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Simple Summary: If we want to use animal studies to predict what will happen if we give a drug
to humans, it makes sense to perform the animal studies as similarly to human studies as possible.
For example, if animal tests of a drug only look at the effect of injecting the drug in young healthy
animals, we cannot expect the results to be similar in human tests giving tablets to older patients
who may have other diseases besides the one for which they receive the drug. We did an in-depth
analysis of how 147 animal and 512 human studies of the drug methotrexate for rheumatoid arthritis
were performed. Important differences were present, for example, animal studies used more males,
while rheumatoid arthritis occurs more in females. We calculated the human-equivalent age of the
animals, and they were on average younger than humans. Many studies did not fully report the
way the experiments were performed. In spite of these differences, the drug methotrexate works
well against rheumatoid arthritis in animal models and humans. Further (literature) research is still
needed; we do not yet understand when we can reliably predict human effects from animal studies.

Abstract: Increased awareness and understanding of current practices in translational research is
required for informed decision making in drug development. This paper describes a systematic
review of methotrexate for rheumatoid arthritis, comparing trial design between 147 animal and
512 human studies. Animal studies generally included fewer subjects than human studies, and less
frequently reported randomisation and blinding. In relation to life span, study duration was
comparable for animals and humans, but included animals were younger than included humans.
Animal studies often comprised males only (61%), human studies always included females (98%
included both sexes). Power calculations were poorly reported in both samples. Analyses of human
studies more frequently comprised Chi-square tests, those of animal studies more frequently
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reported analyses of variance. Administration route was more variable, and more frequently
reported in animal than human studies. Erythrocyte sedimentation rate and c-reactive protein were
analysed more frequently in human than in animal studies. To conclude, experimental designs for
animal and human studies are not optimally aligned. However, methotrexate is effective in treating
rheumatoid arthritis in animal models and humans. Further evaluation of the available evidence in
other research fields is needed to increase the understanding of translational success before we can
optimise translational strategies.

Keywords: Systematic review; experimental design; animal-to-human translation; rheumatoid
arthritis; methotrexate

1. Introduction

In these times of focus on animal-free alternatives for drug development, we need to ensure
progress in fields of unmet patient needs; when it is possible to replace animal experiments by
alternative tests without animals, we should of course do so, but research may still be necessary
before alternatives become available. For informed decision making, we require increased awareness
and understanding of current practices in translational research. Our recent systematic scoping
review shows that animal-to-human translational success rates vary from 0% to 100% and that they
did not clearly correlate with species, study size, methods used to calculate translational success,
overall research field, or year of publication [1]. In our work, we focus on direct animal to human
translation, which we believe to be restricted to animal and human experiments preceding market
introduction. Translation from clinical trials to clinical practice is another phase of the drug-
developmental process where many compounds fail but are considered out of scope for this special
issue.

One of the factors possibly contributing to translational success and failure that we could not
test in our preceding scoping review is experimental design. For example, if a drug is preclinically
only tested with parenteral administration to young animals without comorbidities, extrapolation to
oral administration in older patients with comorbidities is not warranted. Besides, implementation
of randomisation and blinding to limit confounding of the results by different types of bias, (e.g.,
expectations of participants and investigators), and selecting appropriate analyses and sample size
to answer the primary research question are necessary to guarantee internal validity of the research
results before external validity can be assessed. If a clear relationship exists between study quality
and translational success, we should drastically and urgently improve animal and human study
quality. If translational success cannot be predicted at all, we should redirect the focus to alternative
approaches based on human biology.

Systematic reviews (SRs) of animal studies consistently show an unclear or high risk of bias for
the majority of the included studies (e.g., [2]). Besides, animal studies are often poorly aligned with
clinical trials (e.g., [3]). A recent SR of 123 clinical and experimental studies also showed that poor
experimental design (e.g., not randomising, not blinding and insufficient power) is common, and that
inflated effect sizes were more frequently observed in both equine and human trials with a high risk
of bias [4]. Others have highlighted specific problems with sample size [5] and randomisation and
blinding [6] in animal studies.

As described before, the level of concordance between clinical and preclinical trial design is
relevant for future drug development projects, but a clear overview of the experimental designs used
in clinical trials and animal studies and the differences between them is lacking. Therefore, we
decided to perform an SR comparing trial designs between animal and human studies. Because the
total body of evidence is too large to analyse in this manner, we started with a case study. We selected
rheumatoid arthritis (RA) for this case study because it is a well-defined research field with adequate
numbers of animal and human studies to analyse. Besides, there is an urgency to optimise practices
in this field, as RA animal models cause substantial discomfort to the experimental animals, while
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further drug development is still necessary to address unmet patient needs. Moreover, the available
animal models have their limitations, and several animal-free technologies, comprising patient-
derived cells, 3D cell culture systems, computational models, omics and large-scale epidemiological
studies, can be used and are developed further [7].

To create a manageable homogeneous sample, we restricted our SR to methotrexate (MTX); a
widely-used classical disease-modifying anti-rheumatic drug (DMARD). As this drug is generally
effective [8], it is also often administered in clinical and preclinical trials as a positive control.

2. Methods

The protocol for this SR was posted on the SYRCLE website on the 19th of February 2016 [9],
before we started screening of the papers retrieved from the searches for inclusion.

2.1. Paper Search and Selection

The search and selection are fully described in the original protocol [9]. In brief, we searched
PubMed and EmBase for animal and human studies of MTX in RA on the 19th of February 2016.
Searches comprised title-, abstract- and keywords, and internal thesaurus terms (Medical Subject
Headings or Emtree terms). We combined the three search components (animals including humans,
MTX and RA) with the Boolean operator “AND”. The full search strategy for each of the components
is provided for both databases in Supplementary Materials 1.

Duplicates were manually removed in Endnote. Unique references were imported into the Early
Review Organising Software (EROS; Institute of Clinical Effectiveness and Health Policy, Buenos
Aires, Argentina) for screening in two separate phases: first, titles and abstracts, and second, full texts.
Screening was performed by two (out of five) independent reviewers and discrepancies were
resolved by discussion between them.

We included all studies in which MTX was administered to RA patients or RA animal models in
our ongoing review. We excluded studies on other diseases than RA, studies that were not in vivo,
studies that did not administer MTX (or only had treatment groups co-administering MTX with other
experimental drugs), studies that did not analyse efficacy (e.g., safety studies), and publications that
did not contain new data (e.g., reviews and editorials).

2.2. Data Extraction and Cleaning

Data extraction was performed according to our protocol and comprised bibliographic details,
study design characteristics, animal model and human patient population characteristics, MTX
schedule and dose, and all outcome measures for which results were reported. Data extraction and
quality control were performed in Excel by seven of the authors. Distribution of the papers over the
data extractors was based on random lists (generated on random.org). However, to allow for
exploratory interim analyses, separate lists were used for animal and human studies, and some
extractors preferentially extracted from animal or human studies. Two exploratory interim analyses
were performed. The first compared 50 animal and 50 human papers (data extracted by Dd]). The
second analysed the animal studies in more detail (additional animal data extracted by TG). The
relative contribution of the different extractors to the overall dataset is shown in the results section
(Section 3.2 on bibliographic details, including a bar plot). As species cannot be blinded during data
extraction, we did not expect this distribution of the work to further affect the confounding of the
outcomes.

Study locations (locations where the study was reportedly performed, educated guesses were
only made if all authors had affiliations in the same country) were analysed at the country level using
country codes (ISO3) developed by the International Organization for Standardization. Locations that
were only specified at higher levels (e.g., Europe or Latin America) were not included in location
analyses.
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2.3. Data Analysis

To maximise our sample size, studies in languages other than English were included as far as
possible in all analyses. We translated the relevant details from Dutch, French, German, Italian and
Spanish to English, and extracted information from English abstracts, figures, tables and captions for
publications in Chinese, Japanese, Russian, Polish, Portuguese and Serbian. Where percentages of
reported and not reported details do not add up to 100%, the difference is explained by our
uncertainty on the reporting of these details in languages that we do not understand well enough.

For ease of analysis, and to prevent larger papers with multiple comparable experiments
skewing the results, the unit of analysis was the publication, if a paper reported more than one
experimental group, we used median values for the analyses. If ranges were reported, we included
the median values in our analyses. For comparisons of animal and human age of the included
population, animal ages were very crudely converted to human years. Lacking proper scientific
evidence for these conversions, we based ourselves on popular resources for estimations
(http://www .age-converter.com/). For mice, 1 month was considered equivalent to 14 human years;
for rats, 1 month was considered equivalent to 8 human years, for rabbits, 6 months was considered
equivalent to 16 human years. If only bodyweight was provided in the included paper, age was
estimated based on growth curves from the Charles River and Jackson laboratories websites.

Analyses were performed in R, version 3.6.3 —“Holding the Windsock” [10] via RStudio, version
1.2.5033. Data were imported using the readxl package [11], organised and analysed using the dplyr
[12] and tm [13] packages, and visualised using the ggplot2 [14], wordcloud [15] and rworldmap [16]
packages. With one exception, no statistical hypothesis-testing was performed, mainly because the
data are observational, and this study is explorative. Besides, the number of variables is so large that
false-positives would be expected. The exception is publication date, for which some authors
observed a difference between animal and human studies in the boxplot, while others did not. To be
sure, a two-sample Wilcoxon’s rank-sum test was performed in R using the wilcox.test function
(paired = FALSE).

Based on the authors’ experience, we were expecting reporting of experimental details to be
better in human than in animal studies, and designs to be more variable in animal than in human
studies. Other than that, we had no a priori expectations.

2.4. Protocol Deviations

In our protocol, we describe two research questions: first, “are the experimental designs of the
pre-clinical animal studies comparable to those of the clinical trials?” and second, “are the
improvements (i.e., reductions in swelling, pain and bone and cartilage damage) found in RA animal
models comparable with the improvements found in patients?”. Several publications have already
described meta-analyses directly comparing human and animal outcomes for other diseases and
interventions [17-20]. As the number of papers included in our SR was larger than anticipated, we
restricted ourselves to answering the first review question, which, as far as we know, has not been
answered before. As we were thus not performing the considered meta-analysis on the effects of
MTX, we omitted our risk of bias assessment. We did analyse the levels of reporting of e.g.,
randomization and blinding. Because of restricted resources, we also did not retrieve additional
references from reference lists of included studies and relevant reviews.

The following data were extracted from the included papers, but not analysed for this
publication: animal handling, number of animals per cage, laboratory temperature and humidity,
lighting regime, habituation period after arrival, species, strain, substrain, line, type of RA model and
details of model induction. These animal study characteristics will be described in a future
publication comparing the different RA animal models, for which a separate SR protocol was written,
which was posted on the SYRF website on the 24th of August 2018 [21]. General procedures for RA
animal models have recently been published [22].

3. Results
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3.1. Paper Flow

Our search in Pubmed retrieved 3238 references, the search in Embase retrieved 6305. After
duplicate removal, 8105 unique references remained. After screening, 659 references were included
in this review, 147 on animals and 512 on humans. The flow of papers through the different phases
and the reasons for exclusion in the full-text screening phase are shown in Figure 1. A list of the
included papers is provided in Supplementary Materials 2.

8105 references imported in
EROS for TiAb-screening

6698 references
= excluded based on
title/abstract

v

1407 references for full-text
screening

— 748 Excluded references:

452 Review without new data
161 No trial or study

42 No efficacy

63 No methotrexate

4 Not RA

26 Full-text not retrieved

v 147 animal studies ‘
659 references

included in final
review 512 human studies ‘

Figure 1. Paper flow.

3.2. Bibliographic Details

Overall, with 96 papers, the most popular journal in this data set is Arthritis and rheumatism,
followed by the Annals of the Rheumatic Diseases (82 included papers) and the Journal of
Rheumatology (52 included papers). The publication date ranged from 1971 to 2016 for animal
studies, and from 1982 to 2016 for human studies. On average, animal studies were performed more
recently than human studies (W = 44556, p < 0.001; Figure 2).
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Figure 2. Publication dates for animal and human studies.

Data were extracted by seven extractors. Their relative contribution to the extraction of animal
and human studies is shown in Figure 2. TG extracted data exclusively from animal studies, while
JE, RK and MvB extracted data exclusively from human studies. As explained in Section 2.2, we did
not expect this to affect our results.

Animal Human

Figure 3. Data extractors. (a) Extractors for animal studies; (b) extractors for human studies.
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B e
B we
R
e

Studies extracted by (0-100%)

Most included papers were written in English. Besides, we included both animal and human
studies in Chinese (k = 31), Japanese (k = 5) and Russian (k = 10), and human studies in Dutch (k = 1),
French (k = 1), German (k = 6), Italian (k = 1), Polish (k = 3), Portuguese (k = 1), Serbian (k = 1) and
Spanish (k = 1). Both animal and human studies were performed all over the world; the distribution
is shown in Figure 4.
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Global Distribution of Included Animal Studies Global Distribution of Included Human Studies
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Figure 4. Geographic location. (a) World map depicting the locations where the included animal
studies were performed; (b) world map depicting the locations where the included human studies
were performed. The colour reflects the number of studies as indicated in the legend.
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3.3. Experimental Design in Animal and Human Trials

3.3.1. General Experimental Design

The included animal studies were all interventional experiments. Human studies showed more
variation in overall study design. An impression of the words used to describe the experimental
designs in human studies is shown as a word cloud in Figure 5.

randomised

followup doseranging Controlled phaseii
comparatorcontrolled singleblind prospect|ve extension

multidose
uncontrolled firstinhuman observational

) dOSEFeSPiﬂse crossover treatment
phaseiib OPEN L double pilot  pling ~ dummy
< openlabel posthoc

proofofconcept  3arm
international  comparative

longitudinal
singlecentre
cohort

hasei .
parallelgroup ¢ clinical yiomarker
mechanistic  phaseiv phaSEIII activecontrolled

multicentre ...
placebocontrolled

doubleblind

Figure 5. Impression of study design descriptions of the included human studies (word cloud). All

doubledummy

mtxcontrolled

text has been converted to lower-case and punctuation was removed (e.g., “Phase-III” now reads
“phaseiii”). The most frequently used terms to describe human study design are: randomised (k =
329), double-blind (k = 248), placebo-controlled (k = 147) and multicentre (k = 113).

Overall numbers of subjects per study (n) ranged from 8 to 283 for animal studies (median: 40),
and from 8 to 2550 for human studies (median: 144). The number of experimental subjects receiving
exclusively MTX as the experimental treatment ranged from 3 to 135 per study (median: 24.5) for
animal studies, and from 2 to 1197 (median: 73) for human studies (Figure 6). The number of centres
in which the animal studies were performed was not specifically indicated in any of the included
studies, but probably all animal studies were single-centre. Human studies were performed in 1-209
centres (median: 4), 101 human studies were single-centre.
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Figure 6. Number of methotrexate-treated subjects in animal and human studies. MTX: Methotrexate.

Animal studies generally implemented a control group not receiving treatment (we were not
sure of this for only 4 out of the 147 studies). In 200 human studies, a control group without active
treatment was described, 255 human studies were either uncontrolled or used MTX as the active
control for another drug. We included all studies where MTX was the single active treatment in at
least one of the treatment groups, we did not restrict to studies specifically investigating MTX.

Animal studies lasted from 0.1 to 30 months (median: 1 month), human studies lasted from 0.1
to 132 months (median: 12 months). As a percentage of life span, the study duration for animal and
human studies is considered fairly comparable. Animal studies reported 1-30 repeated
measurements (median: 7) and human studies reported 1-63 (median: 5).

Randomisation (mainly of treatment allocation) was reported for 56 animal studies (38%) and
for 401 human studies (78%, Figure 7a). Randomisation was not reported for 84 animal studies (57%)
and 90 human studies (18%). At least partial blinding was reported for 19 animal studies (13%) and
for 348 human studies (68%, Figure 7b). Blinding was not reported for 111 animal studies (76%) and
134 human studies (26%, Figure 7b). Power calculations were reported for 4 animal studies (3%) and
for 131 human studies (26%, Figure 7c). Power calculations were not reported for 126 animal studies
(86%) and for 334 human studies (65%). Refer to Section 2.3 for an explanation of the uncertainty
causing percentages to not add up to 100% (we included studies in languages that we do not, or not
fully, understand).

Animal Human

Randomisation

. No
. yes

Studies reporting (0-100%)
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B Animal Human

C Animal Human

Figure 7. (a) Randomisation in animal and human studies; (b) blinding in animal and human studies;
(c) power calculations in animal and human studies.

Blinding
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Studies reporting (0-100%)
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Studies reporting (0-100%)

The most frequently reported analyses for animal studies were the analysis of variance (k = 69),
the Student’s t-test (k = 53) and the Mann-Whitney test (k = 26, Figure 8). The most frequently
reported analyses for human studies were the Chi-square test (k = 172), the Student’s t-test (k = 160)
and Wilcoxon'’s tests (either the signed-rank or the rank-sum test, k = 108, Figure 8). Note that most
studies used multiple statistical tests, which were all included in these analyses.
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Figure 8. Impression of the reported frequencies of specific statistical analyses in animal and human
studies; e.g., the ANOVA (analysis of variance test) was reportedly used in 69 animal studies (on the
x-axis) and 96 human studies (on the y-axis). The illegible part in the lower-left corner reflects a large
number of rare analyses that are not particularly relevant. The diagonal line reflects the ratio of
included human vs. animal studies.

3.3.2. Tested Populations

512 studies were on human subjects, 147 on animals. Of the 147 animal studies, 99 were on rats,
43 on mice, 3 on both rats and mice and 2 on rabbits. Of the animal studies, 12 included both sexes,
34 were restricted to female animals and 71 to male animals (Figure 9). For 15 animal studies, we
were not sure, and 15 other studies did not report the sex of the animals. Of the human studies, 411
included both sexes, 9 were restricted to females and none were restricted to males only (Figure 9).
For 17 human studies, we were not sure, and 75 human studies did not report the sex of the
participants.

Animal Human

Studies including (0-100%)

Figure 9. Sex in animal and human studies. NA: data not available.
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Age ranged from 9 to 52.2 human-equivalent years for animal studies (median: 16 human-
equivalent years) and from 10.2 to 76.5 years for human studies (median: 52, Figure 10).

60 -

404

Humanised Age (Years)

20 A

T T
Animal Human

Figure 10. (Humanised) age in years in animal and human studies.

In animal studies, most (127; 86%) do not specifically indicate studying early or late disease.
Many human studies are restricted to early (116) disease, some to late disease (9), and only 4 indicated
the studying of both. Of the human studies, 344 specified restriction to active disease. Most human
studies specified diagnostic criteria, and the criteria formulated by the American College of
Rheumatology (previously the American Rheumatism Association) were commonly used. These
clinical diagnostic criteria have been revised over time [23], which is reflected in the human studies
in this sample; e.g., the six studies reporting the use of the most recently revised criteria were all
published after 2013 (Figure 11). Of the 512 human studies, 156 reported excluding certain
comorbidities, and 18 reported including specific comorbidities. None of the included animal studies
modelled comorbid disease.
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x
5 |
>
g 1
= |
19901 | ’
ARA 1958 ACR 1987 ACR_EULAR 2010 Other

Figure 11. Publication date of human studies by diagnostic criteria. ACR 1987 criteria were also
referred to as ARA 1987 criteria. Studies grouped under “other” reported the use of other criteria, or
reported combinations of criteria, or did not report using specific criteria, or were in a language that
the authors did not understand.
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Most animal studies used treatment-naive animals; one animal study described initial treatment
besides MTX [24]. For human studies this was the reverse; only three included studies were restricted
to treatment-naive subjects and 222 studies specified various allowed preceding treatments. Two
animal studies studied MTX-resistant animals [25,26], 114 human studies specified including
partially or fully MTX-resistant subjects. Comedication was only administered in the one animal
study described above but was explicitly allowed in 328 human studies (implicitly probably in more).

3.3.3. MTX Interventions

MTX administration was an inclusion criterion for this review. The MTX dosing schedule was
highly variable though. For animal studies, the most frequently reported dose schedules were daily
(k =36), weekly (k =20) and twice a week (k =17). In human studies, the most common dose schedule
was weekly (k = 315), none of the other dose schedules were reported more than two times. In 10
animal studies and in one human study a single dose was given. Cumulative doses could not be
calculated for the majority of the studies because of missing information and variable dosing
schedules.

Administration route was reported for 115 animal (78%) and 247 human (48%) studies.
Administration route was not reported for 24 animal (16%) and 245 human (48%) studies. The
different administration routes are shown by species in Figure 12. Note that when the authors
specified “injection” or “infusion” without further information, we classified this as parenteral
administration. In animals, administration per os comprises e.g., administration in drinking water
[27], intragastric [28-31], gavage [32,33] and gastric tube [34,35].

Animal Human

>
o
3
5
la
c
=4
(]

= o
§ Moo
3 B
% e
% B
@ . parenteral
M ro
2 | ES
. several

Figure 12. Route of administration for included animal and human studies. IA: Intra-articular; ID:
intradermal; IM: intramuscular; IP: intraperitoneal; IV: intravenous; PO: per os; SC: subcutaneous.

MTX was compared with various other treatments. In animal studies, the most common
comparator was non-treated controls (k = 116), followed by other drugs co-administered with MTX
(k=17), saline (k=11) and vehicle (k = 6). In human studies, the most common comparator was other
drugs co-administered with MTX (k = 285), followed by placebo (k = 53), etanercept (k = 47) and
adalimumab (k = 42). For 126 human studies, the MTX group received a placebo besides the MTX, as
a positive control condition for combined treatment, with MTX and another drug.
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3.3.4. Analysed Outcome Measures

In animal studies, the outcome measures most frequently analysed were arthritis scores (k = 68),
paw swelling (k = 43) and weight (k = 27). The most frequently reported biochemical outcome
measures (pooled over specimen types) were TNF-alpha (k =29) and IL-6 (k = 15). In human studies,
the most frequently reported outcome measures were C-reactive protein (k = 267), the erythrocyte
sedimentation rate (k = 257), swelling (k = 224), pain (k = 208) and the DAS28 (disease activity score,
k =184). Relative reporting of outcome measures in animal and human studies is shown in Figure 13.

200

100

k Human studies

0 20 40
k Animal studies

Figure 13. Impression of outcome measures in animal and human studies. For example, CRP (C-
reactive protein) is reported in 10 animal (x-axis) and 267 human (y-axis) studies. The illegible part in
the lower-left corner reflects a large number of rare outcomes that are not particularly relevant. The
diagonal line reflects the ratio of included human vs. animal studies.

4. Discussion

In this paper, we compared the experimental design of 147 animal and 512 human studies of
MTX for the treatment of RA. The animal and human studies are roughly comparable for
bibliographic details, although the relative amounts of studies performed in different countries may
vary and on average, the animal studies have been published somewhat later than the human studies.

Concerning the global distribution of study locations, the number of observations of animal
studies per country is low (too low for reliable statistics). The interpretation is further complicated
by the commonness of multi-centre human studies, while none of the included animal studies were
reportedly performed in multiple locations. This resulted in only two countries (China and Japan)
hosting more than 10 of the included animal studies, while 16 countries hosted more than 10 of the
included human studies. Furthermore, if study location was not specifically mentioned, but all the
authors had an affiliation in the same country, we listed this country as an educated guess. Moreover,
some of the studies may have been performed as contract research. If contracting was not described
in the publication, this would confound our location data.

The difference in publication dates may be surprising, as one would expect the human studies
to be based on the animal studies. The included publication records for MTX start in 1971 with only
a single animal study [36] preceding the first human study in 1982 [37]. However, MTX has been
available for clinical use since 1951 [37]. Market access thus preceded the first included scientific
publication by 20 years. At least three factors contribute to this observation.
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First, in the field of RA, many clinically useful drugs have been identified serendipitously, after
market introduction for another disorder [38,39]. MTX is no exception; it was first clinically tested as
a treatment for childhood leukaemia and used off-label to treat RA [38]. MTX only received FDA-
approval for RA treatment in 1988 [40]. Animal studies are still performed after market introduction
of a drug when they can be part of “reverse translational” strategies and help to elucidate pathological
mechanisms. In this case, the introduction of MTX for RA was based on clinical observations, no RA-
specific animal trials were performed beforehand.

Second, our searches and inclusion criteria focussed on RA and MTX, and experiments for other
disorders were excluded. Our search strings for MTX did not include title-abstract-keyword
searching for the older synonym “amethopterin”, the historical name for this compound [38]. This
term is included in the thesaurus (MeSH/Emtree) indexing for PubMed and Embase; we did retrieve
the indexed papers, but our sample is probably skewed towards newer publications for those that
were not indexed. Future searches for MTX should add this term.

Third, the small difference in publication date may reflect the increased focus on publications in
evaluating scientific productiveness, which results in drastically increasing numbers of scientific
papers being published each year. Older animal studies may have been published less frequently
than older human studies. While there currently may be too much emphasis on publications to
evaluate scientists’ performance, the lack of early data in the public domain prevents their reuse in
ongoing work. Besides efforts to increase public availability of research data from ongoing studies
(with trial registries), meta-research would benefit from efforts to make these older data publicly
available.

While we did not perform statistical tests for any of the experimental design elements,
differences between animal and human studies seem apparent for sample size, control condition,
randomisation, blinding, statistical analyses, sex, age, preceding treatment, MTX resistance,
comedication, administration route and analysed outcomes. This suboptimal alignment can be
caused on either side; experimenters performing human or animal studies should keep translation in
mind when designing their studies. However, there can be good reasons to not always fully align
animal and human studies of the same potential treatment. For example, the administration route is
preferentially oral for patients needing long-term treatments, or those participating in long-term
clinical trials. However, there are two major challenges with oral administration of an investigational
drug in preclinical animal studies. First, it is very difficult to administer specific doses to animals with
voluntary oral intake via food or water, which is more comparable to human oral administration than
direct intragastric administration (gavage). Second, in early phases of drug development, new
compounds are not yet available in oral formulations (tablets or palatable liquid). For early preclinical
trials of investigational drugs, it may thus be preferable to establish efficacy using alternative
administration routes, before starting the sometimes-complicated process of pharmaceutical
formulation.

While our study is the first large direct comparison of trial design between animal and human
studies, the observed values seem to be in line with preceding work, as discussed for several
examples below. An overall problem in (reviewing) scientific literature is the lack of reporting of
experimental details [2-6]. The RA-field is no exception, as e.g., clearly shown by an SR of in vivo
animal experiments published in the “Amnnals of the Rheumatic Diseases” and “Arthritis and
Rheumatism” [41]. Recent SRs of human RA studies did not describe percentages of included studies
reporting experimental details [42,43], restricting the interpretation of our data in relation to theirs.

In this SR, randomisation was reported in 38% of the animal and 78% of the human studies. In
preceding reviews, randomisation was reported in e.g., 17.1% [41], 24,8% [6], 32.4% [44], 36% [2] and
77% [3] of the included animal studies. In our study, we only scored if the authors mentioned
randomisation. If the authors did not describe randomisation, they could still have used it, but we
are specifically concerned about proper randomisation for animal studies. We still hear scientists state
that genetically inbred mice are all the same, while clear behavioural differences are present between
the unafraid slow ones that are caught first and the more escape-prone ones that are the last to leave
the box. We did not evaluate if the method of randomisation was adequate (e.g., picking an animal



Animals 2020, 10, 1047 16 of 21

from a box is not random) or even possible (one cannot randomise in e.g., observational designs). Of
note, a preceding review of animal studies for pancreatitis showed that while 77% of the studies
mentioned randomisation, only two of them described the actual method used, and only one
provided sufficient details for evaluation [3].

In this SR, at least partial blinding was reported in 13% of the animal and 68% of the human
studies. In preceding reviews, it was for 11% [2,44] or 15% [3] of the animal studies. The evaluation
of blinding is often complicated by a limited description of the methods used to ensure blinding, and
also when (i.e., at which time within the study) the blind was broken. Commonly used generic
descriptions such as single-blind or double-blind (as in Figure 5) do not reflect who was blinded to
what, for how long and how [45]. The importance of randomisation and blinding to prevent several
types of bias (e.g., [46]) is clear for both animal [44,47] and human [48,49] studies.

In this SR, power calculations were reported in 3% of the animal and 26% of the human studies.
As our focus for this large review was on the reporting, we cannot conclude anything on the included
studies being adequately powered. However, the low level of reporting is concerning, and one would
expect to find a proportion of the included animal and human studies to be underpowered as current
perverse incentives can encourage scientists to focus on small underpowered studies [50].

Of necessity, we analysed animal age rather crudely. At this stage, it is not clear if ageing can be
compared overall between species, or if separate comparisons should be made for different
characteristics (e.g., bone closure, sexual maturity, immune status, neurodegeneration, DNA damage
and telomere length). We also disregarded strain differences within species, resulting in further
imprecision (e.g., for mice, mean life span varies up to 20% with strain and sex [51]). The humanised
age values are thus not precise; they should be considered explorative and be interpreted with
caution. However, the observed difference between humanised ages for animals and human ages is
large and clearly noticeable. Also, the use of relatively young animals is common in other research
fields. For example, for animal studies of sepsis, it was estimated that appropriately aged animals
were used in less than 1% of the published literature [52].

The main strength of this SR is its size; we performed a full analysis of 659 references. The search
date in February 2016 can be seen as a limitation, but we consider the included references to comprise
a valid sample for a comparison of trial designs between animal and human studies. Completion of
this review took a long time for several reasons. First of all, we screened the titles and abstracts of
8103 references and the full texts of 1405. Second, we extracted the data from 659 references. Third,
because we shared the data extraction workload between seven reviewers, cleaning and
harmonisation of the data required more time than expected. We strongly recommend avoiding free
text data extraction by multiple reviewers in future reviews, e.g., by using drop-down lists, by having
one person extract all the data, or, in future, by using automated data extraction.

We have implemented a systematic sampling strategy and compared experimental designs
between animal and human studies for a single drug (MTX) used to treat a single disorder (RA).
While we observed important differences in the experimental designs, MTX is an effective drug in
both animal models and clinical studies [8,53,54]. We could think that translation for MTX in the
treatment of RA is good. Note that various definitions of animal-to-human translational success exist,
but consensus on how to assess translation is lacking (e.g., [1]). This is only one example, which does
not rule out that harmonisation of trial design between animal and human studies can improve
translation. The observed heterogeneity in experimental designs in combination with good
translation might, however, point to the need of implementing standardised variation in preclinical
study designs; if a drug is effective in a multitude of studies using various designs, further
extrapolation of the findings, e.g., to another species, could be more likely. In line with this, a
preceding narrative review concluded that most approved drugs for RA treatment show therapeutic
efficacy in multiple animal models [53]. Furthermore, simulation studies have shown that
reproducibility improves with study sample heterogeneity [55].

Animal studies were performed in rats (k = 99), mice (k = 43), both rats and mice (k = 3) and
rabbits (k = 2). While these small species might not be suitable to model joint-related diseases in
humans because of differences in joint size and cartilage thickness [56], translational success may
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generally be high in the field of RA. In December 2015, we searched clinical trial registries and
medicine compendia to compose a list of compounds that have been administered for RA treatment
in human patients. We did not identify any compounds lacking efficacy. It thus seems that the
compounds that have progressed to clinical RA trials are indeed effective. Of note, registration of
clinical trials only became mandatory in 2007 and data from clinical tests that started before are not
all in the public domain. Mandatory clinical trial registration has been a great measure to improve
the access to clinical trial data. If voluntary preclinical trial registration for preclinical studies is
sufficient to improve the access to preclinical data remains to be seen.

The absence of compounds lacking efficacy in clinical trial registries shows the main limitation
of SRs; they can only be used to answer research questions when data are available in the public
domain. We created the list of compounds used for experimental and clinical RA treatment because
we considered an SR comparing investigational approaches and preclinical trial designs for drugs
that were effective and ineffective in RA treatment. Without compounds lacking efficacy, this review
was not possible. Furthermore, we considered an SR of the preclinical testing of the new generation
of RA drugs (the biologicals) in classic animal models. Our scoping searches did however not identify
any studies describing the testing of biologicals in these classic models. This indicates that biologicals
were either not tested in classic animal models, or that these tests were not published. Testing of
biologicals in a different species than the target species would be expected to induce an adverse
immune response, but several of them have been tested in animal models for arthritis since our
scoping searches [57-59]. However, several developmental drugs against RA seem to have
progressed into clinical development without in vivo validation [53].

5. Conclusions

We conclude that alignment of experimental designs for animal and human studies is far from
optimal. The data described in this paper contribute to the discussion on the value of animal models
for pharmaceutical drug development in the 21st century, as misalignment of the experimental
designs is expected to decrease external validity of the findings and limit their translational value.
However, on their own, these data are insufficient to determine the translational value of animal
studies for RA. While it has been stated that the field would be better off if we halted all primary
research and expended the same energy in analysing and using the available data [39], other authors
have emphasised the usefulness of RA animal models for analysing pathological mechanisms and
drug efficacy [53,54]. RA can be studied with several animal-free technologies based on human
biology [7]. However, based on the currently available information, we cannot (yet) conclude that all
animal experiments can be replaced by alternative methods such as in silico modelling studies and
in vitro studies of human materials.

The presented data are specific to the field of RA, and further literature studies are needed to
determine if the alignment of animal and human trial design could be better or worse in other
research fields. Nevertheless, before proceeding with new animal and clinical studies, further
evaluation of the already available evidence-base is warranted to determine what optimal
translational strategies should look like. Scientists performing animal and human studies should
keep translation in mind and adapt their designs to minimise misalignment. This evaluation will
decrease research waste, benefit laboratory animals, human trial participants and eventually human
patients. To ensure the maximum advantage of this approach, and to minimise research waste, the
availability and reporting quality of the new and older preclinical and clinical data still need to be
improved.

Supplementary Materials: The following are available online at www.mdpi.com/2076-2615/10/6/1047/s1, Table
S1: full search strategies, Document S2: list of all included papers.
Author Contributions: Conceptualization, C.L.,, F.S., D.d.D., T.C.dR, ]J.B.P, Rd.V, FM. and M.-RH,;

methodology, C.L. and R.d.V.; formal analysis, C.L.; investigation, C.L., F.S.,, D.d.J, M.v.B,, T.G,, RK, J.E,, T.C.
and J.B.P.; writing—original draft preparation, C.L., F.S., A.B., F.M. and M.R.H.; writing—review and editing,



Animals 2020, 10, 1047 18 of 21

D.dJ,MvB, TG, RK,]J.E, JB.P, T.C.d.R. and R.d.V,; project administration, C.L.; funding acquisition, F.M.,
AB. F.S, M.RH. and R.d.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by NWO (grant number 313-99-310) and R2N, Federal State of Lower
Saxony. The APC was funded by NWO (grant number 313-99-310).

Acknowledgements: The authors would like to acknowledge useful feedback on the protocol by Dr. HU
Schrerer, and on the protocol and publication by anonymous rheumatoid arthritis patients from “the National
Association Reumazorg Nederland”.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  Leenaars, C.H.C; Kouwenaar, C.; Stafleu, F.R.; Bleich, A.; Ritskes-Hoitinga, M.; De Vries, R.B.M.; Meijboom,
F.L.B. Animal to human translation: A systematic scoping review of reported concordance rates. ]. Transl.
Med. 2019, 17, 223, doi:10.1186/s12967-019-1976-2.

2. Sena, E.; van der Worp, H.B.; Howells, D.; Macleod, M. How can we improve the pre-clinical development
of drugs for stroke? Trends Neurosci. 2007, 30, 433-439, doi:10.1016/j.tins.2007.06.009.

3. Hooijmans, C.R.; de Vries, R.B.; Rovers, M.M.; Gooszen, H.G.; Ritskes-Hoitinga, M. The effects of probiotic
supplementation on experimental acute pancreatitis: A systematic review and meta-analysis. PLoS ONE
2012, 7, 48811, doi:10.1371/journal.pone.0048811.

4.  Brossi, P.M.; Moreira, ].].; Machado, T.S.; Baccarin, R.Y. Platelet-rich plasma in orthopedic therapy: A
comparative systematic review of clinical and experimental data in equine and human musculoskeletal
lesions. BMC Vet. Res. 2015, 11, 98, d0i:10.1186/s12917-015-0403-z.

5. Lee, D.S,; Nguyen, Q.T.; Lapointe, N.; Austin, P.C.; Ohlsson, A.; Tu, ].V.; Stewart, D.J.; Rouleau, J.L. Meta-
analysis of the effects of endothelin receptor blockade on survival in experimental heart failure. J. Card. Fail.
2003, 9, 368-374, d0i:10.1054/s1071-9164(03)00125-8.

6. Macleod, M.R,; Lawson McLean, A.; Kyriakopoulou, A.; Serghiou, S.; de Wilde, A.; Sherratt, N.; Hirst, T.;
Hemblade, R.; Bahor, Z.; Nunes-Fonseca, C.; et al. Risk of Bias in Reports of In Vivo Research: A Focus for
Improvement. PLoS Biol. 2015, 13, €1002273, d0i:10.1371/journal.pbio.1002273.

7. Cassotta, M.; Pistollato, F.; Battino, M. Rheumatoid arthritis research in the 21st century: Limitations of
traditional models, new technologies, and opportunities for a human biology-based approach. ALTEX 2020,
37,223-242, doi:10.14573/altex.1910011.

8. Lopez-Olivo, M.A.; Siddhanamatha, H.R.; Shea, B.; Tugwell, P.; Wells, G.A.; Suarez-Almazor, M.E.
Methotrexate  for treating rheumatoid arthritis. ~ Cochrane  Database  Syst. ~ Rev. 2014,
doi:10.1002/14651858.CD000957.pub2.

9.  Leenaars, C.H.; De Jong, D.H.; Coenen, T.; Stafleu, F.R.; De Vries, R.B.; Ritskes-Hoitinga, M. Experimental
Design in Methotrexate Efficacy Studies for Rheumatoid Arthritis; SYRCLE: Nijmegen, The Netherlands, 2016.

10. R_Core_Team. R: A Language and Environment for Statistical Computing; R_Core_Team: Vienna, Austria,
2020.

11.  Wickham, H.; Bryan, J. Readxl: Read Excel Files. R Package Version 1.3.1. Availabe online: https://CRAN.R-
project.org/package=readxl (accessed on 6 May 2020).

12. Wickham, H.; Frangois, R.; Henry, L.; Miiller, K. dplyr: A Grammar of Data Manipulation. R Package
Version 0.8.5. Availabe online: https://CRAN.R-project.org/package=dplyr (accessed on 6 May 2020)

13. Feinerer, I; Hornik, K.; Meyer, D. Text Mining Infrastructure in R. . Stat. Softw. 2008, 25, 1-54.

14.  Wickham, H. ggplot2: Elegant Graphics for Data Analysis.; Springer-Verlag: New York, NY, USA, 2016.

15. Fellows, I. Wordcloud: Word Clouds. R Package Version 2.6. Availabe online: https://CRAN.R-
project.org/package=wordcloud (accessed on 6 May 2020).

16. South, A. rworldmap: A new r package for mapping global data. R |. 2011, 3, 35-43.

17. Faggion, C.M.,, Jr.; Chambrone, L.; Gondim, V.; Schmitter, M.; Tu, Y.K. Comparison of the effects of
treatment of peri-implant infection in animal and human studies: Systematic review and meta-analysis.
Clin. Oral. Implant. Res. 2010, 21, 137-147, d0i:10.1111/j.1600-0501.2009.01753 .

18. Sultan, S.R.; Millar, S.A.; England, T.J.; O'Sullivan, S.E. A systematic review and meta-analysis of the
haemodynamic effects of cannabidiol. Front. Pharmacol. 2017, 8, 81, doi:10.3389/fphar.2017.00081.



Animals 2020, 10, 1047 19 of 21

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Valles, C.; Rodriguez-Ciurana, X.; Clementini, M.; Baglivo, M.; Paniagua, B.; Nart, J. Influence of subcrestal
implant placement compared with equicrestal position on the peri-implant hard and soft tissues around
platform-switched implants: A systematic review and meta-analysis. Clin. Oral. Investig. 2018, 22, 555-570,
doi:10.1007/s00784-017-2301-1.

Yen, C.C,; Tu, Y.K,; Chen, T.H.; Lu, HK. Comparison of treatment effects of guided tissue regeneration on
infrabony lesions between animal and human studies: a systematic review and meta-analysis. ]. Periodontal
Res. 2014, 49, 415-424, doi:10.1111/jre.12130.

Leenaars, C.H.; Geurts, T.; Van der Mierden, S.; Den Broeder, A.; Staffleu, F.R.; Keubler, L.; De Vries, R,;
Meijpoom, F.L.B.; Ritskes-Hoitinga, M.; Tolba, R.; et al. Severity Assessment in Animal Models for
Rheumatoid Arthritis— A Systematic Review. Availabe online: http://syrf.org.uk/protocols/ (accessed on 5
April 2020).

Grotsch, B.; Bozec, A.; Schett, G. In Vivo Models of Rheumatoid Arthritis. Methods Mol. Biol. 2019, 1914,
269-280, doi:10.1007/978-1-4939-8997-3_14.

Aletaha, D.; Neogi, T.; Silman, A.J,; Funovits, ]J.; Felson, D.T.; Bingham, C.O., 3rd; Birnbaum, N.S,;
Burmester, G.R.; Bykerk, V.P.; Cohen, M.D.; et al. 2010 Rheumatoid arthritis classification criteria: An
American College of Rheumatology/European League Against Rheumatism collaborative initiative.
Arthritis Rheum. 2010, 62, 2569-2581, doi:10.1002/art.27584.

Matsuno, H.; Yoshida, K.; Ochiai, A.; Okamoto, M. Requirement of methotrexate in combination with anti-
tumor necrosis factor-alpha therapy for adequate suppression of osteoclastogenesis in rheumatoid arthritis.
J. Rheumatol. 2007, 34, 2326-2333.

Delano, D.L.; Montesinos, M.C.; Desai, A.; Wilder, T.; Fernandez, P.; Eustachio, P.; Wiltshire, T.; Cronstein,
B.N. Genetically based resistance to the antiinflammatory effects of methotrexate in the air-pouch model
of acute inflammation. Arthritis Rheum. 2005, 52, 2567-2575.

Liang, Q.H.; Li, C.Y.; He, ]. H,; Chen, J.; Li, X.L.; Wang, A.Y.; Tang, T.F. Effect of bizhongxiao decoction on
the expression of vascular endothelial growth factor in the synovial membrane and symptom of
rheumatoid arthritis in rats. Chin. J. Clin. Rehabil. 2004, 27, 2391-2393.

Pigott, E.; Duhadaway, J.B.; Muller, A.J.; Gilmour, S.; Prendergast, G.C.; Mandik-Nayak, L. 1-Methyl-
tryptophan synergizes with methotrexate to alleviate arthritis in a mouse model of arthritis. Autoimmunity
2014, 47, 409-418.

Feketeova, L.; Jancova, P.; Moravcova, P.; Janegova, A.; Bauerova, K.; Ponist, S.; Mihalova, D.; Janega, P.;
Babal, P. Effect of methotrexate on inflammatory cells redistribution in experimental adjuvant arthritis.
Rheumatol. Int. 2012, 32, 3517-3523.

Xi, L.; Shao, F.L.; Liu, AJ. Effect of thalidomide on inflammatory factor expression in rats with collagen
induced arthritis. |. Clin. Rehabil. Tissue Eng. Res. 2010, 14, 3666-3668.

Zhang, L.; Li, P.; Song, S.; Liu, Y.; Wang, Q.; Chang, Y.; Wu, Y.; Chen, J.; Zhao, W.; Zhang, Y.; et al.
Comparative efficacy of TACI-Ig with TNF-alpha inhibitor and methotrexate in DBA/1 mice with collagen-
induced arthritis. Eur. |. Pharmacol. 2013, 708, 113-123.

Zhang, W.D.; Wang, P.M.; Han, R.X.; Zhang, T.S. Efficacy and safety evaluation of fire needling for rats
with rheumatoid arthritis. Zhongguo Zhen Jiu Chin. Acupunct. Moxibustion 2013, 33, 334-338.

Barsig, J.; Yam, G.; Lehner, M.D.; Beume, R. Methotrexate treatment suppresses local cytokine and
chemokine production in rat adjuvant arthritis. Drugs Exp. Clin. Res. 2005, 31, 7-11.

Chen, Z.; Tu, S;; Hu, Y.; Wang, Y.; Xia, Y.; Jiang, Y. Prediction of response of collagen-induced arthritis rats
to methotrexate: An 1TH-NMR-based urine metabolomic analysis. J. Huazhong Univ. Sci. Technol. Med Sci.
2012, 32, 438—443.

Abe, C.; Kikukawa, T.; Komatsu, Y. Combination therapy on murine arthritis - Salazosulfapyridine,
bucillamine, and methotrexate. Int. |. Immunother. 1995, 11, 129-132.

Shahin, D.; el Toraby, E.; Abdel-Malek, H.; Boshra, V.; Elsamanoudy, A.Z.; Shaheen, D. Effect of peroxisome
proliferator-activated receptor gamma agonist (pioglitazone) and methotrexate on disease activity in
rheumatoid arthritis (experimental and clinical study). Clin. Med. Insights Arthritis Musculoskelet. Disord.
2011, 4, 1-10.

Currey, H.L. A comparison of immunosuppressive and anti-inflammatory agents in the rat. Clin. Exp.
Immunol. 1971, 9, 879-887.

Willkens, R.F.; Watson, M.A. Methotrexate: a perspective of its use in the treatment of rheumatic diseases.
J. Lab. Clin. Med. 1982, 100, 314-321.



Animals 2020, 10, 1047 20 of 21

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Malaviya, A.N. Landmark papers on the discovery of methotrexate for the treatment of rheumatoid
arthritis and other systemic inflammatory rheumatic diseases: a fascinating story. Int. . Rheum. Dis. 2016,
19, 844-851, doi:10.1111/1756-185X.12862.

Pullar, T. Disease modifying drugs for rheumatoid arthritis: yesterday's treatment today or today's
treatment tomorrow? Br. J. Clin. Pharmacol. 1990, 30, 501-510, d0i:10.1111/j.1365-2125.1990.tb03807 .x.
Weinblatt, M.E. Methotrexate in rheumatoid arthritis: a quarter century of development. Trans Am. Clin.
Climatol. Assoc. 2013, 124, 16-25.

Ting, K.H.; Hill, C.L.; Whittle, S.L. Quality of reporting of interventional animal studies in rheumatology:
a systematic review using the ARRIVE guidelines. Int. |. Rheum. Dis. 2015, 18, 488-494, doi:10.1111/1756-
185X.12699.

Singh, S.; Fumery, M.; Singh, A.G.; Singh, N.; Prokop, L.J.; Dulai, P.S.; Sandborn, W ].; Curtis, J.R.
Comparative Risk of Cardiovascular Events With Biologic and Synthetic Disease-Modifying Antirheumatic
Drugs in Patients With Rheumatoid Arthritis: A Systematic Review and Meta-Analysis. Arthritis Care Res.
2020, 72, 561-576, doi:10.1002/acr.23875.

Wang, Y.; Zhao, R.; Gu, Z.; Dong, C.; Guo, G.; Li, L. Effects of glucocorticoids on osteoporosis in rheumatoid
arthritis: a systematic review and meta-analysis. Osteoporos. Int. 2020, 10.1007/s00198-020-05360-w,
doi:10.1007/s00198-020-05360-w.

Bebarta, V.; Luyten, D.; Heard, K. Emergency medicine animal research: does use of randomization and
blinding affect the results? Acad. Emerg. Med. 2003, 10, 684-687, d0i:10.1111/j.1553-2712.2003.tb00056.x.
Schulz, K.F.; Grimes, D.A. Blinding in randomised trials: hiding who got what. Lancet 2002, 359, 696-700,
doi:10.1016/S0140-6736(02)07816-9.

Hooijmans, C.R.; Rovers, M.M.; de Vries, R.B.; Leenaars, M.; Ritskes-Hoitinga, M.; Langendam, M.W.
SYRCLE's risk of bias tool for animal studies. BMC Med. Res. Methodol. 2014, 14, 43, doi:10.1186/1471-2288-
14-43.

Hirst, J.A.; Howick, J.; Aronson, ].K.; Roberts, N.; Perera, R.; Koshiaris, C.; Heneghan, C. The need for
randomization in animal trials: an overview of systematic reviews. PLoS ONE 2014, 9, e98856,
doi:10.1371/journal.pone.0098856.

Paludan-Muller, A.; Teindl Laursen, D.R.; Hrobjartsson, A. Mechanisms and direction of allocation bias in
randomised clinical trials. BMC Med. Res. Methodol. 2016, 16, 133, doi:10.1186/s12874-016-0235-y.

Probst, P.; Zaschke, S.; Heger, P.; Harnoss, ]J.C.; Huttner, F.J.; Mihaljevic, A.L.; Knebel, P.; Diener, M.K.
Evidence-based recommendations for blinding in surgical trials. Langenbecks Arch. Surg. 2019, 404, 273-284,
doi:10.1007/s00423-019-01761-6.

Higginson, A.D.; Munafo, M.R. Current Incentives for Scientists Lead to Underpowered Studies with
Erroneous Conclusions. PLoS Biol. 2016, 14, €2000995, do0i:10.1371/journal.pbio.2000995.

Mitchell, SJ.; Scheibye-Knudsen, M.; Longo, D.L.; de Cabo, R. Animal models of aging research:
implications for human aging and age-related diseases. Annu. Rev. Anim. Biosci. 2015, 3, 283-303,
doi:10.1146/annurev-animal-022114-110829.

Starr, MLE.; Saito, H. Sepsis in old age: review of human and animal studies. Aging Dis. 2014, 5, 126-136,
doi:10.14336/AD.2014.0500126.

Hegen, M.; Keith, J.C,, Jr.; Collins, M.; Nickerson-Nutter, C.L. Utility of animal models for identification of
potential therapeutics for rheumatoid arthritis. Ann. Rheum. Dis. 2008, 67, 1505-1515,
doi:10.1136/ard.2007.076430.

Dekkers, ].S.; Schoones, ].W.; Huizinga, T.W.; Toes, R.E.; van der Helm-van Mil, A.H. Possibilities for
preventive treatment in rheumatoid arthritis? Lessons from experimental animal models of arthritis: a
systematic literature review and meta-analysis. Ann. Rheum. Dis. 2017, 76, 458-467,
doi:10.1136/annrheumdis-2016-209830.

Voelk], B.; Vogt, L.; Sena, E.S.; Wurbel, H. Reproducibility of preclinical animal research improves with
heterogeneity of study samples. PLoS Biol. 2018, 16, €2003693, doi:10.1371/journal.pbio.2003693.

de Vries, R.B.; Buma, P.; Leenaars, M.; Ritskes-Hoitinga, M.; Gordijn, B. Reducing the number of laboratory
animals used in tissue engineering research by restricting the variety of animal models. Articular cartilage
tissue engineering as a case study. Tissue Eng. Part B Rev. 2012, 18, 427-435, doi:10.1089/ten.TEB.2012.0059.
Elsheemy, M.S.; Hasanin, A.H.; Mansour, A.; Mehrez, S.I; Abdel-Bary, M. Etanercept improved anemia
and decreased hepcidin gene expression in a rat model of rheumatoid arthritis. Biomed. Pharmacother. 2019,
112, 108740, doi:10.1016/j.biopha.2019.108740.



Animals 2020, 10, 1047 21 of 21

58. Huang, Q.Q.; Birkett, R.; Doyle, R.; Shi, B.; Roberts, E.L.; Mao, Q.; Pope, R M. The Role of Macrophages in
the Response to TNF Inhibition in Experimental Arthritis. ]. Immunol. 2018, 200, 130-138,
doi:10.4049/jimmunol.1700229.

59. Karagianni, N.; Kranidioti, K.; Fikas, N.; Tsochatzidou, M.; Chouvardas, P.; Denis, M.C.; Kollias, G.;
Nikolaou, C. An integrative transcriptome analysis framework for drug efficacy and similarity reveals
drug-specific signatures of anti-TNF treatment in a mouse model of inflammatory polyarthritis. PLoS
Comput. Biol. 2019, 15, 1006933, doi:10.1371/journal.pcbi.1006933.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

|@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).




