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Simple Summary

For more than a century, new medicines have first been tested on animals before being
tried in people, yet a recent large study found that only about one in twenty therapies that
work in animals is later approved for human use. This review gathered and examined
the scientific articles that responded to that finding, to understand how researchers now
view the usefulness of animal experiments. Three patterns emerged. First, making animal
studies more careful and rigorous tends to show that their results predict human outcomes
even less well than was thought. Second, the same low success rate appears again and
again across very different diseases. Third, methods that do not use animals—such as
human cells grown in a laboratory, miniature human tissues, and computer models—are
now good enough to replace animal testing in a growing number of areas. Taken together,
the scientific, ethical, economic and regulatory reasons to move away from animal testing
now point in the same direction. The main message is that this change is already underway,
and that planning it carefully would benefit both human health and animal welfare.

Abstract

Background: A widely cited 2024 analysis reported that only 5% of therapeutic interven-
tions tested in animals obtain regulatory approval for human use, reviving the debate
about the predictive value of animal models. This review asks how the scientific com-
munity has interpreted that finding and what collective position is emerging. Methods:
The literature citing the original study was assembled from public citation indexes and
classified by argumentative stance into five categories: defences of animal experimentation,
critiques, methodological and disease-specific analyses, the author’s own position, and
work developing non-animal methods; no new animal data were generated. Results: Across
the corpus, attempts to strengthen the validity of animal studies tended to reduce rather
than reinforce their apparent translational signal; the low translation rate recurred across
unrelated disease domains; and even defenders of animal models increasingly restricted
their claims to specific contexts while conceding poor translation. In parallel, non-animal
methods—including organoids, organ-on-chip systems, and computational models—were
repeatedly described as equalling or surpassing animal models in several fields. Conclu-
sions: The scientific, ethical, economic and regulatory cases now converge, supporting a
deliberately planned transition toward human-relevant methods rather than its deferral.
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1. Introduction
The use of animals to predict human biological responses is one of the foundational

assumptions of modern biomedical research. It is also one of the least examined empirically.
In 2024, Ineichen et al. addressed this question directly: pooling data across therapeutic
areas, they found that, of the interventions that succeed in animal studies, only around
5% go on to obtain regulatory approval for human use [1]. The same group has separately
formalised the methodology of preclinical systematic reviews, underlining how much of
the evidence base rests on heterogeneous and often poorly reported animal studies [2]. The
5% figure is not, in itself, novel—attrition in drug development has been discussed for
decades—but its provenance from a transparent, systematic analysis gave it unusual force,
and the biomedical community responded at scale.

That response has been neither uniform nor easily summarised. Some authors defend
animal models as indispensable in specific domains; others treat the 5% figure as confir-
mation that the paradigm is scientifically exhausted and ethically untenable; many cite
the finding in passing while continuing to rely on animal experiments; and a growing
number use it to motivate the development of human-relevant alternatives. The purpose
of this article is to map that response rather than to assert a false consensus. We take the
population of works that cite Ineichen et al. [1] as a natural sample of how the field is
reacting, and we ask a simple question of each: what position does it take on the continued
use of animals in biomedical research?

To do so, I retrieved the records that Google Scholar indexes as citing the original study
(89 records at the time of analysis). After consolidating three duplicate deposits—two lan-
guage versions of one review, and two repository deposits of two further works—86 distinct
works remained. We read each and assigned it to one of five positions: (i) defences of animal
experimentation; (ii) critiques of animal experimentation; (iii) other and methodological
perspectives, which also encompasses the large group of domain reviews that invoke the
5% figure as context; (iv) the present author’s own published position; and (v) contribu-
tions oriented toward non-animal methods. The categories are mutually exclusive and
exhaustive, so that the sub-totals sum to the corpus. This is a narrative and interpretive
review, not a quantitative bibliometric study; the value of the classification lies in revealing
the shape of the debate, summarised in Figure 1.

Figure 1. The post-2024 debate on animal-to-human translation. Following the report by Ineichen
et al. [1] that only ~5% of animal-tested therapeutic interventions reach regulatory approval, the
literature of 2024–2026 fans out into four strands. Conditional defences of animal models (Lloyd [3];
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Poppelaars et al. [4]; Borgland [5]) are set against scientific and ethical critiques (Pound [6];
Dommanget-Kott [7]; Sueur [8,9]) and against methodological reappraisals showing that greater
rigour tends to yield smaller effect sizes (MacLellan & Lalu [10]; Rotter et al. [11,12]; Hild et al. [13];
Huang et al. [14]). Disease-specific translation failures are confirmed in traumatic brain injury [15],
gastric cancer [16] and diabetic peripheral neuropathy [17], while a rapidly maturing ecosystem of
non-animal methods—organoids, organs-on-chip, iPSC systems, AI/NLP approaches and regulatory
NAMs—takes shape [18,19].

2. Methods
2.1. Sampling Strategy and Search

This review used a citation-based sampling strategy rather than a keyword search.
Instead of querying a research question directly, the corpus was defined as the population of
publications indexed as citing a single index study; Ineichen et al. [1], whose finding—that
only 5% of animal-tested therapeutic interventions obtain regulatory approval for human
use—is the specific object of this review. This approach was chosen to capture the field’s
response to a defined empirical claim more directly than a topic-based search would; its
main limitation, discussed below, is that it excludes works that engage with the same
debate without citing [1].

Because the sampling unit was a citation relationship rather than a set of query terms,
the search strategy consisted of citation tracking rather than a Boolean expression. On
21 June 2026, the indexed record for Ineichen et al. [1] was located in Google Scholar and
every item listed under its “Cited by” link was retrieved and exported, returning 89 records.
Google Scholar does not expose an exportable keyword string for cited-by tracking, and
its citation index is dynamic; the retrieval is therefore defined by the index study and the
retrieval date, and the record count is reported as of that date and may differ on later
re-querying. Google Scholar was used as the single source because its cited-by index is
broader than that of Scopus or Web of Science and thus better suited to the review’s aim of
capturing the widest possible range of responses, including grey literature and non-indexed
venues; the trade-off is the lower curation and reduced reproducibility just noted, which
we accept as a deliberate feature of a narrative rather than systematic design.

2.2. Inclusion Criteria and Record Types

Records were screened for duplication rather than topical relevance. Three duplicate
deposits were identified and consolidated—two language versions of a single review,
and two separate repository deposits of two further works—yielding 86 distinct records.
No relevance-, language-, date-, venue- or quality-based exclusion criterion was applied:
because the aim of the review is to map the full range of the field’s response to [1], including
tangential, low-quality, or non-scientific citations, all 86 distinct records were retained for
classification rather than filtered out. Deduplication was thus the only exclusion rule
applied. This is a deliberate departure from standard systematic-review screening and is
stated explicitly here to distinguish this narrative review from a systematic one.

Record type was recorded but never used as an inclusion or exclusion crite-
rion. Preprints were retained alongside peer-reviewed articles and flagged as such
(e.g., [14,20,21]), on the grounds that they form part of the field’s real-time response to [1];
where a preprint had since been published, the peer-reviewed version was consulted.
Non-article records were treated identically: books and book chapters (e.g., [8]), editorials,
commentaries and short opinion pieces (e.g., [3,22]), theses, reports, and even a single
non-scientific news item of doubtful reliability [23] were all classified by argumentative
stance in the same way as research articles. Retaining these record types is intentional and
is itself part of the finding, since it documents how far the 5% figure has diffused beyond
the primary research literature; their limited analytical weight is discussed in Section 6.3.
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2.3. Classification

Each of the 86 records was read in full by the author (C.S.) and assigned to exactly
one of five predefined, mutually exclusive and exhaustive stance categories: (i) defences of
animal experimentation; (ii) critiques of animal experimentation; (iii) methodological and
other perspectives, encompassing domain reviews that cite [1] chiefly as contextual framing;
(iv) the author’s own previously published position; or (v) contributions developing or
advocating non-animal methods (NAMs). Assignment was based on the position each
work takes on the continued use of animal models, not on its disciplinary field.

All screening and classification were performed by a single reviewer (C.S.); no second
coder was involved and no inter-rater reliability statistic is therefore available, which is
acknowledged as a limitation and should be weighed when interpreting the sub-totals.
To mitigate the subjectivity this entails, the classification rule was fixed in advance, the
categories were defined to be mutually exclusive and exhaustive, and each record was
read in full rather than screened by title and abstract alone. The author has himself
published work classified under category (iv) [8,9]; this is disclosed in the Conflicts of
Interest statement. No new animal data were generated or analysed for this review.

3. The Translation Failure: Scope and Consistency
Before turning to the positions taken in the corpus, it is worth establishing what is,

and is not, contested. One clarification is needed before proceeding, because the 5% figure
is open to over-reading. Regulatory approval is a multi-causal endpoint: an intervention
can fail to reach it for reasons unrelated to the predictive validity of animal models—
unfavourable commercial viability, insufficient funding, manufacturing or formulation
difficulties, or weaknesses in trial design—and attrition arising from these causes is not,
in itself, evidence that an animal model mispredicted a human response. The 5% figure
should therefore not be read as a direct or exclusive measure of animal-model failure. Two
considerations nonetheless preserve its relevance here. First, the causal categories are not
all external to animal-model predictivity: insofar as an intervention fails through lack of
efficacy or unanticipated toxicity in humans, that failure is itself translational, because in
each case an animal model had indicated an efficacy or a safety profile that did not hold in
people; such attrition is a manifestation of poor animal-to-human prediction rather than
a confounder of it. Second, and more decisively, the argument developed in this review
does not rest on the 5% figure alone. The other two lines of evidence assembled below
are independent of regulatory endpoints: the finding that strengthening the rigour and
external validity of animal studies shrinks rather than reinforces their effect sizes [10,11,14]
concerns the reliability of the preclinical signal itself, not drug approval; furthermore, the
disease-specific failures documented across mechanistically unrelated domains [15–17,24]
are failures of efficacy and mechanism in humans, not commercial or manufacturing with-
drawals. The convergent case therefore holds even if regulatory attrition is discounted as
multi-causal. The empirical claim that animal-to-human translation is weak is corroborated
well beyond the original report. A particularly instructive result predates it: MacLellan
and Lalu showed that when animal studies are conducted with enhanced external validity,
effect sizes do not grow more reliable—they shrink, by an amount consistent with the
removal of bias from less rigorous work [10]. This is the inverse of what one would expect
if poor translation were merely a quality problem solvable by better animal studies.

The pattern recurs across disease areas. In traumatic brain injury, Dobson et al. note
that despite decades of high-quality animal research, no pharmacological intervention has
reduced human mortality [15]. In oncology, Shyu et al. document that several gastric-
cancer therapies effective against animal models—EGFR, MET, FGFR2 and PI3K inhibitors
among them—subsequently failed to improve human outcomes [16]. In diabetic peripheral
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neuropathy, Liu and colleagues describe paeoniflorin as effective in animal models yet
stalled by exposure and translational barriers in humans [17]. Reviewing the broader
picture, Levchenko et al. ask why, despite advances in genomics, automation and artificial
intelligence, do only a minority of drug candidates entering human testing ever reach
patients, and locate the root cause upstream, in the preclinical model itself [24]. The
consistency of these failures across mechanistically unrelated domains is the central fact
that the rest of the literature must accommodate.

Three qualifications refine this picture without overturning it. The first concerns what
the 5% figure does and does not measure. It is conditional on prior success in animal
studies [1]— the fraction of animal-validated interventions that reach human approval—
and those interventions are themselves the output of a multi-stage preclinical pipeline,
in which conventional two-dimensional cell screens (often human lines such as HeLa or
Caco-2) feed compounds into whole-organism testing. The measured attrition is thus
a property of the pipeline as a whole, not a verdict on animal models considered in
isolation. Far from weakening the case for human-relevant methods, this strengthens it:
inserting more predictive in vitro and in silico systems—organoids, organ-on-chip devices
and computational models—earlier in the process should enrich the pool of genuinely
translatable candidates and therefore raise, rather than merely relocate, the downstream
success rate [18,25,26]. Replacing the least human-relevant links of the current pipeline is
exactly what this review advocates.

The second qualification is that part of the measured gap may reflect how well mod-
els are constructed, resourced and reported rather than an irreducible divergence be-
tween species. The quality and completeness of preclinical evidence are demonstrably
uneven [2,13,27], and the infrastructure that supports animal work—validated antibodies,
standardised reagents and protocols—is less developed for some species than for the stan-
dard laboratory rodent. The data nonetheless bound how much of the gap this can explain:
were under-resourcing the dominant cause, more rigorous animal studies should translate
better, whereas enhancing their rigour and external validity tends instead to shrink their
apparent translational signal [10,11,27]. A real animal-to-human gap therefore persists
once model-quality factors are set aside, even though those factors merit attention in their
own right.

The third qualification is that “animal models” is not a single entity. Predictive
value varies markedly with species, strain and model design [20,28], and several familiar
limitations are model-specific rather than universal: immunodeficient transgenic mice lack
a competent immune system, and laboratory rodents seldom develop the spontaneous
tumours that arise in species such as the dog. These contrasts cut both ways. They warn
against applying one translation rate uniformly across all animal research, and they mark
out higher-value niches—notably naturally occurring disease in companion animals, which
sustains genuine veterinary clinical trials with reverse-translational benefit to the animal
patients themselves [29,30]—where in vivo data remain, for now, hard to obtain otherwise.
Tellingly, NAMs are already closing some of the gaps that once justified such models:
immune competence, long a weakness of in vitro systems, is now being engineered into
organ-on-chip platforms [19].

4. Defences of Animal Experimentation
Ten works in the corpus defend the continued use of animal models. What is striking

is that none defends the status quo unconditionally. Lloyd makes the argument most
explicitly: simply ending animal testing, he contends, is not the answer, because alternatives
are not yet validated for every purpose; the remedy is better science—pre-registration,
transparent reporting, and strategic use of animals alongside human methods—rather than
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abolition [3]. Poppelaars et al. defend animal models in the specific context of complement
immunology, where, they argue, whole-organism complexity has been essential to clinical
breakthroughs [4]. Borgland advances a parallel case for psychiatry, holding that the
heterogeneous and circuit-level mechanisms of mental illness are still best probed in
animals even when effect sizes translate imperfectly [5]. Banerjee and colleagues frame
the diversity of neuroscience model organisms itself as a scientific asset rather than a
liability [28].

A second cluster of defences comes from critical-care and intensive-care medicine,
where systemic, multi-organ pathophysiology is difficult to reconstruct in vitro. Fraser
and colleagues review the current reality of animal models of critical illness and argue for
their continued, if reformed, use [31]; Fujinami et al. extend this assessment to the Asia-
Pacific region, documenting shared challenges and future directions [32]. Others propose
improving the models rather than replacing them: Vera-Tizatl and colleagues introduce
the Vietnamese swine as a translational model of breast carcinoma [33]; Schachtschneider
et al. describe a next-generation large-animal oncology platform explicitly designed to
incorporate new approach methodologies and to anticipate regulatory change [34]; and Ball
and colleagues offer a data-driven tool for prioritising mouse strains to improve preclinical
modelling [20]. Popiel-Dziewierz and colleagues, finally, highlight reverse translation in
veterinary cardiology, where procedures first tested in animals benefit the animal patients
themselves [29].

The common structure of these contributions is important. Each restricts its claim to a
domain, concedes the reality of translation failure, and frames animal use as conditional,
reformable, or transitional. This is a marked departure from earlier defences that treated
animal models as broadly and reliably predictive, and it narrows the practical distance
between defenders and critics more than the rhetoric suggests.

5. Critiques of Animal Experimentation
Twelve works mount explicit critiques, on scientific or ethical grounds, or both. The

scientific critiques largely overlap with the failure cases already discussed—Dobson et al.
on traumatic brain injury [15], Shyu et al. on gastric cancer [16], Liu et al. on diabetic
neuropathy [17], and Levchenko et al. on the systemic root of attrition [24]—but several
authors go further and locate the problem in the explanatory logic of the model rather than
in any particular result. Pinto-Ribeiro, reviewing animal models of traumatic neuropathic
pain, argues that decades of comfortable methodological freedom have produced mecha-
nisms that are frequently species-specific or irrelevant to human psychology, so that the
emotional and affective dimensions of pain remain poorly captured [35].

The ethical and institutional critiques are at least as forceful. Lewis documents that
learners increasingly object to educational activities involving animals, and that regulators
and funders are actively driving reduction and replacement in teaching [36]. Pound, draw-
ing on Bourdieu, offers a sociological account of why non-animal methods are being phased
in without a corresponding decrease in animal use: the field’s incentive structures—funding
priorities, career paths, journal metrics—make individual transition costly even when the
science supports it [6]. Dommanget-Kott examines the ethics directly, arguing that the
‘greater good’ justification for animal suffering is empirically undermined once translation
rates are taken seriously [7]. Manti reaches a similar conclusion from a different starting
point, noting that the FDA Modernization Act 2.0 removed the statutory requirement for
animal testing and inferring that such testing was never a scientific necessity [37]. Fluck and
Zillmann add a forward-looking ethical dimension, asking how the emergence of human
cerebral organoids reshapes the question of the moral status of laboratory animals [38].
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Two further works document the institutional reality in concrete terms. Cash and
Courtot investigate the publication rate of recent non-human-primate projects in France and
find it low relative to the ethical cost incurred [39], while Rafi and colleagues—surveying
animal models in molecular biology—frame the ethical imperative and the path to human-
relevant translation as inseparable [40]. Taken together, the critical literature converges on
a single proposition: that the limits of animal models are not an incidental quality problem
but a structural one, with ethical consequences that the translation data make harder to
set aside.

6. Methodological and Other Perspectives
The largest group in the corpus—39 works—neither defends nor rejects animal re-

search outright. It comprises, first, a methodological literature that scrutinises how preclin-
ical evidence is produced and appraised, and second, a broad and heterogeneous set of
domain reviews that cite the 5% finding chiefly as context. Both are informative about the
state of the field, but in different ways.

6.1. The Methodological Literature

Several works examine the machinery of preclinical evidence itself. Hild and col-
leagues conduct an umbrella review of animal systematic reviews and find their quality
and scope highly variable [13]. Rotter and colleagues report that confirmatory multi-
laboratory studies, intended to strengthen translation, tend to deflate effect sizes once
between-laboratory variability is properly accounted for [11], a finding echoed in their
companion synthesis of stakeholder discussions [12]; this complements the enhanced-
validity result of MacLellan and Lalu [10]. Huang and colleagues evaluate, by simulation,
whether replication-success metrics borrowed from other fields apply to animal-to-human
translation, and caution that they tend to overestimate predictive value [14]. Liesner et al.
assess how rigorously systematic-review methodology is actually used in EFSA opinions
on animal health and welfare, exposing inconsistent reporting [27]. Gallas-Lopes and col-
leagues provide a worked example in their meta-analysis of NMDA antagonists and social
behaviour, where preclinical heterogeneity is substantial [41]. The cumulative message of
this literature is the paradox at the centre of the debate: improving the rigour of animal
studies tends to reveal smaller, not larger, translational signals.

6.2. Comparative and Bridging Studies

A further set of works sit at the animal–human interface without taking a strong
side. Chong Chie and colleagues directly compare preclinical and clinical findings in
Alzheimer’s disease, mapping where the two diverge [42]. Zhuang et al., working on pig
lung transplantation, explicitly flag interspecies physiological disparities as a limitation of
their own small-animal-derived inferences [43]. Nieto and Ray integrate preclinical, human-
laboratory and clinical evidence in alcohol use disorder, modelling a more human-anchored
development pathway [44]. Robinson and colleagues offer a practical framework for launch-
ing translational clinical trials [45], and Mälberg’s thesis on cardiopulmonary resuscitation
combines experimental and clinical insights [46]. Two contributions add system-level
context: Yang situates the translation problem within the geopolitics of biotechnology com-
petition [22], and Cicchelero and De Rooster discuss clinical trials in companion animals as
an alternative source of naturally occurring disease data [30].

6.3. The Wider Citation Footprint

The remainder of this group illustrates how widely the 5% figure has diffused. A large
number of domain reviews invoke it as a framing statistic while continuing to rely on, or sim-
ply to describe, animal-based work. These span natural-product and antioxidant pharma-
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cology [47,48], psychiatric and metabolic pharmacology [49–51], cardiac and cardiovascular
research [52,53], nutrition and food science [54], microbiome and infection studies [55–58],
oncology and toxicology [59–61], wound healing and regenerative contexts [62], anti-ageing
pharmacology [63], and a range of human-cohort and observational studies that bypass
animals entirely [64–66]. Several are only loosely connected to the translation question—
including studies in rats on intestinal gene expression [67], a pregnancy nutrition pilot
trial [68], and a human single-cell skin-disease analysis [69]—and at least one indexed
record is a non-scientific item of doubtful relevance and misinformation [23], a reminder
that a raw citation count is a coarse instrument. We include these works for complete-
ness and transparency, but their analytical weight is limited: most cite Ineichen et al. [1]
as a rhetorical anchor rather than engaging with its argument. Their very heterogeneity,
however, is itself a finding—the 5% result has become a shared point of reference across
biomedicine, even where the citing work does not act on it.

7. The Author’s Position
My own contribution to this debate is first methodological before it is ethical. In a 2025

analysis, I re-examined the concordance statistics underlying claims of strong animal-to-
human agreement and argued that the frequently cited figure of roughly 86% concordance
is inflated by selective reporting and the file-drawer effect; once these are taken into account,
the true translation rate is plausibly at or below the 5% threshold rather than above it [9].
The methodological point matters because the defence of animal research often rests on an
optimistic reading of concordance that the data do not support.

The ethical and conceptual argument is developed at greater length elsewhere. In
Décoloniser notre rapport aux animaux (decolonising our bond with animals) I argue that
the central question is not whether we may use animals but why we have organised
knowledge production around their exploitation in the first place, and that a more honest
reckoning with sentience and with the interests of other animals reshapes what counts
as legitimate science [8]. This position is consistent with the broader assessment of the
field offered by the recent CNRS prospective report on the animal condition in the social
sciences and humanities, to which colleagues (but not I) contributed, which documents
the maturation of animal studies as a research domain in France [70]. My position, in
short, is that the scientific case and the ethical case point the same way: the weakness
of translation removes the principal utilitarian justification for animal experimentation,
leaving the ethical objection without a countervailing benefit large enough to outweigh it.

8. Toward Non-Animal Methods
Twenty-two works in the corpus develop or advocate non-animal, human-relevant

methods—collectively termed new approach methodologies (NAMs). A terminological
distinction should be made explicit here, because the label “non-animal” can obscure it.
The translational critique developed in the preceding sections concerns in vivo whole-
organism experimentation—the use of living animals to predict human responses—and
not the use of animal-derived biological material as such; the two are not equivalent.
Several widely used in vitro systems rest on immortalised animal cell lines: the canine
MDCK line, for example, serves for epithelial-barrier and -transport studies much as the
human Caco-2 line does, and a growing number of organoid platforms are established
from companion-animal or livestock tissue, including canine and porcine systems. Such
models reduce, and can ultimately replace, in vivo procedures even though they originate,
in part, from animal material; within the definitional boundaries now used for complex
in vitro models, they are appropriately counted among NAMs [18]. Throughout this
review, therefore, “non-animal” denotes the replacement of predictive in vivo animal
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experimentation, not the elimination of every animal-derived reagent from the laboratory.
The most important point about this literature is that it no longer reads as aspirational.
Mottet and colleagues provide a comprehensive review of organoids, organs-on-chip, and
complex in vitro models, with explicit attention to definitions, applications, validation
and ethics [18]. Within this ecosystem, several platforms now outperform animal models
for specific purposes: Heiduschka and Prigione show that induced pluripotent stem cell
(iPSC) models capture mitochondrial disease in human tissue that animal models reach
poorly [71]; and Lessi, Caporale and Testa demonstrate that single-cell resolution exposes
human neural heterogeneity that animal models cannot represent [72].

In vitro human systems are diversifying rapidly. Heikamp and colleagues model
thyroid-hormone transport across the human brain barrier [73]; Joukhdar and colleagues
engineer human models of biological ageing [74]; Soares and colleagues embed immune
competence into organ-on-chip systems, addressing one of the field’s main historical
gaps [19]; Wirsig and Bernhardt use a human multi-cell bone culture to dissect osteogenic
responses [75]. Microfluidic and organ-on-chip systems now span a widening range of
applications, although their maturity varies considerably by field: vascularised tumour-on-
chip platforms [76], brain organoids for neurodegeneration [77], microfluidic inflammation
chips [78], human cardiac models [79] and tumour vessel-on-chip devices for studying
nanoparticle delivery [80] are all represented. In oncology in particular, on-chip modelling
remains an area of active development rather than a settled technology: faithfully repro-
ducing intratumoural clonal heterogeneity; sustaining stable multi-cell co-cultures; and
optimising perfusion, flow and shear-stress conditions are recognised challenges that are
still being resolved. Computational and artificial-intelligence methods complete the picture:
Demyashkin and colleagues review AI across the drug-development lifecycle [25]; Si and
colleagues present an explainable AI model for predicting synergistic cancer therapies [26];
and natural-language-processing approaches—an annotated preclinical corpus [81] and a
large-scale assessment of animal-to-human translation [21]—begin to quantify translation
at the scale of the whole literature. Digital-twin brain models extend the same logic to
neuropsychiatry, in methamphetamine abstinence [82] and tinnitus [83].

Crucially, the regulatory environment is moving with the science rather than lagging
behind it. Courtot and colleagues report on panel discussions concerning the global
regulatory acceptance and harmonisation of non-animal NAMs, documenting concrete
engagement by major agencies [84]; Park analyses the strategic niche that alternative testing
methods now occupy in regulatory science [85]; and Daou’s work on in vitro biophysical
stimulation illustrates the methodological depth now available even for complex tissue-
level questions [86]. More speculative directions, such as bionic and biohybrid systems,
are also emerging [87]. The combined effect is that the standard objection to replacement—
that the alternatives are not ready—is increasingly difficult to sustain across the domains
represented here.

9. A Roadmap for Transition (2026–2040)
If the scientific obstacle to replacement has largely fallen, what remains is institutional.

I therefore propose a phased transition rather than an abrupt prohibition, designed to
align with the pace at which NAMs are validated domain by domain (Figure 2). Phase
1 (2026–2030) would prioritise strategic replacement where alternatives are already vali-
dated: regulatory toxicology and safety screening, education and training, and routine drug
screening. Phase 2 (2029–2035) would reform disease modelling itself, through sustained
investment in organoids, organs-on-chip, iPSC and patient-derived systems, computational
models, and the human-data infrastructure on which they depend. Phase 3 (2035–2040)
would consolidate the shift at the level of policy, formalising NAM-based approval path-
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ways and human-first clinical frameworks, so that non-animal methods become the default
rather than the exception. Framed in this way, the earliest phase is governed by reduction
rather than immediate abolition, and it does not require abandoning animal use wherever
a clear, presently irreplaceable advantage exists. Some spontaneous animal diseases occur
at an incidence well above that of their human counterparts—canine hyperadrenocorti-
cism (Cushing’s disease) being a frequently cited example—so that naturally occurring
disease in companion animals can yield clinically informative data that no current in vitro
system reproduces, while the affected animals are themselves candidates for the therapies
tested [29,30]. Retaining such uses in the near term, where the advantage is genuine and the
alternative not yet validated, is consistent with—not contrary to—the trajectory proposed
here—strategic, selective animal use is precisely the content of Phase 1, and its scope is
expected to contract as human-relevant models mature.

Figure 2. A phased roadmap for the transition to non-animal methods (2026–2040). The transition
is driven by four converging forces: regulatory acceptance (including the FDA Modernization Act
2.0, and engagement by the EMA and EPA), lower cost and higher throughput, superior human
relevance, and growing ethical and societal demand.

Four drivers make this trajectory plausible. First, regulatory agencies increasingly
permit NAM-based data, as the panel discussions reported by Courtot et al. [84] and the
statutory change noted by Manti [37] illustrate. Second, NAMs are frequently faster and
cheaper than animal studies once established. Third, the ethical case—made forcefully by
Pound [6], Dommanget-Kott [7] and others [88,89]—has moved from the margins to the
centre of research-policy discussion. Fourth, and decisively, the human relevance of the
best NAMs now exceeds that of the animal models they would replace [71,72]. None of
these drivers is sufficient alone; together they make the direction of travel hard to reverse.
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10. Conclusions
The 5% translation rate reported by Ineichen et al. [1] is not a problem that can be

solved from within the animal-testing paradigm. The methodological literature shows that
improving the rigour of animal studies tends to shrink, not strengthen, their translational
signal [10,11,14]; the disease-specific literature shows the failure recurring across unrelated
domains [15–17,24]; and even the defenders of animal models now restrict their claims to
particular contexts and concede the reality of poor translation [3–5,31]. Across the corpus,
the centre of gravity has shifted from whether animal models predict human responses to
how quickly human-relevant methods can take their place.

Read as a whole, the literature that has formed around the 5% finding describes a
field in transition. The science of non-animal methods is no longer the limiting factor; the
alternatives are, in several domains, demonstrably superior, and the regulatory architecture
is adapting. What remains is institutional and political: whether research systems will
lead the transition deliberately or be compelled to it by regulators and public expectation.
Crucially, the ethical dimension of this transition no longer rests on welfare considerations
alone: a substantial and growing body of comparative evidence now establishes that the
animals most widely used in research are sentient beings with genuine emotional and
cognitive capacities—affective states, pain, and, in mammals and birds, forms of conscious
experience [90–92]—and once these capacities are acknowledged, continuing to privilege
human benefit over animal interests while increasingly capable human-relevant methods
exist is not a scientific necessity but a form of speciesism [93–95]. In reaching this convergent
conclusion we have sought to represent the opposing case at its strongest rather than to
set it aside. The most substantial argument for retaining animal models is genuine and is
advanced by serious investigators in this corpus: certain systemic, multi-organ and circuit-
level pathologies—in critical-care medicine, complement immunology and psychiatry
among them—are still only imperfectly reconstructed in vitro, and in these domains, whole-
organism experimentation retains real, if narrowing, explanatory value [4,5,31]. A balanced
reading must grant this, and Section 4 was written to give these defences their full force
rather than a token hearing. What a balanced reading need not grant is that fairness to
both positions requires a neutral verdict. The direction in which this review leans is not
imposed on the corpus but drawn from it: the defenders surveyed here themselves restrict
their claims to specific contexts and concede the reality of poor translation [3–5,31], while
two further and independent bodies of evidence—the methodological finding that greater
rigour shrinks the translational signal [10,11,14] and the disease-specific failures recurring
across unrelated domains [15–17,24]—point the same way. Objectivity in a narrative review
lies in reporting that convergence accurately, including the domains where it does not
yet hold, rather than in manufacturing a symmetry the evidence does not support. The
argument of this review is that the scientific, ethical, economic and regulatory cases now
converge, and that the responsible course is to plan the transition rather than to defer it.

Funding: This research received no specific grant from any funding agency. C.S. is supported as a
senior member of the Institut Universitaire de France (IUF).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The corpus analysed in this review consists of the publicly indexed
records citing reference [1]; the full classified list is provided in the References section.

Conflicts of Interest: The author declares no conflicts of interest. The author has published prior
work that is critical of animal experimentation (references [8,9,88,89]); this position is stated openly
and informs, but does not substitute for, the analysis presented here.

https://doi.org/10.3390/ani16142128

https://doi.org/10.3390/ani16142128


Animals 2026, 16, 2128 12 of 16

References
1. Ineichen, B.V.; Furrer, E.; Grüninger, S.L.; Zürrer, W.E.; Macleod, M.R. Analysis of Animal-to-Human Translation Shows That

Only 5% of Animal-Tested Therapeutic Interventions Obtain Regulatory Approval for Human Applications. PLoS Biol. 2024,
22, e3002667. [CrossRef] [PubMed]

2. Ineichen, B.V.; Held, U.; Salanti, G.; Macleod, M.R.; Wever, K.E. Systematic Review and Meta-Analysis of Preclinical Studies. Nat.
Rev. Methods Primers 2024, 4, 72. [CrossRef]

3. Lloyd, K.C.K. Why Simply Ending Animal Testing Isn’t the Answer in Biomedical Research. Nature 2025, 646, 802–803. [CrossRef]
[PubMed]

4. Poppelaars, F.; Holers, V.M.; Thurman, J.M. Friend or Foe: Assessing the Value of Animal Models for Facilitating Clinical
Breakthroughs in Complement Research. J. Clin. Investig. 2025, 135, e188347. [CrossRef] [PubMed]

5. Borgland, S.L. Why Animal Models Are Still Needed for Discoveries in Mental Health Research. J. Psychiatry Neurosci. 2026, 51,
1–6. [CrossRef] [PubMed]

6. Pound, P. A Sociological Perspective on the Challenges of Displacing Animal Research within Academia: The Contribution of
Bourdieu. NAM J. 2025, 1, 100057. [CrossRef] [PubMed]

7. Dommanget-Kott, M. On the Ethics of Animal Research 2025. Available online: https://hal.science/hal-05342088v1 (accessed on
6 July 2026).

8. Sueur, C. Décoloniser Notre Rapport Aux Animaux: Comment Repenser Notre Relation Aux Êtres Vivants; Odile Jacob: Paris,
France, 2026.

9. Sueur, C. Reassessing Animal-to-Human Concordance: Flawed Methodologies and the Overestimation of Predictive Value in
Preclinical Research. PLoS Biol. 2025, in press. [CrossRef]

10. MacLellan, A.; Lalu, M.M. Testing the Limits: Can Enhanced External Validity Promote Translation? eBioMedicine 2024, 110,
105473. [CrossRef] [PubMed]

11. Rotter, S.C.; Arroyo-Araujo, M.; Drude, N.I.I.; Pellegrini, P.; Kobold, S.; Richter, G.H.S.; Müller, O.J.; Bruder, D.; Riecken, L.B.;
Gerlach, B.; et al. Strengthening Translational Preclinical Research through Confirmatory Multi-Laboratory Studies. Front. Med.
2025, 12, 1715361. [CrossRef] [PubMed]

12. Rotter, S.; Arroyo-Araujo, M.; Drude, N.I.; Pellegrini, P.; Kobold, S.; Richter, G.; Müller, O.; Bruder, D.; Riecken, L.B.;
Gerlach, B.; et al. Towards Better Preclinical Research: Key Takeaways from Confirmatory Multi-Laboratory Trials and Stake-
holder Discussions. MetaArXiv 2025, preprint.

13. Hild, B.F.; Brüschweiler, D.; Hild, S.T.K.; Bugajska, J.; von Wyl, V.; Rosso, M.; Wever, K.E.; Furrer, E.; Ineichen, B.V. Quality, Topics,
and Demographic Trends of Animal Systematic Reviews—An Umbrella Review. J. Transl. Med. 2025, 23, 21. [CrossRef] [PubMed]

14. Huang, C.J.; Pawel, S.; Wever, K.E.; Ineichen, B.V.; Heyard, R. Evaluating the Applicability of Replication Success Metrics in
Animal-to-Human Translation: A Simulation Study. medRxiv 2025, preprint.

15. Dobson, G.P.; Morris, J.L.; Letson, H.L. Traumatic Brain Injury: Symptoms to Systems in the 21st Century. Brain Res. 2024, 1845,
149271. [CrossRef] [PubMed]

16. Shyu, R.-Y.; Wang, L.-K.; Tsai, F.-M. Translating Gastric Cancer Genomics into Targeted Therapy: Mechanistic Insights from
Animal Models and Patient-Derived Systems. Cells 2026, 15, 365. [CrossRef] [PubMed]

17. Liu, Y.-N.; Jia, S.-Y.; Zhou, L.-S.; Tang, X.-J.; Ming, Z.; Su, Y.; Lin, J.-Y. Paeoniflorin as a Candidate Disease-Modifying Therapy
for Diabetic Peripheral Neuropathy: Mechanisms, Exposure Challenges, and Translational Priorities. Front. Pharmacol. 2026, 17,
1751578. [CrossRef] [PubMed]

18. Mottet, G.; Grassart, A.; Barthélemy, P.; Antignac, C.; Arrabal, S.; Bourdin, A.; Descroix, S.; De Vos, J.; Doutriaux, A.;
Fabrega, Q.; et al. Organoids, Organs-on-Chips, Complex in Vitro Model: Definitions, Applications, Validation, Ethics. Therapies
2025, 80, 17–31. [CrossRef] [PubMed]

19. Soares, V.; Quiroz, V.M.; Trapecar, M.; Kim, D.-H.; Doloff, J.C. Immune-Competent New Approach Methodologies for a Hybrid
Future. Nat. Immunol. 2026, 27, 1312–1315. [CrossRef] [PubMed]

20. Ball, R.L.; Klein, A.; Gerring, M.W.; Berger-Liedtka, A.K.; Kim, M.J.; Berry, M.L.; Gargano, M.A.; Mukherjee, G.; Fisher, H.S.;
Nichols-Meade, T.; et al. Data-Driven Prioritization of Mouse Strains for Improved Preclinical Modeling of Rare and Common
Disease. bioRxiv 2026, preprint. [CrossRef] [PubMed]

21. Doneva, S.E.; Ellendorff, T.R.; Schneider, G.; Held, L.; von Wyl, V.; Simpson, T.I.; Sick, B.; Ineichen, B.V. Large-Scale Assessment of
Animal-to-Human Drug Translation Using Natural Language Processing. bioRxiv 2026, preprint.

22. Yang, Y.T. Beyond the US-China Biotech Scoreboard. Science 2026, 391, 1330. [CrossRef] [PubMed]
23. factico La Afirmación de Que la Vacuna Contra el VPH Incrementa las Muertes por Cáncer y No es Efectiva Para Prevenir el

Cáncer de Cuello de Útero es Falsa. Factico. 2024. Available online: https://factico.org/fact-checks/salud/no-es-cierto-que-la-
vacuna-contra-el-vph-aumente-las-muertes-por-cancer-y-no-prevenga-el-cancer-de-cuello-de-utero/ (accessed on 6 July 2026).

24. Levchenko, A.; Corrigan, M.; Wexler, B. The Root Cause: Why Do so Many Drugs Fail to Translate from Bench to Bedside? Expert
Opin. Drug Discov. 2026, 1–4. [CrossRef] [PubMed]

https://doi.org/10.3390/ani16142128

https://doi.org/10.1371/journal.pbio.3002667
https://www.ncbi.nlm.nih.gov/pubmed/38870090
https://doi.org/10.1038/s43586-024-00347-x
https://doi.org/10.1038/d41586-025-03345-5
https://www.ncbi.nlm.nih.gov/pubmed/41116075
https://doi.org/10.1172/JCI188347
https://www.ncbi.nlm.nih.gov/pubmed/40519165
https://doi.org/10.1139/jpn-2025-0224
https://www.ncbi.nlm.nih.gov/pubmed/41549358
https://doi.org/10.1016/j.namjnl.2025.100057
https://www.ncbi.nlm.nih.gov/pubmed/42369403
https://hal.science/hal-05342088v1
https://doi.org/10.2139/ssrn.5035757
https://doi.org/10.1016/j.ebiom.2024.105473
https://www.ncbi.nlm.nih.gov/pubmed/39603137
https://doi.org/10.3389/fmed.2025.1715361
https://www.ncbi.nlm.nih.gov/pubmed/41574368
https://doi.org/10.1186/s12967-024-05992-0
https://www.ncbi.nlm.nih.gov/pubmed/39762882
https://doi.org/10.1016/j.brainres.2024.149271
https://www.ncbi.nlm.nih.gov/pubmed/39395646
https://doi.org/10.3390/cells15040365
https://www.ncbi.nlm.nih.gov/pubmed/41744808
https://doi.org/10.3389/fphar.2026.1751578
https://www.ncbi.nlm.nih.gov/pubmed/42051260
https://doi.org/10.1016/j.therap.2024.12.002
https://www.ncbi.nlm.nih.gov/pubmed/39809611
https://doi.org/10.1038/s41590-026-02539-x
https://www.ncbi.nlm.nih.gov/pubmed/42215724
https://doi.org/10.64898/2026.04.27.721175
https://www.ncbi.nlm.nih.gov/pubmed/42094503
https://doi.org/10.1126/science.aeg0560
https://www.ncbi.nlm.nih.gov/pubmed/41886577
https://factico.org/fact-checks/salud/no-es-cierto-que-la-vacuna-contra-el-vph-aumente-las-muertes-por-cancer-y-no-prevenga-el-cancer-de-cuello-de-utero/
https://factico.org/fact-checks/salud/no-es-cierto-que-la-vacuna-contra-el-vph-aumente-las-muertes-por-cancer-y-no-prevenga-el-cancer-de-cuello-de-utero/
https://doi.org/10.1080/17460441.2026.2665217
https://www.ncbi.nlm.nih.gov/pubmed/42021580
https://doi.org/10.3390/ani16142128


Animals 2026, 16, 2128 13 of 16

25. Demyashkin, G.; Parshenkov, M.; Zyryanov, S.; Yavorskiy, A.; Shegai, P.; Kaprin, A. Artificial Intelligence Across the Drug
Development Lifecycle. Med. Sci. 2026, 14, 248. [CrossRef] [PubMed]

26. Si, H.; Kumar, S.; Lata, S.; Ahmad, A.; Ghosh, S.; Stephansen, K.; Nagarkar, D.; Zhou, E.; Higgs, B.W. Mechanistically Explainable
AI Model for Predicting Synergistic Cancer Therapy Combinations. Curr. Oncol. 2025, 32, 548. [CrossRef] [PubMed]

27. Liesner, J.; Ineichen, B.V.V.; Rosso, M. Use and Reporting of Systematic Review Methodology in EFSA Scientific Opinions on
Animal Health and Welfare. Front. Vet. Sci. 2026, 12, 1594235. [CrossRef] [PubMed]

28. Banerjee, A.; Froudarakis, E.; Rapti, G.; Genzel, L.; Konstantinides, N. The Power of Diversity in Neuroscience Research Models.
Eur. J. Neurosci. 2026, 63, e70384. [CrossRef] [PubMed]

29. Popiel-Dziewierz, S.; Noszczyk-Nowak, A.; Dziewierz, A. From Bench to Bedside and Back: Translational Cardiovascular
Interventions in Veterinary Medicine. Adv. Interv. Cardiol. 2025, 21, 295–304. [CrossRef] [PubMed]

30. Cicchelero, L.; de Rooster, H. Klinische Studies Bij Gezelschapsdieren. Vlaams Diergeneeskd. Tijdschr. 2025, 94. [CrossRef]
31. Fraser, J.F.; Inoue, S.; Yao, Y.; Osuchowski, M.F. Animal Models of Critical Care Illnesses: Current Reality, Future Directions. ICMx

2025, 13, 65. [CrossRef] [PubMed]
32. Fujinami, Y.; Liu, S.; Bassi, G.L.; Osuchowski, M.; Yao, Y.; Fraser, J.; Inoue, S. Animal Models of Critical Illness in the Asia–Pacific

Region: Current Practices, Shared Challenges, and Future Directions. ICMx 2026, 14, 27. [CrossRef] [PubMed]
33. Vera-Tizatl, C.E.; Vera-Hernández, A.; Leija-Salas, L.; Vega-López, M.A.; Ramírez-Estudillo, M.d.C.; Fariña, G.I.G.; Vera-Tizatl, A.L.

The Vietnamese Swine as a Translational Model of Invasive Ductal Carcinoma of the Breast. Anim. Models Exp. Med. 2025, 8,
1997–2007. [CrossRef] [PubMed]

34. Schachtschneider, K.M.; Baggott, S.; Boas, F.E.; Dominko, T.; Duran-Struuck, R.; Elkhadragy, L.; Gaba, R.C.; Mehta, V.; Mikkelsen,
L.F.; Niemeyer, M.; et al. Next Generation Large Animal Oncology Preclinical Transitional Platform: Developing New Approach
Methodologies and Emerging Regulatory Considerations. Med. Res. Arch. 2026, 14. [CrossRef]

35. Pinto-Ribeiro, F. Emotional Impairments in Animal Models of Traumatic Neuropathic Pain: Where Do We Stand? Biol. Psychiatry
Glob. Open Sci. 2025, 5, 100424. [CrossRef] [PubMed]

36. Lewis, D.I. Reducing, and Ultimately Replacing, the Involvement of Animals in Education: Legislative, Ethical, and Societal
Drivers for Change. Adv. Physiol. Educ. 2026, 50, 374–378. [CrossRef] [PubMed]

37. Manti, F. Non Ci Sono Ragioni. Perché La Sperimentazione Con Utilizzo Di Animali Non è Eticamente Sostenibile. Il Cesalpino
2024, 62.

38. Fluck, C.; Zillmann, H. Organoide, Versuchstiere Und Die Frage Nach Dem Moralischen Status. TIERethik 2025, 17, 64–101.
39. Cash, R.; Courtot, L. Investigation of the Publication Rate of Recent Research Projects Using Non-Human Primates in France.

ALTEX 2025, 42, 667–678. [CrossRef] [PubMed]
40. Rafi, M.S.H.; Sarker, M.T.; Joy, F.-U.-H.; Shams, S.M.; Foyez, T.; Mazid, M.A.; Dewan, S.M.R. Animal Models in Molecular Biology

Research: Challenges, Ethical Imperatives, and the Path to Human-Relevant Translation. Anim. Models Exp. Med. 2026, 1–14.
[CrossRef] [PubMed]

41. Gallas-Lopes, M.; Abreu, M.B.; Andrades, M.; Arbo, B.D.; Bastos, L.M.; Caetano, T.C.; Müller, D.V.; Patelli-Alves, A.; Rosa, D.A.;
Stein, D.J.; et al. Effects of NMDA Antagonists on Social Behaviour: A Systematic Review and Meta-Analysis of Preclinical
Studies. bioRxiv 2026, preprint.

42. Chong Chie, J.A.K.; Persohn, S.A.; Simcox, O.R.; Collins, A.; Salama, P.; Territo, P.R.; Alzheimer’s Disease Neuroimaging Initiative
and MODEL-AD Consortium. Neurovascular–Metabolic Dysregulation, Metabolic Connectomics, and Metabolic Functional
Changes in Alzheimer’s Disease: A Preclinical and Clinical Comparison. Alzheimer’s Dement. 2026, 22, e71496. [CrossRef]
[PubMed]

43. Zhuang, F.; Ning, Y.; Li, C.; Luo, Y.; Gao, P.; Wang, T.; Dai, C.; Xie, H.; He, W.; Wu, J.; et al. Single-Cell RNA Sequencing of Pig
Lung Transplantation Reveals Macrophage Ferroptosis in Lung Ischemia–Reperfusion Injury. J. Heart Lung Transplant. 2025, 44,
1516–1520. [CrossRef] [PubMed]

44. Nieto, S.J.; Ray, L.A. Advancing Medication Development for Alcohol Use Disorder: A Narrative Review Integrating Preclinical,
Human Laboratory, and Clinical Trials. Alcohol. Clin. Exp. Res. 2025, 49, 2649–2659. [CrossRef] [PubMed]

45. Robinson, Z.; Briscoe, J.B.; Bradshaw, A.; Fornaresio, L.; Lawton, J.S. Turning Ideas into Action: A Framework for Cardiothoracic
Trainees and Surgeons to Launch Translational Clinical Trials. JTCVS Open 2025, 28, 792–800. [CrossRef] [PubMed]

46. Mälberg, J. Exploring Ventilation During Cardiopulmonary Resuscitation: Experimental and Clinical Insights. Ph.D. Thesis,
Uppsala University, Uppsala, Sweden, 2026.

47. Liu, X.; Huang, L.; Zhang, X.; Xu, X. Polysaccharides with Antioxidant Activity: Extraction, Beneficial Roles, Biological
Mechanisms, Structure-Function Relationships, and Future Perspectives: A Review. Int. J. Biol. Macromol. 2025, 300, 140221.
[CrossRef] [PubMed]

48. Liu, X.; Wu, J.; Zhao, B.; Wen, L.; Liang, C.; Sun, Z.; Luo, J.; Li, X. Dendrobium Officinale Kimura et Migo: Traditional Uses,
Agricultural Technology, Processing, Chemical Composition, Pharmacological Mechanisms, Toxicology, and Applications.
J. Pharm. Pharmacol. 2025, 77, 1611–1645. [CrossRef] [PubMed]

https://doi.org/10.3390/ani16142128

https://doi.org/10.3390/medsci14020248
https://www.ncbi.nlm.nih.gov/pubmed/42201040
https://doi.org/10.3390/curroncol32100548
https://www.ncbi.nlm.nih.gov/pubmed/41149468
https://doi.org/10.3389/fvets.2025.1594235
https://www.ncbi.nlm.nih.gov/pubmed/41635789
https://doi.org/10.1111/ejn.70384
https://www.ncbi.nlm.nih.gov/pubmed/41485782
https://doi.org/10.5114/aic.2025.154190
https://www.ncbi.nlm.nih.gov/pubmed/41114311
https://doi.org/10.21825/vdt.96767
https://doi.org/10.1186/s40635-025-00776-2
https://www.ncbi.nlm.nih.gov/pubmed/40560285
https://doi.org/10.1186/s40635-026-00874-9
https://www.ncbi.nlm.nih.gov/pubmed/41779345
https://doi.org/10.1002/ame2.70074
https://www.ncbi.nlm.nih.gov/pubmed/40990674
https://doi.org/10.18103/mra.v14i1.7194
https://doi.org/10.1016/j.bpsgos.2024.100424
https://www.ncbi.nlm.nih.gov/pubmed/40018657
https://doi.org/10.1152/advan.00220.2025
https://www.ncbi.nlm.nih.gov/pubmed/41711268
https://doi.org/10.14573/altex.2501292
https://www.ncbi.nlm.nih.gov/pubmed/40567245
https://doi.org/10.1002/ame2.70236
https://www.ncbi.nlm.nih.gov/pubmed/42244036
https://doi.org/10.1002/alz.71496
https://www.ncbi.nlm.nih.gov/pubmed/42151724
https://doi.org/10.1016/j.healun.2025.04.011
https://www.ncbi.nlm.nih.gov/pubmed/40262727
https://doi.org/10.1111/acer.70181
https://www.ncbi.nlm.nih.gov/pubmed/41084355
https://doi.org/10.1016/j.xjon.2025.09.005
https://www.ncbi.nlm.nih.gov/pubmed/41466798
https://doi.org/10.1016/j.ijbiomac.2025.140221
https://www.ncbi.nlm.nih.gov/pubmed/39855511
https://doi.org/10.1093/jpp/rgaf074
https://www.ncbi.nlm.nih.gov/pubmed/40878851
https://doi.org/10.3390/ani16142128


Animals 2026, 16, 2128 14 of 16

49. Camma, G.; Verdouw, M.P.; van der Meer, P.B.; Groenink, L.; Batalla, A. Therapeutic Potential of Minor Cannabinoids in
Psychiatric Disorders: A Systematic Review. Eur. Neuropsychopharmacol. 2025, 91, 9–24. [PubMed]

50. Biondi, F.; Madonna, R. The Potential Role of GLP1-RAs Against Anticancer-Drug Cardiotoxicity: A Scoping Review. J. Clin. Med.
2025, 14, 2705. [CrossRef] [PubMed]

51. Uti, D.E.; Egbung, J.E.; Alum, E.U.; Bawa, I.; Agada, S.A.; Ogbu, C.O.; Ugwu, O.P.-C. Nanotechnology-Enabled Targeted Delivery
of Incretin Therapies for the Treatment of Obesity and Metabolic Disorders. Obes. Med. 2026, 61, 100712. [CrossRef]

52. Natarajan, K.; Krishnamoorthi, M.K.; Palaniyandi, S.S.; Watanabe, K.; Pownall, H.J.; Guha, A.; Bhimaraj, A.; Thandavarayan, R.A.
Therapeutic Strategies for Reversing Cardiac Fibrosis in Hearts Supported by Ventricular Assist Devices. Drug Discov. Today 2025,
30, 104547. [CrossRef] [PubMed]

53. Viveros-Moreno, N.G.; Rodriguez-Reyes, X.F.; Garcia-Lorenzana, M.; Salazar-García, M.; Villavicencio-Guzmán, L.; Beltran-
Vargas, N.E. Key Steps in Murine Cardiac Engineering Validation: How Does It Affect the Efficiency of Cardiac Devices? BioMed
Res. Int. 2026, 2026, 5247814. [CrossRef] [PubMed]

54. Nagra, M.; Goldman, D.M.; Belury, M.A.; Messina, M. Concerns about the Health Effects of Industrially Produced Seed Oils Are
without Scientific Foundation: A Scoping Narrative Review of the Clinical and Observational Evidence. Crit. Rev. Food Sci. Nutr.
2026. [CrossRef] [PubMed]

55. Reamtong, O.; Panbangred, W.; Janhom, M.; Prangthip, P. Lactiplantibacillus Plantarum from Thai Fermented Pork with Inulin
Ameliorates Metabolic Disturbances through Proteomic Mechanisms. Sci. Rep. 2025, 16, 2975. [CrossRef] [PubMed]

56. Abavisani, M.; Khoshrou, A.; Khayami, R.; Kesharwani, P.; Sahebkar, A. Preclinical Evaluation of Repositioned Non-Antibiotic
Agents against Staphylococcus Aureus: A Network Meta-Analysis of Survival Outcomes. World J. Microbiol. Biotechnol. 2025,
41, 480. [CrossRef] [PubMed]

57. Szurek, E.A.; Ngo, V.L.; Abo, H.; Cebula, A.; Chassaing, B.; Howard, R.A.; Hart, M.; Hori, S.; Weaver, C.T.; Gewirtz, A.T.; et al.
Soil-Derived Microbiota Induces T Regulatory Cells and Protect against Mouse Colitis, Metabolic Disease, and Sepsis. Gut
Microbes 2026, 18, 2675089. [CrossRef] [PubMed]

58. Yeo, L.-F.; Palmu, J.; Havulinna, A.S.; Pärnänen, K.; Salomaa, V.; Lahti, L.; Knight, R.; Niiranen, T. Prospective Association
between the Gut Microbiome and Incident Hypertension: A 20-Year Cohort Study. J. Hypertens. 2026, 44, 673–681. [CrossRef]
[PubMed]

59. Xu, M.; Liu, X. Cisplatin-Induced Skeletal Muscle Atrophy: Biomolecular Mechanisms and the Protective Role of Exercise-Induced
Myokines. Biomolecules 2025, 15, 1495. [CrossRef] [PubMed]

60. Bhattacharjee, K.; Nath, M.; Sharan, R.N.; Choudhury, Y. Evaluation of the Obesogenic Role of Betel Nut Extract in Mice and Its
Remediation by Berberine and Orlistat. Toxicon 2026, 269, 108636. [CrossRef] [PubMed]

61. de Souza, V.V.; De Andrade, L.R.; da Silva Souza, T. Beyond Tradition: An Integrated Toxicological, Ecological, and Public Health
Perspective on Aristolochic Acids. J. Appl. Toxicol. 2026, 46, 2599–2622. [CrossRef] [PubMed]

62. Jeyaraman, N.; Roy, M.; Muthu, S.; Khan, S.; Jeyaraman, M. Preclinical Insights into Wound Healing: Models, Mechanisms, and
Translational Strategies. In Management and Strategies for Wound Healing; De Francesco, F., Turksen, K., Eds.; Springer Nature:
Cham, Switzerland, 2026; pp. 287–309.

63. Kumarachari, R.K.; Bukke, S.P.N.; Kammara, L.; Aruga, C.; Himasaila, M.; Kamati, M. Anti-Aging Pharmacology: Advances and
Prospects. In Drug Discovery and Antiaging Approaches for Human Longevity; IGI Global Scientific Publishing: Hershey, PA, USA,
2025; pp. 131–164.

64. Abrudan, R.; Abrudan, L.; Cămărăs, an, A.; Camarasan, O.; Ionit,ă, C.F.; Vilceanu, L.; Pop, O.L. Co-Occurrence of Nuclear-Catenin
and H3K27me3 Expression in Advanced Colorectal Cancer: A Retrospective Observational Study. Curr. Oncol. 2026, 33, 210.
[CrossRef] [PubMed]

65. Adebisi, Y.A.; Campagna, D.; Ceriello, A.; Alhur, A.A.; Alshahrani, N.Z.; Misra, A.; Basit, A.; Russo, C.; Battelino, T.; Somasun-
daram, N.; et al. Association between Electronic Cigarette Use and Prediabetes, Diabetes, and Insulin Resistance: A Systematic
Review and Meta-Analysis. Intern. Emerg. Med. 2026. [CrossRef] [PubMed]

66. Nakamizo, S.; Dutertre, C.-A.; Khalilnezhad, A.; Zhang, X.M.; Lim, S.; Lum, J.; Koh, G.; Foong, C.; Yong, P.J.A.; Tan, K.J. Single-Cell
Analysis of Human Skin Identifies CD14+ Type 3 Dendritic Cells Co-Producing IL1B and IL23A in Psoriasis. J. Exp. Med. 2021,
218, e20202345. [CrossRef] [PubMed]

67. Ravanbakhsh, H.; Azarbaijani, M.A.; Fatolahi, H.; Peeri, M.; Ahmadabad, S.R. The Simultaneous Effect of Moderate-Intensity
Continuous Aerobic Exercise and Rice Bran Extract on ABCG5 and ABCG8 Gene Expression in the Intestinal Tissue of Rats Fed
with High-Fat Diet. Sadra Med. J. 2025, 13, 598–613.

68. Alcantar-Rodríguez, V.E.; Osorio-Díaz, P.; González-Vargas, E.; Puga-Díaz, R.; Gutiérrez-Trujillo, J.; Saldo-Periago, J. Acceptability
and Tolerability of a Hibiscus sabdariffa L. Beverage and Effect on Biomarkers of Pregnant Women: Phase I Pilot Trial. Funct. Foods
Health Dis. 2025, 15, 841–853. [CrossRef]

69. Al-Anazi, K.A. Current Progress in Mesenchymal Stromal Cell Therapies. J. Reg. Med. Biol. Res. 2025, 6, 1–16. [CrossRef]

https://doi.org/10.3390/ani16142128

https://www.ncbi.nlm.nih.gov/pubmed/39541799
https://doi.org/10.3390/jcm14082705
https://www.ncbi.nlm.nih.gov/pubmed/40283534
https://doi.org/10.1016/j.obmed.2026.100712
https://doi.org/10.1016/j.drudis.2025.104547
https://www.ncbi.nlm.nih.gov/pubmed/41265516
https://doi.org/10.1155/bmri/5247814
https://www.ncbi.nlm.nih.gov/pubmed/41879091
https://doi.org/10.1080/10408398.2026.2657527
https://www.ncbi.nlm.nih.gov/pubmed/42047660
https://doi.org/10.1038/s41598-025-32893-z
https://www.ncbi.nlm.nih.gov/pubmed/41392266
https://doi.org/10.1007/s11274-025-04705-z
https://www.ncbi.nlm.nih.gov/pubmed/41307771
https://doi.org/10.1080/19490976.2026.2675089
https://www.ncbi.nlm.nih.gov/pubmed/42178725
https://doi.org/10.1097/HJH.0000000000004254
https://www.ncbi.nlm.nih.gov/pubmed/41669888
https://doi.org/10.3390/biom15111495
https://www.ncbi.nlm.nih.gov/pubmed/41301412
https://doi.org/10.1016/j.toxicon.2025.108636
https://www.ncbi.nlm.nih.gov/pubmed/41177468
https://doi.org/10.1002/jat.70125
https://www.ncbi.nlm.nih.gov/pubmed/41883181
https://doi.org/10.3390/curroncol33040210
https://www.ncbi.nlm.nih.gov/pubmed/42041729
https://doi.org/10.1007/s11739-026-04430-x
https://www.ncbi.nlm.nih.gov/pubmed/42287584
https://doi.org/10.1084/jem.20202345
https://www.ncbi.nlm.nih.gov/pubmed/34279540
https://doi.org/10.31989/ffhd.v15i11.1768
https://doi.org/10.46889/jrmbr.2025.6202
https://doi.org/10.3390/ani16142128


Animals 2026, 16, 2128 15 of 16

70. Espinosa, R.; Dardenne, E.; Huchard, E.; Marsolier, M.-C.; Pelé, M.; Roux-Demare, F.-X. La condition animale en SHS en France.
report, CNRS; ORCA, 2026. Available online: https://shs.hal.science/halshs-05630891 (accessed on 6 July 2026).

71. Heiduschka, S.; Prigione, A. iPSC Models of Mitochondrial Diseases. Neurobiol. Dis. 2025, 207, 106822. [CrossRef] [PubMed]
72. Lessi, M.; Caporale, N.; Testa, G. From Cells to Selves and Back: Human Neurodiversity at Single-Cell Resolution. Physiology

2026, 41, 16–29. [CrossRef]
73. Heikamp, K.; Hamers, T.; Hessel, E.V.S. In Vitro Human Brain Barrier Models for Studying Thyroid Hormone Transport. Crit.

Rev. Toxicol. 2025, 55, 645–661. [CrossRef] [PubMed]
74. Joukhdar, H.; Lee, S.S.; Cox, T.R.; Choi, Y.S.; Wise, S.G.; Young, J.L.; Yeo, G.C.; Lim, K.S. Engineering Aging: Approaches to Model

and Deconstruct Biological Complexity. Adv. Mater. 2026, 38, e12523. [CrossRef] [PubMed]
75. Wirsig, K.; Bernhardt, A. Advancing Biomaterials Evaluation: A Human Quadruple Bone Cell Culture Reveals Molybdenum-

Driven Pro-Osteogenic and Anti-Osteoclastogenic Responses. ACS Appl. Mater. Interfaces 2026, 18, 27314–27331. [CrossRef]
[PubMed]

76. Poljak, I.; Chiappini, C.; Adriani, G. Engineering Perfusion to Meet Tumor Biology: Are Vascularized Tumor-on-a-Chip Models
Ready to Drive Therapy Innovation? Lab. Chip 2026, 26, 1162–1190. [CrossRef] [PubMed]

77. Larriba-González, T.; García-Martín, M.; Ojeda-Hernández, D.D.D.; Rincón-Cerrada, P.; Martín-Blanco, L.; Benito-Martín, M.S.;
Selma-Calvo, B.; de la Fuente-Martín, S.; Matias-Guiu, J.A.; Matias-Guiu, J.; et al. Modeling Neurodegenerative Diseases with
Brain Organoids: From Development to Disease Applications. Front. Cell Dev. Biol. 2025, 13, 1663286. [CrossRef] [PubMed]

78. Bakhtiari, S.; Velasco, V.; Davis, R.W. 3D ECM-Inflammation Model on a Microfluidic Chip for Neutrophil Transmigration from
Whole Blood Investigations. Lab. Chip 2026, 26, 2330–2339. [CrossRef] [PubMed]

79. Streckfuss-Bömeke, K.; Zelarayán, L.C.; Schnabel, R.B.; Kränkel, N.; Maack, C.; Eschenhagen, T.; Kappler, H.E.; Klingmüller, U.;
Kramann, R.; Loewe, A.; et al. Models of the Human Heart for Biomedical Research: Opportunities and Challenges. Physiol. Rep.
2026, 14, e70845. [CrossRef] [PubMed]

80. Dávila, S.; Martín-Asensio, A.; Sanz-de Diego, E.; Hernández, J.J.; Rodríguez, I. Investigation of Nanoparticle Extravasation
Pathways in Tumor Vessel-on-a-Chip Devices. Nanomed. Nanotechnol. Biol. Med. 2025, 69, 102863. [CrossRef] [PubMed]

81. Doneva, S.; Hubarava, H.; Härvelid, P.; Zürrer, W.; Bugajska, J.; Hild, B.; Brüschweiler, D.; Schneider, G.; Ellendorff, T.; Ineichen, B.
PreClinIE: An Annotated Corpus for Information Extraction in Preclinical Studies. In Proceedings of the 24th Workshop on Biomedical
Language Processing; Demner-Fushman, D., Ananiadou, S., Miwa, M., Tsujii, J., Eds.; Association for Computational Linguistics:
Viena, Austria, 2025; pp. 74–87.

82. Zhang, J.; Du, Y.; Li, J.; Yang, W.; Cao, D.; Luo, N.; Yang, Z.; Tang, K.; Chu, C.; Xiao, X.; et al. Stage-Dependent Neural Mechanisms
in Human Methamphetamine Abstinence: Insights from the Digital Twin Brain Model. Biol. Psychiatry 2025, 98, 634–645.
[CrossRef] [PubMed]

83. Zhang, J.; Han, S.; Shen, Y.; Wu, X.; Zhao, Y.; Wu, Z.; Luo, N.; Yang, Z.; Li, D.; Song, M.; et al. Digital Twin Brain Reveals
State-Specific Stimulation Targets for Abnormal Brain Dynamics in Tinnitus. BMC Med. 2026, 24, 155. [CrossRef] [PubMed]

84. Courtot, L.; Fritsche, E.; Hobi, N.; Kleinstreuer, N.; Lee, R.; Parvatam, S.; Ritskes-Hoitinga, M.; Roper, C.; Westmoreland, C.;
Gougeon, E. Panel Discussions on the Global Regulatory Acceptance and Harmonisation of Non-Animal NAMs. NAM J. 2025, 1,
100027. [CrossRef]

85. Park, A. The Potential and Challenges of Alternative Animal Testing Methods as a Strategic Niche for Enhancing Interspecies
Sustainability. Ph.D. Thesis, Seoul National University, Seoul, Republic of Korea, 2025.

86. Daou, F. Leveraging Advanced Technologies to Optimize In Vitro Biophysical Stimulation Experiments. Ph.D. Thesis, Università
degli Studi del Piemonte Orientale, Piedmont, Italy, 2025.

87. Sabbar, A.G.; Dohi, F.A. Bionic Robots: Definition and Their Relevance in Biochemistry and Immunology. Bio-Robotics 2025, 1,
1–15. [CrossRef]

88. Sueur, C. De La Légitimité En Recherche Animale? Droit Anim. Éthique Sci. Rev. Trimest. Fond. LFDA 2022, 115, 19.
89. Sueur, C.; Cash, R.; Courtier, V. France’s Research-Primate Project Goes against Its Own Ethics Panel. Nature 2026, 653, 974.

[CrossRef] [PubMed]
90. Proctor, H.S.; Carder, G.; Cornish, A.R. Searching for Animal Sentience: A Systematic Review of the Scientific Literature. Animals

2013, 3, 882–906. [CrossRef] [PubMed]
91. Low, P.; Panksepp, J.; Reiss, D.; Edelman, D.; Van Swinderen, B.; Koch, C. The Cambridge Declaration on Consciousness; Cambridge

University: Cambridge, UK, 2012; pp. 1–2.
92. De Waal, F. Are We Smart Enough to Know How Smart Animals Are? WW Norton & Company: New York, NY, USA, 2016.
93. Caviola, L.; Everett, J.A.; Faber, N.S. The Moral Standing of Animals: Towards a Psychology of Speciesism. J. Personal. Soc.

Psychol. 2019, 116, 1011. [CrossRef]

https://doi.org/10.3390/ani16142128

https://shs.hal.science/halshs-05630891
https://doi.org/10.1016/j.nbd.2025.106822
https://www.ncbi.nlm.nih.gov/pubmed/39892770
https://doi.org/10.1152/physiol.00010.2025
https://doi.org/10.1080/10408444.2025.2540446
https://www.ncbi.nlm.nih.gov/pubmed/40810804
https://doi.org/10.1002/adma.71874
https://www.ncbi.nlm.nih.gov/pubmed/40923206
https://doi.org/10.1021/acsami.6c04674
https://www.ncbi.nlm.nih.gov/pubmed/42093616
https://doi.org/10.1039/D5LC01060H
https://www.ncbi.nlm.nih.gov/pubmed/41582920
https://doi.org/10.3389/fcell.2025.1663286
https://www.ncbi.nlm.nih.gov/pubmed/41278202
https://doi.org/10.1039/D5LC00554J
https://www.ncbi.nlm.nih.gov/pubmed/41801012
https://doi.org/10.14814/phy2.70845
https://www.ncbi.nlm.nih.gov/pubmed/41954020
https://doi.org/10.1016/j.nano.2025.102863
https://www.ncbi.nlm.nih.gov/pubmed/41043727
https://doi.org/10.1016/j.biopsych.2025.05.010
https://www.ncbi.nlm.nih.gov/pubmed/40403824
https://doi.org/10.1186/s12916-026-04687-1
https://www.ncbi.nlm.nih.gov/pubmed/41664110
https://doi.org/10.1016/j.namjnl.2025.100027
https://doi.org/10.54963/br.v1i1.1291
https://doi.org/10.1038/d41586-026-01606-5
https://www.ncbi.nlm.nih.gov/pubmed/42156514
https://doi.org/10.3390/ani3030882
https://www.ncbi.nlm.nih.gov/pubmed/26479539
https://doi.org/10.1037/pspp0000182
https://doi.org/10.3390/ani16142128


Animals 2026, 16, 2128 16 of 16

94. Horta, O. What Is Speciesism? J. Agric. Environ. Ethics 2010, 23, 243–266.
95. Singer, P. Animal Liberation. In Animal Rights; Springer: Berlin/Heidelberg, Germany, 1973; pp. 7–18.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ani16142128

https://doi.org/10.3390/ani16142128

	Introduction 
	Methods 
	Sampling Strategy and Search 
	Inclusion Criteria and Record Types 
	Classification 

	The Translation Failure: Scope and Consistency 
	Defences of Animal Experimentation 
	Critiques of Animal Experimentation 
	Methodological and Other Perspectives 
	The Methodological Literature 
	Comparative and Bridging Studies 
	The Wider Citation Footprint 

	The Author’s Position 
	Toward Non-Animal Methods 
	A Roadmap for Transition (2026–2040) 
	Conclusions 
	References

