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Systematic Review and Meta-Analysis
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cannabinoids, cannabis-based medicines, and
endocannabinoid system modulators tested for
antinociceptive effects in animal models of injury-
related or pathological persistent pain
Nadia Solimana,*, Simon Haroutounianb, Andrea G. Hohmannc, Elliot Kraned, Jing Liaoe, Malcolm Macleode,
Daniel Segelckef, Christopher Senae, James Thomasg, Jan Vollerta, Kimberley Weverh, Harutyun Alaverdyanb,
Ahmed Barakati,j, Tyler Barthlowi, Amber L. Harris Bozerk, Alexander Davidsonl, Marta Diaz-delCastilloi,
Antonina Dolgorukovam, Mehnaz I. Ferdousin, Catherine Healyn, Simon Hongo, Mary Hopkinsn, Arul Jamesp,
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Sirakisv,w, Astra Segelckex, Rafael Vinagrey, Julio A. Yanesz, Jingwen Zhangaa, Xue Ying Zhanga, David P. Finnn,
Andrew S.C. Ricea

Abstract
We report a systematic review and meta-analysis of studies that assessed the antinociceptive efficacy of cannabinoids, cannabis-
based medicines, and endocannabinoid system modulators on pain-associated behavioural outcomes in animal models of
pathological or injury-related persistent pain. In April 2019, we systematically searched 3 online databases and used crowd science
andmachine learning to identify studies for inclusion. We calculated a standardisedmean difference effect size for each comparison
and performed a random-effectsmeta-analysis.We assessed the impact of study design characteristics and reporting ofmitigations
to reduce the risk of bias. We meta-analysed 374 studies in which 171 interventions were assessed for antinociceptive efficacy in
rodent models of pathological or injury-related pain. Most experiments were conducted in male animals (86%). Antinociceptive
efficacy was most frequently measured by attenuation of hypersensitivity to evoked limb withdrawal. Selective cannabinoid type 1,
cannabinoid type 2, nonselective cannabinoid receptor agonists (including delta-9-tetrahydrocannabinol) and peroxisome
proliferator-activated receptor-alpha agonists (predominantly palmitoylethanolamide) significantly attenuated pain-associated
behaviours in a broad range of inflammatory and neuropathic pain models. Fatty acid amide hydrolase inhibitors, monoacylglycerol
lipase inhibitors, and cannabidiol significantly attenuated pain-associated behaviours in neuropathic pain models but yielded mixed
results in inflammatory painmodels. The reporting of criteria to reduce the risk of bias was low; therefore, the studies have an unclear
risk of bias. The value of future studies could be enhanced by improving the reporting ofmethodological criteria, the clinical relevance
of the models, and behavioural assessments. Notwithstanding, the evidence supports the hypothesis of cannabinoid-induced
analgesia.

Keywords: Cannabinoids, Cannabis-based medicine, Endocannabinoid system modulator, Animal models, Pain, Systematic
review and meta-analysis, Preclinical

1. Introduction

Cannabinoids, cannabis-based medicines, and endocannabi-
noid system modulators as potential therapeutics for pain
management are of increasing research interest. The endocan-
nabinoid system, composed of the cannabinoid type 1 (CB1) and
cannabinoid type 2 (CB2) receptors, their endogenous ligands,
and the enzymes that metabolise the endogenous ligands, is
implicated in pain modulation in vivo. Hence, cannabinoids,
cannabis-based medicines, and endocannabinoid system mod-
ulators as possible therapeutics for pain management have been
studied extensively in animal models (reviewed most recently in
our companion narrative review Finn et al.19 and Refs. 48 and 56).
Table 1 provides examples and current terminology and
definitions of this diverse range of potential therapeutics.

There are, however, several unanswered questions remaining.
For example, there is uncertainty regarding the clinical evidence
for the analgesic efficacy of cannabinoids, cannabis-based
medicines, and endocannabinoid system modulators, and it is
not clear whether the current clinical evidence, based upon
efficacy and safety considerations, justifies their use for pain
management.21,46

These findings strengthen the rationale for assessing the full
evidence base. Improving our understanding of the preclinical
literature will better inform future clinical research. Animal
models of injury-related and pathological persistent pain are
used to investigate the underlying pathophysiology as well as
to assess the efficacy and adverse effect profile of potential
analgesics. Such studies provide justification and indications
for clinical trials. The failure to translate findings from preclinical
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research to clinical treatment has raised questions about the
predictive validity and utility of animal models in drug de-
velopment.30 Limitations in experimental design,2,36 con-
duct,10,37 analysis, and reporting7,43 may be compounding

the challenges of translational pain research and hindering the
development of effective therapies.

As part of the International Association for the Study of Pain (IASP)
Presidential Taskforce on Cannabis and Cannabinoid Analgesia, we

Table 1

Terminology and Definitions (Adapted from Soliman et al. (2019) after modification from Hauser et al. (2018)).

Term Definition Examples/typical products

(Herbal) cannabis The whole plant or parts or material from the plant (eg, flowers, buds,

resin, and leaves)

Cannabis sativa, hashish

Medical or medicinal cannabis The term “medical/medicinal cannabis” (or “medical/medicinal

marijuana”) is used for cannabis plants, plant material, or full plant

extracts used for medical purposes.

Bedrocan, Bedrobinol, Tilray 10THC/10CBD

Cannabis-based (or cannabis-derived)

medicines

Medicinal cannabis extracts or products with regulatory approval for

marketing as a therapeutic with defined and standardized THC and/or

CBD content.

Nabiximols (Sativex), dronabinol, marinol, Epidiolex

Cannabinoids Cannabinoids are biologically active constituents of cannabis, or

synthetic compounds, usually having affinity for and activity at

cannabinoid receptors.

THC, CBD, CP55,940, WIN55,212‐2, HU210, nabilone

Phytocannabinoid A cannabinoid found in cannabis plants or purified/extracted from

plant material

THC, CBD

Endocannabinoid An endogenous ligand found in the body of humans and other

animals and which has affinity for, and activity at, cannabinoid

receptors

Anandamide, 2-AG

Cannabinoid receptor antagonists

and negative allosteric modulators

Directly block cannabinoid receptors or reduce signalling indirectly

via impeding action of endogenous ligand through actions at a

distinct site

Cannabinoid receptor antagonists (rimonabant [SR141716A],

AM251, SR144528, AM630), negative allosteric modulators

(PSNCBAM-1), DAGL inhibitors (RHC80267)

Modulators that increase or enhance

endocannabinoid system activity

In addition to individual phytocannabinoids, cannabis-derived or

cannabis-based medicines, and cannabis extracts, other

pharmacological approaches under development for manipulation of

the endocannabinoid system include selective synthetic cannabinoid

receptor agonists, inhibitors of the catabolism (eg, FAAH inhibitors),

transport (eg, FABP inhibitors) or reuptake of endocannabinoids, or

positive allosteric modulators of cannabinoid receptor signalling.

FAAH inhibitors (PF-04457845, URB597, URB937), anandamide

transport inhibitors (AM404, VDM11), MGL inhibitors (URB602,

JZL184, MJN110), positive allosteric modulators of the CB1
receptor (ZCZ011, GAT211)

CB1, cannabinoid type 1; CBD, cannabidiol; FAAH, fatty acid amide hydrolase; FABP, fatty acid-binding protein; THC, D9-tetrahydrocannabinol; 2‐AG, 2‐arachidonoyl glycerol; MGL, monoacylglycerol lipase.
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performed a preclinical systematic review and meta-analysis of the
available evidence on cannabinoids, cannabis-based medicines,
and endocannabinoid systemmodulators tested for antinociceptive
effects in animal models of injury-related or pathological persistent
pain. We have made the full data set available on the Open Science
Framework for further investigation (https://osf.io/2qde5/).

2. Aims and objectives

The review was conducted using the CAMARADES Systematic
Review Facility online platform (SyRF; www.syrf.org.uk). A crowd
was recruited to assist with the study selection, annotation, and
data extraction stages of the review. In addition, machine learning
was used to perform error analysis to ensure that all relevant
studies were identified for inclusion. We aimed to (1) estimate the
efficacy of cannabinoids, cannabis-based medicines, and endo-
cannabinoid system modulators in animal models of injury-related
or pathological persistent pain, (2) assess the impact of the studies’
internal and external validity on the reported behavioural outcome
measures, and (3) identify the presence of publication bias and
determine its magnitude. By exploring the reported quality and
design characteristics of preclinical studies testing the efficacy of
these drugs, we aimed to provide evidence and useful information
for preclinical researchers wishing to increase scientific validity,
improve the design of experiments, and refine the in vivo modelling
of injury-related or pathological persistent pain.

3. Methods

The methods for the review were prespecified in the study
protocol, registered on PROSPERO (CRD42019124804; https://
www.crd.york.ac.uk/prospero/display_record.php?
ID5CRD42019124804) and published.47 We do not have any
deviations from the protocol to report.

3.1. Crowd recruitment, training, and contribution

Ethical approval to use a crowd was obtained in March 2019 from
Imperial College London’s Head of Surgery and Cancer and
Science, Engineering and Technology Research EthicsCommittee.
Crowd members were recruited by advertising through the IASP
network, collaborators, and students using direct communication,
newsletters, and social media. Volunteers were required to pass
trainingmodules (developed by NS hosted on the platform Learn to
SyRF; learn.syrf.org.uk) for both screening and data extraction. To
pass the screening training, participants had to correctly make the
include or exclude decisions for 10 consecutive publications. For
data extraction, they were presented with studies to extract data
from, and were required to score greater than 80% (compared to
“gold standard”) for 5 successive studies. The pass thresholdswere
determined based upon agreement between expert reviewers in
prior reviews. In accordance with ICMJE criteria, crowd members
could join the authorship team upon completion of screening over
350 studies and extractingdata from35 studies (or 40 studies if they
joined later in the review process). Those who did not meet these
thresholds are acknowledged for their contribution.

3.2. Search

In April 2019, 3 online databases (PubMed, Web of Science, and
Ovid Embase) were systematically searched with no language
restrictions to identify publications reporting testing of a
cannabinoid, cannabis-based medicine, or endocannabinoid
system modulator for antinociception in an in vivo model of

persistent pain. The general search terms are given below; full
search strategy can be found on the Open Science Framework
Cannabinoid Preclinical SR search strategy (https://osf.io/
2qde5/?view_only545aa94bb8ed64d4aabc21e79af5a0e72):

Cannabinoids OR cannabis OR marijuana OR marihuana OR
hemp OR hashish OR cannabinoid OR cannabinoids OR
cannabidiol OR tetrahydrocannabinol OR “endocannabinoid
modulator” OR FAAH OR monoacylglycerol lipase (MGL) OR
MAGL OR ABHD6 OR ABHD12 OR “fatty acid binding protein”
ORNAAAORendocannabinoid ORendocannabinoids ORendo-
cannabinoid OR FAAH inhibitor OR FAAH inhibition OR MAGL
inhibitor ORMAGL inhibition ORMGL inhibitor ORMGL inhibition
OR anandamide transport inhibitor OR anandamide transport
inhibition OR “ABHD6 inhibitor” OR “ABHD6 inhibition” OR
“ABHD12 inhibitor” OR “ABHD12 inhibition” OR NAAA inhibitor
OR NAAA inhibition OR “Fatty acid Binding Protein inhibitor” OR
“fatty acid binding protein inhibition” OR FABP inhibition OR
FABP inhibitor OR allosteric modulator OR “endocannabinoid
modulators” OR “endo-cannabinoid modulators” OR “endo-
cannabinoid modulator” OR FAAH inhibitors OR MAGL inhibitors
OR MGL inhibitors OR anandamide transport inhibitors OR
“ABHD6 inhibitors” OR “ABHD12 inhibitors” OR NAAA inhibitors
OR “Fatty acid Binding Protein inhibitors” OR FABP inhibitors OR
allosteric modulators OR PEA OR palmitoylethanolamide AND
Pain OR Hyperalgesia OR pain OR analgesia OR analgesic OR
analgesics OR allodynia OR neuralgia OR hypersensitivity OR
hyperalgesia OR hyperalgesic OR antinociception OR anti-
nociception OR hypoalgesia OR hypoalgesic OR anti-
hyperalgesia OR antihyperalgesia OR antihyperalgesic OR anti-
hyperalgesic OR anti-allodynic OR antiallodynic OR anti-allodynia
OR antiallodynia AND Animal search filters.

Search results were limited to animal studies using specific
data-base search filters.11,27 The search results were amalgam-
ated into an Endnote (X7) library and duplicates removed.

3.3. Inclusion and exclusion criteria

Population: any injury-related or pathological persistent pain
model. Persistent pain was described as typically studied over a
period of hours, days, weeks, or months, and therefore for
inclusion, a minimum experiment length of 1 hour. Intervention:
any cannabinoid, cannabis-basedmedicine, or endocannabinoid
system modulator administered to assess antinociceptive effect.
Comparison: a separate cohort of animals in which the model
was induced and was given a vehicle control treatment.
Outcome: any pain-associated behavioural outcome measures.

For themeta-analysis, studieswere required to report the number
of animals per group, the mean, and a measure of variance (either
the SEM or SD). Studies assessing the drug intervention in a model
of acute pain were excluded (pathological or injury-related models
persisting for less than 1 hour or naive/healthy animals used in pain-
associated behavioural assessments). Similarly, studies that did not
have an appropriate control were excluded. For example, the same
animal could not be used for both, eg, contralateral is not suitable
control for ipsilateral due to the possibility of contralateral sensory
changes that could affect outcome measures.

3.4. Study selection

Using SyRF, the articles identified in the search were manually
screened based on title and abstract by 2 independent reviewers,
with discrepancies reconciled by a third. To ensure that the crowd
had correctly identified and included all relevant studies, the human
decisions were used to train a machine learning algorithm.3 Error
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analysis was conducted in an iterative manner, presenting the top
200 studies for possible inclusion for screening. These were
screened by an expert reviewer (N.S.) until there was not a change
in the decisions for either inclusion or exclusion.

3.5. Risk of bias

In accordance with the CAMARADES checklist33 and adaptation
of the SYRCLE Risk of Bias tool,26 the risk of bias of the included
studies was assessed by recording the reporting of 5 method-
ological quality criteria: sample size calculation, randomisation,
allocation concealment, blinded assessment of outcome, and
reporting of animal exclusions. Criteria were extracted by 2
independent reviewers and discrepancies reconciled by a third.
Risk was scored high, low, or unclear based upon the reporting of
the method. Reporting of potential conflicts of interest and
compliance with animal welfare regulations32,33 were collected
but were not included in the overall risk of bias.

3.6. Data extraction

Data were extracted into SyRF. For all included studies, details of
publication, model, intervention, outcome assessment (Table 2),
and other experiment details were extracted (Table 3). Outcome
data presentedgraphicallywere extractedusingdigital ruler software
(UniversalDesktopRuler, Adobe ruler,Webplotdigitizer) todetermine
values. When multiple time points were presented, the time point
that showed the greatest difference between the control group and
treatment group was extracted. If the type of variance (eg, SEM or
SD) was not reported, it was characterised as SEM because this is
the more conservative approach, as studies are weighted in part by
the inverse of the observed variance. For each study, data were
extracted by 2 independent reviewers.

3.7. Data reconciliation

Data extracted by 2 independent reviewers were compared, and any
discrepancies reconciled by a third independent reviewer. For
outcome data, which were predominantly reported in graphs, the
standardised mean difference (SMD) effect size of individual
comparison was calculated for each reviewer’s extracted data; if
these differed by .10%, they required reconciliation. When they
differed by ,10%, a mean of the 2 means and variances was
calculated.

3.8. Data analysis

The meta-analysis was conducted in accordance with the
guidelines described by Vesterinen et al.51 The data have been
analysed as a whole and subgroup analyses were conducted to
investigate howeffect sizes vary according to study characteristics,
eg, species, strain, sex, the type of injury/pathology modelled, and
the outcome measure. Data pertaining to the cannabinoid-related
intervention were extracted including the time point of admission
relative to model induction, either prophylactically (pre-model
induction) or therapeutically (post-model induction).

A Hedges’ g SMDeffect size was calculated for each comparison.
Effect sizes were weighted using the inverse variance method to
reflect thecontributionof eachcomparison to the total effect estimate.
When a single control group served multiple treatment groups, the
control group sample size was adjusted by dividing the number of
animals in the control group by the number of treatment groups
served to avoid artificial inflation of n. When more than one pain-
associated behavioural outcomewas reported for the samecohort of

animals, the comparisons were combined to provide a single nested
comparison that is a summary effect for each cohort. Cohort-level
effect sizeswere thenpooledusinga random-effectsmodel (adjusted
using the Hartung–Knapp–Sidik–Jonkman method24,25) and the
restricted maximum-likelihood model was used to estimate hetero-
geneity, the variation of outcomes across studies.50

Subgroup analyses (stratified meta-analyses for categorical
variables) were performed to investigate how study characteristics
influence theoverall estimatesof effects. The subgroupanalysesaim
to provide empirical evidence to inform experimental design and
refine modelling of injury-related or pathological persistent pain and
the extent to which predefined study design and study risk of bias
characteristics differ in their overall estimates of effect. The study
design factors analysed using stratified meta-analysis were animal
species, strain and sex, model type, outcome measure type,
therapeutic intervention, and intervention type. Where possible,
drugs have been classed by mechanism of action as listed in the
IUPHAR/BPSGuide to Pharmacology.1 Several drugs havemultiple
potential sites of action and these have been classified accordingly.
Characteristics of the intervention, eg, dose and route of delivery are
important but inextricably linked to the intervention and, therefore,
were not analysed independently. We also assessed the impact of
the reporting of methodological quality criteria and compared the

Table 2

Study-level data extracted from each included publication.

Meta-
data

Risk of bias Reporting quality Curated content

First

author

Year

Sample size

calculation

Randomisation

Allocation

concealment

Blinded

assessment of

outcome

Animal

exclusions

Compliance with animal

welfare regulations

Statement of potential

conflict(s) of interest

Locomotor assessment

Confirmation of drug target

Electrophysiology

Markers of neuronal activity

Assessment of depression/

anxiety-related behaviour

Table 3

Experimental-level data extracted from each included

publication.

Animal Model Intervention Outcome measure

Species

Strain

Sex

Age

Weight

Type of

model

Method of

induction

Drug

Time of administration in

relation to model induction

Dose

Route of administration

Outcome measure type

Units

Direction of effect

Number of treatment

groups served by control

Time of assessment

For each group;

Sample size

Mean outcome

Variance
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pooled effect size of studies that did report a specific criterion with
the pooled effect of studies that did not.

The analyses were conducted using R version 3.6.2. and the
packages meta (version 4.15.1), metafor (version 2.4.0),52 and
dmetar (version 0.0.9000).23

3.9. Publication bias

Funnel plots were generated by plotting each study’s effect size on
the x-axis against its sample size-based precision estimate 1/

ffiffiffiffi

N
p

on
the y-axis, in accordance with guidance by Zwetsloot et al.57 The
potential for publication bias was assessed by visual inspection of the
asymmetry of funnel plots. Trim and fill analysis attempted to correct
for funnel plot asymmetryby imputing the theoreticallymissingstudies
on the left-hand side of the plot and enabling a recalculation of the
overall effect size.14 In addition, Egger regression allowed for a
statistical assessment of the presence of publication bias.16

4. Results

4.1. Crowd recruitment, training, and contribution

The recruitment strategy aimed to target bioscientists but there
were not any prerequisite criteria. Volunteers had varied knowledge
of the topic and experience of the systematic review process. Four
hundred fifty-three people from 44 countries signed up to the
project. Of those, 100went on tomake ameaningful contribution to
the project, with 28 making a large enough contribution to meet
authorship criteria. The crowd took 6 weeks to complete the
screening phase and 37 weeks to complete data extraction.

4.2. Systematic search, study selection, and error analysis

The systematic search identified 10,816 articles for screening
against the inclusion/exclusion criteria (search results are available
on the Open Science Framework https://osf.io/2qde5/?view_
only545aa94bb8ed64d4aabc21e79af5a0e72). A total of 850
studies were initially identified for inclusion. Error analysis of the
included studies was performed manually and 228 (26.8% of the
included studies) had been wrongly included. The incorrectly
included studies all tested an intervention for physiological
antinociception in healthy animals, not in a model of pathological
or injury-related persistent pain. All human decisions were then used
to train the machine learning algorithm. The machine ranked and
presented the studieswhere there was a difference between human
and machine decisions. In the first iteration, the machine performed
with 95% sensitivity and 89% specificity, which improved with each
iteration to an eventual sensitivity of 95% and specificity of 94%.
During the error analysis process, a further 1200 studies were
presented for screening. A total of 137decisions changed, leading to
an eventual inclusion of 751 studies: 129 wrongly excluded were
included and 8 wrongly included were excluded.

A further 278 articles were excluded at full text screening,
conductedconcurrently to theannotationanddata extraction stages,
leading to an inclusionof 473studies (Fig. 1). 99 studiesweremissing
key information for meta-analysis. Data extracted from the 374
studies qualifying for inclusion andmeta-analysis are presented here.

4.3 Study characteristics

In the 374 studies included in the meta-analysis, 171 interven-
tions were assessed for antinociceptive effect in models of
pathological or injury-related persistent pain (see Table, supple-
mental digital content 1, for included study list and study

characteristics; available at http://links.lww.com/PAIN/B332).
The drugs are listed by mechanism of action (23 drug classes)
in Table 4 (see Table, supplemental digital content 2, for full list;
available at http://links.lww.com/PAIN/B333). Cannabinoid type
1 and CB2 receptor agonists were tested most frequently, 281
(19%) and 299 (20%) comparisons, respectively. The most
frequently tested drug was the CB1 receptor agonist,
WIN55,212-2 (n 5 194 comparisons, 13%). 20 model types
were used (Table 5); inflammation, nerve injury, and formalin were
usedmost frequently: 30% (n5 467 comparisons), 27% (n5 413
comparisons), 15% (n 5 235 comparisons), respectively. Over
16,000 animals were included in the analysis with a median of 24
animals’ pain-associated behavioural outcome data extracted
from each included study (a range of 4-162).

All experiments were conducted in rodents. Fifty-six percent (n
5 865 comparisons) were conducted in rats and 44% (n 5 678
comparisons) were conducted in mice. Male animals were used
in 86% (n5 1334 comparisons) and female animals were used in
7% (n5 110 comparisons). Two percent (n5 28) usedmixed sex
groups and 5% (n5 74 comparisons) did not report the sex of the
animals used. Evoked limbwithdrawal tomechanical and thermal
stimuli were the most frequently used pain-associated behav-
ioural outcome measures; 51% (n5 791 comparisons) and 22%
(n 5 343 comparisons), respectively.

To inform a narrative review19 and future research, the
following was annotated for each study and is summarised in
Table 6: Whether the study investigated the effects of drug on
non–pain-related motor activity, the pharmacokinetic properties,
tissue concentrations, and where applicable confirmed the
cannabinoid receptors as the target. In addition, we assessed
whether the study investigated potential toxic effects, effects on
dependency, and on aspects of animal behaviour potentially
reflecting anxiety- and depression-related behaviour. We also
assessed whether electrophysiology (eg, wide dynamic range
and nociceptive specific cells) or markers for neuronal activity (eg,
c-fos, Fos, ERK, and p38 MAPK) were measured in studies of
antinociceptive efficacy.

4.4. Meta-analysis of the antinociceptive efficacy of
treatment with a cannabinoid, cannabis-based medicine, or
endocannabinoid system modulator

A total of 374 studies, comprising 1544 comparisons, investi-
gated the effects of cannabinoids, cannabis-based medicines,
and endocannabinoid system modulators in models of patho-
logical or injury-related persistent pain. Prophylactic and/or
therapeutic administration of the drugs led to a significant
attenuation of pain-associated behaviour compared with control
{SMD 5 1.321 (95% confidence interval [CI] 1.232-1.411)}.
Heterogeneity was moderate (I2 5 61.58%) (Fig. 2).

4.4.1. Effects of study characteristics on
antinociceptive efficacy

Subgroup analyses demonstrated that species accounted for a
significant proportion of heterogeneity (Q5 17, df 2, P, 0.005).
Therefore, rats and mice have been analysed separately. Further
subgroup analyses were conducted to determine whether the
antinociceptive effect varies due to study design characteristics.

4.4.1.1. Rats

Rats were used in 276 studies (n 5 6479, 864 comparisons) to
assess the potential antinociceptive effect of the treatments. 95
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interventions were tested in 11model types. The treatments led to a
significant attenuation of pain-associated behaviour compared with
control (SMD 5 1.306 [95% CI 1.199-1.412]). Heterogeneity was
moderate (I2 5 57.8%, Q5 2044.69, df 863, P, 0.0001).

The drug and drug class accounted for a significant proportion of
heterogeneity (Q51338.17,df94,P,0.0001; andQ536.37df20,
P , 0.05, respectively). Novel compounds not included in the
classification were classified based upon the mechanism of action
reported by the study authors. Cannabinoid type 1 receptor agonists
and CB2 receptor agonists were most frequently assessed (194 and
159 comparisons, respectively). Most drug classes resulted in a
significant antinociceptive effect; NAAA inhibitors produced the
largest significant attenuation of pain-associated behaviour com-
pared with control (SMD 5 1.59 [95% CI 1.17-2.01]), whereas
peroxisome proliferator-activated receptor (PPAR)-gamma antago-
nist, GPR55 agonist, hemp oil, FABP inhibitors, and CB2 receptor
inverse agonist did not have significant effect; however, thesewere of
single studies or single comparisons. Although their effect is smaller,
theCB1 andCB2 receptor agonists subgroups are comprised of data

from a high number of animals and comparisons therefore we can
have greater confidence in the stability of the effect. The smallest
significant effectwaselicitedbycannabidiol (CBD) (SMD51.12 [95%
CI 0.84-1.40]). Most drugswere assessed after model induction (702
comparisons). Whether the drug was administered prophylactically,
or therapeutically, did not account for a significant amount of
heterogeneity (Q5 0.30, df 2, P5 0.9) (Fig. 3A).

4.4.1.2. Mice

Mice were used in 153 studies (n 5 6876, 677 comparisons) to
assess the potential antinociceptive effect of the treatments. One
hundred ten drugs were tested in 15 model types. Overall, the
treatments led to a statistically significant attenuation of pain-
associated behaviour comparedwith control (SMD5 1.353 [95%
CI 1.199-1.506], P, 0.0001). Heterogeneity was moderate (I25
66.7%, Q 5 2027.72, df 676, P , 0.0001).

The drug and drug class accounted for a significant proportion of
heterogeneity (Q5 5332.76, df 109,P, 0.0001; andQ5 82.26, df

Figure 1. A flow diagram of articles identified from the bibliographic search of 3 electronic databases: PubMed,Web of Science (W of S), and Embase, conducted
on April 9, 2019. The diagram provides the breakdown of records through deduplication, screening, and eligibility until final inclusion in both qualitative and
quantitative analysis. Reported in accordance with the PRISMA guidelines. W of S, Web of Science.
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23,P, 0.0001, respectively). Cannabinoid type 2 receptor agonists
and FAAH inhibitors were assessed the most (137 and 103
comparisons, respectively). As in rats, most drug classes produced
a significant antinociceptive effect. The largest significant attenuation
of pain-associated behaviour compared with control was reported
for NAAA inhibitors (SMD5 3.23 [95% CI 1.97-4.50]); however, we
can have more confidence in the smaller effect sizes of the CB2

receptor agonists and FAAH inhibitors. In addition, an FAAH
inhibitor/TRPV1 agonist and ABHD6 inhibitors did not significantly
attenuate pain-associated behaviours.

Most drugs were assessed after model induction (475
comparisons) and whether they were administered pre- or
post-model induction accounted for a significant amount of
heterogeneity (SMD 5 1.173 [95% CI 0.921-1.434] and SMD 5
1.415 [95%CI 1.227-1.602] Q5 15.07, df 2,P5 0.005) (Fig. 3b).

4.5. Interpreting effect sizes

Effect sizes are influencedby2 factors: themeandifferencebetween
groups and the variance within the groups. This is of importance for
biomedical research as preclinical studies typically lead to larger

effect sizes than clinical studies due to the homogenous and
controlled nature of the experiments limiting the observed variance
(ie, the larger effect size is oftendue to smaller variance andnot larger
mean differences). To assist interpretation, the overall SMD effect of
1.321 suggests that 90.7% of the treatment group will have a mean
larger than the mean of the control group, with an overlap between
the 2 groups of 50.9% (Fig. 4). This concept is further illustrated for
the drug classes assessed for antinociceptive effect in both rats and
mice in Table 7.

Table 4

Summary of the drug classes assessed for antinociceptive

effect in animal models of injury-related or pathological

persistent pain.

Drug class No. of studies No. of nested
comparisons

CB2 receptor agonist 75 299

CB1 receptor agonist 88 281

Nonselective cannabinoid receptor agonist 71 230

FAAH inhibitor 57 217

PPAR-alpha agonist 40 121

THC 16 69

Anandamide transport inhibitor 18 64

CBD 17 63

Monoacylglycerol lipase inhibitor 23 58

FABP inhibitor 3 31

Unknown mechanism of action 6 25

NAAA inhibitor 4 20

CB1 receptor inverse agonist 7 19

Diacylglycerol lipase inhibitor 3 14

Dual FAAH/MGL inhibitor 4 10

CB1 receptor PAM 1 5

FAAH inhibitor/TRPV1 agonist 1 5

CB2 receptor inverse agonist 2 4

ABHD6 inhibitor 1 3

FAAH inhibitor/TRPA1 agonist 1 2

PPAR-gamma antagonist 1 2

GPR55 agonist 1 1

Hemp oil 1 1

ABHD6, abhydrolase domain containing 6; CB1, cannabinoid type 1; CB2, cannabinoid type 2; CBD,

cannabidiol; FABP, fatty acid-binding protein; FAAH, fatty acid amide hydrolase; MGL, monoacylglycerol

lipase; NAAA, N-acylethanolamine-hydrolysing acid amidase; PPAR, peroxisome proliferator-activated

receptor; PAM, positive allosteric modulator; TRPV1, transient receptor potential vanilloid receptor 1; TRPA1,

transient receptor potential ankyrin 1; THC, delta-9 tetrahydrocannabinol.

Table 5

Summary of the model types used to assess the

antinociceptive effect of cannabinoids, cannabis-based

medicines, and endocannabinoid system modulators.

Model type No. of studies No. of nested
comparisons

Inflammation 434 467

Nerve injury 348 413

Formalin 223 235

Chemotherapy 112 128

Diabetes 63 74

Cancer 57 65

Postoperative 27 52

Visceral inflammation 20 31

Chemical cauterization 1 16

Migraine 9 13

HIV 4 11

Capsaicin 5 9

Heat injury 2 7

Multiple sclerosis 6 7

Musculoskeletal 2 4

Antiretroviral 1 3

Burn injury 1 3

Mustard oil 3 3

Sickle cell disease 2 2

Mild traumatic brain injury 1 1

Table 6

The number of studies that conducted further

experimentation to gain further understanding of the

cannabinoids, cannabis-based medicines, and

endocannabinoid system modulators in conjunction with

antinociceptive effect.

No. of studies %

Confirmation (where applicable) of theCB1/CB2 target 207 69

Effects on motor activity 124 33

Investigate pharmacokinetics 26 7

Tissue concentrations 25 7

Electrophysiology 20 5

Potential toxic effects 19 5

Measure markers of neuronal activity 19 5

Effect on anxiety/depression 11 3

Effects on dependency 10 3

CB2, cannabinoid type 2.
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4.6. Animal model characteristics

Stratifiedmeta-analyseswereconducted todetermine the influenceof
animal model characteristics on the observed effect sizes; the forest

plots pertaining to rat characteristics are presented inFigure 5:model
(A), strain (B), sex (C), and outcome measure (D). Similarly, mouse
characteristics are presented inFigure 6; model (A), strain (B), sex (C),
and outcome measure (D). The results are presented thematically
below and with reference to both Figures 5 and 6.

4.6.1. Model type

In both rats and mice, the model type accounted for a significant
proportion of heterogeneity (Q5 36.56, df 13, P, 0.0025; and Q
5 173.03, df 14, P , 0.0001, respectively). Of the 15 model
types, inflammation followed by nerve injury were modelled most
frequently in both rats (269 and 259 comparisons, respectively)
and mice (195 and 154 comparisons, respectively). In rats, the
largest attenuation of pain-associated behaviour compared with
control was reported in models of burn injury (SMD5 2.23 [95%
CI 0.33-4.14]) and the smallest significant attenuation was
reported in models of inflammation (SMD 5 1.16 [95% CI 0.93-
1.38]. The overall estimate of effect was significant for most rat
model types except heat injury, migraine, and capsaicin models
(Fig. 5A). In mice, the largest significant attenuation of pain-
associated behaviour compared with control was reported in the
mouse model of HIV protein-associated neuropathy (SMD 5
7.932 [95% CI 5.115-10.748]), whereas the smallest significant
attenuation was reported in nerve injury models (SMD 5 1.04

Figure 2. A caterpillar plot of the 1544 nested comparisons extracted from the
374 studies included in the meta-analysis. Hedges’ g standardised mean
differences (SMD) were calculated for each comparison. Effect sizes were
pooled using the random-effects model and heterogeneity estimated with the
restricted maximum-likelihood model (red dashed line indicates overall mean).
Overall effect size5 1.321. Q5 4101.26, df 1543, P, 0.0001, I2 5 61.58%.

Figure 3. Forest plot of drug classes assessed in rat (A) andmouse (B)models of injury-related or pathological persistent pain. The size of the square represents the
weight (%). The weight is the influence that individual subgroup has on the pooled result. N denotes the number of animals that contribute to that subgroup. K
denotes the number of comparisons that comprise each subgroup SMD, standardised mean difference..
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[95%CI 0.71-1.36]). The estimate of effect was significant in most
mouse models, except sickle cell disease, visceral inflammation,
multiple sclerosis, and mustard oil (Fig. 6A).

4.6.2. Strain

Strain accounted for a significant proportion of heterogeneity; 12
different strains of rats (Q539.41,df11,P,0.0001) and29different
strainsofmicewere reported (Q5281.08,df28,P,0.0001). In rats,
Sprague-Dawley and Wistar strains were reported the most (n 5
5148, 458 comparisons and n 5 3655, 361 comparisons,
respectively). All report significant effects except Wistar-Kyoto,
Fischer 344, Wistar Han, and Wistar albino, and the obese diabetic
ZDF/crl-lepr/fa, as well as those strains that were not reported (Fig.
5b). Inmice, theC57BL/6J strainwas themost frequently reported (n
5 1794, 182 comparisons). The effects of the drugs were significant
in over half of the strains but insignificant in 13 strains (Fig. 6B).

4.6.3. Sex

In rats, sex accounted for a significant proportion of heterogeneity (Q
5 21.65, df 3,P, 0.001) (Fig. 5C), whereasmouse sex did not (Q5
7.39,df3.P50.06) (Fig. 6C).Most of thedata are frommale animals.
Female-only animal groups were used in 23 studies (6%, n5 1307),
mixed sex groups in 8 studies (2%, n 5 86) compared with 302
studies usingmale groups. In rats, 91%of the experiments (n58337,
786 comparisons) and 3% (n 5 650, 48 comparisons) of the
experiments were conducted using male and female rats, re-
spectively. The sex was not reported for 28 comparisons (n 5 213),
and 4 comparisons (n5 60) usedmixed sex groups. In mice, 81% of
theexperiments usedmale animals (n55574, 678comparisons) and
9%used female animals (n5 657, 66 comparisons). The sexwas not
reported for 43comparisons (n5438), and24comparisons (n5207)
used mixed sex groups.

4.6.4. Pain-associated behavioural outcome measures

In both rats (Fig. 5D) and mice (Fig. 6D), the type of pain-
associated outcome measure accounted for a significant pro-
portion of heterogeneity (rat; Q 5 160.28, df 5, P , 0.0001; and
mouse; Q 5 20.96, df 5, P , 0.001, respectively). Evoked limb

withdrawal to mechanical stimulation was most frequently
reported (451 and 449 comparisons rats and mice, respectively).
Significant effects were observed for all outcome assessment
types for rats; however, in mice, effect sizes for complex and
nonevoked assessment types were not significant.

4.6.5. Antinociceptive efficacy of drug classes in different
model types

In rats, CB1 andCB2 receptor agonists were assessed themost, with
in 10 and9model types, respectively. The antinociceptive effect of the
2 drug classes was significant in most model types (see Table,
supplemental digital content3 for drugclasseffects in individualmodel
types, available at http://links.lww.com/PAIN/B334): nerve injury,
chemotherapy-induced peripheral neuropathy, and cancer models.
However, CB1 receptor agonists did not significantly attenuate pain-
associatedbehaviour in inflammationandheat injurymodels (31and7
comparisons, respectively). Within rat inflammation models, the
results are mixed; the CB1 receptor agonists did not significantly
attenuate pain-associated behaviours in models of carrageenan (10
comparisons) and osteoarthritis (1 comparison). Cannabinoid type 2
receptor agonists did not significantly attenuate pain-associated
behaviour in the rat formalin and migraine models (4 comparisons in
each). Fatty acid amide hydrolase inhibitors and peroxisome
proliferator-activated receptor-alpha agonists (exclusively PEA, oleoy-
lethanolamide, and analogues of PEA) were also assessed in a broad
rangeofmodel types,6and10model types, respectively.Peroxisome
proliferator-activated receptor-alpha agonists significantly attenuated
pain-associated behaviours across all model types, whereas FAAH
inhibitors demonstrated antinociceptive effects in neuropathic pain-
associated models (eg, nerve injury, CIPN, and diabetes) but a mixed
effect was observed in inflammation-associated models. FAAH
inhibitors (comprising 26 individual drugs) significantly attenuated
pain-associated behaviours in the complete Freund’s adjuvant and
formalin models but not in carrageenan (11 comparisons) or
osteoarthritis (12 comparisons) models (see Table, Supplemental
Digital Content 4, for drug class effects in rat inflammation models
available at http://links.lww.com/PAIN/B335).

In mice, CB2 receptor agonists and FAAH inhibitors were
assessed the most, across 10 and 8 model types, respectively
(see Tables, supplemental digital content 5 and 6 for full drug
class effects in mouse models, available at http://links.lww.com/
PAIN/B336 and http://links.lww.com/PAIN/B337, respectively).
Cannabinoid type 2 receptor agonists significantly attenuated
pain-associated behaviours in mouse cancer and visceral
inflammation models but not in nerve injury (33 comparisons),
multiple sclerosis (6 comparisons), and CIPN (2 comparisons)
models. Fatty acid amide hydrolase inhibitors significantly
attenuated pain-associated behaviours in inflammation (38
comparisons), nerve injury (29 comparisons), formalin (15
comparisons), postoperative (4 comparisons), and diabetes (3
comparisons) models but not in CIPN (8 comparisons), visceral
inflammation (5 comparisons), and mustard oil (1 comparison)
models. Cannabinoid type 1 and CB2 receptor agonists were
both assessed in 6model types and significantly attenuated pain-
associated behaviours in all model types except nerve injury. Like
rats, PPAR-alpha agonists significantly attenuated pain-
associated behaviours in the 4 model types in which they were
assessed: nerve injury, inflammation, formalin, and CIPNmodels.

4.7. Risk of Bias

The overall risk of bias of the 374 included studies is unclear. The
reporting of methodological quality criteria was low: 47% (175)

Figure 4. Visualisation of the overlap between control and treatment group
distributions of the overall SMD effect size of 1.32.34 The darker distribution
curve represents the control group and the lighter distribution curve represents
the treatment group. Animals within each group can fall anywhere within their
respective curves, with increasing likelihood towards the peak; imagine each
curve a hill of animals with single animals at the tail-ends of the distribution
curve. SMD, standardised mean difference.
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reported blinded assessment of outcome, 32% (118) reported
randomisation (to treatment or control group), 14% (54) reported
animal exclusions, 13% (49) reported predetermined animal

exclusion criteria, 4% (15) reported allocation concealment, and
3% (12) reported a sample size calculation (Fig. 7A). This
contrasts with the reporting of conflict of interest, 54% (203), and

Table 7

Differences and overlap between treatment and control groups for drug classes assessed for antinociceptive efficacy in rats (A)

and mice (B), which correspond to the forest plots of Figures 3 and 4.

A
Drug Class

Effect Size % of treatment group with
larger mean than control group

% overlap N

NAAA inhibitor 1.59 94.4 42.7 78

Unknown mechanism of action 1.50 93.3 45.3 32

CB2 receptor agonist 1.48 93.1 45.9 1671

THC 1.47 92.9 46.2 476

CB1 receptor inverse agonist 1.44 92.5 47.2 131

PPAR-alpha agonist 1.40 91.9 48.4 1105

Nonselective cannabinoid receptor agonist 1.37 91.5 49.3 1379

Anandamide transport inhibitor 1.32 90.7 50.9 497

Monoacylglycerol lipase inhibitor 1.31 90.5 51.2 151

FAAH inhibitor 1.21 88.7 54.5 1270

CB1 receptor agonist 1.18 88.1 55.5 2021

CBD 1.12 86.9 57.5 383

CB2 receptor inverse agonist 0.96 83.1 63.1 8

FABP inhibitor 0.87 80.8 66.4 12

Hemp oil 0.09 53.6 96.4 12

GPR55 agonist 20.38 35.2 84.9 8

PPAR-gamma antagonist 20.72 23.6 71.9 26

B
Drug Class

Effect Size % of treatment group with
larger mean than control group

% overlap N

FAAH inhibitor/TRPA1 agonist 3.52 100 7.84 24

NAAA inhibitor 3.23 99.9 10.6 110

CB1 receptor inverse agonist 2.69 99.6 17.9 66

PPAR-alpha agonist 2.60 99.5 19.4 508

Diacylglycerol lipase inhibitor 1.83 96.6 36 138

FAAH inhibitor 1.56 94.1 43.5 1058

Unknown mechanism of action 1.56 94.1 43.5 183

Monoacylglycerol lipase inhibitor 1.53 93.7 44.4 457

Dual FAAH/MGL inhibitor 1.42 92.2 47.8 84

THC 1.39 91.8 48.7 283

CB1 receptor agonist 1.38 91.6 49 887

CB1 receptor PAM 1.08 86 58.9 61

CB2 receptor inverse agonist 1.05 85.3 60 48

CBD 1.05 85.3 60 230

Nonselective cannabinoid receptor agonist 1.03 84.8 60.7 815

CB2 receptor agonist 1.03 84.8 60.7 1448

Anandamide transport inhibitor 0.82 79.4 68.2 146

FABP inhibitor 0.65 74.2 74.5 252

ABHD6 inhibitor 0.27 60.6 89.3 33

FAAH inhibitor/TRPV1 agonist 20.39 34.8 84.5 45

N, number of animals (Magnusson, 2020).

ABHD6, abhydrolase domain containing 6; CB2, cannabinoid type 2; CBD, cannabidiol; FAAH, fatty acid amide hydrolase; FABP, fatty acid-binding protein; MGL, monoacylglycerol lipase; NAAA, N-acylethanolamine-hydrolysing

acid amidase; PAM, positive allosteric modulator; PPAR, peroxisome proliferator-activated receptor; TRPV1, transient receptor potential vanilloid receptor 1; THC, delta-9-tetrahydrocannabinol.
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high reporting of compliance with animal welfare regulations,
94% (353). The highest number of criteria reported was 4 out of 6

in 10 studies. Themethods for howbiaswasmitigatedwere rarely

reported; therefore, the studies are at an unclear risk of bias (Fig.
7B; see Table, supplemental digital content 7, a traffic light plot

presenting the risk of bias judgement for each study, available at

http://links.lww.com/PAIN/B338).
Reporting of blinded assessment of outcome, predetermined

animal inclusion criteria, and animal exclusions did not account for a

significant proportion of heterogeneity. Allocation concealment,

randomisation, and sample size calculation accounted for a

significant proportion of heterogeneity. In the case of sample size

calculation and allocation concealment, the low prevalence of

reporting may limit our ability to accurately determine their influence

on the reported outcomes. However, larger effect sizes were
reported in the studies that did not report allocation concealment
and sample size calculations, SMD5 1.345 vs SMD5 1.055 (Q5
5.299, df 1, P 5 0.021) and SMD 5 0.221 vs SMD 5 1.349 (Q 5
18.104, df 1, P , 0.0001), respectively. It was the converse for
randomisation,where larger effect sizeswere reported in studies that
did report randomisation (SMD 5 1.471 vs SMD 5 1.245, Q 5
5.792, df 1, P5 0.016) (Fig. 8).

4.8. Publication bias

Analysis of the data from the 374 included studies has an overall
effect size (SMD) of 1.321 (95% CI 1.232-1.411). Visual
inspection of the funnel plot shows normal distribution. Egger’s

Figure 5. Forest plots of study design characteristics of experiments in which treatments were assessed for antinociceptive efficacy in rat models of persistent or
injury-related persistent pain. Model type (A), sex (B), strain (C), and outcome assessment type (D) account for a significant proportion of heterogeneity. The size of
the square represents the weight (%). The weight is the influence that individual subgroup has on the pooled result. N denotes the number of animals that
contribute to that subgroup. SMD, standardised mean difference
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regression was not consistent with effects of small studies
(P 5 0.112) and did not indicate the presence of funnel plot
asymmetry. Trim and fill analysis did not impute any theoretically
missing studies (Fig. 9).

6. Discussion

We report a systematic review of preclinical studies in which
cannabinoids, cannabis-based medicines, and endocannabi-
noid system modulators were assessed for behavioural signs of

Figure 6. Forest plots of study design characteristics of experiments in which treatments were assessed for antinociceptive efficacy inmousemodels of persistent
or injury-related persistent pain. Model type (A), sex (B), strain (C), and outcome assessment type (D) all account for a significant proportion of heterogeneity. The
size of the square represents the weight (%). The weight is the influence that individual subgroup has on the pooled result. N denotes the number of animals that
contribute to that subgroup. SMD, standardised mean difference

July 2021·Volume 162·Number 7·Supplement 1 www.painjournalonline.com S37

www.painjournalonline.com


antinociceptive efficacy in animal models of injury-related or
pathological persistent pain.

We identified 374 studies including over 16,000 rodents in
which 171 different cannabinoids, cannabis-based medicines, or
endocannabinoid system modulators were assessed for anti-
nociceptive efficacy in 20 different animal model types of injury-
related or pathological persistent pain. All the included studies
investigated effects in rodents only, suggesting a scarcity of
studies investigating antinociceptive effects in larger animals, eg,
canines and primates.

Most experiments were conducted in male Sprague-Dawley
rats, with inflammation and nerve injurymost frequently modelled.
Antinociceptive efficacy was measured predominantly by atten-
uation of hypersensitivity in evoked limbwithdrawal assessments.
The interventions led to a statistically significant attenuation of
pain-associated behaviour compared with control; the overall

SMD was 1.321 (95% CI 1.232-1.411). However, this groups
together a very broad range of drugs, drug classes (some with
opposing mechanisms of action), models, and pain-associated
behavioural outcome measures. Thus, more useful insight of the
antinociceptive efficacy of these drugs has been gained from the
subgroup analyses.

6.1. Antinociceptive efficacy of cannabinoids, cannabis-
based medicines, and endocannabinoid system modulators

Selective CB1, CB2, nonselective cannabinoid receptor agonists
(including delta-9-tetrahydrocannabinol [THC]), and PPAR-alpha
agonists (predominantly palmitoylethanolamide; PEA) signifi-
cantly attenuated pain-associated behaviours in a broad range
of inflammatory and neuropathic pain models. Fatty acid amide
hydrolase inhibitors, MGL inhibitors, and CBD significantly
attenuated pain-associated behaviours in neuropathic pain
models but yielded mixed results in inflammatory pain models.
The differences of antinociceptive efficacy may be inherent to the
interventions but are also likely to be influenced by other study
design characteristics. Careful consideration should be given to
the choice of species, strain, and sex in relation to the clinical
condition being modelled, coupled with the need to assess
efficacy using multiple species, strains, models, and pain-
associated behavioural outcomes; the conclusions will be
dependent on these variables.36 Increasing the biological
variation will improve the generalisability of the results.

There are many different strains of the cannabis plant, each
containing different amounts of phytocannabinoids.6 Of note is
the psychoactive component, THC, whose pharmacological
effects are attributed to activity at both the cannabinoid
receptors. Delta-9-tetrahydrocannabinol significantly attenuated
pain-associated behaviours in a broad range ofmodels; however,
we have not been able to analyse the broader effects of the drug.
Similarly, CBD significantly attenuated pain-associated behav-
iours in a broad range of models. Most drugs assessed were
small-molecule CB1 and CB2 receptor agonists and nonselective
agonists. The CB1 and CB2 receptor agonists consistently
significantly attenuated pain-associated behaviours in a broad
range of ratmodels; however, their antinociceptive effect was less
consistent in the mouse models. Unlike in rats, in mouse nerve
injurymodels, CB1 andCB2 receptor agonists did not significantly
attenuate pain-related behaviour. We did not assess side effects
(eg, motor impairment, hypothermia, or anxiolysis) that could

Figure 7. The reporting of methodological quality criteria (A) and a summary
bar plot showing the proportion of studies with a given risk of bias for each
methodological quality criteria (B) for the 374 included studies. Reporting of
conflicts of interest statements and compliancewith animal welfare regulations
were also collected but are not included in the overall risk of bias.

Figure 8. Standardised mean difference effect sizes (and variance) associated with the reporting of methodological quality criteria.
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influence the interpretation of pain-associated behaviour, al-
though these assessments were not commonly reported.

Endocannabinoid system modulators, eg, FAAH and MGL
inhibitors, are considered promising targets for analgesic drug
development, thereby preventing the harms associated with
cannabis and orthosteric cannabinoid agonists (reviewed by
Guindon and Hohmann22). The evidence for efficacy of FAAH
inhibitors is mixed. In rats and mice, FAAH inhibitors significantly
attenuated pain-associated behaviours in nerve injury, formalin,
and diabetesmodels. However, they did not significantly attenuate
pain-associated behaviours of ratmodels of inflammation and both
rat and mouse models of visceral inflammation. The FAAH
inhibitors significantly attenuated pain-associated behaviours in
CFA but not in osteoarthritis models. The evidence indicates that
FAAH inhibitors are least effective for osteoarthritis but may be a
viable candidate for treatment of neuropathic pain conditions.
Concomitantly, the FAAH inhibitor, PF-04457845, failed to
demonstrate analgesic efficacy in a randomised placebo-
controlled clinical trial of osteoarthritis patients.29 Our findings
support the potential utility of a prospective preclinical systematic
review andmeta-analysis to review the animal efficacy data before
clinical trial.

The drugs were grouped by class; however, the drugs
themselves can activate different signalling pathways, and the
signalling pathways necessary for therapeutic effect are not fully
understood. This is particularly pertinent to the antinociceptive
potential of inverse agonists; the data do not represent all inverse
agonist studies merely when they were assessed for antinoci-
ceptive efficacy. The authors of the included studies have
postulated that inverse agonists may yield an antinociceptive
effect due to the subsequent reduction of proinflammatory and
pronociceptive mediators.

6.2. External validity

6.2.1. Misalignment between animal models and the clinical
population

The models used in preclinical pain research generally are not
often well matched to the clinical population.13,44 Sex only
accounted for a significant proportion of heterogeneity in rats.
The studies have been conducted predominantly using male

animals. It is likely that the paucity of female animals limits our
ability to determine the influence of sex in the reported
outcomes and hence may reduce the generalisability of the
findings. Fisher et al.’s21 systematic review of randomized
controlled trials reported that female patients (n 5 3691)
outnumbered male patients (n 5 3613) in the 34 randomized
controlled trials that reported sex; drugs were assessed in
patients with neuropathic pain (n 5 13), cancer (n 5 6), acute
pain after surgery (n 5 4), and multiple sclerosis (n 5 10), and
chronic prostatitis, carpal tunnel syndrome, and back pain in
one trial each. Furthermore, most rodent studies relied upon
stimulus-evoked behavioural outcome measures, which is a
measure of hypersensitivity. In conditions where evoked pain is
a clinically relevant aspect (eg, postsurgical and musculoskel-
etal conditions), hypersensitivity measures may be relevant41

and within these models, the treatment effects are significant
indicating potential benefits for these conditions. However, in
neuropathic pain conditions, spontaneous pain is more often
assessed,15 and in many common neuropathic pain conditions,
such as diabetic neuropathy, sensory loss is more common
than evoked hypersensitivity.4,35 So, although treatment effects
are also significant in the neuropathic pain-associated models,
translation to the clinic might be limited.

6.2.2. Misalignment between the cannabinoids, cannabis-
based medicines, and endocannabinoid system modulators
assessed in preclinical trials and clinical trials

A substantially more diverse range of potential therapeutics have

been assessed for antinociceptive efficacy in animal models (171)

than reported in the recent review of randomised controlled trials

in which 11 interventions were assessed in patients.21 In the latter

review, evidence of benefit was found for cannabis ,7 days and

nabiximols.7 days. However, the studies had an unclear or high

risk of bias with the evidence scored as low or very-low quality

and the authors conclude that “the evidence neither supports nor

refutes claims of efficacy.” The following interventions were

assessed in clinical trials in the clinical meta-analysis but do not

feature in the preclinical meta-analysis: nabiximols (n 5 17),

dronabinol (n 5 2), cannabinoid receptor agonist (n 5 2;

AZD1940 and GW842166), and THC congener (n 5 1;
benzopyran peridine).21 It is possible that these drugs have not

Figure 9.Assessment of publication bias. Visual inspection of the funnel plot does not suggest asymmetry. The dashed red line denotes the overall summary effect
size. SMD, standardised mean difference.
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been tested for efficacy in animal models and/or the studies in
which their effects are described are not reported with sufficient
detail to be included in the meta-analysis.

The observed misalignment between preclinical and clinical
trials suggests that the animal studies are not being optimally
used to inform or predict direction for clinical trials or efficacy in
the clinic. The justifications for clinical trials were likely borne from
patients and their use of cannabis to alleviate pain. Animal studies
are being conducted concurrently to clinical studies providing
opportunity for both translation and back-translation. Animal to
human translation will always be unpredictable, especially
considering the challenges of pain research. However, animal
studies in the field of cannabinoid research may have greater
utility than is currently being recognised. They can be especially
useful for providingmechanistic insights into the pharmacology of
cannabinoids, cannabis based-medicines, and endocannabi-
noid system modulators, to facilitate development of human
therapies.

6.3. Internal validity

All included studies had an unclear risk of bias. The propensity to
report methodological quality measures to reduce the risk of bias
was low, and this finding is commensurate with other pain
preclinical systematic reviews (eg, Currie et al.10). It likely reflects
the fact that the reporting of many of these quality measures has
not been required by journals nor convention in the preclinical field
until recently. The included studies rarely reported the perfor-
mance of power calculations to determine sample size (3%) or
animal exclusions (14%); however, randomisation and blinding
were more frequently reported (32% and 47%, respectively). Our
analyses did not show a consistent relationship between the
reporting of methodological quality and smaller effect sizes (akin
to Federico et al.18); however, larger effect sizes were reported in
studies that did not report allocation concealment and sample
size calculations, both accounting for a significant proportion of
heterogeneity. The methods used to mitigate bias were rarely
reported, and it was therefore not possible to accurately assess
the risk of bias, leading to uncertainty in the validity of the
outcomes.

Sample size should be determined using a power analysis, and
experiments are required to use sufficient animals to be
adequately powered. In relation, many experiments compared
multiple treatment groups with one control group. This reduced
the sensitivity because the control group was divided across the
multiple treatment groups (the mean number of animals in the
control group was reduced from n5 8 to n5 3). Bate and Karp5

provide a strategy for reducing the risk of false positives by
increasing the number of animals in the control group, although
this is also contingent on the other factors that comprise a sample
size calculation (eg, effect, variability, significance level, analysis,
and experimental constraints). Using more animals is commen-
surate with the reduction, refinement, and replacement (3R)
principles because it ensures that the animal sacrifice is weighted
against the highest possible gain of knowledge, although existing
animal care and use committees may view this as a conflict.

6.4. Publication bias

Unlike a recent preclinical systematic review of pregabalin in
which a 27% overestimate of effect was theorised,18 our analysis
does not suggest presence of publication bias, the phenomenon
wherein neutral or negative studies are not published.

6.5. Future research

The number of studies that concurrently conducted and reported
pharmacokinetic investigation (24 studies) including drug con-
centrations in tissues after administration (25 studies) was low at
7% of studies. There is a need to conduct pharmacokinetic
studies alongside pharmacodynamic studies to determine the
relationship between plasma/tissue concentrations of treatments
and reflexive or complex nociceptive behavioural measures. Few
studies assessed the effects of the drugs on sedation with 124
studies (33%) assessing impact of drugs on motor activity, which
is a particular concern for direct-acting CB1 receptor agonists
(but would not be expected to be a confound for CB2 agonists,
FAAH inhibitors, anandamide transport inhibitors, or CB1

allosteric modulators). Similarly, few studies assess the anxiolytic
or depressive-like effects (11 studies, 3%) of the drugs, which
may also compound pain-associated behavioural outcomes. A
broader range of assessment is required to determine the full
behavioural effect of these drugs.38 It was outside the scope of
this systematic review and meta-analysis to assess the possible
side effects of these treatments, but to assist future reviews,
studies assessing pharmacokinetics, locomotor activity, anxiety,
and depression were annotated.

Rigorous preclinical design is required for internal validity.28 To
limit threats to validity, we endorse conducting and reporting

animal experiments as suggested by Andrews et al.,2 Vollert

et al.,31,54 and in accordance with the ARRIVE guidelines.40 To

improve external validity, researchers should balance the sexes

as stipulated by funding bodies including the U.S. National

Institutes of Health.8,49 Historically, emphasis has been placed

upon reflex withdrawal responses rather than measuring more

complex, ethologically relevant behaviours, although the clinical

relevance of these measures to analgesia remains uncertain. The

development of sensory profiling for rodents and complex

behavioural animal models specific to each pain condition is

required to improve face and predictive validity and better reflect

the clinical situation (Rice et al., 2017). Multicentre testing may

offer a method to improve the generalisability of preclinical

findings by increasing environmental heterogeneity and study
samples.53,55 To address the potential issue of publication bias,
we recommend researchers make available prespecified proto-
cols and publish all results (ie, positive, null, and negative data). To
assist in the optimisation of experimental design, we encourage
primary researchers to conduct prospective systematic reviews
and use the U.K. National Centre for the Replacement, Re-
finement and Reduction of Animals of Research Experimental
Design Assistant (https://eda.nc3rs.org.uk/) to inform their re-
search design and protocol development.12

6.6. Limitations

Our systematic review has several limitations. First, we can only
rely upon what has been reported in publications. There were 99
studies that met the inclusion criteria but could not be included in
the meta-analysis due to not reporting key information, eg,
variance, sample size, or not having suitable controls. For the
included studies, it is possible that methods were used to reduce
the risk of bias, but not reported; conversely, these methodolog-
ical quality criteria may have been reported but not performed.
There are also other experimental design factors that will
influence behavioural outcomes but are not included in our
analyses, eg, housing, diet, handling, habituation,37 and the
sedative effect of the drugs.
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We collected all pain-associated behavioural outcomes of all
interventions of any dose or route of administration that were
being assessed for antinociception. We did not collect in-
formation on the aim of the studies. The behavioural studies
may have been conducted not to determine efficacy, but for a
different rationale.

6.6.1. Pain-associated behavioural outcomes and outcome
data extraction

In our meta-analysis, we grouped together models by the same
underlying biology. Similarly, we grouped together behavioural
outcome measures. Most of the outcomes measured were limb
withdrawal in response to mechanical or thermal stimuli and
despite not having the same underlying biology, these were
grouped together if a cohort was assessed in both. There is large
variation in how these studies are reported, and it is challenging to
identify differences in study design when these are not often
reported in detail. In addition, we chose to extract pain-
associated behavioural outcome data at the time point where
the difference was largest between vehicle and treatment groups.
This allowed us to calculate treatment effects independent of the
intervention’s half-life, particularly pertinent as many studies did
not report time course data. Although not feasible within this
review, given the number of interventions, doses etc., a future
approach may be to calculate area under the curve and
percentage maximum possible effect for each experiment at all
reported doses allowing more information to be gleaned.

6.6.2. Crowd science and machine learning

This review demonstrates that crowd science and machine learning
are viable strategies to improve the feasibility of conducting a large
review. Our experience supports a recent Cochrane study that
demonstrates the feasibility of study identification for inclusion in a
systematic review using crowd science and machine learning.39

Crowd science offers a reduction in individual input by sharing the
labour-intensive stages of the review (screening for study selection
and annotation and data extraction phases). Errors by crowd
members were detected during the reconciliation process and
;20% of studies required re-review by expert reviewers. The
limitations of individual crowd members therefore have not under-
mined the findings of this review. Using a crowd has several hard-to-
quantify benefits including increasing diversity, reducing bias,
community engagement, training, and education. Importantly, this
review has also demonstrated the usefulness of machine learning for
study selection, albeit for error analysis. The machine algorithm
performed with an eventual sensitivity of 95% and specificity of 94%.
This high sensitivity made it unlikely to miss relevant literature.

The search for this review was conducted nearly 2 years ago;
given the size of this review, it is unlikely that the incorporation of
more recent studies will change the overall conclusions. The
continued development of online platforms and automation
technologies is required to improve the feasibility of preclinical
systematic reviews. This will create the possibility to incorporate
the most recent data as it becomes available in the form of a living
systematic review,17 thereby addressing the challenge for the
future appraisal of the rapid and exponentially increasing volume
of published preclinical literature.

7. Conclusion

This systematic review andmeta-analysis provides a comprehensive
summary of studies in which cannabinoids, cannabis-based

medicines, andendocannabinoid systemmodulatorswere assessed
for antinociceptive efficacy in animal models of injury-related or
pathological persistent pain. The behavioural data effect sizes are
significant, and theevidence supports thehypothesis of cannabinoid-
induced analgesia. Most drugs tested in animal models were small
molecules, which is converse to the clinical situation where cannabis
extracts have been evaluated most in clinical trials. The differences
between the animal and clinical population highlight the importance
for the development of better validated animal models. Behavioural
assessments that have greater clinical relevance may also improve
the likelihood of the development of effective therapeutic interven-
tions. There is also a need to continually improve clinical trial design in
a manner that is informed by high-quality, mechanism-based
preclinical research. Despite the “unknown” predictive value of many
animal studies, there is value in conducting a prospective systematic
review to aid clinical trial decision making. The findings of this review
support the need for preclinical living systematic reviews and closer,
multidisciplinary, cross-sector collaboration to ensure that animal
studies are rigorous to identify potential candidates and more
accurately inform clinical trial design.

7.1. Glossary

A glossary (Table 8) provides brief explanations for the terms
used throughout this systematic review.
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Table 8

Glossary.

Systematic Review Use predefined methods to identify, select, and critically appraise all available literature to address a specific research question

Meta-analysis The statistical combination of quantitative results (pain-associated behavioural outcomes) of 2 or more studies. The methods

included in the meta-analysis are the calculation of effect sizes, the pooling of the effects so that the range and distribution of

effects can be observed

Study In this instance, a study refers to the publication. A publication can have multiple experiments in which an intervention is tested in a

cohort of animals and a pain-associated behaviour is measured. There can be multiple outcome measures per cohort. Similarly, a

study can have multiple experiments.

Comparison and nested comparison The outcome measure of a treatment group compared to a control (vehicle-treated) group is a comparison. Often the same cohort

of animals undergo multiple pain-associated behavioural outcome measurements. In these instances, the comparisons are

combined to give one outcome statistic (a nested comparison) that represents the global measure of the outcomes in that

comparison.

Effect size For each comparison, an effect size is calculated using standardised mean difference (SMD). The difference between group

means (mean of control group – mean of experimental group) is divided by the pooled variance, which converts all outcome

measures into a standardised scale. (A correction factor, 1 or 21 is used to define the direction of the effect size, whether the

outcome is better or worse in comparison to the control).

Heterogeneity Study heterogeneity denotes the variability in outcomes that are not due to measurement errors but other influencing factors (eg,

study characteristics). We have estimated heterogeneity using both Cochran’s Q and I2 and explored sources of heterogeneity with

stratified meta-analysis.

Estimating heterogeneity with Cochran’s Q Q is an estimate of between-study heterogeneity and is calculated from effect sizes. It is based on a chi-squared distribution. A

larger Q value denotes larger variation across studies rather than within subjects within a study. The P value of Q is used to indicate

the presence or absence of heterogeneity.

Estimating heterogeneity with I2 I2 is the proportion of total variance between studies that is due to true differences in effect sizes, not differences that are due to

chance. If I2 5 0% all variation is due to chance alone, 100% all variation is due to differences between the true effect sizes

between studies.

0-25%—very low heterogeneity

25-50%—low heterogeneity

50-75%—moderate heterogeneity

.75%—high heterogeneity

Stratified analysis Studies that share a particular characteristic, eg, sex, strain, animal model, will be more similar than studies that do not share the

same characteristic. Stratified analysis allows us to partition the heterogeneity between groups of similar studies and between

groups of studies to determine whether the differences are statistically significant.

Animal model Whole in vivo animal models of pathological or injury-related persistent pain, eg, tissue injury, cancer, chemotherapy-induced,

inflammation, or nerve damage. Persistent pain was defined as studied over a period of hours, days, weeks, or months.

Pain-associated behavioural outcome These were when pain was declared the reason for assessment by the authors. Behavioural outcomes include:

Evoked limb withdrawal to mechanical, heat, or cold stimuli

Spontaneous, eg, weight-bearing difference, spontaneous foot lifting, grimace scale, and nocifensive behaviour)

Complex, eg, open-field test (thigmotaxis) and burrowing

Antinociception Attenuation of pain-associated behaviour
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