Tested eff ective dose 0.4 64.9 2,916 0.04 100 100 87.2 17,000 0.229 559.3 84 775 122,000 1.6 5,753 87

7 Eff ective dose Tested eff ective dose 10 0.024 3246 1 180 15 0.342 3.42 0.572 98.8 3 1.014 10.14 12.1 8,666 0

8 Eff ective dose Tested eff ective dose 10 2.9 29.16 10 80 100 169.8 26,371 183 1,208 100 297 2,000,000 982 3,648 100

9 Eff ective dose Eff ective dose 180 2.4 16,230 100 600 100 429.7 4,200 261 1,660 88 2,180 39,007 2,750 19,800 100

10 Tested eff ective dose Eff ective dose NR 0.243 972 25 200 59 239 11,113 631.58 1,868.9 100 290 166,600 2,703.2 22,906.4 100

11 Eff ective dose Tested eff ective dose 10 97.2 9,720 50 450 49 1,214 4,013 138 1,180 0 17,909 74,330 2,456 22,357 22

12 Eff ective dose Tested eff ective dose 120 97.2 291.6 3 35 0 523 41,300 13.7 235 0 3,620 301,000 134 2,291 0

13 Eff ective dose Tested eff ective dose NR 64.9 2,916 5.5 44 100 3.3 1,740 10.7 58.5 100 1.7 2,990 15.7 119 100

14 Tested eff ective dose Eff ective dose 4 0.024 519.4 25 90 100 9.6 2,698 2,230 4,575 0 NR NR 32,831 64,642 NA

15 Tested eff ective dose Tested eff ective dose* 24.4 4.9 291.6 3 60 63 1,484 19,286 110 2,820 49 NR NR 1,600 18,700 NA

16 Tested eff ective dose* Eff ective dose 65 BID 24.3 218.7 20 375 92 496 14,000 271 3,520 93 3,780 212,000 2,790 46,500 98

17 Tested eff ective dose Eff ective dose 0.5 48.6 39,600 0.5 6 100 1.9 883 4.19 45.99 100 8.28 10,800 181 839 100

18 Eff ective dose Tested eff ective dose 1 0.29 486 60 600 0 4,285 378,500 27,200 231,000 100 28,000 7,527,000 405,000 4,440,000 100

19 Eff ective dose Tested eff ective dose 600 0.162 38.9 1 1,800 5 277 19,439 17 62,930 30 252 8,104 14 235,725 3

20 Tested eff ective dose Tested eff ective dose 0.11 9.7 97.2 0.1 2 100 0.128 51,615 0.707 19.4 100 0.209 217,905 0.582 41.2 100

21 Eff ective dose Tested eff ective dose 0.01 0.019 1,166 0.005 0.04 46 1.022 2,922 0.031 0.238 0 0.768 1,519 0.084 0.499 0

22 Tested eff ective dose* Tested eff ective dose 0.005 0.024 19.44 0.005 0.025 95 0.087 40.8 0.08 0.24 96 0.048 70.15 0.07 0.37 100

23 Eff ective dose Eff ective dose 0.42 0.006 2.921 13.5 360 42 265,000 426,000 11,360 290,000 9 26,100,000 179,000,000 5,680,000 169,810,000 88

24 Tested eff ective dose Tested eff ective dose 7.5 BID 48.6 194.4 7.5 15 0 22.9 232.5 36.6 85 100 283.8 851.3 201 521 0

25 Tested eff ective dose Eff ective dose 1 0.012 2.9 5 56.9 100 22 121,000 94.09 1167.13 100 495 16,400,000 9,170.1 96,889 100

Average 70 Average 65 Average 77

Median 95 Median 93 Median 100

* - Dose not consistently associated with pharmacological effects; ALR – Animal Lower Range; ATD – 
Anticipated Therapeutic Dose; AUR – Animal Upper Range; HLR – Human Lower Range; HUR – Human 
Upper Range; 
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TABLE 4: Animal and human efficacy dose ranges per pharmacokinetic parameter.

IB

Lowest Dose Type Human Equivalent Dose (mg) Cmax (ng/ml) AUC (ng.h/ml)

Animal Human A
TD

 
(m
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LR
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U
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(%
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)

A
LR
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O
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)

1 Eff ective dose Eff ective dose 29 2.9 29.16 300 600 100 51.9 15,619 477 1,430 100 396.5 250,938 1,440 5,790 100

2 Eff ective dose Eff ective dose 0.8 2.4 16,230 0.4 0.8 100 0.177 1,5855 149.3 156 100 2.82 14,523 347 606 100

3 Eff ective dose Eff ective dose NR 0.243 972 200 1,500 93 1660 16,450 479.3 868.9 0 6,741 130,500 6,113.1 26,585.8 72

4 Eff ective dose Eff ective dose NR 97.2 9,720 1.5 5 100 2.1 700 1.4 7.1 88 0.6 1,189 3.55 14.97 100

5 Eff ective dose Tested eff ective dose 5 97.2 291.6 0.005 5 100 0.074 42,435 0.009 1.144 94 0.205 435,485 0.245 262.66 100

6 Eff ective dose Tested eff ective dose 0.4 64.9 2,916 0.04 100 100 87.2 17,000 0.229 559.3 84 775 122,000 1.6 5,753 87

7 Eff ective dose Tested eff ective dose 10 0.024 3246 1 180 15 0.342 3.42 0.572 98.8 3 1.014 10.14 12.1 8,666 0

8 Eff ective dose Tested eff ective dose 10 2.9 29.16 10 80 100 169.8 26,371 183 1,208 100 297 2,000,000 982 3,648 100

9 Eff ective dose Eff ective dose 180 2.4 16,230 100 600 100 429.7 4,200 261 1,660 88 2,180 39,007 2,750 19,800 100

10 Tested eff ective dose Eff ective dose NR 0.243 972 25 200 59 239 11,113 631.58 1,868.9 100 290 166,600 2,703.2 22,906.4 100

11 Eff ective dose Tested eff ective dose 10 97.2 9,720 50 450 49 1,214 4,013 138 1,180 0 17,909 74,330 2,456 22,357 22

12 Eff ective dose Tested eff ective dose 120 97.2 291.6 3 35 0 523 41,300 13.7 235 0 3,620 301,000 134 2,291 0

13 Eff ective dose Tested eff ective dose NR 64.9 2,916 5.5 44 100 3.3 1,740 10.7 58.5 100 1.7 2,990 15.7 119 100

14 Tested eff ective dose Eff ective dose 4 0.024 519.4 25 90 100 9.6 2,698 2,230 4,575 0 NR NR 32,831 64,642 NA

15 Tested eff ective dose Tested eff ective dose* 24.4 4.9 291.6 3 60 63 1,484 19,286 110 2,820 49 NR NR 1,600 18,700 NA

16 Tested eff ective dose* Eff ective dose 65 BID 24.3 218.7 20 375 92 496 14,000 271 3,520 93 3,780 212,000 2,790 46,500 98

17 Tested eff ective dose Eff ective dose 0.5 48.6 39,600 0.5 6 100 1.9 883 4.19 45.99 100 8.28 10,800 181 839 100

18 Eff ective dose Tested eff ective dose 1 0.29 486 60 600 0 4,285 378,500 27,200 231,000 100 28,000 7,527,000 405,000 4,440,000 100

19 Eff ective dose Tested eff ective dose 600 0.162 38.9 1 1,800 5 277 19,439 17 62,930 30 252 8,104 14 235,725 3

20 Tested eff ective dose Tested eff ective dose 0.11 9.7 97.2 0.1 2 100 0.128 51,615 0.707 19.4 100 0.209 217,905 0.582 41.2 100

21 Eff ective dose Tested eff ective dose 0.01 0.019 1,166 0.005 0.04 46 1.022 2,922 0.031 0.238 0 0.768 1,519 0.084 0.499 0

22 Tested eff ective dose* Tested eff ective dose 0.005 0.024 19.44 0.005 0.025 95 0.087 40.8 0.08 0.24 96 0.048 70.15 0.07 0.37 100

23 Eff ective dose Eff ective dose 0.42 0.006 2.921 13.5 360 42 265,000 426,000 11,360 290,000 9 26,100,000 179,000,000 5,680,000 169,810,000 88

24 Tested eff ective dose Tested eff ective dose 7.5 BID 48.6 194.4 7.5 15 0 22.9 232.5 36.6 85 100 283.8 851.3 201 521 0

25 Tested eff ective dose Eff ective dose 1 0.012 2.9 5 56.9 100 22 121,000 94.09 1167.13 100 495 16,400,000 9,170.1 96,889 100

Average 70 Average 65 Average 77

Median 95 Median 93 Median 100

* - Dose not consistently associated with pharmacological effects; ALR – Animal Lower Range; ATD – 
Anticipated Therapeutic Dose; AUR – Animal Upper Range; HLR – Human Lower Range; HUR – Human 
Upper Range; 
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Discussion

Animal model justification, internal validity and reporting quality

The IB is the first source of information for translational considerations when 
moving into the clinic. However, since IBs contain proprietary information without 
a requirement to be published, they are seldom used as data sources in scientific 
publications. To our knowledge, this is the first study to systematically investigate 
the reliability of HED, Cmax and AUC in predicting pharmacologically active ranges in 
humans. To this end, the IB-derisk tool was used, which was developed to facilitate 
the interpretation of toxicological and pharmacological data presented in the IB. 
It allows the quick identification of pharmacologically active ranges and safety 
margins. The integration of efficacy and safety data of different species permits the 
assessment of therapeutic windows and the making of informed decisions on the 
best strategy for clinical development. We also included an assessment of how the 
preclinical evidence is presented, such as the motivation for model choice, internal 
validity and reporting quality of animal experiments.

The ICH-GCP guidelines do not formally require animal model motivation or 
internal validity and reporting information, leaving this at the sponsor’s discretion 
(9). Our data corroborate previous research in showing that important details of 
animal studies are poorly reported not only in the literature but also in IBs (15). No 
IB reported blinding nor randomisation of any studies, and most lacked important 
information, such as animal sex or route of administration. Although IBs are meant 
to be a concise compilation of relevant data, this insufficient reporting is concerning 
given their importance in the different stages of drug development. Since poor 
reporting of study design is often associated with an overestimation of efficacy 
outcomes, it means that ethics committees and other regulatory bodies could be 
allowing first-in-humans trials to start on the basis of spurious results (9,15,16).

On the same note, less than one-third of IBs presented any justification for their model 
selection. Of those which did justify, none provided a discussion on the translational 
relevance of the model in comparison with other available options, including the IBs 
that did not include an animal model of disease or testing paradigm. The external 
validity of animal models has often been overlooked and, until recently, there was 
no standardised methodology to assess it (7,8). Such a practice may promote 
the use of suboptimal models without regard to the mechanism of action being 
investigated – generating data unlikely to translate. More importantly, it hinders 
a proper benefit-risk analysis of preclinical data by relevant institutions (e.g. ethics 
committees), promoting the advancement of clinical trials without a sound scientific 
rationale and therefore, unethical trials (15,17,18).
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Safety assessment

We analysed the accuracy of HED, Cmax and AUC with their corresponding preclinical 
effects, in predicting toxicological and pharmacologically active ranges in humans. 
For safety, our results indicate the use of the lowest NOAEL, i.e. in the most sensitive 
species, might lead to overly conservative estimates. Although in most human 
studies, the dose range was restricted by the NOAEL, several studies surpassed this 
level. On the other hand, the highest NOAEL predicted values much higher than the 
human well-tolerated tested ranges. Since most human ranges were within twofold 
of animal ranges and all medians were 100%, these results indicate the data were 
skewed by a portion of trials, mostly in CNS (e.g. IB1, IB13, IB17, IB18). First-in-human 
studies in CNS conduct safety dose curve explorations that may include escalations 
above the NOAEL if the expected adverse events can be monitored reliably (e.g. 
CNS-effects using the NeuroCart) (19). Additionally, since humans have slower 
metabolism in general, it is expected that AUC ranges may often surpass animal 
ranges to some extent. The NOAEL can inform human tolerability predictions most 
reliably if the drug’s toxicity is associated to exaggerated pharmacology rather than 
off-target effects, which is often the case for newer, more selective compounds. 
The two significant outliers were actually intentional: the aforementioned IB19 was 
designed to explore the abuse potential of supratherapeutic doses (HED: 3704% 
and AUC: 276%); and IB18 comprised a recombinant endogenous protein whose 
pharmacological action was based on the endogenous protein’s level, which was 
known beforehand to differ significantly between the species used in preclinical 
efficacy studies and humans.

The same trend was observed in a separate analysis of CNS and non-CNS drugs, in 
which Cmax was the most sensitive parameter. Since Cmax is closely associated with 
the volume of distribution – which does not vary highly across mammal species, it 
is expected to predict the incidence of acute concentration-related adverse events 
accurately (20). For non-CNS drugs, the HED and AUC associated with the NOAEL 
in the most sensitive species were relatively conservative predictors of safety, 
surpassing human well-tolerated ranges by 685% and 492%. Nevertheless, the 
extreme results for HED were mostly driven by a few IBs (median: 100%) while the 
median for AUC was 188%, which is acceptable as it is within a twofold range and 
pertains to animal-human differences in AUC. These results are indicative as the 
small sample sizes for non-CNS drugs (N = 8) preclude a confirmatory conclusion.

Efficacy assessment

When looking at efficacy, there is a shift in the accuracy of the exposure parameters. 
Both HED (70%) and AUC (77%) predicted human pharmacologically active 
ranges slightly more accurately than Cmax (65%). While the Cmax overlap was 
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virtually unchanged for CNS (65%) and non-CNS drugs (67%), there were larger 
differences in HED (80% vs 48%, respectively) and AUC (79% vs 61%, respectively). 
Absorption, distribution (e.g. blood-brain barrier), metabolism and excretion 
differences between species may partially explain the inaccurate estimation of 
these parameters. Further investigation is warranted on the value of HED, Cmax and 
AUC across indications.

Differently from the toxicological ranges, the assessment of pharmacologically 
active ranges was frequently a hit or miss situation. For all three parameters, the 
overlaps were either large (≥ 80%) or small (≤ 20%) in at least 80% of the drugs. 
S mall overlaps indicate inaccuracy in the predictions using preclinical data, which 
may result in the advancement of drug candidates with poor therapeutic potential. 
Although drug specificities may partially explain some small overlaps, a consistently 
small overlap across two or more parameters might indicate other reasons. Efficacy 
studies performed in some species (e.g. mouse, cat) did not explore drug exposure 
and therefore, no Cmax nor AUC parameters could be inter- or extrapolated. 
Frequently, many toxicological studies did not include pharmacological endpoints, 
resulting in a significantly smaller animal range, as efficacy studies are performed 
at much lower dose levels. For example, in IB7, animal Cmax and AUC corresponding 
to efficacy were both lower than the human counterparts owing mostly to the lack 
of both efficacy PK data in the mouse and pharmacological endpoints in studies 
exploring higher doses (e.g. toxicity). In IB21, where all three animal ranges were 
higher than the human ranges, the drug was administered subcutaneously while the 
clinical route was oral, resulting in a lower bioavailability.

Improving animal to human translation in early clinical development

These findings bring attention to the importance of the choice of animal models of 
disease, endpoints used in preclinical studies and determination of a dose-response 
curve (21,22). Although animal models are not expected to predict the human 
response with perfect accuracy, our results show opportunities for improvement. For 
example, combining safety and efficacy studies to explore a wide exposure range 
allows the determination of which endpoints translate across species, increasing the 
accuracy of pharmacokinetic predictions for humans. Disease model-specific data 
can also be used with the IB-derisk tool to evaluate the predictivity of particular 
animal models of disease. These data can be used in reverse translation research to 
improve suboptimal disease models.

Moreover, trials in early clinical development are designed to determine the safety, 
tolerability, pharmacological activity and pharmacokinetics. They are hardly ever 
designed to demonstrate an effect in clinical efficacy outcomes, and therefore, 
biochemical and physiological markers are often employed (21). The translatability 
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of the endpoints used in animal studies is rarely discussed in the IBs. As such, there 
are hardly any considerations on the likelihood of pharmacological effects in 
animals translating into actual therapeutic effects in humans. Additionally, in some 
cases, efficacious doses in animals may be capped by human tolerability (23).

There are other factors which may hamper a holistic assessment of the translational 
value of the preclinical package in the IB. Even though most animal efficacy studies 
are conducted in mice, pharmacokinetics is usually only marginally explored in this 
species. Overall, Cmax and exposure data are either not collected or presented in the 
pharmacology sections, which poses a bigger challenge for the translation across 
species and determination of the therapeutic window. These limitations are largely 
related to the difficulties of PK-sampling in small laboratory animals. For instance, 
it was not uncommon for some routes of administration (e.g. intraperitoneal) to 
be used in efficacy studies without bioavailability studies across species to back 
them up. The employment of modelling and simulation, such as physiologically-
based pharmacokinetic modelling (PBPK) before first-in-human trials, offers an 
opportunity for more precise estimates (24,25).

By and large, the value of IBs for the development of translational strategies can 
be greatly enhanced by adhering to higher reporting standards in the preclinical 
studies. These improvements  will support the use of the IB to allow “a clinician, or 
potential investigator, to understand it and make his/her own unbiased risk-benefit 
assessment of the appropriateness of the proposed trial” (9). Such an objective 
assessment is only possible when the data are presented uniformly, clearly and in a 
proper translational context. Also, an IB in which data is transparently and accurately 
reported facilitates the interaction between companies and investigators, ethics 
committees and regulatory agencies – expediting the drug development process. 
The IB-derisk can be used as a tool as it orders all preclinical studies according to 
simple pharmacokinetic principles, and the emerging human data can be readily 
inserted to guide early studies in healthy volunteers and patients. The inclusion of 
an extensive exposure analysis of efficacy models (including the combination with 
toxicity studies whenever possible), analysis of the totality of the evidence in the IB, 
the nature of efficacy studies (exploratory or confirmatory) and detailed elaboration 
of the relevance of animal models and study designs offer further clear directions 
toward that goal (15).

Limitations

While the trends identified in our study are worth investigating, the limited number, 
diversity and non-randomness of the included IBs makes our findings suggestive 
rather than confirmatory. We designed this study to solely include IBs of drugs for 
which at least two (pharmacodynamically) active doses were identified in phase 
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I trials to allow a comparison between animal and human ranges. As such, these 
data cannot be used to compare the HED, Cmax and AUC regarding their ability to 
predict an effect in humans. Also, we could only compare the ranges reported in the 
IBs and CSRs from phase I studies. If dose-response curves were not fully explored, 
some estimations may need review, should additional data become available. In 
some IBs, toxicity studies reported pharmacological effects and were included in 
the pharmacologically active range. This inclusion resulted in much larger animal 
ranges, which could more easily overlap with clinical ranges in comparison to drugs 
without pharmacological endpoints. We used linear inter- and extrapolation to 
determine missing pharmacokinetic parameters in animals. Although such a strategy 
is common practice, it might lead to prediction inaccuracies for drugs with a non-
linear pharmacokinetic profile, and PK/PD-based analyses might have been more 
reliable. Also, the analysis was limited to studies of unregistered compounds mostly 
in healthy volunteers, therefore no predictions could be made about therapeutic 
efficacy or clinical effects in patients.

Conclusion

This study provides a first insight into the relevance of commonly used parameters 
of drug exposure in laboratory animals, in the prediction of human effective 
dose ranges using IBs. The reporting of measures to reduce the risk of bias, basic 
information (e.g. strain and sex) and justification of model choice is still insufficient. 
Generally, IBs highlight common practices in the industry that preclude a detailed 
assessment by ethics committees and regulatory agencies alike, possibly resulting 
in clinical trials advancing on the basis of spurious results. An improvement of the 
reporting of study design, animal characteristics and translational rationale is long 
overdue.

For safety, we show that the lowest NOAEL may result in overly conservative 
predictions for drugs with significant off-target toxicity. The Cmax was the most 
sensitive parameter to translate ranges of animal safety to human tolerability, 
regardless of indication. Some NOAEL-based animal HED and AUC ranges were 
exceeded in humans, mostly owing to reliable tools to monitor adverse events, 
species differences or drug specificities. For efficacy, the average overlap of the 
preclinical data with human pharmacologically active ranges varied from 65% 
(Cmax) to 77% (AUC). HED and AUC overlapped marginally more with clinical 
pharmacologically active ranges, but the high level of heterogeneity creates a 
challenge to their discrimination. The differences between CNS and non-CNS drugs 
warrant further investigation as they might present an opportunity for a better 
application of these parameters in early clinical development.
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The IB-derisk tool allows a first look into commonly used pharmacokinetic parameters 
across a pool of drugs and indications semi-quantitatively. It can also be used to 
assess the predictivity of specific animal models, adding to a crescent range of new 
strategies to improve the preclinical translation. With better reporting and more 
detailed translational rationales, the IB can be used as a powerful instrument for 
the translation of animal to human data.
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Abstract

Reports of a reproducibility crisis combined with a high attrition rate in the 
pharmaceutical industry have put animal research increasingly under scrutiny in 
the past decade. Many researchers and the general public now question whether 
there is still a justification for conducting animal studies. While criticism of the 
current modus operandi in preclinical research is certainly warranted, the data 
on which these discussions are based are often unreliable. Several initiatives to 
address the internal validity and reporting quality of animal studies (e.g., Animals 
in Research: Reporting In Vivo Experiments (ARRIVE) and Planning Research and 
Experimental Procedures on Animals: Recommendations for Excellence (PREPARE) 
guidelines) have been introduced but seldom implemented.  As for external validity, 
progress has been virtually absent. Nonetheless, the selection of optimal animal 
models of disease may prevent the conduct of clinical trials based on unreliable 
preclinical data. Here, we discuss three contributions to tackle the evaluation of 
the predictive value of animal models of disease themselves. First, we developed 
the Framework to Identify Models of Disease (FIMD), the first step to standardise 
the assessment, validation and comparison of disease models. FIMD allows the 
identification of which aspects of the human disease are replicated in the animals, 
facilitating the selection of disease models more likely to predict human response. 
Second, we show an example of how systematic reviews and meta-analyses can 
provide another strategy to discriminate between disease models quantitatively. 
Third, we explore whether external validity is a factor in animal model selection in 
the Investigator’s Brochure (IB), and we use the IB-derisk tool to integrate preclinical 
pharmacokinetic and pharmacodynamic data in early clinical development. Through 
these contributions, we show how we can address external validity to evaluate the 
translatability and scientific value of animal models in drug development. However, 
while these methods have potential, it is the extent of their adoption by the scientific 
community that will define their impact. By promoting and adopting high-quality 
study design and reporting as well as a thorough assessment of the translatability 
of drug efficacy of animal models of disease, we will have robust data to challenge 
and improve the current animal research paradigm.

Keywords: animal model, drug development, translational research, FIMD, 
validation, systematic review, meta-analysis, investigator’s brochure, external 
validity
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Introduction

  Despite modest improvements, the attrition rate in the pharmaceutical industry 
remains high (1–3). Although the explanation for such a low success is multifactorial, 
the lack of translatability of animal research has been touted as a critical aspect 
(4,5).  Evidence of the problems of animal research’s modus operandi has been 
mounting for almost a decade.  Research has shown preclinical studies have major 
design flaws (e.g. low power, irrelevant endpoints), are poorly reported, or both – 
leading to unreliable data which ultimately means that animals are subjected to 
unnecessary suffering and clinical trial participants are potentially placed at risk 
(6,7). Increasing reports of failure to reproduce preclinical studies across several 
fields pointed to the need to increase current standards (8–10). In these terms, 
the assessment of two essential properties of translational research, internal and 
external validity, is jeopardised (11).

Internal validity refers to whether the findings of an experiment in defined conditions 
are true (4). Measures related to internal validity, such as randomisation and 
blinding, reduce or prevent several types of bias, and have a profound effect on 
study outcomes (12,13). Initiatives, such as the Animals in Research: Reporting In 
Vivo Experiments (ARRIVE) and Planning Research and Experimental Procedures on 
Animals: Recommendations for Excellence (PREPARE) guidelines and harmonized 
animal research reporting principles (HARRP), address the issues related to the poor 
design and reporting of animal experiments (14–16). While all of these initiatives 
can resolve most, if not all, issues surrounding internal validity, they are poorly 
implemented, and their uptake by all stakeholders is remarkably slow(13,17).

If progress on internal validity front has been insufficient, for external validity, it has 
been virtually absent. External validity is related to whether an experiment’s findings 
can be extrapolated to other circumstances (e.g. animal to human translation). 
For external validity, while the study design plays a significant role (e.g. relevant 
endpoints and time to treatment), there is another often overlooked dimension: 
the animal models themselves (18). The pitfalls of using animals to simulate human 
conditions, such as different aetiology and lack of genetic heterogeneity, have 
been widely recognised for a long time (1,10,19,20). Nonetheless, the few efforts to 
address external validity to the same extent as internal validity are still insufficient 
(21,22).

The results of a sizeable portion of animal studies are unreliable (8,9,23). If we 
cannot fully trust the data generated by animal experiments, how can we assess 
their value? We argue that for the sensible evaluation of animal models of disease, 
we need to generate robust data first.  To generate robust data, we need models 
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that simulate the human disease features to the extent that allows the reliable 
translation between species. Through the selection of optimal animal models of 
disease, we can potentially prevent clinical trials from advancing based on data 
unlikely to translate. Our research focuses on the design of methods and tools to this 
end. In the following sections, we discuss the development, applications, limitations 
and implications of the Framework to Identify Models of Disease (FIMD), systematic 
reviews and meta-analysis and the IB-derisk to evaluate the external validity of 
animal models of disease.

The Framework to Identify Models of Disease (FIMD)

The evaluation of preclinical efficacy often employs animal models of disease. Here, 
we use ‘animal model of disease’ for any animal model that simulates a human 
condition (or symptom) for which a drug can be developed, including testing 
paradigms. While safety studies are tightly regulated, including standardisation 
of species and study designs, there is hardly any guidance available for efficacy 
(24). New drugs often have new and unknown mechanisms of action, which 
require tailor-made approaches for their elucidation (24,25). As such, it would be 
counterproductive for regulatory agencies and companies alike to predetermine 
models or designs for efficacy as it is done for safety. However, in practice, this 
lack of guidance has contributed to the performance of studies with considerable 
methodological flaws (6,26).

The assessment of the external validity of animal models has traditionally relied 
on the criteria of face, construct and predictive validity (27,28). These concepts are 
generic and highly prone to user interpretation, leading to the analysis of disease 
models according to different disease parameters. This situation complicates an 
objective comparison between animal models. Newer approaches, such as the 
tool developed by Sams-Dodd and Denayer et al., can be applied to in vitro and 
in vivo models and  consist of the simple scoring of five categories (species, disease 
simulation, face validity, complexity and predictivity) according to their proximity 
to the human condition (20,29). Nevertheless, they still fail to capture relevant 
characteristics involved in the pathophysiology and drug response, such as histology 
and biomarkers.

To address the lack of standardisation and the necessity of a multi-dimensional 
appraisal of animal models of disease, we developed the Framework to Identify 
Models of Disease (FIMD) (21,22). The first step in the development of FIMD was the 
identification of the core parameters used to validate disease models in the literature. 
Eight domains were identified: Epidemiology, Symptomatology and Natural History 
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(SNH), Genetics, Biochemistry, Aetiology, Histology, Pharmacology and Endpoints. 
More than 60% of the papers included in our scoping review used three or fewer 
domains. As it stood, the validation of animal models followed the tendency of the 
field as a whole: no standardisation nor integration of the characteristics frequently 
mentioned as relevant.

Based on these results, we drafted questions about each domain to determine the 
similarity to the human condition (Table 1). The sheet containing the answers to 
these questions and references thereof is called a validation sheet. The weighting 
and scoring system weights all domains equally. The final score can be visualised 
in a radar plot of the eight domains and, together with the validation sheet, 
facilitates the comparison of disease models at a high level. An example of radar 
plot is presented in Figure 1. However, we know that the domains can be of different 
importance depending on the disease. For example, in a genetic disease, such as 
Duchenne Muscular Dystrophy (DMD), the genetic domain has a higher weight than 
in type 2 diabetes, in which environmental factors (e.g. diet) play a significant role.

At first, we also designed a weighting and scoring system based on the intended 
indication to compare models. This system divided diseases into three groups 
according to their aetiology: genetic, external and multifactorial. By establishing 
a hierarchical relationship between the domains according to a disease’s 
characteristics, we expected to allow a more sensitive scoring of the models. 
  However, after reflection, the indication-based scoring was not included for 
two reasons. The first reason was the added complexity of this feature, which 
would require an additional setup to be executed in a framework that is already 
information-dense, possibly limiting its implementation. The second reason was the 
lack of validation of said feature since the numerical values were determined with a 
biological rationale but no mathematical/statistical basis. As such, any gain in score 
sensitivity would not necessarily indicate a difference between animal models. We 
settled for a generic system that weighted all domains equally until more data using 
this methodology are available. An example of radar plot is presented in Figure 1.

To account for the low internal validity of animal research, we added a reporting 
quality and risk of bias assessment for the pharmacological validation section. This 
section includes all studies in which a drug intervention was tested. The reporting 
quality parameters were based on the ARRIVE guidelines, and the risk of bias 
questions were extracted from the tool published by the SYstematic Review Center 
for Laboratory animal Experimentation (SYRCLE) (14,30). With this information, 
researchers can put pharmacological studies into context and evaluate how reliable 
the results are likely to be.

The final contribution of FIMD was a validation definition for animal models of 
disease. We grounded the definition of validation on the evidence provided for a 
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model’s context of use, grading it into four levels of confidence. With this definition, 
we intentionally decoupled the connotation of a validated model being a predictive 
model. Rather, we reinforce that a validated animal model is a model with well-
defined, reproducible characteristics.

Model B Model A

8. ENDPOINTS

7. PHARMACOLOGICAL

6. HISTOLOGICAL

5. AETIOLOGICAL

4. BIOCHEMICAL

3. GENETIC

2. SNH

1. EPIDEMIOLOGICAL

FIGURE 1 | Example of a radar plot obtained with the validation of two animal models using the 
Framework to Identify Models of Disease (FIMD. SNH - Symptomatology and Natural History. Extracted 
from Ferreira et al (21,22).

T  o validate our framework, we first conducted a pilot study of two models of type 
2 diabetes – the Zucker Diabetic Fatty (ZDF) rat and db/db mouse, chosen on the 
basis of their extensive use in preclinical studies. Next, we did a complete validation 
of two models of Duchenne Muscular Dystrophy (DMD) – the mdx mouse and the 
Golden Retriever Muscular Dystrophy (GRMD) dog. We chose the mdx mouse owing 
to its common use as DMD model and the GRMD dog for its similarities to the human 
condition (31,32). While only minor differences were found for the type 2 diabetes 
models, the models for DMD presented more striking dissimilarities. T  he GRMD dog 
scored higher in the Epidemiology, SNH and Histology domains whereas the mdx 
mouse did so in the Pharmacology and Endpoints domains, the latter mainly driven 
by the absence of studies in the dog. Our findings indicate the mdx mouse may 
not be appropriate to test disease-modifying drugs, despite its use in most animal 
studies in DMD [31]. If more pharmacology studies are published using the GRMD 
dog, it will result into a more refined assessment. A common finding in all the four 
models was the high prevalence of experiments for which the risk of bias could not 
be assessed.
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TABLE 1 | Questions per domain with weighting per questions. Extracted from Ferreira et al (21,22).

Weight

1. EPIDEMIOLOGICAL VALIDATION 12.5

1.1  Is the model able to simulate the disease in the relevant sexes? 6.25

1.2 Is the model able to simulate the disease in the relevant age groups (e.g. juvenile, adult 
or ageing)?

6.25

2. SYMPTOMATOLOGY AND NATURAL HISTORY VALIDATION 12.5

2.1 Is the model able to replicate the symptoms and co-morbidities commonly present in this 
disease? If so, which ones?

2.5

2.2 Is the natural history of the disease similar to human’s regarding:
2.2.1 Time to onset

2.5

2.2.2 Disease progression 2.5

2.2.3 Duration of symptoms 2.5

2.2.4 Severity 2.5

3. GENETIC VALIDATION 12.5

3.1  Does this species also have orthologous genes and/or proteins involved in the human 
disease?

4.17

3.2 If so, are the relevant genetic mutations or alterations also present in the orthologous 
genes/proteins?

4.17

3.3 If so, is the expression of such orthologous genes and/or proteins similar to the human 
condition?

4.16

4. BIOCHEMICAL VALIDATION 12.5

4.1 If there are known pharmacodynamic (PD) biomarkers related to the pathophysiology of 
the disease, are they also present in the model?

3.125

4.2 Do these PD biomarkers behave similarly to humans’? 3.125

4.3 If there are known prognostic biomarkers related to the pathophysiology of the disease, 
are they also present in the model?

3.125

4.4 Do these prognostic biomarkers behave similarly to humans’? 3.125

5. AETIOLOGICAL VALIDATION 12.5

5.1 Is the aetiology of the disease similar to humans’? 12.5

6. HISTOLOGICAL VALIDATION 12.5

6.1 Do the histopathological structures in relevant tissues resemble the ones found in 
humans?

12.5

7. PHARMACOLOGICAL VALIDATION 12.5

7.1 Are eff ective drugs in humans also eff ective in this model? 4.17

7.2 Are ineff ective drugs in humans also ineff ective in this model? 4.17
7.3 Have drugs with diff erent mechanisms of action and acting on diff erent pathways been 
tested in this model? If so, which?

4.16

8. ENDPOINT VALIDATION 12.5

8.1 Are the endpoints used in preclinical studies the same or translatable to the clinical 
endpoints?

6.25

8.2 Are the methods used to assess preclinical endpoints comparable to the ones used to 
assess related clinical endpoints?

6.25
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We designed FIMD to avoid the limitations of previous approaches, which included 
the lack of standardisation and integration of internal and external validities. 
Nonetheless, it presents challenges of its own, ranging from the definition of 
disease parameters and absence of a statistical model to support a more sensitive 
weighting and scoring system to the use of publicly available (and often biased) 
data. The latter is especially relevant, as study design and reporting deficiencies of 
animal studies undoubtedly represent a challenge to interpret the resulting data 
correctly. While owing to these deficiencies, many studies are less informative; some 
may still offer potential insights if the data are interpreted adequately. We included 
the reporting quality and risk of bias assessment to force researchers to account for 
these shortcomings when interpreting the data.

FIMD integrates the key aspects of the human disease an animal model must 
simulate. Naturally, no model is expected to mimic the human condition fully. 
However, understanding which features an animal model can and which it cannot 
replicate, allows researchers to select optimal models for their research question. 
More importantly, it puts the results from animal studies into the broader context of 
human biology, potentially preventing the advancement of clinical trials based on 
data unlikely to translate.

Systematic Review and Meta-analysis

Systematic reviews and meta-analyses of animal studies were one of the earliest 
tools to expose the status of the field (33). Nonetheless, their application to compare 
animal models of disease is relatively recent. In FIMD’s pilot study, the two models 
of type 2 diabetes (the ZDF rat and db/db mouse) only presented slight differences 
in the general score. Since FIMD does not compare models quantitatively, we 
conducted a systematic review and meta-analysis to compare the effect of glucose-
lowering agents approved for human use on the HbA1c (34). We chose HbA1c as 
the outcome owing to its clinical relevance in type 2 diabetes drug development 
(35,36).

The results largely confirmed FIMD’s pilot study results: both models responded 
similarly to drugs irrespective of the mechanism of action. The only exception was 
exenatide, which led to higher reductions of HbA1c in the ZDF rat. Both models 
predicted the direction of effect in humans for drugs with enough studies. Moreover, 
the quality assessment showed that animal studies are poorly reported: no study 
mentioned blinding at any level, and less than half reported randomisation. In this 
context, the risk of bias could not be reliably assessed.
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 The development of systematic reviews and meta-analyses to combine animal 
and human data offers an unprecedented opportunity to investigate the value 
of animal models of disease further.  Nevertheless, translational meta-analyses 
are still uncommon (37). A prospect for another application of systematic reviews 
and meta-analyses lies in comparing drug effect sizes in animals and humans 
directly. By calculating the degree of overlap of preclinical and clinical data, 
animal models could be ranked according to the extent they can predict effect 
sizes across different mechanisms of action and drug classes. The calculation of 
this ‘translational coefficient’ would include effective and ineffective drugs. Using 
human effect sizes as the denominator, a translational coefficient higher than 1 
would indicate an overestimation of treatment effect while a coefficient lower than 
1, an underestimation. The systematisation of translational coefficients would lead 
to ‘translational tables’, giving additional insight on models’ translatability.  These 
translational tables, allied with more qualitative approaches, such as FIMD, could 
form the basis for evidence-based animal model selection in the future.

 Indeed, such a strategy is not without shortcomings. Owing to significant differences 
in the methodology of preclinical and clinical studies, such comparisons may 
present unusually large confidence intervals, complicating their interpretation. 
Also, preclinical studies would need to match the standards of clinical research to a 
higher degree, including the use of more relevant endpoints that can be compared. 
Considerations on other design (e.g. dosing, route of administration), statistical 
(e.g. sample size, measures of spread) and biological matters (species differences) 
will be essential to develop a scientifically sound approach.

Can animal models predict human pharmacologically active 

ranges? A first glance into the Investigator’s Brochure

The decision to proceed to first-in-human trials is mostly based on the Investigator’s 
Brochure (IB), a document required by the Good Clinical Practice (GCP) guidelines 
(38). The IB compiles all the necessary preclinical and clinical information for ethics 
committees and investigators to evaluate a drug’s suitability to be tested in humans. 
The preclinical efficacy and safety data in the IB are thus the basis for the risk-
benefit analysis at this stage. Therefore, it is paramount that these experiments are 
performed to the highest standards to safeguard healthy volunteers and patients.

However, the results from Wieschoswki and colleagues show a different scenario 
(26). They analysed 109 IBs presented for ethics review of three German institutional 
review boards. The results showed that the vast majority of preclinical efficacy 
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studies did not report measures to prevent bias, such as blinding or randomisation. 
Furthermore, these preclinical studies were hardly ever published in peer-reviewed 
journals and were overwhelmingly positive – only 6% of the studies reported no 
significant effect. The authors concluded IBs do not provide enough high-quality 
data to allow a proper risk-benefit evaluation of investigational products for first-in-
human studies during the ethics review.

In an ongoing study to investigate the predictivity of the preclinical data provided 
in the IBs, we are evaluating whether animal models can predict pharmacologically 
active ranges in humans. Since pharmacokinetic (PK) and pharmacodynamic 
(PD) data are often scattered throughout the IB across several species, doses and 
experiments, integrating it can be challenging. We are using the IB-derisk, a tool 
developed by the Centre for Human Drug Research (CHDR), to facilitate this analysis 
(39).  The IB-derisk consists of a colour-coded excel sheet or web application (www.
ib-derisk.org) in which PK and PD data can be inputted. It allows the extra- and 
interpolation of missing PK parameters across animal experiments, facilitating the 
dose selection in first-in-human trials. The IB-derisk yields yet another method to 
discriminate between animal models of disease. With sufficient data, the drug PK 
and PD from preclinical studies of a single model and clinical trials of correspondent 
drugs can be compared. This analysis, when combined with PK/PD modelling, can 
serve as a tool to select the most relevant animal model based on the mechanism 
of action and model characteristics. Preliminary (and unpublished) results suggest 
that animal models can often predict human pharmacologically active ranges. How 
the investigated pharmacokinetic parameters relate to the indication, safety, and 
efficacy is still unclear.

To build on Wieschowski’s results, we have been collecting data on the internal 
validity and reporting quality of animal experiments.  Our initial analysis indicates the 
included IBs also suffer from the same pitfalls identified by Wieschowski, suggesting 
that such problems are likely to be widespread. Also, only a few IBs justified their 
choice of model(s) of disease, and none compared their model(s) to other options 
to better understand their pros and cons. This missing information is crucial to allow 
risk-benefit analysis during the ethics review process.

Levelling the translational gap for animal to human efficacy data

Together, FIMD, systematic reviews and meta-analyses and the IB-derisk have the 
potential to circumvent many limitations of current preclinical efficacy research. 
FIMD allows the general characterisation of animal models of disease, enabling 
the identification of their strengths and weaknesses. The validation process results 
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in a sheet and radar plot that can be compared easily. Because the validation is 
indication-specific, the same model may have different scores for different diseases, 
allowing a more nuanced assessment. The addition of measures of the risk of bias 
and reporting quality guarantees researchers have enough information to scrutinise 
the efficacy data. The IB-derisk tool correlates human and animal PK and PD ranges, 
adding a quantitative measure of response to the pharmacological validation of 
FIMD. Finally, a systematic review and meta-analysis of efficacy studies can show 
whether the pharmacological effects in animals translate into actual clinical effects.

This extensive characterisation of disease models – and their disparities to patients, 
is the only way to account for species differences that may impact the translation 
(11,40). The largest study so far to analyse the concordance between animal 
and human safety data supports this premise (41). For example, while rabbits 
can accurately predict arrhythmia in humans, the Irwin test in rats, a required 
safety pharmacology assessment, is of limited value. Thus, we need to focus on 
understanding the animal pathophysiology to the degree that allows us to assess 
for what kind of research a disease model is suitable. Especially for complex 
multifactorial conditions (e.g. Alzheimer’s disease), the use of multiple models 
that simulate different aspects is likely to provide a more detailed and reliable 
picture (42). For instance, Seok and colleagues have shown that human and 
mouse responses to inflammation vary significantly according to their aetiology 
(43). While genomic responses in human trauma and burn were highly correlated 
(R² = 0.91), human to mouse responses correlated poorly with an R² < 0.1. These 
considerations are fundamental to select a model of disease to assess the efficacy 
of potential treatments, and FIMD can serve as the tool to compile and integrate 
this information.  However, by itself, FIMD cannot prevent poor models from being 
used. The validation of all existing models may result in low scores, and thus, the 
inability to identify a relevant model. While the researcher may still choose to pick 
one of these models for a specific reason, FIMD offers institutional review boards 
and funders a scientifically-sound rationale to refuse the performance of studies 
in poor animal models – even if it means no animal research should be conducted.

There are some constraints for the implementation of the methods and tools 
we described. All of them require significant human and financial investments. 
Nonetheless, the estimated cost of irreproducibility (~US$30 billion per year in the 
US alone) – likely dwarfs the cost for the broad implementation of these strategies 
(44). Besides, this initial investment can be mitigated over time. For instance, FIMD 
validation sheets could be available in peer-reviewed, open-access publications that 
can be updated periodically. This availability will prevent researchers from different 
institutions from unnecessarily repeating studies. Also, subsequent FIMD updates 
will be much faster than the first validation. In the same vein, if the application of 
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systematic reviews and meta-analyses and the IB-derisk become commonplace, 
training will become widespread, and their execution will be more efficient. The 
development of automated methods that can compile vast amounts of data will 
certainly aid to this end (45,46).

 Animal research is already a cost-intensive and often long endeavour. By 
conducting experiments with questionable validities, we are misusing animals – 
which is expressively prohibited by the European Union (EU) Directive 2010/63. 
Only with a joint effort involving researchers in academia and industry, ethics 
committees, funders, regulatory agencies and the pharmaceutical industry, we can 
improve the quality of animal research. By applying FIMD, systematic reviews and 
meta-analysis, and the IB-derisk, researchers can identify more predictive disease 
models, potentially preventing clinical trials starting based on unreliable data. 
These approaches can be implemented in the short-term in both the academic and 
industrial settings since the training requires only a few months.

Concomitantly, the other stakeholders must create an environment that encourages 
the adoption of best practices.   Ethics committees have a unique opportunity to 
incentivise higher standards since an unfavourable assessment can prevent poorly 
designed experiments from even starting. However, they now frequently base their 
decisions on subpar efficacy data (26). Also, the lack of a detailed disease model 
justification often results in the selection of disease models based on tradition, 
rather than science (47). The request of a more detailed translational rationale for 
each model choice (e.g. by requiring models are evaluated with FIMD), as well as 
the enforcement of reporting guidelines, can act as gatekeepers for flawed study 
designs and improve the risk-benefit analysis significantly (48).

Funders can require the use of systematic reviews and meta-analyses and a 
thorough assessment of the translational relevance of selected animal models (e.g. 
FIMD). They can facilitate the adoption of these measures by reserving some budget 
specifically for training and the implementation of these strategies. Over time, 
FIMD, systematic reviews and meta-analyses can eventually become an essential 
requirement to acquire funding. Provided there is a grace period of at least a year, 
funders could request a stricter justification of model selection as early as their next 
grant round.

 Journal editors and reviewers must actively enforce reporting guidelines for ongoing 
submissions as endorsing them does not improve compliance (49). Promoting 
adherence to higher reporting standards will also preserve the journal’s reputation. 
In the medium-term, journals can provide a list with relevant parameters (e.g. 
randomisation, blinding) with line references to be filled out by the authors in the 
submission system. Such a system would facilitate reporting quality checks by editors 
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and reviewers without increasing the review length substantially. Registered reports 
allow input on the study design since they are submitted before the beginning of 
experiments. Additionally, since acceptance is granted before the results are known, 
the registered reports also encourage the publication of negative results, acting 
against the publication bias for positive outcomes.

Regulatory agencies can shape the drug development landscape significantly 
with some key actions. For instance, updating the IB guidelines by requiring a 
more extensive translational rationale for each animal model employed would 
facilitate the risk-benefit analysis by assessors and ethics committees alike. This 
rationale should include not only an evaluation of the animal model itself but also 
how it compares to other available options. Furthermore, agencies could review 
disease-specific guidance to include a more comprehensive account of efficacy 
assessment by exploring the use of disease models in safety studies (24,50). The 
simultaneous evaluation of efficacy and safety can result in more informative 
studies, which are more likely to translate to the clinic.  Finally, the output of the 
translational assessments of animal models of disease can be incorporated within 
periodic updates of guidelines, for instance, as an extended version of Sheean 
and colleagues’ work (51). Scientific advice can be used as a platform to discuss 
translational considerations early in development.  By presenting the strengths and 
weaknesses of validated disease models, agencies can promote optimal model 
selection without precluding model optimisation and the development of new 
approaches.

Furthermore, drug development companies can significantly benefit from the 
implementation of these measures in the medium-term. Larger companies can 
perform a thorough assessment of preclinical data of internal and external assets 
using FIMD, systematic review and meta-analysis, and the IB-derisk. At the same 
time, small and medium enterprises can provide data in these formats to support 
their development plan. Ultimately, the selection of more predictive disease models 
will lead to more successful clinical trials, increasing the benefit and reducing the 
risks to patients, and lower development costs.

 A positive side-effect of these strategies is the increased scrutiny of design and 
animal model choices. Instead of a status-quo based on tradition and replication of 
poor practices, we can move forward to an inquisitive and evidence-based modus 
operandi (7). This change of culture is sorely needed in both academic and industrial 
institutions (52). A shift toward a stricter approach – more similar to clinical trials, 
from beginning to end, is warranted (52).

This shift should include the, possibly immediate, preregistration and publication of 
animal studies on a public online platform, such as preclinicaltrials.eu (6,7,53–55). As 
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with clinical trials, where the quality of the preregistration and the actual publication 
of results are still a concern, this is unlikely to be sufficient (56,57). Higher standards 
of study design, performance and reporting are necessary to increase the quality 
of the experiments. Currently, Good Laboratory Practices (GLP) are only required 
for preclinical safety but not efficacy assessment. However, GLP experiments can 
be costly, making them prohibitive for academia, where many animal studies are 
conducted (58). A change toward the Good Research Practices (GRP), published by 
the World Health Organisation, offers a feasible alternative (59). The GRP consists 
of several procedures to improve the robustness of data and reproducibility, similarly 
to the GLP, but less strict. With the combination of efficacy and safety studies in 
disease models, the application of GRP instead of GLP may also be implemented 
in academia. Together with the employment of internal (e.g. ARRIVE and PREPARE 
guidelines, HARRP) and external validity (e.g. FIMD, systematic review and meta-
analysis, IB-derisk) tools, these proposals tackle critical shortcomings of current 
animal research . The harmonisation of requirements across stakeholders will be 
crucial for a successful change of mindset.

Our suggestions to improve the preliminary assessment of efficacy in animals are 
likely to face resistance from a considerable part of the scientific community (60). 
Nevertheless, so did the introduction of actions to improve the quality of clinical 
trials (53). The requirement for preregistration and the establishment of blinded 
and randomised clinical trials as the gold standard have improved clinical research 
substantially. The current requirements for clinical trials to be executed are also 
time-consuming, but few would doubt their importance. It is time we apply the same 
rigour to animal research (48,54,61).

At present, the discussions over the translatability of animal studies are often based 
on questionable data. If many preclinical studies are poorly conducted, we cannot 
expect their results to be translatable to the clinical context. Another overlooked 
point is the definition of translatability standards. Provided that studies are perfectly 
designed, employ optimal models and are conducted meticulously, what is the 
level of concordance that society and scientists are willing to accept? This lack 
of standardisation leads to the extraordinary situation of both proponents and 
opponents of the current animal research paradigm citing the same data to defend 
their arguments (41,62,63).

This reflection is especially relevant for the discussion of alternatives to animal 
studies. Many in silico and in vitro (particularly organoids and organs-on-a-chip) 
approaches are in development aiming to replace animal use in drug development 
partially or entirely, but they also have limitations (50,64). For instance, organoids 
cannot simulate organ-organ interactions, and the organ-on-a-chip technology has 
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not resolved the lack of a universal media to connect different organs as well as 
its inability to replicate the immune response, endocrine system or gut-microbiome 
(65). If these systems have the edge over animal studies owing to their human 
origin, they do not reproduce the known and unknown interactions of a whole 
intact organism. Additionally, they encounter challenges related to validation, 
reproducibility and reporting, akin to their animal counterparts (66–68). Hence, in 
their present form, these approaches are better applied as a complement, rather 
replacement, to animal research.

In the foreseeable future, animal research is unlikely to be eliminated. The criticism 
of the present state of affairs of preclinical research is indeed justifiable. However, 
dismissing the value of animals on the grounds of questionable data seems 
excessive. Meanwhile, our efforts must be focused on improving the robustness of 
animal data generated now. We already have tools available to address most, if not 
all, internal and external validity concerns. Only a thorough assessment of higher-
quality animal data will determine whether animal research is still a valid paradigm 
in drug development.

Final considerations

As it stands, the scepticism over the justification of animal research is well-founded. 
The data on which we routinely base our decisions in drug development is often 
unreliable. A significant reappraisal of the current standards for animal research is 
warranted. We must design, conduct and report preclinical studies with the same 
rigour as clinical studies. Moreover, we must scrutinise animal models of disease 
to ensure they are relevant to the evaluation of preliminary efficacy or any other 
question we are asking. If there are no relevant animal models of disease, then 
preclinical testing in other platforms must be pursued.

Those changes will undoubtedly have a cost. Nevertheless, all stakeholders must 
be willing to invest human and financial resources to drive a change in culture 
and practice. Only when we promote and adopt a high-quality study design and 
reporting as well as a thorough assessment of animal models’ translatability, we will 
have robust data to challenge and improve the current paradigm.
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Summary

Differently from the 1990s, when 40% of drugs failed in humans because of 
pharmacokinetics and bioavailability issues, now the primary reasons for failure 
are clinical efficacy, safety and commercial, in this order. Since new drugs frequently 
advance into the clinic based on animal studies, insufficient efficacy or safety in 
humans suggests that animal models are not predictive enough. Poor reproducibility 
has often been cited as a primary cause for this high failure rate. For this reason, 
most efforts so far focused on addressing the poor quality in the design, conduct 
and reporting of animal studies (internal validity). Currently, an improvement of 
the internal validity depends on the implementation, rather than development, of 
guidelines and recommendations. 

Conversely, the evaluation of animal models themselves (external validity) has often 
been overlooked. The current ways to assess the external validity of animal models 
of disease have several limitations. They are not standardised, may be interpreted 
differently by each user, preclude an easy comparison between animal models or 
lacks a more in-depth analysis of pathophysiological features relevant for drug 
efficacy. Nonetheless, it is only by establishing the essential information through 
which animal models can be evaluated that we can select models more likely to 
predict the human response. Hence, there is a need for new ways to discriminate 
among potentially predictive animal models of disease.

In this thesis, we developed new ways to discriminate among potentially predictive 
animal models. We defined the standards to guide the assessment, comparison 
and validation of animal models used to test the preliminary efficacy of new drugs. 
We based our approach on outlining the relationships between animal and human 
disease at physiological, pharmacological and therapeutic levels.

In Chapter 2, we present the development of the Framework to Identify Models of 
Disease (FIMD). We identified in the literature eight domains used by researchers 
in the validation and optimisation of animal models of disease: Epidemiology, 
Symptomatology and Natural History (SNH), Genetics, Biochemistry, Aetiology, 
Histology, Pharmacology and Endpoints. Based on these domains, questions were 
drafted to assess the similarities between animal and human condition. We included 
a weighting and scoring system that weighted all domains equally. Moreover, FIMD 
features measures of comparability between animal models, uncertainty around 
the validation, reporting quality and risk of bias. FIMD’s completed with instructions 
to facilitate its application in the assessment, validation and comparison of animal 
models of disease.
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In Chapter 3, we detail the validation of FIMD, which included a simplified version of 
the framework (pilot study) for two animal models of Type 2 Diabetes (T2D) and a 
complete validation for two models of Duchenne Muscular Dystrophy (DMD). In the 
pilot study, our results of the T2D models Zucker Diabetic Fatty (ZDF) rat and db/db 
mouse suggested that there are only minor differences between them, although the 
Pharmacology domain lacked enough studies. Conversely, the complete validation 
of the DMD models mdx mouse and Golden Retriever Muscular Dystrophy (GRMD) 
dog, showed significant differences in five domains: Epidemiology, SNH, Histology, 
Pharmacology and Endpoints. While the GRMD dog scored better in the first three, 
the mdx mouse was superior in the last two. Nevertheless, the higher score of 
the mdx mouse may be partially attributed to the absence of studies in the dog, 
leading to a lower score in the Pharmacology and Endpoints domains. The reporting 
quality was poor, and the risk of bias could not be assessed in most cases. Using 
the complete validation of the DMD models as examples, we introduce a step-wise 
approach to perform a complete validation of any animal model of disease.

In Chapter 4, we further explored the results from FIMD’s pilot study in T2D, which 
showed only minor differences between the ZDF rat and db/db mouse. Since FIMD 
did not fully investigate the concordance between animal and human data at 
therapeutic level, we conducted a systematic review and meta-analysis of animal 
studies to validate the pilot study results. The glucose-lowering effect of approved 
drugs on the glycated haemoglobin A1c (HbA1c) was compared in both models. 
Our findings indicated that the few dissimilarities between the ZDF rat and db/db 
mouse did not result in differences in the therapeutic effect of all drugs, except for 
exenatide. Similar to the pilot study results, because of the low quality of reporting, 
the risk of bias could not be evaluated for most studies. This systematic review and 
meta-analysis establishes the basis for the application of this methodology to 
compare animal and human efficacy data.

In Chapter 5, we explore preclinical pharmacokinetic and pharmacodynamic 
predictions in early clinical development to assess disease models at the 
pharmacological level. Investigator’s Brochures (IBs), a critical document that 
summarises all relevant information before first-in-human studies, are used as 
a source material. We employed the IB-derisk tool (developed at the Centre 
for Human Drug Research – CHDR, Leiden, NL) to integrate animal and human 
pharmacokinetic and pharmacodynamic data. Our results suggest that while 
animal models can potentially predict human well-tolerated and pharmacologically 
active ranges, there is much room for improvement. The reporting quality of the IB 
was similar to our previous assessments in Chapters 3 and 4, indicating that the poor 
reporting is not restricted to scientific literature. We propose stricter requirements 
for the design, report and conduct of animal experiments, broader exploration of 
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exposure in efficacy studies, among other measures to improve the potential of the 
IB to aid animal to human translation.

Finally, in Chapter 6, the discussion, we recapitulate each method debated in this 
thesis: FIMD, systematic reviews and meta-analysis and the IB-derisk tool. We discuss 
their applications, challenges for implementation and impact on animal research. 
The use of these new methods to discriminate between animal models of disease 
can only go so forth in addressing the high attrition rates in drug development. Only 
with a joint effort involving researchers in academia and industry, ethics committees, 
funders, regulatory agencies, and the pharmaceutical industry, the quality of animal 
research can be improved.

By applying FIMD, systematic reviews and meta-analysis, and the IB-derisk, 
researchers can identify more predictive disease models, potentially preventing 
clinical trials starting based on unreliable data. Ethics committees have a unique 
opportunity to incentivise higher standards since an unfavourable assessment can 
prevent poorly designed experiments from even starting. The request of a more 
detailed translational rationale for each model choice (e.g. by requiring models 
are evaluated with FIMD), as well as the enforcement of reporting guidelines, can 
act as gatekeepers for flawed study designs and improve the risk-benefit analysis 
significantly.

Funders can require the use of systematic reviews and meta-analyses and a 
thorough assessment of the translational relevance of selected animal models (e.g. 
FIMD). Journal editors and reviewers must actively enforce reporting guidelines for 
ongoing submissions as endorsing them does not improve compliance. Regulatory 
agencies can shape the drug development landscape significantly by, for instance, 
updating the IB guidelines by requiring a more extensive translational rationale for 
each animal model employed. Scientific advice can be used as a platform to discuss 
translational considerations early in development.

Larger companies can perform a thorough assessment of preclinical data of 
internal and external assets using FIMD, systematic review and meta-analysis, and 
the IB-derisk. At the same time, small and medium enterprises can provide data in 
these formats to support their development plan. Ultimately, the selection of more 
predictive disease models will lead to more successful clinical trials, increasing the 
benefit and reducing the risks to patients, and lower development costs.

A positive side-effect of these strategies is the increased scrutiny of design and 
animal model choices. Instead of a status-quo based on tradition and replication of 
poor practices, we can move forward to an inquisitive and evidence-based modus 
operandi. This change of culture is sorely needed in both academic and industrial 
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institutions. A shift toward a stricter approach – more similar to clinical trials, 
from beginning to end, is warranted. The harmonisation of requirements across 
stakeholders will be crucial for a successful change of mindset. 

Fortunately, some of these changes are already underway. In the past decade, 
scientific organisations, such as the National Centre for the Replacement, 
Refinement and Reduction of Animals in Research (NC3R), have continuously 
subsidised research aimed at improving the internal validity of animal studies. 
The Collaborative Approach to Meta-Analysis and Review of Animal Data from 
Experimental Studies (CAMARADES) and the Systematic Review Center for 
Laboratory animal Experimentation (SYRCLE) are relevant examples of groups 
supported by the NC3Rs that promote systematic reviews and meta-analyses as 
tools to diagnose the problems with current animal research – and propose solutions 
based on these results. Moreover, the Food and Drug Administration (FDA) may also 
expand their current framework called ‘the Animal Rule’, which currently covers the 
approval of products treating diseases for which human efficacy testing is neither 
feasible nor ethical, to qualify all disease models. Together with tools that assess 
disease models’ external validity, like those presented in this thesis, these initiatives 
may lead to a significant improvement in pharmaceutical R&D productivity.

In the foreseeable future, animal research is unlikely to be eliminated. The criticism 
of the present state of affairs of preclinical research is indeed justifiable. Our efforts 
must be focused on improving the robustness of animal data generated now. We 
already have tools available to address most, if not all, internal and external validity 
concerns. Only a thorough assessment of higher-quality animal data will determine 
whether animal research is still a valid paradigm in drug development. By promoting 
and adopting high-quality study design and reporting as well as a thorough 
assessment of the translatability of drug efficacy of animal models of disease, we 
will have robust data to improve the current animal research paradigm.
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Samenvatting

Anders dan in de jaren negentig, toen 40% van de geneesmiddelen bij de mens 
faalde door problemen met farmacokinetiek en biobeschikbaarheid, zijn nu de 
belangrijkste redenen voor het falen de klinische werkzaamheid, veiligheid en 
commerciele motivaties, in deze volgorde. Nieuwe geneesmiddelen vinden op 
basis van dierstudieshun weg naar de kliniek. Dit suggereert dat bij onvoldoende 
werkzaamheid of veiligheid in de mens dat diermodellen niet voorspellend genoeg 
zijn. Slechte reproduceerbaarheid wordt vaak genoemd als de primaire oorzaak 
voor dit hoge percentage van falen. Daarom zijn de meeste inspanningen tot nu 
toe gericht op het verbeteren van kwaliteit in de opzet, uitvoering en rapportage 
van dierproeven (interne validiteit). Momenteel is een verbetering van de interne 
validiteit afhankelijk van de implementatie in plaats van de ontwikkeling van 
richtlijnen en aanbevelingen. 

De evaluatie van diermodellen zelf (externe validiteit) wordt vaak over het hoofd 
gezien. De huidige manieren om de externe validiteit van ziektemodellen te 
beoordelen hebben verschillende beperkingen. Ze zijn niet gestandaardiseerd, 
kunnen door elke gebruiker verschillend worden geïnterpreteerd, sluiten een 
eenvoudige vergelijking tussen diermodellen uit of missen een diepgaandere 
analyse van pathofysiologische kenmerken die relevant zijn voor de werkzaamheid 
van het geneesmiddel. Desalniettemin is het alleen door het vaststellen van de 
essentiële informatie waarmee diermodellen kunnen worden geëvalueerd dat we 
modellen kunnen selecteren die de menselijke respons beter kunnen voorspellen. 
Daarom is er behoefte aan nieuwe manieren om onderscheid te maken tussen 
potentieel voorspellende diermodellen van ziekten.

In dit proefschrift hebben we nieuwe manieren ontwikkeld om onderscheid te 
maken tussen potentieel voorspellende diermodellen. We hebben dstandaarden 
gedefinieerd die als leidraad dienen voor de beoordeling, vergelijking en validatie 
van diermodellen die gebruikt worden om de voorlopige werkzaamheid van nieuwe 
geneesmiddelen te testen. We baseerden onze aanpak op het schetsen van de 
relaties tussen dierlijke en menselijke ziekten op fysiologisch, farmacologisch en 
therapeutisch niveau.

In hoofdstuk 2 presenteren we de ontwikkeling van het Framework to Identify 
Models of Disease (FIMD). We hebben in de literatuur acht domeinen geïdentificeerd 
die door onderzoekers worden gebruikt bij de validatie en optimalisatie van 
diermodellen van ziekten: Epidemiologie, Symptomatologie en Natuurlijke historie 
(SNH), Genetica, Biochemie, Etiologie, Histologie, Farmacologie en Eindpunten. 
Op basis van deze domeinen werden vragen opgesteld om de overeenkomsten 
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tussen dierlijke en menselijke toestand? te beoordelen. We hebben een wegings- 
en scoresysteem opgenomen dat alle domeinen gelijk gewogen heeft. Bovendien 
bevat FIMD metingen van de vergelijkbaarheid tussen diermodellen, onzekerheid 
over de validatie, de kwaliteit van de rapportering en het risico op vertekening. 
FIMD is aangevuld met instructies om de toepassing ervan te vergemakkelijken bij 
de beoordeling, validatie en vergelijking van diermodellen van ziekten.

In hoofdstuk 3 gaan we dieper in op de validatie van FIMD, die een vereenvoudigde 
versie van het framework (pilotstudie) voor twee diermodellen van type 2 diabetes 
(T2D) en een volledige validatie voor twee modellen van Duchenne spierdystrofie 
(DMD) omvatte. In de pilotstudie suggereerden onze resultaten van de T2D-modellen 
Zucker Diabetic Fatty (ZDF) rat en db/db muis dat er slechts kleine verschillen zijn 
tussen deze modellen, hoewel het farmacologische domein niet genoeg studies 
had. De volledige validatie van de DMD-modellen mdx muis en Golden Retriever 
Muscular Dystrophy (GRMD) hond daarentegen toonde significante verschillen in vijf 
domeinen: Epidemiologie, SNH, Histologie, Farmacologie en Eindpunten. Terwijl de 
GRMD hond beter scoorde in de eerste drie, was de mdx muis superieur in de laatste 
twee. Toch kan de hogere score van de mdx muis gedeeltelijk worden toegeschreven 
aan de afwezigheid van studies bij de hond, wat leidt tot een lagere score in de 
domeinen Farmacologie en Eindpunten. De kwaliteit van de rapportage was slecht 
en het risico op vertekening kon in de meeste gevallen niet worden beoordeeld. Met 
de volledige validatie van de DMD-modellen als voorbeeld, introduceren we een 
stapsgewijze aanpak om een volledige validatie van elk diermodel van de ziekte uit 
te voeren.

In hoofdstuk 4 hebben we de resultaten van de pilotstudie van FIMD in T2D, die 
slechts kleine verschillen tussen de ZDF-rat en de db/db-muis lieten zien, verder 
onderzocht. Aangezien FIMD de overeenkomsten tussen dier- en humanegegevens 
op therapeutisch niveau niet volledig heeft onderzocht, hebben we een 
systematische review en meta-analyse van dierstudies uitgevoerd om de resultaten 
van de pilotstudie te valideren. Het glucoseverlagende effect van goedgekeurde 
geneesmiddelen op de geglyceerde hemoglobine A1c (HbA1c) werd in beide 
modellen vergeleken. Onze bevindingen gaven aan dat de kleine verschillen tussen 
de ZDF-rat en de db/db-muis niet resulteerden in verschillen in het therapeutische 
effect van de geneesmiddelen, met uitzondering van exenatide. Vergelijkbaar met de 
resultaten van de pilotstudie kon het risico op vertekening niet worden geëvalueerd 
voor de meeste studies, vanwege de lage kwaliteit van de studierapportages. Deze 
systematische review en meta-analyse legt de basis voor de toepassing van deze 
methodologie om gegevens over de werkzaamheid van geneesmiddelen in dieren 
en mensen te vergelijken.
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In hoofdstuk 5 onderzoeken we preklinische farmacokinetische en 
farmacodynamische voorspellingen in de vroege klinische ontwikkeling om 
ziektemodellen op farmacologisch niveau te beoordelen. De Investigator’s Brochure 
(IB) is een belangrijk document die relevante non-klinische informatie samenvat 
vóór de first-in-human studies. Deze is gebruikt als bronmateriaal. We hebben de 
IB-derisk tool (ontwikkeld bij het Centrum voor Humane Geneesmiddelenonderzoek 
- CHDR, Leiden, NL) gebruikt om dierlijke en menselijke farmacokinetische en 
farmacodynamische gegevens te integreren. Onze resultaten suggereren dat, 
hoewel diermodellen mogelijkerwijs een voorspelling kunnen doen over de goed 
verdraagbare en farmacologisch actieve bereik inde mens, er nog veel ruimte is 
voor verbetering. De rapportagekwaliteit van het IB was vergelijkbaar met onze 
eerdere beoordelingen in hoofdstuk 3 en 4, wat aangeeft dat slechte rapportage 
zich niet beperkt tot de wetenschappelijke literatuur. We stellen strengere eisen voor 
m.b.t. het ontwerp, de rapportage en de uitvoering van dierproeven, een bredere 
verkenning van de blootstelling in effectiviteitsstudies, naast andere maatregelen 
om het potentieel van het IB om de vertaling van dier naar mens te verbeteren.

Tenslotte wordt in hoofdstuk 6, de discussie, elke methode die in dit proefschrift 
wordt besproken recapituleerd: FIMD, systematische reviews en meta-analyse en de 
IB-derisk tool. We bespreken hun toepassingen, uitdagingen voor de implementatie 
en de impact op proefdier onderzoek. Het gebruik van deze nieuwe methoden om 
onderscheid te maken tussen ziektemodellen kan alleen maar verder gaan in het 
aanpakken van de hoge uitvalpercentage in de ontwikkeling van geneesmiddelen. 
Alleen met een gezamenlijke inspanning van onderzoekers in de academische 
wereld en de industrie, ethische commissies, financiers, regelgevende instanties en 
de farmaceutische industrie kan de kwaliteit van dierproeven worden verbeterd.

Door toepassing van FIMD, systematische reviews en meta-analyse, en de IB-
derisk tool, kunnen onderzoekers beter voorspellende ziektemodellen identificeren, 
waardoor mogelijk wordt voorkomen dat klinische studies starten op basis van 
onbetrouwbare gegevens. Ethische commissies hebben hierin een unieke kans 
om hogere standaarden te stimuleren, omdat een ongunstige beoordeling kan 
voorkomen dat slecht ontworpen experimenten worden gestart. Het verzoek om een 
meer gedetailleerde translationele motivatie voor elke modelkeuze (bijvoorbeeld 
door te eisen dat modellen met FIMD worden geëvalueerd), alsmede de handhaving 
van rapportagerichtlijnen, kunnen als poortwachter fungeren voor gebrekkige 
onderzoeksontwerpen en de risico-batenanalyse aanzienlijk verbeteren.

Bovendien, financiers kunnen het gebruik van systematische reviews en meta-analyses 
en een grondige beoordeling van de translationele relevantie van geselecteerde 
diermodellen (bv. FIMD) eisen. Tijdschriftredacteuren en beoordelaars moeten 
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actief toezien op de naleving van de rapportagerichtlijnen van lopende aanvragen, 
aangezien stimulering daarvan de naleving niet verbetert. Regelgevende instanties 
kunnen het geneesmiddelenontwikkelingslandschap vormgeven door bijvoorbeeld 
de IB richtlijnen te actualiseren door een uitgebreidere translationele onderbouwing 
van elk gebruikt diermodel te eisen. Wetenschappelijk advies kan worden gebruikt 
als een platform voor het bespreken van de translationele overwegingen in een 
vroeg stadium van de ontwikkeling.

Grotere bedrijven kunnen een grondige beoordeling van preklinische gegevens van 
interne en externe middelen uitvoeren met behulp van FIMD, systematische reviews 
en meta-analyse, en de IB-derisk tool. Tegelijkertijd kunnen kleine en middelgrote 
ondernemingen gegevens in deze formaten aanleveren ter ondersteuning 
van hun ontwikkelingsplan. Uiteindelijk zal de selectie van beter voorspellende 
ziektemodellen leiden tot meer succesvolle klinische studies, waardoor het voordeel 
en de risico’s voor de patiënten toenemen en de ontwikkelingskosten dalen.

Een positief neveneffect van deze strategieën is de toegenomen aandacht voor het 
ontwerp en de keuze van diermodellen. In plaats van een status-quo gebaseerd 
op traditie en replicatie van slechte praktijken, kunnen we overgaan tot een 
onderzoekende en op bewijs gebaseerde modus operandi. Deze cultuuromslag is 
hard nodig in zowel academische als industriële instellingen. Een verschuiving naar 
een striktere aanpak - die meer lijkt op klinisch onderzoek, en van begin tot eind is 
gerechtvaardigd. De harmonisatie van de eisen voor alle belanghebbenden zal van 
cruciaal belang zijn voor een succesvolle mentaliteitsverandering. 

Gelukkig zijn sommige van deze veranderingen al in gang gezet. In het afgelopen 
decennium hebben wetenschappelijke organisaties, zoals het Nationaal Centrum 
voor Vervanging, Verfijning en Vermindering van Dieren in Onderzoek (NC3Rs) in het 
Verenigd Koninkrijk, onderzoek gesubsidieerd dat gericht is op het verbeteren van de 
interne validiteit van dierproeven. De Collaborative Approach to Meta-Analysis and 
Review of Animal Data from Experimental Studies (CAMARADES) in de Universiteit 
van Edinburgh is een relevante voorbeeld van groepen die door de NC3Rs worden 
ondersteund. In Nederland, het Systematic Review Center for Laboratory Animal 
Experimentation (SYRCLE) in de Radboud Universiteit Nijmegen is een soortgelijk 
initiatief. Beide CAMARADES and SYRCLE bevorderen systematische reviews en 
meta-analyses als instrumenten om de problemen met het huidige dieronderzoek 
te diagnosticeren – en op basis van deze resultaten oplossingen voorstellen. 
Bovendien kan de Food and Drug Administration (FDA) hun huidige raamwerk, 
“the Animal Rule” genaamd, dat momenteel de goedkeuring van producten voor 
de behandeling van ziekten waarvoor het testen van de werkzaamheid bij de 
mens noch haalbaar noch ethisch verantwoord is, uitbreiden om alle ziekten te 
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kwalificeren die in het kader van het onderzoek bij dieren worden aangetroffen. 
Samen met instrumenten die de externe validiteit van ziektemodellen beoordelen, 
zoals die welke in dit proefschrft worden gepresenteerd, kunnen deze initiatieven 
leiden tot een aanzienlijke verbetering van de productiviteit van farmaceutisch 
onderzoek en ontwikkeling.

Binnen afzienbare tijd zal proefdieronderzoek waarschijnlijk niet worden 
geëlimineerd. Maar de kritiek op de huidige stand van zaken van het preklinische 
onderzoek isgerechtvaardigd. Onze inspanningen moeten gericht zijn op het 
verbeteren van de robuustheid van de diergegevens die nu worden gegenereerd. 
We beschikken al over instrumenten om de meeste, zo niet alle, interne en 
externe validiteitsproblemen aan te pakken. Alleen een grondige beoordeling van 
hoogkwalitatieve diergegevens zal bepalen of proefdieronderzoek/onderzoek in 
dieren nog steeds een geldig paradigma is in de ontwikkeling van geneesmiddelen. 
Door het bevorderen en aannemen van zowel hoogkwalitatieve onderzoeksopzet 
en -rapportage en een grondige beoordeling van de vertaalbaarheid van 
medicijneffectiviteit in ziektemodellen, zullen we over robuuste gegevens beschikken 
om het huidige proefonderzoeksparadigma te verbeteren.
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Resumo

Diferentemente dos anos 90, quando 40% dos medicamentos falhavam em 
humanos devido à questões de farmacocinética e biodisponibilidade, agora as 
principais razões para o fracasso são a eficácia e segurança clínicas, e comercial, 
nesta ordem. Uma vez que novos medicamentos frequentemente avançam para 
a fase clínica com base em estudos em animais, eficácia ou segurança insuficiente 
em humanos sugere que modelos animais não são suficientemente preditivos. A 
baixa reprodutibilidade tem sido frequentemente citada como a principal causa 
desta alta taxa de fracasso. Por esta razão, a maioria dos esforços até agora se 
concentraram em lidar com a baixa qualidade no planejamento, condução e relato 
de estudos em animais (validade interna). Atualmente, uma melhoria da validade 
interna depende da implementação, e não do desenvolvimento, de diretrizes e 
recomendações. 

Por outro lado, a avaliação dos modelos animais em si (validade externa) tem sido 
muitas vezes negligenciada. As formas atuais de avaliar a validade externa dos 
modelos animais de doenças têm várias limitações. Elas não são padronizadas, 
podem ser interpretadas diferentemente por cada usuário, impedem uma 
comparação fácil entre modelos animais ou carecem de uma análise mais 
profunda das características fisiopatológicas relevantes para a eficácia das drogas. 
No entanto, só é possível selecionar modelos animais mais propensos a prever a 
resposta humana através da definição de quais são as informações essenciais com 
as quais os modelos animais podem ser avaliados. Portanto, são necessárias novas 
formas de diferenciar modelos animais de doença potencialmente preditivos.

Nesta tese, desenvolvemos novos modos de diferenciar modelos animais 
potencialmente preditivos. Definimos os padrões para orientar a avaliação, 
comparação e validação dos modelos animais usados para testar a eficácia 
preliminar de novos medicamentos. Baseamos nossa abordagem na delineação 
das relações entre as doenças animais e humanas a nível fisiológico, farmacológico 
e terapêutico.

No Capítulo 2, apresentamos o desenvolvimento do Framework para Identificar 
Modelos de Doenças (FIMD). Identificamos na literatura oito domínios utilizados 
pelos pesquisadores na validação e otimização de modelos animais de doenças: 
Epidemiologia, Sintomatologia e História Natural (SNH), Genética, Bioquímica, 
Etiologia, Histologia, Farmacologia e Desfechos. Com base nestes domínios, 
elaboramos perguntas para avaliar as semelhanças entre a condição animal 
e humana. Incluímos um sistema de ponderação e pontuação em que todos 
os domínios recebiam o mesmo peso. Além disso, o FIMD apresenta medidas 
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de comparabilidade entre modelos animais, incerteza em torno da validação, 
qualidade dos relatórios e risco de viés. O FIMD é completado com instruções para 
facilitar sua aplicação na avaliação, validação e comparação de modelos animais 
de doenças.

No Capítulo 3, detalhamos a validação do FIMD, que incluiu uma versão simplificada 
do framework (estudo piloto) para dois modelos animais de Diabetes Tipo 2 (DT2) 
e uma validação completa para dois modelos de Distrofia Muscular de Duchenne 
(DMD). No estudo piloto, os nossos resultados nos modelos de DT2, o rato Zucker 
Diabetic Fatty (ZDF) e o camundongo db/db, sugerem que existem apenas 
pequenas diferenças entre eles, embora o domínio da Farmacologia careça de 
estudos. Por outro lado, a validação completa dos modelos de DMD, o camundongo 
mdx e o cão Golden Retriever Muscular Dystrophy (GRMD), mostrou diferenças 
significativas em cinco domínios: Epidemiologia, SNH, Histologia, Farmacologia 
e Desfechos. Enquanto o cão GRMD teve melhor pontuação nos três primeiros, o 
camundongo mdx foi superior nos dois últimos. Entretanto, a pontuação mais alta 
do camundongo mdx pode ser parcialmente atribuída aos poucos estudos no cão, 
levando a uma pontuação mais baixa nos domínios de Farmacologia e Desfechos. 
A qualidade do relatório foi baixa, e o risco de viés não pode ser avaliado na maioria 
dos casos. Usando a validação completa dos modelos de DMD como exemplo, 
introduzimos uma abordagem por etapas para realizar uma validação completa 
de qualquer modelo animal de doença.

No Capítulo 4, exploramos mais profundamente os resultados do estudo piloto 
do FIMD em DT2, que mostrou apenas pequenas diferenças entre o rato ZDF e o 
comundongo db/db. Como o FIMD não investigou completamente a concordância 
entre dados de animais e humanos a nível terapêutico, realizamos uma revisão 
sistemática e uma meta-análise dos estudos com animais para validar os resultados 
do estudo piloto. O efeito de diminuição da glicose de medicamentos aprovados na 
hemoglobina glicada A1c (HbA1c) foi comparado em ambos os modelos. Nossas 
descobertas indicam que as poucas distinções entre o rato ZDF e o camundongo 
db/db não resultam em diferenças no efeito terapêutico de todos os medicamentos, 
exceto o exenatide. Como nos resultados do estudo piloto, o risco de viés não pode 
ser avaliado na maioria dos estudos devido à baixa qualidade de descrição dos 
experimentos. Esta revisão sistemática e meta-análise estabelece a base para 
a aplicação desta metodologia na comparação de dados de eficácia animal e 
humana.

No Capítulo 5, exploramos as previsões farmacocinéticas e farmacodinâmicas pré-
clínicas no desenvolvimento clínico inicial para avaliar modelos de doença no nível 
farmacológico. A Brochura do Investigador (IBs), um documento fundamental que 
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resume todas as informações relevantes antes dos primeiros estudos em humanos, 
foram usados como material de partida. Utilizamos a ferramenta IB-derisk 
(desenvolvida no Centre for Human Drug Research - CHDR, Leiden, NL) para integrar 
dados farmacocinéticos e farmacodinâmicos de animais e humanos. Nossos 
resultados indicam que, embora os modelos animais possam potencialmente 
prever as faixas humanas bem toleradas e farmacologicamente ativas, há muito 
espaço para melhorias. A qualidade dos relatórios do IB foi semelhante às nossas 
avaliações anteriores nos Capítulos 3 e 4, sugerindo que a baixa qualidade da 
evidência não se restringe à literatura científica. Propomos requisitos mais rigorosos 
para o planejamento, descrição e condução de experimentos com animais, 
exploração mais ampla da exposição em estudos de eficácia, entre outras medidas 
para melhorar o potencial da IB para auxiliar a tradução de animais para humanos.

Finalmente, no Capítulo 6, a discussão, recapitulamos cada método debatido nesta 
tese: FIMD, revisões sistemáticas e meta-análises e a ferramenta IB-derisk. Discutimos 
suas aplicações, desafios para implementação e impacto na pesquisa com animais. 
O uso destes novos métodos para diferenciar modelos animais de doenças sozinho 
tem apenas efeito limitado sobre as altas taxas de atrito no desenvolvimento de 
medicamentos. Somente com um esforço conjunto, envolvendo pesquisadores da 
academia e da indústria, comitês de ética, financiadores, agências reguladoras e a 
indústria farmacêutica, a qualidade da pesquisa animal pode ser melhorada.

Ao aplicar o FIMD, revisões sistemáticas e meta-análises e o IB-derisk, os 
pesquisadores podem identificar modelos de doenças mais preditivos, possivelmente 
prevenindo o início de ensaios clínicos com base em dados não confiáveis. Os 
comitês de ética têm uma oportunidade única para incentivar padrões mais altos, 
já que uma avaliação desfavorável pode impedir que experimentos mal concebidos 
sejam sequer começados. A solicitação de uma fundamentação translacional mais 
detalhada para cada escolha de modelo (por exemplo, exigindo que os modelos 
sejam avaliados com o FIMD), bem como a aplicação das diretrizes de descrição de 
experimentos, podem atuar como a triagem de desenhos de estudo com falhas e 
melhorar significativamente a análise de risco-benefício.

Os financiadores podem exigir o uso de revisões sistemáticas e meta-análises 
e uma avaliação completa da relevância translacional de modelos animais 
selecionados (por exemplo, FIMD). Os editores e revisores de periódicos devem 
aplicar ativamente as diretrizes para a apresentação de relatórios em andamento, 
pois somente endossá-las não melhora a aderência a estas diretrizes. As agências 
reguladoras podem moldar significativamente o cenário de desenvolvimento 
de medicamentos, por exemplo, atualizando as diretrizes da IB, exigindo uma 
fundamentação translacional mais extensa para cada modelo animal empregado. 
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O aconselhamento científico pode ser usado como uma plataforma para discutir 
considerações translacionais no início do desenvolvimento.

As grandes empresas podem realizar uma avaliação completa dos dados pré-
clínicos dos ativos internos e externos usando FIMD, revisão sistemáticas e meta-
análises, e o IB-derisk. Ao mesmo tempo, as pequenas e médias empresas podem 
fornecer dados nestes formatos para apoiar seu plano de desenvolvimento. Em 
última análise, a seleção de modelos de doenças mais preditivos levará a ensaios 
clínicos mais bem sucedidos, aumentando o benefício e reduzindo os riscos para os 
pacientes, além de diminuir os custos de desenvolvimento.

Um efeito colateral positivo dessas estratégias é o maior escrutínio das escolhas 
de desenho de estudo e modelos animais. Em vez de um status quo baseado 
na tradição e replicação de práticas questionáveis, podemos avançar para um 
modus operandi inquisitivo e baseado em evidências. Esta mudança de cultura é 
fundamental, tanto em instituições acadêmicas quanto industriais. Uma mudança 
em direção a uma abordagem mais estrita – mais semelhante aos ensaios clínicos, 
do início ao fim – é necessária. A harmonização das exigências entre as partes 
interessadas será crucial para uma mudança bem sucedida de mentalidade. 

Felizmente, algumas dessas mudanças já estão em andamento. Na última década, 
organizações científicas, como o Centro Nacional de Substituição, Refinamento 
e Redução de Animais em Pesquisa (NC3R), têm subsidiado continuamente 
pesquisas que visam melhorar a validade interna dos estudos com animais. A 
Abordagem Colaborativa para Meta-Análise e Revisão de Dados de Animais de 
Estudos Experimentais (CAMARADES) e o Centro de Revisão Sistemática para 
Experimentação Animal em Laboratório (SYRCLE) são exemplos relevantes de 
grupos apoiados pelos NC3Rs que promovem revisões sistemáticas e meta-
análises como ferramentas para diagnosticar os problemas com a pesquisa animal 
atual – e propor soluções baseadas nestes resultados. Além disso, o Food and Drug 
Administration (FDA) também pode expandir seu framework, chamado “Animal 
Rule”, que atualmente cobre a aprovação de produtos que tratam doenças para as 
quais os testes de eficácia humana não são nem viáveis nem éticos, para qualificar 
todos os modelos de doenças. Junto com ferramentas que avaliam a validade 
externa dos modelos de doenças, como as apresentadas nesta tese, estas iniciativas 
podem levar a uma melhoria significativa na produtividade da P&D farmacêuticos.

Num futuro próximo, é pouco provável que a pesquisa com animais seja eliminada. A 
crítica à situação atual da pesquisa pré-clínica é de fato justificável. Nossos esforços 
devem ser concentrados em melhorar a robustez dos dados animais gerados 
atualmente. Já temos ferramentas disponíveis para tratar da maioria, senão de 
todas, as preocupações de validade interna e externa. Somente uma avaliação 
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minuciosa dos dados de animais de maior qualidade determinará se a pesquisa 
com animais ainda é um paradigma válido no desenvolvimento de medicamentos. 
Ao promover e adotar um desenho e descrição de estudo de alta qualidade, bem 
como uma avaliação completa da translatabilidade da eficácia de medicamentos 
em modelos animais de doenças, produziremos dados robustos para melhorar o 
paradigma atual da pesquisa com animais.
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