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Abstract: The United States Senate passed the “FDA Modernization Act 2.0.” on September 29, 2022. Although the effectiveness 
of this Bill, which aims to eliminate the mandatory use of laboratory animals in new drug development, is limited, it represents a 
significant trend that will change the shape of drug applications in the United States and other countries. However, pharmaceutical 
companies have not taken major steps towards the complete elimination of animal testing from the standpoint of product safety, where 
they prioritize patient safety. Nonetheless, society is becoming increasingly opposed to animal testing, and efforts will be made to use 
fewer animals and conduct fewer animal tests as a natural and reasonable response. These changes eventually alter the shape of new 
drug applications. Based on the assumption that fewer animal tests will be conducted or fewer animals will be used in testing, this 
study explored bioinformatics and new technologies as alternatives to compensate for reduced information and provide a picture of how 
future new drug applications may look. The authors also discuss the directions that pharmaceutical companies and nonclinical contract 
research organizations should adopt to promote the replacement, reduction, and refinement of animals used in research, teaching, test-
ing, and exhibitions. (DOI: 10.1293/tox.2023-0106; J Toxicol Pathol 2024; 37: 45–53)
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Environment Surrounding Animal Testing

Regulatory measures and international collaboration
The use of laboratory animals in drug development is 

under increasing pressure from society, as evident in the 
“FDA Modernization Act 2.0”1, which passed in the United 
States Senate on September 29, 2022. While the replace-
ment, reduction, and refinement (3Rs alternatives)2 of ani-
mals used in research, teaching, testing, and exhibition have 
been promoted for some time, the International Council for 

Harmonization of Technical Requirements for Pharmaceu-
ticals for Human Use (ICH) has recently taken the initia-
tive and revised its guidelines on long-term carcinogenicity 
studies (ICH S1B(R1))3. In addition, another initiative sup-
porting the 3Rs that is currently underway is a project aimed 
at promoting virtual control groups to eliminate the use of 
control groups in nonclinical studies4.

Deterioration in economic viability
In addition to growing advocacy for animal welfare, 

there has been a significant deterioration in the economic 
viability of drug development. In particular, the prices of 
laboratory primates are expected to increase sharply from 
2022. Such soaring development expenses have increased 
drug prices, ultimately increasing the financial burden on 
patients. Such price increases have led pharmaceutical com-
panies and regulatory authorities to question the use of pri-
mates in pharmaceutical testing5.
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Economic security
The environment surrounding animal testing is char-

acterized by both regulatory developments and significant 
challenges such as deteriorating economic viability, par-
ticularly in the use of primates. Countries that produce 
laboratory cynomolgus monkeys include China, Vietnam, 
Cambodia, and Mauritius, whereas those that import them 
are developed countries that are leaders in pharmaceutical 
development such as Japan, the United States, and Euro-
pean countries. This inevitably has a significant effect on 
how regulatory authorities of different countries perceive 
primate studies. It is essential for industry, government, and 
academia to make coordinated efforts to secure the procure-
ment of laboratory monkeys with the aim of expanding the 
designation of “specified critical products” under the Eco-
nomic Security Promotion Act6 to include laboratory pri-
mates that are used for the development of new drugs.

Advancements of Informatics or Target Safety 
Assessment

Informatics is advancing rapidly across many fields 
such as material informatics (MI) in the materials sector 
and bioinformatics (BI) in the pharmaceutical industry. The 
concept of open science7 is crucial in informatics. The de-
velopment of informatics relies heavily on all information 
available in a standardized data format that is accessible to 
everyone. One application of informatics concerning phar-
maceutical safety is the target safety assessment (TSA)8. The 
concept of TSA, as illustrated in Fig. 1, typically involves 

the use of informatics methodologies for the comprehensive 
retrieval, analysis, and evaluation of information to address 
specific challenges associated with a specific target in a drug 
development program. With TSA, making predictions based 
on existing information involves repeated data-gap analy-
sis and read-across. This approach has evolved significantly 
with the regulations on Registration, Evaluation, Authori-
zation, and Restriction of Chemicals (REACH). The ICH 
S1B(R1)3 (Fig. 2) guidelines take the same basic approach 
as REACH in that they emphasize the importance of the 
weight of evidence (WoE)9 as well as fairness and transpar-
ency in the evaluation of any information. While REACH 
adopts the Klimisch score as a measure to assess the value 
of study data, the concept of WoE has also been explored 
in the pharmaceutical field. Myatt et al.10 and Johnson et 
al. 11 evaluated the value of in silico data and developed an 
advanced version of data evaluation criteria (Table 1).

Movement towards Open Science and Consor-
tiums

eTRANSAFE
The effective use of informatics relies on abundantly 

available and user-friendly databases. Pioneering efforts 
were made to assess the safety of pharmaceuticals and agri-
cultural chemicals in the eTRANSAFE12 project. eTRANS-
AFE brought together 29 organizations that included world-
class pharmaceutical companies such as Novartis, Bayer, 
Sanofi, AstraZeneca, Roche, Merck, Janssen, Boehringer 
Ingelheim, and Eisai, and chemical manufacturers such as 

Fig. 1.	 Graphical image of target safety assessment (TSA).
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BASF. To promote the mutual use of study data and access 
to a common database, they developed the ToxHub platform, 
which for it to be sustained beyond the consortium and open 
to world-wide participants, is now being commercialized by 
Instem. This transition is expected to boost the sharing and 
utility of data, including legacy data, among companies by 
enabling subscription to the databases and tools of ToxHub 
as part of their Centrus® platform.

G-SEND
The effective use of informatics and data standardiza-

tion is mutually important. This is reflected in the Standard 
Exchange of Nonclinical Data (SEND)13 promoted by the 
U.S. Food and Drug Administration (FDA). The objectives 
of SEND are outlined in the FDA’s 5- and 10-year infor-
mation technology plans14, including expedited reviews and 
rapid responses to adverse events. However, an important 
objective is the strategic use of artificial intelligence (AI) 
and informatics, which was predicted in a column titled 

Fig. 2.	 International Council for Harmonisation (ICH) S1B(R1).

Table 1. Description of Reliability Score
Reliability 
score

Klimish 
score

Description Summary

RS1 1 Data reliable without restriction Well documented and accepted study or data from the literature
Performed according to valid and/or accepted test guidelines (e.g., OECD)
Preferably performed according to good laboratory practices (GLP)

RS2 2 Data with restriction Well documented and sufficient
Primarily not performed according to GLP
Partially complies with test guideline

RS3 - Exert review Read-across
Expert review of in silico result(s) and/or Klimisch 3 or 4 data

RS4 - Multiple concurring prediction results
RS5 - Single acceptable in silico result
RS5 3 Data not reliable Inferences between the measuring system and test substance

Test system not relevant to exposure
Method not acceptable for the endpoint

RS5 4 Data no assignable Not sufficiently documented for an expert review
Lack of experimental details
Referenced from short abstract or secondary literature

OECD: The Organization for Economic Cooperation and Development.



Next Generation of Safety Assessments48

“SEND, FDA, and Industry Movement” posted in June 
2019 on the website of AMED iD3 Catalyst Unit from the 
University of Tokyo15; the prediction was proven correct 3 
years later by the FDA’s Artificial Intelligence (AI) Program 
for Toxicology (AI4TOX), which was announced on July 7, 
202216. Several organizations have actively maximized the 
benefits of SEND17. Notably, the Global SEND Alliance 
(G-SEND) is a non-profit organization in which contract re-
search organizations (CROs) play a vital role18, and 26 orga-
nizations from five countries participate. While its primary 
focus is to address the common challenges in SEND data 
generation, G-SEND also explores ways to use SEND data 
effectively, including AI-based next-generation safety as-
sessment methods that combine animal test data with in sili-
co information. CROs are vast and diverse repositories that 
provide data on various test substances. If they take collec-
tive action, they will contribute significantly to advancing 
next-generation safety assessments. Regardless of the form 
it may take, open science calls for multiple industry peers 
to form groups that require high levels of compliance. In 
this regard, the EU REACH, which has experience in data 
sharing among industry peers, can serve as a valuable refer-
ence for consortium management and other elements19, 20. 
G-SEND adopts consortium management.

Advancement in Science and Technology

Use of human tissues
Although informatics plays a critical role in addressing 

the anticipated reduction in animal testing, there is a need 
for safety data derived from new technologies that do not 
involve the use of laboratory animals. As global research 
and development efforts are ongoing, pharmaceutical safety 
studies using human tissues and cells are promising. One 
such effort that has garnered significant attention is an in 
vitro assay developed by Alcyomics, a company spun out 
by Newcastle University in the United Kingdom. Alcyo-
mics utilizes 4 mm (round) skin biopsies and a blood sample 
from healthy volunteers to develop their Skimune® assay for 
predicting adverse immune reactions including Type IV hy-
persensitivity reactions to compounds (chemicals, cosmet-
ics, and pharmaceuticals), as well as cellular therapies. Ski-
mune® has a unique and patented readout that demonstrates 
histopathological damage in increasing severity from Grade 
I (normal skin pathology) to Grade IV. Damage includes 
vacuolization of the epidermis and dyskeratosis (Grade II), 
subepidermal cleft formation (Grade III), and complete sep-
aration of the dermis and epidermis (Grade IV). This mani-
fests as skin rash, blebbing of the skin, and acantholysis. 
Grades II and higher are considered a positive response. The 
assay incorporates T cell proliferation and cytokine and/or 
chemokine analyses, and has been shown to be highly pre-
dictive of clinical outcome21 and response to sensitisers or 
non-sensitisers22. This assay has also been used to assess the 
safety of cellular therapies23, oligonucleotides, nanomedi-
cines, and viral vectors.

Use of non-mammalian organisms
Zebrafish are commonly used for environmental tox-

icity studies. Although these have been used in pharma-
ceutical safety and efficacy studies, their use is limited to 
screening assays. Although the effectiveness of zebrafish as 
a laboratory fish species is widely known, and they have 
been used in carcinogenicity studies24, 25, their use has thus 
far been limited in the field of pharmaceutical development 
because of the challenges associated with their exposure 
to test substances. Typically, zebrafish are exposed to test 
drugs in fish tanks. However, this mode of exposure poses 
issues regarding the precision of drug exposure and is un-
suitable for lipophilic compounds. Therefore, zebrafish have 
been mostly avoided in applications beyond screening as-
says. Recently, however, research has produced a ground-
breaking technique that potentially solves this issue through 
non-anesthetized oral administration26, which has garnered 
significant attention. Improvements in testing methods, 
such as this, could contribute to increasing the reliability of 
non-mammalian testing and represent a promising means to 
compensate for the decrease in mammalian safety studies. 
Zebrafish are not intended to replace mammalian testing. It 
is merely one of the several alternative models with its own 
translational challenges to overcome.

More Sophisticated Animal Testing

Omics
With the decrease in the number of safety studies con-

ducted or the number of animals used, the quality of infor-
mation obtained from animal studies needs to be higher. Al-
though toxicogenomics and other omics have already been 
used for safety assessments, they are currently not common 
techniques. To allow fewer studies to be conducted using 
fewer animals, more advanced forms of testing are required 
to compensate for this reduction by increasing the informa-
tion produced by each study. Testing the genetic changes 
and activities that occur within cells after exposure to test 
substances as part of safety studies may assist in more spe-
cifically identifying the underlying causes of the changes 
observed in animals after drug administration. Understand-
ing toxicity at a fundamental level may allow researchers to 
obtain more precise safety data, even with fewer tests and 
fewer animals.

Imaging science
Animal testing has already benefited from the use of 

medical imaging-related technologies such as image sci-
ence, image information theory, and image formation the-
ory, as well as the theory and technology behind generating 
images of the human body and other living organisms. Im-
aging modalities for animals, such as computed tomogra-
phy (CT), magnetic resonance imaging (MRI), ultrasound, 
radioisotopes (RI), functional imaging, and compositional 
imaging, are well known, and advancements in 3D imag-
ing and AI-supported rapid diagnosis are remarkable. These 
imaging technologies, along with omics, will provide effec-
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tive means to address the anticipated reduction in animal 
testing. For example, imaging technologies have been de-
veloped to enable the real-time observation of brain activity 
in zebrafish larvae27.

Other means to achieve more sophisticated animal 
testing

In addition to genetic observations and visualization of 
movements within living organisms discussed above, it is 
increasingly important to incorporate assessments of hor-
monal effects and immune regulatory functions into safety 
studies. Furthermore, using TSAs to ensure that all neces-
sary test items are included in safety studies may help elimi-
nate the need for additional tests to be conducted when they 
can be avoided.

Future Forms of New Drug Application

Although it is difficult to predict the future with cer-
tainty, reasonable predictions can be made using the current 
knowledge base. The Investigational New Drug (IND) Ap-
plication model presented in Fig. 3 is not intended to pro-
pose an ideal future; rather, it provides a simplified repre-
sentation of one possible application model. It should also 
be noted that different non-clinical studies will have been 
conducted depending on the type of pharmaceutical prod-
uct. Because it is unlikely that animal testing will be com-
pletely banned in the near future, it is conceivable that INDs 
will be based on WoE, with some animal tests omitted. In 
such cases, it is necessary to explain the validity of comple-
mentary data such as in silico data and data from alternative 
tests that serve as substitutes for omitted tests.

In addition, TSAs are essential if certain tests are omit-
ted because they highlight that risks have not been identified 
in particular areas; therefore, the testing requirements are 
not clear. However, if toxicity-related changes are predicted 
in a TSA, the necessary tests should be conducted and TSA 
can be used as evidence to support this testing. However, it 
should be noted that discrepancies in guidelines for testing 
drugs that may affect the central nervous system could con-
tribute to varying drug abuse among countries. Therefore, 

in some countries, it is difficult to omit tests based solely on 
TSAs.

Challenges

Although the WoE concept has long been used in 
REACH, it is relatively new in the pharmaceutical indus-
try. Before it could be used in REACH, however, there was 
extensive discussion regarding the strength of evidence 
(SoE)28, which involves weighting evidence as a means to 
solve the challenges associated with WoE. As it is further 
implemented in the pharmaceutical industry, WoE requires 
fairness based on clear evaluation criteria, which in turn re-
quires the SoE to measure the reliability of the data. For 
evaluation items without an established set criteria, it is nec-
essary to offer sufficient explanation in an executive sum-
mary as part of the description of the data package; such 
an executive summary must be highly reliable. To ensure 
this, it must be reviewed by toxicology authorities, among 
other requirements. For new technologies to be used as evi-
dence of alternative data, reviews by experts in their respec-
tive fields are required to accompany the article. In such 
“customized” new drug applications, the pre-IND meeting 
with regulatory authorities will be crucial to establish prior 
agreement.

Suggested Direction for Non-clinical CROs

Paradigm change in CRO management
Recent social and economic pressures surrounding ani-

mal testing, along with advancements in alternative methods 
and bioinformatics, strongly suggest that a decrease in ani-
mal testing is inevitable. While this might initially appear to 
pose a financial crisis for non-clinical CROs, it is not neces-
sarily the case. As Table 2 shows, CROs may not survive by 
solely adopting traditional and simple business strategies to 
increase revenue through facility expansion. The model in 
Fig. 3 represents future business portfolios that CROs may 
need to adopt. In the past, the products offered were the re-
sults of outsourced studies, namely animal testing data. In 
future, these offerings will become composite products that 

Fig. 3.	 Example of next generation investigational new drug (IND). TK: toxicokinetics; TSA: target safety assessment.
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combine the results of animal testing with information ob-
tained through open science or informatics, thereby comple-
menting a smaller body of animal testing data. This trend is 
evident in the FDA AI4TOX (Fig. 4) activities. In any case, 
successful non-clinical CROs in the next decade or two are 
likely to be recognized as “IT-centric CROs”, positioned 
more or less as an information industry player.

Key investment items
Given the predictions discussed earlier, the investment 

portfolio for CROs, namely, the investment items and their 
allocations, will experience a shift in focus from invest-
ments in facility construction to investments in the infor-
mation technology field, as follows:
i) Investment in data standardization (SEND)
ii) Investment in the automation of seamless data flows and 
analysis (e.g., laboratory information management system 
(LIMS) directly connected to SENDs and bioinformatics)
iii) Investment in securing a bioinformatics organization/
human resources
iv) Investment in specialized analytical equipment (e.g., 
genetic analysis, hormone analysis, and image analysis de-
vices)

Important work performed by a bioinformatics orga-
nization at a CRO includes interpreting in-house animal 
testing data using bioinformatics, providing supplementary 
data, and proposing supplementary non-animal tests. These 
services can create a new profit center for a CRO, whereas 
SEND forms the backbone. Many leading CROs will priori-
tize SEND in the future. It is expected that SEND or elec-
tronic standardization of application data will be required 
for all regulatory submissions. Meanwhile, a LIMS, which 
was previously seen as a fixed cost similar to facility-related 
expenses, will be recognized as a strategic investment for 
the automatic generation of SEND data, or as a vital piece 

of infrastructure for bioinformatics.

Mergers and acquisitions
One possible way for a CRO to keep up with this par-

adigm shift, by reducing the time required to secure and 
develop human resources, is to acquire an IT vendor expe-
rienced in bioinformatics. However, such a drastic approach 
may only be feasible for larger CROs, and smaller CROs 
with less robust financial capabilities may find large-scale 
investments challenging. For such small-sized CROs, poten-
tial options include a merger of equal or one by absorption 
between industry peers, or the acquisition of a CRO by an 
IT vendor.

Table 2. Future Contract Research Organization (CRO)
New requirement Examples Future of CROs
Improved quality of information 
obtained from a single study

Omics / advanced image analysis + TSAs Higher testing fees, resulting in increased and 
steady revenue stream

Introduction of informatics Services only a CRO and/or their informatics partner can 
provide, e.g., gathering alternative information and  
providing it in a form of application document or combining 
it with animal testing; provision of information that  
compensates for omitted animal testing

CROs are in best placed to offer a lineup of 
bioinformatics-based services, and  
bioinformatics makes a new profit center for 
them

Development of new alternative 
tests

- Tests using human cells/tissues  
- Use of non-mammal organisms such as fishes 

Tests using non-mammal organisms or cells 
will become diversified as such organisms 
or cell are selected for each drug candidate; 
competition may be avoided, and  
specialization may also be possible

Advancements of SEND - Offers higher-quality, more extensive information of 
higher quality from a single study (Increasing/expanding 
domains) 
- Generates SEND data based on in vitro studies that 
supplement animal testing, alternative methods, and tests 
using laboratory fish, etc. 

- More advanced SEND services/specialists 
- More extensive SEND services

TSA: target safety assessment; SEND: standard exchange of nonclinical data.

Fig. 4.	 FDA Artificial Intelligence (AI) Program for Toxicology 
(AI4TOX).
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Future Directions for Pharmaceutical Compa-
nies

Most pharmaceutical companies outsource a signifi-
cant proportion of their safety studies to CROs. Consequent-
ly, they often suffer from a shortage of in-house personnel 
capable of evaluating study data. As shown in Fig. 3, the 
future of new drug applications will not offer an “off-the-
shelf” menu but will require customized filing tailored to 
individual drug candidates. In the future, human resources 
capable of creating made-to-order designs as well as those 
capable of writing or reviewing executive summaries will 
play a vital role in pharmaceutical companies, and devel-
oping such human resources will be critical. For instance, 
to explain the data package shown in Fig. 3, one needs to 
be experienced in animal testing, including toxicology and 
pathology, proficient in using bioinformatics, and familiar 
with new emerging fields. Building a team, forging partner-
ships to build capabilities, or having an individual on staff 
with expertise and capabilities is crucial for pharmaceutical 
companies. Although many tasks can be delegated to CROs, 
pharmaceutical companies must have people, either inter-
nally or with partners, who can write or review executive 
summaries accurately.

Information Regulatory Authorities Need and 
Their Responsibilities

The FDA is promoting the use of AI4TOX in IND and 
New Drug Application (NDA) processes (Fig. 4). The pro-
gram was developed in four areas, and its specific applica-
tions as an AI tool are considered to support IND and NDA 
submissions. For example, SafetAI is designed as a tool to 
assist the IND review process, where it determines an IND 
application data as either “positive” or “negative”; if the re-
sponse is “positive”, the system will alert the reviewer on 
missing data. Contrarily, it proceeds to the regular review 
procedure if the response is “negative”. Although challenges 
such as precision, scope, and reliability of prediction still 
need to be overcome, AI technology is poised to play a criti-
cal role in the process of new drug reviews (Fig. 5).

Although the FDA is already in the process of intro-
ducing AI into new drug reviews, regulatory authorities out-
side the United States, including Japan, have not introduced 
a system for SEND-based data reviews. The EU has started 

moving towards the introduction of SEND (the CDISC stan-
dard) but has not yet turned to the full-scale use of SEND 
data. Pharmaceutical companies rarely file new drug appli-
cations exclusively in regions outside of the United States. 
Instead, many companies focus on the FDA’s new drug re-
view process for drug development. Countries other than 
the United States are likely to require support for made-to-
order customized application data packages. The following 
four areas should be considered when using bioinformatics 
to supplement animal testing:

Validation of the presence of counter-evidence: No re-
ports in the open science field show data that are unfavor-
able to the applicant or contradict the results presented by 
the applicant.

Storyteller reliability: The storyteller in the executive 
summary is reliable.

Expert reliability: The executive summary was peer-
reviewed by experts in relevant fields.

Validation of WoE: Establishing a review method.

Conclusion

Advancements in AI technology are expected to sig-
nificantly impact drug development. Interestingly, this 
progress means that reliable human experts with real-life 
experience will become even more important. These people 
will be those who can write good executive summaries to 
explain and peer-review AI-aided assessments. AI cannot 
file new drug applications; therefore, it is important to know 
who tells the story and provides the information required for 
these AI-related applications.
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