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Resumo

Uma abordagem sistematica ao papel do sistema endocanabinoide na disfuncio microvascular da

sépsis

Introducio: O sistema endocanabindide desempenha um papel chave na regulagdo da inflamagéo, da resposta imune e
na homeostasia vascular. Nos tltimos anos, tem sido amplamente estudado como um alvo terapéutico promissor para
diversas patologias, nomeadamente inflamatorias e autoimunes. A sépsis ¢ uma sindrome clinica potencialmente fatal
que resulta da desregulagdo imunitaria e de uma resposta inflamatoria exacerbada a infecao, induzindo uma disfuncao
endotelial generalizada e alteragdes microvasculares que conduzem a faléncia multiorganica. No entanto, a interagado
entre a disfun¢@o microvascular em contexto de sépsis e o sistema endocanabindide ainda € pouco explorada na literatura

cientifica.

Objetivo e métodos: Foi realizada uma revisao sistematica para analisar a relagdo entre o sistema endocanabindide ¢ a
disfun¢do microvascular na sépsis. A pesquisa bibliografica foi conduzida nas bases de dados PubMed, Scopus e Web
of Science, tendo sido selecionados estudos que recorreram a modelos experimentais de sépsis nos quais a intervengao
envolveu a modulagdo do sistema endocanabinoide/canabinoide e a fung¢do microvascular e/ou plaquetaria foi avaliada.
O risco de viés ¢ a qualidade metodologica dos estudos foram avaliados com base numa escala padronizada desenvolvida

por Cosme D. et al..

Resultados: Foram incluidos 11 estudos, dos quais 9 realizados in vivo em modelos animais e 2 in vitro em células
humanas. O alvo molecular mais investigado foi o recetor CB2 (9 estudos), cuja ativagdo demonstrou estar
consistentemente associada a uma reducdo da adesdo leucocitaria, sugerindo um efeito protetor contra a inflamagéo
microvascular. Além disso, observou-se uma diminui¢do na producdo de VEGF e efeitos antiangiogénicos com a
ativagdo dos recetores CB1 e CB2. O recetor CB1, por sua vez, mostrou influenciar a resposta contratil dos vasos de

forma dependente do contexto experimental.

Conclusdo: A modulagdo do sistema endocanabinoide apresenta potencial terapéutico para a sépsis, especialmente na
prevengao de complicagdes microvasculares associadas a doenga € na modulacao de pressao arterial. Assim, a avaliacao
deste potencial em humanos ¢ essencial para validar a relevancia translacional destes achados e a sua aplicabilidade

clinica.

Palavras-chave: endocanabinoide, CB1, CB2, TRPV1, sépsis, disfungdo endotelial, microvascular, resposta contratil

vascular, disfun¢do vascular, adesdo leucocitaria, VEGF



Abstract

A Systematic Approach to the Role of the Endocannabinoid System in the Microvascular Dysfunction

of Sepsis

Introduction: The endocannabinoid system plays a key role in regulating inflammation, immune responses, and
vascular homeostasis. In recent years, it has been extensively studied as a promising therapeutic target for a variety of
pathological conditions, including inflammatory and autoimmune diseases. Sepsis is a life-threatening condition
driven by immune dysregulation and exaggerated inflammatory response to infection, leading to widespread
endothelial dysfunction and microvascular impairment, that drive multi-organ failure. However, the interaction
between microvascular dysfunction in sepsis and the endocannabinoid system remains poorly explored in scientific

literature.

Objective and Methods: A systematic review was conducted to analyze the relationship between the
endocannabinoid system and microvascular dysfunction in sepsis. A literature search was performed using PubMed,
Scopus, and Web of Science databases, selecting studies that employed experimental models of sepsis in which
interventions targeted endocannabinoid/cannabinoid modulation and evaluated microvascular and/or platelet function.
The risk of bias and methodological quality of the studies were evaluated using a standardized scale developed by

Cosme D. et al..

Results: A total of 11 studies were included, 9 of which were in vivo studies in animal models and 2 in vitro studies in
human cells. The most frequently investigated molecular target was the CB2 receptor (9 studies), whose activation
was consistently associated with a reduced leukocyte adhesion, suggesting a protective effect against microvascular
inflammation. Furthermore, a decrease in VEGF production and anti-angiogenic effects were observed with the
activation of CB1 and CB2 receptors. The CB1 receptor, in turn, was found to influence vascular contractile responses

in a context-dependent manner.

Conclusion: Endocannabinoid system modulation emerges as a promising therapeutic approach for sepsis, particularly
in preventing microvascular complications associated with the disease and modulating blood pressure. Therefore,
evaluating this potential in humans is essential to validate the translational relevance of these findings and their

clinical applicability.

Keywords: endocannabinoid, CB1, CB2, TRPV1, sepsis, endothelial dysfunction, microvascular, contractile

response, VEGF, vascular function, leukocyte adhesion



Introduction

Cannabis sativa has been cultivated for over 4,000 years, playing a significant role in human civilization. Historically,
it has been valued for its textile and construction applications, as well as for its psychoactive properties attributed to
tetrahydrocannabinol (THC). Its medicinal use has long been recognized, with evidence suggesting anti-inflammatory,

antidepressant and analgesic effects.[1].

The pivotal breakthrough in cannabinoid research occurred in 1990 with the discovery of the cannabinoid receptor type
1 (CB1), which provided new insights into the pharmacological potential of cannabinoids. This finding sparked the
exploration of the endocannabinoid system (ECS), a complex network of receptors, endogenous cannabinoids, and
enzymes responsible for the synthesis, degradation and transport of lipid-like molecules that regulate various
physiological processes. The broader spectrum of proteins, enzymes, and lipids that influence ECS activity is

collectively referred to as the “endocannabinoidome” [2].

CBI1 and cannabinoid receptor type 2 (CB2) are the most studied and well-portrayed cannabinoid receptors. They belong
to the family of G protein-coupled receptors (GPCRs), which inhibit adenyl cyclases and recruit arrestin-dependent
pathways. CB1 receptors are particularly enriched in the nervous system but are found in peripheral tissues, including
the liver, adipose tissue, and skin. The activation of central CB1 receptors is responsible for the psychotropic effects of
cannabinoids [4]. In contrast, CB2 receptors are mostly found in immune tissues and cells and mediate immune
responses, inflammation, neuropathic pain and bone remodelling, for example [5,6]. Addicionally, CB2 receptors have

been detected in microglia and in neurons, during inflammatory states. [7]

Recent studies have highlighted the role of ECS in vascular function, particularly in blood pressure regulation and
endothelial activity. The Malinowska review [8] described a triphasic vascular response to cannabinoids, with an initial
bradycardia and hypotension (phase 1), a short vasopressor effect (phase 2) and, finally, prolonged vasodilation (phase
3). However, inconsistencies remain in the understanding of this response, with reports of WINS55212-2 and CP55940
(CBI1 agonists) inability to induce the phase 2 vasopressor effect and a study [9] suggesting a possible involvement of
transient receptor potential vanilloid 1 (TRPV1) in the effect’s physiology. Moreover, the vasopressor effect has rarely
been described in reports [10] and is not fully understood [11]. Endothelial activation is also correlated with cannabinoid
modulation, effects on leukocyte adhesion, endothelial inflammatory responses and even in the pathogenesis of

atherosclerosis, where endothelial dysfunction plays a pivotal role [12,13].

Sepsis consists in the life-threatening organ dysfunction caused by a dysregulated host response to infection and is
associated with in-hospital mortality greater than 10% [14]. Its pathophysiology involves immune dysfunction and
imbalanced inflammatory activity, resulting in endothelial activation, microvascular damage, and ultimately, multiple
organ dysfunction syndrome (MODS). Endothelial integrity is compromised through a combination of other
mechanisms during sepsis, such as platelet dysfunction, coagulopathy, oxidative stress, and glycocalyx degradation, all
of which contribute to microcirculation damage and disease progression. Despite promising evidence of restoration of
endothelial function [15], there are no treatment options available for this dysfunction. This also applies to coagulation
dysfunction, which closely relates to the severity and progression of sepsis and closely related to and correlated with

endothelial dysfunction [16]. Platelets have been shown to participate in the pathological process of sepsis, namely in



organ damage [17], through endothelial loss of integrity and through Toll-like receptors, where bacterial
lipopolysaccharides (LPS) could stimulate platelet secretion and potentiate platelet aggregation, via TLR4 [18].

Given the ECS’s role in maintaining vascular integrity and the critical involvement of endothelial dysfunction in the
transition of sepsis to septic shock, cannabinoid-mediated modulation of endothelial responses during warrants further
exploration. However, the precise mechanisms by which CB1 and CB2 receptor activation influence vascular responses
in sepsis remain poorly understood. This review aims to synthesize the current evidence on the link between the
endocannabinoid system and vascular dysfunction in sepsis, highlighting its potential as a therapeutic target for

minimizing sepsis-related complications.
Methods

This systematic review was conducted in accordance with the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines. A meta-analysis was not performed. We evaluated studies investigating the
effects of cannabinoids on vascular homeostasis and hemostasis. The target population included experimental models
of sepsis that incorporated an infectious component or an infection-based systemic inflammatory response (LPS).
Eligible models included live animal models, human models, and in vitro studies. The intervention of interest was any
modulation of the endocannabinoid system (e.g., antagonism, agonism, enzyme activity variations) within the context
of sepsis. No restrictions were applied to comparators. The primary outcomes were endothelial integrity, platelet
function and overall vascular competence. We included all parameters measuring these functions as reported in the
selected studies. A secondary outcome was the potential therapeutic application of endocannabinoid ligands for sepsis

and septic shock, particularly targeting platelet and endothelial dysfunction.

Eligible study designs included randomized controlled trials, animal model experiments, and in vitro studies. No
restrictions were placed on language or publication year. A comprehensive literature search was performed in PubMed
(1997—-present), Web of Science (1999—present), and SCOPUS (1980—present), between October 28 and November 1,
2024, with the final search conducted on November 2, 2024. The following search query was applied across all
platforms: [[cannabinoids] OR [endocannabinoids] OR [cannabinoid receptor]] AND [[inflammation] OR [systemic
inflammatory response syndrome] OR [sepsis]] AND [[microvessels] OR [endothelium] OR [blood platelets] OR
[hemostasis]] [All Fields].

Study selection occurred in two phases, conducted independently by two reviewers. Initially, titles and abstracts were
screened for relevance. In the second phase, full-text articles were reviewed to determine eligibility. Data extraction was
performed manually and independently by both reviewers, with disagreements resolved by discussion and consensus.
Extracted data included: study authorship, title, publication year, intervention details, study population or model,

methodology, cannabinoid receptor of interest, and main findings.

To assess methodological quality, we applied a 14-item quality checklist developed by Cosme D. et al. Each criterion
was scored from 0 to 2 (0 = not reported, 1 = limited information, 2 = complete detail). The total score for each study
was determined by summing individual criterion scores and normalizing against the maximum possible score (28).

Quality assessment was conducted independently by two reviewers and is available in Table 1



Table 1: Quality assessment of the included genetic studies; scored as Opoints (information not available in the paper); 1 point (limited information provided); 2 points (complete information regarding that aspect).

Criteria Overall Maximum
Study Authors (Year) T 1 score S o
L2 3 4 5 6 7 8 9 100 1L 12 13 14 (median) O
Activation of Cannabinoid Receptor 2 Attenuates Leukocyte-Endothelial Cell Interactions And | Ramirez, Hasko, Skuba
. . . .. 2 1 2 2 2 2 1 0 2 2 2 2 2 1 1,64 82,14
Blood-Brain Barrier Dysfunction under Inflammatory Conditions (2012)
. . . - - Braile, Cristinziano,
LPS-mediated neutrophil VEGF-A release is modulated by cannabinoid receptor activation rare, Lrsinziano 2 2 2 2 2 2 2 0 2 2 2 2 2 1 1,79 89,29
Marcella (2020)
Inhibition of endocannabl.nmd degradatlon in e'xperlmentaq en(.lotoxemla reduces leukocyte Kianian, Al-Banna, ) 2 ) ) ) ) ) 1 2 2 1 ) | ) 179 89.29
adhesion and improves capilary perfusion in the gut Kelly (2013
Cannabinoid 2 Revceptor' a.ctvlvatlc.)n reduces leukocyt.e adheswn.an'd 1mpr0ve.s capillary perfusion Toguri, Moxsom, ) 2 ) ) ) ) | ) | 2 ) 1 2 ) 179 89.29
in the iridial microvasculature during Systemic inflammation Szczesniak 2015)
The Endocannabinoid/Endovanilloid N-Arachidonoyl Dopamine (NADA) and Synthetic Wilhelmsen, ) ) ) ) ) ) 0 ) ) ) ) ) 1 177 %214
Cannabinoid WIN55,212-2 Abate the Inflammatory Activation of Human Endothelial Cells | Khakpour, Tran (2014) ’ ’
Selective Activation of Cannabinnoid Receptor 2 in Leukocytes Suprt Their Engagement of Rom, Zuluaga-
¢ onol e O1¢ Beeeplo cukocyles supresses Their Engagement Ot | pomirez, Dykstra | 2 02 2 2 1 2 2 0 2 2 2 2 2 2 179 89,29
the Brain Endothelium and Protects the Blood-Brain Barrier 2013)
. . . . . Orliac, Peroni, Celuch
Potenciation of Anandamide Effects in Mesenteric Beds Isolated from Endotoxemic Rats (2003) 2 1 2 2 2 2 2 0 2 2 2 2 1 1 1,64 82,14
Delta-?-Tetrahydrocannab1n01 cor.lserves Cardlovascula.r Functlons.m a. rat 11.10dc.:l of Banyai, Répas, Miklos ) 2 ) ) ) ) | 0 2 2 ) 1 2 ) 171 85,71
endotoxemia: Involvement of endothelial molecular mechanisms and oxidative-nitrative stress (2023)
Endocannablnmd—medla?e(.i modulation of Qq prott?ln—couplefi rec<.:ptor m'edlates vascular Singh, Sharma, Nakade ) ) | ) ) ) ) | ) ) ) ) ) ) 1.86 92.86
hyporeactivity to nor-adrenaline during polymicrobial sepsis (2018)
CB2-receptor stimulation attenuates TNF-a-induced human endothelial cell activation Rajesh,
P . L . . ’ Mukhopadhyay, Batkai | 1 1 2 2 2 2 2 0 2 2 1 2 2 1 1,57 78,57
transendothelial migration of monocytes and monocyte-endothelial adhesion 2007)
Cannabinoid CB1 Receptor Antagonist Rimonabant Decreases Levels of Markers of Organ Leite-Avalca, Staats,
. S . . . 2 2 2 2 2 2 2 0 2 2 2 2 2 2 1,86 92,86
Dysfunction and Alters Vascular Reactivity in Aortic Vessels in Late Sepsis in Rats Verona (2019)
Average score (for each criterium) 1,91 172 191 2 173 2 1,73 036 191 2 1,82 182 1,82 1,55 1,75 86,69

Legend: 1.: Scientific background and explanation of rationale Scientific background and explanation of rationale; 2.: Definition of the specific objectives or hypothesis; 3.: Definition of endpoints to study, 4.:Accurate description of the
laboratory methodologies (easy to understand ad described in enough detail to allow replication), definition of test compounds, experimental conditions, and other important information; use of validated methods, 5.: Ethical review

permissions, when applicable; 6.: Descripton of the statistical methods, when adequate; 7.: Obtain valid data and ensure that it is reliable; 8.: Evaluation by independent observers, blinding; evidence of independent repetitions, 9.: Cite
relevant scientific papers when presenting data; 10.: Accessible and transparent presantation of data throughout the paper (including the appropriate measures of precision/variance), 11.: Critical discussion of the results; comparison
with relevant research on the field; 12.: Draw consistent conclusions based on the evidence presented in the paper; 13.: State the contribuition to cumulative scientific knowledge and the pratical implications of the finding; 14.: Disclose

conflicts of interest and declaring funding sources




Results

The search retrieved 276 articles, 59 from Web of Science, 164 from Scopus, and 53 from
PubMed. After removing 77 duplicates, 199 unique articles remained. Screening based on titles
and abstracts led to the exclusion of 182 articles that did not meet inclusion criteria. Seventeen
full-text articles were assessed for eligibility, of which six were excluded for lacking an
experimental model of sepsis or endotoxemia. Ultimately, 11 studies met all inclusion criteria
and were included in the final review. The study selection process is detailed in a PRISMA flow
diagram (Figure 1). Key study characteristics and findings are summarized in Table 2 and Table

3, regarding results of animal studies and in vitro studies, respectively.
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Figure 1. PRISMA flow diagram



Table 2: Description of each study and its main findings (animal studies)

Article Experimental Model Intervention Receptor Methodology/ Measurements of effect Main Findings
of interest
Ramirez et Mouse model of JWHI133 and O-1966 CB2R Measurement of vascular permeability and CB2R activation:
al, 2012 endotoxemic (CB2 selective leucocyte adhesion (in vivo) -decreased leukocyte adhesion to brain endothelial cells
encephalitis (LPS) agonists) Blood-brain barrier permeability assessment -reduced the expression of endothelial adhesion molecules
Quantification of adhesion molecules -reduced the blood-brain permeability and prevents its dysfunction
Kianian et al Rats (experimental FAAH inhibitor CB2R Intravital microscopy, assessing functional FAAH inhibition:
2013 endotoxemia) (URB597) capillary density and and leucocyte adhesion -prevented the LPS-induced increase in leukocyte adhesion in venules, partially reversed by
CB2 antagonism.
-increased the functional capillary density, irreversible by CB2 antagonism.
Toguri et al, Rats (LPS-induced WIN 55212-2 CB2R and | Quantification of leucocyte adhesion and rolling. WIN 55212-2:
2015 toxemia) (CBI1,CB2 and CBIR Measurement of arterial pressure and heart rate -decreased leukocyte adhesion in LPS-treated rats, with complete reversal by CB2 antagonism.
TRPV1 agonist) Assessment of iridial microvascular blood flow. -improved iridial microvasculature blood flow, without reversal by CB1 or CB2 antagonists
Rom et al, Rat model of JWH 133, GPla, CB2R Intravital video microscopy, with a previous CB2R agonism decreased leukocyte adhesion compared to untreated controls, partially
2013 endotoxemic AM1241 and O-1966 treatment of collected leucocytes with calcein- reversed by CB2 antagonism.
encephalitis (WT or AM. CB2R knockout leukocytes exhibited increased adhesion to the endothelium.
CB2R knock out) WT leucocytes adhered more in CB2Rko mice, when compared to the WT mice.
Orliac et al, Experimental rat Exogenous Vanilloid | Blood pressure measurements Anandamide:
2003 model of anandamide receptors | Vascular reactivity assessment -caused a concentration-dependent reduction of contractile responses to norepinephrine, that
endotoxemia (CBI1, CB2 and (not increased with a vanilloid agonist and decreased with vanilloid antagonist
TRPV1 agonist) specified) -caused a reduction of contractile responses to norepinephrine, potentiated by endotoxemia
Banyai et al Experimental rat THC CBIR and | Quantification of systolic and diastolic volumes THC:
2023 model of LPS- (CBI and CB2 CB2R Measurement of vascular reactivity -increased end-systolic volume in LPS-treated rats
induced endotoxemia agonist) Detection of systemic oxidative-nitrative stress -prevented LPS-induced reduced endothelium-dependent relaxation of the aorta
and quantification of NO endothelial synthase -reversed LPS-induced lipid oxidation and nitrative stress.
-decreased endothelial NO synthase and COX2 density.
Singh et al, Experimental mouse Inhibition of MAGL CBIR Recording of the isometric tension of the thoracic | DAGL inhibitor improved the contractile response of aortic rings to noradrenaline in sepsis.
2018 model of sepsis or of DAGL aorta CBIR antagonist increased the contractile response of aortic rings in sepsis.
(caecal ligation and (enzymes responsible Quantification of CNR1 in the aorta CBIR mRNA expression was increased during sepsis.
puncture) for degradation and Aortic contraction by K+ depolarizing solution was reduced when a CB1 antagonist was added
anabolization of in septic mice.
2AG. respectivelv)
Rajesh et al, Experimental mice HU-308, JWH-133 CB2R Monocyte-endothelial adhesion assay HU-308 and JWH-133 reduced the expression of ICAM-1 and VCAM-1.
2007 model of vascular (CB2 agonists) Cell surface ICAM-1 and VCAM-1 expression HU-308 reduced monocyte adhesion to endothelium.
inflammation (LPS) assay
Leite-Avalca Experimental rat Rimonabant CBIR Dosage of LDH, lactate, glucose and CK-MB Rimonabant:

etal, 2019

model of sepsis
(CLP)

(CBI inverse agonist)

Tail Vasomotor Tone response by temperature
measurement
Isometric Tension Measurement

-reversed CLP-induced alterations in glucose and lactate levels.
-abolished the reduced tail temperature in CLP rats.
-restored vascular reactivity to vasopressin.




Table 3: Description of each study and their main findings (in vitro studies)

. Receptor
Article Experimental Intervention of Measurements of Main Findings
Model . effect
interest
Assessment of vascular . . . .
- CB2 concentration was increased in human brain
permeability and .
- endothelium by LPS.
. leucocyte adhesion LT
Primary human Measurement of CB2R activation:
Ramirez et al, brain JWH 133 and . -reduced the expression of endothelial adhesion
. CB2R transendothelial
2012 microvascular 0-1966 . . molecules
. electrical resistance . . . . .
endothelial cells . . -increased the expression of tight-junction molecules
Blood-brain barrier . . g .
ermeability CB2 concentration was increased in human brain
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Regarding study quality, all included articles achieved a quality score above 75%. However, the
criterion with the lowest scores was “evaluation by independent observers, blinding, and evidence
of independent repetitions in data collection”, suggesting methodological limitations that could
introduce bias. This underlines a need for greater rigor in experimental design and validation in

future studies exploring the role of the endocannabinoid system in sepsis.

The included studies predominantly employed experimental models using animal or cellular
systems, wherein cannabinoid compounds were administered. While these models provide
valuable mechanistic insights, their translational applicability remains a concern. As sepsis a
characterized by complex organ failure and high mortality risk, these features were challenging

to replicate in experimental settings, which potentially limits clinical extrapolation.

In this study, results are presented in separate tables for animal studies (Table 1) and in vitro
studies (Table 2) to clarify and ease data interpretation. The fundamental differences between
these experimental models justify distinct presentation, which allows for a more transparent
evaluation of the results of each model. /n vitro studies provide mechanistic insights at cellular

level, while animal studies contribute to a more systemic understanding of these effects.



Among the included studies, nine focused on classical cannabinoid receptors, CB1 and CB2,
while two explored the vanilloid receptor’s role. In microvascular dysfunction during sepsis.
Specifically, four studies examined CB2 receptor activity alone, two focused on CB1, and three
investigated both receptors in combination or alongside other receptors of interest. This
distribution is particularly relevant given the distinct functional roles of these receptors. CB2
receptor activity is primarily associated with anti-inflammatory pathways and immune regulation,
whereas CB1 receptor activity is more closely linked to cardiovascular regulation, including
vasodilation and hemodynamic responses. The differential research focus may also reflect the

anatomical localization of each receptor.

In this study, the results are (besides their localization in Table 2 and 3) explicitly placed into the
discussion to provide a more comprehensive and contextualized interpretation of the results. This
allows a more direct comparison between our data and existing literature, facilitating the

establishment of similarities, discrepancies, and potential mechanisms.

Discussion

This systematic review analyzed 11 articles, including both animal and human in vitro models,
reflecting the slow progress and limited funding of this subfield. Despite these constraints, some
conclusions can be drawn regarding the modulatory role of endocannabinoids in the
microvascular pathophysiology of sepsis. This modulation is mediated through various molecular
cascades and receptor-specific effects (despite some variability, within the same receptor, by
using different activating substances), particularly CB1 and CB2 and vanilloid receptors,
discussed individually in this discussion. Additionally, the unique properties of THC, a partial
agonist of both CB1 and CB2, warrant specific considerations due to its distinct pharmacological

profile.

CB1

CBI1 is the most well-studied receptor of the endocannabinoid system, with multiple central and
peripheral effects, such as in inflammatory conditions and pain modulation. Beyond these well-
documented roles, it has been implicated in vascular tone regulation and metabolism, through its
presence in endothelial and smooth muscle cells, which, despite expressing lower CB1 levels,
retain functional activity [31]. In fact, Wilhelmsen et al. (2014) detected CNRI (the mRNA
encoding CB1R) in various endothelial tissues, providing key experimental validation and
supporting its physiological relevance (Supplementary Table 1). Notably, this study remains the

only one to directly confirm CBI1 receptor presence in these cells.



As outlined in the results’ section, 6 articles investigated the impact of CB1 modulation in septic
models (Braile et al. 2020; Toguri et al. 2015; Wilhelmsen et al. 2014; Banyai et al. 2023; Singh
et al. 2018; Leite-Avalca et al. 2019). Collectively, these articles indicate a sturdy trend towards
beneficial effects of endocannabinoid modulation in the physiological mechanisms of sepsis,
especially in the contractile response and blood pressure regulation (Toguri et al., 2015, Singh et
al. 2019 and Leite-Avalca et al. 2019). Kianian et al. (2013) proposed a non-CB2 mediated effect
on vascular contractility, while Braile et al. (2020) explored CB1’s role in angiogenesis and
vascular permeability. Addicionally, Leite-Avalca et al. (2019) demonstrated that CB1 receptor
antagonism decreased markers of organ dysfunction. However, findings on CB1 receptor
expression remain inconsistent, with studies reporting both upregulation and downregulation.
These differences may be attributed to tissue-specific responses, stage of sepsis at the time of
measurement and, most likely, the complex pharmacological behavior of THC, which was
underexplored (Banyai et al. 2023). These variations could significantly impact the interpretation

and clinical application of these findings.

The results of this review align with findings in different settings, adding a layer of credibility to
these results. Similarly to the CB1-mediated hypotensive effects shown by Banyai et al. 2023,
Toguri et al. 2015, Singh et al. 2018 (and suggested by Kianian et al. 2013), other studies have
proved this effect in hemorrhagic shock [32], after myocardial infarctions [33] and in normal
physiological conditions, previously described by Malinowska et al. (2017) [8], addressing the
trifasic effect on blood pressure. Despite this, Leite-Avalca et al. (2019) reported a rimonabant-
dependent increase in tail temperature, suggesting a vasodilatory effect of CB1 antagonism.
Furthermore, Bernardelli et al. (2016) suggests that the vascular responses vary depending on the
specific tissue examined, the timing and type of inflammatory insult. These findings imply that
CB1’s role extends beyond simple hypotensive effects, instead differentially modulating blood
vessel contractility. This is clinically significant, as arterial blood pressure regulation remains one
of the most complex yet critical aspects of sepsis management, with multiple therapeutic

strategies available to the physicians.

A compelling finding from this review is CB1’s potential role in modulating angiogenesis and
vascular permeability, two processes increasingly recognized as possible targets in sepsis. While
the role of vascular endothelial growth factor (VEGF) remains debated, its dysregulation can
severely impair endothelial function. Insufficient VEGF levels contribute to endothelial apoptosis
and reduced survival, while excessive VEGF promotes inflammation, vascular dysfunction and
leucocyte adhesion. Braille et al. (2020) demonstrated a partial CB1-mediated effect on VEGF
levels, coinciding with ecreased vascular permeability. This observation is noteworthy, as such

effect are more commonly attributed to CB2 agonism. [35] These findings highlight the
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complexity of endocannabinoid signaling in sepsis and underscore the need for further
experimental research.

CB2

The CB2 receptor is often described as the “shy” counterpart of CB1, sharing 44% overall
genomic identity [36] while being much less prevalent in the tissues where CB1 is predominant,
the CNS, where it can be upregulated in neuroinflammatory states in glial cells [37]. CB2 is more
abundant in immune and lymphoid tissues (e.g., thymus, spleen, and peripheral blood
mononuclear cells). Additionally, low levels of CB2 expression have been detected in
cardiomyocytes and endothelial cells [24], thereby further broadening the receptor’s physiological
relevance. However, Wilhelmsen et al. (2014) highlighted a critical issue: when trying to detect
CB2 receptor, the evidence was faint and inconsistent (Supplementary Table 1). This observation
suggests that, under some experimental conditions, CB2’s presence is ambiguous, in contrast to
earlier studies reporting robust expression. In essence, the reliability of detecting CB2 appears to
depend on the specific methods used and further research employing diverse methodological
approaches is essential to confirm CB2’s expression in endothelial cells and fully unravel its

physiological significance.

The CB2-related information provided by these articles (4 that studied it individually and another
4 where it is evaluated along another receptor) consistently indicates that stimulation of the CB2
receptor significantly reduces leukocyte adhesion to the endothelial walls.

Ramirez et al. (2012) and Rajesh et al. (2007) reported a reduction of the expression in
intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1),
proteins that play a role in leukocyte adhesion and are present in both endothelial and immune
cells. In contrast, Braile et al. (2020) reported no measurable effect on adhesion molecules that
are exclusively expressed by immune cells (e.g., CD66b and L-selectin) (Supplementary Table
1). These discrepancies suggest that the anti-adhesive effects of CB2 activation may primarily be
mediated via its action on endothelial cells. Despite this, Rom et al. (2013) showed that leukocytes
derived from CB2 knockout (CB2ko) rats adhered more strongly to the endothelium compared
with those from wild-type rats, whereas wild-type leukocytes displayed increased adhesion when
interacting with the endothelium of CB2ko rats. Collectively, these observations tend to suggest
that CB2 modulates cellular adhesion processes in both immune and endothelial compartments,

despite previous conflicting reports.

In parallel with these findings, CB2 agonism also enhanced endothelial-barrier function. Ramirez
et al. 2012 demonstrated that CB2-dependent mechanisms attenuated LPS-induced endothelial
permeability, an effect accompanied by the upregulation of tight-junctions’ proteins. Similarly,

Braile et al. (2020) observed that treatment with the CB2 agonists ACEA and JWH-133 reduced
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vascular permeability to polymorphonuclear cells; this effect was partially reversible by both CB1
and CB2 antagonists. These findings are particularly relevant in neuroinflammation, where
disruption of the blood-brain barrier poses a significant risk to the central nervous system

homeostasis.

Combined effect of THC in CB1 and CB2

The potential combined effects of tetrahydrocannabinol (THC), a phytocannabinoid extracted
from Canabis sativa with CB1 and CB2 partial agonism activity, on both these receptors have
also been explored in sepsis-induced circulatory dysfunction. One study (Banyai et al. 2023)
reported that THC administration resulted in a reduction of several inflammatory markers,
including indices of lipid oxidation, oxidative and nitrative stress, as well as DNA damage , even
though it was associated with a reduction in CB1 receptor expression. Moreover, while some
studies indicate that THC may induce endothelial-dependent relaxation in thoracic aorta
segments, thus suggesting vasodilatory effects, similar end-diastolic volumes and cardiac outputs
in LPS-treated groups — regardless of THC administration — suggest that THC does not
effectively counteract LPS-induced vasoconstriction. Therefore, the evidence does not
conclusively support a vascular benefits of THC in sepsis. Nonetheless, the divergent findings
regarding THC’s inflammatory effects warrant further investigation, which may be more
appropriately addressed in a subsequent, dedicated review, as it does not fall within the scope of

this review.

Vanilloid receptors

Interest in vanilloid receptors has grown markedly in recent decades. They are responsible for the
peripheral transduction of thermal stimuli and nociception, being gated by physical (such as heat,
aggression, etc) and chemical stimuli (protons, their more classical agonists capsaicin, menthol,
mustard, camphor) and endocannabinoid agonists. TRPV 1 has garnered particular attention in the
endocannabinoid field because of the similarities between endogenous CB1 agonists and TRPV1
agonists (anandamide, for example, is an agonist for both receptors, despite having a greater
affinity for the CB1 receptor; this happens with NADA and arachidonyl ethanolamine, in a similar
way) [38]. This pharmacological overlap has prompted studies investigating TRPV1’s potential

role in modulating the endocannabinoid system.

Wilhelmsen et al. (2014) reported that administration of NADA and WIN-55,212-2 significantly
reduced interleukin-8 (IL-8) levels and decreased the superficial expression of E-selectin, a
molecule critical for endothelial leucocytes recruitment that can impair vascular flow and
contribute to vascular dysfunction. Importantly, these anti-inflammatory effects were reversed by

a TRPV1 antagonist, suggesting that this receptor may confer protection under basal conditions,
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but adopt a proinflammatory role upon activation. Furthermore, the inhibitory impact of NADA
on inflammatory markers was diminished in the presence of CB1 and CB2 antagonists, implying
an interaction between these receptors in regulating inflammation. Future studies that test
combined antagonism of CB1, CB2, and TRPV1 on leukocyte adhesion would help clarify the
interplay between these receptos, as previous evidence indicates that TRVP1 activation may

enhance leukocyte-endothelial adhesion [33].

In contrast, Orliac et al. (2003) examined the contractile effects of anandamide in mesenteric beds
and found no significant difference in norepinephrine-induced contraction between septic and
control tissues, despite an increase in inducible nitric oxide synthase (iNOS) activity
(Supplementary Table 1). This observation may indicate limitations in the experimental design or
an eveluation at an early time point that failed to capture diminished adrenergic responses — and
effect that has been documented in other studies (Mitolo-Chieppa et al. 1996 [40] and Singh et al.
2018). Nevertheless, the study highlights the vasodilatory properties of anandamide, which are
potentiated by endotoxemic conditions and modulated via TRPV1. Such findings suggest that
modulation of TRPV1-mediated vasodilation may represent a viable therapeutic strategy for

addressing septic vascular dysfunction.

Study limitations

Limitations regarding inflammatory models and translational relevance

A notable limitation of this review is the heterogeneity of inflammatory models employed across
the included studies. Several investigations focused on systemic inflammatory responses that,
although partially analogous, do not fully replicate sepsis. For example, two studies examined
neuroinflammation and one used alternative inflammatory stimuli (including TNF-alfa-based
models) alongise LPS. Moreover, many articles excluded from this review lacked a
septic/endotoxemic model where endocannabinoid modulation was assessed, suggesting a
potential research gap despite the extensive investigation of endocannabinoids in inflammation.
Additionally, only one study (Singh et al. 2018) reported a nonzero mortality rate, casting further
doubt on whether a genuine septic state was established in the experimental models. Although
yielding intriguing conclusions, its limitations — including the lack of human-based clinical
evidence and the variability of experimental models — underscore the need for standardized
conditions to better elucidate the complex and sometimes contradictory vascular effects of the

endocannabinoid system.

Limitations regarding risk of bias assessment
Another limitation is the absence of a formal risk-of-bias evaluation. Although tools such as the

SYRCLE tool and CAMARADES checklist exist for animal studies, they do not fully reflect
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typical reporting practices in this field. Notably, the studies included in our review dido not report
critical parameters — such as allocation concealment, random housing, or adequate blinding of
caregivers and outcome assessors — making it difficult to assess potential biases uring these
instruments. We suggest that this omission reflects a misalignment between current risk-of.bias
tools and actual reporting standards rather than poor study quality. Nevertheless, for the sake of
transparency and comparability, further research should strive to implement and report these

methodological safeguards.

Conclusion

This review demonstrates that the endocannabinoid system represents a promising target for
sepsis mangement, as its modulation — via CB1, CB2, and TRPV 1 receptors — exerts significant
effects on key vascular functions, including leukocyte adhesion, vascular tone, endothelial barrier
integritu and even angiogenesis. However, the translation of these findings is limited by the
heterogeneity of septic and inflammatory models, the scarcity of clinical data, and methodological
inconsistencies, highlighting the need for standardized experimental protocols and rigorous bias

assessment in future research.
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Supplementary Material

Supplementary Table 1: Complete collection of the results and methodology of all included studies.

Study

Authors

Experimental Model

Intervention

Receptor

of interest

Methodology/ Measurements of
effect

Main Findings

- CB2R is overregulated, in the brain, by LPS.

Activation of Cannabinoid
Receptor 2 Attenuates
Leukocyte-Endothelial Cell
Interactions and Blood-Brain
Barrier Dysfunction under

Inflammatory Conditions

Ramirez,
Hasko,
Skuba

Mouse model of
endotoxemic
encephalitis (LPS)
Primary human brain
microvascular

endothelial cells

JWH133 and
0-1966

CB2R

Intravital microscopy (cranial
window) to access vascular
permeability and leucocyte adhesion
(in vivo)
Measurement of transendothelial
electrical resistance
Adhesion assays
Immunohistochemistry and
immunofluorescence
Blood-brain barrier permeability

assessment

- Selective CB2R activation significantly reduces leucocyte
adhesion, effect nearly totally reversed by a selective
antagonist
-Complete resolution of inflammation by LPS took
significantly longer in CB2 knocked-out animals than for
the wild-type animals.
-CB2 agonists had no effect on the number of endothelial-
leucocyte interactions in CB2ko animals.

-Similar results were obtained when the type of vasa
(surface pial vessels vs brain parenchymal vessels) was
changed, for the measurement of leucocyte adhesion in the
LPS+CB?2 agonist group.

-CB2 agonists reduce the expression of adhesion molecules
(ICAM-1 and VCAM-1) in endothelial brain cells, that are
upregulated by LPS
- CB2 agonists attenuate the degree of permeability induced
by LPS insult
- CB2 activation improves BBB function by promoting a
tight-junction proteins (claudin-5 and ocludin) increase,

when compared to the measured levels in LPS-treated

animals.
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LPS-mediated neutrophil
VEGF-A release is modulated
by cannabinoid receptor

activation

Braile,
Cristinzian
o,

Marcella

Primary human
neutrophils stimulated

with LPS

ACEA (CBI1
agonist) and
JWH-133
(CB2 agonist)

CBIR and
CB2R

ELISA assays
mRNA extraction and quantitative
PCR analysis
Apoptosis assay
Flow cytometry
In vitro Matrigel angiogenesis assay,
with quantification of tubules and
analysis of tubule length

In vitro vascular permeability assay,

- CB agonists inhibited the LPS-induced production of
VEGF-A, reaching a maximum effect at 16h. This effect
was partially reversed by CB1 and CB2 antagonists.

- The CB agonists also diminished VEGF-A mRNA
expression.

- CB agonists had no effect in production and mRNA
expression of CXCLS8 or HGF.

- Cannabinoid agonists had no effect on the increase of
CD66b expression or in the decrease of L-selectin, caused
by LPS.

- The presence of ACEA and JWH-133 reduced the
angiogenic response of LPS-activated PMNs (reduced
tubule length and number of tubules), partially reversed by
the addition of CB antagonists.

- ACEA and JWH-133 reduced the vascular permeability
induced by supernatants of LPS-induced PMNs. This effect

was, in part, reversible by CB1 and CB2 antagonists.

Inhibition of endocannabinoid
degradation in experimental
endotoxemia reduces leukocyte
adhesion and improves capillary

perfusion in the gut

Kianian,
Al-Banna,
Kelly

Rats (experimental

endotoxemia)

FAAH
inhibitor
(URB597)

CB2R

Intravital microscopy, assessing
functional capillary density and
leucocyte adhesion
Degree of histological injury,
observed by light microscopy

- Inhibition of the FAAH prevented the LPS-induced
increase in leukocyte adhesion in V1 and V3 venules,
reversible in part by the addition of a selective antagonist of
CB2R
- URBS597 increased the functional capillary density of
mucosal and circular muscular layers of the intestines,
without reversion by the CB2R antagonist
- FAAH inhibition showed an absence of effect in vital

parameters and in histological evaluation.

Cannabinoid 2 Receptor
activation reduces leukocyte
adhesion and improves capillary

perfusion in the iridial

Toguri,
Moxsom,
Szczesnia

k

Rats ( LPS-induced

toxemia)

WIN 55212-2

CB2R and
CBIR

Intravital microscopy of randomly
chosen iridial capillaries, used to
quantify leucocyte adhesion and

rolling.

- WIN 55212-2 significantly decreased adhesion of
leucocytes in LPS-treated rats, with abolishment of effect

with CB2R antagonist, AM-630, in vessels larger than

25um.
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microvasculature during

Systemic inflammation

Measurement of arterial pressure and

heart rate

Laser Doppler flowmetry to assess the

iridial microvascular blood flow.

- The addition of the cannabinoid agonist didn't cause any
effect in hemodynamics or number of rolling leucocytes.
- Cannabinoid treatment improved the iridial
microvasculature blood flow considerably, without a

significant difference caused by any antagonists

The
Endocannabinoid/Endovanilloid
N-Arachidonoyl Dopamine
(NADA) and Synthetic
Cannabinoid WINS55,212-2
Abate the Inflammatory
Activation of Human

Endothelial Cells

Wilhelmse
n,
Khakpour,

Tran

Primary human
endothelial cells of
various tissues
(umbilical vein, brain
microvasculature, liver
sinusoidal
microvascular,
microvascular lung and
coronary endothelial
cells) induced with
either FSL-1, LPS or
TNFa.

WIN-55,212-2,
N-
arachidonoyl
dopamine
(NADA),
2AG, CBD,
abnormal
cannabidiol,
arachidonoyl-
2
chloroethylami
de, N-
arachidonoylet
hanolamide,
anandamide,
cannabidiol,
capsaicin, HU-
308, NADA,
N-
arachidonoyl
glycine and

WINS55,212-2.

CBIR,

CB2R,
TRPV1,
GPR18,
GPRS5

Immunoblots
ELISA
Crystal Violet Assay
MTT Assay
Flow Cytometry
Quantitative Real Time PCR
Neutrophil Adhesion assay
Electric Cell-Substrate Impedance
Sensing
Antagonist/Inverse Agonist Assays

Calcium Influx assay

- CNR1 (mRNA of CBIR), GPR18 and TRPV1 were
detected in all cell models studied (mentioned in
"Experimental Model"). CNR2 (mRNA of CB2R) was
detected in almost all tissues (not detected in human
microvasculature endothelial cells (HMVEC) of lung and of
liver), only when a second assay was made, with primers
for different exons. GPRSS was detected in all cell models
only when a different primer was used.
- NADA and WINS55,212-2 were the only cannabinoid (and
non-cannabinoid, including the capsaicin) that reduced IL-6
and IL-8 secretion from endothelial lung cells stimulated by
LPS and FSL-1, without compromising cellular viability.
- The effects of CB1 and CB2 antagonists had minimal
results in lowering the IL-8 levels after WIN55,212-2.
- The presence of TRPV1 antagonist together with
WINSS5,212-2 exacerbated the benefit reported but, when
in the absence of WINS5,212-2, the antagonist alone
increased IL-8 levels.
- Only NADA (and not its chemical constituents) reduce the
expression of IL-8
- NADA reduces the surface expression of E-selectin on
endothelial cells activated with LPS or FSL-1.
- NADA dose-dependently reduces the adhesion of primary
human neutrophils to HMVEC-lung monolayers.

- Treatment with either WIN55,212-2 and NADA failed to
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alter the increased endothelial permeability
- CB1 and CB2 antagonists strongly and significantly
abated the effect verified in the reduction of IL-8 levels by
NADA, in low doses. In high doses, the effect was
contrary, aggravating the effect of NADA.

- The presence of TRPV1 antagonist, along with NADA
reversed the benefit reported but, when in the absence of
NADA, the antagonist alone augmented IL-8 levels.

- Endothelial cells possess the enzymatic machinery to
produce NADA but technical analysis failed to detect

endogenous NADA in human endothelial cells lysates.

Selective Activation of
Cannabinoid Receptor 2 in
Leukocytes Suppresses Their
Engagement of the Brain
Endothelium and Protects the

Blood-Brain Barrier

Rom,
Zuluaga-
Ramirez,

Dykstra

Experimental rat model
of endotoxemic
encephalitis (WT or
CB2R knock out)

JWH133,
GPla,
AM1241 and
0-1966

CB2R

Intravital video microscopy, with a
previous treatment of collected

leucocytes with calcein-AM.

- CB2R agonism decreased treated injected leukocyte
adhesion when compared to the absence of treatment and to
autologous leucocytes; this effect was only partially
reversed by an inverse agonist (SR144528).

- CB2Rko leucocytes exhibited a an important increase in
adhesion to the endothelium when compared to the WT
counterparts
- WT leucocytes showed an increase in adhesion in

CB2Rko mice, when compared to the WT mice.

Potentiation of Anandamide
Effects in Mesenteric Beds

Isolated from Endotoxemic Rats

Orliac,
Peroni,

Celuch

Experimental rat model
of endotoxemia, with
repeated contractions of
mesenteric vascular
beds with

norepinephrine.

Exogenous

anandamide

Vanilloid
receptors
(not

especified)

Blood pressure measurements with a
tail-cuff method
Nitric oxide synthase activity
quantification

Vascular reactivity assessment

- No differences were observed in NE-induced mesenteric
beds contraction between LPS-treated rats compared with
controls.

- Anandamide caused a concentration-dependent reduction
of the contractile responses to NE. These relaxations were
significantly potentiated in mesenteric beds 6h after
exposition to LPS.

- Capsazepine (vanilloid receptor antagonist) significantly
attenuated the effect of anandamide on the reduction of NE-

induced contractions, while capsaicin (vanilloid receptor
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agonist) increased it.

- No differences were observed in the effect of anandamide
in mesenteric beds contractions after endothelium removal.
- The anandamide amidase inhibitor addition (enzyme
responsible for the degradation of the endocannabinoid)
caused a significant reduction of anandamide effects on
mesenteric beds isolated from LPS-treated rats.

- End-systolic volume, in particular, was increased in

Delta-9-Tetrahydrocannabinol
conserves Cardiovascular
Functions in a rat model of
endotoxemia: Involvement of
endothelial molecular
mechanisms and oxidative-

nitrative stress

Banyai,
Répas,
Miklos

Experimental rat model
of LPS-induced

endotoxemia

THC

CBIR and
CB2R

Echocardiography
Examination of blood pressure and
left ventricular function
Measurement of vascular reactivity in
isolated aortic rings of rats
Malonyl-dialdehyde assay (detection
of systemic oxidative-nitrative stress)

Immunohistochemical staining

LPS+THC treated rats, compared to positive controls (only
LPS-treated).
-Other cardiac functions evaluated (heart rate, inotropy and
lusitopy) were not affected by the intervention.

- LPS caused a reduced endothelium-dependent relaxation
of the thoracic aorta segments, after epinephrine
contraction, that was prevented by THC.

- Lipidic oxidation and nitrative stress, greatly augmented
in LPS treated rats, was reversed with the treatment with
THC. DNA damage and oxidative stress, while elevated
with LPS+THC, did not have a significant increase
compared to controls.

- The density of endothelial NO synthase was not affected
by LPS but was significantly decreased with THC
treatment, with a similar result with the density of COX2

- The density of cGMP was decreased in both LPS-only and

LPS+THC groups.

- CBIR density in the thoracic aorta was diminished in LPS
and in LPS+THC groups, while CB2R density showed only
a declining tendency in LPS group, with the LPS+THC

group showing a similar abundance to controls.
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Endocannabinoid-mediated
modulation of Gq protein-
coupled receptor mediates

vascular hyporeactivity to nor-
adrenaline during polymicrobial

sepsis

Singh,
Sharma,

Nakade

Experimental mouse
model of sepsis (caecal

ligation and puncture)

Inhibition of
MAGL or of
DAGL
(inhibition of
the
degradation
and the
anabolization
of 2AG,

respectively)

CBIR

Recording of the isometric tension of
the thoracic aorta
Quantitative Reverse Transcriptase

polymerase chain reaction (QRT-PCR)

- Noradrenaline-induced contraction of the aortic rings was
significantly reduced in early and late sepsis (6 and 20h,
respectively) and also when compared to controls.

- The concentration- response curve (CRC) of NA was
shifted to the left in the presence of a DAGL inhibitor (KT
109), in sham-operated mice.

- The CRC of NA, in sham-operated mice, was significantly
shifted to the right in the presence of a MAGL inhibitor
(JZL 184).

- KT 109 improved the contractile response of aortic rings
of mice to NA in early and late sepsis.

- JZL 184 didn't alter in a significant way the CRC of NA in
septic mice.

- The response of aortic rings to NA wasn't altered by
rimonabant, either in So or septic mice.

- AM 251 (selective peripheral CBIR antagonist)
significantly increased the contractile response of aortic
rings in septic mice. However, it failed to have the same
effect in SO mice.

- mRNA expression of CBIR in thoracic aorta rings during
both phases of sepsis was importantly increased.

- K+-depolarizing solution-induced aortic contraction was
significantly reduced when AM 251 was used in septic
mice, not achieving the same result in sham-operated mice.

- CaCl2-induced contraction wasn't affected by the addition

of AM 251 in both septic or sham-operated mice.

CB2-receptor stimulation
attenuates TNF-o-induced
human endothelial cell

activation, transendothelial

Rajesh,
Mukhopad
hyay,
Batkai

Experimental mice
model of vascular

inflammation

HU-308, JWH-
133

CB2R

Monocyte-endothelium adhesion
assay (with ex vivo aortic segments
Cell surface ICAM-1 and VCAM-1

expression assay

- HU-308 and JWH-133 significantly reduced the
expression of ICAM-1 and VCAM-1, reversed by the
addition of a CB2R agonist (AM-630).

- HU-308 significantly reduced the monocyte adhesion to

25



migration of monocytes and

monocyte-endothelial adhesion

(endotoxemia by LPS

injection)

endothelium of aortic segments, with a marked reversion of

effect with AM-630.

Cannabinoid CB1 Receptor
Antagonist Rimonabant
Decreases Levels of Markers of
Organ Dysfunction and Alters
Vascular Reactivity in Aortic

Vessels in Late Sepsis in Rats

Leite-
Avalca,
Staats,

Verona

Experimental rat model

of sepsis (CLP)

Rimonabant

CBIR

Evaluation of Markers of Organ
Failure (dosage of LDH, lactate,
glucose and CK-MB)
Evaluation of Hematological
Parameters (blood cells counting)
Nitrate/Nitrite Assay
Tail Vasomotor Tone response
(Temperature monitoring by infrared
camera)

Isometric Tension Measurement

-The significant alterations caused by CLP of glucose and
lactate were reversed by rimonabant, to equivalent levels of
those of sham-operated rats, at 6 and 20h after the
procedure.

- LDH was only brought to comparable levels of the
controls at 24h and CK-MB at 6h after the caecal puncture.
- Rimonabant had no effect on blood cell countings of
septic rats
- Rimonabant had no effect on plasma nitrate/nitrite levels
- The reduced tail temperature in CLP rats was completely
abolished in rimonabant-treated rats.

- The vascular reactivity of rimonabant treated rats was
identical to sham-operated rats, when stimulated with
cumulative concentrations of vasopressin, in rats with 24h
of septic evolution.

- Phenylephrine induced-contraction wasn't significantly
affected by rimonabant treatment, nor was the high-

concentrated KCI solution contraction.
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The PRISMA Statement: Checklist of items that should be included in reports of systematic reviews

Section/topic # Checklist item Reported on page and paragraph/ table #
TITLE
Title Identify the report as a
systematic review, meta- Page 2: “A systematic approach to the role of the endocannabinoid system in the microvascular dysfunction of sepsis
analysis, or both. -
MANDATORIO
ABSTRACT
Structured Provide a structured
summary summary includin g, as Page 2 Introduction: The endocannabinoid system plays a key role in regulating inflammation, immune responses, and vascular homeostasis. In recent years, it

applicable: background;
objectives; data sources;
study eligibility criteria,
participants, and
interventions; study
appraisal and synthesis
methods; results;
limitations; conclusions
and implications of key
findings; systematic
review registration
number. - SEGUIR
RECOMENDAGOES DA
REVISTA

has been extensively studied as a promising therapeutic target for a variety of pathological conditions, including inflammatory and autoimmune diseases. Sepsis is
a life-threatening condition driven by immune dysregulation and exaggerated inflammatory response to infection, leading to widespread endothelial dysfunction
and microvascular impairment, that drive multi-organ failure. However, the interaction between microvascular dysfunction in sepsis and the endocannabinoid

system remains poorly explored in scientific literature.

Objective and Methods: A systematic review was conducted to analyze the relationship between the endocannabinoid system and microvascular dysfunction in
sepsis. A literature search was performed using PubMed, Scopus, and Web of Science databases, selecting studies that employed experimental models of sepsis in
which interventions targeted endocannabinoid/cannabinoid modulation and evaluated microvascular and/or platelet function. The risk of bias and methodological

quality of the studies were evaluated using a standardized scale developed by Cosme D. et al..

Results: A total of 11 studies were included, 9 of which were in vivo studies in animal models and 2 in vitro studies in human cells. The most frequently
investigated molecular target was the CB2 receptor (9 studies), whose activation was consistently associated with a reduced leukocyte adhesion, suggesting a
protective effect against microvascular inflammation. Furthermore, a decrease in VEGF production and anti-angiogenic effects were observed with the activation of

CBI1 and CB2 receptors. The CB1 receptor, in turn, was found to influence vascular contractile responses in a context-dependent manner.
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Conclusion: Endocannabinoid system modulation emerges as a promising therapeutic approach for sepsis, particularly in preventing microvascular complications
associated with the disease and modulating blood pressure. Therefore, evaluating this potential in humans is essential to validate the translational relevance of these

findings and their clinical applicability.

INTRODUCTION

Rationale

Describe the rationale for
the review in the context

of what is already known.
— MANDATORIO

O rationale corresponde
a justificacao da
importancia da revisao
sistematica

Page 4: “Given the ECS’s role in maintaining vascular integrity and the critical involvement of endothelial dysfunction in the transition of sepsis to septic shock,
cannabinoid-mediated modulation of endothelial responses during warrants further exploration. However, the precise mechanisms by which CB1 and CB2 receptor
activation influence vascular responses in sepsis remain poorly understood. This review aims to synthesize the current evidence on the link between the

endocannabinoid system and vascular dysfunction in sepsis, highlighting its potential as a therapeutic target for minimizing sepsis-related complications.

Objectives

Provide an explicit
statement of questions
being addressed with
reference to participants,
interventions,
comparisons, outcomes,
and study design
(PICOS). -
MANDATORIO

Page 4: “This review aims to synthesize the current evidence on the link between the endocannabinoid system and vascular dysfunction in sepsis, highlighting its
potential as a therapeutic target for minimizing sepsis-related complications

METHODS

Protocol and
registration

Indicate if a review
protocol exists, if and
where it can be accessed
(e.g., Web address), and,
if available, provide
registration information
including registration
number. —
FACULTATIVO

Not available.
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Eligibility Specify study Page 4: “This systematic review was conducted in accordance with the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines.
criteria characteristics (e_g_, A meta-analysis was not performed. We evaluated studies investigating the effects of cannabinoids on vascular homeostasis and hemostasis. The target population
PICQOS, length of follow- included experimental models of sepsis that incorporated an infectious component or an infection-based systemic inflammatory response (LPS). Eligible models
UP) and report included live animal models, human models, and in vitro studies. The intervention of interest was any modulation of the endocannabinoid system (e.g., antagonism,
characteristics (e.g., years . . - - . _ . . L
considered, language, agonism, enzyme activity variations) within the context of sepsis. No restrictions were applied to comparators. The primary outcomes were endothelial integrity,
publication status) used platelet function and overall vascular competence. We included all parameters measuring these functions as reported in the selected studies. A secondary outcome
as criteria for eligibility, was the potential therapeutic application of endocannabinoid ligands for sepsis and septic shock, particularly targeting platelet and endothelial dysfunction.
giving rationale. -
MANDATORIO
E altamente . o . o . o . o o
recomendado, de Eligible study designs included randomized controlled trials, animal model experiments, and in vitro studies. No restrictions were placed on language or publication
acordo com as boas year. A comprehensive literature search was performed in PubMed (1997—present), Web of Science (1999—present), and SCOPUS (1980—present), between October
praticas da Cochrane, 28 and November 1, 2024, with the final search conducted on November 2, 2024. The following search query was applied across all platforms: [[cannabinoids] OR
que nao sejam [endocannabinoids] OR [cannabinoid receptor]] AND [[inflammation] OR [systemic inflammatory response syndrome] OR [sepsis]] AND [[microvessels] OR
aplicados critérios de [endothelium] OR [blood platelets] OR [hemostasis]] [All Fields].
exclusao baseados na
Iing ua e/ou data de Study selection occurred in two phases, conducted independently by two reviewers. Initially, titles and abstracts were screened for relevance. In the second phase,
publicagao dos estudos. full-text articles were reviewed to determine eligibility. Data extraction was performed manually and independently by both reviewers, with disagreements resolved
by discussion and consensus. Extracted data included: study authorship, title, publication year, intervention details, study population or model, methodology,
cannabinoid receptor of interest, and main findings.
Information Describe all information Page 5: “A comprehensive literature search was performed in PubMed (1997—present), Web of Science (1999—present), and SCOPUS (1980—present), between
sources sources (e_g_, databases October 28 and November 1, 2024, with the final search conducted on November 2, 2024. The following search query was applied across all platforms:

with dates of coverage,
contact with study authors
to identify additional
studies) in the search and
date last searched. —
MANDATORIO

Em consonéancia com as
boas praticas da
Cochrane, é mandatorio
que se verifique

[[cannabinoids] OR [endocannabinoids] OR [cannabinoid receptor]] AND [[inflammation] OR [systemic inflammatory response syndrome] OR [sepsis]] AND
[[microvessels] OR [endothelium] OR [blood platelets] OR [hemostasis]] [All Fields].
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pesquisa em pelo
menos duas bases de
pesquisa bibliografica
(idealmente, deverao
ser pesquisadas duas
bases generalistas e
uma especifica da drea).
No caso de revisbées
sistematicas de estudos
experimentais/ensaios
clinicos aleatorizados, é
altamente recomendado
que uma das bases
pesquisadas
corresponda a
CENTRAL ou a bases de
ensaios clinicos como a
ClinicalTrials.gov.
Estudos de revisao da
literatura em que a
pesquisa decorra numa
Unica base de dados
nao serio classificados
como revisoes
sistematicas.

Search

Present full electronic
search strategy for at
least one database,
including any limits used,
such that it could be
repeated. —
MANDATORIO

A query de pesquisa
deve ser
obrigatoriamente
disponibilizada. A

Page 5: “The following search query was applied across all platforms: [[cannabinoids] OR [endocannabinoids] OR [cannabinoid receptor]] AND [[inflammation]

OR [systemic inflammatory response syndrome] OR [sepsis]] AND [[microvessels] OR [endothelium] OR [blood platelets] OR [hemostasis]] [All Fields].
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utilizagao de filtros de
pesquisa da InterTASC
é altamente
recomendada
(https://sites.google.co
m/a/york.ac.uk/issg-
search-filters-
resource/home)

Study selection

State the process for
selecting studies (i.e.,
screening, eligibility,
included in systematic
review, and, if applicable,
included in the meta-
analysis). —
MANDATORIO

As fases de selecgao
dos estudos primarios
devem ser descritas.
Em consonancia com as
boas praticas da
Cochrane, é mandatorio
que o processo de
selecgao envolva duas
fases (fase de rastreio,
em que os registos sdo
seleccionados por titulo
e abstract, e fase de
inclusao, na qual se
procede a leitura
integral dos full texts).
Em cada uma destas
fases, o processo de
selecgao deve
mandatoriamente
envolver dois

Page 5: “Study selection occurred in two phases, conducted independently by two reviewers. Initially, titles and abstracts were screened for relevance. In the second
phase, full-text articles were reviewed to determine eligibility. Data extraction was performed manually and independently by both reviewers, with disagreements
resolved by discussion and consensus. Extracted data included: study authorship, title, publication year, intervention details, study population or model, methodology,

cannabinoid receptor of interest, and main findings.”
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investigadores
actuando de forma
independente.

Data collection
process

10

Describe method of data
extraction from reports
(e.g., piloted forms,
independently, in
duplicate) and any
processes for obtaining
and confirming data from
investigators. —
MANDATORIO

Trata-se de descrever
de que forma se
procedeu a extracg¢ao
de dados dos estudos
primdrios. Em
consonéncia com as
boas praticas da
Cochrane, tal processo
devera envolver dois
investigadores de forma
independente.

Page 5: “Data extraction was performed manually and independently by both reviewers, with disagreements resolved by discussion and consensus. Extracted data

included: study authorship, title, publication year, intervention details, study population or model, methodology, cannabinoid receptor of interest, and main findings.”

Data items

11

List and define all
variables for which data
were sought (e.g., PICOS,
funding sources) and any
assumptions and
simplifications made. —
MANDATORIO

Trata-se de descrever
as variaveis para as
quais foi obtida
informacgao.

Page 5: “Data extraction was performed manually and independently by both reviewers, with disagreements resolved by discussion and consensus. Extracted data
included: study authorship, title, publication year, intervention details, study population or model, methodology, cannabinoid receptor of interest, and main findings
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Risk of bias in
individual
studies / Risk
of bias across
studies

12/
15

Describe methods used
for assessing risk of bias
of individual studies
(including specification of
whether this was done at
the study or outcome
level), and how this
information is to be used
in any data synthesis. —
MANDATORIO

Em todas as revisées
sistematicas, devera
existir um processo de
avaliagado da qualidade
dos estudos primarios.
No caso de revisbées
sistematicas de estudos
experimentais/ensaios
clinicos aleatorizados, a
aplicagao dos critérios
de risco de viés (Risk of
Bias) da Cochrane é
altamente
recomendada. No caso
de revisoes
sistematicas de estudos
observacionais,
poderao ser seguidos
os critérios ROBINS ou
os critérios dos National
Institutes of Health
(https://www.nhlbi.nih.g
ov/health-topics/study-
quality-assessment-
tools).

Page 5: “To assess methodological quality, we applied a 14-item quality checklist developed by Cosme D. et al. Each criterion was scored from 0 to 2 (0 = not
reported, 1 = limited information, 2 = complete detail). The total score for each study was determined by summing individual criterion scores and normalizing against

the maximum possible score (28). Quality assessment was conducted independently by two reviewers and is available in Table 1.
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Summary
measures

13

State the principal
summary measures (e.g.,
risk ratio, difference in
means). —
FACULTATIVO.
APENAS NECESSARIO
SE FOR FEITA META-
ANALISE

Not applicable, as this review didn’t include a meta-analysis.

Synthesis of
results

14

Describe the methods of
handling data and
combining results of
studies, if done, including
measures of consistency
(e.g., 13 for each meta-
analysis. —
FACULTATIVO.
APENAS NECESSARIO
SE FOR FEITA META-
ANALISE

Not applicable, as this review didn’t include a meta-analysis.

Additional
analyses

16

Describe methods of
additional analyses (e.g.,
sensitivity or subgroup
analyses, meta-
regression), if done,
indicating which were pre-
specified. —
FACULTATIVO.
APLICAVEL APENAS
SE FOR FEITA META-
ANALISE

Not applicable, as this review didn’t include a meta-analysis.

RESULTS

Study selection

17

Give numbers of studies
screened, assessed for
eligibility, and included in

Page 8: “The search retrieved 276 articles, 59 from Web of Science, 164 from Scopus, and 53 from PubMed. After removing 77 duplicates, 199 unique articles
remained. Screening based on titles and abstracts led to the exclusion of 182 articles that did not meet inclusion criteria. Seventeen full-text articles were assessed for

eligibility, of which six were excluded for lacking an experimental model of sepsis or endotoxemia. Ultimately, 11 studies met all inclusion criteria and were included
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the review, with reasons
for exclusions at each
stage, ideally with a flow
diagram. —
MANDATORIO

in the final review. The study selection process is detailed in a PRISMA flow diagram (Figure 1). Key study characteristics and findings are summarized in Table 2

and Table 3, regarding results of animal studies and in vitro studies, respectively.

Study
characteristics

18

For each study, present
characteristics for which
data were extracted (e.g.,
study size, PICOS, follow-
up period) and provide the
citations. —
MANDATORIO

Page 9: Table 2 and 3.

Risk of bias
within and
across studies

19/
22

Present data on risk of
bias of each study and, if
available, any outcome
level assessment (see
item 12). —
MANDATORIO

Page 10: “Regarding study quality, all included articles achieved a quality score above 75%. However, the criterion with the lowest scores was “evaluation by
independent observers, blinding, and evidence of independent repetitions in data collection”, suggesting methodological limitations that could introduce bias. This

underlines a need for greater rigor in experimental design and validation in future studies exploring the role of the endocannabinoid system in sepsis.

Results of
individual
studies

20

For all outcomes
considered (benefits or
harms), present, for each
study: (a) simple
summary data for each
intervention group (b)
effect estimates and
confidence intervals,
ideally with a forest plot. —
FACULTATIVO.
APLICAVEL APENAS
SE FOR FEITA META-
ANALISE

Not applicable, as this review didn’t include a meta-analysis.

Synthesis of
results

21

Present results of each
meta-analysis done,
including confidence
intervals and measures of

Not applicable, as this review didn’t include a meta-analysis.
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consistency. —
FACULTATIVO.
MANDATORIO APENAS
SE FOR FEITA META-
ANALISE

Additional 23 | Give results of additional Not applicable, as this review didn’t include a meta-analysis.
analysis analyses, if done (e.g.,
sensitivity or subgroup
analyses, meta-
regression [see Item 16]).
— FACULTATIVO.
APLICAVEL APENAS
SE FOR FEITA META-
ANALISE
DISCUSSION
Summary of 24 | Summarize the main Page 9: “This systematic review analyzed 11 articles, including both animal and human in vitro models, reflecting the slow progress and limited funding of this
evidence findings including the subfield. Despite these constraints, some conclusions can be drawn regarding the modulatory role of endocannabinoids in the microvascular pathophysiology of

strength of evidence for
each main outcome;
consider their relevance
to key groups (e.g.,
healthcare providers,

users, and policy makers).

— MANDATORIO

sepsis. This modulation is mediated through various molecular cascades and receptor-specific effects (despite some variability, within the same receptor, by using
different activating substances), particularly CB1 and CB2 and vanilloid receptors, discussed individually in this discussion. Additionally, the unique properties of
THC, a partial agonist of both CB1 and CB2, warrant specific considerations due to its distinct pharmacological profile.

CB1

CBI1 is the most well-studied receptor of the endocannabinoid system, with multiple central and peripheral effects, such as in inflammatory conditions and pain
modulation. Beyond these well-documented roles, it has been implicated in vascular tone regulation and metabolism, through its presence in endothelial and smooth
muscle cells, which, despite expressing lower CB1 levels, retain functional activity [31]. In fact, Wilhelmsen et al. (2014) (Table 3) detected CNR1 (the mRNA
encoding CB1R) in various endothelial tissues, providing key experimental validation and supporting its physiological relevance. Notably, this study remains the
only one to directly confirm CB1 receptor presence in these cells.

As outlined in the results’ section, 6 articles investigated the impact of CB1 modulation in septic models (Braile et al. 2020; Toguri et al. 2015; Wilhelmsen et al.
2014; Banyai et al. 2023; Singh et al. 2018; Leite-Avalca et al. 2019). Colectively, these articles indicate a sturdy trend towards beneficial effects of endocannabinoid
modulation in the physiological mechanisms of sepsis, especially in the contractile response and blood pressure regulation (Toguri et al., 2015, Singh et al. 2019 and
Leite-Avalca et al. 2019). Kianian et al. (2013) proposed a non-CB2 mediated effect on vascular contractility, while Braile et al. (2020) explored CB1’s role in
angiogenesis and vascular permeability. Addicionally, Leite-Avalca et al. (2019) demonstrated that CB1 receptor antagonism decreased markers of organ dysfunction.

However, findings on CB1 receptor expression remain inconsistent, with studies reporting both upregulation and downregulation. These differences may be attributed
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to tissue-specific responses, stage of sepsis at the time of measurement and, most likely, the complex pharmacological behaviour of THC, which was underexplored
(Bényai et al. 2023). These variations could significantly impact the interpretation and clinical application of these findings.

The results of this review align with findings in different settings, adding a layer of credibility to these results. Similarly to the CB1-mediated hypotensive effects
shown by Banyai et al. 2023, Toguri et al. 2015, Singh et al. 2018 (and suggested by Kianian et al. 2013), other studies have proved this effect in hemorrhagic shock
[32], after myocardial infarctions [33] and in normal physiological conditions, previously described by Malinowska et al. (2017) [8], addressing the trifasic effect on
blood pressure. Despite this, Leite-Avalca et al. (2019) reported a rimonabant-dependent increase in tail temperature, suggesting a vasodilatory effect of CB1
antagonism. Furthermore, Bernardelli et al. (2016) suggests that the vascular responses vary depending on the specific tissue examined, the timing and type of
inflammatory insult. These findings imply that CB1’s role extends beyond simple hypotensive effects, instead differentially modulating blood vessel contractility.
This is clinically significant, as arterial blood pressure regulation remains one of the most complex yet critical aspects of sepsis management, with multiple therapeutic
strategies available to the physicians.

A compelling finding from this review is CB1’s potential role in modulating angiogenesis and vascular permeability, two processes increasingly recognized as
possible targets in sepsis. While the role of vascular endothelial growth factor (VEGF) remains debated, its dysregulation can severely impair endothelial function.
Insufficient VEGF levels contribute to endothelial apoptosis and reduced survival, while excessive VEGF promotes inflammation, vascular dysfunction and leucocyte
adhesion. Braille et al. (2020) demonstrated a partial CB1-mediated effect on VEGF levels, coinciding with ecreased vascular permeability. This observation is
noteworthy, as such effect are more commonly attributed to CB2 agonism. [35] These findings highlight the complexity of endocannabinoid signaling in sepsis and
underscore the need for further experimental research.

CB2

The CB2 receptor is often described as the “shy” counterpart of CB1, sharing 44% overall genomic identity [36] while being much less prevalent in the tissues where
CB1 is predominant, the CNS, where it can be upregulated in neuroinflammatory states in glial cells [37]. CB2 is more abundant in immune and lymphoid tissues
(e.g., thymus, spleen, and peripheral blood mononuclear cells). Additionally, low levels of CB2 expression have been detected in cardiomyocytes and endothelial
cells [24], thereby further broadening the receptor’s physiological relevance. However, Wilhelmsen et al. (2014) highlighted a critical issue: when trying to detect
CB2 receptor, the evidence was faint and inconsistent. This observation suggests that, under some experimental conditions, CB2’s presence is ambiguous, in contrast
to earlier studies reporting robust expression. In essence, the reliability of detecting CB2 appears to depend on the specific methods used and further research
employing diverse methodological approaches is essential to confirm CB2’s expression in endothelial cells and fully unravel its physiological significance.

The CB2-related information provided by these articles (4 that studied it individually and another 4 where it is evaluated along other receptor) consistently indicates
that stimulation of the CB2 receptor significantly reduces leukocyte adhesion to the endothelial walls.

Ramirez et al. (2012) and Rajesh et al. (2007) reported a reduction of the expression in intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion
molecule 1 (VCAM-1), proteins that play a role in leukocyte adhesion and are present in both endothelial and immune cells. In contrast, Braile et al. (2020) reported
no measurable effect on adhesion molecules that are exclusively expressed by immune cells (e.g., CD66b and L-selectin). These discrepancies suggest that the anti-

adhesive effects of CB2 activation may primarily be mediated via its action on endothelial cells. Despite this, Rom et al. (2013) showed that leukocytes derived from
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CB2 knockout (CB2ko) rats adhered more strongly to the endothelium compared with those from wild-type rats, whereas wild-type leukocytes displayed increased
adhesion when interacting with the endothelium of CB2ko rats. Collectively, these observations tend to suggest that CB2 modulates cellular adhesion processes in
both immune and endothelial compartments, despite previous conflicting reports.

In parallel with these findings, CB2 agonism also enhanced endothelial-barrier function. Ramirez et al. 2012 demonstrated that CB2-dependent mechanisms attenuated
LPS-induced endothelial permeability, an effect accompanied by the upregulation of tight-junctions proteins. Similarly, Braile et al. (2020) observed that treatment
with the CB2 agonists ACEA and JWH-133 reduced vascular permeability to polymorphonuclear cells; this effect was partially reversible by both CB1 and CB2
antagonists. These findings are particularly relevant in neuroinflammation, where disruption of the blood-brain barrier poses a significant risk to the central nervous

system homeostasis.

Combined effect of THC in CB1 and CB2

The potential combined effects of tetrahydrocannabinol (THC), a phytocannabinoid extracted from Canabis sativa with CB1 and CB2 partial agonism activity, on
both these receptors have also been explored in sepsis-induced circulatory dysfunction. One study (Banyai et al. 2023) reported that THC administration resulted in
areduction of several inflammatory markers, including indices of lipid oxidation, oxidative and nitrative stress, as well as DNA damage , even though it was associated
with a reduction in CB1 receptor expression. Moreover, while some studies indicate that THC may induce endothelial-dependent relaxation in thoracic aorta segments,
thus suggesting vasodilatory effects, similar end-diastolic volumes and cardiac outputs in LPS-treated groups — regardless of THC administration — suggest that
THC does not effectively counteract LPS-induced vasoconstriction. Therefore, the evidence does not conclusively support a vascular benefits of THC in sepsis.
Nonetheless, the divergent findings regarding THC’s inflammatory effects warrant further investigation, which may be more appropriately addressed in a subsequent,
dedicated review, as it does not fall within the scope of this review.

Vanilloid receptors

Interest in vanilloid receptors has grown markedly in the recent decades. They are responsible for the peripheral transduction of thermal stimuli and nociception,
being gated by physical (such as heat, aggression, etc) and chemical stimuli (protons, their more classical agonists capsaicin, menthol, mustard, camphor) and
endocannabinoid agonists. TRPV1 has garned particular attention in the endocannabinoid field because of the similarities between endogenous CB1 agonists and
TRPV1 agonists (anandamide, for example, is an agonist for both receptors, despite having a greater affinity for the CB1 receptor; this happens with NADA and
arachidonyl ethanolamine, in a similar way) [38]. This pharmacological overlap has prompted studies investigating TRPV1’s potential role in modulating the

endocannabinoid system.

Wilhelmsen et al. (2014) reported that administration of NADA and WIN-55,212-2 significantly reduced interleukin-8 (IL-8) levels and decreased the superficial
expression of E-selectin, a molecule critical for endothelial leucocytes recruitment that can impair vascular flow and contribute to vascular dysfunction. Importantly,
these anti-inflammatory effects were reversed by a TRPV1 antagonist, suggesting that this receptor may confer protection under basal conditions, but adopt a

proinflammatory role upon activation. Furthermore, the inhibitory impact of NADA on inflammatory markers was diminished in the presence of CB1 and CB2

38




antagonists, implying an interaction between these receptors in regulating inflammation. Future studies that test combined antagonism of CB1, CB2, and TRPV1 on
leukocyte adhesion would help clarify the interplay between these receptos, as previous evidence indicates that TRVP1 activation may enhance leukocyte-endothelial

adhesion [33].

In contrast, Orliac et al. (2003) examined the contractile effects of anandamide in mesenteric beds and found no significant difference in norepinephrine-induced
contraction between septic and control tissues, despite an increase in inducible nitric oxide synthase (iNOS) activity. This observation may indicate limitations in the
experimental design or an eveluation at an early time point that failed to capture diminished adrenergic responses — and effect that has been documented in other
studies (Mitolo-Chieppa et al. 1996 [40] and Singh et al. 2018). Nevertheless, the study highlights the vasodilatory properties of anandamide, which are potentiated
by endotoxemic conditions and modulated via TRPV1. Such findings suggest that modulation of TRPV 1-mediated vasodilation may represent a viable therapeutic

strategy for addressing septic vascular dysfunction.

Limitations 25 | Discuss limitations at Page 13: “Limitations regarding inflammatory models and translational relevance
study and outcome level A notable limitation of this review is the heterogeneity of inflammatory models employed across the included studies. Several investigations focused on systemic
(e.g., risk of bias), and at inflammatory responses that, although partially analogous, do not fully replicate sepsis. For example, two studies examined neuroinflammation and one used
review-level (e'g" alternative inflammatory stimuli (including TNF-alfa-based models) alongise LPS. Moreover, many articles excluded from this review lacked a septic/endotoxemic
incomplete retrieval of . . . . . . o o .
identified research, model where endocannabinoid modulation was assessed, suggesting a potential research gap despite the extensive investigation of endocannabinoids in inflammation.
reporting bias). _ Additionally, only one study (Singh et al. 2018) reported a nonzero mortality rate, casting further doubt on whether a genuine septic state was established in the
MANDATORIO experimental models. Although yielding intriguing conclusions, its limitations — including the lack of human-based clinical evidence and the variability of
experimental models — underscore the need for standardized conditions to better elucidate the complex and sometimes contradictory vascular effects of the
endocannabinoid system.
Limitations regarding risk of bias assessment
Another limitation is the absence of a formal risk-of-bias evaluation. Although tools such as the SYRCLE tool and CAMARADES checklist exist for animal studies,
they do not fully reflect typical reporting practices in this field. Notably, the studies included in our review dido not report critical parameters — such as allocation
concealment, random housing, or adequate blinding of caregivers and outcome assessors — making it difficult to assess potential biases uring these instruments. We
suggest that this omission reflects a misalignment between current risk-of.bias tools and actual reporting standards rather than poor study quality. Nevertheless, for
the sake of transparency and comparability, further research should strive to implement and report these methodological safeguards.
Conclusions 26 | Provide a general Page 14: “This review demonstrates that the endocannabinoid system represents a promising target for sepsis mangement, as its modulation — via CB1, CB2, and

interpretation of the
results in the context of
other evidence, and

TRPV1 receptors — exerts significant effects on key vascular functions, including leukocyte adhesion, vascular tone, endothelial barrier integritu and even
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implications for future
research. —
MANDATORIO

angiogenesis. However, the translation of these findings is limited by the heterogeneity of septic and inflammatory models, the scarcity of clinical data, and

methodological inconsistencies, highlighting the need for standardized experimental protocols and rigorous bias assessment in future research.
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For vector graphics, the preferred format is EPS; for halftones,
please use TIFF format. MSOffice files are also acceptable.

Vector graphics containing fonts must have the fonts embedded in
the files.

Name your figure files with "Fig" and the figure number, e.g.,
Figl.eps.

Line Art
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Definition: Black and white graphic with no shading.

Do not use faint lines and/or lettering and check that all lines and
lettering within the figures are legible at final size.

All lines should be at least 0.1 mm (0.3 pt) wide.
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Scanned line drawings and line drawings in bitmap format should

have a minimum resolution of 1200 dpi.
Vector graphics containing fonts must have the fonts embedded in

the files.

_Halftone Art

&

Definition: Photographs, drawings, or paintings with fine
shading, etc.

If any magnification is used in the photographs, indicate this by
using scale bars within the figures themselves.

Halftones should have a minimum resolution of 300 dpi.

Combination Art
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Definition: a combination of halftone and line art, e.g., halftones
containing line drawing, extensive lettering, color diagrams, etc.
Combination artwork should have a minimum resolution of 600
dpi.

Color Art

Color art is free of charge for online publication.

If black and white will be shown in the print version, make sure
that the main information will still be visible. Many colors are not
distinguishable from one another when converted to black and
white. A simple way to check this is to make a xerographic copy to
see if the necessary distinctions between the different colors are
still apparent.

If the figures will be printed in black and white, do not refer to color
in the captions.

Color illustrations should be submitted as RGB (8 bits per
channel).

Figure Lettering

To add lettering, it is best to use Helvetica or Arial (sans serif
fonts).
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Keep lettering consistently sized throughout your final-sized
artwork, usually about 2—3 mm (8—-12 pt).

Variance of type size within an illustration should be minimal, e.g.,
do not use 8-pt type on an axis and 20-pt type for the axis label.
Avoid effects such as shading, outline letters, etc.

Do not include titles or captions within your illustrations.

Figure Numbering

All figures are to be numbered using Arabic numerals.

Figures should always be cited in text in consecutive numerical
order.

Figure parts should be denoted by lowercase letters (a, b, c, etc.).
If an appendix appears in your article and it contains one or more
figures, continue the consecutive numbering of the main text. Do
not number the appendix figures,'A1, A2, A3, etc." Figures in
online appendices [Supplementary Information (SI)] should,
however, be numbered separately.

Figure Captions

Each figure should have a concise caption describing accurately
what the figure depicts. Include the captions in the text file of the
manuscript, not in the figure file.

Figure captions begin with the term Fig. in bold type, followed by
the figure number, also in bold type.

No punctuation is to be included after the number, nor is any
punctuation to be placed at the end of the caption.

Identify all elements found in the figure in the figure caption; and
use boxes, circles, etc., as coordinate points in graphs.

Identify previously published material by giving the original
source in the form of a reference citation at the end of the figure
caption.

Figure Placement and Size

Figures should be submitted within the body of the text. Only if the
file size of the manuscript causes problems in uploading it, the
large figures should be submitted separately from the text.

When preparing your figures, size figures to fit in the column
width.
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For large-sized journals the figures should be 84 mm (for double-
column text areas), or 174 mm (for single-column text areas) wide
and not higher than 234 mm.

For small-sized journals, the figures should be 119 mm wide and
not higher than 195 mm.

Permissions

If you include figures that have already been published elsewhere, you
must obtain permission from the copyright owner(s) for both the print
and online format. Please be aware that some publishers do not grant
electronic rights for free and that Springer will not be able to refund any
costs that may have occurred to receive these permissions. In such cases,
material from other sources should be used.

Accessibility
In order to give people of all abilities and disabilities access to the content
of your figures, please make sure that

All figures have descriptive captions (blind users could then use a
text-to-speech software or a text-to-Braille hardware)

Patterns are used instead of or in addition to colors for conveying
information (colorblind users would then be able to distinguish
the visual elements)

Any figure lettering has a contrast ratio of at least 4.5:1

Generative Al Images
Please check Springer’s policy on generative Al images and make sure
your work adheres to the principles described therein.

Supplementary Information (Sl)

Springer accepts electronic multimedia files (animations, movies, audio,
etc.) and other supplementary files to be published online along with an
article or a book chapter. This feature can add dimension to the author's
article, as certain information cannot be printed or is more convenient
in electronic form.
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Before submitting research datasets as Supplementary Information,
authors should read the journal’s Research data policy. We encourage
research data to be archived in data repositories wherever possible.

Submission

Supply all supplementary material in standard file formats.
Please include in each file the following information: article title,
journal name, author names; affiliation and e-mail address of the
corresponding author.

To accommodate user downloads, please keep in mind that larger-
sized files may require very long download times and that some
users may experience other problems during downloading.

Audio, Video, and Animations
Aspect ratio: 16:9 or 4:3
Maximum file size: 2 GB
Minimum video duration: 1 sec

Supported file formats: avi, wmv, mp4, mov, m2p, mp2, mpg,
mpeg, flv, mxf, mts, m4v, 3gp

Text and Presentations

Submit your material in PDF format; .doc or .ppt files are not
suitable for long-term viability.
A collection of figures may also be combined in a PDF file.

Spreadsheets

Spreadsheets should be submitted as .csv or .xIsx files (MS Excel).

Specialized Formats

Specialized format such as .pdb (chemical), .wrl (VRML), .nb
(Mathematica notebook), and .tex can also be supplied.
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Collecting Multiple Files

It is possible to collect multiple files in a .zip or .gz file.

Numbering

If supplying any supplementary material, the text must make
specific mention of the material as a citation, similar to that of
figures and tables.

Refer to the supplementary files as “Online Resource”, e.g., "... as
shown in the animation (Online Resource 3)", “... additional data
are given in Online Resource 4”.

Name the files consecutively, e.g. “ESM__3.mpg”, “ESM__4.pdf”.

Captions

For each supplementary material, please supply a concise caption
describing the content of the file.

Processing of supplementary files

Supplementary Information (SI) will be published as received from
the author without any conversion, editing, or reformatting.

Accessibility
In order to give people of all abilities and disabilities access to the content
of your supplementary files, please make sure that

The manuscript contains a descriptive caption for each
supplementary material

Video files do not contain anything that flashes more than three
times per second (so that users prone to seizures caused by such
effects are not put at risk)

Generative Al Images

Please check Springer’s policy on generative Al images and make sure
your work adheres to the principles described therein.
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Ethical Responsibilities of Authors

This journal is committed to upholding the integrity of the scientific
record. As a member of the Committee on Publication Ethics (COPE) the
journal will follow the COPE guidelines on how to deal with potential acts
of misconduct.

Authors should refrain from misrepresenting research results which
could damage the trust in the journal, the professionalism of scientific
authorship, and ultimately the entire scientific endeavour. Maintaining
integrity of the research and its presentation is helped by following the
rules of good scientific practice, which include*:

The manuscript should not be submitted to more than one journal
for simultaneous consideration.

The submitted work should be original and should not have been
published elsewhere in any form or language (partially or in full),
unless the new work concerns an expansion of previous work.
(Please provide transparency on the re-use of material to avoid the
concerns about text-recycling (‘self-plagiarism’).

A single study should not be split up into several parts to increase
the quantity of submissions and submitted to various journals or
to one journal over time (i.e. ‘salami-slicing/publishing’).
Concurrent or secondary publication is sometimes justifiable,
provided certain conditions are met. Examples include:
translations or a manuscript that is intended for a different group
of readers.

Results should be presented clearly, honestly, and without
fabrication, falsification or inappropriate data manipulation
(including image based manipulation). Authors should adhere to
discipline-specific rules for acquiring, selecting and processing
data.

No data, text, or theories by others are presented as if they were
the author’s own (‘plagiarism’). Proper acknowledgements to
other works must be given (this includes material that is closely
copied (near verbatim), summarized and/or paraphrased),
quotation marks (to indicate words taken from another source) are
used for verbatim copying of material, and permissions secured
for material that is copyrighted.

Important note: the journal may use software to screen for plagiarism.
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Authors should make sure they have permissions for the use of
software, questionnaires/(web) surveys and scales in their studies
(if appropriate).

Research articles and non-research articles (e.g. Opinion, Review,
and Commentary articles) must cite appropriate and relevant
literature in support of the claims made. Excessive and
inappropriate self-citation or coordinated efforts among several
authors to collectively self-cite is strongly discouraged.

Authors should avoid untrue statements about an entity (who can
be an individual person or a company) or descriptions of their
behavior or actions that could potentially be seen as personal
attacks or allegations about that person.

Research that may be misapplied to pose a threat to public health
or national security should be clearly identified in the manuscript
(e.g. dual use of research). Examples include creation of harmful
consequences of biological agents or toxins, disruption of
immunity of vaccines, unusual hazards in the use of chemicals,
weaponization of research/technology (amongst others).

Authors are strongly advised to ensure the author group, the
Corresponding Author, and the order of authors are all correct at
submission. Adding and/or deleting authors during the revision
stages is generally not permitted, but in some cases may be
warranted. Reasons for changes in authorship should be explained
in detail. Please note that changes to authorship cannot be made
after acceptance of a manuscript.

*All of the above are guidelines and authors need to make sure to respect
third parties rights such as copyright and/or moral rights.

Upon request authors should be prepared to send relevant
documentation or data in order to verify the validity of the results
presented. This could be in the form of raw data, samples, records, etc.
Sensitive information in the form of confidential or proprietary data is
excluded.

If there is suspicion of misbehavior or alleged fraud the Journal and/or
Publisher will carry out an investigation following COPE guidelines. If,
after investigation, there are valid concerns, the author(s) concerned
will be contacted under their given e-mail address and given an
opportunity to address the issue. Depending on the situation, this may
result in the Journal’s and/or Publisher’s implementation of the
following measures, including, but not limited to:
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If the manuscript is still under consideration, it may be rejected
and returned to the author.

If the article has already been published online, depending on the
nature and severity of the infraction:
- an erratum/correction may be placed with the article
- an expression of concern may be placed with the article
- or in severe cases retraction of the article may occur.

The reason will be given in the published erratum/correction, expression
of concern or retraction note. Please note that retraction means that the
article is maintained on the platform, watermarked “retracted” and the
explanation for the retraction is provided in a note linked to the
watermarked article.

The author’s institution may be informed

Anotice of suspected transgression of ethical standards in the peer
review system may be included as part of the author’s and article’s
bibliographic record.

Fundamental errors

Authors have an obligation to correct mistakes once they discover a
significant error or inaccuracy in their published article. The author(s)
is/are requested to contact the journal and explain in what sense the
error is impacting the article. A decision on how to correct the literature
will depend on the nature of the error. This may be a correction or
retraction. The retraction note should provide transparency which parts
of the article are impacted by the error.

Suggesting / excluding reviewers

Authors are welcome to suggest suitable reviewers and/or request the
exclusion of certain individuals when they submit their manuscripts.
When suggesting reviewers, authors should make sure they are totally
independent and not connected to the work in any way. It is strongly
recommended to suggest a mix of reviewers from different countries and
different institutions. When suggesting reviewers, the Corresponding
Author must provide an institutional email address for each suggested
reviewer, or, if this is not possible to include other means of verifying the
identity such as a link to a personal homepage, a link to the publication
record or a researcher or author ID in the submission letter. Please note
that the Journal may not use the suggestions, but suggestions are
appreciated and may help facilitate the peer review process.
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Authorship principles

These guidelines describe authorship principles and good authorship
practices to which prospective authors should adhere to.

Authorship clarified

The Journal and Publisher assume all authors agreed with the content
and that all gave explicit consent to submit and that they obtained
consent from the responsible authorities at the institute/organization
where the work has been carried out, before the work is submitted.

The Publisher does not prescribe the kinds of contributions that warrant
authorship. It is recommended that authors adhere to the guidelines for
authorship that are applicable in their specific research field. In absence
of specific guidelines it is recommended to adhere to the following
guidelines*:

All authors whose names appear on the submission

1) made substantial contributions to the conception or design of the
work; or the acquisition, analysis, or interpretation of data; or the
creation of new software used in the work;

2) drafted the work or revised it critically for important intellectual
content;

3) approved the version to be published; and

4) agree to be accountable for all aspects of the work in ensuring that
questions related to the accuracy or integrity of any part of the work are
appropriately investigated and resolved.

* Based on/adapted from:

ICMJE, Defining the Role of Authors and Contributors,
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Transparency in authors’ contributions and responsibilities to promote
integrity in scientific publication, McNutt at all, PNAS February 27, 2018

Disclosures and declarations

All authors are requested to include information regarding sources of
funding, financial or non-financial interests, study-specific approval by
the appropriate ethics committee for research involving humans and/or
animals, informed consent if the research involved human participants,
and a statement on welfare of animals if the research involved animals
(as appropriate).

The decision whether such information should be included is not only
dependent on the scope of the journal, but also the scope of the article.
Work submitted for publication may have implications for public health
or general welfare and in those cases it is the responsibility of all authors
to include the appropriate disclosures and declarations.

Data transparency

All authors are requested to make sure that all data and materials as well
as software application or custom code support their published claims
and comply with field standards. Please note that journals may have
individual policies on (sharing) research data in concordance with
disciplinary norms and expectations.

Role of the Corresponding Author

One author is assigned as Corresponding Author and acts on behalf of all
co-authors and ensures that questions related to the accuracy or
integrity of any part of the work are appropriately addressed.

The Corresponding Author is responsible for the following
requirements:

ensuring that all listed authors have approved the manuscript
before submission, including the names and order of authors;
managing all communication between the Journal and all co-
authors, before and after publication;*

providing transparency on re-use of material and mention any
unpublished material (for example manuscripts in press) included
in the manuscript in a cover letter to the Editor;

making sure disclosures, declarations and transparency on data
statements from all authors are included in the manuscript as
appropriate (see above).
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* The requirement of managing all communication between the journal
and all co-authors during submission and proofing may be delegated to
a Contact or Submitting Author. In this case please make sure the
Corresponding Author is clearly indicated in the manuscript.

Author contributions

In absence of specific instructions and in research fields where it is
possible to describe discrete efforts, the Publisher recommends authors
to include contribution statements in the work that specifies the
contribution of every author in order to promote transparency. These
contributions should be listed at the separate title page.

Examples of such statement(s) are shown below:
- Free text:

All authors contributed to the study conception and design. Material
preparation, data collection and analysis were performed by [full name],
[full name] and [full name]. The first draft of the manuscript was written
by [full name] and all authors commented on previous versions of the
manuscript. All authors read and approved the final manuscript.

Example: CRediT taxonomy:

- Conceptualization: [full name], ...; Methodology: [full name], ...; Formal
analysis and investigation: [full name], ...; Writing - original draft
preparation: [full name, ...]; Writing - review and editing: [full name], ...;
Funding acquisition: [full name], ..; Resources: [full name], ..;
Supervision: [full name],....

For review articles where discrete statements are less applicable a
statement should be included who had the idea for the article, who
performed the literature search and data analysis, and who drafted
and/or critically revised the work.

For articles that are based primarily on the student’s dissertation or
thesis, it is recommended that the student is usually listed as principal
author:

A Graduate Student’s Guide to Determining Authorship Credit and
Authorship Order, APA Science Student Council 2006




Affiliation

The primary affiliation for each author should be the institution where
the majority of their work was done. If an author has subsequently
moved, the current address may additionally be stated. Addresses will
not be updated or changed after publication of the article.

Changes to authorship

Authors are strongly advised to ensure the correct author group, the
Corresponding Author, and the order of authors at submission. Changes
of authorship by adding or deleting authors, and/or changes in
Corresponding Author, and/or changes in the sequence of authors are
not accepted after acceptance of a manuscript.

Please note that author names will be published exactly as they
appear on the accepted submission!

Please make sure that the names of all authors are present and correctly
spelled, and that addresses and affiliations are current.

Adding and/or deleting authors at revision stage are generally not
permitted, but in some cases it may be warranted. Reasons for these
changes in authorship should be explained. Approval of the change
during revision is at the discretion of the Editor-in-Chief. Please note
that journals may have individual policies on adding and/or deleting
authors during revision stage.

Author identification

Authors are recommended to use their ORCID ID when submitting an
article for consideration or acquire an ORCID ID via the submission
process.

Deceased or incapacitated authors

For cases in which a co-author dies or is incapacitated during the
writing, submission, or peer-review process, and the co-authors feel it
is appropriate to include the author, co-authors should obtain approval
from a (legal) representative which could be a direct relative.

Authorship issues or disputes

In the case of an authorship dispute during peer review or after
acceptance and publication, the Journal will not be in a position to
investigate or adjudicate. Authors will be asked to resolve the dispute
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themselves. If they are unable the Journal reserves the right to withdraw
a manuscript from the editorial process or in case of a published paper
raise the issue with the authors’ institution(s) and abide by its
guidelines.

Confidentiality

Authors should treat all communication with the Journal as confidential
which includes correspondence with direct representatives from the
Journal such as Editors-in-Chief and/or Handling Editors and reviewers’
reports unless explicit consent has been received to share information.

Compliance with Ethical Standards

To ensure objectivity and transparency in research and to ensure that
accepted principles of ethical and professional conduct have been
followed, authors should include information regarding sources of
funding, potential conflicts of interest (financial or non-financial),
informed consent if the research involved human participants, and a
statement on welfare of animals if the research involved animals.

Authors should include the following statements (if applicable) in a
separate section entitled “Compliance with Ethical Standards” when
submitting a paper:

Disclosure of potential conflicts of interest
Research involving Human Participants and/or Animals
Informed consent

Please note that standards could vary slightly per journal dependent on
their peer review policies (i.e. single or double blind peer review) as well
as per journal subject discipline. Before submitting your article check the
instructions following this section carefully.

The corresponding author should be prepared to collect documentation
of compliance with ethical standards and send if requested during peer
review or after publication.

The Editors reserve the right to reject manuscripts that do not comply
with the above-mentioned guidelines. The author will be held
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responsible for false statements or failure to fulfill the above-mentioned
guidelines.

Competing Interests

Authors are requested to disclose interests that are directly or indirectly
related to the work submitted for publication. Interests within the last 3
years of beginning the work (conducting the research and preparing the
work for submission) should be reported. Interests outside the 3-year
time frame must be disclosed if they could reasonably be perceived as
influencing the submitted work. Disclosure of interests provides a
complete and transparent process and helps readers form their own
judgments of potential bias. This is not meant to imply that a financial
relationship with an organization that sponsored the research or
compensation received for consultancy work is inappropriate.

Editorial Board Members and Editors are required to declare any
competing interests and may be excluded from the peer review process
if a competing interest exists. In addition, they should exclude
themselves from handling manuscripts in cases where there is a
competing interest. This may include — but is not limited to — having
previously published with one or more of the authors, and sharing the
same institution as one or more of the authors. Where an Editor or
Editorial Board Member is on the author list we recommend they declare
this in the competing interests section on the submitted manuscript. If
they are an author or have any other competing interest regarding a
specific manuscript, another Editor or member of the Editorial Board
will be assigned to assume responsibility for overseeing peer review.
These submissions are subject to the exact same review process as any
other manuscript. Editorial Board Members are welcome to submit
papers to the journal. These submissions are not given any priority over
other manuscripts, and Editorial Board Member status has no bearing on
editorial consideration.

Interests that should be considered and disclosed but are not limited to
the following:

Funding: Research grants from funding agencies (please give the
research funder and the grant number) and/or research support
(including salaries, equipment, supplies, reimbursement for attending
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symposia, and other expenses) by organizations that may gain or lose
financially through publication of this manuscript.

Employment: Recent (while engaged in the research project), present or
anticipated employment by any organization that may gain or lose
financially through publication of this manuscript. This includes
multiple affiliations (if applicable).

Financial interests: Stocks or shares in companies (including holdings of
spouse and/or children) that may gain or lose financially through
publication of this manuscript; consultation fees or other forms of
remuneration from organizations that may gain or lose financially;
patents or patent applications whose value may be affected by
publication of this manuscript.

It is difficult to specify a threshold at which a financial interest becomes
significant, any such figure is necessarily arbitrary, so one possible
practical guideline is the following: "Any undeclared financial interest
that could embarrass the author were it to become publicly known after
the work was published."

Non-financial interests: In addition, authors are requested to disclose
interests that go beyond financial interests that could impart bias on the
work submitted for publication such as professional interests, personal
relationships or personal beliefs (amongst others). Examples include,
but are not limited to: position on editorial board, advisory board or
board of directors or other type of management relationships; writing
and/or consulting for educational purposes; expert witness; mentoring
relations; and so forth.

Primary research articles require a disclosure statement. Review articles
present an expert synthesis of evidence and may be treated as an
authoritative work on a subject. Review articles therefore require a
disclosure statement. Other article types such as editorials, book
reviews, comments (amongst others) may, dependent on their content,
require a disclosure statement. If you are unclear whether your article
type requires a disclosure statement, please contact the Editor-in-Chief.

Please note that, in addition to the above requirements, funding
information (given that funding is a potential competing interest (as
mentioned above)) needs to be disclosed upon submission of the
manuscript in the peer review system. This information will

66



automatically be added to the Record of CrossMark, however it is not
added to the manuscript itself. Under ‘summary of requirements’ (see
below) funding information should be included in the ‘Declarations’
section.

Summary of requirements

The above should be summarized in a statement and placed in a
‘Declarations’ section before the reference list under a heading of
‘Funding’ and/or ‘Competing interests’. Other declarations include
Ethics approval, Consent, Data, Material and/or Code availability and
Authors’ contribution statements.

Please see the various examples of wording below and revise/customize
the sample statements according to your own needs.

When all authors have the same (or no) conflicts and/or funding it is
sufficient to use one blanket statement.

Examples of statements to be used when funding has been received:

Partial financial support was received from [...]

The research leading to these results received funding from [...]
under Grant Agreement Nol...].

This study was funded by [...]

This work was supported by [...] (Grant numbers [...] and [...]

Examples of statements to be used when there is no funding;:

The authors did not receive support from any organization for the
submitted work.

No funding was received to assist with the preparation of this
manuscript.

No funding was received for conducting this study.

No funds, grants, or other support was received.

Examples of statements to be used when there are interests to declare:
Financial interests: Author A has received research support from

Company A. Author B has received a speaker honorarium from
Company W and owns stock in Company X. Author C is consultant
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to company Y.
Non-financial interests: Author C is an unpaid member of
committee Z.

Financial interests: The authors declare they have no financial
interests.

Non-financial interests: Author A is on the board of directors of Y
and receives no compensation as member of the board of directors.
Financial interests: Author A received a speaking fee from Y for Z.
Author B receives a salary from association X. X where s/he is the
Executive Director.
Non-financial interests: none.

Financial interests: Author A and B declare they have no financial
interests. Author C has received speaker and consultant honoraria
from Company M and Company N. Dr. C has received speaker
honorarium and research funding from Company M and Company
0. Author D has received travel support from Company O.
Non-financial interests: Author D has served on advisory boards
for Company M, Company N and Company O.

Examples of statements to be used when authors have nothing to
declare:

The authors have no relevant financial or non-financial interests
to disclose.

The authors have no competing interests to declare that are
relevant to the content of this article.

All authors certify that they have no affiliations with or
involvement in any organization or entity with any financial
interest or non-financial interest in the subject matter or
materials discussed in this manuscript.

The authors have no financial or proprietary interests in any
material discussed in this article.

Authors are responsible for correctness of the statements provided in the
manuscript. See also Authorship Principles. The Editor-in-Chief
reserves the right to reject submissions that do not meet the guidelines
described in this section.

Research involving human participants, their data or biological material
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Ethics approval

When reporting a study that involved human participants, their data or
biological material, authors should include a statement that confirms
that the study was approved (or granted exemption) by the appropriate
institutional and/or national research ethics committee (including the
name of the ethics committee) and certify that the study was performed
in accordance with the ethical standards as laid down in the 1964
Declaration of Helsinki and its later amendments or comparable ethical
standards. If doubt exists whether the research was conducted in
accordance with the 1964 Helsinki Declaration or comparable standards,
the authors must explain the reasons for their approach, and
demonstrate that an independent ethics committee or institutional
review board explicitly approved the doubtful aspects of the study. If a
study was granted exemption from requiring ethics approval, this should
also be detailed in the manuscript (including the reasons for the
exemption).

Retrospective ethics approval

If a study has not been granted ethics committee approval prior to
commencing, retrospective ethics approval usually cannot be obtained
and it may not be possible to consider the manuscript for peer review.
The decision on whether to proceed to peer review in such cases is at the
Editor's discretion.

Ethics approval for retrospective studies

Although retrospective studies are conducted on already available data
or biological material (for which formal consent may not be needed or is
difficult to obtain) ethics approval may be required dependent on the law
and the national ethical guidelines of a country. Authors should check
with their institution to make sure they are complying with the specific
requirements of their country.

Ethics approval for case studies

Case reports require ethics approval. Most institutions will have specific
policies on this subject. Authors should check with their institution to
make sure they are complying with the specific requirements of their
institution and seek ethics approval where needed. Authors should be
aware to secure informed consent from the individual (or parent or
guardian if the participant is a minor or incapable) See also section on
Informed Consent.

Cell lines
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If human cells are used, authors must declare in the manuscript: what
cell lines were used by describing the source of the cell line, including
when and from where it was obtained, whether the cell line has recently
been authenticated and by what method. If cells were bought from a life
science company the following need to be given in the manuscript: name
of company (that provided the cells), cell type, number of cell line, and
batch of cells.

It is recommended that authors check the NCBI database for
misidentification and contamination of human cell lines. This step will
alert authors to possible problems with the cell line and may save
considerable time and effort.

Further information is available from the International Cell Line
Authentication Committee (ICLAC).

Authors should include a statement that confirms that an institutional
or independent ethics committee (including the name of the ethics
committee) approved the study and that informed consent was obtained
from the donor or next of kin.

Research Resource Identifiers (RRID)

Research Resource Identifiers (RRID) are persistent unique identifiers
(effectively similar to a DOI) for research resources. This journal
encourages authors to adopt RRIDs when reporting key biological
resources (antibodies, cell lines, model organisms and tools) in their
manuscripts.

Examples:

Organism: Filipyma®ompwisi RRTD:MMRRC__055641-UCD

Cell Line: RST307 cell line RRID:CVCL_ C321

Antibody: Luciferase antibody DSHB Cat# LUC-3, RRID:AB_ 2722109
Plasmid: mRuby3 plasmid RRID:Addgene_ 104005

Software: Image]J Version 1.2.4 RRID:SCR__ 003070
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RRIDs are provided by the Resource Identification Portal. Many
commonly used research resources already have designated RRIDs. The
portal also provides authors links so that they can quickly register a new
resource and obtain an RRID.

Clinical Trial Registration

The World Health Organization (WHO) definition of a clinical trial is
"any research study that prospectively assigns human participants or
groups of humans to one or more health-related interventions to
evaluate the effects on health outcomes'". The WHO defines health
interventions as “A health intervention is an act performed for, with or
on behalf of a person or population whose purpose is to assess, improve,
maintain, promote or modify health, functioning or health conditions”
and a health-related outcome is generally defined as a change in the
health of a person or population as a result of an intervention.

To ensure the integrity of the reporting of patient-centered trials,
authors must register prospective clinical trials (phase II to IV trials) in
suitable publicly available repositories. For example
www.clinicaltrials.gov or any of the primary registries that participate in
the WHO International Clinical Trials Registry Platform.

The trial registration number (TRN) and date of registration should be
included as the last line of the manuscript abstract.

For clinical trials that have not been registered prospectively, authors are
encouraged to register retrospectively to ensure the complete
publication of all results. The trial registration number (TRN), date of
registration and the words 'retrospectively registered’ should be
included as the last line of the manuscript abstract.

Standards of reporting

Springer Nature advocates complete and transparent reporting of
biomedical and biological research and research with biological
applications. Authors are recommended to adhere to the minimum
reporting guidelines hosted by the EQUATOR Network when preparing
their manuscript.

Exact requirements may vary depending on the journal; please refer to
the journal’s Instructions for Authors.

Checklists are available for a number of study designs, including:



Randomised trials (CONSORT') and Study protocols (SPIRIT)
Observational studies (STROBE)

Systematic reviews and meta-analyses (PRISMA) and protocols
(Prisma-P)

Diagnostic/prognostic studies (STARD) and (TRIPOD)

Case reports (CARE)

Clinical practice guidelines (AGREE) and (RIGHT)

Qualitative research (SRQR) and (COREQ)
Animal pre-clinical studies (ARRIVE)
Quality improvement studies (SQUIRE)
Economic evaluations (CHEERS)

Summary of requirements

The above should be summarized in a statement and placed in a
‘Declarations’ section before the reference list under a heading of ‘Ethics
approval’.

Examples of statements to be used when ethics approval has been
obtained:

- All procedures performed in studies involving human participants were
in accordance with the ethical standards of the institutional and/or
national research committee and with the 1964 Helsinki Declaration and
its later amendments or comparable ethical standards. The study was
approved by the Bioethics Committee of the Medical University of A (No.

)
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- This study was performed in line with the principles of the Declaration
of Helsinki. Approval was granted by the Ethics Committee of University
B (Date.../No. ...).

- Approval was obtained from the ethics committee of University C. The
procedures used in this study adhere to the tenets of the Declaration of
Helsinki.

- The questionnaire and methodology for this study was approved by the
Human Research Ethics committee of the University of D (Ethics
approval number: ...).

Examples of statements to be used for a retrospective study:

- Ethical approval was waived by the local Ethics Committee of University
A in view of the retrospective nature of the study and all the procedures
being performed were part of the routine care.

- This research study was conducted retrospectively from data obtained
for clinical purposes. We consulted extensively with the IRB of XYZ who
determined that our study did not need ethical approval. An IRB official
waiver of ethical approval was granted from the IRB of XYZ.

- This retrospective chart review study involving human participants was
in accordance with the ethical standards of the institutional and national
research committee and with the 1964 Helsinki Declaration and its later
amendments or comparable ethical standards. The Human Investigation
Committee (IRB) of University B approved this study.

Examples of statements to be used when no ethical approval is
required/exemption granted:

- This is an observational study. The XYZ Research Ethics Committee has
confirmed that no ethical approval is required.

- The data reproduced from Article X utilized human tissue that was
procured via our Biobank AB, which provides de-identified samples. This
study was reviewed and deemed exempt by our XYZ Institutional Review
Board. The BioBank protocols are in accordance with the ethical
standards of our institution and with the 1964 Helsinki declaration and
its later amendments or comparable ethical standards.



Authors are responsible for correctness of the statements provided in the
manuscript. See also Authorship Principles. The Editor-in-Chief
reserves the right to reject submissions that do not meet the guidelines
described in this section.

Informed consent

All individuals have individual rights that are not to be infringed.
Individual participants in studies have, for example, the right to decide
what happens to the (identifiable) personal data gathered, to what they
have said during a study or an interview, as well as to any photograph
that was taken. This is especially true concerning images of vulnerable
people (e.g. minors, patients, refugees, etc) or the use of images in
sensitive contexts. In many instances authors will need to secure written
consent before including images.

Identifying details (names, dates of birth, identity numbers, biometrical
characteristics (such as facial features, fingerprint, writing style, voice
pattern, DNA or other distinguishing characteristic) and other
information) of the participants that were studied should not be
published in written descriptions, photographs, and genetic profiles
unless the information is essential for scholarly purposes and the
participant (or parent/guardian if the participant is a minor or incapable
or legal representative) gave written informed consent for publication.
Complete anonymity is difficult to achieve in some cases. Detailed
descriptions of individual participants, whether of their whole bodies or
of body sections, may lead to disclosure of their identity. Under certain
circumstances consent is not required as long as information is
anonymized and the submission does not include images that may
identify the person.

Informed consent for publication should be obtained if there is any
doubt. For example, masking the eye region in photographs of
participants is inadequate protection of anonymity. If identifying
characteristics are altered to protect anonymity, such as in genetic
profiles, authors should provide assurance that alterations do not distort
meaning.

Exceptions where it is not necessary to obtain consent:
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- Images such as x rays, laparoscopic images, ultrasound images, brain
scans, pathology slides unless there is a concern about identifying
information in which case, authors should ensure that consent is
obtained.

- Reuse of images: If images are being reused from prior publications, the
Publisher will assume that the prior publication obtained the relevant
information regarding consent. Authors should provide the appropriate
attribution for republished images.

Consent and already available data and/or biologic material

Regardless of whether material is collected from living or dead patients,
they (family or guardian if the deceased has not made a pre-mortem
decision) must have given prior written consent. The aspect of
confidentiality as well as any wishes from the deceased should be
respected.

Data protection, confidentiality and privacy

When biological material is donated for or data is generated as part of a
research project authors should ensure, as part of the informed consent
procedure, that the participants are made aware what kind of (personal)
data will be processed, how it will be used and for what purpose. In case
of data acquired via a biobank/biorepository, it is possible they apply a
broad consent which allows research participants to consent to a broad
range of uses of their data and samples which is regarded by research
ethics committees as specific enough to be considered “informed”.
However, authors  should always check the  specific
biobank/biorepository policies or any other type of data provider policies
(in case of non-bio research) to be sure that this is the case.

Consent to Participate

For all research involving human subjects, freely-given, informed
consent to participate in the study must be obtained from participants
(or their parent or legal guardian in the case of children under 16) and a
statement to this effect should appear in the manuscript. In the case of
articles describing human transplantation studies, authors must include
a statement declaring that no organs/tissues were obtained from
prisoners and must also name the institution(s)/clinic(s)/department(s)
via which organs/tissues were obtained. For manuscripts reporting
studies involving vulnerable groups where there is the potential for
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coercion or where consent may not have been fully informed, extra care
will be taken by the editor and may be referred to the Springer Nature
Research Integrity Group.

Consent to Publish

Individuals may consent to participate in a study, but object to having
their data published in a journal article. Authors should make sure to also
seek consent from individuals to publish their data prior to submitting
their paper to a journal. This is in particular applicable to case studies. A
consent to publish form can be found

here. (Download docx, 36 kB)

Summary of requirements

The above should be summarized in a statement and placed in a
‘Declarations’ section before the reference list under a heading of
‘Consent to participate’ and/or ‘Consent to publish’. Other declarations
include Funding, Competing interests, Ethics approval, Consent, Data
and/or Code availability and Authors’ contribution statements.

Please see the various examples of wording below and revise/customize
the sample statements according to your own needs.

Sample statements for ''Consent to participate':

Informed consent was obtained from all individual participants included
in the study.

Informed consent was obtained from legal guardians.
Written informed consent was obtained from the parents.
Verbal informed consent was obtained prior to the interview.
Sample statements for “Consent to publish”:

The authors affirm that human research participants provided informed
consent for publication of the images in Figure(s) 1a, 1b and 1c.
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The participant has consented to the submission of the case report to the
journal.

Patients signed informed consent regarding publishing their data and
photographs.

Sample statements if identifying information about participants is
available in the article:

Additional informed consent was obtained from all individual
participants for whom identifying information is included in this article.

Authors are responsible for correctness of the statements provided in the
manuscript. See also Authorship Principles. The Editor-in-Chief
reserves the right to reject submissions that do not meet the guidelines
described in this section.

Images will be removed from publication if authors have not obtained
informed consent or the paper may be removed and replaced with a
notice explaining the reason for removal.

Editing Services

English
How can you help improve your manuscript for publication?

Presenting your work in a well-structured manuscript and in well-
written English gives it its best chance for editors and reviewers to
understand it and evaluate it fairly. Many researchers find that getting
some independent support helps them present their results in the best
possible light. The experts at Springer Nature Author Services can help
you with manuscript preparation—including English language editing,
developmental comments, manuscript formatting, figure preparation,
translation, and more.

Get started and save 15%

You can also use our free Grammar Check tool for an evaluation of your
work.
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Please note that using these tools, or any other service, is not a
requirement for publication, nor does it imply or guarantee that editors
will accept the article, or even select it for peer review.

Research Data Policy and Data Availability Statements

This journal follows Springer Nature research data policy. Sharing of all
relevant research data is strongly encouraged and authors must add a
Data Availability Statement to original research articles.

Research data includes a wide range of types, including spreadsheets,
images, textual extracts, archival documents, video or audio, interview
notes or any specialist formats generated during research.

Data availability statements

All original research must include a data availability statement. This
statement should explain how to access data supporting the results and
analysis in the article, including links/citations to publicly archived
datasets analysed or generated during the study. Please see our full
policy here.

If it is not possible to share research data publicly, for instance when
individual privacy could be compromised, this statement should
describe how data can be accessed and any conditions for reuse.
Participant consent should be obtained and documented prior to data
collection. See our guidance on sensitive data for more information.

When creating a data availability statement, authors are encouraged to
consider the minimal dataset that would be necessary to interpret,
replicate and build upon the findings reported in the article.

Further guidance on writing a data availability statement, including
examples, is available at:

Data availability statements

Data repositories

Authors are strongly encouraged to deposit their supporting data in a
publicly available repository. Sharing your data in a repository promotes
the integrity, discovery and reuse of your research, making it easier for
the research community to build on and credit your work.
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See our data repository guidance for information on finding a suitable
repository.

We recommend the use of discipline-specific repositories where
available. For a number of data types, submission to specific public
repositories is mandatory.

See our list of mandated data types.

The journal encourages making research data available under open
licences that permit reuse. The journal does not enforce use of particular
licences in third party repositories. You should ensure you have
necessary rights to share any data that you deposit in a repository.

Data citation

The journal recommends that authors cite any publicly available data on
which the conclusions of the paper rely. This includes data the authors
are sharing alongside their publication and any secondary data the
authors have reused. Data citations should include a persistent identifier
(such as a DOI), should be included in the reference list using the
minimum information recommended by DataCite (Dataset Creator,
Dataset Title, Publisher [repository], Publication Year, Identifier [e.g.
DOI, Handle, Accession or ARK]) and follow journal style.See our further
guidance on citing datasets.

Research data and peer review

If the journal that you are submitting to uses double-anonymous peer
review and you are providing reviewers with access to your data (for
example via a repository link, supplementary information or data on
request), it is strongly suggested that the authorship in the data is also
anonymised. There are data repositories that can assist with this and/or
will create a link to mask the authorship of your data.

Support with research data policy

Authors who need help understanding our data sharing policy, finding a
suitable data repository, or organising and sharing research data can
consult our Research Data Helpdesk for guidance.

See our FAQ page for more information on Springer Nature's research
data policy.



After acceptance

Upon acceptance, your article will be exported to Production to undergo
typesetting. Shortly after this you will receive two e-mails. One contains
a request to confirm your affiliation, choose the publishing model for
your article, as well as to arrange rights and payment of any associated
publication cost. A second e-mail containing a link to your article’s
proofs will be sent once typesetting is completed.

Article publishing agreement

Depending on the ownership of the journal and its policies, you will
either grant the Publisher an exclusive licence to publish the article or
will be asked to transfer copyright of the article to the Publisher.

Offprints
Offprints can be ordered by the corresponding author.

Color illustrations

Online publication of color illustrations is free of charge. For color in the
print version, authors will be expected to make a contribution towards
the extra costs.

Proof reading

The purpose of the proof is to check for typesetting or conversion errors
and the completeness and accuracy of the text, tables and figures.
Substantial changes in content, e.g., new results, corrected values, title
and authorship, are not allowed without the approval of the Editor.

After online publication, further changes can only be made in the form
of an Erratum, which will be hyperlinked to the article.

Online First

The article will be published online after receipt of the corrected proofs.
This is the official first publication citable with the DOI. After release of
the printed version, the paper can also be cited by issue and page
numbers.
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