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Abstract

Acute toxicity in silico models are being used to support an increasing number of application 

areas including (1) product research and development, (2) product approval and registration as 

well as (3) the transport, storage and handling of chemicals. The adoption of such models is 

being hindered, in part, because of a lack of guidance describing how to perform and document 
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an in silico analysis. To address this issue, a framework for an acute toxicity hazard assessment 

is proposed. This framework combines results from different sources including in silico methods 

and in vitro or in vivo experiments. In silico methods that can assist the prediction of in vivo 
outcomes (i.e., LD50) are analyzed concluding that predictions obtained using in silico approaches 

are now well-suited for reliably supporting assessment of LD50-based acute toxicity for the 

purpose of GHS classification. A general overview is provided of the endpoints from in vitro 
studies commonly evaluated for predicting acute toxicity (e.g., cytotoxicity/cytolethality as well 

as assays targeting specific mechanisms). The increased understanding of pathways and key 

triggering mechanisms underlying toxicity and the increased availability of in vitro data allow 

for a shift away from assessments solely based on endpoints such as LD50, to mechanism-based 

endpoints that can be accurately assessed in vitro or by using in silico prediction models. This 

paper also highlights the importance of an expert review of all available information using weight-

of-evidence considerations and illustrates, using a series of diverse practical use cases, how in 
silico approaches support the assessment of acute toxicity.

1. Introduction

1.1 Background

Acute toxicity encompasses any one or more of that set of adverse events occurring after a 

single or several closely-spaced exposure(s) to an agent (e.g., chemical), and which usually 

occur within 24 hours, but that can take up to several weeks to manifest (Hamm et al., 

2017). Toxicity can be localized, in which case the adverse effect is limited to the area 

immediately proximal to a relatively confined site of initial exposure, or systemic, where 

the effect is widespread and can involve tissues and organs at locations distant from the site 

of initial exposure. Although systemic toxicity has the potential to manifest in any number 

of anatomical locations throughout the body, major effect(s) can be confined to a particular 

organ system or tissue that is uniquely sensitive to the toxicologic agent (i.e., the target 

organ of toxicity) (Aleksunes and Eaton, 2018).

The ubiquitous use of chemical substances in manufacturing, fabrication, and/or processing 

of all types and amounts of natural and synthetic materials including therapeutics, consumer 

products and goods, agricultural and veterinary products, food additives, devices, building 

materials, etc., together with the accompanying need to handle, transport, store, recycle, and 

dispose of chemicals have all contributed to what are essentially unavoidable opportunities 

for people to be exposed to chemicals at some level. This reality has, in turn, been a 

key motivator for healthcare concerns to recognize the need to increase the scientific 

understanding and to promote public awareness of potential effects of exposure, including 

acute toxicity, to a chemical agent. As a result, hazard identification and assessment 

activities have relevance in many types of settings (e.g., product registration, occupational 

health and safety, environmental protection, and public health and safety) and reach across 

most industries. In recent years, classification schemes have been developed to standardize 

and communicate hazard information derived from these assessments (UN, 2021).

First introduced in the 1920s by Trevan (Trevan, 1927), several standardized designs of 

the in vivo acute lethality test, which measures the median lethal dose (LD50) in animals 
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(generally rodents), have been implemented and used as a ‘gold standard’ for evaluating 

the acute toxicity of chemicals The basic design involves quantitatively estimating the dose 

(e.g., mg of substance administered per kg body weight) resulting in morbidity or lethality 

to 50 percent of the test animals over a two-week period following administration of either 

a single dose or multiple doses within a 24-hour period (Erhirhie et al., 2018). During 

the last several decades, design modifications have been introduced aimed to minimize 

the number of animals used for testing without sacrificing the scientific integrity of the 

assay (Sass, 2000). Decades of experience with the LD50 has demonstrated its usefulness 

for several purposes, including chemical screening and triaging compounds for further 

study, identifying starting doses for longer-term in vivo studies, establishing exposure limits, 

comparing the toxicologic liability across chemicals, and identifying and classifying degrees 

of hazard.

Despite the usefulness of LD50 rodent testing, ethical considerations primarily centered on 

dosing animals to the point of mortality and/or morbidity, have provided a strong motivation 

to identify and validate alternative (modified design, non-mammalian, in vitro, in silico) 

testing approaches. As a result, reliance on studies in zebrafish, nematodes, and fruit flies, 

in vitro assay systems based on general readouts such as cytolethality or those based on 

mechanistic understanding, and in silico approaches, which may include applied informatics 

and/or the use of computational models, continue to gain traction across multiple sectors 

(Hamm et al., 2017; Russo et al., 2019).

Generally, computational in silico approaches include a combination of techniques that 

may rely on expert knowledge, rule-based approaches, statistical-based methods and/or read-

across strategies. Increased availability of high-quality experiment-derived data for a variety 

of endpoints, can be leveraged to train in silico prediction models and continues to drive 

new opportunities for applying computational approaches more widely to the evaluation of 

chemico-biological interactions, including toxicity.

Although the use of in silico models is on the rise in many sectors, their wider acceptance 

may be hampered by a general lack of sufficiently detailed guidance, for example with 

respect to justifying the relevance of a predicted endpoint, defining and communicating 

acceptable model performance characteristics, and providing objective estimates of the 

reliability and confidence associated with predicted results obtained for specific chemical 

structures or classes. Whether for internal (e.g., considerations for worker safety) or external 

use (e.g., for submission to a regulatory authority), these and similar factors are each capable 

of contributing to a reluctance on the part of users to accept the business risk of introducing 

in silico-based evaluations which, for example, have the potential to result in an erroneous 

discovery chemical triaging decision, or could potentially delay a regulatory review.

Presumably, part of the reason for limited detailed guidance is that a consensus within and 

among agencies, stakeholders, and the risk assessment community as to what constitutes an 

acceptable in silico data package has yet to emerge. As such, with respect to submissions 

to a regulatory authority, the impetus to persuade the reviewing agency that prediction data 

generated using in silico methods is relevant (i.e., reflecting the usefulness of the model for 

predicting the toxicological endpoint of interest) and reliable (i.e., reflecting the quality of 
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the information used for the assessment), and can be used confidently within stated defined 

limits to support an overall safety evaluation or hazard assessment, rests with the developer 

of the method or its user (e.g., the submitting entity).

To address this limitation, an international consortium of experts in the development, 

use, and application of in silico methods, representing several industry sectors, Federal 

agencies, research institutes, and academia was organized to develop in silico toxicology 

(IST) protocols, each focusing on a specialized area of toxicology. In 2018, the consortium 

published a general framework to outline topics to be addressed in each protocol (Myatt 

et al., 2018a, 2022). IST protocols have been published for genetic toxicity (Hasselgren et 

al., 2019) and for skin sensitization (Johnson et al., 2020). Additionally, position papers 

highlighting points for consideration based on the status of available in silico support have 

been published for organ toxicity, neurotoxicity, carcinogenicity, and confidence assessment 

(Bassan et al., 2021b, 2021a; Crofton et al., 2022; Johnson et al., 2022; Tice et al., 2021).

The objectives of IST Protocols are to:

a. increase an understanding of how in silico methods can be used either alone or to 

supplement hazard assessment and safety evaluation submissions;

b. identify the most common areas of applicability for the particular type of effect 

addressed in the protocol (e.g., acute toxicity; carcinogenicity; genetic toxicity; 

neurotoxicity; organ toxicity; skin sensitization);

c. identify several of the most used experimental approaches for assessing toxicity, 

including assays and endpoints for which in silico models exist or present an 

opportunity; and

d. provide recommendations for communicating in silico-derived data, including 

information related to the relevance and reliability of results, and to the overall 

level of confidence associated with an evaluation.

It is anticipated that by addressing key considerations associated with these objectives, IST 

Protocols will foster increased use and acceptance of in silico-derived data in those areas of 

application for which they are developed.

The present IST protocol centers on in silico-based evidence as applied to support evaluation 

of acute toxicity. Given the diverse areas of application, scenarios, and purposes for 

assessing acute toxicity (i.e., questions needing to be addressed for-cause), the intent of 

the protocol is to provide a generally applicable conceptual framework and not just guidance 

for satisfying regulatory submission requirements. To develop this framework, emphasis is 

given to application of in silico methods supporting weight-of-evidence approaches, such 

as those commonly used in hazard identification and classification. The same principles, 

which are aimed toward assessing the level of confidence in an evaluation by improving 

transparency with respect to in silico model development, testing and performance, for 

communicating data relevance and reliability, and for exploring limitations of an approach, 

are expected to equally apply in other arenas.
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For scenarios requiring a formal writeup (e.g., when the assessment is part of a submission 

to a regulatory authority), a clear understanding of the purpose and objectives for making 

the assessment lays the groundwork for presenting material in a rational, well organized, 

and persuasive fashion, all of which help to facilitate the review process (i.e., presenting the 

problem formulation). Considerations for reporting are included following the discussion on 

relevance, reliability, and confidence.

1.2 Alternative approaches

For many purposes, regulatory agencies continue to require acute toxicity testing in animals, 

particularly for chemicals where exposure is likely to be significant, such as when the 

chemical is a primary (active) ingredient in a commercial product. To decrease the number 

of animals used in acute toxicity studies, advanced study designs have been introduced that, 

while minimizing the number of animals, maintains the reliability and usefulness of the data. 

In addition to studies in rodents, there is growing interest in the use of non-mammalian 

species (e.g., zebrafish, fruit flies, nematodes) as representing whole organism models which 

can potentially be calibrated to predict the rodent LD50 (Ali et al., 2011; Ducharme et al., 

2015; Hunt, 2017; NASEM, 2015). Other strategies for decreasing animal use in assessing 

acute toxicity include the use of in vitro assays, tiered testing strategies, and application of in 
silico methods, often in combination (Bercu et al., 2021; Creton et al., 2010; Schrage et al., 

2011).

Experiment-based alternative testing paradigms generally consist of sets of in vitro assays. 

In choosing which assay(s) to conduct, primary consideration is in determining the 

endpoint(s) most relevant to the scientific objective of the investigation (e.g., evaluation 

or characterization of acute toxicity) and the specific purpose for conducting the experiment 

(e.g., compound selection, identifying starting doses for other studies, product safety, hazard 

identification, setting threshold and limit exposures).

In settings where in vivo testing in mammals is not mandated, for example through a 

regulatory authority’s explicit requirement, a tiered strategy combining non-testing (i.e., 
computational approaches, including the use of in silico models) and testing (e.g., in vitro 
studies, studies in phylogenetically lower species, etc.) approaches may be beneficial for 

prioritizing activities used to assess acute toxicity. In general, tiered strategies utilize less 

expensive methods with faster turn-around times in the lower tiers and, when warranted, 

additional testing successively progresses toward the higher tiers involving more expensive, 

resource intensive methods. Importantly, testing at a higher tier only occurs when the 

former tier fails to provide adequate, fit-for-purpose, decision-level data. An excellent 

example of the tiered approach for assessing acute toxicity as related to chemical defense 

is that recommended by The National Academies of Sciences, Engineering, and Medicine 

(NASEM, 2015).

As noted above, non-testing approaches, such as in silico predictions, are an important 

component of a tiered approach. Arguably, it is feasible to develop in silico model(s) for 

any endpoint generated by a test method at any level of a tier, provided that a source of 

adequate reliable experimental data is available or can be assembled. Since in silico methods 

primarily rely on the availability, quality, and breadth of chemical coverage of data already 
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existing for an assay or study endpoint, predictive models can potentially replace the need 

to conduct one or more tests, including those normally performed in one of the higher 

tiers. Similarly to when developing a strategy based on a testing approach, the relevance of 

endpoints modeled using in silico methods and their appropriate use for an intended purpose 

must be considered. In addition, model performance characteristics, generally determined at 

the time of model development and testing, together with runtime performance indicators 

(i.e., those obtained as output when making predictions on structures of interest), must be 

objectively evaluated, and communicated.

1.3 Areas of application

Knowledge of potential acute toxicity associated with a chemical substance or mixture 

is vital for protecting society against the harmful effects of chemical exposure. In some 

arenas, for example where the primary purpose of an evaluation is hazard identification, 

a weight-of-evidence approach is deemed sufficient in lieu of direct testing in animals. 

Utilizing this strategy, data that already exist can often be leveraged to predict potential 

adverse (i.e., hazardous) effects.

Assessment of acute toxicity is most often needed in the areas of consumer, occupational 

and environmental safety, and in public health, where activities can generally be classified 

into one of three broad categories:

a. Product research and development (R&D), which can include screening 

of active moieties for triaging and candidate selection, and which may 

include assessment of metabolites, and of residuals originating from process 

manufacturing.

b. Product approval or registration, which requires a more thorough assessment 

of active ingredient(s), metabolites, impurities, and contaminants resulting from 

manufacturing, storage, and degradation.

c. Transport, storage and handling of product, product intermediates, additives, 

and chemicals used in manufacturing, where the goal is often to provide data 

needed to fulfill international chemical registrations, with the intent of informing 

occupational and environmental hazards that can result from spills, leaks, and 

other forms of release (Mumtaz et al., 2022).

These categories can be more granularly subclassified into areas of particular interest at 

a given point in time along a milestone pathway (e.g., for new product development 

from initial discovery through development and manufacturing, approval/registration, and 

culminating at the handling, storage and transport stages). At each milestone point, an 

assessment of potential safety issues provides important information related to activities, 

processes, operations and other health or environmental concerns. As expert knowledge and 

statistical models are developed and made available for endpoints relevant to an assessment, 

evaluations relying in whole or in part on in silico approaches are playing an increasing 

role, particularly where experiment-derived test data for the chemical of interest are sparse 

or non-existent.
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Table 1 identifies areas of activity where evaluation of acute toxicity commonly applies and 

where there is an opportunity for in silico models to contribute.

1.4 Regulatory landscape

Many arenas rely on an evaluation of acute systemic toxicity to inform hazard identification 

and to meet regulatory requirements. In cases involving worker, consumer and public 

health and safety, government agencies have established regulations and published guidance 

on how to comply with requirements (Strickland et al., 2018). Generally, differences in 

requirements across agencies reflect the scope and priorities, as established legislatively. An 

area that tends to be utilized is acute toxicity assessments made using a Weight-of-Evidence 

(WoE) strategy, and which may include results based on in silico modeling (Creton et 

al., 2010; ECHA, 2008). ECHA reports regularly on the usage of various test methods to 

support registrations and recently reported that QSAR methods were utilized to fulfill acute 

toxicity information requirements between 1 and 2% of the time in 2019, respectively (based 

on 94,551 acute toxicity records in 2019) (Graham et al., 2021). Strickland et al. recently 

published an article reviewing the status of acute systemic toxicity requirements and data 

uses by U.S. regulatory agencies (Strickland et al., 2018).

The Organization for Economic Cooperation and Development (OECD) leads international 

efforts to harmonize regulatory testing approaches and has validated several testing 

approaches for conducting acute systemic testing in animals. Important considerations 

include a determination that the animal model is relevant to humans and that the chosen 

route of exposure reflects situation(s) most likely to be encountered in a real-world setting, 

e.g., during intended product use, in an accidental exposure scenario, etc.

Current testing strategies across countries requiring international chemical testing 

registrations (e.g., EU and Korea REACH, China MEP registrations, etc.) include an effort 

to reduce reliance on animal testing, primarily by replacing required test endpoints with in 
vitro and/or in silico alternatives. For example, in vitro skin and eye irritation studies have 

recently been accepted by the EU for registrations (ECHA, 2016). However, in vivo studies 

are still required in other jurisdictions, making it difficult to fully eliminate animal testing. 

Similarly, one of the better known and standardized in vitro methods used as a surrogate 

endpoint for acute toxicity is basal cytotoxicity (i.e., basal cell lethality), that has gained 

wider regulatory acceptance. A testing protocol for the ICCVAM validated 3T3 Neutral Red 

Uptake (NRU) cytotoxicity assay has been published and is accepted or can be proposed for 

some purposes, such as setting starting doses for in vivo studies (ECHA, 2017; JRC, 2019; 

Stokes et al., 2008).

Because submission requirements vary among regulatory authorities and other federal 

agencies that use the information, and are periodically updated, often on a planned 

publication release schedule, it is always best to consult the most recent version of a 

regulatory or guidance document, which is available for download from the agency’s 

website. In addition to regulatory documents, most agency websites provide a significant 

amount of other useful information, including links to scientific references, technical 

documents and protocols, checklists and templates used for submissions, descriptions of 

collaborative research activities, informatics projects and tools, public data sources, and 
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sources of other relevant information, which may include links to other agencies. It is highly 

recommended that users become familiar with agency publishing schedules and consider 

joining mailing lists to receive automatic notifications of important updates. As noted earlier, 

challenges associated with more fully utilizing in silico approaches for use by a regulatory 

authority include ascertaining the level of uncertainty with respect to predictive accuracy and 

to then effectively communicate results in a way that instills confidence that an evaluation 

is appropriate, fit for purpose, and reaches a justifiable conclusion based on a reasoned 

interpretation of results. Moreover, by identifying, acknowledging, and communicating 

limitations of an approach, for example by delineating reasoned boundaries with respect 

to how in silico results are applied and interpreted for the stated purpose, agency reviewers 

are provided with supporting information needed to enable an independent evaluation of 

overall conclusions of an assessment.

1.5 Hazard Assessment Framework

Acute toxicity encompasses a broad set of adverse effects which might occur following 

acute exposure to a chemical agent. Figure 1 presents a Hazard Assessment Framework 

(HAF) relating to assessment of acute toxicity. While the HAF serves to highlight the 

complexity of acute toxicologic responses, it also provides a high-level view of the many 

data streams available for developing in silico methods that might feed into a WoE approach 

which might incorporate knowledge from a combination of in vivo, in vitro, and mechanistic 

studies.

A primary consideration for any assessment of acute toxicity includes an objective 

determination of those factors which are likely to influence the probability of observing 

toxicity. These factors include exposure scenario(s) that dictate routes, concentrations 

and times of exposure, the physical form and/or composition of various formulations or 

mixtures, and properties that influence absorption, distribution, metabolism, and excretion 

(ADME). In other words, it is generally not sufficient to only assess the potential innate 

toxicity of a chemical agent for a particular site of action (e.g., organ or tissue) based, for 

example, on structural similarity to other compounds known to cause toxicity at that site, or 

to a known mechanism of action (e.g., interaction with a particular molecular target). Rather, 

exposure considerations are likewise a key component of an assessment.

Target organs of toxicity associated with acute exposures are most often either those 

that come into direct contact with a chemical (e.g., skin and eyes, gastrointestinal tract, 

respiratory tract), where general caustic or cytotoxic effects can occur, or those involved in 

the maintenance of homeostatic or rapid signaling responses in vital organs (e.g., electrolyte 

and fluid balance, ion channel activity in the nervous and cardiovascular systems, oxygen 

uptake and utilization, and energy production). In vivo and in vitro assays targeting a wide 

array of specific mechanisms known to be associated with these types of critical processes 

have been developed for assessing whether a chemical can potentially act through that 

mechanism to produce toxicity (Hamm et al., 2017; Huang et al., 2016; NASEM, 2015; 

Pridgeon et al., 2018; Prieto et al., 2019; Sipes et al., 2013; Zurich et al., 2013).

In addition to experiment-based testing, data from previously conducted studies performed 

on structurally similar compounds or on chemicals belonging to the same chemical class are 
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often available and can be leveraged directly or indirectly, for example as part of a training 

set for development of in silico (Q)SAR prediction models, to support a WoE assessment 

approach (Figure 1).

Given the diversity of mechanisms, organ/tissue systems, and mitigating or accentuating 

factors that can interact with one another to produce toxicity, and considering the uncertainty 

associated with accurately predicting adverse outcomes in humans from animal studies, a 

“one-size-fits-all” approach capable of addressing the central question(s) for all purposes is 

not feasible. For these reasons, the HAF shown in Figure 1 is intended to be a helpful guide 

only and not a prescribed path to be followed when making an assessment. In most cases, 

some knowledge of a compound’s toxicologic profile, based on its chemical class, intended 

target (as it applies to pharmaceutical or pesticide products), physical properties, and general 

screening results (lab and/or in silico-based) will be available. Information pertaining to each 

of these is helpful for making informed decisions as to which in vivo, in vitro, and/or in 
silico tests will be most helpful for evaluating the acute toxicity liability.

1.6 Globally Harmonized System Classification

A WoE approach is often used to classify chemicals in accordance with the Globally 

Harmonized System of Classification and Labeling of Chemicals (GHS) (UN, 2021). 

This classification system was developed chiefly in response to the 1992 United Nations 

Conference on Environment and Development (UNCED) mandate for an internationally 

harmonized chemical classification and labeling system that could be used to identify 

and rank the severity of physical, health, and environmental hazards associated with a 

chemical (UNCED, 1992). The UNCED mandate was endorsed by the United Nations 

General Assembly to “provide the foundation for all countries to develop comprehensive 

national programs to ensure the safe use of chemicals” (UN, 2005; UNITAR, 2012). 

Accordingly, categories for GHS health and environmental endpoints, including acute 

toxicity have been develop and adopted for context, as appropriate, by agencies worldwide, 

In the U.S., these include OSHA (Occupational Safety and Health Administration), 

EPA (Environmental Protection Agency), and DoT (Department of Transportation) (refer 

to agency websites for further information on the status of alignment and adoption 

for individual agencies). Resources are available which provide detailed guidance on 

implementing and communicating GHS classification information (OSHA, 2022; UN, 

2021).

Table 2, adopted from GHS “Purple Book” (UN, 2021), shows categories for acute toxicity, 

where exposures are based on measured or estimated (e.g., predicted) values of the rodent 

LD50. For each hazard class, chemicals are labeled according to the type(s) of hazard they 

represent and are further categorized by assigning a numerical ranking ranging from 1 to 

5, with a lower number signifying greater severity. For most purposes, a limit dose of 

2000 mg/kg is used for testing, since compounds having an LD50 of greater than this are 

generally considered non-toxic. The “Toxic Substance” label is defined to be for “Acutely 

toxic substances that may be fatal or toxic if inhaled, ingested, or absorbed through the 

skin”.
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Assignment of chemicals to GHS categories is an area where the application of in silico 
methods for estimating the rodent LD50 is being increasingly relied on to support WoE 

hazard assessment in the regulatory arena. As an example, Bercu and coworkers discussed 

the potential for reliable and broad application of acute oral toxicity (AOT) in silico models 

across different industrial sectors (Bercu et al., 2021). The efforts being made to validate and 

demonstrate the utility of QSAR models for the purpose of GHS classification, together with 

agency expectations for documenting model development, use, and performance provides a 

general framework with which to discuss applicability and relevance, reliability, confidence, 

performance, limitations, and reporting considerations that essentially apply to all areas in 

which in silico technologies may be employed in a primary or supporting capacity (Firman 

et al., 2022).

2. Experimental data and in silico models

2.1 Background

Evaluations of acute toxicity are based on data from in vivo animal studies, in vitro 
experiments, expert review of existing knowledge and experience, and/or in silico methods, 

and may be a combination of these approaches. In vivo acute toxicity studies often follow 

well-established study design protocols as well as guidance from regulatory authorities 

and/or international organizations such OECD. As such, provided it is conducted using an 

appropriate animal species, an in vivo study is considered scientifically relevant and would 

not normally require justification beyond species selection and doses (exposures) tested. 

In contrast, the plethora of potential assay endpoints and experimental designs available 

for in vitro studies makes assay selection an important consideration in terms of relevance 

of assay endpoint(s) and the experimental design to support the intended purpose of an 

evaluation. In addition, assay robustness (i.e., repeatability under standardized conditions) 

and the reliability and interpretability of the data it generates are important factors for 

justifying selection of an assay system.

Klimisch et al., (Klimisch et al., 1997) published a broad, widely used scoring system for 

categorizing the reliability (defined as inherent quality) of experimental data, in which a 

lower score signifies better data quality. Reliability scores are assigned as RS1 (Reliable 

without restriction); RS2 (Reliable with restriction); RS3 (Not reliable); and RS4 (Not 

assignable). Myatt et al., (Myatt et al., 2018a) provides a thorough description of this scoring 

system and how it might also be used to categorize the reliability of results based on in silico 
methods.

Considering that data generated by experiment-based tests provide the raw input for training 

and testing in silico models, whether statistically-based or expert system-based, objective 

evaluations of endpoint relevance, assay robustness and data reliability take on even greater 

significance. For example, introduction of inaccurate, imprecise or contradictory data into 

an in silico model can influence the reliability of predictions across the model’s prediction 

space. Since general models, which are intended to provide broad coverage of chemical 

space, are most often used over extended periods of time (sometimes for several years before 

being updated), they are likely to be used to support numerous toxicity evaluations across a 

diverse set of chemical structures. Prediction errors resulting from inaccurate training data 
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may not be detected but will be a persistent characteristic affecting model performance and 

extending across all evaluations for which the model was used.

2.2 In vivo studies

2.2.1 Experimental approaches—In most sectors, direct testing in animals continues 

to be the mainstay for assessing systemic acute toxicity. The classic design involves 

administering a single dose of test substance (chemical or mixture), with the clinical signs, 

body weight, occurrence of severe toxicity and number of deaths being monitored over the 

subsequent 14-day period. Depending on the results from the initial dose, a higher or lower 

dose may be administered to an additional group of animals. The primary study endpoint 

of an acute toxicity study is the dose resulting in mortality or morbidity to fifty percent of 

animals within 14-days of a single exposure to the test substance (i.e., the LD50). The rodent 

LD50 is the most widely accepted standard measure for gauging acute mammalian toxicity at 

the whole animal level and is often cited in regulatory guidance. As such, the need to justify 

the relevance of the LD50 endpoint is rare. Even when considering alternative methods for 

acute toxicity, an estimate of the rodent LD50 based on in silico evaluation or read-across to 

structurally similar compounds is often the desired result (Kutsarova et al., 2021).

The OECD has validated several approaches to guide in vivo acute toxicity testing. For 

example, routes of exposure should be relevant to those expected to be encountered by 

humans (e.g., dermal exposure, inhalation exposure, oral exposure). To accommodate the 

differences in exposure routes, OECD has developed acute toxicity testing guidelines for the 

oral, dermal, and inhalation routes (OECD, 2001).

Although the general goal of the OECD-driven acute studies is to ascertain the LD50. These 

guidelines as well as UN GHS also recommend a limit dose of 2000 mg/kg and discourage 

testing at higher doses for animal welfare reasons, unless there is a strong likelihood that 

results of such a test have a direct relevance for protecting human or animal health or 

the environment (OECD, 2008, 2002a, 2002b; UN, 2021). In general, if no toxicity or no 

significant clinical signs occur at the limit dose, the study can be deemed complete with the 

lethal dose concluded to be greater than the limit dose (e.g., LD50>2000 mg/kg). Moreover, 

it is important to note that more is gained from these studies than the dose at which mortality 

occurs. Clinical signs and symptoms may provide evidence of tolerance, identify organ 

system involvement at a dose-limiting toxicity, and can suggest mechanisms that may lead to 

a greater understanding of the acute effects of the test substance.

Concurrent animal controls (e.g., treated with vehicle) are generally not warranted for these 

studies. Additionally, for compounds deemed corrosive, in vivo acute toxicity studies can be 

waived based on animal welfare and ethical considerations.

2.2.2 In silico approaches to predicting in vivo outcomes—As noted earlier, 

LD50 is the accepted standard and in silico methods for predicting LD50 or categories 

derived from LD50 values (such as GHS categories) are prime candidates for model 

development. In silico models for acute in vivo lethality have been summarized and 

compared in a number of publications (Bureau, 2018; Burton et al., 2016; Cronin and 

Dearden, 1995; Gonella Diaza et al., 2015; Tsakovska et al., 2022, 2008, 2006). One 
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critical factor in the development of such models is the availability of a sufficient quantity 

of high quality in vivo acute toxicity data. Table 4 provides a summary of some sources 

of acute toxicity data to support in silico model development and read-across predictions. 

The information in the table is derived from a number of sources: the Registry of Toxic 

Effects of Chemical Substances (RTECS©), the US Food and Drug Administration’s Center 

for Food Safety and Applied Nutrition (CFSAN) Priority Based Assessment of Food 

Additives (PAFA) database, the European Chemicals Agency (ECHA) ChemProp database, 

the European Union’s Joint Research Centre (JRC) AcutoxBase, the National Library of 

Medicine (NLM) Hazardous Substances Data Bank (HSDB), the Organization for Economic 

Co-operation and Development (OECD) eChemPortal, and TEST (NLM ChemIDPlus) 

(Benz and Irausquin, 1991; Karmaus, 2018; Mansouri et al., 2021; NIOSH, 1997) This table 

illustrates the different number of chemicals with test results based on species and route 

of administration. It should be noted that there will be overlapping numbers of chemicals 

across different sources. Most model development to date has focused on rat oral lethality 

because of the large numbers of chemicals with LD50 values in the public domain available 

for modelling. Other endpoints have fewer numbers of chemicals which can make modelling 

more challenging. These models have been developed to predict a number of endpoints 

related to acute lethality. As noted above, these include LD50, hazard classifications (such 

as the GHS or EPA classifications), non-toxic classification (often defined as LD50 >2000 

mg/kg) and very toxic classification (often defined as LD50 <50 mg/kg) (Kleinstreuer et al., 

2018).

In silico methodologies include statistical or Quantitative Structure-Activity Relationship 

(QSAR) models and a limited number of expert rule-based models. Moreover, local 

models have been developed that focus on a specific class of chemicals, such as N-nitroso 

compounds (Fan et al., 2018), sulfur mustard derivatives (Ruiz et al., 2012), aromatic 

chemicals (Rasulev et al., 2010), organophosphorus pesticides (García-Domenech et al., 

2007), and possible mechanisms of non-specific action (Koleva et al., 2011), alongside 

global models covering chemicals within the applicability domain (Chavan et al., 2014; Zhu 

et al., 2009a, 2009b). Table 5 summarizes the algorithms that have been used to develop 

models for the prediction of acute oral toxicity.

A number of publications have highlighted the importance of providing a clear domain 

of applicability assessment for global acute toxicity models applied to new chemicals 

(Hamadache et al., 2016; Liu et al., 2018a). In addition, consensus modelling approaches 

have been successfully adopted in a number of publications highlighting the power of 

combining models (Ballabio et al., 2018; Lagunin et al., 2011; Vukovic et al., 2019). The 

results from consensus in silico models were independently assessed using public data as 

part of a 2018 workshop (NTP, 2018) and the conclusions from the organizing committee 

was that the results “… were equivalent to the ability of the rat oral LD50 data to predict 

itself” (Kleinstreuer et al., 2018). In other words, combined results from different models 

(defined under the general in silico framework as having a reliability score RS4 or above) 

are fit-for-purpose for predicting rat oral lethality. This was also the conclusion from Bercu 

and co-workers when such models were applied to predominantly proprietary data (Bercu et 

al., 2021).

Zwickl et al. Page 13

Comput Toxicol. Author manuscript; available in PMC 2023 November 01.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



It has also been shown that read-across can be used to predict acute in vivo lethality using a 

combination of public and proprietary data (Bureau, 2018; Russo et al., 2019).

When assessing in silico performance, it is important to consider the performance of the in 
vivo test itself. Hoffman et al. (Hoffmann et al., 2010) showed that for a limited number 

of chemicals with multiple test results, 54% would fall into the same GHS category and 

44% would fall within adjacent categories. Karmaus (Karmaus, 2018) performed a similar 

analysis on a much larger collection and found that, for chemicals tested more than once, 

74% would fall in the same GHS category.

Graham et al. (Graham et al., 2021) evaluated a set of 371 internal compounds from 

an historical acute toxicity LD50 database of pharmaceutical intermediates and active 

pharmaceutical ingredients. Using two statistically-based models, they found that 77–95% 

of predictions fell withing one GHS category of the experimentally assigned category. 

Predictivity was generally better for compounds with experimental LD50 >300 mg/kg (i.e., 
GHS categories 4, 5, and Not Classified (LD50 >limit dose, generally 2000 mg/kg)). Bercu 

and co-workers assessed the application of statistical-based and expert rule-based models 

to predict GHS categories. It was shown that the individual models were able to predict 

either the correct category or a more conservative category for over 90% of the chemicals. 

A consensus prediction based on both methodologies was also evaluated and had the highest 

score for correct or more conservative (Bercu et al., 2021).

Collectively, these evaluations of in silico performance indicate that predictions obtained 

using in silico approaches are now well-suited for reliably supporting assessment of LD50-

based acute toxicity for the purpose of GHS classification. This is further underscored by 

considering that the inherent variability of results from in vivo studies, in combination with 

the sharp cutoff values used to define GHS categories, makes experimentally determined 

categories no more accurate than to within one category, particularly when the LD50 is close 

to a category boundary.

2.3 In vitro studies

2.3.1 Experimental approaches—The biochemical and biophysical diversity of 

mechanisms and associated adverse outcome pathways (AOPs) that can elicit an acute 

toxicologic response are multifarious. While key initiating events for some toxicities are 

readily understood in terms of known physical or biochemical mechanisms (e.g., direct-

acting caustic or detergent action on tissue, inhibition of critical enzymes, cell receptor 

proteins, ion channels, etc.), many others remain to be identified. Moreover, compounds 

acting through multiple pathways are challenging because of the greater complexity of 

interactions involved, many of which are likely unknown.

A consequence of these considerations is that no current set of in vitro endpoints is broad 

enough to provide complete coverage of all potential mechanisms or interacting factors 

capable of influencing the expression and/or magnitude of an acute toxicologic response 

at the whole organism level. For example, in vitro tests generally do not account for 

physiological processes capable of modulating toxicity in intact organisms. These processes 

include those that underpin differences in exposure at a site of action in addition to those 
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involving redundant or compensatory pathways which can obscure effects occurring through 

other mechanism(s). In these scenarios, toxicity can be exacerbated (e.g., locally within an 

organ/tissue through bioaccumulation or bioactivation) or mitigated (e.g., through metabolic 

detoxification, limited distribution to a site of action, active cell efflux, or again through 

compensatory physiologic pathways).

The inability of in vitro systems to fully recapitulate many of the important and 

simultaneously acting biochemical and physiologic processes operating at the organismal 

level limits their usefulness for extrapolating to whole animal toxicity. Nevertheless, in vitro 
tests are often useful for directly evaluating interactions that involve a specific mechanism 

or mode of action and investigations incorporating targeted biochemical endpoints can be 

useful for generating mechanistic hypotheses and for identifying potential pathways leading 

to the toxicologic effect(s). Targeted mechanism-based assays can also be used to rule 

out a potential mechanism as the basis for an observed toxicity, or to provide reasonable 

confidence that a particular toxicity will not be observed.

Moreover, in vitro assay conditions can mimic processes operating in vivo (e.g., introduction 

of key metabolic enzyme preparations into the test system to generate metabolites). In vitro 
studies can also be useful for providing a rationale for establishing exposure boundary 

limits, and often provide insights into potential chemical class effects. Lastly, organ specific 

toxicities can be assessed and measured using more complex tissue-chip systems that 

recapitulate critical physiological functions sensitive to acutely toxic chemicals. These 

systems better represent human physiology than traditional in vitro systems by incorporating 

primary cell types with three-dimensional structure and mechanical stress (Low and Tagle, 

2017).

Provided assay endpoint(s) have been validated scientifically as having relevance to acute 

toxicity and demonstrated assay reliability and robustness, in vitro tests can provide 

important information. Addressing assay relevance and reliability are two key requirements 

for establishing the state of “test readiness” for regulatory acceptance of in vitro data 

(Bal-Price et al., 2018; Krebs et al., 2020).

Although results from in vitro assays are often not adequately calibrated to in vivo 
endpoints, such as the LD50, this continues to be a goal. Accordingly, results from in vitro 
tests are generally positioned to serve in a supporting role for assessments of acute toxicity, 

for example to:

• Screen or triage compounds for further study (e.g., product candidate selection; 

environmental testing prioritization)

• Aid in the design of in vivo studies (e.g., dose selection; studies investigating 

putative mechanisms or a most probable set of expected outcomes)

• Establish (verify or refute) a cause-effect relationship based on a particular 

mechanism (key initiating event or toxicologic pathway (i.e., Adverse Outcome 

Pathway)

• Provide data for a WoE-based assessment
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• Elucidate novel mechanisms/pathways of toxicity

The advantages of in vitro testing in terms of cost, time, and capacity, together with 

their ability to provide mechanistic insights, make in vitro assays a powerful approach 

for conserving resources and for further reducing reliance on animal studies. Their ability 

to support the rapid evaluation of large numbers of compounds (as compared to in vivo 
testing), additionally provides the opportunity to generate data across a wide range of 

structurally diverse chemical series. Moreover, the large amount of data generated across 

structurally diverse compounds provides a basis for developing robust in silico approaches 

that can be applied globally to novel chemical structures to predict probable responses in the 

modelled assay.

In vitro studies can generally be classified into non-mechanistic assays based on endpoints 

expected to broadly apply across tissues, e.g., cell lethality and necrotizing corrosiveness, 

and mechanistic assays designed to assess specific molecular interactions which are known 

to be associated with certain toxicologic sequela (e.g., ion-channel inhibition and disruption 

of cellular energetics).

Non-mechanistic assays are useful for gauging the potency of a chemical with respect 

to the dose-limiting toxicity, whether it occurs through a known or unknown mechanism. 

This information is often useful for assigning a compound to a potency class or to set an 

upper limit of exposure, e.g., as when choosing an upper dose for additional studies. As 

such, non-mechanistic assays are widely employed for chemical screening and classification 

purposes when detailed knowledge of the toxicologic mechanism is less important than 

estimating the exposure likely to result in an adverse outcome of any type.

Conversely, mechanism-based assays provide insight on how a chemical might generate a 

toxicologic response, so are helpful for developing and testing hypotheses in addition to 

screening, classification, and estimation of potency for interactions occurring through that 

mechanism, whether it is dose-limiting or not. For example, it is reasonable to anticipate 

that a novel compound within a chemical series is likely to interact via the same mechanism 

that has been previously established for other members of the class. In this case, a targeted 

mechanism-based assay is ideal for testing that hypothesis.

Another way to view the difference between non-mechanistic and mechanism-based assays 

is that non-mechanistic assays pool an entire set of potential mechanisms, known and 

unknown, into a single measurable endpoint (e.g., cell death), whereas mechanism-based 

assays parse potential adverse events into known discrete mechanisms which can then 

each be tested independently (e.g., aerobic oxygen utilization, uncoupling of oxidative 

phosphorylation, inhibition of hERG ion channel function).

Selecting the most appropriate in vitro assay(s) to run as part of a toxicology assessment 

should be based on a reasoned testing approach designed to address the primary goal of the 

assessment and not simply on which assays are available. Two strategies are employed when 

determining which test(s) to conduct for an intended purpose:

1. When existing data are available for structurally similar compounds known to 

operate through a particular mechanism (i.e., key initiating event or pathway), 
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an in vitro assay (or in silico counterpart) for that endpoint is used to 

determine whether the test compound is likely to engage that mechanism. In this 

scenario, the number of endpoints evaluated are often limited to those previously 

established as being relevant to and dose-limiting for the chemical class.

2. When data are sparse for structurally similar compounds, potential mechanisms 

of toxicity are not appreciably known, and a more general testing approach 

is used. This approach may include assay(s) for which the endpoint is not 

dependent on a single mechanism (i.e., a non-mechanistic assay such as 

cytolethality), or that consist of a battery of complementary assays with 

endpoints known to be relevant to the primary (apical) endpoint. Assays chosen 

for this second approach are often hierarchically organized into a tiered testing 

strategy where the lowest tiers generally include one or more non-mechanistic 

assays for making a preliminary assessment of the toxicologic landscape. Results 

from the lower tiered tests can then be used to determine whether and which 

additional higher tiered, targeted mechanism-based assays are warranted.

Advances in the biomedical and related sciences over the past few decades have led 

to a dramatic increase in the number of hitherto unknown proteins and their associated 

function(s). This knowledge has, in turn, broadened our understanding of key triggering 

mechanisms operating within Adverse Outcome Pathways (AOPs) that lead to toxicity. One 

of the consequences of this explosion of available information is that the number of in 
vitro assays available for screening/testing and the number of vendors offering such services 

continues to grow each year, making it impractical to provide a complete listing of relevant 

assays and mechanisms within most IST protocols.

In addition to the HAF shown in Figure 2, Table 6 includes examples of in vitro test 

endpoints/targets having a well-established relationship to acute toxicity. A recent workshop 

on alternative acute toxicity testing (Hamm et al., 2017) also identified a number of relevant 

in vitro endpoints.

While some mechanisms act non-selectively across all tissues (e.g., oxidative 

phosphorylation), others act selectively within organ systems that are of particular concern 

for acute toxicity (e.g., ion channels in cardiovascular and nervous tissue, detoxification 

systems in hepatic tissue, coagulation in the hematologic system). However, while targeted 

endpoints may not be a high priority in a general assessment of toxicity, pharmaco-

toxicologic interactions can be associated with undesirable off-target effects and can be 

screened against during early assessment phases, e.g., when prioritizing compounds for 

further development.

As might be expected, off-target pharmacologic mechanisms of obvious concern for acute 

toxicity involve critical organ systems where disruption of normal function, such as those 

mediating rapid response pathways (e.g., electrochemical signaling, oxygen utilization, 

energy production) occur quickly and can have life-threatening consequences.

The choice of which in vitro assay(s) to include in an evaluation of acute toxicity depends on 

the reason for performing the assessment. Arguably, the primary objective is to provide the 
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information deemed adequate to arrive at a reasoned and defensible decision, whether it is 

for determining which compound to move forward in development, whether the compound 

is safe enough to be approved for a particular purpose, or how the compound should be 

classified to ensure proper handling, transport and storage.

2.3.2 In vitro cytolethality assays—While it is outside the scope of the IST Protocol 

to present detailed information on the various available in vitro tests that can be used for 

assessing acute toxicity, a brief description of the cytolethality test is warranted due to its 

widespread use and the availability of standardized, validated protocols.

Cytotoxicity or cytolethality assays measure the intrinsic ability of chemical exposure to 

result in cell death. Many test systems, including those based on primary cells collected from 

specific tissues (e.g., hepatocytes from liver, hematopoietic progenitors from bone marrow) 

and those based on cell lines representing various cell types (e.g., HepG2 hepatocytes, 3T3 

fibroblasts, L6 myocytes), are available for use in these assays. Moreover, in addition to 

simply quantifying cell death, a number of other endpoints for measuring cell integrity 

or function, such as membrane leakage, mitochondrial function and nuclear staining 

characteristics are available using high-content cytometry methods.

Cytolethality assays are often used in early discovery and development to prioritize 

compounds and for setting starting doses for in vivo studies. For example, based on 

validation results for the mouse fibroblast 3T3 cell line (or human epidermal keratinocytes 

(NHK) primary cells) test system utilizing a Neutral Red Uptake (NRU) assay (ICCVAM, 

2006a) which compared the in vitro results to in vivo post-mortem LC50 values for 

the same set of 72 test substances, the National Toxicology Program (NTP) Interagency 

Center for the Evaluation of Alternative Toxicologic Methods (NICEATM) promulgated 

an recommendation for using the assay to aid in setting starting doses for in vivo studies 

(NTP, 2019), where it is estimated to reduce animal use for each study by as much as 50% 

(ICCVAM, 2006b, 2006c). OECD published a guideline in 2010 supporting this use (OECD, 

2010).

As described in the ECHA’s guidance on Information Requirements and Chemical Safety 

Assessment, the 3T3 Neutral Red Uptake cytotoxicity assay could be used within a WoE 

approach to adapt the standard information requirements (ECHA, 2017). The NRU assay is 

sensitive to hazardous substances acting through general mechanisms of toxicity common 

to most cell types (basal cytotoxicity) and it well predicts substances with low acute oral 

toxicity (i.e., those which are not to be classified for acute toxicity); it has a high false 

positive rate and the interpretation of the negative results should account for the lack of 

metabolic competence of the 3T3 cell line and difficulty in capturing specific mechanisms 

of action in relation to interaction with specific molecular target in certain tissues (ECHA, 

2017).

A recent analysis by Prieto and co-workers noted that general cytotoxicity is a determining 

factor of acute systemic toxicity and that the majority of the studied chemicals leading to 

acute lethal toxicity act via some general mechanisms of toxicity rather than organ-specific 
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pathways (Prieto et al., 2019). It was then noted that the most frequent targets are the 

nervous and the cardiovascular systems.

2.3.3 In silico approaches to predicting in vitro endpoints—Just as the data 

collected from in vivo studies enable developing in silico predictive models, it is feasible to 

replace direct testing performed in vitro with in silico predictions for the same endpoints. 

Whether this can be realized in practice for a selected endpoint depends on the availability 

of high-quality experimental data relevant to the chemical space of interest and on model 

performance.

An effect which occurs as the result of a well-recognized biological or chemical 

mechanism, such as those generally recognized to be involved in genetic toxicity, genotoxic 

carcinogenicity, skin sensitization, and skin irritation, are often successfully predicted by in 
silico models. The intrinsically greater uncertainty of predictions for more complex apical 

endpoints from in vivo studies, such as acute and repeat-dose toxicity, is more challenging 

due to the number and diversity of mechanisms/pathways potentially involved. To some 

extent, this hinders progress toward their acceptance as an alternative to animal testing. 

However, even for complex endpoints, the reliability of (Q)SAR-based predictions increases 

when the molecular target and mechanism of toxicity are known (Cherkasov et al., 2014), 

suggesting that by considering a mechanistic understanding of a potential toxic effect in an 

assessment, uncertainty may be reduced and confidence in predictions based on in silico 
results will increase (Shah et al., 2016).

Increased understanding of pathways and key triggering mechanisms involved in the more 

complex types of toxicity, together with increased availability of in vitro data afford the 

opportunity to make a shift away from assessments based solely on descriptive endpoints, 

like the LD50, to mechanism-based endpoints that can be accurately assessed in vitro 
or by using in silico prediction models. The US NRC report “Toxicity Testing in the 

21st Century: A Vision and a Strategy” (National Research Council, 2007) outlines the 

“new paradigm” approaches based on the in vitro bioactivity assays using robotic high-

throughput screening approach and supported by computational systems for modeling in 
vivo pharmacokinetics and distribution. Combining exposure modeling with toxicologic 

mechanism-based prediction models and an expert review creates a powerful paradigm with 

which to perform toxicity testing using an integrated approach to testing and assessment 

(IATA) (Worth and Patlewicz, 2016).

In addition to IST protocols for genetic toxicity (Hasselgren et al., 2019) and for skin 

sensitization(Johnson et al., 2020), discussion/position papers have been developed for 

neurotoxicity (Crofton et al., 2022), carcinogenicity (Tice et al., 2021) and several primary 

organ systems (liver, kidney, lung and heart) (Bassan et al., 2021b, 2021a). As several of 

the topics are highly relevant to acute toxicity, those IST papers will provide more detailed 

information on in vitro endpoints and corresponding in silico models used to assess those 

commonly assessed target organs of toxicity.
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2.4 In silico model considerations and assessment

In the previous section, several considerations were discussed within the context of 

computational models built from in vivo and in vitro data. The following summarizes these 

elements and includes some general considerations.

As part of the in silico toxicology protocol framework, Myatt and co-workers defined a 

series of consideration when electing to run an in silico model (Myatt et al., 2018a). These 

include (1) the relevance of the predicted endpoint, (2) the validity and performance of the 

model, (3) the appropriateness of the chemical space the model has been trained on and is 

intended to support (i.e., the applicability domain), (4) whether the model can be combined 

with other models or information to increase reliability in the assessment, and (5) whether it 

can meaningfully support an expert review (Myatt et al., 2018a). Each of these addresses a 

challenge recognized to potentially limit the usefulness of a model for an intended purpose. 

For example, models built using test/validation sets having a limited applicability domain 

may provide accurate predictions within narrow, localized areas of chemistry, but with 

decrease reliability outside the applicability domain.

The following additional aspects should be considered in the context of the prediction of 

acute oral toxicity for classification and labeling: i) whether the model’s past performance 

has demonstrated consistent and accurate prediction of GHS classification for similar 

compounds to within the tolerance limit (e.g., within 1 category) needed and whether the 

model’s tendency is to over- or underpredict; ii) the experiences others have had in applying 

it to similar scenarios; iii) evaluation of risk/benefit and development of a rationale for 

deciding whether the model is fit-for-purpose or can be utilized as a source of data in a 

weight-of-evidence approach. For example, a model predicts a compound to be significantly 

toxic (e.g., GHS categories 1–3), how much confidence should be placed in the prediction? 

Conversely, if the model predicts a compound to be relatively non-toxic (e.g., category 5 

or not classified), how much confidence should be given to that prediction? Likewise, it is 

important to put some thought into understanding why a particular prediction was made and 

to not simply take the prediction at face value.

One of the best ways of doing this is through an expert review of all the available 

information. If the compound is a pharmaceutical, for instance, and it has a mechanism 

of action known to be associated with highly toxic compounds (e.g., a microtubule 

stabilizer such as paclitaxel), it is important to acknowledge this information and to 

include it in a weight-of-evidence approach to support or refute the in silico prediction. To 

support such an expert review, the model should ideally be transparent and interpretable, 

providing associations between experiment-based acute toxicity data and the chemical 

class/characteristics being predicted. The model should provide a level of confidence for 

a prediction (e.g., in the form of a probability score for the prediction), and a way to assess 

and put into context the rationale or reasonableness of the prediction (e.g., by showing 

significant structural features and parameters the algorithm used to formulate a prediction). 

Ultimately, it is the availability of in vivo acute toxicity data that is one of the most 

important factors in generating high quality models to support classification and labelling. 

Finally, it should be considered whether models that provide some indication of potential 

toxicity at the whole organism level, such as the prediction of an LD50 value or GHS 
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category, may be more fit-for-purpose in certain settings than models based entirely on in 
vitro data.

3. Use cases

How in silico predictions of acute oral toxicity can assist in different scenarios is 

demonstrated by different use cases listed in Table 7. Evaluation of data to support these 

use cases have been conducted (Bercu et al., 2021; Graham et al., 2021). For an example 

of assessment of acute toxicity using in vitro and New Approach Methods (NAMs) in rapid 

response situations, see Mumtaz et al., 2022 (Mumtaz et al., 2022).

3.1 Dose selection for nonclinical in vivo studies

Example scenarios: In vivo studies are required on each of the following compounds and:

• Compound W has a predicted LD50 >2000 mg/kg.

• Compound X has a predicted LD50 ≤5 mg/kg.

When a compound has limited data, initial dose selection for nonclinical studies can be 

a challenge. This applies to general in vivo toxicity studies as well as studies specifically 

geared toward elucidating acute toxicity. In silico models for the prediction of AOT can 

assist in determining the starting dose when in vivo studies are required or necessary. In 

the case of OECD-compliant AOT studies, the highest dose recommended is 2000 mg/kg 

(OECD, 2008, 2002a, 2002b; UN, 2021). When there is a lack of relevant data (as is the case 

for compounds generally being assessed in AOT studies), the recommended starting dose is 

300 mg/kg.

In the case of Compound W with a predicted LD50 >2000 mg/kg (GHS AOT category 5 

or not classified), rather than starting the study at 300 mg/kg and subsequently dosing at 

2000 mg/kg, the study can be conducted at the limit dose of 2000 mg/kg. If lethality is 

not observed, then the study is over and the minimum number of animals was utilized (i.e., 
dosing did not begin at 300 mg/kg and then move up to 2000 mg/kg). If lethality and/or 

evident signs of toxicity are observed in the sighting study (one animal) then the dose can be 

decreased to 300 mg/kg as is recommended and so on.

Similarly, if in the case of Compound X, the LD50 is predicted to be ≤5 mg/kg and therefore 

the starting dose of 5 mg/kg can be utilized and the subsequent dose determined based 

on any lethality and/or evident signs of toxicity at this dose. This approach can minimize 

unnecessary animal pain and suffering, which may have been observed if the dose levels 

were begun at the dose of 300 mg/kg and de-escalated accordingly (to 50 mg/kg and then to 

5 mg/kg) if/when mortality was observed.

3.2 GHS classification in the context of hazard communication

Example scenario: Compound Y is being produced in the manufacturing facility and a safety 

data sheet is being prepared. There are questions regarding the acute toxicity hazard of the 

compound. How should the material be classified according to UN GHS (Table 2)?
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When there is a lack of data regarding occupational hazards, advising on handling 

recommendations and personal protective equipment can prove difficult. Employees can 

be too protected (excess cost with no benefit) or inadequately protected (high risk). In 
silico approaches can inform hazard potential rapidly and predict the GHS AOT category 

that the compound may fall into. The in silico approaches may also inform the user of the 

analogues supporting the prediction, providing another means for data gathering. The GHS 

AOT category prediction can then be utilized to inform hazard potential, personal protective 

equipment (PPE), and handling practices.

3.3 Identification of dangerous goods and packing group assignments

Example scenario: Compound Z needs to be shipped, and no data on its hazards are 

available to inform whether it is a dangerous good and, if so, what packing group it falls 

into.

A dangerous good is defined by the Federal Aviation Administration as a substance that is 

capable of posing an unreasonable risk to health, safety, and property when transported in 

commerce (FAA, 2022). Compounds with an LD50 ≤300 mg/kg are considered DGs and 

PGs are assigned according to Table 8. The identification of DGs is seen as the first step 

to reduce the risks posed by the product by defining the proper packaging, handling, and 

stowage.

In the absence of relevant data, the in silico AOT prediction can inform whether the 

compound may be a DG as well as the recommended PG. For example, if Compound Z 

is predicted to fall within GHS Category 1, it can be interpreted as predicted to fall in 

PG I. Similarly, if the compound is predicted to fall within GHS Categories 4–5 or is not 

classified, and there is no available data to warrant consideration of the compound as a DG, 

then one could reasonably assume the material does not need to be classified as a DG.

3.4 Chemical hazard assessment of extractables or leachables

Example scenario: New container closure systems for pharmaceutical applications need to 

be assessed using extractable and leachable studies. Such studies are employed to evaluate 

container/closure systems to identify compounds that may contaminate API over the course 

of the shelf life of a product. For many of the compounds detected toxicology data is 

scant or unavailable. In such cases, a prediction of acute oral toxicity may be beneficial for 

determining whether a compound should be assigned a limit or be evaluated in confirmatory 

leachable studies. For example, irgaphos detergents can undergo chemical modifications 

resulting in degradants such as irgafos oxide or irgafos mono esters. An in silico evaluation 

of these molecules can give an indication of the potential for acute toxicity relative to the 

amounts observed in an extractable study. Upon evaluation, irgafos degradant compounds 

break out into GHS Cat II and IV (LD50 values >5–50 mg/kg and >300–2000 mg/kg) 

respectively. One approach might be that compounds that fall in Cat I or II (such as with 

irgafos oxide) could prompt additional evaluation. A comparison of the LD50 data to the 

predicted category for the irgafos compounds indicated that the model is conservative with 

respect to the in silico calls, which is appropriate when assessing chemical safety. While a 

parenteral acute tox model would be more relevant for extractable assessment, for example 
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purposes it is still reasonable to evaluate for positive compounds using the oral acute tox 

models, where the results could be used to inform risk assessment and a potential need for 

testing.

4. Conclusion

In silico methods are increasingly being used within chemical manufacturing-based 

industries to support assessments of toxicity from early discovery to product approval/

registration, process manufacturing, and labeling. While in vivo animal studies remain 

the primary test system for meeting certain regulatory objectives for safety testing of 

compounds with a high risk of significant acute exposure, alternative testing and non-testing 

strategies based in vitro or in silico methods are increasingly used in certain other arenas. In 
silico statistical and expert knowledge-based models are widely used in weight-of-evidence 

assessment scenarios where direct testing in animals is not specifically indicated (such as 

for GHS classification and labeling). Moreover, as progress continues toward identifying 

additional toxicologic mechanisms and assay systems, opportunities to expand the coverage 

of in silico-based modeling endpoints will increase.

A significant obstacle to the wider acceptance of in silico-based results has been the general 

lack of guidance and standardization of minimum requirements needed to demonstrate 

performance, including assessing relevance (usefulness of the model for predicting the 

toxicological endpoint of interest), reliability (reflecting the quality of the information used 

for the assessment) and confidence in the ability of the approach to accurately predict the 

primary (i.e., apical) endpoint of interest, such as acute human toxicity (Myatt et al., 2022). 

Likewise, considerations for how to best document and report not only the results of an in 
silico assessment, but also the metadata used to describe processes related to developing, 

testing, identifying, managing, controlling and applying systems have not been readily 

available.

The IST Protocol Consortium described by Myatt et al (Myatt et al., 2022, 2018a) seeks 

to remedy the shortcomings of current guidances, which it is believed will foster increased 

understanding, acceptance and reliance on in silico approaches for assessing toxicity. This 

paper in part achieves this objective by providing a framework for acute toxicity hazard 

assessment and by identifying discussion topics to consider when planning and reporting 

results derived from in silico technologies used to support a weight-of-evidence approach 

that may also include available experimental data and expert review.
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Figure 1. 
Hazard Assessment Framework (HAF) supporting assessment of acute toxicity
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Table 1.

Areas of applicability of acute toxicity assessment and examples of uses for in silico methods

Area Use Opportunities for In Silico

Product R&D

Scaffold selection Screening away from off-target acutely toxic compounds; often performed on 
compounds representing structural scaffolds of potential interest for new product 
development

Candidate selection Choosing from among several molecules within one or more structurally active 
series with a goal of increasing the probability of technical success of a project 
by avoiding those having a greater safety liability (i.e., optimizing investment of 
resources)

Study design support Selecting dose ranges, salt forms, and additional endpoints to optimize the design 
of in vivo and in vitro studies (e.g., in silico results can help identify potential 
target organs or mechanisms of toxicity, which can then be included as endpoints 
for investigation)

Metabolite analysis Identifying probable test article metabolites and inform on their potential toxicity 
(e.g., through a bioactivation mechanism)

Issue resolution Informing on potential mechanism(s) that could be associated with an observed 
toxicity; useful for forming hypotheses for testing. Confirmed mechanisms can be 
screened against to find more suitable candidates

Scaffold hopping Identifying alternative structural series which continue to possess desirable 
properties without the continued presence or degree of undesirable off-target 
properties

Weight of evidence Providing a basis for decisions when little or no data are available that used direct 
testing methods. Results are also useful for determining whether additional testing 
is needed

Manufacturing and 
Process Chemistry

Green chemistry support Selecting occupationally or environmentally safer starting materials and additives

Occupational Health and 
Safety

Worker safety Identifying compounds likely to pose a hazard to workers, e.g., through handling 
or accidental exposure

Process control and 
containment

Informing on the potential need for additional handling precautions

Exposure limits Assisting in establishing safe exposure thresholds and limits

Safety Data Sheet 
support

Identifying the appropriate GHS classification when in vivo and in vitro test data 
are limited or do not exist

Product Safety and 
Registration

Safety data for 
registration/approval

Supporting product safety assessment (e.g., by providing the likelihood of 
involvement of a specific mechanism relating to a study finding)

Product quality and 
specifications

Supporting setting of limits for contaminants (e.g.,residuals, leachables and 
extractables, material interaction and degradation products)

Classification and 
Labeling

Informing labeling for intended use(s)

Public Health and 
Safety / Environmental

Classification for product 
transport

Identifying the appropriate GHS classification, when in vivo and in vitro test data 
are limited or do not exist, and assignment of the proper packing group.

Environmental discharge 
limits / disposal

Assisting in establishing limits and specifications for restricting environmental 
pollutants

Accidental release 
situations

Informing assessments of risk and strategies for mitigation or countermeasures

Emergency Response Intended or unintended 
acute exposure

Informing assessments of risk and strategies for mitigation or countermeasures

Military Protection of military 
personnel

Identifying hazards and informing assessments of risk and strategies for mitigation 
or countermeasures (i.e.,tactical preparedness)
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Table 2.

GHS Classification Categories for Acute Toxicity (adapted from UN, 2021)

Acute Toxicity Cat. 1 
LD50

Cat. 2 LD50 Cat. 3 LD50 Cat. 4 LD50 Cat. 5

Oral (mg/kg) ≤5 >5
≤50

>50
≤300

>300
≤2000

Criteria:
• Anticipated oral LD50 between 2000 and 5000 mg/kg

• Indication of significant effects in humans*

• Any mortality at class 4*

• Significant clinical signs at class 4*

• Indications from other studies*

Dermal (mg/kg) ≤50 >50
≤200

>200
≤1000

>1000
≤2000

Gases (ppm) ≤100 >100
≤500

>500
≤2500

>2500
≤5000

Vapors (mg/L) ≤0.5 >0.5
≤2.0

>2
≤10

>10
≤20

Dust and Mists 
(mg/L) ≤0.05 >0.05

≤0.5
>0.5
≤1.0

>1.0
≤5

*
If assignment to a more hazardous class is not warranted
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Table 3.

Standardized In Vivo Approaches for Assessing Acute Toxicity in Animals

Route OECD Test Guideline Comments

Oral Fixed Dose Procedure 
(OECD 420) (OECD, 
2002b)

Acute Toxic Class 
method (OECD 423) 
(OECD, 2002a)

Up-and-Down 
Procedure (OECD 425) 
(OECD, 2008)

The OECD 420, 423 and 425 test guidelines were devised to supplant OECD 401 (OECD, 1987) with 
methods that utilize predetermined doses, reduce animal usage where the initial dose level is based on 
a small range-finding study, cytotoxicity screens, and/or preexisting data. Following dosing (typically 
by oral gavage), animals (generally rats) are monitored for overt toxicological signs including death 
(Acute Toxic Class or Up-and-Down Method) and “evident toxicity” (Fixed Dose Procedure). Note 
that the limit dose or recommended maximum dose for the acute oral toxicity tests OECD 420, 423 
and 425 is generally 2000 mg/kg.
• The Fixed Dose Procedure (OECD 420) includes evident signs of toxicity as indicative of acute oral 
toxicity and does not solely rely on death as an endpoint. It is generally recommended and recognized 
as the most humane test method and is believed to utilize the least number of animals.
• The Acute Toxic Class method and Fixed Dose method (OECD 423 and 425) utilize a stepwise 
assessment that results in GHS acute oral toxicity classification.
• The Up-and-Down method (OECD 425) can be used when an LD50, rather than solely the GHS 
category, is required.
Acute oral toxicity testing can be waived according to many regulatory agencies if the test material is 
corrosive.

Dermal Acute Dermal Toxicity 
procedure (OECD 402) 
(OECD, 2017)

OECD 402 involves a single uniform application of test article to ≥10% of the animal’s body surface 
area. The rat is recommended, but rabbit or guinea pig have been used. Fur should be removed ~24 
hours prior to application of the test article. The test substance can be applied in solution, where any 
solid should be moistened with water or an appropriate vehicle and held in contact with the skin using 
a porous gauze dressing and non-irritating tape throughout a 24-hour exposure period. Animals are 
observed periodically for clinical signs and toxicity throughout the exposure period and afterward for 
a total of 14 days. The limit dose for the OECD 402 study is 2000 mg/kg. Acute dermal toxicity 
testing can be waived according to many regulatory agencies if the oral LD50 exceeds the limit dose 
(2000 mg/kg) as well as if the material is corrosive.

Inhalation Acute Inhalation 
Toxicity test (OECD 
403) (OECD, 2009a)

Acute Toxic Class 
method (OECD 436) 
(OECD, 2009b)

Fixed Concentration 
Procedure (OECD 433) 
(OECD, 2018)

The Acute Inhalation Toxicity test is performed according to OECD 403 or OECD TG 436. Briefly, 
groups of five rats are exposed via nose-only (preferred) or whole body to a uniform airborne 
concentration(s) of the test article for a typical duration of 4 hours. The animals are subsequently 
monitored for 14 days to determine the lethal concentration in 50% of the animals (LC50). The 
animals are exposed to the test article as a gas, vapor, aerosol, or a mixture of several phases 
which is dependent on physical/chemical properties of the test article and its typical use. The limit 
concentrations for OECD 436 are aligned with GHS classifications and are 20,000 ppm/4h for gases, 
20 mg/L/4h for vapors and 5 mg/L/4h for aerosols. OECD 433 (Fixed Concentration Procedure) is a 
reduction/refinement to TG 403 which only utilizes one sex of rat (females) and includes the endpoint 
of evident signs of toxicity as a measure of acute inhalation toxicity (does not solely rely on death as 
an endpoint).
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Table 4.

Summary of different sources of in vivo acute toxicity data

Source Study type Endpoint Number of unique chemicals

RTECS Rat oral LD50 16,499

RTECS Rat dermal LD50 1,267

RTECS Rat inhalation LD50 1,718

RTECS Mouse oral LD50 34,522

RTECS Mouse dermal LD50 264

RTECS Mouse inhalation LD50 915

RTECS Rabbit dermal LD50 5,321

CFSAN/PAFA Rat oral LD50 949

CFSAN/PAFA Mouse oral LD50 366

ECHA (ChemProp) Rat oral LD50 2,136

JRC AcutoxBase Rat oral LD50 138

NLM HSDB Rat oral LD50 2,205

OECD (eChemPortal) Rat oral LD50 2,290

PAI (NICEATM) Rat oral LD50 293

TEST (NLM ChemIDplus) Rat oral LD50 12,974
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Table 5.

A variety of algorithms (and structural and physico-chemical descriptors) can be used to develop models for 

the prediction of acute oral toxicity.

Algorithms References

Random Forests (Gadaleta et al., 2019; García-Jacas et al., 2019; Lei et al., 2016; Luechtefeld, 2018; 
Lunghini et al., 2019; Sayed, 2018)

Artificial Neural Networks (García-Jacas et al., 2019; Kleandrova et al., 2015; Lawless et al., 2018)

Deep Learning (Jain et al., 2021; Liu et al., 2018b; Sayed, 2018; Zakharov, 2018)

Local Lazy Learning (Lu et al., 2014)

k-Nearest Neighbors (Gadaleta et al., 2019; García-Jacas et al., 2019; Roncaglioni et al., 2018; Sayed, 2018; 
Zhu et al., 2009a, 2009b)

Support Vector Machines (García-Jacas et al., 2019; Lunghini et al., 2019)

Arithmetic Mean Toxicity (Raevsky et al., 2010)

Partial Logistic Regression (Myatt et al., 2018b)

Partial Least Squares Regression (Myatt et al., 2018b; Sayed, 2018)

Multi-Descriptor Read Across (Muratov et al., 2018)

Clustering-based QSAR model (Zhang et al., 2018)

Multiple Linear Regression (Sayed, 2018)

Global, Adjusted Locally According to Similarity (Sazonovas et al., 2010)

Decision Trees (Sayed, 2018)

Expert rule-based methodology (Bercu et al., 2021)

Read-Across Structure Activity Relationships (Luechtefeld et al., 2018)

Naïve Bayesian (Lunghini et al., 2019)
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Table 6.

In vitro endpoints commonly evaluated for predicting acute toxicity

Test Category/Topic Example Rationale (for acute toxicity)

1. General

Physico-chemical Properties cLogP, pKa, H-bond donors/acceptors, MW, 
PSA

Influence biophysical effects: 1) can relate directly to 
toxicity (e.g., corrosives); 2) can modify expression of 
toxicity (e.g., through effects on ADME properties)
Are often included as chemical descriptors used to develop 
in silico (Q)SAR models

Michael-Acceptor Chemical reactivity (e.g., adduct formation)

Cytotoxicity/Cytolethality Non-specific (i.e., basal) cell Toxicity resulting in cell death generally (i.e., without 
regard to effects that may be limited to specific tissues or 
cell types)

Specific cell lineages Specificity of toxicity directed toward certain tissues/
organs (e.g., cardiomyocytes, hematopoietic cells)

Cell Growth and Proliferation Non-specific or specific for certain cell 
lineages

Effects related to cell stasis without necessarily causing 
death (e.g., CDK inhibition)

Cell Energetics ATP depletion Ability to provide energy for cellular processes

Mitochondrial function Ability to conduct oxidative (aerobic) metabolism

Ox-Phos uncoupling Ability to capture and store energy from electron transport 
(oxidative metabolism)

Other Cell Functions Protein synthesis

DNA, RNA synthesis

Cell-cell signaling Ability of cells to interact with their environment (e.g., 
ligand-receptor interaction)

Secretory function Production of major secretory substances (e.g., hormones)

Cell/Tissue Morphology Vacuolation; Accumulation Detection of morphologic abnormalities

Membrane Integrity Effects on plasma membrane function (e.g., cell 
homeostasis involving compartmentalization, maintenance 
of gradients, etc.)

Test Article Metabolism GSH Depletion and/or Adduct Formation Effects on normal detoxification pathways.

2. Targeted Mechanisms

Specific Enzymes Acetylcholinesterase Cholinergic effects

Cytochrome P450 (CYP) enzymes Drug/toxicant metabolism

Receptors and Ion Channels hERG (hERG): Potassium voltage-gated 
channel subfamily H member 2

Cardiac function

Cav1.2 (CACNA1C): Voltage-dependent L-
type calcium channel subunit alpha-1C

Cardiac and neurologic function

Nav1.5 (SCN5A): Sodium channel protein 
type 5 subunit alpha

Cardiac function

Kv4.3 (KCND3): Potassium voltage-gated 
channel subfamily D member 3

Cardiac function

KCNQ1: Potassium voltage-gated channel 
subfamily KQT member 1

Cardiac function

KCNE1: Potassium voltage-gated channel 
subfamily E member 1

Cardiac function

Kir2.1 (KCNJ2): Inward rectifier potassium 
channel 2

Cardiac function
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Test Category/Topic Example Rationale (for acute toxicity)

5HT2B: 5-hydroxytryptamine receptor 2B CNS function

B-AR, PDE: Beta adrenergic receptor; 
Phosphodiesterase

Cardiac function

Purkinjie fiber assay Cardiac function

Nervous System GABA Receptor(s) CNS function (GABA receptors are the predominant 
inhibitory neurotransmitter receptors)

GABA Benzodiazepine Site CNS function

NMDA Receptor CNS function (glutamate receptors are the predominant 
excitatory neurotransmitter receptors)

D2 Receptor (DRD2): D(2) dopamine receptor CNS function
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Table 7.

Example use-case scenarios for the application of in silico predictions for acute oral toxicity.

Scenario Description

Dose selection for in vivo studies Utilizing in silico acute oral toxicity predictions to determine the study starting dose for an in vivo 
study.

GHS classification for safety data sheets Utilizing in silico AOT predictions to determine the GHS classification for an unstudied 
compound.

Identify compounds which are dangerous 
goods

Utilizing in silico AOT predictions to inform whether a compound is dangerous good and, if so, 
what packing group it falls into.
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Table 8.

Correspondence between UN GHS categories and DOT packing groups

Rat oral LD50 UN GHS AOT Category
a

DOT DG Packing Group
b

≤ 5 mg/kg 1 I

5 < - ≤ 50 mg/kg 2 II

50 < - ≤ 300 mg/kg 3 III

a
(UN, 2021)

b
(IATA, 2022)
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