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Abstract 

 

 

The rapid emergence of novel psychoactive substances (NPS) in the global drug market poses 

a significant threat to public health and presents a challenge to drug policy. Often, there is 

insufficient information about the adverse clinical effects and social hazards linked to NPS, 

hindering the development of effective preventive measures and treatment strategies. The 

widespread dissemination and diversity of New Synthetic Opioids (NSOs) have introduced 

complexity into recreational NPS markets globally. Given the limited understanding of the 

pharmaco-toxicological properties of NSOs, my research project seeks to address the gaps in 

this area. It is a component of a multicenter research project affiliated with the Anti-Drug Policy 

Department (DPA) of the Presidency of the Council of Ministers. The University of Ferrara's 

Forensic Toxicology and Translational Medicine Laboratory is a national coordinator for this 

initiative. The aim of this multidisciplinary project is to investigate the effects of the emerging 

NSOs in a large spectrum calling different disciplinaries. In particular, the characterization of 

NSOs in this project involved in silico (Absorption, Distribution, Metabolism, Excretion and 

Toxicity-ADMET prediction), in vitro (receptor binding and Gi/β-arrestin 2 interaction tests, 

genotoxicity tests), in vivo (mouse model, zebrafish model) and ex-vivo (histological analysis) 

approaches. Sex differences in the pharmaco-toxicology of some NSOs was also evaluated. 

The in silico ADMET and zebrafish model were used to find rapid alternative methods for 

NSOs screening. As a last approach of my research project is the development of potential 

therapeutic interventions, I applied Naloxone (opioid receptor antagonist) alone or with 

Antalarmin (CRF-1 antagonist) to reverse the toxic effects of the studied opioids (particular 

focus on cardiorespiratory alteration) and evaluate the potential role played by stress in their 

toxic action. 

The extensive results obtained through the multidisciplinary approach applied in my PhD 

project have unveiled substantial pharmaco-toxicological insights and novel mechanisms 

attributed to NSOs toxicity. Moreover, these findings suggest new rapid screening tools of 

NSOs. A part of these findings is published in significant scientific journals. Disseminating this 

data aims to increase awareness of the risks linked to NSOs and facilitate the development of 

more effective therapeutic strategies for managing NSO-related intoxications. 
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Chapter 1 Introduction 

 

 

 

1.1 Research Background 

Over the past 5 years, Novel Synthetic Opioids (NSOs) have evolved into one of the fastest-

growing groups of new psychoactive substances (NPS) worldwide. While these substances 

constitute a lesser proportion of the overall array of NPS, their notably potent characteristics 

present a significant risk of poisoning. Moreover, as with many NPS, the opioid market is 

continuously diversifying, witnessing the (re) appearance of high-potency opioids. Due to the 

lack of knowledge on the pharmaco-toxicological properties of the highly potent NSOs my 

research project is aimed to fill the gaps in this field. My research project is a component of a 

multicenter research project affiliated with the Anti-Drug Policy Department (DPA) of the 

Presidency of the Council of Ministers. The University of Ferrara's Forensic Toxicology and 

Translational Medicine Laboratory is a national coordinator for this initiative. Since 2020, I 

have been focusing on the pharmaco-toxicological characterization of the most recent NSOs 

(Tramadol, fentanyl, and fentanyl analogs, Brorphine) in animal models. Sex differences in the 

pharmaco-toxicology of some NSOs was also evaluated. In addition, I have used other 

screening models including silico ADMET (Absorption, Distribution, Metabolism, Excretion 

and Toxicity) and zebrafish model to find rapid alternative methods of screening for NPS and 

particularly NSOs. As a last approach of my research project is the development of potential 

therapeutic interventions, I have been focusing on using Naloxone alone or with other 

antagonist (Antalarmin) to revert the toxic effects of the studied opioids (particular focus on 

cardiorespiratory alteration). The results obtained during the three years of my PhD research 

regarding the pharmaco-toxicology of NSOs are mostly published in important scientific 

journals addressing relevant and novel insights on the pharmacological aspects of the most 

dangerous class of NPS. 

 

1.2 Novel Psychoactive Substances phenomenon 

The term NPS refers to 'a new narcotic or psychotropic drug, in pure form or in preparation, 

that is not controlled by the United Nations drug conventions, but which may pose a public 

health threat comparable to that posed by substances listed in these conventions' (European 

Monitoring Center for Drugs and Drug Addiction, EMCDDA website). The EMCDDA plays 
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an active role in the monitoring, assessment, and control of new and potentially threatening 

NPS (natural and synthetic alike) as they appear on the European drug markets (EMCDDA. 

2009). Europe was one of the regions in the world first affected by the rapid emergence of NPS. 

Since 1997, the early warning and risk-assessment system has been recognized in Europe to 

identify and respond to the emergence of new drugs. Highlighting emerging and enduring NPS 

patterns has thus become a key focus for incorporation into the EMCDDA's yearly reports. The 

EMCDDA's annual reporting began to shine a spotlight on NPS and the activities of the EU 

Early Warning System (EWS) in 2007, where the emergence of piperazines, such as 

benzodiazepines, was discussed, as was the sale and aggressive marketing of these drugs 

through specialized shops and the internet. In 2009, there was a significant surge in the annual 

reporting of newly identified NPS, leading to a subsequent rise in the prominence of this subject 

in the following years' reports (EMCDDA. 25 YEARS FINAL. 2020). At the end of 2022, the 

EMCDDA was monitoring approximately 930 new psychoactive substances (Figure 1.1), with 

41 of them having their initial reports in Europe during the same year (EMCDDA. 2023). 

 

 

Figure 1.1. Number of new psychoactive substances reported each year following their first detection in the 

European Union, by category, 2005–2021 (EMCDDA.2023). 

 

In Italy, over 200 NPS were registered in Early Warning Advisory in 2022 (EMCDDA. 2022). 

The NPS market is characterized by a large number and diversities of the substances seized 

each year (EMCDDA.2023). Additionally, the United Nations on Drugs and Crime (UNDOC) 

is currently monitoring 1230 NPS in 141 countries and territories (UNDOC EWA). 
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The intricate task of classifying NPS is exacerbated by the extensive diversity in 

pharmacological profiles and chemical structures exhibited by this group of substances. 

According to UNDOC, the NPS can be classified based on their pharmacological effects into 

six classes: stimulants, synthetic cannabinoid receptor agonists (SCRAs), classic 

hallucinogens, synthetic opioids, sedatives/hypnotics and dissociative (Figure 1.2).  

 

 

                                   Figure 1.2. Effect group classification of NPS (UNDOC EWA. 2023). 

 

The categorization of NPS based on their pharmacological effects can pose a significant 

challenge, particularly for newly identified substances, as there is usually a lack of information 

regarding their pharmacological and toxicological profiles. Hence, the UNDOC and EMCDDA 

adopted another categorization based on chemical structure similarities. Fourteen groups 

identified by UNODC are subsequently reported in alphabetic order: Aminoindanes, 

Benzodiazepines, Fentanyl analogues, Lysergamides, Nitazenes, Other substances, 

Phencyclidine, Phenethylamines, Phenidates, Phenmetrazines, Piperazines, Plant-based 

substances, Synthetic cannabinoids, and Tryptamines (UNDOC EWA. 2023). In difference to 

UNDOC, the EMCDDA identified thirteen groups (Figure 1.1) of which some classes are not 

identified by UNDOC and vice-versa. The distinct methods of categorizing NPS substances by 

these two international agencies could be seen as an outcome of their significantly independent 

efforts. 

From 2021 to October 2022, there were 1200 reported cases of NPS poisoning involving 63 

distinct substances. The most frequently encountered substances included benzodiazepine 
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analogues, SCRAs, and synthetic opioids, according to the UNODC (UNDOC. 2022). The data 

primarily originates from three sources: post-mortem (PM) cases, instances of driving under 

the influence of drugs (DUID), and hospital admissions (Figure 1.3). 

 

 

                            Figure 1.3. NPS classes involved in main toxicological cases (UNDOC. 2022). 

 

It can be seen from Figure 1.3 that most reported hospitalizations (74%) concern SCRAs, while 

synthetic opioids are the second class of substances involved in cases of DUID and PM 

(UNODC. 2022). 

 

1.2.1 Novel Synthetic Opioids (NPS class investigated by present study) 

Novel synthetic opioids (NSOs) is a subclass of NPS, which emerged on the illicit drug market 

in the second half of 2000's (Zawilska et al., 2023). From 2009 to 2022, a cumulative total of 

74 new opioids have been identified on the European drug market (Figure 1.4), with one 

substance reported in 2022 (10 in 2020 and 6 in 2021; EMCDDA. 2023).  
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Figure 1.4. Number of opioids reported for the first time to the EU Early Warning System, 2009–2022 

(EMCDDA.2023). 

 

Novel synthetic opioids are basically categorized into fentanyl and its analogs used in medical 

therapy (i.g. Sufentanil, Alfentanil and Remifentanil), novel non-pharmaceutical fentanyl 

analogs (e.g. Ocfentanyl, Furanylfentanyl, Acetylfentanyl, Carfentanyl, Acrylfentanyl, 

Tetrahydrofuranylfentanyl, etc.), non-fentanyl structured compounds including 

diphenylethylpiperazines (MT-45), cinnamylpiperazines (2-methyl AP-237), 

cyclohexylbenzamides (U-47700 and AH-7921), 2-benzylbenzimidazoles (nitazenes), 

benzimidazolones (brorphine), atypical opioid agonists (mitragynine) and others (Zawilska et 

al., 2023). 

 

1.2.1.1 Fentanyl 

In 1960, Paul Janssen synthesized Fentanyl in Belgium, initially marketing it as a pain 

treatment. It is the prototype of 4-anilinopiperidine carrying a propionylamide moiety linked 

to the aniline-nitrogen (Figure 1.5). It activates the mu opioid receptors as agonist, exerting 

the typical opioids effects on the central nervous system (CNS) like sedation, euphoria, pain 

relief, unconsciousness and anesthesia, confusion, drowsiness, dizziness, fatigue, nausea and 

vomiting, urinary retention, pupillary constriction, bradycardia, and respiratory depression (Di 

Trana & Del Rio, 2020). 
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                             Figure 1.5. Chemical Structure of fentanyl C22H28N2O (Burns et al., 2018).  

 

The United States Food and Drug Administration (US FDA) approved fentanyl as an 

intravenous anesthetic in 1972, sold under the trade name Sublimaze®. A year after its patent 

expiration in 1981, Fentanyl sales surged tenfold. Reports of misuse and illicit use emerged 

among clinicians, predominantly anesthesiologists and surgeons with access to the drug, 

starting in the 1980s and persisting into the early 2000s (Armenian et al., 2018). During the 

1990s, fentanyl transdermal patches were introduced for broader palliative care, expanding 

access from clinicians to patients. Consequently, reports of overdoses stemming from the 

misuse of fentanyl transdermal patches surfaced in the 1990s and persisted into the early 2000s 

(Velagapudi & Sethi, 2023). There was a notable increase in overdose fatalities attributed to 

illicitly produced nonpharmaceutical fentanyl (NPF) in the mid-2000s (Armenian et al., 2018).  

In May 2006, the Centers for Disease Control (CDC) and the US Drug Enforcement Agency 

(DEA) introduced a surveillance system that detected 1013 deaths related to NPF (CDC. 2008). 

The majority of the implicated NPF stemmed from adulterated heroin or cocaine sold as a street 

drug and administered through injection. Since 2013, a dramatic increase of fentanyl seizures 

has been seen. Subsequently unprecedented surge in fentanyl overdose deaths has been also 

reported in the US with illicitly produced fentanyl and/or fentanyl analogs labeled as heroin 

(Jannetto et al., 2019). The CDC and US DEA both issued nationwide alerts regarding fentanyl 

and its analogs in 2015 (CDC. 2017). 



7 

The appearance of fentanyl on the illegal drug market within the European Union (EU) can be 

traced back to sporadic reports from the mid-1990s (EMCDDA. 2012). During that period, 

German authorities confiscated the precursors utilized in the production of fentanyl, along with 

ortho, meta, and para-fluorofentanyl. In 1992, the first case report documenting a fatal overdose 

attributed to the use of fentanyl–cocaine combination was documented in Italy. However, the 

origin of the drug remains unclear. Additional evidence comes from a case series documenting 

8 fatal overdoses between May 1994 and August 1995 in Sweden, a period during which 

fentanyl was being distributed on the illicit drug market disguised as heroin or amphetamine 

(EMCDDA. 2012). Subsequently, reports on fentanyl and its analogs in the European Union 

were infrequent. In 2008, incidents of fatalities among heroin users linked to fentanyl and 

analogs were documented in Estonia (Tuusov et al., 2013). A study conducted in 2012 revealed 

that heroin users in Bulgaria and Slovakia were turning to China white heroin mixed with 

fentanyl and its analogs (EMCDDA. 2012). Although there has been a decline in the reporting 

of fentanyl and its analogs to the EMCDDA in recent years, there were still 140 deaths linked 

to fentanyl reported in EU Member States in 2021 (EMCDDA. 2023). 

 

1.2.1.2 Fentanyl Analogs (FAs) 

After the discovery of fentanyl, pharmaceutical industries have developed various structural 

analogs aimed at enhancing the pharmacological profile of these substances. In particular, 

Sufentanil, Alfentanil and Remifentanil were used in medical therapy while other NPF 

including Acetylfentanyl, Ocfentanil and Furanylfentanyl were not approved for human 

medical treatment (Burns et al., 2018). Carfentanil has been synthesized by Janseen 

Pharmaceutica in 1974 and used as a general anesthetic for large animals (Armenian et al., 

2018). After their appearance on the market, some of fentanyl analogs from therapeutic use 

have been reported, linked to misuse and illicit use by clinicians (Armenian et al., 2018). In 

1979, numerous opioid overdoses were reported in US due to the consumption of 'China White' 

or synthetic heroin. However, toxicology analyses did not detect heroin or any known opioids. 

The causative agent was later identified as a fentanyl analog α-methylfentanyl. Another analog, 

3-methylfentanyl, emerged in 1984 and was responsible for 16 fatal overdose cases. α-

methylfentanyl and 3-methylfentanyl were subsequently included in schedule I narcotics in 

1981 and 1986, respectively (Armenian et al., 2018). The popularity of fentanyl and its analogs 
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among opioid users can be attributed to their increased potency compared to heroin, lower cost, 

and the euphoric effects they produce (De Trana & Del Rio, 2020). 

Para-fluorofentanyl is the first fentanyl analog appearing in EU in 1990s (EMCDDA.2012). 3-

methylfentanyl was seized in Finland in 2001 (Jannetto et al., 2019). Since 2013, the number 

of NPF increased exponentially in Europe, US and many other countries (Armenian et 

al.,2018). Structural modification on fentanyl scaffold (Figure 6) may be theoretically 

performed on the piperidine ring, the anilinophenyl ring, the 2-phenethyl moiety and the 

carboxamide group, resulting in a large number of new molecules (Ellis et al., 2018). 

 

Figure 1.6. Fentanyl derivatization. Panel A: commonly modified positions along the 4-anilidopiperidine core of 

fentanyl A. Panel B: chemical structure modifications of some of its emerging analogs (Ellis et al., 2018). 

 

Generally, fentanyl analogs recently seized as NSOs are usually generated by replacement of 

the ethylphenyl moiety (Isofentanyl, β-hydroxythiofentanyl) or modification of fentanyl 

propionyl chain (Acrylfentanyl, Ocfentanyl, Acetylfentanyl, Furanylfentanyl, Butyrylfentanyl 

and Isobutyrylfentanyl), (Burns et al., 2018). Despite the increasing legislative controls and 

prohibition of many fentanyl analogs, some of them continue to appear in the NPS market such 

as Carfentanil (EMCDDA. 2023). Despite variations in illicit markets at the national level, the 

misuse of fentanyl analogs remains a significant public health concern that spans across 

multiple countries worldwide (De Trana & Del Rio. 2020). 
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1.2.1.3 Non-fentanyl NSOs 

Since 2010, a new generation of synthetic opioids, distinct in structure from fentanyl, has 

surfaced in the drug market. Their chemical structures fall into categories such as benzamide 

(U-47700, U-48800, or AH-7921), acetamide (U-50488, U-51754), or piperazine (MT-45) 

(Armenian et al., 2018). The potency of these synthetic opioids is frequently measured in 

comparison to morphine or, less commonly, fentanyl (Zawilska et al., 2023). 

These NSOs have not been detected as contaminants in heroin batches; instead, users report 

purchasing them directly, as evidenced by published case reports (Zawilska et al., 2023). While 

no systematic studies have been conducted to comprehensively understand the procurement 

and distribution of these NSOs, they are easily accessible through the internet. AH-7921 and 

U-47700 are structural isomers synthesized in the 1970s by Allen and Hanburys Ltd (referred 

to as 'AH' synthetic opioids) and Upjohn Pharmaceutical (referred to as 'U' synthetic opioids), 

respectively. These compounds did not progress to further stages of development owing to their 

addictive properties (Armenian et al., 2018). In 2013, AH-7921 was found in synthetic cannabis 

products in Japan (Uchiyama et al., 2013). It has then been identified in various overdose cases 

across Europe and the US (Coppola & Mondola, 2015; Fels et al., 2017). Likewise, the DEA 

documented at least 46 confirmed fatalities in 2015/2016 linked to the use of U-47700 

(Armenian et al., 2018). MT-45 was initially identified as NPS through the EMCDDA in 

December 2013. Subsequently, reports of abuse and overdose have emerged in both Europe 

and US (Helander et al., 2014; Papsun et al., 2016). A fluorinated derivative, 2F-MT-45, has 

been also identified in the United Kingdom. Nevertheless, there is no indication that the 

substance is accessible on vendor sites, likely attributed to the lack of popularity of MT-45 

(along with its documented side effects) among users (Sharma et al., 2019).  Many U-

compounds continue to appear started to appear on user discussion fora in early 2016/2017 

such as U-51754, U-77891. In 2017, the EMCDDA EWA reported a seizure of U-50488 in 

Sweden. In the same year, a new U-analogue (U-47931E/bromadoline) known as 

“bromadoline” started to be sold on web vendor sites and was identified for the first time in 

Europea (Sharma et al., 2019). Since 2018, U-44700 analogs appeared in Europe and US. 

Isopropyl-U47700 has been reported in toxicological samples from two cases submitted in 

March 2018 in the United States in which 3,4-methylenedioxy-U-47700 was also detected 

(Zawilska et al., 2023). In Europe, 3,4-Methylenedioxy-U-47700 was reported in single seizure 

in Poland (Sharma et al., 2018). In 2019 and 2020, 2-methyl-AP-237 was notified in Europe 

and in the US (Vandeputte et al., 2020). Another derivative in this series, para-methyl-AP-237, 
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was identified in the US in 2020 (Krotulski et al., 2020). Bromadol (trans-4-(p-bromophenyl)-

4-(dimethylamino)-1-phenethylcyclohexanol), also referred to as “BDPC” is another synthetic 

opioid that has been discussed on online user forum since 2013 in Canada and has reportedly 

continued to be available on the designer illicit drug market internationally (Sharma et al., 

2019). The legislative measures implemented in various countries, including China, concerning 

U-47700 and its analogs have had a significant impact, substantially reducing the global 

availability of these substances (Sharma et al et al., 2019). 

In response to the changes in international control measures aimed at fentanyl analogs and 

some non-fentanyl opioids, a new generation of NSOs have been surfacing on the recreational 

drug market such as the “Nitazenes” and “Brorphine” (Vandeputte et al., 2020). 

 

1.2.1.4 2‑Benzylbenzimidazole NSOs “Nitazene” 

In the mid-1950s, the pharmaceutical research laboratories of the Swiss chemical company 

CIBA Aktiengesellschaft discovered a group of 2-benzylbenzimidazole compounds referred to 

as “Nitazene” which exhibit analgesic potency levels several times higher than morphine 

(Ujváry et al., 2021). This group of structurally distinct analgesics was invented in order to 

enhance the efficacy and safety of opioid analgesics. Several of these compounds demonstrated 

potent opioid (heroin-like) effects, yet none were subsequently marketed for human or 

veterinary use (Ujváry et al., 2021). Both etonitazene and clonitazene are regulated under the 

United Nations Single Convention on Narcotic Drugs of 1961 due to the potential risks they 

present to public health (Pergolizzi et al., 2023). Specifically, this is attributed to their capacity 

to induce morphine-like adverse effects, suppress withdrawal symptoms in established 

morphine addiction, and perpetuate morphine addiction in experimental models. 

Internationally, 2-benzylbenzimidazole opioids have been previously identified as substances 

subject to misuse. For instance, etonitazene was linked to the deaths of 10 drug users in 

Moscow in 1998, and clandestine labs producing this compound have sporadically been 

discovered since then. In 2003, an American chemist in Utah manufactured etonitazene, 

placing it in nasal spray bottles, seemingly for personal use. More recently, there have been 

numerous global reports of severe toxicity associated with 2-benzylbenzimidazole opioids, 

particularly isotonitazene. As of November 2021, nine of these compounds, namely 

isotonitazene, 5-aminoisotonitazene, N-pyrrolidino-etonitazene, butonitazene, metonitazene, 

protonitazene, etodesnitazene (etazene), flunitazene, and metodesnitazene (metazene), had 
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been reported to the UNODC EWA (Figure 1.7, Pergolizzi et al., 2023). In the United States, 

isotonitazene has been identified in over 250 deaths (Vandeputte et al., 2021). 

 

 

Figure 1.7. Chemical Structures of some main nitazenes emerging in the illicit drug market (Pergolizzi et al., 

2023). 

 

In Europe, Isotonitazene was notified to the EMCDDA EWA in 2019 (EMCDDA. Risk 

assessments Isotonitazene. 2020). In recent years, most of the newly identified opioid 

substances reported to the EMCDDA EWS have been the highly potent benzimidazole opioids 

(Figure 1.4). These substances have been linked to a rise in overdose deaths in the Baltic 

countries (EMCDDA. 2023). Nitazenes are found in powder form, counterfeit tablets, or 

liquids, and they can be blended with inert substances or combined with other drugs, such as 

heroin, fentanyl, and benzodiazepines. Their incorporation into other drug products may go 

unnoticed by consumers, and sellers may not disclose such mixtures. When these new 

clandestine nitazenes entered the illicit market, they were not initially classified as controlled 

substances. However, in December 2021, the Drug Enforcement Administration (DEA) 

temporarily placed numerous nitazenes on its Schedule I. Due to the limited availability of 
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validated methods to detect these substances and a lack of information about the clandestine 

networking, the geographical distribution of these substances remains unknown (Pergolizzi et 

al., 2023). 

 

1.2.1.5 Benzimidazolone NSOs 

In 2020, Brorphine [1-(1-(1-(4-bromophenyl)ethyl)piperidin-4-yl)-1,3-dihydro-2H-

benzo[d]imidazol-2-one], a derivative of piperidine benzimidazolone, emerged in the NPS 

market. Occasionally referred to as "purple heroin" on the street, it was first identified in the 

NPS market in the United States in August 2019 and reported to the EMCDDA from Sweden 

in June 2020 (Grafinger et al., 2021). Structurally related piperidine benzimidazolones (not 

including Brorphine itself) can be traced back to early patents by Jansen in early 1967 

(Vandeputte et al., 2022). Brorphine was first synthesized in 2018 together with a series of mu 

opioid receptor agonists with reported high G protein signaling bias (Kennedy et al., 2018). 

The chemical structure of Brorphine shares some similarities with Isotonitazene and fentanyl 

(Figure 1.8). 

 

 

Figure 1.8. Chemical structures of fentanyl (left), Isotonitazene (middle) and Brorphine (right) (Vandeputte et 

al.,2022). 

 

It is widely believed that the introduction of Brorphine as a NSO is associated with its inclusion 

in a study conducted by Kennedy et al. in 2018 (Kennedy et al., 2018). This indicates the keen 

awareness of clandestine chemists regarding recent developments in medicinal chemistry 

widely reported in literature. The first confirmed brorphine case in Europe was reported by 

Verougstraete et al., where Brorphine was identified at high purity in a powder and in the serum 

of a patient seeking medical help for detoxification (Verougstraete et al. 2020). In the same 

year, Brorphine was also identified in Sweden, Slovenia, and Finland (Vandeputte et al., 2022). 
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Around June 2020, an increasing number of fatalities related to Brorphine were reported in the 

US (Krotulski et al., 2021). During this period, it appeared that Brorphine had largely replaced 

Isotonitazene in the recreational opioid market, as detections of Isotonitazene had dwindled to 

only a few instances each month (Figure 1.2). In the course of this transition, some cases were 

identified in the USA that contained both Isotonitazene and Brorphine (Vandeputte et al., 2022). 

In March 2021 Brorphine was officially placed in Schedule I of the Controlled Substances Act 

in December 2020 (Vandeputte et al., 2022) and it was also banned in some European countries 

including Italy (European Comission. 2021; Gazzetta ufficiale dell’Unione europea. 2022). 

Around the time of these restrictions, Brorphine cases started declining and only one 

identification of this substance was reported in US in the first quarter of 2023 (Krotulski et al., 

2023). The NSO market is very dynamic, and some opioids’ popularity can be transient as 

shown with Brorphine yet future analogs of this drug could possibly be emerged in the NPS 

market as seen with fentanyl analogs. 

 

1.2.2 Pharmaco-toxicology of Opioids (a focus on NSOs) 

Opioids produce pharmacologic effects that are primarily opioid receptor mediated. The opioid 

receptors are G protein-coupled receptors (GPCRs) consisting of a C-terminus,7 

transmembrane-spanning helical domains, and a protein binding intracellular N-terminus. To 

date, five types of opioid receptors (Table 1.1) have been discovered namely μ receptor (MOR), 

δ receptor (DOR), κ receptor (KOR), nociception receptor (NOR) and ζ receptor (ZOR) 

(Dhaliwal & Gupta. 2023). 
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Table 1.1. Opioid receptors, Endogenous ligands, corresponding precursors, distribution, and actions (Dhaliwal 

& Gupta. 2023). 

  

The complexity of the endogenous opioid system is heightened by the discovery of μ, κ and δ 

opioid heteroreceptors and gene splice variants of the μ-opioid receptor. The different opioid 

receptors subtypes discovered are mu-1, mu-2, mu-3, kappa-1, kappa-2, kappa-3, delta-1, and 

delta-2 (Dhaliwal & Gupta. 2023). The utilization of absolute quantitative real-time reverse 

transcriptase PCR (AQ rt RT-PCR) for precise opioid receptor mRNA expression measurement, 

coupled with numerous immunohistochemistry studies, has unveiled a broad distribution of 

opioid receptors (Table 1.1) within the CNS (Sobczuk et al., 2014). Notably, the cerebellum, 

caudate nucleus, and nucleus accumbens exhibited the highest expression of MOR. DOR were 

identified in the hippocampus, cerebral cortex, putamen, caudate nucleus, nucleus accumbens, 

and temporal lobe. The most significant expression of KOR was observed in the caudate 

nucleus, nucleus accumbens, hypothalamic nuclei, and putamen (Sobczuk et al., 2014). Opioid 

receptors exhibit a broad distribution in both neuronal and non-neuronal tissues in the 

periphery, encompassing neuroendocrine, immune, and ectodermal cells (Tubia & Khalife. 

2019). Within the gastrointestinal tract (GIT), these receptors are found in smooth muscle cells 

and at the terminals of both sympathetic and sensory peripheral neurons (Sobczuk et al., 2014). 

Preclinical studies have demonstrated the synthesis of opioid receptors in the dorsal root 

ganglion, with subsequent central and peripheral transportation to nerve terminals (Wood et al., 

2004). Interestingly, opioid receptors were also found in high amounts on lymphocytes and 

macrophages (Peng et al., 2012). 

The selectivity of opioid receptors plays a crucial role in the clinical effects of opioid drugs 

(summarized in Table 1.1). Despite the complexity of the endogenous opioid system, various 

lines of evidence, including studies involving opioid receptor knockout mice, confirm that the 
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primary pharmacologic effects of morphine, such as euphoria, analgesia, respiratory 

depression, and dependence, are primarily attributed to agonist actions at the μ-opioid receptor 

(Williams et al., 2013; Charbogne et al., 2014). Morphine is the prototypical opioid receptor 

agonist, and the standard to which all other opioid analgesics are compared. Taking morphine 

as an opioid ligand, the mechanism of action of opioids is presented in Figure 1.8. Following 

the binding of the ligand (morphine) to the opioid receptor, a three-dimensional conformational 

change takes place in the receptor. This alteration leads to the ligand-receptor complex attaining 

a state of high affinity for intracellular Gα/Gbγ heterotrimeric G proteins. Subsequently, this 

facilitates guanosine diphosphate (GDP)/ guanosine triphosphate (GTP) exchange, causing the 

receptor to bind with the Gα subunit and releasing the Gbγ subunit. Gα GTP and Gbγ then 

target intracellular effectors, including adenylate cyclases and Ca2+/K+ ion channels. Gα GTP 

and Gbγ selectively target intracellular effectors, such as adenylate cyclases and Ca2+/K+ ion 

channels. Notably, inhibitory Gαi/o subunits exhibit a preference for opioid receptors, leading 

to a decrease in intracellular cAMP levels, inhibition of Ca2+ current, and an elevation in 

extracellular K+ current. Ultimately, this sequence of events results in the reduction of neuronal 

excitation and the inhibition of neurotransmitter and/or neuropeptide release. The hydrolysis 

of GTP to GDP restores the receptor bound Gα subunit to its inactive state, leading to 

subsequent dissociation. The binding of Gα subunit on the intracellular side of the opioid 

receptor is primarily facilitated by the third intracellular loop and the carboxy terminal. 

Additionally, as there are multiple putative phosphorylation sites susceptible to various 

intracellular kinases, the phosphorylation of the opioid receptor disrupts its effective coupling 

with G-proteins (Schäfer. 2011). 
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Figure 1.9. Mechanisms underlying opioid receptor ligand-induced G-protein activation. The binding of a ligand 

(exp. morphine) to the opioid receptor induces a conformational change, increasing the receptor's affinity for 

intracellular G proteins, specifically Gαi. The activation of these proteins leads to the inhibition of downstream 

effectors like adenylate cyclase and Ca2+ channels or the stimulation of K+ channels. Consequently, intracellular 

concentrations of cAMP, K+, and Ca2+ decrease, preventing the release of neurotransmitters/neuropeptides and 

the excitation of the neuron (Schäfer. 2011.) 

 

Based on their ability to initiate G-protein coupling with opioid receptors, ligands are 

categorized into full opioid agonists, partial agonists, antagonists, and inverse agonists (Figure 

1.10). Opioid agonists induce typical opioid effects through reversible receptor G-protein 

coupling. Full opioid agonists, such as fentanyl and sufentanil, exhibit high potency and 

necessitate minimal receptor occupancy for maximal response. On the other hand, partial 

opioid agonists, such as buprenorphine, require a higher receptor occupancy for maximal 

efficacy, typically lower than that of full agonists. Conversely, an opioid inverse agonist 

produces an effect opposite to that of an agonist, and inverse agonists can also be “full” or 

“partial”. An antagonist produces no effect on its own but blocks the effects of both opioid 

agonists and inverse agonists (Azzam et al., 2019). 
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Figure 1.10. Graphical representation depicting typical pharmacological behaviors. A full agonist generates the 

maximal possible response (loosely corresponding to efficacy) on the y-axis, measured in arbitrary units. The 

green curve represents a partial agonist with a lower maximum efficacy. A neutral antagonist, when administered 

alone, does not produce any response but can reverse the effects of an agonist. An inverse agonist reduces basal 

activity, often referred to as tone, and is represented by an inverse sigmoid curve. Drug potency is illustrated on 

the x-axis (Log [Drug]), with a standard measure being the concentration or dose required to produce 50% of 

the maximal response (EC50 or ED50); (Azzam et al., 2019). 

 

An additional aspect influencing functional activity of GPCRs is ligand bias. Biased agonism, 

also known as functional selectivity, refers to the capability of a specific ligand to favorably 

influence one signaling pathway over another (bias). Opioid receptors engage with multiple 

signaling pathways, resulting in what is termed 'pluridimensional efficacy' (Azzam et al., 2019) 

and positioning them as targets for the development of biased ligands (Figure 1.11). The 

concept of targeting specific signaling transduction pathways in opioid receptors emerged from 

a significant 1999 study by Bohn and colleagues (Bohn et al., 1999). In this study, they 

disrupted the function of the β-arrestin 2 protein in mice through gene deletion, leading to an 

enhancement in the analgesic effect of morphine and reduced tolerance compared to wild-type 

animals. This was attributed to the effective blockade of the β-arrestin desensitization process. 

Administering naloxone to both groups attenuated the analgesic effect of morphine, while the 

administration of naltrindole and nor-binaltorphimine, acting at DOR and KOR receptors, 

respectively, proved ineffective. Additionally, these β-arrestin 2 knockout animals exhibited 

diminished morphine-induced constipation (in animal models of GI transit) and ventilatory 

depression. The bias in favor of G-protein signaling at the expense of β-arrestin signaling holds 

the potential to yield analgesic effects with reduced side effects (exp respiratory depression) 

(Azzam et al., 2019), however this has been questioned (Azevedo Neto et al., 2020). 



18 

 

Figure 1.11. A schematic illustration of biased agonism at the mu receptor. Three scenarios depict coupling to 

either G-protein or β-arrestin. (a) Represents an unbiased agonist, interacting equally with both pathways, and 

is predicted to generate both analgesic effects and side effects. (b) Demonstrates bias towards G-protein 

signaling, predicting analgesia with fewer side effects. (c) Depicts the opposite bias, favoring β-arrestin, which 

is predicted to result in more side effects and a diminished analgesic profile (Azzam et al., 2019). 

 

Following their emergence in the NPS market, many NSOs from different classes were 

implicated in many cases of intoxication and death worldwide (Frisoni et al., 2019). NSOs that 

are structurally unrelated to morphine, share analgesic and CNS depressant properties similar 

to it, including respiratory depression (Papsun et al., 2016). They are also associated with 

adverse effects including dizziness, nausea, vomiting, anxiety, sweating, and disorientation 

(Frisoni et al., 2019). Given the limited available information on the pharmacology and 

toxicology of NSOs in abuse settings, many research topics were addressed to fill gap in this 

field. In particular, many studies evaluated in silico (molecular docking; Vasudevan et al., 

2020), in vitro (opioid receptor affinity and their interaction with Gαi/β-arrestin 2 proteins; 

Vandeputte et al., 2022) and in vivo (physiology, behavior and metabolites) pharmacological 

profiling of many NSOs belonging to the different classes mentioned above (Baumann et al., 

2020, Bilel et al., 2020, 2021, 2022, 2023). 

Due to the high potency of NSOs and their epidemiological aspects (in particular with 

fentanyl), scientific topics have been focused on drug interactions with NSOs through 

pharmacokinetic and pharmacodynamic mechanisms and discussed the role of naloxone (an 

opioid receptor antagonist) as an antidote to the NSO toxidrome (Pérez-Mañá et al., 2018; 

Frisoni et al, 2019; Burns et al., 2018; Edinoff et al., 2023). These studies have helped the 

development of public safety protocols. In particular, measures such as Overdose Education 

and Naloxone Distribution programs (OEND), prescription drug monitoring programs, and 

prescription drug take-back programs have been implemented to mitigate overdose occurrences 
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and curb the misuse of opioids, particularly fentanyl and nitazenes (Edinoff et al., 2023; 

Pergolizzi). 

Sex differences in Opioids side effects is another issue that have concerned the scientific 

community. Notably, despite the extensive utilization of opioids, previous research has 

highlighted significant individual variations in the response to opioid analgesics. Specifically, 

the reactions to opioids, encompassing adverse effects, can differ between males and females. 

Discrepancies in the rates of adverse reactions have been noted in adults, children, tobacco 

smokers, individuals with opioid use disorder, and postoperative patients. Moreover, these 

variations have been observed across different NSOs, including morphine and fentanyl (Lopes 

et al., 2021). 

In 2021, approximately 39.5 million individuals globally were grappling with drug use 

disorders, yet only one in five of those affected received proper drug treatment. The treatment 

gap has been exacerbated by the COVID-19 pandemic. Women who use drugs tend to progress 

to drug use disorders faster than men (UNDOC. 2023). The proportion of women who abuse 

non-pharmaceutical opioids (47%) was higher than opiates users (25%) (Figure 1.12). 

However, the proportion of women in treatment is very low and that was explained by decline 

among women for drug treatment due to sociocultural barriers (UNDOC. 2023)  

 

 

      Figure 1.12. Proportion of women among drug users and in people in drug treatment (UNDOC, 2023). 
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While men in the US exhibit higher rates of illicit drug use and opioid-related deaths compared 

to women (Wightman et al., 2021), recent years have seen a similar rate of increase in overdose 

deaths for both genders. Between 1999 and 2019, the age-adjusted drug overdose death rates 

surged by over 350% for both men and women (Wightman et al., 2021). Notably, among 

women aged 30–64 years in the US from 1999 to 2018, there was a significant rise in deaths 

involving synthetic opioids (1643%), heroin (915%), and benzodiazepines (830%) (VanHouten 

et al., 2019). Although variations in all aspects of drug dependence, such as drug acquisition, 

escalation of use, withdrawal, recurrence of use, and treatment response, have been well-

documented, the majority of national and local initiatives aimed at tackling the opioid overdose 

crisis tend to overlook these important sex and gender differences (VanHouten et al., 2019). 

Indeed, research on sex-based treatment differences in opioids use disorders has increased 

(Lopes et al., 2021), however, the studies focusing on sex-dependent differences in the 

pharmaco-toxicology induced by NSOs have not yet been established (Fattore et al., 2020). 
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Chapter 2 Aims and objectives 

 

 

In Europe, the mortality rate due to overdoses in 2021 is estimated at 18.3 deaths per million 

population aged 15 to 64. Only in 2021, it is estimated that at least 6 166 overdose deaths 

involving illicit drugs occurred in the European Union (EMCDDA. 2023). Opioids frequently 

appear in approximately three-quarters (74%) of reported fatal overdoses within the European 

Union. Tramadol, an opioid medicine used to treat moderate to severe pain, was involved in 42 

% of the deaths reported by the French registry of medicine misuse-related deaths (EMCDDA, 

2023). Fentanyl and fentanyl analogs were linked to about 137 deaths in 2021 in Europe 

(including Germany). Preliminary data from Estonia indicate that the number of drug-induced 

deaths involving new synthetic opioids (of benzimidazoles class “Nitazenes”) doubled to 79 

deaths. (EMCDDA. 2023). Globally, since the early 2010s, NSOs have significantly 

contributed to overall opioid-related overdose mortalities (Edinoff et al., 2023). It is important 

to highlight that toxicology reports for opioid-induced deaths often reveal the presence of 

multiple substances (EMCDDA. 2023). An examination of 36 studies spanning 13 EU 

countries and Norway projected that individuals involved in high-risk drug use face an elevated 

risk of death, ranging from three to more than twenty times that of individuals of similar age 

and gender in the general population. This heightened risk isn't solely linked to overdoses; other 

causes of death, where drug use might play a role, are significant but challenging to quantify 

at the EU level. These encompass accidents, violence, cardiovascular and respiratory diseases, 

cancer, infections like HIV and viral hepatitis, as well as suicide (EMCDDA. 2023). The 

evolving demographics of individuals engaging in opioid injection, coupled with shifts in the 

substances they use, pose new and intensified challenges for interventions aimed at mitigating 

overdose deaths. To face such challenges, it is of great interest to understand the pharmaco-

toxicology and the physiopathology of these emerging NSOs. To fill gap in this void, my 

research project was developed during these three years as a multidisciplinary approach 

involving national and international research units with different expertise (in vitro 

pharmacodynamics, zebrafish model, cytotoxicity and drug metabolism and pharmacokinetics 

(DMPK) laboratories) to provide a comprehensive characterization of NSOs from a panoramic 

perspective (Figure 2.1). 
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Figure 2.1. The multidisciplinary approach used in my research project to characterize rapidly and efficiently 

the NSOs. NSOs are selected based on signaling and alerts coming from national governmental units such as 

Anti-drug policy department (DPA), Central Directorate for Anti-Drug Services (DCSA), Carabinieri Scientific 

Investigation Departments (RIS) and international units such as the EMCDDA. Based on the lack of knowledge 

on each NSO pharmacology and physiopathology the different collaborations are aimed at evaluating a specific 

characteristic of these substances. By conducting in vitro studies at the University of Ferrara and the University 

of Ghent, in vivo studies at the University of Ferrara ,metabolic profiling by Carabinieri Scientific Investigations 

Department (RIS), employing alternative screening models through in silico ADMET prediction at Qatar 

University and zebrafish model at the University of Verona, and exploring the long-term effects of NSOs on genetic 

material at the University of Bologna, scientific reports will be disseminated to both the scientific community, 

policymakers, and the public. This dissemination aims to contribute to the development of integrated strategies 

for prevention, screening, and the facilitation of linkages to drug abuse treatment programs. The broader 

community stands to gain from enhanced control over the global NSOs crisis. 

 

 

 

 

 

 

 

 

 

 

 



23 

Chapter 3 Publications on NSOs 

 

 

3.1 List of published articles 

 

1. Bilel, S., Tirri, M., Arfè, R., Sturaro, C., Fantinati, A., Cristofori, V., Bernardi, T., 

Boccuto, F., Cavallo, M., Cavalli, A., De-Giorgio, F., Calò, G., & Marti, M. (2021). In 

Vitro and In Vivo Pharmaco-Toxicological Characterization of 1-Cyclohexyl-x-

methoxybenzene Derivatives in Mice: Comparison with Tramadol and PCP. 

International journal of molecular sciences, 22(14), 7659. 

https://doi.org/10.3390/ijms22147659 

2. Montesano, C., Vincenti, F., Fanti, F., Marti, M., Bilel, S., Togna, A. R., Gregori, A., Di 

Rosa, F., & Sergi, M. (2021). Untargeted Metabolic Profiling of 4-Fluoro-

Furanylfentanyl and Isobutyrylfentanyl in Mouse Hepatocytes and Urine by Means of 

LC-HRMS. Metabolites, 11(2), 97. https://doi.org/10.3390/metabo11020097 

3. Bilel, S., Azevedo Neto, J., Arfè, R., Tirri, M., Gaudio, R. M., Fantinati, A., Bernardi, 

T., Boccuto, F., Marchetti, B., Corli, G., Serpelloni, G., De-Giorgio, F., Malfacini, D., 

Trapella, C., Calo', G., & Marti, M. (2022). In vitro and in vivo pharmaco-dynamic 

study of the novel fentanyl derivatives: Acrylfentanyl, Ocfentanyl and Furanylfentanyl. 

Neuropharmacology, 209, 109020. https://doi.org/10.1016/j.neuropharm.2022.109020 

4. Bilel, S., Giorgetti, A., Tirri, M., Arfè, R., Cristofori, V., Marchetti, B., Corli, G., 

Caruso, L., Zauli, G., Giorgetti, R., & Marti, M. (2023). Sensorimotor Alterations 

Induced by Novel Fentanyl Analogs in Mice: Possible Impact on Human Driving 

Performances. Current neuropharmacology, 21(1), 87–104. 

https://doi.org/10.2174/1570159X21666221116160032 

5. Gasperini, S., Bilel, S., Cocchi, V., Marti, M., Lenzi, M., & Hrelia, P. (2022). The 

Genotoxicity of Acrylfentanyl, Ocfentanyl and Furanylfentanyl Raises the Concern of 

Long-Term Consequences. International journal of molecular sciences, 23(22), 14406. 

https://doi.org/10.3390/ijms232214406 

6. Pesavento, S., Bilel, S., Murari, M., Gottardo, R., Arfè, R., Tirri, M., Panato, A., 

Tagliaro, F., & Marti, M. (2022). Zebrafish larvae: A new model to study behavioural 

effects and metabolism of fentanyl, in comparison to a traditional mice model. 

Medicine, science, and the law, 62(3), 188–198. 

https://doi.org/10.1177/00258024221074568 

7. Bilel, S., Murari, M., Pesavento, S., Arfè, R., Tirri, M., Torroni, L., Marti, M., Tagliaro, 

F., & Gottardo, R. (2023). Toxicity and behavioural effects of ocfentanil and 2-

furanylfentanyl in zebrafish larvae and mice. Neurotoxicology, 95, 83–93. 

https://doi.org/10.1016/j.neuro.2023.01.003 

 

 

 

 

 

 

 

https://doi.org/10.3390/ijms22147659
https://doi.org/10.3390/metabo11020097
https://doi.org/10.1016/j.neuropharm.2022.109020
https://doi.org/10.2174/1570159X21666221116160032
https://doi.org/10.3390/ijms232214406
https://doi.org/10.1177/00258024221074568
https://doi.org/10.1016/j.neuro.2023.01.003


24 

3.2 Copies of published articles 

 



25 



26 



27 



28 



29 



30 



31 



32 



33 



34 



35 



36 



37 



38 



39 



40 



41 



42 



43 



44 



45 



46 



47 

 



48 



49 



50 



51 



52 



53 



54 



55 



56 



57 



58 



59 



60 



61 



62 



63 



64 



65 



66 



67 



68 



69 

 



70 



71 



72 



73 



74 

 



75 

 



76 



77 



78 

 



79 



80 



81 



82 



83 



84 

 

 

 



85 

Graphical Abstract to: Sensorimotor Alterations Induced by Novel Fentanyl 

Analogs in Mice: Possible Impact on Human Driving Performances 

 

 

 

 

 

 

 

 

 

 

 



86 



87 



88 

 



89 

 



90 

 



91 

 

 



92 

 



93 



94 



95 



96 



97 



98 



99 



100 



101 



102 



103 



104 



105 

 



106 



107 



108 



109 

 



110 



111 



112 



113 



114 



115 



116 



117 



118 



119 



120 



121 



122 



123 



124 



125 



126 



127 



128 



129 



130 



131 



132 



133 



134 



135 



136 



137 



138 

 

 

 

 



139 

 

 

 

 



140 

Chapter 4 Submitted articles 

 

 

4.1 Elucidating the harm potential of brorphine analogues as new synthetic opioids: 

Synthesis, in vitro, and in vivo characterization 

Marthe M. Vandeputte1,*, Sabrine Bilel2,*, Micaela Tirri2, Giorgia Corli2, Marta Bassi2, 

Nathan K. Layle3, Anna Fantinati4, Donna Walther5, Donna M. Iula3, Michael H. 

Baumann5, Christophe P. Stove1,+, Matteo Marti2,6,+ 

1Laboratory of Toxicology, Department of Bioanalysis, Faculty of Pharmaceutical Sciences, 

Ghent University, Ghent, Belgium 
2Department of Translational Medicine, Section of Legal Medicine and LTTA Centre, 

University of Ferrara, Ferrara, Italy 
3Forensic Chemistry Division, Cayman Chemical Company, Ann Arbor, MI 48108, USA 
4Department of Environmental and Prevention Sciences, University of Ferrara, Via Fossato di 

Mortara, Ferrara, Italy 
5Designer Drug Research Unit (DDRU), Intramural Research Program, National Institute on 

Drug Abuse, National Institutes of Health, Baltimore, MD 21224, USA 
6Collaborative Center of the National Early Warning System, Department for Anti-Drug 

Policies, Presidency of the Council of Ministers, Italy 

 
*,+ Contributed equally.  

 

Corresponding Authors: 

Prof. Dr. Matteo Marti  

Department of Translational Medicine, Section of Legal Medicine, University of Ferrara, 

Ferrara, Italy. 

Phone +39 0532 455781, fax +39 0532 455777 

matteo.marti@unife.it 

 

Prof. Dr. Christophe Stove 

Laboratory of Toxicology, Department of Bioanalysis, Faculty of Pharmaceutical Sciences, 

Ghent University, Ghent, Belgium. 

Phone +32 (0) 9 264 81 35 

Christophe.Stove@ugent.be 

 

 

mailto:matteo.marti@unife.it


141 

4.1.1 Abstract  

The emergence of new synthetic opioids (NSOs) has added complexity to recreational opioid 

markets worldwide. While NSOs with diverse chemical structures have emerged, brorphine 

currently remains the only NSO with a piperidine benzimidazolone scaffold. However, the 

emergence of new generations of NSOs, including brorphine analogues, can be anticipated. 

This study explored the pharmaco-toxicological effect profile of brorphine and four newly 

synthesized analogues with differing para-ring substituents (orphine, fluorphine, chlorphine, 

iodorphine) as potential NSOs. In vitro, radioligand binding assays in rat brain tissue indicated 

that all analogues bind to the µ-opioid receptor (MOR) with nM affinity. While analogues with 

smaller-sized substituents showed the highest MOR affinity, further in vitro characterization 

via two MOR activation (β-arrestin 2 and mini-Gαi recruitment) assays indicated that 

chlorphine, brorphine, and iodorphine were generally the most active MOR agonists. None of 

the compounds showed significant biased agonism. In vivo, we investigated the effects of 

intraperitoneal (IP) administration of the benzimidazolones (0.01-15 mg/kg) on mechanical 

and thermal antinociception in male CD-1 mice. Chlorphine, and brorphine induced the highest 

levels of antinociception. Furthermore, the effects on respiratory changes induced by a high 

dose (15 mg/kg IP) of the compounds were investigated using non-invasive plethysmography. 

Fluorphine-, chlorphine-, and brorphine-induced respiratory depressant effects were the most 

pronounced. Pretreatment with naloxone (6 mg/kg IP) suggested non-opioid mechanisms of 

action for some compounds. Taken together, brorphine-like piperidine benzimidazolones are 

opioid agonists that have the potential to cause substantial harm to users should they emerge 

as NSOs. 
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4.1.2 Introduction 

The number of new psychoactive substances (NPS) monitored in Europe continues to grow 

[1]. While new synthetic opioids (NSOs) represent a relatively small share of the NPS market, 

they are often considered the most dangerous subclass due to the high risk of overdose [1]. 

Since 2019, a growing number of structurally diverse, non-fentanyl-related NSOs have 

emerged [2].  

 

Brorphine is a synthetic piperidine benzimidazolone opioid that was first identified on the NPS 

market in 2019 [3,4]. While piperidine benzimidazolone derivatives were included in a Janssen 

patent from 1967 [5], brorphine itself was not studied at the time, and it is commonly assumed 

that the emergence of brorphine as an NSO is based on its inclusion in a study by Kennedy et 

al. from 2018 [3,4,6]. That study evaluated structure-activity relationships (SARs) of a panel 

of µ-opioid receptor (MOR) agonists with a specific focus on the determination of MOR 

signaling bias. Brorphine was among the analogues with a moderately high level of G protein 

bias [6]. Notably, brorphine appeared on recreational drug markets around the globe from 2019 

onwards [3,4,7,8] and was also identified in (postmortem) toxicology samples [4,9,10]. 

Considering its high abuse potential, brorphine was internationally scheduled in 2022 [11]. By 

now, its popularity seems to have decreased, with only two identifications in the US in the third 

quarter of 2023 [3,12,13].  

 

To date, brorphine remains the only NSO with a benzimidazolone scaffold. While the NSO 

market is currently largely dominated by benzimidazole ‘nitazene’ opioids [7], growing 

awareness of the dangers related to nitazenes (including the increased implementation of 

legislative measures [14]), may fuel a shift towards newer generations of NSOs, as previously 

observed for fentanyl analogues [15]. In this context, the emergence of other benzimidazolone 

opioids related to brorphine can be anticipated. Therefore, the aim of this work was to 

pharmacologically characterize brorphine and four brorphine-like benzimidazolone 

compounds (orphine, fluorphine, chlorphine, iodorphine) (Fig.3.1) that are structurally 

included in the 1967 patent [5,16]. Limited pharmacological information is available in the 

scientific literature for orphine, fluorphine, and chlorphine [6,16,17]; to date, there have been 

no studies on iodorphine. Here, extensive in vitro (MOR binding affinity and activation) and 

in vivo (antinociception and respiratory depression) characterization was performed.  
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                       Figure 4.1 Chemical structure of the studied piperidine benzimidazolone compounds. 

 

4.1.3 Materials and Methods 

4.1.3.1 Chemicals and reagents 

Tritiated DAMGO ([3H]DAMGO) was from Perkin Elmer (Waltham, MA, USA). 

Hydromorphone HCl (hydromorphone) was supplied by Fagron (Nazareth, Belgium). 

Morphine and fentanyl were from Cayman Chemical (Ann Arbor, MI, USA). Thermo Fisher 

Scientific (Waltham, MA, USA) supplied Dulbecco’s Modified Eagle’s Medium (DMEM) 

(GlutaMAX™), Opti-MEM® I Reduced Serum Medium, penicillin-streptomycin (10,000 

U/mL and 10,000 µg/mL) and amphotericin B (250 µg/mL). Fetal bovine serum (FBS) and 

poly-D-lysine were from Sigma-Aldrich (Darmstadt, Germany). The Nano-Glo® Live Cell 

Assay System was from Promega (Madison, WI, USA).  

Synthesis 

The piperidine benzimidazolones were synthesized in one step from commercially available 4-

(2-keto-1-benzimidazolinyl)piperidine (1) and a corresponding phenylacetone (where R=H, F, 

Cl, Br, or I) using standard reductive amination conditions (Fig.A.1) [6]. Except for brorphine 

(which was converted to its corresponding hydrochloride using 2M HCl in diethyl ether and 

tested as such), all analogues were isolated and purified as free bases prior to testing. Details 

can be found in the Supplementary Materials (Appendix A). 
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4.1.3.2 In vitro experiments  

4.1.3.2.1 Radioligand binding assays 

Competition binding assays were conducted in rat brain tissue as previously described [18–20]. 

Details can be found in the Supplementary Materials (Appendix A).  

4.1.3.2.2 MOR activation assays  

MOR activation was monitored by means of two previously described cell-based bioassays 

monitoring recruitment of either mini-Gαi or β-arrestin 2 (βarr2) [21]. Details related to 

experimental setup and data analysis [22–24] can be found in the Supplementary Materials 

(Appendix A). 

4.1.3.2.3 Evaluation of biased agonism 

MOR biased agonism was evaluated via calculation of the relative intrinsic activity (RAi) for 

each compound in each bioassay, as previously described [24–26]. Extended methods are 

described in the Supplementary Materials (Appendix A). 

4.1.3.3 In vivo experiments  

All applicable international, national, and/or institutional guidelines for the care and use of 

animals were followed. All procedures involving animals were in accordance with the ethical 

standards of the institution or practice at which the studies were conducted. This project was 

activated in collaboration with the Presidency of the Council of Ministers-DPA Anti-Drug 

Policies (Italy). 

4.1.3.3.1 Animals 

Three hundred forty-four male ICR (CD-1®) mice weighing 30–35 g (ENVIGO Harlan Italy; 

bred inside the Laboratory for Preclinical Research (LARP) of the University of Ferrara, Italy) 

were used – for housing details, we refer to the Supplementary Materials (Appendix A). The 

experimental protocols were in accordance with the European Council Directive of September 

2010 (2010/63/EU); a revision of the Directive 86/609/EEC was approved by the Ethics 

Committee of the University of Ferrara and by the Italian Ministry of Health (authorization 

number 335/2016-PR). Moreover, adequate measures were taken to reduce the number of 

animals used and their pain and discomfort according to the ARRIVE guidelines. 

4.1.3.3.2 Drug preparation and dose selection  

Drugs were initially dissolved in absolute ethanol (final concentration: 5%) and Tween 80 (2%) 

and brought to the final volume with saline (0.9% NaCl). Drugs were administered by 
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intraperitoneal (IP) injection (4 µL/g). The dose range for brorphine and its analogues (0.01-

15 mg/kg IP) was chosen based on previous studies [27,28]. In antagonist experiments, 

naloxone (6 mg/kg IP) was administered 15 min before test compound injections, similar to 

our previous study [28], with a small modification in the injection timing of the second 

naloxone dose (60 min after the first injection instead of 55 min [28], when a reappearence of 

the test compounds’ effects was observed). 15 mg/kg was the highest and most effective dose 

in all tests, and was selected to evaluate the effects of brorphine and its analogues on respiratory 

parameters using non-invasive plethysmography. 

4.1.3.3.3 Evaluation of pain induced by mechanical and a thermal stimuli 

A battery of behavioural tests widely used in safety pharmacology studies for the preclinical 

characterization of NPS in rodents was used [27–30]. All experiments were performed between 

8:30 am and 2:00 pm and were conducted blind-coded by trained observers, working in pairs 

[31]. Only data related to antinociception are shown in this study. Acute mechanical and 

thermal nociception were evaluated using the tail pinch and tail withdrawal tests, respectively 

[32]. A detailed description of the tests can be found in the Supplementary Materials 

(Appendix A). 

4.1.3.3.4 Plethysmography analysis 

As previously reported by Marchetti et al. [33], plethysmography was performed in conscious 

animals using a non-invasive electrocardiogram (ECG) and plethysmography TUNNEL 

system with an acquisition frequency of 1000 Hz (Emka Technologies, Paris, France). All 

plethysmography recording sessions were performed during daytime, and data were analyzed 

using the IOX2 data acquisition analysis software (Emka Technologies). A detailed description 

of the plethysmography analysis can be found in the Supplementary Materials (Appendix 

A). 

4.1.3.3.5 Data and statistical analysis 

Antinociceptive effects are calculated as the percent of maximum possible effect (%MPE = 

[(test - control latency) / (cut-off force or time - control)] X 100). For plethysmography, BL 

(ms; breath length, sum of the duration of inspiration, and the duration of expiration), RR (bpm; 

respiratory rate derived from BL), and TV (mL/s; tidal inspiration volume), were expressed as 

% change of basal value. Statistical analysis of the effects of the substances at different doses 

over time and of antagonism studies was done via two-way ANOVA followed by a Bonferroni 

test for multiple comparisons (GraphPad Prism 9, San Diego, CA, USA). The mean effect 
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values represent the average of the effects induced by each compound at each dose over the 

time course of the experiment (5 h for nociception assays; 60 min for plethysmography). For 

all tests, a p value < 0.05 was considered statistically significant. 

 

4.1.4 Results  

4.1.4.1 In vitro characterization 

Radioligand binding studies showed that the piperidine benzimidazolones bind to MOR with 

nM affinities (Ki range 1.92-133 nM) (Fig.4.2-A/Table 1). Chlorphine had the highest affinity 

(Ki=1.92 nM), followed by orphine (Ki=6.91 nM) and fluorphine (Ki=12.5 nM). The MOR 

affinity of these drugs was comparable to those of the structurally unrelated morphine (Ki=2.77 

nM) and fentanyl (Ki=6.29 nM), but lower than that of hydromorphone (Ki=0.518 nM). 

Brorphine (Ki=53.7 nM) and iodorphine (Ki=133 nM) showed a lower affinity. Interestingly, 

different trends were observed in the MOR activation assays (Fig.4.2-B,C/Table 1). 

Chlorphine (EC50=16.1 nM; Emax=161%), brorphine (EC50=16.3 nM; Emax=169%), and 

iodorphine (EC50=18.3 nM; Emax=49%) showed comparable potencies for βarr2 recruitment. 

Fluorphine (EC50=32.0 nM; Emax=147%) and orphine (EC50=28.4 nM; Emax=132%) appeared 

somewhat less potent, but confidence intervals were overlapping. Efficacies were largely 

comparable in this assay (Emax range 132-169%). In the mini-Gαi assay, orphine (EC50=135 nM; 

Emax=184%) and fluorphine (EC50=127 nM; Emax=222%) were noticeably less efficacious than 

the other benzimidazolone opioids (Emax range 344-352%). While potency differences were 

rather limited (EC50 range 81.9-301 nM, with mostly overlapping confidence intervals), 

brorphine (EC50=81.9 nM; Emax=344%) appeared to be the most potent. In both assays, 

piperidine benzimidazolones were generally (somewhat) less potent than fentanyl, and more 

active than morphine. When evaluating bias (Table 4.1/Fig.A2), iodorphine appeared to 

slightly favour βarr2 over mini-Gαi recruitment. However, with the utilized methods, none of 

the test compounds showed statistically significant biased agonism.  
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Figure 4.2. Concentration-response curves as obtained in the different in vitro MOR assays (panel A, radioligand 

binding assay; panels B-C, MOR activation assays). Radioligand binding data are shown as mean % 

[3H]DAMGO binding ± standard error of the mean (SEM). MOR activation data are shown as mean MOR 

activation ± SEM, normalized to the maximum response of hydromorphone (100%). AUC, area under the curve. 
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Table 4.1 Summary of in vitro assay results. Efficacies (Emax) are relative to hydromorphone, and 95% confidence 

intervals are given between parentheses. Bias factors (βi) are given as mean ± standard error of the mean (SEM). 

Corresponding bias plots can be found in the Supplementary Materials (Appendix A). N.D. not determined. 

 MOR affinity MOR-βarr2 recruitment MOR-mini-Gαi recruitment MOR bias 

Ki (nM) EC50 (nM) Emax (%) EC50 (nM) Emax (%) βi  

Orphine 6.91 (4.08-11.7) 28.4 (20.6-39.1) 132 (125-139) 135 (97.8-187) 184 (172-196) 0.09 ± 0.04 

Fluorphine 12.5 (7.51-20.8) 32.0 (21.7-47.2) 147 (137-157) 127 (75.0-217) 222 (199-246) 0.01 ± 0.11 

Chlorphine 1.92 (1.20-3.08) 16.1 (11.5-22.8) 161 (152-170) 126 (88.7-180) 352 (326-380) 0.10 ± 0.10 

Brorphine 53.7 (33.6-85.9) 16.3 (12.6-21.3) 169 (162-176) 81.9 (55.1-119) 344 (318-370) 0.03 ± 0.11 

Iodorphine 133 (76.3-232) 18.3 (12.8-26.4) 149 (139-158) 301 (196-484) 349 (315-391) 0.45 ± 0.06 

Fentanyl 6.29 (3.50-11.3) 8.82 (6.18-12.5) 153 (145-160) 20.0 (11.7-34.8) 251 (231-272) N.D. 

Morphine 2.77 (0.894-8.31) 222 (139-361) 109 (101-116) 298 (176-508) 120 (111-129) N.D. 

Hydromorphone 0.518 (0.356-0.755) 18.0 (11.5-28.6) 100 (93.3-107) 45.2 (23.8-82.1) 99.7 (90.9-109) 0 

.  
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4.1.4.2 In vivo behavioural studies 

4.1.4.2.1 Evaluation of pain induced by mechanical and thermal stimuli 

Drug effects on acute mechanical and thermal pain stimuli are summarized in Fig. 4.3. Systemic 

administration of brorphine (0.1–15 mg/kg IP) significantly increased the threshold to acute 

mechanical pain stimuli in the tail pinch test (Fig. 4.3-A, Appendix A Table A2) Similar to 

brorphine, all analogues significantly increased the threshold to acute mechanical pain stimuli at 

different doses (Fig. 4.3-B). However, only chlorphine and brorphine were able to induce maximum 

antinociception in the tail pinch assay (Fig. 4.3.-B). Notably, orphine, fluorphine, and iodorphine all 

failed to induce antinociception above 50% MPE, suggesting partial agonist effects in this assay. 

While the effects of chlorphine were generally somewhat more sustained than those of brorphine 

(Appendix A Fig. A3-E/Fig. 4.3-A), a sudden drop to vehicle level was observed for the highest 

dose of chlorphine at 145 min. Overall, the compounds induced different degrees of antinociception, 

which in some cases lasted up to 5h post-injection (Fig. 4.3-B/ Appendix A Fig. A3). 

Naloxone pretreatment significantly reduced the antinociceptive effects of brorphine in the tail pinch 

test (Fig. 4.3-C, D, Table A1). Interestingly, naloxone injections increased the maximum level of 

mechanical antinociception in orphine-treated mice (Fig. 4.3-D/Fig. A3-B). While a single injection 

of naloxone significantly decreased antinociception induced by fluorphine and iodorphine, the effects 

of both compounds were fully blocked only after the second naloxone injection (Fig. A3-D, H). For 

chlorphine, naloxone pretreatment had no significant impact on its antinociceptive effects (Fig. A3-

F). The summed findings in the tail pinch test indicate that effects of fluorphine, brorphine, and 

iodorphine are opioid-mediated, whereas the effects of orphine and chlorphine are not.  

In the tail withdrawal test, systemic administration of brorphine (0.1–15 mg/kg IP) increased the 

threshold to acute thermal pain stimuli (Fig. 4.3-E, Appendix A Table A1). Particularly, thermal 

antinociception was significantly affected by brorphine treatment. Similar to brorphine, orphine and 

chlorphine also increased the threshold to acute thermal pain stimuli at different doses (Fig. 4.3-F). 

The mean maximum antinociception produced by orphine at the highest dose was comparable to that 

of chlorphine and brorphine. By contrast, fluorphine and iodorphine produced weak and transient 

(≤55 min) thermal antinociceptive effects, and only at the highest tested dose(s) (Appendix A Fig. 

A4-C, G). 
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Interestingly, naloxone overall did not significantly reduce the thermal antinociceptive effect induced 

by brorphine (Fig. 3.3-G, Appendix A Table A.1). Moreover, naloxone attenuated the 

antinociceptive effects of orphine and chlorphine (Fig.3.3-H) but was not able to completely block 

their effects (Appendix A Fig. A4-B, F). Only the weak antinociception induced by fluorphine and 

iodorphine was fully blocked by naloxone (Fig.4H/ Appendix A Fig. A4-D, H). 

 

Figure 4.3 Results of the tail pinch and tail withdrawal tests in male mice. Panels A, E: Time-course of the effects induced 

by different doses of brorphine. Panels B, F: Dose-response curves of brorphine and different brorphine analogues. 

Panels C, G: Time-course of the observed effects of a high dose of brorphine (15 mg/kg IP) in antagonist experiments 

with naloxone (6 mg/kg IP). Panels D, H: Impact of naloxone (6 mg/kg IP) on the effects of a high dose of brorphine 

analogues (15 mg/kg IP). Data are expressed as percentage of maximum possible effect (%MPE) and represent the mean 

± SEM as determined in 8 animals (over the whole test session for dose-response curves and bar charts). Statistical 

analysis was performed by two-way ANOVA followed by the Bonferroni test for multiple comparisons (panels A-C, E-G). 

Statistical analysis of panels D, H was performed with one-way ANOVA followed by the Bonferroni test for multiple 

comparisons. Solid symbols indicate significant effects compared to vehicle (p<0.05); Hash symbols indicate significant 

effects compared to naloxone + agonist treatment (p< 0.05). Significant differences compared to brorphine (for panels 

B, F) are inserted in the Supplementary Materials (Appendix Fig. A5). 
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4.1.4.2.2 Plethysmography analysis 

Systemic administration of brorphine had an important impact on respiratory parameters. Respiratory 

rate (RR was immediately and significantly affected by brorphine treatment (Fig. 4.4-A, B). While 

fluctuating, a significant decrease in RR persisted until the end of the experiments. Similarly, RR was 

immediately affected after injection with fluorphine and chlorphine (Fig. 4.4-A, C). The effect 

induced by orphine was less evident throughout the session (Fig. 4.4-A, C/ Appendix A Fig. A6-A). 

Similarly, the effect of iodorphine was comparably less pronounced and somewhat delayed 

(becoming more sustained around 50 min) (Fig. 4.4-A, C/ Appendix A Fig. A6-J). Some significant 

differences were observed between the respiratory responses induced by brorphine and the different 

analogues (Appendix A Fig. A6-A). Pretreatment with naloxone fully blocked the decrease in RR 

caused by brorphine (Fig.4.4-B, Appendix A Table A1), orphine, fluorphine and chlorphine (Fig. 

4.4-C/ Appendix A Fig. A6-A, D, G). Surprisingly, naloxone injection expedited rather than 

alleviated the respiratory depressant effects by iodorphine (Fig. 4.4-C/ Appendix A Fig. A6-J). 

 

Simultaneously, breath length (BL) increased immediately after administration of brorphine (Fig. 4.4-

D, E). While some fluctuations could be observed, a significant effect was registered throughout most 

of the test session (Fig. 4.4-D, E). In contrast, BL was not significantly affected by orphine. BL 

increased significantly after fluorphine and chlorphine administration, and the effect was more 

sustained with the former (Fig. 4.4-D/ Appendix A Fig. A6-E, H). Differing from the other 

compounds, the effect of iodorphine was delayed (Fig. 4D/ Appendix A Fig. A6-K). The comparison 

of BL responses to brorphine revealed significant differences with those induced by the other 

analogues (Appendix A Fig. A7-B). Naloxone pretreatment fully blocked the BL increase caused by 

brorphine (Fig. 4.4E, Table A1), fluorphine and chlorphine (Fig. 4.4-F/ Appendix A Fig. A6-E, H). 

Conversely, as also seen with RR, naloxone pretreatment somewhat expedited the BL increase 

induced by iodorphine (Appendix A Fig. A6-K).  

 

Tidal volume (TV) decreased after the administration of brorphine (Fig. 4.4-G, H). The effect was 

delayed when compared to the effects on RR and BL, but, while fluctuating, overall persisted until 

the end of the experiments. Different from brorphine, TV decreased immediately after administration 

of orphine, fluorphine and chlorphine. This decrease was the least pronounced and most transient 

with orphine (Fig. 4.4-G/ Appendix A Fig. A6-C, F, I). Conversely, TV increased significantly with 

iodorphine treatment (Fig. 4.4G/ Appendix A Fig. A6-L). 

Comparing TV responses induced by brorphine revealed significant differences with those induced 

by the other compounds (particularly orphine and iodorphine) (Appendix A Fig. A6-C). Naloxone 
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pretreatment fully blocked the TV decrease caused by brorphine (Fig. 4.4-H, Appendix A Table A1) 

[(Fig. 4.4-I/ Appendix A Fig. A6-C]. Conversely, compared to the agonist-only situation, 

pretreatment with naloxone increased the TV after administration of fluorphine (~50%), chlorphine 

(~70%), and iodorphine (~15%), with the effect appearing within 5 min after agonist injection (Fig. 

4.4-I/ Appendix A Fig. A6-F, I, L). 
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Figure 4.4. Results of the plethysmography analysis in male mice. Panels A, D, G: Effects of a high dose (15 mg/kg IP) 

of the different test compounds on respiratory rate (RR), breath length (BL) and tidal volume (TV) over time. Panels B, 

E, H: Time-course of the observed effects of a high dose of brorphine (15 mg/kg IP) in antagonist experiments with 

naloxone (6 mg/kg IP). Panels C, F, I: Impact of naloxone (6 mg/kg IP) on the observed effects of a high dose of brorphine 

analogues (15 mg/kg IP). Data are expressed as percentage change from basal (% change from basal, see 2.4.5) over 

time and represent the mean ± SEM as determined in 4 animals for each treatment regimen. Statistical analysis was 

performed by two-way ANOVA followed by the Bonferroni test for multiple comparisons for panels A-B, D-E and G-H, 

while the statistical analysis of panels C, F and I was performed with one-way ANOVA followed by the Bonferroni test 

for multiple comparisons. Solid symbols indicate significance compared to vehicle (p<0.05); Hash symbols indicate 

significant effects compared to naloxone + agonist treatment (p< 0.05). Significant differences compared to brorphine 

(for panels A, D, G) are inserted in the Supplementary Materials (Appendix A Fig.A7). 
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4.1.5 Discussion 

To anticipate the potential emergence of brorphine-related substances as NSOs, this report 

details the synthesis and extensive pharmacological characterization of brorphine and four 

closely related analogues with different-sized para-phenyl ring substituents (H<F<Cl<Br<I). 

At the molecular level, MOR can be considered the main target for opioid analgesics [34]. 

While we previously reported on the MOR binding affinity of brorphine [35,36], binding data 

for the other piperidine benzimidazolone compounds included in this study are limited or 

nonexistent. Chlorphine showed the highest MOR affinity, followed by orphine/fluorphine, and 

brorphine/iodorphine. The higher MOR affinity of chlorphine compared to orphine is in line 

with a study by Leysen et al. [37]. Other studies have also evaluated MOR binding 

characteristics of orphine [38,39]. Based on our findings, it is tempting to speculate that the 

MOR binding pocket better accommodates (piperidine benzimidazolone) opioids with a 

smaller (i.e., fluorine, chlorine) or absent (i.e., orphine) substituent compared to the larger 

bromine and iodine groups. In addition, electronic contributions to ligand-MOR interactions 

may differ depending on the substituent [40,41]. However, more research is needed to elucidate 

at a molecular level the interaction of these compounds with MOR. Notably, while a relatively 

wide range of Ki values was observed (with an approximately 70-fold difference between the 

lowest (chlorphine) and highest (iodorphine) Ki values), this translated to a much more narrow 

range of functional potencies in the MOR activation assays. With the caveat that some 

confidence intervals are overlapping, the potencies of chlorphine, brorphine, and iodorphine 

were comparable in the βarr2 assay, whereas orphine and fluorphine were somewhat less 

potent. These trends are in line with the findings reported by Kennedy et al. using a different 

βarr2 recruitment assay (PathHunter®) [6]. In the mini-Gαi assay, the benzimidazolones were 

similar in terms of potency. This is in contrast to the observations by Kennedy et al., who found 

a wider range of potencies (with brorphine > chlorphine > fluorphine > orphine) using a 

[35S]GTPγS assay [6]. Importantly, while efficacy differences were limited in our MOR-βarr2 

recruitment assay, the MOR-mini-Gαi assay typically results in a broader range of Emax values 

[21]. As a result, more pronounced efficacy differences were revealed in the latter assay, with 

orphine and fluorphine being less efficacious than the larger-sized analogues. Excluding 

iodorphine, the same trend was previously reported by Kennedy et al. in their βarr2 recruitment 

assay [6]. Taken together, the functional data reported here and elsewhere [6,17] point towards 

a higher in vitro activity of chlorphine and brorphine (and iodorphine), compared to fluorphine 

and orphine, across signaling pathways. Hence, while the smaller-sized orphine and fluorphine 
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may bind to MOR with a higher affinity than the larger-sized and less electronegative brorphine 

and iodorphine, this does not translate in a higher MOR activation.  

Excluding iodorphine, all piperidine benzimidazolones included here have been evaluated in 

MOR bias-focused SAR studies [6,17]. Schmid et al. reported that orphine (SR-8595) showed 

a modest preference toward recruiting βarr2 (PathHunter®) over G protein ([35S]GTPγS) when 

evaluated using the operational model [17,42]. Chlorphine (SR-11065) showed an improved 

potency for G protein signaling in this assay platform [17]. In a follow-up study [6], brorphine 

(compound 21) and chlorphine (compound 18) were reportedly somewhat G protein-biased, 

whereas orphine (compound 16) and fluorphine (compound 20) showed a slight preference 

towards the βarr2 pathway. However, other analogues eliciting much more pronounced levels 

of bias were also discovered in these studies, and none of the herein included compounds were 

selected by the authors for further research. As such, the current results (where no significant 

βarr2/mini-Gαi bias could be detected using a different assay platform and bias calculation) are 

not in disagreement with previous work. In addition, the clinical potential of G protein-biased 

MOR ligands remains a matter of debate [43–45]. 

The antinociceptive effects of brorphine were previously investigated. Gatch et al. showed that 

brorphine dose-dependently increases thermal antinociception with an ED50 of 0.11 mg/kg in 

mice [46,47], whereas Vandeputte et al. found the drug increases tail flick latency with an ED50 

of 0.08 mg/kg in rats [35]. In the Gatch study, the maximum effect of brorphine lasted for 75 

min and returned to baseline within 120 min. In our study, the maximum thermal 

antinociceptive effect of brorphine (1 mg/kg) lasted for 205 min and had not yet returned to 

baseline at the end of the session (325 min). These apparent differences in drug time course 

may be related to varying experimental setups, different mouse strains (Swiss-Webster versus 

CD-1) and routes of administration (subcutaneous versus IP) [48]. Our results show that the 

evaluated analogues all increase the threshold to acute pain stimuli, but with quite different 

efficacies. Specifically, chlorphine and brorphine were full agonists in the tail pinch test, and 

orphine induced comparable maximum antinociception in the tail withdrawal test. Maximum 

antinociception with fluorphine and iodorphine was generally lower. While ED50 values could 

not be calculated, fluorphine and iodorphine were also the least potent analogues, as effects 

could only be observed at the higher end of the tested dose range (3-15 mg/kg). For orphine, 

chlorphine, and brorphine, significant antinociceptive effects were observed starting from 

lower concentrations (≥0.01 mg/kg). Hence, the most efficacious compounds were also the 

most potent in vivo. The high antinociceptive activity of chlorphine was demonstrated in early 
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pain research [16], where the drug was found to be 130x more potent than meperidine in a 

mouse hot plate assay. Orphine and fluorphine were less potent in this assay (30x and 40x more 

potent than meperidine, respectively). Notably, the observed in vivo trends were broadly in line 

with the in vitro prediction (with chlorphine and brorphine being more active than fluorphine). 

Orphine and iodorphine showed a higher and lower in vivo antinociceptive activity, 

respectively, than predicted in vitro. This apparent discrepancy may be due to involvement of 

other receptors and/or signaling pathways, differences in blood-brain barrier penetration, 

metabolic (in)activation, etc. [4,22,49]. 

Our data demonstrate possible pharmacokinetic differences between the compounds, which 

could impact the time course of their antinociceptive effects. Fluorphine-induced maximum 

effects were generally of shorter duration, and iodorphine-induced effects were transient in the 

tail withdrawal test. Interestingly, a bell-shaped curve was obtained for chlorphine in the tail 

pinch assay, with a sudden drop in antinociception around halfway through the session with the 

highest tested dose. While this could theoretically indicate the involvement of co-activated 

receptors at high doses (counteracting the antinociceptive effects of chlorphine), it is 

noteworthy that naloxone pretreatment did not fully eliminate chlorphine-induced 

antinociception. Yet, the effects were more sustained after naloxone pretreatment. The fact that 

a bell-shaped curve was not observed in the tail withdrawal test may be related to differences 

in the intensity of the noxious stimulus [28,50]. While the relatively limited antinociceptive 

effects produced by fluorphine and iodorphine were fully blocked by naloxone in both assays, 

this was not consistently the case for the other compounds, indicating the involvement of non-

opioid mediated mechanisms. In brorphine-treated mice, naloxone pretreatment largely 

decreased mechanical, but not thermal antinociceptive effects. While naloxone efficacy may 

differ depending on the intensity of the pain stimulus [28,51], it is interesting to note that a 

recent study on the in vivo effects of fentanyl analogues consistently observed a larger decrease 

in thermal (compared to mechanical) antinociception after naloxone pretreatment using an 

almost identical experimental set up (cfr. supra) [28]. In addition, it was previously shown that 

1 mg/kg naltrexone reduces brorphine-induced warm water tail flick latency [52]. The 

antinociceptive effects of chlorphine decreased in both assays after naloxone injection but 

seemed to reappear approximately halfway through the session. One possibility is that the high 

dose of chlorphine used in our experiments precluded blockade of MOR by naloxone, even a 

large dose of 6 mg/kg. As previously proposed for other potent opioids [28,53–55], repeated 

naloxone dosing may be required to avoid re-narcotization. Orphine-induced thermal 
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antinociception showed a similar pattern, with effects reappearing after an initial decrease. 

Surprisingly, however, the level of mechanical antinociception produced by orphine was higher 

in the presence of naloxone, potentially indicating the involvement of other (subtypes of) 

(opioid) receptors [56–59].  

Respiratory depression is the primary cause of opioid overdose death [60]. More than 60 fatal 

and non-fatal case reports involving brorphine have been described [4,9,10,61–63], 

underscoring the risks associated with its use. Here, the respiratory effects induced by a high 

dose of brorphine and analogues were investigated for the first time using non-invasive 

plethysmography. Our results generally revealed a decreased respiratory rate, increased breath 

length, and decreased TV. An interesting exception to the latter is iodorphine, which induced a 

slight and gradual increase in TV (as also reported for other opioids [64]). The respiratory 

effects of orphine and iodorphine were generally less pronounced, similar to their partial 

agonist effects in most antinociception assays. With respect to respiratory effects, fluorphine 

represents a unique compound which induces weak antinociceptive effects but substantial 

respiratory depression. The findings with fluorphine demonstrate that measuring 

antinociceptive effects may not provide information about the potency for inducing other 

opioid-mediated actions. 

Some differences in the time course of respiratory effects were observed. For example, the 

effects on respiratory rate and breath length induced by chlorphine appeared more transient 

than those induced by fluorphine and brorphine. In addition, brorphine-induced effects on TV 

showed a somewhat delayed onset of action compared to the other analogues. With iodorphine, 

respiratory changes started occurring only after a lag time of approximately 20 min or more, 

whereas naloxone pretreatment appeared to accelerate the onset of these effects. While the 

peculiar time course and TV effects of the novel compound iodorphine (alone or with naloxone) 

warrant further investigation at clinically relevant doses, it is important to note that naloxone 

may not be effective as an antidote in cases of iodorphine-induced respiratory depression [65]. 

The effect of naloxone pretreatment further differed between the test compounds. Changes in 

respiratory rate and breath length were fully blocked after naloxone pretreatment for all 

analogues (excluding iodorphine), confirming the involvement of opioid receptors (particularly 

MOR) in these actions [28,55]. However, while naloxone pretreatment blocked orphine- and 

brorphine-induced TV decreases, a reversal of the effect (i.e., a significant TV increase above 

baseline) was observed with fluorphine and chlorphine.  
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Taken together, the evaluated piperidine benzimidazolones are MOR agonists inducing varying 

degrees of antinociception and respiratory depression in mice. Importantly, although the 

evaluated compounds are close structural analogues, differences in their time course of actions 

were observed throughout this work [28,66–68]. Hence, while the current study is limited to 

male CD-1 mice, similar time course differences can be anticipated in humans, requiring 

dedicated studies. Brorphine is known to undergo N-dealkylation and hydroxylation in humans 

[9,63], with the N-dealkylated metabolite expected to be a common metabolite for the different 

analogues studied here [9]. While it is currently not known whether any of the brorphine 

metabolites retain clinically relevant opioid activity [4], metabolic (in)activation may 

contribute to some of the (unexpected) behavioral findings reported here. In humans, genetic 

polymorphisms as well as drug-drug interactions may further contribute to interindividual 

differences in sensitivity to these drugs [68,69]. Pharmacokinetic differences may also explain 

why, for orphine and iodorphine, the observed in vivo effect profile was different from the in 

vitro MOR activation trends [49]. Considering the differences in naloxone sensitivity observed 

in this study, it is important to note that naloxone is a competitive, non-selective opioid 

antagonist. Hence, the potency and intrinsic efficacy of MOR agonists may influence the 

observed effects after naloxone pretreatment [55,65,70–72], as also seen with fentanyl 

analogues [28,66,70]. However, additional research is needed to explore potential effects of 

relevant doses of piperidine benzimidazolones at other (non-opioid) receptors. Importantly, 

such ‘off-target’ effects may be naloxone-insensitive and may also contribute to the eventual 

toxicity of the drugs, as has been suggested for brorphine and the serotonin transporter [62]. In 

this context, it is interesting to note that the ortho-chloro analogue of chlorphine has nanomolar 

affinity for the opioid receptor-like 1 (ORL1) receptor [4,73]. Finally, further in vivo studies 

(including sensorimotor, motor, and cardiovascular tests) would be of interest to allow 

complete pharmaco-toxicological characterization [70]. 

With the exception of brorphine [11], all studied analogues are currently non-controlled in most 

countries. Hence, the dynamic nature of the NSO market bolsters the possibility of brorphine 

analogues appearing in the future to fill the void left by (newly banned) NSOs [15]. 

Specifically, from a synthesis point-of-view, the emergence of brorphine analogues differing in 

the halogen substituent seems feasible, as halogenation is an important tool in drug 

optimization [41,74,75]. In the context of NPS, this is reminiscent of the identification of 

halogenated analogues of the synthetic cannabinoid receptor agonist JWH-018 [32,76,77]. 

However, apart from a relatively straightforward synthesis, other supply- and demand-related 



159 

factors are known to influence the emergence of “new” NSOs [15,78], making it hard to predict 

how the market will evolve. As some of the analogues studied here are currently being offered 

for sale online, it may be just a matter of time before their formal identification in seized drug 

material or biological samples. Notably, the expected high in vivo potency of certain piperidine 

benzimidazolones stresses the need for highly sensitive analytical instrumentation for their 

detection [79].  

 

4.1.6 Conclusions 

This study explored the pharmaco-toxicological effect profile of brorphine and a selected set 

of related piperidine benzimidazolones (orphine, fluorphine, chlorphine, iodorphine) as 

potential opioid NPS. While analogues with smaller-sized substituents (fluorphine, orphine) 

showed the highest MOR affinity, chlorphine, brorphine, and iodorphine were generally the 

most active in terms of in vitro MOR activation (βarr2 and mini-Gαi recruitment) potential. In 

vivo, the antinociceptive and respiratory effects of the drugs were studied in male CD-1 mice. 

All analogues generally increased the threshold to acute mechanical and thermal pain stimuli, 

but only brorphine and chlorphine induced maximal antinociception in both assay procedures. 

Most of the analogues negatively impacted respiration (respiratory rate, breath length, and tidal 

volume). Some notable differences in time course and magnitude of naloxone antagonism 

warrant further investigation into possible non-opioid pharmacological targets and mechanisms 

of action of the studied opioids. Taken together, brorphine-like piperidine benzimidazolones 

are opioid agonists that have the potential to cause substantial harm in users should they emerge 

on recreational drug markets. Hence, careful monitoring of the dynamic NSO market is 

warranted to rapidly detect and respond to changes in the drug supply.  
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Abbreviations 

NSO Novel Synthetic Opioids 

FENT Fentanyl;N-(1-(2-phenethyl)-4-piperidinyl-N-phenyl-

propanamide 

BUF Butyrylfentanyl;N-phenyl-N-[1-(2-phenylethyl)-4-piperidinyl] 

butanamide 

4F-BUF 4-Fluorobutyrfentanyl or para-fluorobutyrylfentanyl; 

N-(4-Fluorophenyl)-N-[1-(2-phenylethyl)-4-piperidinyl]-

butanamide  

NLX Naloxone; (4R,4aS,7aR,12bS)-4a,9-dihydroxy-3-prop-2-enyl-

2,4,5,6,7a,13-hexahydro-1H-

4,12methanobenzofuro[3,2e]isoquinolin-7-one 

ANT Antalarmin;N-butyl-N-ethyl-2,5,6-trimethyl-7-(2,4,6-

trimethylphenyl) pyrrolo[3,2-e]pyrimidin-4-amine 

BRET Bioluminescence Resonance Energy Transfer assay 

ECG Electrocardiogram 

PLETH Plethysmography 
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4.2.1 Abstract 

Background and purpose: Novel Synthetic Opioids (NSOs), in particulars fentanyl analogs, 

have been implicated in many cases of intoxication and death with overdose worldwide. The 

aim of this study is to investigate the pharmaco-toxicology of two fentanyl (FENT) analogues: 

Butyrylfentanyl (BUF) and 4-Fluoro-Butyrylfentanyl (4-FBUF) 

Experimental Approach: In vitro, we measured fentanyl (s) opioid receptor efficacy, potency, 

and selectivity and their capability to promote the interaction of the mu receptor with G protein 

and β-arrestin 2. In vivo, we evaluated the cardio-respiratory changes using the 

Electrocardiogram (ECG) and plethysmography in female and male mice injected 

intraperitoneally with BUF or 4F-BUF (0.1-6 mg.kg). Opioid receptor specificity was 

investigated using naloxone (NLX; 6 mg/kg IP) pre-treatment. Moreover, we investigated the 

possible role of stress in increasing cardiotoxicity in mice using the CRF-1 antagonist 

Antalarmin (10 mg/kg) 

Key results: In vitro, FENT, BUF and 4F-BUF mimicked the maximal effects of dermorphin 

displaying the following rank of potency: FENT> 4-FBUF> BUF. 4-FBUF displayed lower 

maximal effects behaving as a partial agonist. FENT and BUF behaved as partial agonists for 

the β-arrestin 2 pathway, whereas 4-FBUF did not promote β-arrestin 2 recruitment. In vivo, 

our results revealed sex difference in the cardio-respiratory impairments induced by BUF and 

4-FBUF. 4F-BUF showed lower potency for inhibiting cardiorespiratory function. NLX 

sensitivity of the actions of the two compounds was variable in cardiac and respiratory 

responses. Interestingly the CRF-1 antagonist Antalarmin alone was effective to block the 

respiratory impairment induced by BUF in both sexes but not 4F-BUF. The combination of 

NLX and ANT significantly enhanced the action of NLX reversal of the cardiorespiratory 

impairments induced by BUF and 4F-BUF in female and male CD1 mice. 

Conclusion: In this study, we have uncovered a novel mechanism by which synthetic opioids 

might increase respiratory depression shedding new light on the role of CRF-1 receptors in 

cardiorespiratory impairments by mu-agonists 
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Graphical abstract 

Involvement of CRF-1 receptors in the cardiorespiratory effects of fentanyl analogs. The 

possible mechanism suggested by this study is that fentanyl analogs that possess biased β- 

arrestin2 recruitment might show higher risk of respiratory depression that increase stress 

signals activated by corticotropin-releasing factors (CRF-1) resulting in higher adverse 

effects. 

 

 

 

Keywords; Fentanyl; Butyrylfentanyl; 4fluoro-Butyrfentanyl; novel psychoactive substances; 

mu opioid receptor, β-arrestin 2; naloxone; antalarmin; respiratory depression, CRF-1 
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4.2.2 Introduction 

The European Monitoring Center for Drugs and Drug Addiction (EMCDDA) has been 

monitoring more than 930 Novel Psychoactive Substances (NPS) since 2009, 41 of which were 

first reported in Europe in 2022 (EMCDDA. 2022). Novel Synthetic opioids (NSO) is a small 

class of NPS that includes about 74 new opioids identified on the European drug market since 

2009 (EMCDDA. 2022). 

Although the number of NSO is low with respect to the other classes such as cathinones, recent 

signals, mostly from Baltic countries, suggest increased availability and harms (including 

intoxications and death) linked to fentanyl derivatives and benzimidazole opioids. Recent 

reports from Estonia and Lithuania revealed an increase in deaths with overdose due to the use 

of NSO, which reveals the risk of life-threatening poisoning of these compounds (EMCDDA. 

2022). 

Butyrylfentanyl (BUF) is a fentanyl analog, with an N-butyryl group replacing the N-propionyl 

group of fentanyl (Fig. 4.5). It is sold on the NPS market as a substitute for heroin or 

prescription opioids. Seven case reports on BUF-intoxications and deaths were reported in 

2014 and this number increased to 81 reports in 2015. This compound was designated as a 

Schedule I substance under the Controlled Substances Act in 2016 (Drug Enforcement 

Administration. 2016).  BUF showed lower pharmacological efficacy respect to fentanyl 

(Varshneya et al.,2023). Studies on BUF metabolism in human liver microsomes revealed that 

this compound undergoes hydroxylation at the butanamide side chain and aromatic ring and N-

dealkylation through CYP3A4 and CYP2D6 (Steuer et al.,2017). Carboxy- and hydroxy-BUF 

metabolites were majorly found in blood, urine, and organs of a fatal case (Staeheli et al. 2016). 

Para-fluoro-butyrylfentanyl (4F-BUF) is a structural chemical analog of BUF. 4F-BUF and 

BUF share a common basic chemical structure characterized by a phenethylamine core (Fig 

4.5). While BUF features a butyryl group, 4F-BUF contains a para-fluoro substitution on the 

phenethylamine backbone (Fig 4.5). This structural variance can significantly impact their 

pharmacodynamic properties (Varshneya et al., 2023). 4F-BUF was first detected in 2015 

(Bäckberg et al., 2015).  
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Figure 4.5 Chemical structures of Fentanyl; Butyrylfentyl; 4F-Butyrlfentanyl; Naloxone and Antalarmin. 

 

The EMCDDA reported the seizure of this drug in different forms including powders, tablets, 

electronic cigarette liquid, and nasal spray formulations (EMCDDA. 2015). One case of 

intoxication by 4F-BUF was reported in Sweden and two death cases were reported from 

Poland (WHO. 2017). Since September 2017, 4F-BUF has been controlled in Cyprus, Finland, 

Czech Republic, Sweden, Poland, Denmark and France (WHO. 2017). Functional studies using 

the [35S]GTPγS binding assay demonstrated that 4F-BUF showed a reduced efficacy for MOR 

and KOR receptor activation compared with fentanyl (WHO. 2017) and in vivo this drug 

showed a lower analgesic efficacy with respect to fentanyl (WHO. 2017). The metabolic 

pathway of 4F-BUF was investigated in vitro, using human liver microsomes and suggests 

three major metabolites: nor-4F-BUF, 4F-fentanyl and hydroxyl-4F-BUF (Richeval et al., 

2019). Similarly to fentanyl, the most common adverse effects reported with BUF and 4F-BUF 

were disorientation, miosis, bradycardia, respiratory depression, and apnea which may lead to 

death in some cases (Bäckberg et al., 2015). Since the appearance of fentanyl analogs in the 

NPS drug market, the number of cases of intoxication and death due to these substances 

increased exponentially. The recent world drug report revealed an important increase in female 

non-medical pharmaceutical opioids users (47%) with respect to opiates users (25%). This may 

explain the the increasing rate of opioid use disorders in the last few years (UNDOC, Executive 

summary. 2023). 
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Sex differences in opioid use, pharmacology, and consequences are an important area of study 

in medical and scientific research (Fattore et al., 2020). While opioids affect both males and 

females, there are notable differences in how these drugs impact each gender (Fattore et al., 

2020). Indeed, research on sex-based treatment differences in opioids use disorders has 

increased, however, the studies focusing on sex-dependent differences in the pharmaco-

toxicological aspects of these potent synthetic opioids have not yet been discovered.  

Therefore, the aim of this study was to investigate the pharmaco-dynamic profile of the BUF 

and 4F-FUF. To evaluate the in vitro basic pharmacological profile of these compounds, a 

calcium mobilization assay was performed using cells expressing opioid receptors and chimeric 

G-proteins (Camarda and Calo’, 2013). Moreover, a bioluminescence resonance energy 

transfer (BRET) assay was also used to investigate the ability of the compounds to promote mu 

receptor interaction with G-protein and β-arrestin 2 (Molinari et al., 2010). We investigated the 

acute effects of BUF and 4F-BUF, in vivo, measuring cardiorespiratory changes using non-

invasive Electrocardiogram ECG (Heart rate, RR-interval, and QRS complex) and 

plethysmography (Breath rate, Breath length, and Minute volume) in CD-1 female and male 

mice. NLX pre-treatment was applied to investigate receptor specificity in the cardio-

respiratory responses of male and female mice. Moreover, many studies revealed the role of 

the functional antagonism of CRF neurotransmission, in particular CRF-1 receptors in reducing 

stress and ameliorating negative affective-like states associated with opioids withdrawal and 

dependence (Heinrichs et al., 1995, Shaham et al., 1998, Stinus et al., 2005). Yet the role of 

CRF receptors in reducing the acute effects of opioids, especially the cardio-respiratory 

impairments is lacking in the literature. To fill the gap on this issue we further investigated the 

possible involvement of the stress-factor in worsening cardio-respiratory impairments related 

to opioids in female and male animals using the CRF1 receptor antagonist Antalarmin alone 

and in combination with NLX. 

 



175 

4.2.3 Materials and Methods 

4.2.3.1 In vitro studies 

4.2.3.1.1 Drugs and reagents  

All cell culture media and supplements were from Invitrogen (Thermo Fisher Scientific Inc. 

MA, USA). Dermorphin, DPDPE, and Dynorphin A were synthetized in the laboratory of Prof 

Remo Guerrini (University of Ferrara). FENT, BUF, 4F-BUF and ANT were purchased from 

LGC standards (LGC Standards S.r.l., Sesto San Giovanni, Milan, Italy) (authorization SP/141 

24/11/2021 to MM) while naloxone was purchased from Sigma Aldrich (St. Louis, MO, USA). 

Opioid peptides were solubilized in bidistilled water, whereas all other compounds were 

solubilized in DMSO at a final concentration of 10 mM. Stock solutions of ligands were stored 

at -20 °C. Serial dilutions were made in each assay buffer. 

 

4.2.3.1.2 Calcium mobilization assay  

CHO cells stably coexpressing the human recombinant mu or kappa receptors with the C-

terminally modified Gαqi5 and CHO cells coexpressing the delta receptor and the GαqG66Di5 

chimeric protein were generated as previously described (Camarda & Calo, 2013). Cells were 

cultured in medium consisting of Dulbecco’s modified Eagle’s medium (DMEM) / HAMS F12 

(1:1) supplemented with 10% fetal bovine serum (FBS), penicillin (100 IU/ml), streptomycin 

(100 mg/ml), geneticin (G418; 200 µg/ml) and hygromycin B (100 µg/ml). Cell cultures were 

kept at 37 °C in 5% CO2 / humidified air. When confluence was reached (3-4 days), cells were 

sub-cultured as required using trypsin / EDTA and used for experimentation. Cells were seeded 

at a density of 50,000 cells / well into 96-well black, clear-bottom plates. After 24 hours 

incubation the cells were incubated with Hank’s Balanced Salt Solution (HBSS) supplemented 

with 2.5 mM probenecid, 3 µM of the calcium sensitive fluorescent dye Fluo-4 AM, 0.01% 

pluronic acid and 20 mM HEPES (pH 7.4) for 30 min at 37 °C. Afterwards the loading solution 

was aspirated followed by a washing step with 100 µl / well of HBSS, HEPES (20 mM, pH 

7.4), 2.5 mM probenecid and 500 µM Brilliant Black. Subsequently 100 µl / well of the same 

buffer was added. After placing cell culture and compound plates into the FlexStation II 

(Molecular Devices, Sunnyvale, CA, USA), the changes in fluorescence of the cell-loaded 

calcium sensitive dye Fluor-4 AM were measured. 
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4.2.3.1.3 BRET assay  

SH-SY5Y Cells stably co-expressing different pairs of fusion proteins i.e. mu-RLuc/Gβ1-

RGFP or mu-RLuc/β-arrestin 2-RGFP were prepared using a pantropic retroviral expression 

system as described previously (Molinari et al., 2010; Malfacini et al., 2015). Cells were grown 

in Dulbecco’s modified Eagle’s medium (DMEM) / HAMS F12 (1:1) supplemented with 10% 

fetal bovine serum, penicillin G (100 units/ml), streptomycin (100 µg/ml), L-glutamine (2 

mM), fungizone (1 µg/ml), geneticin (G418; 400 µg/ml) and hygromycin B (100 µg/ml) in a 

humidified atmosphere of 5% CO2 at 37 °C. For G-protein experiments, enriched plasma 

membrane aliquots from mu-RLuc/Gβ1-RGFP cells were prepared by differential 

centrifugation; cells were detached with PBS/EDTA solution (1 mM, pH 7.4 NaOH) then, after 

5 min 500 g centrifugation, Dounce-homogenized (30 strokes) in cold homogenization buffer 

(TRIS 5 mM, EGTA 1 mM, DTT 1 mM, pH 7.4 HCl) in the presence of sucrose (0.32 M). 

Three following centrifugation steps were performed at 10 min 1000 g (4 °C) and the 

supernatants kept. Two 20 min 24,000 g (4 °C) subsequent centrifugation steps (the second in 

the absence of sucrose) were performed for separating enriched membranes that after 

discarding the supernatant were kept in ultrapure water at -80 °C (Vachon et al., 1987). 

Membrane protein was determined using the QPRO-BCA kit (Cyanagen Srl, Bologna, IT) and 

the multimode Ensight plate reader (Perkin Elmer, Waltham, US). Luminescence in membranes 

and cells was recorded in 96-well white opaque microplates (Perkin Elmer, Waltham, MA, 

USA) using the Victor 2030 luminometer (PerkinElmer, Waltham, MA, USA). For the 

determination of receptor/G-protein interaction, membranes (3 μg of protein) prepared from 

cells co-expressing mu-RLuc/Gβ1-RGFP were added to wells in Dulbecco's phosphate-

buffered saline (DPBS). For the determination of receptor/β-arrestin 2 interaction, whole cells 

co-expressing mu-RLuc/β-arrestin 2-RGFP were plated 24 h before the experiment (100,000 

cells/well). The cells were prepared for the experiment by substituting the medium with PBS 

with MgCl2 (0.5 mM) and CaCl2 (0.9 mM). Coelenterazine at a final concentration of 5 μM 

was injected 15 minutes prior reading the cell plate. Different concentrations of ligands in 20 

μL of PBS - BSA 0.01 % were added and incubated 5 min before reading luminescence. All 

experiments were performed at room temperature. 
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4.2.3.1.4 Data analysis and terminology  

Pharmacological terminology adopted in this report is consistent with IUPHAR 

recommendations (Neubig et al., 2003). All data are expressed as the mean ± standard error of 

the mean (s.e.m.) of n experiments. For potency values 95% confidence limits (CL95%) were 

indicated. In calcium mobilization studies, agonist effects were expressed as maximum change 

in percent over the baseline fluorescence. Baseline fluorescence was measured in wells treated 

with saline. In BRET studies agonist effects were calculated as BRET ratio between CPS 

measured for the RGFP and RLuc light emitted using 510(10) and 460(25) filters (PerkinElmer, 

Waltham, MA, USA), respectively. Maximal agonist effects were expressed as fraction of the 

dermorphin maximal effect which was determined in every assay plate (dermorphin=1). 

Concentration response curve to agonists were fitted with the four-parameter logistic nonlinear 

regression model: 
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For all assays, agonist potencies are given as pEC50 i.e., the negative logarithm to base 10 of 

the molar concentration of an agonist that produces 50% of the maximal effect of that agonist. 

The potency of antagonists was expressed as pA2 derived from the following equation: pA2=‐

log[(CR−1)/[A]], assuming a slope value equal to unity, where CR indicates the ratio between 

agonist potency in the presence and absence of antagonist and [A] is the molar concentration 

of the antagonist (Kenakin, 2004). The intrinsic activities of the compounds under study were 

computed as fraction of the standard ligand dermorphin maximal-stimulated BRET ratio 

(dermorphin= 1.00) 

4.2.3.2 In vivo studies 

4.2.3.2.1 Animals 

Hundred ninety-two female and male ICR (CD-1®) adult mice weighing 30–35 g (Centralized 

Preclinical Research Laboratory, University of Ferrara, Italy) were group housed (5 mice per 

cage; floor area per animal was 80 cm2; minimum enclosure height was 12 cm), exposed to a 

12:12-h light-dark cycle (light period from 6:30 AM to 6:30 PM) at a temperature of 20–22 °C 

and humidity of 45–55% and were provided ad libitum access to food (Diet 4RF25 GLP; 

Mucedola, Settimo Milanese, Milan, Italy) and water. The experimental protocols performed 

in the present study were in accordance with the U.K. Animals (Scientific Procedures) Act of 
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1986 and associated guidelines and the new European Communities Council Directive of 

September 2010 (2010/63/EU). Experimental protocols were approved by the Italian Ministry 

of Health (license n. 223/2021-PR, CBCC2.46.EXT.21) and by the Animal Welfare Body of 

the University of Ferrara. According to the ARRIVE guidelines, all possible efforts were made 

to minimise the number of animals used, to minimise the animals’ pain and discomfort. 

 

4.2.3.2.2 Drug preparation and dose selection  

Drugs were initially dissolved in absolute ethanol (final concentration: 5%) and Tween 80 (2%) 

and brought to the final volume with saline (0.9% NaCl). Drugs were administered by 

intraperitoneal (IP) injection at a volume of 4 µL/g. The dose range of BUF and 4F-BUF (0.1-

6 mg/kg IP) was chosen based on our previous studies (Bilel et al., 2022). In antagonist 

experiments, the opioid receptor antagonist naloxone (6 mg/kg IP) was administered 15 min 

before test compound injections, similar to our previous study (Bilel et al., 2022). The dose of 

Antalarmin was chosen based on a previous study (Ducottet et al., 2003t). Also, Antalarmin 

was given intraperitoneally 15 min before the administration of the agonists (Brodabear et al., 

2004). Animals were also injected with the combination ANT (10 mg/kg) and NLX (6mg/kg) 

15 min before the administration of the tested agonists. Female and male mice treated with 

NLX alone (6 mg/kg), Antalarmin alone (10 mg/kg) or their combination didn’t show any 

cardiorespiratory alterations during the 60 min of measurements (data not shown). 

 

4.2.3.2.3 Cardiorespiratory analysis 

As previously reported by Marchetti et al., 2023 (Marchetti et al., 2023), electrocardiogram 

(ECG) and plethysmography (PLETH) were performed in conscious animals using a non-

invasive ECG and PLETH-TUNNEL system with an acquisition frequency of 1000 Hz (Emka 

Technologies, Paris, France). All plethysmography recording sessions were performed during 

daytime, and data were analyzed using the iox2 data acquisition analysis software (Emka 

Technologies). A cylinder-shaped tube (i.e., restraining tunnel) restrains the animal firmly but 

gently, without causing trauma. To minimize the effects of stress, animals were allowed to stay 

in the restraining system for 1 min before starting recordings. Indeed, upon observation of the 

animals after 1 min, plethysmography traces proved that they were calm, and that breathing 

was stable. The experiment provides baseline recording lasting for 15 min, followed by a 

recording session of 65 min immediately after vehicle or drug administration (Marchetti et al., 

2023). 
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4.2.3.2.4 Data and statistical analysis 

Emka ECG and plethysmography analyzer software were used to analyze tracings recorded 

during data acquisition. Six leads of ECG were recorded using specific software (iox®, EMKA 

technologies): three leads were measured (L1, L2, L3), and three were calculated (aVR, aVL, 

aVF). The parameters reported in this work were obtained from L1 and L2. 

For the ECG analysis, HR (bpm; heart rate), RR (ms; time between two consecutive peaks), 

QRS (ms; is the time from the start to the end of the QRS complex) were expressed as % change 

of basal value. 

For plethysmography, BB_ie (ms; breath length, sum of the duration of inspiration and the 

duration of expiration), FR_ie (bpm; breathing frequency derived from BB_ie), and MV 

(F/min; computed from tidal volume and breathing frequency FR_ie), were expressed as % 

change of basal value. 

Statistical analysis of the effects of the substances at different doses over time and of 

antagonism studies was done via two-way ANOVA followed by a Bonferroni test for multiple 

comparisons (GraphPad Prism, version 8, San Diego, CA, USA). 

The mean effect values represent the average of the effects induced by each compound at each 

dose over the time course of the experiment (histograms). 

 

4.2.4 Results  

4.2.4.1 In vitro studies 

4.2.4.1.1 Calcium mobilization studies 

In CHO cells stably transfected with the human mu opioid receptor, the standard agonist 

dermorphin evoked a robust concentration-dependent stimulation of calcium release displaying 

high potency (pEC50 of 8.19) and maximal effects (319 ± 13% over the basal values). FENT 

and its derivatives were able to activate the mu opioid receptor in a concentration dependent 

manner with the following rank order of similar potency: FENT > 4F-BUF > BUF. Regarding 

ligand efficacy, FENT and BUF were able to elicit maximal effects similar to that of 

dermorphin, while 4F-BUF displayed statistically significantly lower maximal effects thus 

behaving as a partial agonist (Table 4.2). 
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Table 4.2 Effects of dermorphin, FENT, BUF and 4F-BUF in calcium mobilization experiments performed in 

CHO cells coexpressing opioid receptors and the chimeric G-proteins. *p<0.05 vs dermorphin according to 

ANOVA followed by the Dunnett test. Data are mean of at least 3 separate experiments made in duplicate. 

 mu  delta kappa 

 
pEC50 

(CL95%) 

Emax ± sem 

% 

pEC50 

(CL95%) 

Emax ± 

sem % 

pEC50 

(CL95%) 

Emax ± 

sem % 

Standard agonists 
8.19 

(8.02 – 

8.36) 

319 ± 13 7.47 

(7.09-7.85) 
230 ± 18 

8.81 

(8.22-

9.40) 

257 ± 34 

FENT 8.13 

(7.73-8.52) 
326 ± 13 CRC incomplete CRC incomplete 

BUF 

 

7.32 

(6.70-7.93) 

283 ± 18 CRC incomplete CRC incomplete 

4F-BUF 
7.50 

(6.92-8.09) 
258 ± 8* Inactive Inactive 

 

Standard agonists were dermorphin, DPDPE, and dynorphin A for mu, delta, and kappa opioid receptors, 

respectively (Data on standard agonists and FENT were reported in Bilel et al., 2022). 

 

In CHOdelta cells, the standard agonist DPDPE evoked a robust concentration-dependent 

stimulation of calcium release with high potency (pEC50 of 7.47) and maximal effects (230 ± 

18% over the basal values). FENT, BUF and 4F-BUF were inactive or displayed an incomplete 

concentration response curve, stimulating calcium mobilization only at micromolar 

concentrations. 

In CHOkappa cells, the standard agonist dynorphin A evoked a robust concentration-dependent 

stimulation of calcium release with very high potency (pEC50 of 8.81) and maximal effects 

(257 ± 34% over the basal values). FENT, BUF and 4F-BUF were either inactive or displayed 

an incomplete concentration response curve, stimulating calcium mobilization only at 

micromolar concentrations. 

4.2.4.1.1 BRET studies 

In the BRET G-protein assay, dermorphin promoted mu/G-protein interaction in a 

concentration dependent manner with pEC50 of 7.71 (7.41-8.01) and maximal effect of 0.96 ± 

0.11 stimulated BRET ratio FENT, BUF and 4F-BUF mimicked stimulatory effects elicited by 

dermorphin showing similar maximal effects and slightly higher potency (Fig. 4.5 and Table 

4.2) 
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In the BRET β-arrestin assay, dermorphin stimulated the interaction of the mu receptor with β-

arrestin 2 in a concentration-dependent manner with pEC50 6.96 (6.56-7.37) and maximal 

effects corresponding to 0.24 ± 0.09 stimulated BRET ratio. FENT and BUF were able to 

promote the interaction of the mu receptor with β-arrestin 2 showing similar potency but 

significantly reduced efficacy; in fact, the two compounds behaved as partial agonists. In the 

BRET β-arrestin assay 4F-BUF was completely inactive as agonist (Fig. 4.6-D). Thus, 4F-BUF 

was further investigated as an antagonist of FENT induced β-arrestin 2 recruitment. At 0.1 μM, 

4F-BUF was able to shift the concentration response curve to FENT to the right with no 

modifications of the agonist maximal effect (See Appendix B, Fig B1); a pA2 of 7.81 was 

derived from these experiments for 4F-BUF. 

 

Figure 4.6 BRET assay. Concentration-response curve to dermorphin, FENT, BUF, 4F-BUF for mu/G protein 

and mu/β-arrestin 2 (panel A-D) interaction. Data are the mean ± s.e.m. of 5 separate experiments made in 

duplicate. 

 

4.2.4.2 In vivo studies  

4.2.4.2.1 Cardio-respiratory Analysis 

The vehicle used in this experiment showed a stable profile during the 80 min of ECG (Heart 

rate, RR and QRS) and plethysmography (FR_ie, BB_ie and MV) parameter measurement in 

both sex (Figs. 4.7-4.17). Systemic administration of BUF and 4F-BUF (0.1-6 mg/kg IP), 
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induced important variations in cardiorespiratory parameters in female and male mice 

especially at the highest dose tested (see Appendix B Fig. B2). 

ECG BUF: 

Female ECG measurements: 

Heart rate (Fig. 4.7) was immediately and significantly affected by BUF treatment [Fig. 4.7-

A: F3, 1600 = 689.8, P<0.0001], time [F79, 1600 = 3.539, P<0.0001] and time × treatment interaction 

[F237, 1600 = 2.968, P<0.0001]. In addition, RR_interval increased immediately and significantly 

in female-BUF treated mice ([Fig. 4.7-C: F3, 1600 = 1200, P<0.0001], time [F79, 1600 = 4.914, 

P<0.0001] and time × treatment interaction [F237, 1600 = 4.179, P<0.0001]). The QRS complex 

increased immediately and significantly with the dose of 6 mg/kg of BUF [Fig. 4.7-E: F3, 1600 

= 433.8, P<0.0001], time [F79, 1600 = 2.819, P<0.0001] and time × treatment interaction [F237, 

1600 = 3.248, P<0.0001]. 
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Figure 4.7. ECG measurements: Systemic administration of BUF (0.1-6 mg/kg IP;) in Heart rate (panel A); 

RR_interval (panel C) and QRS complex (panel E) in female mice. Interaction of effective dose of BUF (6 mg/kg) 

with the opioid receptor antagonist NLX (6 mg/kg) or the CRF-1 antagonist ANT (10 mg/kg) or their combination 

(ANT 10 mg/kg+NLX 6 mg/kg); (Panel B, D, F). Data are expressed as percentage of baseline (see materials and 

methods) and represents the mean ± SEM of 6 determinations for each treatment. Statistical analysis was 

performed by two-way ANOVA followed by Bonferroni’s test for multiple comparisons for the dose-response curve 

of the compounds at different times (panel A-F). *p<0.05 versus vehicle. 

 

Pre-treatment with NLX alone (6 mg/kg IP) or ANT (10 mg/kg.IP) in combination with NLX 

(6 mg/kg IP); Fig. 4.7-B) partially prevented female-BUF bradycardia. The pretreatment with 
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ANT (10 mg/kg IP) alone was not effective on preventing the effects of BUF on heart rate [Fig 

4.7-B: F4, 2000 = 802.5, P<0.0001], time [F79, 2000 = 33.49, P<0.0001] and time × treatment 

interaction [F316, 2000 = 4.791, P<0.0001]; RR_interval [Fig. 4.7-D: F4, 2000 = 805.6, P<0.0001], 

time [F79, 2000 = 29.24, P<0.0001] and time × treatment interaction [F316, 2000 = 5.723, P<0.0001] 

and QRS complex [Fig. 4.7-F: F4, 2000 = 166.7, P<0.0001], time [F79, 2000 = 3.737, P<0.0001] 

and time × treatment interaction [F316, 2000 = 1.827, P<0.0001]. 

 

Male ECG measurements 

Heart rate (Fig. 4.8) was immediately and significantly affected by BUF treatment [Fig. 4.8-

A: F3, 1600 = 1973, P<0.0001], time [F79, 1600 = 9.014, P<0.0001] and time × treatment interaction 

[F237, 1600 = 7.697, P<0.0001]. In addition, RR_interval increased immediately and significantly 

in male-BUF treated mice ([Fig. 4.8-C: F3, 1600 = 1603, P<0.0001], time [F79, 1600 = 8.412, 

P<0.0001] and time × treatment interaction [F237, 1600 = 7.392, P<0.0001]). The QRS complex 

increased immediately and significantly with the dose of 1 and 6 mg/kg of BUF [Fig. 4.8-E: 

F3, 1600 = 242.1, P<0.0001], time [F79, 1600 = 1.647, P=0.0004] and time × treatment interaction 

[F237, 1600 = 2.370, P<0.0001]. 
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Figure 4.8. ECG measurements: Systemic administration of BUF (0.1-6 mg/kg IP) in Heart rate (panel A); 

RR_interval (panel C) and QRS complex (panel E) in male mice. Interaction of effective dose of BUF (6 mg/kg) 

with the opioid receptor antagonist NLX (6 mg/kg) or the CRF-1 antagonist ANT (10 mg/kg) or their combination 

(ANT 10 mg/kg+NLX 6 mg/kg); (Panel B, D, F). Data are expressed as percentage of baseline (see materials and 

methods) and represents the mean ± SEM of 6 determinations for each treatment. Statistical analysis was 

performed by two-way ANOVA followed by Bonferroni’s test for multiple comparisons for the dose-response curve 

of the compounds at different times (panel A-F). *p<0.05 versus vehicle. 
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Pre-treatment with NLX alone (6 mg/kg IP) and ANT(10 mg/kg.IP) in combination with NLX 

(6 mg/kg IP); Fig. 4.8-B) partially prevented female-BUF bradycardia while ANT (10 mg/kg 

IP) alone was not effective on preventing the effects of BUF on heart rate [Fig. 4.8-B: F4, 2000 

= 1368, P<0.0001], time [F79, 2000 = 58.64, P<0.0001] and time × treatment interaction [F316, 2000 

= 8.302, P<0.0001]; RR_interval [Fig. 4.8-D: F4, 2000 = 903.8, P<0.0001], time [F79, 2000 = 36.53, 

P<0.0001] and time × treatment interaction [F316, 2000 = 5.780, P<0.0001] and QRS complex 

[Fig. 4.8-F: F4, 2000 = 151.7, P<0.0001], time [F79, 2000 = 3.408, P<0.0001] and time × treatment 

interaction [F316, 2000 = 1.526, P<0.0001]. 

 

Plethysmography BUF 

Female plethysmography measurements 

Respiratory rate (Fig. 4.9) was immediately and significantly affected by BUF treatment [Fig. 

4.9-A: F3, 1600 = 440.1, P<0.0001], time [F79, 1600 = 8.146, P<0.0001] and time × treatment 

interaction [F237, 1600 = 3.655, P<0.0001]. In addition, breath length increased immediately and 

significantly in female-BUF treated mice ([Fig. 4.9-C: F3, 1600 = 1791, P<0.0001], time [F79, 

1600 = 44.88, P<0.0001] and time × treatment interaction [F237, 1600 = 11.29, P<0.0001]). Minute 

volume also decreased immediately and significantly after the administration of BUF [Fig. 4.9-

E: F3, 1600 = 719.5, P<0.0001], time [F79, 1600 = 8.521, P<0.0001] and time × treatment interaction 

[F237, 1600 = 4.577, P<0.0001]. 
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Figure 4.9. Plethysmography measurements: Systemic administration of BUF (0.1-6 mg/kg IP) in Breath rate 

(panel A); Breath length (panel C) and Minute volume (panel E) in female mice. Interaction of effective dose of 

BUF (6 mg/kg) with the opioid receptor antagonist NLX (6 mg/kg) or the CRF-1 antagonist ANT (10 mg/kg) or 

their combination (ANT 10 mg/kg+NLX 6 mg/kg); (Panel B, D, F). Data are expressed as a percentage of baseline 

(see materials and methods) and represents the mean ± SEM of 6 determinations for each treatment. Statistical 

analysis was performed by two-way ANOVA followed by Bonferroni’s test for multiple comparisons for the dose-

response curve of the compounds at different times (panel A-F). *p<0.05 versus vehicle. 
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Pre-treatment with NLX alone (6 mg/kg IP); Fig. 4.9-B) partially prevented BUFbradypnea 

while MV reduction was potentiated with NLX (Fig. 4.9-F). However, ANT (10 mg/kg IP) 

alone or ANT (10 mg/kg IP) in combination with NLX (6 mg/kg.IP) were effective on 

preventing the effects of BUF on FR_ie [Fig. 4.9-B: F4, 2000 = 506.9, P<0.0001], time [F79, 2000 

= 3.159, P<0.0001] and time × treatment interaction [F316, 2000 = 4.268, P<0.0001]; BB_ie [Fig. 

4.9-D: F4, 2000 = 899.4, P<0.0001], time [F79, 2000 = 7.576, P<0.0001] and time × treatment 

interaction [F316, 2000 = 7.835, P<0.0001] and MV [Fig. 4.9-F: F4, 2000 = 1464, P<0.0001], time 

[F79, 2000 = 32.55, P<0.0001] and time × treatment interaction [F316, 2000 = 8.677, P<0.0001]. 

 

Male plethysmography measurements: 

Respiratory rate (Fig. 4.10) was immediately and significantly affected by BUF treatment [Fig 

4.10-A: F3, 1600 = 721, P<0.0001], time [F79, 1600 = 9.792, P<0.0001] and time × treatment 

interaction [F237, 1600 = 3.522, P<0.0001]. In addition, breath length increased immediately and 

significantly in BUF treated mice ([Fig. 4.10-C: F3, 1600 = 1168, P<0.0001], time [F79, 1600 = 

16.89, P<0.0001] and time × treatment interaction [F237, 1600 = 7.137, P<0.0001]). Minute 

volume also decreased immediately and significantly after the administration of BUF [Fig. 

4.10-E: F3, 1600 = 884.2, P<0.0001], time [F79, 1600 = 7.417, P<0.0001] and time × treatment 

interaction [F237, 1600 = 4.506, P<0.0001]. 

 



189 

 

Figure 4.10. Plethysmography measurements: Systemic administration of BUF (0.1-6 mg/kg IP) in Breath rate 

(panel A); Breath length (panel C) and Minute volume (panel E) in male mice. Interaction of effective dose of 

BUF (6 mg/kg) with the opioid receptor antagonist NLX (6 mg/kg) or the CRF-1 antagonist ANT (10 mg/kg) or 

their combination (ANT 10 mg/kg+NLX 6 mg/kg); (Panel B, D, F). Data are expressed as percentage of baseline 

(see materials and methods) and represents the mean ± SEM of 6 determinations for each treatment. Statistical 

analysis was performed by two-way ANOVA followed by Bonferroni’s test for multiple comparisons for the dose-

response curve of the compounds at different times (panel A-F). *p<0.05 versus vehicle. 
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Pre-treatment with NLX alone (6 mg/kg IP); Fig. 4.10-B) partially prevented female-

BUFrespiratory depression while MV reduction was potentiated with NLX (Fig. 4.10-F). 

However, ANT (10 mg/kg IP) alone or ANT (10 mg/kg IP) in combination with NLX (6 mg/kg 

IP) were effective on preventing the effects of BUF on FR_ie [Fig 4.10-B: F3, 2000 = 573.7, 

P<0.0001], time [F79, 2000 = 4.971, P<0.0001] and time × treatment interaction [F316, 2000 = 3.525, 

P<0.0001]; BB_ie [Fig 4.10-D: F4, 2000 = 1225, P<0.0001], time [F79, 2000 = 7.187, P<0.0001] 

and time × treatment interaction [F316, 2000 = 6.686, P<0.0001] and MV [Fig 4.10-F: F4, 2000 = 

384.8, P<0.0001], time [F79, 2000 = 7.194, P<0.0001] and time × treatment interaction [F316, 2000 

= 3.631, P<0.0001]. 

 

ECG 4F-BUF: 

Female ECG measurements: 

Heart rate (Fig. 4.11) was immediately and significantly affected by 4F-BUF treatment [Fig 

4.11-A: F3, 1600 = 959.5, P<0.0001], time [F79, 1600 = 11.72, P<0.0001] and time × treatment 

interaction [F237, 1600 = 4.582, P<0.0001]. In addition, RR_interval increased immediately and 

significantly in female-BUF treated mice ([Fig 4.11-C: F3, 1600 = 1489, P<0.0001], time [F79, 

1600 = 11.44, P<0.0001] and time × treatment interaction [F237, 1600 = 7.122, P<0.0001]). The 

QRS complex increased immediately and significantly with the dose of 6 mg/kg of BUF [Fig 

4.11-E: F3, 1600 = 104.8, P<0.0001], time [F79, 1600 = 2.815, P<0.0001] and time × treatment 

interaction [F237, 1600 = 1.885, P<0.0001]. 
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Figure 4.11. ECG measurements: Systemic administration of 4F-BUF (0.1-6 mg/kg IP) in Heart rate (panel A); 

RR_interval (panel C) and QRS complex (panel E) in female mice. Interaction of effective dose of 4F-BUF (6 

mg/kg) with the opioid receptor antagonist NLX (6 mg/kg) or the CRF-1 antagonist ANT (10 mg/kg) or their 

combination (ANT 10 mg/kg+NLX 6 mg/kg); (Panel B, D, F). Data are expressed as percentage of baseline (see 

materials and methods) and represents the mean ± SEM of 6 determinations for each treatment. Statistical 

analysis was performed by two-way ANOVA followed by Bonferroni’s test for multiple comparisons for the dose-

response curve of the compounds at different times (panel A-F). *p<0.05 versus vehicle. 
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Pre-treatment with NLX alone (6 mg/kg IP), ANT (10 mg/kg IP) in combination with NLX (6 

mg/kg IP); Fig. 4.11-B) partially prevented female 4F-BUF bradycardia while ANT (10 mg/kg 

IP) alone was not effective on preventing the effects of BUF on heart rate [Fig 4.11-B: F4, 2000 

= 942.2, P<0.0001], time [F79, 2000 = 36.92, P<0.0001] and time × treatment interaction [F316, 

2000 = 4.539, P<0.0001]; RR_interval [Fig 4.11-D: F4, 2000 = 805.6, P<0.0001], time [F79, 2000 = 

29.24, P<0.0001] and time × treatment interaction [F316, 2000 = 5.723, P<0.0001] and QRS 

complex [Fig 4.11-F: F4, 2000 = 72.02, P<0.0001], time [F79, 2000 = 2.073, P<0.0001] and time × 

treatment interaction [F316, 2000 = 1.676, P<0.0001]. 

 

Male ECG measurements 

Heart rate (Fig. 4.12) was immediately and significantly affected by 4F-BUF treatment [Fig 

4.12-A: F3, 1600 = 956.1, P<0.0001], time [F79, 1600 = 6.714, P<0.0001] and time × treatment 

interaction [F237, 1600 = 3.436, P<0.0001]. In addition, RR_interval increased immediately and 

significantly in 4F-BUF treated mice ([Fig 4.12-C: F3, 1600 = 677.6, P<0.0001], time [F79, 1600 = 

4.613, P<0.0001] and time × treatment interaction [F237, 1600 = 2.563, P<0.0001]). The QRS 

complex increased immediately and significantly with the dose of 1 and 6 mg/kg of 4F-BUF 

[Fig 4.12-E: F3, 1600 = 132.3, P<0.0001], time [F79, 1600 = 1.391, P=0.0146] and time × treatment 

interaction [F237, 1600 = 1.579, P<0.0001]. 
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Figure 4.12. ECG measurements: Systemic administration of 4F-BUF (0.1-6 mg/kg IP) in Heart rate (panel A); 

RR_interval (panel C) and QRS complex (panel E) in male mice. Interaction of effective dose of 4F-BUF (6 mg/kg) 

with the opioid receptor antagonist NLX (6 mg/kg) or the CRF-1 antagonist ANT (10 mg/kg) or their combination 

(ANT 10 mg/kg+NLX 6 mg/kg); (Panel B, D, F). Data are expressed as percentage of baseline (see materials and 

methods) and represents the mean ± SEM of 6 determinations for each treatment. Statistical analysis was 

performed by two-way ANOVA followed by Bonferroni’s test for multiple comparisons for the dose-response curve 

of the compounds at different times (panel A-F). *p<0.05 versus vehicle. 
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Pre-treatment with NLX alone (6 mg/kg IP) and ANT(10 mg/kg.IP) in combination with NLX 

(6 mg/kg IP); Fig. 4.12-B) partially prevented male 4F-BUF bradycardia while ANT (10 mg/kg 

IP) alone was not effective on preventing the effects of BUF on heart rate [Fig 4.12-B: F4, 2000 

= 2141, P<0.0001], time [F79, 2000 = 70.48, P<0.0001] and time × treatment interaction [F316, 2000 

= 9.465, P<0.0001]; RR_interval [Fig 4.12-D: F4, 2000 = 1102, P<0.0001], time [F79, 2000 = 31.48, 

P<0.0001] and time × treatment interaction [F316, 2000 = 5.770, P<0.0001] and QRS complex 

[Fig 4.12-F: F4, 2000 = 162.7, P<0.0001], time [F79, 2000 = 3.153, P<0.0001] and time × treatment 

interaction [F316, 2000 = 2.200, P<0.0001]. 

 

Plethysmography 4F-BUF: 

Female plethysmography measurements: 

Respiratory rate (Fig. 4.13) was immediately and significantly affected by 4F-BUF treatment 

[Fig 4.13-A: F3, 1600 = 1174, P<0.0001], time [F79, 1600 = 16.64, P<0.0001] and time × treatment 

interaction [F237, 1600 = 6.036, P<0.0001]. 

 

In addition, breath length increased immediately and significantly in female_-4F-BUF treated 

mice ([Fig 4.13-C: F3, 1600 = 2295, P<0.0001], time [F79, 1600 = 30.62, P<0.0001] and time × 

treatment interaction [F237, 1600 = 14.11, P<0.0001]). Minute volume also decreased 

immediately and significantly after the administration of 4F-BUF [Fig 4.13-E: F3, 1600 = 888.3, 

P<0.0001], time [F79, 1600 = 30.42, P<0.0001] and time × treatment interaction [F237, 1600 = 6.161, 

P<0.0001]. 
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Figure 4.13. Plethysmography measurements: Systemic administration of 4F-BUF (0.1-6 mg/kg IP) in Breath 

rate (panel A); Breath length (panel C) and Minute volume (panel E) in female mice. Interaction of effective dose 

of BUF (6 mg/kg) with the opioid receptor antagonist NLX (6 mg/kg) or the CRF-1 antagonist ANT (10 mg/kg) or 

their combination (ANT 10 mg/kg+NLX 6 mg/kg); (Panel B, D, F). Data are expressed as a percentage of baseline 

(see materials and methods) and represents the mean ± SEM of 6 determinations for each treatment. Statistical 

analysis was performed by two-way ANOVA followed by Bonferroni’s test for multiple comparisons for the dose-

response curve of the compounds at different times (panel A-F). *p<0.05 versus vehicle. 
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Pre-treatment with NLX alone (6 mg/kg IP); Fig. 4.13-B) partially prevented female-4F-BUF 

induced bradypnea while MV reduction was potentiated with NLX (Fig. 4.13-E). However, 

ANT (10 mg/kg IP) alone or ANT (10 mg/kg IP) in combination with NLX (6 mg/kg IP) were 

effective on preventing the effects of BUF on FR_ie [Fig 4.13-B: F4, 2000 = 900.9, P<0.0001], 

time [F79, 2000 = 28.90, P<0.0001] and time × treatment interaction [F316, 2000 = 4.632, P<0.0001]; 

BB_ie [Fig 4.13-D: F4, 2000 = 1791, P<0.0001], time [F79, 2000 = 44.88, P<0.0001] and time × 

treatment interaction [F316, 2000 = 11.29, P<0.0001] and MV [Fig 4.13-F: F4, 2000 = 1030, 

P<0.0001], time [F79, 2000 = 35.88, P<0.0001] and time × treatment interaction [F316, 2000 = 5.347, 

P<0.0001]. 

 

Male plethysmography measurements 

Respiratory rate (Fig. 4.14) was immediately and significantly affected by 4F-BUF treatment 

[Fig 4.14-A: F3, 1600 = 621.2, P<0.0001], time [F79, 1600 = 12.02, P<0.0001] and time × treatment 

interaction [F237, 1600 = 4.774, P<0.0001]. In addition, breath length increased immediately and 

significantly in male_4F-BUF treated mice ([Fig 4.14-C: F3, 1600 = 1140, P<0.0001], time [F79, 

1600 = 16.31, P<0.0001] and time × treatment interaction [F237, 1600 = 7.737, P<0.0001]). Minute 

volume also decreased immediately and significantly after the administration of 4F-BUF [Fig 

4.14-E: F3, 1600 = 610.2, P<0.0001], time [F79, 1600 = 7.909, P<0.0001] and time × treatment 

interaction [F237, 1600 = 4.588, P<0.0001]. 
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Figure 4.14. Plethysmography measurements: Systemic administration of 4F-BUF (0.1-6 mg/kg IP) in Breath 

rate (panel A); Breath length (panel C) and Minute volume (panel E) in male mice. Interaction of effective dose 

of BUF (6 mg/kg) with the opioid receptor antagonist NLX (6 mg/kg) or the CRF-1 antagonist ANT (10 mg/kg) or 

their combination (ANT 10 mg/kg+NLX 6 mg/kg); (Panel B, D, F). Data are expressed as percentage of baseline 

(see materials and methods) and represents the mean ± SEM of 6 determinations for each treatment. Statistical 

analysis was performed by two-way ANOVA followed by Bonferroni’s test for multiple comparisons for the dose-

response curve of the compounds at different times (panel A-F). *p<0.05 versus vehicle. 
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Pre-treatment with NLX alone (6 mg/kg IP); Fig. 4.14-B) partially prevented male-4F-BUF 

respiratory depression while MV reduction was potentiated with NLX (Fig. 4.14-F). However, 

ANT (10 mg/kg IP) alone or ANT (10 mg/kg IP) in combination with NLX (6 mg/kg IP) were 

effective on preventing the effects of BUF on FR_ie [Fig 4.14-B: F3, 2000 = 622.2, P<0.0001], 

time [F79, 2000 = 19.15, P<0.0001] and time × treatment interaction [F316, 2000 = 4.028, P<0.0001]; 

BB_ie [Fig 4.14-D: F4, 2000 = 952.8, P<0.0001], time [F79, 2000 = 24.08, P<0.0001] and time × 

treatment interaction [F316, 2000 = 6.294, P<0.0001] and MV [Fig 4.14-F: F4, 2000 = 723.2, 

P<0.0001], time [F79, 2000 = 13.11, P<0.0001] and time × treatment interaction [F316, 2000 = 4.592, 

P<0.0001]. 

 

Comparison of cardiorespiratory response of BUF and 4F-BUF on female and male mice 

 

The comparison of the dose response-curves of BUF and 4F-BUF on female mice revealed 

significant differences of efficacies between the two compounds on the heart rate (dose of 0.1 

mg/kg and 6 mg/kg) and the RR_interval (6 mg/kg) but no differences on the breath rate and 

the breath length (see Appendix B Fig. B3). 

 

The comparison of the dose response-curves of BUF and 4F-BUF on male mice did not show 

significant differences of the cardiorespiratory parameters with the two compounds acting 

identically on ECG and PLETH in the dose range examined (see Appendix B Fig B4). 

 

Sex differences on the cardiorespiratory responses of BUF 

The comparison of the dose response-curves of BUF on female and male mice (Fig. 4.15) 

revealed sex differences in responses to RR_interval [Fig 4.15-B: F2,60= 719.4, P<0.0001], sex 

[F3, 60 = 381.7, P<0.0001] and sex × dose interaction [F6, 60 = 483.5, P<0.0001], respiratory rate 

[Fig 4.15-C: F2, 60 = 124.5, P<0.0001], sex [F3, 60 = 36.67, P<0.0001] and sex× dose interaction 

[F6, 60 = 204,7, P<0.0001] and breath length [Fig 4.15-D: F2, 60 = 1376, P<0.0001], sex [F3, 60 = 

534.6, P<0.0001] and sex × dose interaction [F6, 60 =863, P<0.0001]. However, no sex 

difference was revealed with BUF on the heart rate. 
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Figure 4.15. Sex differences in the cardiorespiratory response to BUF (0.1-6 mg/kg IP). Panel A: dose-response 

curves on Heart rate. Panel B: dose-response curves on RR_interval. Panel C: Dose response curves on Breath 

rate. Panel D: Dose response curves on Breath legth. Data are expressed as percentage of basal value (see 

material and methods) and represent the mean ± SEM of 6 determinations (female or male) for each treatment. 

Statistical analysis was performed by two-way ANOVA followed by the Bonferroni’s test. *p<0.05 versus vehicle; 
$p<0.05 versus gender (female/ male). 

 

Sex differences on the cardiorespiratory responses of 4F-BUF 

The comparison of the dose response-curves of 4F-BUF on female and male mice (Fig 4.16) 

revealed sex differences in responses to heart rate [Fig 4.16-A: F2, 60= 162.8, P<0.0001], sex 

[F3, 60 = 54.22, P<0.0001] and sex × dose interaction [F6, 60 = 257, P<0.0001], RR_interval [Fig 

4.16-B: F2,60= 154.4, P<0.0001], dose [F3, 60 = 68.39, P<0.0001] and sex × dose interaction [F6, 

60 = 105.6, P<0.0001], respiratory rate [Fig 4.16-C: F2, 60 = 189.9, P<0.0001], sex [F3, 60 = 57.03, 

P<0.0001] and sex × dose interaction [F6, 60 = 346.4, P<0.0001] and breath length [Fig 4.16-D: 

F2, 60 = 669.1, P<0.0001], sex [F3, 60 = 259.5, P<0.0001] and sex ×dose interaction [F6, 60 =424.9, 

P<0.0001]. 
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Figure 4.16. Sex differences in the cardiorespiratory response to 4F-BUF (0.1-6 mg/kg IP). Panel A: dose-

response curves on Heart rate. Panel B: dose-response curves on RR_interval. Panel C: Dose response curves 

on Breath rate. Panel D: Dose response curves on Breath length. Data are expressed as percentage of basal value 

(see material and methods) and represent the mean ± SEM of 6 determinations (female or male) for each 

treatment. Statistical analysis was performed by two-way ANOVA followed by the Bonferroni’s test. *p<0.05 

versus vehicle; $p<0.05 versus gender (female/ male). 

 

Antagonistic profile of NLX and ANT in cardiorespiratory responses of female and male 

mice 

We illustrated in Fig. 4.17 the responses of female and male mice to the heart rate and 

respiratory rate after the pretreatment with NLX and ANT and their combination. In female, 

Naloxone and the combination of NLX and ANT partially prevented the bradycardia induced 

by BUF, however with 4F-BUF NLX alone did not have any effect on preventing the 

bradycardia. and the pretreatment with ANT+NLX increased the reversal effect of NLX (Fig. 

4.17A). Same effects were seen on the heart rate in male mice. The only difference detected is 

the higher effect of NLX in reducing the bradycardia induced by 4F-BUF respect to female 

(Fig. 4.17-C). 
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Figure 4.17. Cardiorespiratory effect of BUF and 4-BUF (6 mg/kg IP) and their interaction with NLX (6 mg/kg), 

ANT (10 mg/kg) or the combination (ANT 10 mg/kg) + NLX (6 mg/kg) in. Panel A: dose-response curves on Heart 

rate. Panel B: dose-response curves on RR_interval. Panel C: Dose response curves on Breath rate. Panel D: 

Dose response curves on Breath length. Data are expressed as percentage of basal value (see material and 

methods) and represent the mean ± SEM of 6 determinations (female or male) for each treatment. Statistical 

analysis was performed by two-way ANOVA followed by the Bonferroni’s test. *p<0.05 versus vehicle; $p<0.05 

versus gender (female/ male). 

 

The combination of NLX and ANT totally blocked the bradycardia of 4F-BUF in male mice 

and no significance was detected in comparison to vehicle (Fig. 4.17-C). In case of respiratory 

depression, NLX alone partially blocked the effect of BUF in female and totally in male. ANT 

alone was more effective than NLX pre-treatment and it prevented totally the respiratory 

depression induced by BUF in females (Fig. 4.17-B). In male mice ANT alone also was 

effective to prevent the respiratory depression induced by BUF (Fig. 4.17-B). This was not the 

case in animals treated with 4F-BUF. In female NLX blockade was slightly effective in 

reducing the respiratory reduction induced by 4F-BUF. Also, ANT alone did not block this 

effect and the combination of NLX and ANT was more effective than the single treatments of 
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the antagonists but kept significant respect to vehicle (Fig. 4.17-B). The same effects were seen 

in case of male mice treated with NLX or ANT alone. However, the combination of ANT+NLX 

totally prevented the respiratory depression induced by 4F-BUF in males (Fig. 4.17-D). 

 

4.2.5 Discussion 

Our study presents novel results regarding the in vitro and in vivo characterization of BUF and 

4F-BUF, two fentanyl analogues that have been emerged as NSO. In vitro, in the calcium 

mobilization assay BUF and its fluorinated analogue were able to activate the mu opioid 

receptor in a concentration dependent manner and BUF was able to elicit maximal effects 

similar to that of dermorphin and fentanyl while 4F-BUF behaved as a partial agonist. In the 

BRET G-protein assay, the two compounds mimicked the maximal effects of dermorphin. BUF 

behaved similarly to fentanyl as partial agonist for the β-arrestin 2 pathway whereas 4F-BUF 

was inactive in promoting β-arrestin 2 recruitment. In vivo, the two compounds impaired 

cardiorespiratory parameters in mice and sex differences were detected at the highest dose for 

the cardiac responses and at the lower dose (1 mg/kg) for the respiratory responses. 4F-BUF 

showed lower potency for inhibiting cardiorespiratory function. NLX sensitivity of the actions 

of the two compounds was variable in cardiac and respiratory responses. Interestingly the CRF-

1 antagonist ANT alone was effective to block the respiratory impairment induced by BUF in 

both sexes but not 4F-BUF. The combination of NLX and ANT significantly enhanced the 

action of NLX reversal of the cardiorespiratory impairments induced by BUF and 4F-BUF in 

female and male CD1 mice. 

 

Comparison of the cardiorespiratory responses between BUF and 4F-BUF 

Many preclinical studies have been recently conducted to evaluate the cardiorespiratory effects 

of fentanyl analogues (Bilel et al., 2022; Varshneya et al., 2023). BUF and 4F-BUF reduced 

the cardiorespiratory responses at intermediate and high doses (1 and 6 mg/kg). The effect of 

BUF seemed to be more profound at the highest dose tested in both sexes. Moreover, only with 

BUF (6 mg/kg) we detected arrythmia and apnea at 10 min after injection in female and male 

mice (Appendix B Fig. B3). 4F-BUF differs from BUF with the para-fluoro substitution on 

the phenethylamine backbone. Interestingly this chemical modification could change the the 

potency and efficacy of the compound. Indeed, Varshneya et al, (Varshneya et al., 2023) 

revealed in their recent elegant study that BUF showed higher effectiveness in reducing Minute 



203 

volume (Whole body plethysmography) when compared to 4F-BUF (para-

fluorobutyrylfentanyl). Our results confirm the findings of Varshneya et al, on the higher 

potency of BUF respect to 4F-BUF and shed light on the role of fluorine substitution on BUF’s 

mu opioid receptors -mediated cardiorespiratory effects (Varshneya et al., 2023). Additionally, 

our in vitro data showed that the two compounds have different ability to promote receptor 

interaction with arrestin; in fact, BUF behaved as partial agonist while 4F-BUF as an 

antagonist. Yet, this difference could have an important impact on the intensity of the 

physiological responses triggered by mu ligands as seen with other fentanyl analogues such as 

Furanylfentanyl (Bilel et al., 2022) and Carfentanil (Ramoz-Gonzalez et al., 2022). 

 

Sex differences on the cardiorespiratory responses of BUF and 4F-BUF 

Many recent clinical reports confirmed that men have higher prevalence of opioid use than 

women (Walter et al., 2022). In addition, men need higher opioid doses to reach the same 

pharmacological effects of that reached in women (Lee et al., 2013). These data may explain 

the increasing rate of death with overdose among young-adult men rather than women (Wilson 

et al., 2020). Death rate with fentanyl overdose was reported to be two to three times higher for 

men than women (Butelman et al.,2023), however, the incidence of opioid use disorders and 

death with overdose by synthetic opioids has increased in woman (Barbosa-Leiker et al., 2021; 

VanHouten et al., 2019). The primary cause of death from fentanyl and its analogues overdose 

is respiratory depression and hypoxia. 

We evaluated the cardiorespiratory effects of two fentanyl analogs in female and male mice. 

We found sex difference on the cardiac responses (RR_interval) with BUF, where female 

showed higher responses at the highest dose tested than male. In addition, also females showed 

higher sensitivity in the respiratory depression and hypoventilation at the intermediate dose 

when compared to male (1 mg/kg). Most of the studies on the respiratory effects of opioids are 

performed in male rodents and the respiratory effects of BUF and 4F-BUF measured in male 

are very similar to fentanyl (Varshneya et al., 2023). In addition, a recent study in female and 

male rats injected with increasing doses of fentanyl showed a higher respiratory sensitivity of 

the female respect to male rats. In particular, female rats showed greater maximum effect on 

minute ventilation and peak inspiratory flow and longer-lasting respiratory depressing effects 

than male (Marchette et al., 2023). These results are in accordance with our results on the sex-

respiratory differences induced by BUF and 4F-BUF (1 mg/kg). While the respiratory 

responses clearly demonstrate a higher sensitivity of female than male mice, the results obtain 
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on the cardiac responses are somewhat different. In fact, in the case of BUF (6 mg/kg), female 

mice showed higher increase of RR_interval compared to male. Conversely, with 4F-BUF (6 

mg/kg) male mice showed slightly higher cardiac sensitivity respect to female. It is noteworthy 

that difference on cardiac versus respiratory responses between female and male rodents have 

been also reported with fentanyl. In particular, Haile et al., measured the physiological effects 

of FEN (0.1 mg/kg) in a set of male and female Sprague-Dawley rats using the pulse oximetry 

system (Haile et al., 2022). They found out that fentanyl significantly decreased oxygen 

saturation, heart rate, and general activity in male rats. However, in female rats, only oxygen 

saturation was significantly decreased by the same dose of fentanyl. Adding to our findings, 

these results reveal sex-dependent effects of fentanyl and fentanyl analogs (Kaplovitch et al., 

2015, Towers et al., 2022). The sex differences observed in our results might be explained by 

differences on mu distribution between female and male animals (Zhang et al., 2013) and the 

influence of circulating ovarien hormones and androgens on mu-mediated physiological 

responses (reviewed in Sharp et al., 2022). 

 

Role of Naloxone and Antalarmin in MOR and CRF-1 mediated cardiorespiratory effects 

of BUF and 4F-BUF 

Following on our previous study on fentanyl analogs (Bilel et al., 2022), we here demonstrated 

that BUF and 4F-BUF impaired cardiorespiratory activity when administered to female and 

male mice at the range dose 0.1-6 mg/kg. Both compounds reduced heart rate, increased 

RR_interval and QRS complex, reduced the breath rate, increased breath length and reduced 

minute volume. The mechanism by which opioid agonists induce bradycardia, respiratory 

depression and hypoventilation have been previously detailed (Bilel et al., 2020; Bilel et al 

2022, Varshneya et al., 2023). Naloxone pretreatment (6 mg/kg) partially prevented the 

cardiorespiratory impairment induced by BUF and 4F-BUF. These results are in accordance 

with several preclinical (Bilel et al., 2022; Haile et al., 2022; Varshneya et al., 2021; Varshneya 

et al., 2023) and clinical reports (Amaducci 2023; Krantz et al., 2021; Rzasa Lynn & Galinkin, 

2018) that proving the necessity of naloxone redosing to reverse cardiorespiratory alterations 

of fentanyl or its analogs. 

In the search of other mechanisms such as stress that might be triggered by the activation of 

MOR-receptors which results in undesired effects specifically cardiorespiratory depression, we 

investigate the possible role played by CRF-1 receptors in the physiological responses induced 

by the opioid agonist as seen with opioids withdrawal and dependance (Papaleo et al., 2007. 

To the best of our knowledge this is the first study investigating the possible involvement of 
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the stress-factor in worsening cardio-respiratory impairments related to opioids in female and 

male animals using Antalarmin in pre-treatment alone or in combination with NLX. 

Unexpectedly, our results revealed that ANT alone is able to block the respiratory depression 

induced by BUF (6 mg/kg) in female and male mice but not in case of 4F-BUF. In addition, 

the pretreatment with ANT and NLX enhanced the reversal action of NLX. While the 

mechanism by which opioids could activate the CRF-1 receptors is not clearly investigated, it 

is worth highlighting that CRF receptors and mu are co-localized in the nucleus locus coeruleus 

(LC) of rodents (Reyes et al., 2006. This may possibly explain the direct interaction of the 

opioidergic and noradrenergic systems in response to stress stimulus activated by opioids 

agonists (Guajardo et al., 2021. The effectiveness of ANT alone in blocking respiratory 

depression in male and female mice treated with BUF but not the fluorinated (4F-BUF) raises 

several questions that need further investigations, however it is possible to speculate that CRF-

1 receptor could be in response to β-arrestin 2 intracellular signaling resulting in deep 

respiratory depression of mu biased agonists (Ramos-Gonzalez et al., 2022). Adding to that the 

block of CRF-1 receptors enhances positively the reversal effect of naloxone in cardiac and 

respiratory responses. These findings corroborate the hypothesis on the role of stress-factor in 

worsening the acute cardio-respiratory impairment triggered by the potent synthetic opioids 

and in particular the class of fentanyl analogs (Algera et al., 2018) 

 

4.2.6 Conclusions 

The present study revealed that BUF behaves similarly to FENT as mu-agonist. In contrast to 

BUF, 4F-BUF acts as a partial agonist in vitro at mu opioid receptors, and as G protein biased 

mu agonist. In vivo the two compounds induced cardiorespiratory impairments in female and 

male mice with a higher sensitivity of female in respiratory depression. In this study, we have 

uncovered a novel mechanism by which synthetic opioids might increase respiratory 

depression shedding new light on the role of CRF-1 receptors win cardiorespiratory 

impairments by mu-agonists. This finding increases our understanding of mu-mediated 

mechanisms and may have implications for antidotal therapies in case of overdose with 

synthetic opioids.  
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Chapter 5 Ongoing Results 

 

 

5.1 Effect of high dose of fentanyl and fentanyl analogs in cardiorespiratory function of 

mice: physiological and histological analyses 
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1Department of Translational Medicine, Section of Legal Medicine and LTTA Centre, 

University of Ferrara, Italy 
2Unit of Legal Medicine, AUSL of Ferrara, Italy 
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5.1.1 Background 

In continuation to my study (Bilel et al., 2022), I have been focusing on the evaluation of the 

effects of a high dose (15 mg/kg) of Fentanyl and its analogs (Acrylfentanyl, Furanylfentanyl 

and Furanylfentanyl) on the cardiorespiratory function of mice (heart rate, pulse distention, 

breath rate and oxygen saturation). Additionally, I have evaluated histological changes on brain, 

heart, and lungs using immunohistochemistry to better understand the pathology of these drugs 

in forensic cases. 

 

5.1.2 Materials and methods  

5.1.2.1 Animals  

Male ICR (CD-1®) mice weighing 30–35 g (Centralized Preclinical Research Laboratory, 

University of Ferrara, Italy) were group housed (5 mice per cage; floor area per animal was 

80 cm2; minimum enclosure height was 12 cm), exposed to a 12:12-h light-dark cycle (light 

period from 6:30 AM to 6:30 PM) at a temperature of 20–22 °C and humidity of 45–55% and 

were provided ad libitum access to food (Diet 4RF25 GLP; Mucedola, Settimo Milanese, 

Milan, Italy) and water. The experimental protocols performed in the present study were in 

accordance with the U.K. Animals (Scientific Procedures) Act of 1986 and associated 

guidelines and the new European Communities Council Directive of September 2010 

(2010/63/EU). Experimental protocols were approved by the Italian Ministry of Health (license 
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n. 223/2021-PR, CBCC2.46. EXT.21) and by the Animal Welfare Body of the University of 

Ferrara. According to the ARRIVE guidelines, all possible efforts were made to minimise the 

number of animals used, to minimise the animals’ pain and discomfort. 

 

5.1.2.2 Drug preparation 

Drugs were dissolved in saline solution (0.9% NaCl) that was also used as vehicle. Animals 

were injected intraperitoneally (at a volume of 4 μl/g), with a dose of 15 mg/kg of fentanyl or 

Acrylfentanyl or Furanylfentanyl. 

 

5.1.2.3 Evaluation of core body temperature 

The core temperature was evaluated by a probe (1 mm diameter) that was gently inserted, after 

lubrication with liquid vaseline, into the rectum of the mouse (to about 2 cm) and left in position 

until the stabilization of the temperature (about 10 sec; Vigolo et al., 2015). The probe was 

connected to a Cole Parmer digital thermometer, model 8402. 

 

5.1.2.4 Cardiorespiratory analysis 

The experimental protocol to detect the cardiorespiratory parameters used in this study is 

designed to monitor awake and freely moving animals with no invasive instruments and with 

minimal handling (Bilel et al., 2022). A collar was placed around the neck of the animal; this 

collar has a sensor that continuously detects heart rate (HR), breath rate (BR), oxygen 

saturation (SpO2) and pulse distention (µm) with a frequency of 15 Hz. While running the 

experiment, the mouse moves freely in the cage (with no access to food and water) monitored 

by the sensor collar using the software MouseOx Plus (STARRLife Sciences® Corp. Oakmont, 

PA). In the first hour, a collar was placed around the animal’s neck to simulate the real one used 

in the test, thus minimizing the possible effects of stress during the experiment. The real collar 

(with sensor) was then substituted, and baseline parameters were monitored for 60 min. 

Subsequently, the mice were given fentanyl, Acrylfentanyl and Furanylfentanyl by 

intraperitoneal injection, and data was recorded for 5 h. 

 

5.1.2.5 Statistical analysis 

Core temperature values are expressed as the difference between control temperature (before 

injection) and temperature following drug administration (Δ°C) and calculated as maximal 
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possible effect: {EMax%= [(test T° - control T°)/ (cut off T° - control T°)] X 100. Data are 

expressed in percentage of basal value [heart rate (expressed as heart beats per min bpm), breath 

rate (expressed as breath per minute brpm) pulse distention (vessel diameter changes expressed 

as µm), respiratory rate (expressed as respiratory rate per minute rpm) and SpO2 saturation 

(oxygen blood saturation expressed as %)]. Data in both tests are presented as mean effect (% 

of basal) of 5 h measurement in each test. 

 

5.1.2.6 Histological Analysis 

Mice brains, hearts and lungs were removed and fixed in 10% buffered formalin for 48 h. Each 

fixed organ was then dissected (Corli et al., 2023). Each of the sections was then processed for 

paraffin inclusion. Paraffin-embedded tissue specimens were sectioned at 5 μm, and then 

haematoxylin and eosin stain were performed. the sections were then observed under optical 

microscope (Nikon Eclipse E90i; Nikon, Roma, Italy). 

 

5.1.3 Results and discussion  

 

Figure 5.1. Effect of Fentanyl, Acrylfentanyl and Furanylfentanyl (15 mg/kg. IP) on the core temperature. Data 

are expressed as mean ± SEM (n = 8/ group). Statistical analysis was performed by One-way ANOVA followed 

by Bonferroni's test for multiple comparisons. **p<0.01, ***p<0.001 versus vehicle. 

 

The systemic administration of vehicle induced a slight decrease of core temperature in mice 

(Figure 5.1). The systemic administration of fentanyl, Acrylfentanyl and Furnylfentanyl (15 

mg/kg) induced a significant [F (3, 24) = 21.93; P<0.0001] decrease of the core temperature 
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during the 5 hours of monitoring and this effect was deeper in case of fentanyl with respect to 

the other tested compounds. 

 

The systemic administration of vehicle did not alter the cardiorespiratory function of mice 

during the 5 hours of monitoring (Figure 5.2). The systemic administration of high dose 

(15mg/kg IP) of fentanyl and its analogs (Acrylfentanyl and Furanylfentanyl) induced 

important variation of the cardiorespiratory parameters. 

 

 

Figure 5.2. Effect of Fentanyl, Acrylfentanyl and Furanylfentanyl (15 mg/kg IP.) on heart rate (panel A), breath 

rate (panel B), pulse distention (panel C) and oxygen arterial saturation (panel D). Data are expressed as 

percentage of basal value (heart rate, breath rate, the pulse distention) as percentage of oxygen blood saturation 

(%SpO2 saturation) and represent, the mean ± SEM of 6 mice/group. Statistical analysis was performed by one-

way ANOVA followed by the Bonferroni's test for multiple comparisons for the dose-response curve of each 

compound at different times. ***p<0.001 versus vehicle. 

 

Heart rate decreased significantly after the administration of Fentanyl, Acryfentanyl and 

Furanylfentanyl treatments [F (3, 20) = 115.2; P<0.0001] and the pulse distance increased 

significantly with fentanyl and Acrylfentanyl [F (3, 20) = 579.6; P<0.0001] but not with 

Furanylfentanyl. Similarly, the breath rate decreased significantly after the administration of 

Fentanyl and its analogs [F (3, 20) = 115.9; P<0.0001] and consequently the SpO2 decreased 

significantly after the injection of the three compounds [F (3, 20) = 112.6; P<0.0001]. Overall, 
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the effect of Furanylfentanyl seemed to be less pronounced compared to fentanyl and 

Acrylfentanyl. Cardiorespiratory effects of Acrylfentanyl are very similar to that induced 

fentanyl. 

The histological analysis of the samples collected from the animals injected with the high dose 

of Fentanyl, Acrylfentanyl and Furanylfentanyl revealed important pathological aspects in the 

brain, heart, and lungs. Importantly all the compounds tested induced cerebral edema with 

almost similar intensities (Table 5.1). 

Table 5.1. Histological findings in brain, heart and lungs samples collected from animals treated with high dose 

(15 mg/kg IP) of Fentanyl, Acrylfentanyl and Furanylfentanyl. 

 

 

Fentanyl and its analogs induced important pathological bands in the heart (contraction band 

necrosis CBN). In this case this marker is evidenced in more animals treated with fentanyl with 

respect to one animal treated with Furanylfentanyl (Table 5.1). Focusing on the respiratory 

apparatus, the histological aspects of the lungs showed an important pathological finding. In 

particular, the three compounds induced pulmonary edema, congestion, and acute emphysema 

in almost all the animals treated with the three compounds (Table 5.1). Examples of the 

pathological findings reported in Table 5.1 are supported with Figure 5.3 that clearly shows 

the differences of the histological aspects between vehicle-treated mice and fentanyl-treated 

mice. 
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Figure 5.3. Histological aspects of cortex (A, B), heart (C, D) and (E, F and G) in vehicle-treated mice (A, C, E) 

and 15 mg/kg of fentanyl -treated mice (B, D, F, G). Cortex: slight cerebral edema (blue circles). Heart: areas of 

contraction bands necrosis (yellow cirles). Lung: Alveolar edema and vascular congestion (yellow arrows in F), 

acute emphysema (yellow arrows in G). 

 

These results support my published findings regarding the cardiotoxicity of Fentanyl and 

fentanyl analogs (Bilel et al., 2022). In addition, these data confirm again the differences 

between the vulnerability of the three compounds. In particular, the administration of a high 

dose of Furanylfentanyl (15 mg/kg) did not really show important differences respect to the 

dose of 6 mg/kg (Bilel et al., 2022). Again, Furanylfentanyl did not alter the pulse distention 

and as shown from Table 5.1 only one sample among 4 samples showed a slight CBN. These 

data confirm again the lower potency of Furanylfentanyl respect to Fentanyl and Acrylfentanyl. 

The lower in vivo potency of Furanylfentanyl could be associated to its partial agonism at mu 

opioid receptors, and its bias agonism with G protein and not β-arrestin 2 at mu receptors (Bilel 

et al., 2022). 

Due to the high abuse of fentanyl and its analogs many studies have been focusing on the 

forensic pathology of these compounds. In particular, many autopsy-pathological findings in 

cases related to fentanyl or analogs (Furanylfentanyl and Acrylfentanyl) overdosing confirm 

the cerebral edema in the CNS. In addition, cerebral hemorrhage induced by acetylfentanyl was 

also reported (Frisoni et al., 2019). Regarding the cardiovascular system, pericardial petechiae 

was reported and that was explained by pathologists to be a generic sign to asphyxia, due to 
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respiratory failure (Frisoni et al., 2019). In accordance with my preclinical data, autopsy 

findings confirm the pulmonary congestion and edema in many cases of death with fentanyl 

and analogs (Concheiro et al., 2018; Frisoni et al., 2019). It is very important to convey that 

the body temperature is a vital sign that is routinely monitored by medical professionals. I have 

measured rectal temperature in mice treated with fentanyl and analogs to understand the signs 

related to cardiorespiratory toxicity. Indeed, I have found an important decrease in the core 

temperature of mice after the injection of fentanyl and analogs and that could be related to the 

cardiorespiratory depression induced by these opioids. Indeed, it has been speculated that the 

decrease of temperature after fentanyl injection is a result of brain hypoxia and respiratory 

depression (Solis et al., 2017, 2018). 

 

5.1.4 Conclusion  

 

These data are complementary for the study Bilel et al., 2022 and they confirm the in vitro and 

in vivo findings on the different pharmacological effects of Fentanyl, Acrylfentanyl and 

Furanylfentanyl. In addition to the cardiorespiratory depression induced by these compounds, 

histological findings confirm the tissue damage induced by these potent drugs confirming the 

increasing inflammation in case of administration of high doses of NSOs and their high risk of 

death. 

 

5.1.5 Contributions 

B.S and M.M designed the study. B.S, T.M, C.G, BM performed in vivo experiments. F.P, N.M 

performed histological analysis. B.S contributed to data curation and the writing of the first 

draft. 
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5.2 Differential pharmaco-toxicological and pharmacokinetic responses to 4F-

Furanylfentanyl and Isobutyryfentanyl in female and male CD1 Mice 

 

1Bilel Sabrine, 1Tirri Micaela, 1Corli Giorgia, 1Bassi Marta, 2Montesano Camilla, 3Adolfo 

Gregori, 2 Sergi Manuel, 1Marti Matteo. 

 

1Department of Translational Medicine, Section of Legal Medicine and LTTA Centre, 

University of Ferrara, Italy 
2Faculty of Bioscience and Technology for Food, Agriculture and Environment, University of 

Teramo, 64100 Teramo, Italy. 
4Carabinieri, Department of Scientific Investigation (RIS), 00191 Rome, Italy. 

 

5.2.1 Background 

4-Fluoro-Furanylfentanyl (4F-FUF) and Isobutyrylfentanyl (IBF) were found for the first time 

in Italy in 2019. In 2021, in collaboration with Carabinieri (RIS), I have contributed to the in 

vivo experimentation to evaluate the pharmacokinetics of these two compounds in male mice. 

In continuation to the study (Montesano et al., 2022), I have been focusing on the pharmaco-

toxicological characterization of 4F-FUF and IBF considering sex differences using female and 

male mice and the evaluation of the pharmacokinetics of the two drugs both in female and male 

mice. 

 

5.2.2 Materials and methods  

5.2.2.1 Animals  

Female and Male ICR (CD-1®) mice weighing 30–35 g (Centralized Preclinical Research 

Laboratory, University of Ferrara, Italy) were group housed (5 mice per cage; floor area per 

animal was 80 cm2; minimum enclosure height was 12 cm), exposed to a 12:12-h light-dark 

cycle (light period from 6:30 AM to 6:30 PM) at a temperature of 20–22 °C and humidity of 

45–55% and were provided ad libitum access to food (Diet 4RF25 GLP; Mucedola, Settimo 

Milanese, Milan, Italy) and water. The experimental protocols performed in the present study 

were in accordance with the U.K. Animals (Scientific Procedures) Act of 1986 and associated 

guidelines and the new European Communities Council Directive of September 2010 

(2010/63/EU). Experimental protocols were approved by the Italian Ministry of Health (license 

n. 223/2021-PR, CBCC2.46. EXT.21) and by the Animal Welfare Body of the University of 
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Ferrara. According to the ARRIVE guidelines, all possible efforts were made to minimize the 

number of animals used, to minimize the animals’ pain and discomfort. 8 male and 8 female 

mice were used for behavioural studies (safety pharmacology) and 4 male, and 4 female 

animals where used the pharmacokinetics studies. 

 

5.2.2.2 Drug preparation 

4F-FUF or IBF dissolved in absolute ethanol (final concentration of 2% v/v) and Tween 80 

(2% v/v) and brought to its final volume with saline (0.9% NaCl v/v). The solution made with 

ethanol, Tween 80 and saline was also used as the vehicle (blank control). The drugs were 

administered by intraperitoneal injection at a volume of 4 μL/g; the final concentration of 4F-

FUF or IBF was 5 mg/kg. The control group of female and male mice were administered only 

with vehicle solution. 

 

5.2.3 Behavioural tests 

In the present study, the effect induced by 4F-FUF and IBF on behavioral responses was 

investigated using a battery of tests widely used in studies of “safety-pharmacology” in rodents 

(Bilel et al., 2020,2021, 2022). To reduce the number of animals used, mice were evaluated in 

functional observational tests carried out in a consecutive manner according to the following 

time scheme: observation of visual object responses (frontal and lateral view), tactile response 

(vibrissae reflexes), visual placing response, breath rate, mobility time, and tail pinch test. 

Behavioural tests were conducted in a thermostat-controlled (temperature: 20–22 °C, humidity: 

45–55%) and light (150 lux) room with a background noise of 40 ± 4 dB. The apparatus for 

sensorimotor and physiological test consisted of an experimental chamber (350 × 350 × 350 

mm) with black methacrylate walls and a transparent front door. During the week before the 

experiment, each mouse was placed in the box and handled (once a day) every other day, i.e., 

3 times, to get used to both the environment and the experimenter. To avoid mice olfactory 

cues, cages were carefully cleaned with a dilute (5%) ethanol solution and rinsed with water. 

All experiments were performed between 8:30 AM to 2:00 PM and conducted blindly by 

trained observers working in pairs. The behaviour of mice was videotaped by a camera (B/W 

USB Camera day&night with varifocal lens; Ugo Basile, Italy) placed at the top or on one side 

of the box and analysed offline by a different trained operator. 
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5.2.3.1 Evaluation of the Visual Response 

Visual response was verified by two behavioural tests which evaluate the ability of the animal 

to capture visual information when the animal is moving (the visual placing response) or 

stationary (the visual object response).  

Visual object response test was performed to evaluate the ability of the mouse to see an object 

approaching from the front (frontal view) or the side (lateral view) that typically induces the 

animal to shift or turn the head or retreat from it. A white horizontal bar was moved frontally 

to the mouse head, while a small dentist’s mirror was moved laterally into the mouse’s field of 

view in a horizontal arc, until the stimulus was between the mouse’s eyes. The procedures were 

conducted bilaterally and repeated 3 times (Bilel et al., 2020). The score assigned to the 

movement was 1 or 0 if it was not present. The total value was calculated by adding the scores 

obtained in the frontal with those obtained in the lateral visual object response test (overall 

score: 9). Tests were measured at 10, 30, 60, 120, 180, 240 and 300 min after the injection. 

Visual placing response test is performed using a tail suspension modified apparatus able to 

bring down the mouse towards the floor at a constant speed of 10 cm/s (Bilel et al., 2020). The 

downward movement of the mouse was videotaped by a camera (B/W USB Cameraday&night 

with varifocal lens; Ugo Basile, Italy) placed at the base of the tail suspension apparatus. 

Movies were analysed off-line by a trained operator who was unaware of the drug treatments 

performed, to evaluate the beginning of the reaction of the mouse approaching the floor. When 

the mouse started the reaction, an electronic ruler evaluated the perpendicular distance in 

millimetres between the eyes of the mice to the floor. Untreated control mice typically perceive 

the floor and prepare to contact at a distance of about 28 ± 4.3 mm. Tests were measured at 15, 

35, 70, 125, 185, 245 and 305 min after the injection. 

 

5.2.3.2 Evaluation of Tactile Response 

Tactile responses were verified through vibrissae reflexes induced by the touch of a thin 

hypodermic needle (Bilel et al., 2020). Vibrissae reflex was evaluated by touching vibrissae 

(right and left) once for side giving a value of 1 if there was a reflex (turning of the head to the 

side of touch or vibrissae movement) or 0 if not present (overall score: 2). 
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5.2.3.3 Evaluation of Breath Rate 

The experimental protocol for the detection of respiratory parameter in this study provides for 

monitoring of the animal awake, freely moving, with a non-invasive and minimal handling. 

The animal is leaving free in a cage and the respiration patterns of the mice were videotaped 

by a camera (B/W USB Camera day & night with varifocal lens; Ugo Basile, Italy) placed 

above observation’s cage (Corli et al., 2023). The analysis frame by frame allows to better 

evaluate the number of breath rates of the mouse evaluated through the count of about 257 ± 

11 breath rates per minutes (brpm). Breath rate was measured at 15, 40, 70, 150, 130, 190, 250 

and 310 min after the injection. 

 

5.2.3.4 Evaluation of motor activity 

The Mobility time test evaluates spontaneous motor activity of mice (Corli et al., 2023). The 

mouse is free to move on a square plastic cage (60 × 60 cm). The observer measures the total 

time spent moving by the animal (when the mouse walks or moves the front legs) in five 

minutes. The test was performed at 15, 35, 70, 125, 185, 245 and 305 min after the injection. 

 

5.2.3.5 Evaluation of pain induced by a mechanical stimulus 

Acute mechanical nociception was evaluated using the tail pinch test (Bilel et al., 2020). A 

special rigid probe connected to a digital dynamometer (ZP-50N, IMADA, Japan) was gently 

placed on the tail of the mouse (in the distal portion), and progressive pressure was applied. 

When the mouse flicked its tail, the pressure was stopped, and the digital instrument recorded 

the maximum peak of weight supported (g/force). A cut off (500 g/force) was set to avoid tissue 

damage. The test was repeated three times, and the final value was calculated by averaging the 

three obtained scores. 

 

5.2.3.6 Statistical Analysis 

In sensorimotor response experiments, data are expressed in arbitrary units (visual object 

response, vibrissae reflexes) and percentage of baseline (visual placing response, breath rate, 

mobility time). Tail pinch test is expressed as Emax % and is calculated as the percent of 

maximal possible effect {EMax% = [(test - control latency)/(cut off time - control)] X 100}. 
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Statistical analysis of the effects of the 4F-FUF and IBF at the dose of 5 mg/ kg over time were 

performed using a two-way ANOVA followed by a Bonferroni test for multiple comparisons. 

Statistical analysis was performed using Prism software (GraphPad Prism, USA). 

 

5.2.4 Pharmacokinetic studies 

5.2.4.1 Samples collection 

Blood samples (total volume: 500 μL) were collected by submandibular blood collection 

technique into 1 mL vials containing EDTA (4 mg/mL of blood) as preservative and 

anticoagulant. Then samples were centrifugated at 9000 rpm for 8 min to obtain plasma. After 

each blood withdrawal, an equal volume of saline solution was subcutaneously injected into 

mice to maintain volume and osmotic homeostasis. Blood samples were first collected at 30 

min then 1h, 2h, 3h, 4h and 5 h. After that animals were sacrificed, and different tissues were 

collected (brain, heart liver, kidney, spleen and stomach). Plasma and tissues collected from 

male and female mice were stocked at −20 °C until the analysis (Corli et al., 2022). For blood 

sample preparation, plasma samples were prepared by adding in each eppendorf: 50 μL plasma 

(containing the analytes) + 125 μL solution with the internal standards deuterated at 30 ng mL-

1 + 25 μL MeOH-ACN 50:50 (v/v) solution 0.1% HCOOH. 

For urine samples mice were single-housed (one mouse per metabolic cage, with free access to 

food and water) in a colony room under constant temperature (23 °C–24 °C) and humidity (45–

55%). Urine samples were collected in 2-mL tubes before drug injections (control), and every 

hour for 6 consecutive hours from the administration of the treatments. After 6 h, urine was 

collected cumulatively in the 6–12, 12–24 and 24–36 h time interval and stored at −20 °C until 

analysis. Urine samples were only collected for IBF and not 4F-FUF which have an antidiuretic 

effect on mice and thus it was not possible collecting a good number of samples to carry out 

the analysis. 

 

Before LC-HRMS analysis, urine samples were diluted 1:4 with water and filtered with 

Minisart SRP25 4 mm (0.45 μm) syringe filters (Sartorius, Turin, Italy). 

Tissue preparation: About 100 mg of each tissue were weighted in a 2 mL Precellys vial; 

methanol containing IS (fentanyl-d5 and norfentanyl-d5) was added in order to reach a 

solvent:tissue ratio of 5:1 (v:w). The homogenate was centrifuged at 12000 rpm for 10 min at 
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4°C, 100 µL of supernatant were collected and diluted to 300 µL with water before injection 

into the LC-HRMS system. 

 

5.2.4.2 LC-HRMS analysis 

A Thermo Scientific Ultimate 3000 RSLC system coupled with a Thermo Scientific Q-Exactive 

Mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) was used for analysis. 

Chromatographic separation was carried out with an Excel 2 C18-PFP (100 × 2.1 mm ID) 

column from Ace (Aberdeen, Scotland) packed with particles of 2 μm, maintained at 35 °C at 

a flow rate of 0.5 mL min−1. 

Mobile phases consisted of 0.1% (v/v) formic acid + 10 mM ammonium formate in water 

(Phase A) and 0.1% formic acid in acetonitrile (Phase B). The gradient started with 0% B and 

these conditions were maintained for one min; phase B was then increased to 25% in two min, 

to 35% in the following two min and held for three min. Phase B was then ramped to 50% over 

1.5 min and to 100% in 0.5 min; it was kept stable for one min and then equilibrated to the 

initial conditions, yielding a total runtime of 12.5 min. Injection volume was 6 μL. 

The Q-Exactive mass spectrometer was equipped with a heated electrospray ionization source 

(HESI-II) operated in positive mode; mass spectra were acquired in full scan/data dependent 

in the range 50–800 m/z. The operating parameters of the ion source were set as follows: spray 

voltage 3.5 kV, capillary temperature 350 °C, heater temperature 300 °C, S-lens RF level 60, 

sheath gas flow rate 55, auxiliary gas flow rate 20. Nitrogen was used for spray stabilization, 

for collision-induced dissociation experiments in the high energy collision dissociation (HCD) 

cell and as the damping gas in the C-trap. 

The instrument was calibrated in positive and negative mode every working day. For full scan, 

resolution was 70,000 (FWHM at m/z 200), whereas automatic gain control (AGC) and 

maximum injection time were set at 1 × 105 and 100 ms, respectively. In MS/MS mode, 

resolution was 35,000 (FWHM at m/z 200) and three different collision energies, i.e., 10, 30, 

50, were applied. An inclusion list with the masses of the previously identified metabolites was 

added to the methods (Montesano et al., 2021). 
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5.2.5 Results and discussion  

5.2.5.1 Behavioural effects of 4F-FUF 

Systemic administration of 4F-BUF (5 mg/kg IP) induced sensorimotor and motor 

impairments, increased analgesia and reduced the respiratory rate in female and male treated 

mice (Figure 5.4 and 5.5). 

In the visual object test, the visual reflexes to the object were significantly reduced in male [ 

Fig 5.4-A: F (1, 112) = 252.5; P<0.0001] and female [Fig 5.4-B: F (1, 112) = 158.0; P<0.0001] mice 

after the injection with 4FBUF. The effect was more persistent in males (up to 300 min) respect 

to females (120 min). Sex differences were revealed by ANOVA in 120 min, 240 min and 300 

min of measurements [Fig 5.4-C: F (2, 112) = 101.3; P<0.0001]. 

 

In the visual placing test, the visual reflexes to the floor were significantly reduced in male [Fig 

5.4-D: F (1, 112) = 306.6; P<0.0001] and female [Fig 5.4-E: F (1, 112) = 752.5; P<0.0001] mice 

after the injection with 4F-BUF. Also in this test, the effect was more persistent in males (up to 

305 min) respect to females (245 min). The effect in the visual placing test was deeper than the 

one observed in the visual object test in both sexes. In this case, sex differences were revealed 

by ANOVA in 70 min and 305 min of measurement [Fig 5.4-F: F (2, 112) = 248.4; P<0.0001]. 

In the vibrissae response test, the administration of 4F-FUF significantly reduced the vibrissae 

reflexes of male [Fig 5.4-G: F (1, 112) = 25.17; P<0.0001] and female [Fig 5.4-H: F (1, 112) = 

15.74; P=0.0001] to touches. The effect of 4F-BUF appeared only for 60 min in both sexes and 

tended to reach basal values after that. No sex differences were detected by ANOVA in this test 

(Fig 5.4-I). 
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Figure 5.4. Effects of the systemic administration of 4F-FUF in the visual object test (panels A, B and C), visual 

placing test (panels D, E and F) and vibrissae response test (panels G, H, and I). Data are expressed as arbitrary 

units (visual object and vibrissae tests) and percentage of basal value (visual placing test) and represent, the 

mean ± SEM of 8 female and 8 male mice/group. Statistical analysis was performed by one-way ANOVA followed 

by the Bonferroni's test for multiple comparisons for the dose-response curve of each compound at different times. 

**p<0.01, ***p<0.001 versus vehicle. $p<0.05 versus gender (female/male). 
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In the spontaneous locomotion test, the systemic administration of 4F-BUF (5mg/kg IP) 

induced a significant facilitation of the motor activity of male [ Fig 5.5-A: F (1, 112) = 124.1; 

P<0.0001] and female [ Fig 5.5-B: F (1, 112) = 104.5; P<0.0001] mice. The effect was more 

persistent (up to 305 min) in males respect to females (245 min). The effect disappeared in 

females after 125 min however in males a significant increase was detected at 245 min. In this 

case, sex differences were revealed by ANOVA at 35, 70 min and 245 min of measurement  

[ Fig 5.5-C: F (2, 112) = 22.51; P<0.0001]. 

In the tail pinch test, the systemic administration of 4F-BUF (5mg/kg IP) induced a significant 

increase of antinociception in male [ Fig 5.5-D: F (1, 112) = 44.1; P<0.0001] and female [ Fig 

5.5-E: F (1, 112) = 18.5; P<0.0001] mice. The effect was more persistent in males (up to 265 min) 

respect to females (90 min). Sex differences were revealed by ANOVA at 55, 205 min and 265 

min of measurements [ Fig 5.5-F: F (2, 112) = 1.940; P=0.1471]. 

 

In the breath rate test, the systemic administration of 4F-BUF (5mg/kg IP) induced a significant 

decrease of breath rate in male [ Fig 5.5-G: F (1, 112) = 93.37; P<0.0001] and female [ Fig 5.5-

H: F (1, 112) = 123; P<0.0001] mice. The effect was deeper in male at 10 min than female. The 

respiratory reduction persisted in male up to 300 min while this effect disappeared in female at 

this time. Sex differences was revealed by ANOVA at 10 min of measurements [ Fig 4.5-I: F 

(2, 112) = 122; P=0.1471]. 
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Figure 5.5. Effects of the systemic administration of 4F-FUF (5m.kg. IP) in the spontaneous locomotion test 

(panels A, B and C), tail pinch test (panels D, E and F) and breath rate (panels G, H, and I). Data are expressed 

percentage of basal value (spontaneous locomotion and breath rate tests) and percentage of maximal effect (tail 

pinch test) and represent, the mean ± SEM of 8 female and 8 male mice/group. Statistical analysis was performed 

by one-way ANOVA followed by the Bonferroni's test for multiple comparisons for the dose-response curve of 

each compound at different times. ***p<0.001 versus vehicle. $$p<0.01, $$$p<0.001 versus gender 

(female/male). 

 

5.2.5.2 Behavioural effects of IBF 

Systemic administration of IBF (5 mg/kg IP) induced sensorimotor and motor impairments, 

increased analgesia and reduced the respiratory rate in female and male treated mice (Figure 

5.6 and 5.7). 

In the visual object test, the visual reflexes to the object were significantly reduced in male [ 

Fig 4.6-A: F (1, 100) = 9.287; P=0.0030] and female [ Fig 5.6-B: F (1, 100) = 94.74; P<0.0001] 

mice after the injection with 4FBUF. The effect was more profound and persistent (120 min) 

in females respect to males (10 min). This effect was not detected at 12h and 24h of 
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measurements. Sex differences were revealed by ANOVA in 10, 30, 60 and 120 min of 

measurements [ Fig 5.6-C: F (2, 100) = 58.74; P<0.0001]. 

In the visual placing test, the visual reflexes to the floor were significantly reduced in male [ 

Fig 5.6-D: F (1, 100) = 18.09; P<0.0001] and female [ Fig 5.6-E: F (1, 100) = 126.4; P<0.0001] 

mice after the injection with IBF. Also in this test, the effect was more profound and persistent 

in females (120 min) respect to males (10 min). This effect was not detected at 12h and 24h of 

measurements. In this case, sex differences were revealed by ANOVA at 15 min, 35 min,70 

min 125 min and 185 min of measurement [ Fig 5.6-F: F (2, 100) = 56.55; P<0.0001]. 

 

In the vibrissae response test, the administration of IBF significantly reduced the vibrissae 

reflexes of male [ Fig 5.6-G: F (1, 100) = 80.86; P<0.0001] and slightly of female [ Fig 5.6-H: F 

(1, 100) = 1; P=0.3197] to touches. The effect of IBF in vibrissae was more profound persistent 

in males respect to females who showed a moderate effect only at 10 min after injection. Sex 

differences were detected by ANOVA at 10 min, 30 min, 60 min, 120 min and 180 min in this 

test (Fig 5.6-I). 



228 

 

Figure 5.6. Effects of the systemic administration of IBF (5mg/kg IP) in the visual object test (panels A, B and C), 

visual placing test (panels D, E and F) and vibrissae response test (panels G, H, and I). Data are expressed as 

arbitrary units (visual object and vibrissae tests) and percentage of basal value (visual placing test) and represent, 

the mean ± SEM of 8 female and 8 male mice/group. Statistical analysis was performed by one-way ANOVA 

followed by the Bonferroni's test for multiple comparisons for the dose-response curve of each compound at 

different times. **p<0.05, **p<0.01, ***p<0.001 versus vehicle. $$$p<0.001 versus gender (female/male). 

 

In the spontaneous locomotion test, the systemic administration of IBF (5mg/kg IP) induced a 

significant effect on the motor activity of male [ Fig 5.7-A: F (1, 112) = 1.692; P=0.1964] and 

female [ Fig 5.7-B: F (1, 112) = 90.57; P<0.0001] mice. The effect was biphasic in both sexes, 

however the facilitatory effect was higher and persistent in female. Additionally, significant 

reduction of locomotion was detected at 12h and 24h of measurements in males and at 24h in 

females. In this case, sex differences were revealed by ANOVA at 70, 125, 185, 245 and 12h 

of measurement [ Fig 5.7-C: F (2, 112) = 22.51; P<0.0001]. 

 

In the tail pinch test, the systemic administration of IBF (5mg/kg IP) induced a significant 

increase of antinociception in male [ Fig 5.7-D: F (1, 112) = 1506; P<0.0001] and female [ Fig 

5.7-E: F (1, 112) = 569.1; P<0.0001] mice. The antinociceptive effect of IBF was very potent and 
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persistent (significant effect detected at 12h and 24 h). No sex differences were revealed by 

ANOVA in this test [ Fig 5.7-F: F (2, 112) = 0.11; P=0.7367]. 

 

In the breath rate test, the systemic administration of 4F-BUF (5mg/kg IP) induced a significant 

decrease of breath rate in male [ Fig 5.7-G: F (1, 112) = 208.8; P<0.0001] and female [ Fig 5.7-

H: F (1, 112) = 119.6; P<0.0001] mice. The effect was persistent until 300 min of measurement 

in both sexes, however it disappeared at 12h and 24h of tests. No sex differences were revealed 

by ANOVA in this test [ Fig 5.7-I: F (2, 112) = 0.20; P=0.6518]. 

 

 

Figure 5.7. Effects of the systemic administration of IBF (5m.kg. IP) in the spontaneous locomotion test (panels 

A, B and C), tail pinch test (panels D, E and F) and breath rate (panels G, H, and I). Data are expressed 

percentage of basal value (spontaneous locomotion and breath rate tests) and percentage of maximal effect (tail 

pinch test) and represent, the mean ± SEM of 8 female and 8 male mice/group. Statistical analysis was performed 

by one-way ANOVA followed by the Bonferroni's test for multiple comparisons for the dose-response curve of 

each compound at different times. *p<0.05, **p<0.01 ***p<0.001 versus vehicle.  $$$p<0.001 versus gender 

(female/male). 
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5.2.5.3 Pharmacokinetics of 4F-FUF 

5.2.5.3.1 Plasma concentration 

Mice did not provide urine samples due to the antidiuretic impact of 4F-FUF. Presently, we 

conducted an analysis of the pharmacokinetic profile of 4F-FUF only in blood (plasma) and 

various tissues, including the brain, heart, liver, spleen, lung, kidneys, and stomach. 

 

The plasma concentrations of 4F-FUF remained elevated during the initial hour of analysis for 

both sexes. In male mice, the concentration of the fentanyl analog exhibited a tendency to 

decline in the subsequent hours, reaching very low concentrations at 5h. Differently, the plasma 

concentrations in female mice showed an important drop of 4F-FUF at 2h of analysis and very 

low concentrations were detected in the following hours (Figure 5.8). 

 

Figure 5.8. Plasma concentrations of 4F-FUF in male and female mice (µM). 8 mice (4 males and 4 females) 

were injected with 4F-FUF (5mg/kg IP and plasm samples were used to perform this analysis (5 series indicates 

that the8analysis was carried out 5 times). 

 

The pharmacokinetics parameters measured in 4F-FUF of female and male mice are illustrated 

Table 5.2. This table demonstrates higher concentration of 4F-FUF in male mice at 0.25h (25 

min) and 0.50h (50 min) respect to female mice. In addition, 4F-FUF is eliminated more rapidly 

in female than male (clearance female = 826.702 mL/min/kg). The volume of distribution at 

steady state was higher in female respect to male mice. Overall, these parameters show a 

different pharmacokinetics between female and male mice with a higher elimination rate of 4F-

FUF in females respect to males as shown in Figure 5.8. 
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Table 5.2. Pharmacokinetic parameters calculated from various plasma samples of female and male mice treated 

with 4F-FUF (5mg/kg IP). 

 
Mean Male  Mean Female  

Time t[h] 
Concentration 

 [µM] 

Concentration 

 [µM] 

0,25 h 2.109 0.272 

0,50 h 1.659 0.252 

2,00 h 0.125 0.001 

5,00 h 0.003 0.001 

 

K[h-1] 1.359 1.025 

T1/2[h]  0.514 0.687 

C(0) [µm] 3.195 0.870 

AUC (0-x) [µM·h] 1.996 0.257 

AUC (0-¥) [µm] 1.998 0.259 

%extr 0.147 0.614 

   

Dose [µmol/Kg] 12.755 12.755 

CL (mL/min/Kg) 113.067 826.702 

AUMC (last-inf) 1.365 0.131 

MRT (min) 40.788 30.355 

Vdss (L/kg) 4.592 25.110 

 

K  - Elimination Rate Constant, T1/2 - Half-Life, C(0) - Initial Concentration; AUC (0-x) - Area Under the Curve from 0 to x; AUC (0-¥) - 

Area Under the Curve from 0 to Infinity; %extr - Percent Excreted; AUMC(last-inf) - Area Under the First Moment Curve (AUMC) from the 

Last Time Point to Infinity; MRT (min) - Mean Residence Time; Vdss - Volume of Distribution at Steady State 
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5.2.5.3.2 Tissue distribution  

The parent drug (4F-FUF) and four of its major metabolites were detected in female and male 

tissues (Figure 5.9). The distribution of the drug and its metabolites seemed to be quite similar 

in both sexes. The metabolite M14 which derived from epoxidation and hydrolysis of 4F-FUF 

was the most abundant followed by M5, M3 and M11. Of note these latter were not detected 

in the brain. 

 

 

Figure 5.9. Distribution of 4F-FUF (P) in different tissues (brain, heart, liver, spleen, lung, kidney, and Stomach) 

of female and male mice after treatment with (4F-FUF 5 mg/kg IP). From panel B to panel E: distribution of the 

metabolites M14, M5, M3 and M11 in female and male organs. The metabolites were categorized in panels based 

on their descending order of detection levels. 
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5.2.5.4 Pharmacokinetics of IBF 

5.2.5.4.1 Plasma concentration 

The plasma concentrations of IBF remained elevated during the initial hour of analysis for both 

sexes. Nevertheless, in male mice, the concentration of the fentanyl analog exhibited a 

tendency to decline in the subsequent hours, reaching very low concentrations (< Log 0.01µM). 

In contrast, the plasma concentrations in female mice demonstrated elevated levels of 4F-FUF 

at the 5-hour mark of the analysis (Figure 5.10). 

 

Figure 5.10. Plasma concentrations of IBF in male and female mice (µM). 8 mice (4 males and 4 females) were 

injected with IBF (5mg/kg IP) and plasm samples were used to perform this analysis (5 series indicates that the 

analysis was carried out 5 times). 

 

The pharmacokinetics parameters measured in IBF of female and male mice are illustrated 

Table 5.3. This table demonstrates higher concentration of IBF in female mice at 0.25h (25 

min) respect to male mice. In addition, IBF is eliminated more rapidly in male than female 

(clearance male = 339 mL/min/kg). The volume of distribution at steady state was also higher 

in male respect to female. Overall, these parameters show a different pharmacokinetics between 

female and male mice with a higher elimination rate of IBF in males respect to females as 

shown in Figure 5.10. 
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Table. 5.3. Pharmacokinetic parameters calculated from various plasma samples of female and male mice treated 

with IBF (5mg/kg IP). 

 
Mean Male  Mean Female  

Time t [h] 
Concentration 

 [µM] 

Concentration 

 [µM] 

0,25 h 0.288 0.795 

0,50 h 0.426 0.537 

2,00 h 0.132 1.94 

5,00 h 0,013 0.096 

 

K [h-1] 0.876 0.454 

T1/2 [h]  0.886 1.526 

C(0) [µm] 0.605 0.566 

AUC (0-x) [µM·h] 0.693 3.610 

AUC (0-¥) [µm] 0.713 3.822 

%extr 2.756 5.550 

Dose [µmol/Kg] 14.286 14.286 

CL [mL/min/Kg] 339.015 62.297 

AUMC [last-inf] 0.859 7.580 

MRT [min] 70.580 118.991 

Vdss [L/kg] 23.442 7.413 

 

K - Elimination Rate Constant, T1/2 - Half-Life, C(0) - Initial Concentration; AUC (0-x) - Area Under the Curve from 0 to x; AUC (0-¥) - 

Area Under the Curve from 0 to Infinity; %extr - Percent Excreted; AUMC(last-inf) - Area Under the First Moment Curve (AUMC) from the 

Last Time Point to Infinity; MRT (min) - Mean Residence Time; Vdss - Volume of Distribution at Steady State 
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5.2.5.4.2 IBF urinary excretion 

The examination of urine samples from female and male mice subjected to IBF treatment 

(5mg/kg IP) uncovered variations in the excretion patterns of IBF and its metabolites between 

the two sexes. Notably, Figure 5.11 illustrates elevated levels of the parent drug IBF and its 

metabolites in the urine samples of male mice compared to those of female mice. The peak 

concentrations of IBF and its metabolites were observed during the cumulative 5h urine 

collection period. Higher levels of metabolites compared to the parent compound are detected 

between 10h and 15h, however, after 20h a slow amount of the metabolite M10 was detected 

but not the other metabolites. 

 

 

Figure 5. 11. IBF urinary excretion profile in female and male mice. From panel B to panel E: excretion levels 

of the metabolites M14, M17, M2 and M10 in female and male urine samples. The metabolites were categorized 

in panels based on their descending order of detection levels. 
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5.2.5.4.3 Tissue distribution 

The parent drug (IBF) and five of its major metabolites were detected in female and male mice 

tissues (Figure 5.12). The distribution of the drug and its metabolites seemed to be quite similar 

in both sexes. The metabolite M10 which derived from epoxidation and N-dealkylation of IBF 

was the most abundant followed by M14, M17, M2 and M16. In difference to 4F-FUF, the 

major metabolites were all detected in all the tissues with high concentrations in both sexes. 

 

Figure 5.12. Distribution of IBF (P) in different tissues (brain, heart, liver, spleen, lung, kidney, and Stomach) of 

female and male mice after treatment with (4F-FUF 5 mg/kg IP). From panel B to panel F: distribution of the 

metabolites M14, M5, M3 and M11 in female and male organs. The metabolites were categorized in panels based 

on their descending order of detection levels. 

 

Briefly, the results obtained in this study are in accordance with previous data on the pharmaco-

toxicology and the pharmacokinetics of the two fentanyl analogs 4F-FUF and IBF (Vincenti et 

al., 2019, Montesano et al., 2021). Expanding upon the existence knowledge, these data reveal 

that the two compounds impair sensorimotor and motor activities with different degrees of 

intensity between female and male. The sensorimotor effects of fentanyl and its analogs 

(Acrylfentanyl, Ocfentanyl and Furanylfentanyl) was investigated in Bilel et al., 2023 in which 

I have discussed the different mechanisms that could be involved in sensorimotor impairments 

and the translational paradigm in human shedding light on the contribution of opioids in cases 

of driving under the influence of drugs as reported recently by the UNDOC (DUID, chapter 1-

Fig 1.3). Similary to fentanyl and its analogs, these two drugs could have a potential risk on 

driving and might be involved in cases of DUID (Rohing et al., 2021). 
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4F-FUF and IBF impaired the motor responses in female and male mice but the effects between 

the two drugs are different. In particular, the effect of 4F-FUF was facilitatory at 5 mg/kg 

however in case of IBF the effect was biphasic. These differences might be explained by the 

difference in efficacy of the two compounds. Indeed, in the case of 4F-FUF, this drug did not 

induce maximal antinociceptive effects in the tail pinch test. Moreover, IBF induced higher 

effects on the breath rate test respect to 4F-FUF. 4F-FUF differs from Furanylfentanyl with the 

substitution of fluorine atom in the furan ring. In the study Bilel et al., 2022, I have also revealed 

lower efficacy of Furanylfentanyl respect to fentanyl and other compounds and that might be 

related to its partial agonism at mu receptors (Bilel et al., 2022). 

These data also revealed that female mice showed a rapid elimination of 4F-FUF respect to 

male mice. In contrary, in case of IBF the elimination of this latter was more rapid in female 

mice. These results reveal sex-dependent effects of fentanyl and fentanyl analogs (Kaplovitch 

et al., 2015, Towers et al., 2022, section 4.2). The sex differences observed in these results 

might be explained by differences on mu distribution between female and male animals (Zhang 

et al., 2013) and the influence of circulating ovarien hormones and androgens on mu-mediated 

physiological responses (reviewed in Sharp et al., 2022). Finally adding to the study of 

Montesano et al., 2021, the metabolic pathways of both drugs are confirmed in this study using 

female mice and different analytical approaches to reveal fentanyl analogs distribution in 

animal tissues. 

 

5.2.6 Conclusion  

These data are complementary for the study Montesano et al., 2021 and they reveal the sex 

differences in the pharmaco-toxicological effects of the two compounds. In addition, 

pharmacokinetic studies reveal sex difference also in the fentanyl analogs concentrations, 

distribution, and excretion in both sexes. These data shed light on the importance of considering 

sex differences in preclinical and clinical pharmacological approaches involving fentanyl 

analogs. 
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5.2.7 Contributions 

B.S and M.M designed the study. B.S, T.M, C.G, BM performed in vivo experiments. M.C, 

G.A, M.S performed pharmacokinetic studies and contributed to the data curation. B.S is 

currently writing the first draft. 
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5.3 Unraveling the sex-specific effects of Brorphine: A comparative Study 

 

1Bilel Sabrine, 1Mantoan Marco, 1Tirri Micaela, 1Corli Giorgia, 1 Bassi Marta, 2Fantinati 

Anna, 3Vandeputte Marthe, Stove Christophe,3Marti Matteo. 

 

1Department of Translational Medicine, Section of Legal Medicine and LTTA Centre, 

University of Ferrara, Italy 
2Department of Environmental and Prevention Sciences, University of Ferrara, Via Fossato di 

Mortara, Ferrara, Italy 

32Laboratory of Toxicology, Department of Bioanalysis, Faculty of Pharmaceutical Sciences, 

Ghent University, Ghent, Belgium 

 

5.3.1 Background 

The lack of data regarding the pharmaco-toxicological impacts of NSOs has hindered the 

ability to pinpoint doses associated with severe side effects. Additionally, the profound 

influence of sex on pharmaco-toxicological reactions to drugs is recognized. Distinctions 

between males and females play a crucial role and can contribute to sex-specific clinical 

manifestations, as evidenced in the literature for various drugs, including substances of abuse. 

Consequently, this study is aimed to assess sex-based variations in the effects of the Novel 

Synthetic Opioid Brorphine in mouse model. Furthermore, Naloxone was administered to 

reveal the mu opioid receptor's specificity in reversing the pharmaco-toxicological effects of 

Brorphine in both male and female mice. 

 

5.3.2 Materials and methods 

5.3.2.1 Animals 

The experiments are conducted on ICR (CD-1®) Male and Female mice weighing 25–35 g 

(Centralized Preclinical Research Laboratory, University of Ferrara, Italy) were group housed 

(4 mice per cage; floor area per animal was 80 cm2; minimum enclosure height was 12 cm), 

exposed to a 12:12-h light-dark cycle (light period from 6:30 a.m. to 6:30 p.m.) at a temperature 

of 20–22 °C and humidity of 45–55% and were provided ad libitum access to food (Diet 4RF25 

GLP; Mucedola, Settimo Milanese, Milan, Italy) and water. 
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The animal species of choice is that of election for the type of experiments proposed by the 

study, given the amount of information reported in the literature on the subject, and no animals 

having a higher neurodevelopment were used (in compliance with art 4, c.2 of D.L. 116/92). 

The experimental protocols performed in the present study were in accordance with the U.K. 

Animals (Scientific Procedures) Act of 1986 and associated guidelines and the new European 

Communities Council Directive of September 2010 (2010/63/EU). Experimental protocols 

were approved by the Italian Ministry of Health (license n. 335/2016- PR) and by the Animal 

Welfare Body of the University of Ferrara. According to the ARRIVE guidelines, all possible 

efforts were made to minimize the number of animals used, to minimize the animals’ pain and 

discomfort. 

5.3.2.2 Drug Preparation and Dose Selection 

Brorphine was obtained from Cayman chemicals (Ann Arbor, Michigan, USA) while Naloxone 

(NLX) was purchased from Tocris (Tocris S.r.l. Via Ranzato 12, Milan). 

The two compounds were dissolved in absolute ethanol (final concentration of 2% v/v) and 

Tween 80 (2% v/v) and brought to their final volume with saline (0.9% NaCl v/v). The solution 

made with ethanol, Tween 80 and saline was also used as the vehicle. The drugs were 

administered by intraperitoneal injection at a volume of 4 μL/g. The opioid receptor antagonist 

Naloxone was administered 15 min before the injection of Brorphine. 

Given the limited knowledge on cause-and-effect correlation in humans between administered 

dose and symptomatology, dose selection was based on empirical evidence from previous 

preclinical studies (Bilel et al., 2022). Based on empirical data and conversion tables between 

equieffective doses in humans and mice, doses ranged from 0.01 mg/kg to 15 mg/kg, to assess 

the main effects sought by regular users, such as analgesics and euphoria. In addition, the 

protocol set in the present study provides administration by intraperitoneal injection of 

Naloxone, aimed to mimic clinical evidence: in fact, it has been reported the need of Naloxone 

redosing to revert toxicity (in particular respiratory depression; (Bilel et al., 2022; Klebacher 

et al., 2017). Indeed, a second full dose of naloxone (6 mg/kg) was injected at 60 min after the 

first one in order to better antagonize Brorphine effects and counteract their reappearance. 
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5.3.3 Behavioural studies 

The effects of Brorphine were investigated using a battery of behavioral tests widely used in 

pharmacology safety studies for the preclinical characterization of new psychoactive 

substances in mice (Bilel et al.,2020 2021, 2022). All experiments were performed between 

8:30 a.m. and 2:00 p.m. Experiments were conducted blindly by trained observers working in 

pairs. Mouse behavior (motor responses) was videotaped and analyzed offline by a different 

trained operator who gives test scores. The test batteries are performed at 5 minutes after 

injection and then at 30-60-120-180-240-300 minutes. The results are then compared with a 

control test performed before administration of Brorphine. 

The experimental protocol provides for the successive tests to be performed for each session. 

Initially, the animal is observed to check the respiratory acts within one minute and the possible 

manifestation of symptoms related to a neurological or CNS alteration. Subsequently follows 

the evaluation of sensory functions through different tests that evaluate visual and tactile 

reactivity. Visual reactivity is assessed by approaching the floor and an object (both frontally 

and laterally). Analgesia is evaluated by the sensitivity of the animal to the mechanical stimulus 

(Tail pinch test). A cycle is completed within approximately 35 minutes, so the data collected 

should be considered around ±10 minutes, especially for 30 and 60 minutes. All behavioural 

tests are carried out under controlled and constant light, temperature and humidity conditions 

(150 lux, 20-22 ºC, 45-55% humidity), with a background noise of about 40±4 dB. 

Before each test session, each animal is trained once a day (3 days of total training). To avoid 

altering the responses of the animals during the experiment, the boxes are cleaned with a dilute 

ethanol solution (5%) and rinsed with water before the beginning of each test. All tests are 

blindly evaluated, and the behavior of each animal is recorded and analyzed offline by different 

operators. 

5.3.3.1 Evaluation of the Visual Response 

Visual object response test was performed to evaluate the ability of the mouse to see an object 

approaching from the front (frontal view) or the side (lateral view) that typically induces the 

animal to shift or turn the head or retreat from it. A white horizontal bar was moved frontally 

to the mouse head, while a small dentist’s mirror was moved laterally into the mouse’s field of 

view in a horizontal arc, until the stimulus was between the mouse’s eyes. The procedures were 

conducted bilaterally and repeated 3 times (Bilel et al., 2022). The score assigned to the 

movement was 1 or 0 if it was not present. The total value was calculated by adding the scores 
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obtained in the frontal with those obtained in the lateral visual object response test (overall 

score: 9). Tests were measured at 10, 30, 60, 120, 180, 240 and 300 min after the injection. 

5.3.3.2 Evaluation of Breath Rate 

The experimental protocol for the detection of respiratory parameter in this study provides for 

monitoring of the animal awake, freely moving, with a non-invasive and minimal handling. 

The animal is leaving free in a cage and the respiration patterns of the mice were videotaped 

by a camera (B/W USB Camera day & night with varifocal lens; Ugo Basile, Italy) placed 

above observation’s cage (Corli et al., 2023). The analysis frame by frame allows to better 

evaluate the number of breath rates of the mouse evaluated through the count of about 257 ± 

11 breath rates per minute (brpm). Breath rate was measured at 15, 40, 70, 150, 130, 190, 250 

and 310 min after the injection. 

5.3.3.3 Evaluation of motor activity 

The Mobility time test evaluates spontaneous motor activity of mice (Corli et al., 2023). The 

mouse is free to move on a square plastic cage (60 × 60 cm). The observer measures the total 

time spent moving by the animal (when the mouse walks or moves the front legs) in five 

minutes. The test was performed at 15, 35, 70, 125, 185, 245 and 305 min after the injection. 

5.3.3.4 Evaluation of pain induced by a mechanical stimulus 

Acute mechanical nociception was evaluated using the tail pinch test (Bilel et al., 2020). A 

special rigid probe connected to a digital dynamometer (ZP-50N, IMADA, Japan) was gently 

placed on the tail of the mouse (in the distal portion), and progressive pressure was applied. 

When the mouse flicked its tail, the pressure was stopped, and the digital instrument recorded 

the maximum peak of weight supported (g/force). A cut off (500 g/force) was set to avoid tissue 

damage. The test was repeated three times, and the final value was calculated by averaging the 

three obtained scores. 

5.3.3.5 Data statistical analysis 

In sensorimotor response experiment, data are expressed in arbitrary units (visual object 

response) and percentage of baseline (breath rate, mobility time). Tail pinch test is expressed 

as Emax % and is calculated as the percent of maximal possible effect {EMax% = [(test - 

control latency)/(cut off time - control)] X 100}. 
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Statistical analysis was performed by two-way ANOVA followed by Bonferroni’s test for 

multiple comparisons. *p< 0.05, **p< 0.01, ***p< 0.001 versus vehicle; #p< 0.05, ###p < 

0.001 versus Naloxone + Brorphine. $p< 0.05, $$p< 0.01, $$$p< 0.001 versus gender 

(female/male) 

 

5.3.4 Results and discussion 

Systemic administration of Brorphine (0.01-15 mg/kg IP) induced sensorimotor and motor 

impairments, increased analgesia and reduced the respiratory rate in female and male treated 

mice (Figure 5.13-5.16). 

 

In the visual object test, the visual reflexes to the object were significantly reduced in male [ 

Fig 5.13-A: F (6, 280) = 98.62; P<0.0001] and female [ Fig 5.13-C: F (6, 280) = 589; P<0.0001] 

mice after the injection with Brorphine at the range dose of 0.01 and 15 mg/kg. The effect of 

the highest dose of Brorphine (15 mg/kg) revealed a deeper effect in female mice respect to 

male mice at this dose, however the effect is contradictory with lower doses (0.01 and 0.1 

mg/kg). Pre-treatment with Naloxone reduced partially the visual impairments in both sexes 

and the second full dose of naloxone (6mg/kg) reverted totally the visual impairments in both 

sexes [ Fig 5.13-B: F (3, 280) = 42.36; P<0.0001; Fig 5.13-D: F (3, 280) = 186.2; P<0.0001]. Sex 

differences were revealed by ANOVA at all the range dose of Brorphine [ Fig 5.13-E: F (1, 280) 

= 37.31; P<0.0001]. 
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Figure 5.13. Effects of the systemic administration of Brorphine (0.001-15 mg/kg IP) in the visual object response 

test, in male mice (panel A) and female mice (panel C). Interaction of effective dose of Brorphine (15 mg/kg) with 

the opioid receptor antagonist NLX (6 mg/kg) in male mice (panel B) and female mice (Panel C). Comparison of 

the dose-response curves between males and females in the visual object test. also treated with Naloxone (B), 

female mice (C) and female mice also treated with Naloxone (D). Data are expressed as arbitrary units (panel A-

D) and percentage of maximal effect (Panel E) and represents the mean ± SEM of 8 determinations for each 

treatment. Statistical analysis was performed by two-way ANOVA followed by Bonferroni’s test for multiple 

comparisons. **p<0.01, ***p<0.001 versus vehicle, ###p<0.001 versus NLX, $$$p<0.001 versus NLX. 
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In spontaneous locomotion test, Brorphine induce biphasic and significant effects in male [ Fig 

5.14-A: F (6, 280) = 28.4; P<0.0001] and female [ Fig 5.14-C: F (6, 280) = 47.97; P<0.0001] mice. 

The most significant level of facilitation was elicited by the 0.01 mg/kg dose of Brorphine in 

male mice. In contrast, in female mice, the dose of 1 mg/kg induced greater facilitation than 

both other doses and the same dose in male mice. Overall, the impairment of locomotion by 

Brorphine was more profound in females than in males. Pre-treatment with Naloxone was not 

effective in preventing motor impairments in male and the second dose did not revert this effect 

[ Fig 5.14-B: F (3, 280) = 85.38; P<0.0001]. Differently, in case of females the second dose of 

NLX totally prevented the motor impairment induced by Brorphine. [ Fig 5.14-D: F (3, 280) = 

129.5; P<0.0001]. Sex differences were revealed by ANOVA at the doses 0.01, 1 and 15 mg/kg 

of Brorphine [ Fig 5.14-E: F (1, 280) = 4.89; P=0.0303]. 
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Figure 5.14. Effects of the systemic administration of Brorphine (0.001-15 mg/kg IP) in the spontaneous 

locomotion test, in male mice (panel A) and female mice (panel C). Interaction of effective dose of Brorphine (15 

mg/kg) with the opioid receptor antagonist NLX (6 mg/kg) in male mice (panel B) and female mice (Panel C). 

Comparison of the dose-response curves between males and females in the visual object test. also treated with 

Naloxone (B), female mice (C) and female mice also treated with Naloxone (D). Data are expressed as arbitrary 

units (panel A-D) and percentage of maximal effect (Panel E) and represents the mean ± SEM of 8 determinations 

for each treatment. Statistical analysis was performed by two-way ANOVA followed by Bonferroni’s test for 

multiple comparisons. **p<0.01, ***p<0.001 versus vehicle, ###p<0.001 versus NLX, $$$p<0.001 versus NLX. 
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In the tail pinch test, the systemic administration of Brorphine (0.01-15 mg/kg IP) induced a 

dose-dependent and significant increase of antinociception in male [ Fig 5.15-A: F (6, 280) = 

527.7; P<0.0001] and female [ Fig 5-15-C: F (6, 280) = 590.9; P<0.0001] mice. In contrast to 

males, Brorphine exhibited significant effects at the dose of 0.01 mg/kg, while in males, no 

significant effects were observed at this dose. Pre-treatment with naloxone was effective in 

preventing the antinociceptive effects of Brorphine (15 mg/kg) in males [ Fig 5-15-B: F (3, 280) 

= 282.8; P<0.0001] and females [ Fig 5.15-D: F (3, 280) = 307.7; P<0.0001]. Sex differences 

were revealed by ANOVA at the doses of 0.01, 0.1 and 1 mg/kg of Brorphine [ Fig 5-15-E: F 

(1, 280) = 3.80; P=0.0551]. 
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Figure 5.15. Effects of the systemic administration of Brorphine (0.001-15 mg/kg IP) in the tail pinch test, in male 

mice (panel A) and female mice (panel C). Interaction of effective dose of Brorphine (15 mg/kg) with the opioid 

receptor antagonist NLX (6 mg/kg) in male mice (panel B) and female mice (Panel C). Comparison of the dose-

response curves between males and females in the visual object test. also treated with Naloxone (B), female mice 

(C) and female mice also treated with Naloxone (D). Data are expressed as arbitrary units (panel A-D) and 

percentage of maximal effect (Panel E) and represents the mean ± SEM of 8 determinations for each treatment. 

Statistical analysis was performed by two-way ANOVA followed by Bonferroni’s test for multiple comparisons. 

**p<0.01, ***p<0.001 versus vehicle, ###p<0.001 versus NLX, $$$p<0.001 versus NLX. 
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In the breath rate test, the systemic administration of Brorphine (0.01-15 mg/kg IP) induced a 

dose-dependent and significant decrease of breath rate in male [ Fig 5.16-A: F (6, 280) = 284.7; 

P<0.0001] and female [ Fig 5.16-C: F (6, 280) = 283.7; P<0.0001] mice. In contrast to females, 

the respiratory reduction persisted with the doses of 3, 6 and 15 mg/kg in males at 300 min of 

analysis. Neither the pre-treatment, nor the second dose of naloxone were effective to prevent 

the respiratory depression induced by Brorphine (15 mg/kg) in males [ Fig 5.16-B: F (3, 280) = 

792.3; P<0.0001] and females [ Fig 5.16-D: F (3, 280) = 304.3; P<0.0001]. However, the effect 

of naloxone was more effective in females than males in this test. No sex differences revealed 

by ANOVA in this test [ Fig 5.16-E: F (1, 280) = 0.021; P=0.8836]. 
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Figure 5.16. Effects of the systemic administration of Brorphine (0.001-15 mg/kg IP) in the breath rate test, in 

male mice (panel A) and female mice (panel C). Interaction of effective dose of Brorphine (15 mg/kg) with the 

opioid receptor antagonist NLX (6 mg/kg) in male mice (panel B) and female mice (Panel C). Comparison of the 

dose-response curves between males and females in the visual object test. also treated with Naloxone (B), female 

mice (C) and female mice also treated with Naloxone (D). Data are expressed as arbitrary units (panel A-D) and 

percentage of maximal effect (Panel E) and represents the mean ± SEM of 8 determinations for each treatment. 

Statistical analysis was performed by two-way ANOVA followed by Bonferroni’s test for multiple comparisons. 

**p<0.01, ***p<0.001 versus vehicle, ###p<0.001 versus NLX, $$$p<0.001 versus NLX. 
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In this research, I explored the pharmacological effects of the NSO Brorphine, a selective mu 

receptor agonist, in male and female mice. Currently, Brorphine stands as the only emerging 

NSO featuring a benzimidazolone scaffold. The avaible data on the pharmacology of Brorphine 

revealed high selectivity of this compound toward mu opioid receptors (Vandeputte et al., 

2023). Moreover, the recent in vivo data (male rats) on the neuropharmacology of brorphine 

revealed its high potency in increasing analgesia (tail flick test), inducing catalepsy and 

reducing body temperature (Vandeputte et al., 2023). The primary effects examined in these 

experiments revealed important changes in visual object responses, spontaneous locomotor 

activities, mechanical analgesia, and respiratory rates in female and male mice. 

In the visual object test, sex difference was revealed in all the doses tested. Moreover sex-

differences were also detected in motor activity and mechanical antinociception. These 

differences might be related to the difference in the pharmacokinetics between both sexes. 

Indeed, in my data elaborated above on the two fentanyl analogs (4F-FUF and IBF, section 

5.2) the two drugs showed sex-differences in the concentrations, distribution, and elimination 

of these compounds (Table 5.2 and 5.3). Interestingly, the effect of NLX was also different in 

both sexes in motor response and breath rate test. Giving more focus on these important results, 

these data show a resistance of male mice to NLX in the motor and respiratory tests.  

Several recent clinical studies have affirmed a higher prevalence of opioid use in men compared 

to women (Walter et al., 2022). In addition, the death rate associated with fentanyl overdose 

has been reported to be two to three times higher in men than in women (Butelman et al., 2023). 

The current data reveal that NLX treatments differ in males and females where males may 

show resistance to NLX due to sex-specific expression of cytochromes P450 (Gerger et al., 

2023). Moreover, these differences could be associated to differences on mu distribution 

between both sexes (Zhang et al., 2013) and the influence of circulating ovarien hormones and 

androgens on mu-mediated physiological responses (reviewed in Sharp et al.,2022). 

 

5.3.5 Conclusion  

These data reveal sexual dimorphism in the in vivo effects of the NSO Brorphine. In difference 

to female, male showed more resistance to NLX injections in motor and respiratory tests. These 

findings highlight the higher risk of respiratory depression among male respect to female 

sunjects. Consequently, these findings underscore the importance of sex-specific evaluation in 

studies related to pain management, opioid prescriptions, and opioid misuse. 
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5.4 In vivo pharmaco-toxicological characterization of Brorphine and its possible 

emerging analogues: Orphine, Fluorphine, Chlorphine and Iodorphine 

 

1Bilel Sabrine, 2Vandeputte Marthe, 1Tirri Micaela, 1Corli Giorgia, 1Marta Bassi, 2 Stove 

Christophe,1Marti Matteo. 

 

1Department of Translational Medicine, Section of Legal Medicine and LTTA Centre, 

University of Ferrara, Italy 
2Laboratory of Toxicology, Department of Bioanalysis, Faculty of Pharmaceutical Sciences, 

Ghent University, Ghent, Belgium 

 

5.4.1 Background 

In continuation to the study reported in section 4.1 of submitted manuscript (Vandeputte et al., 

2023) other in vivo data were elaborated using the safety pharmacology, the MouseOX 

instrument to characterize the cardio-respiratory and the motor effects of these compound. 

 

5.4.2 Materials and methods 

All applicable international, national and/or institutional guidelines for the care and use of 

animals were followed. All procedures performed in the studies involving animals were in 

accordance with the ethical standards of the institution or practice at which the studies were 

conducted. This project was activated in collaboration with the Presidency of the Council of 

Ministers-DPA Anti-Drug Policies (Italy). 

5.4.2.1 Animals 

Two hundred eighty-four Male ICR (CD-1®) mice weighing 30–35 g (ENVIGO Harlan Italy, 

Italy; bred inside the Laboratory for Preclinical Research (LARP) of the University of Ferrara, 

Italy), were group-housed (5 mice per cage; floor area/animal: 80 cm2; minimum enclosure 

height: 12 cm) on a 12:12-h light–dark cycle (lights on at 6:30 AM), at a temperature of 20–22 

°C, humidity of 45–55%, and were provided ad libitum access to food (Diet 4RF25 GLP; 

Mucedola, Settimo Milanese, Milan, Italy) and water. The experimental protocols were in 

accordance with the European Communities Council Directive of September 2010 

(2010/63/EU), a revision of the Directive 86/609/EEC was approved by the Ethics Committee 

of the University of Ferrara and by the Italian Ministry of Health (authorization number 
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335/2016-PR). Moreover, adequate measures were taken to reduce the number of animals used 

and their pain and discomfort according to the ARRIVE guidelines. 

5.4.2.2 Drug preparation and dose selection  

Drugs were initially dissolved in absolute ethanol (final concentration: 5%) and Tween 80 (2%) 

and brought to the final volume with saline (0.9% NaCl). Drugs were administered by 

intraperitoneal (IP) injection at a volume of 4 µL/g. The dose range of brorphine and its 

analogues tested (0.01-15 mg/kg IP) was chosen based on our previous studies (Bilel et al., 

2022). 

In antagonist experiments, the opioid receptor antagonist naloxone (NLX) (6 mg/kg IP) was 

administered 15 min before test compound injections. The protocol set in the present study for 

NLX injections is based on our previous study (Bilel et al., 2022) with a small modification in 

the injection timing of the second NLX dose. The second full dose of NLX (6 mg/kg IP) was 

injected 60 min after the first one (instead of 55 min) when we noticed a reappearence of the 

test compounds’ effects was observed). 

Based on the data obtained in vivo after the treatment of the animals with brorphine and 

analogues at the chosen dose range (0.01-15 mg/kg IP), we selected the dose of 15 mg/kg as 

the highest and most effective dose in all tests, to evaluate its effects on the cardio-respiratory 

parameters using the MouseOx instrument. 

 

5.4.3 Behavioural studies 

The effects of Brorphine and its analogs were investigated using a battery of behavioural tests 

widely used in pharmacology safety studies for the preclinical characterization of new 

psychoactive substances in rodents (Bilel et al., 2020; Bilel et al., 2022). All experiments were 

performed between 8:30 a.m. and 2:00 p.m. Experiments were conducted blindly by trained 

observers working in pairs (Bilel et al., 2022). Mouse behaviour (motor responses) was 

videotaped and analysed offline by a different trained operator who gives test scores. 

5.4.3.1 Motor activity assessment 

Alterations of motor activity inducedby FENS were measured using the accelerod test (Bilel et 

al., 2022). In the accelerod test, the animals were placed on a rotating cylinder that 

automatically increases in velocity in a constant manner (0–60 rotations/min in 5 min). The 
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time spent on the cylinder was measured. The accelerod test was performed at 0, 40, 60, 95, 

150, 210, 270 and 330 min post injection. 

5.4.3.2 Evaluation of skeletal muscle strength (grip strength) 

This test Evaluation of skeletal muscle strength (grip strength). This test was used to evaluate 

the skeletal muscle strength of the mice (Bilel et al., 2020). The grip-strength apparatus (ZP-

50N, IMADA) is comprised of a wire grid (5 × 5 cm) connected to an isometric force transducer 

(dynamometer). In the grip-strength test, mice were held by their tails and allowed to grasp the 

grid with their forepaws. The mice were then gently pulled backward by the tail until the grid 

was released. The average force exerted by each mouse before losing its grip was recorded. 

The mean of three measurements for each animal was calculated, and the mean average force 

was determined. The skeletal muscle strength is expressed in gram force (gf) and was recorded 

and processed using IMADA ZP-Recorder software. The grip strength was measured at 0, 15, 

35, 70, 125, 185, 245 and 305 min post injection. 

5.4.3.3 Cardiorespiratory analysis 

The experimental protocol to detect the cardiorespiratory parameters used in this study is 

designed to monitor awake and freely moving animals with no invasive instruments and with 

minimal handling (Bilel et al., 2022). A collar was placed around the neck of the animal; this 

collar has a sensor that continuously detects heart rate, respiratory rate, oxygen saturation and 

pulse distention with a frequency of 15 Hz. While running the experiment, the mouse moves 

freely in the cage (with no access to food and water) monitored by the sensor collar using the 

software MouseOx Plus (STARR Life Sciences® Corp. Oakmont, PA). In the first hour, a collar 

was placed around the animal’s neck to simulate the real one used in the test, thus minimising 

the possible effects of stress during the experiment. The real collar (with sensor) was then 

substituted, and baseline parameters were monitored for 60 min. Subsequently, the mice were 

given Orphine, Fluorphine, Chlorphine, Brorphine by IP injection, and data was recorded for 5 

h.  
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5.4.4 Results and discussion 

5.4.4.1 Accelerod test 

There was no change in accelerod test performance in mice treated with vehicle (Figure 5.17). 

Systemic administration of Brorphine (0.01–15 mg/kg IP) significantly impaired mouse 

performance in the accelerod test [ Fig 5.17-A: F (6, 280) = 284.7; P<0.0001]. In particular, 

Brorphine induced a biphasic effect with a facilitatory action at the dose of 3mg/kg and an 

inhibitory action at higher doses (6 and 15 mg/kg). In difference to Brorphine, Orphine and 

Iodorphine did not induce effects in this test (Fig 5.17-C, Appendix C Fig.C1) while 

Fluorphine and Chlorphine impaired animal performances in the accelerod test. Comparison of 

the mean effects among the five opioids (Fig. 5.17-C) revealed significant differences in the 

action of each substance at different doses [Fig 5.17-C: F (5, 392) = 31.79; P<0.0001]. 

The pre-treatment with naloxone (6 mg/kg IP) prevented the motor impairments induce by 

Brorphine [Fig 5.17-B: F (3, 392) = 10.29; P<0.0001] and its analogs Fluorphine and Chlorphine 

(Fig.5.17-D, Appendix C Fig.C1). 
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Figure 5.17. Effect of the systemic administration of Brorphine (0.01–15 mg/kg IP; panel A) in the Accelerod test 

in mice. Interaction of effective dose of Brorphine (15 mg/kg) with the opioid receptor antagonist NLX (panel B). 

Comparison of the mean effect of Orphine, Fluorphine, Brorphine, Chlorphine and Iodorphine (0.01–15 mg/kg 

IP) observed in 5 h (panel C). Interaction of Brorphine and its analogs (15 mg/kg) with NLX (6 mg/kg, IP; panel 

D). Data are expressed as percentage of baseline and represent the mean ± SEM of 8 determinations for each 

treatment Statistical analysis was performed by two-way ANOVA followed by the Bonferroni’s test for multiple 

comparisons for the dose response curve of Brorphine at different times (panel A and B) and for the comparison 

of the mean effects (panel C), while the statistical analysis of panel D was performed with one-way ANOVA 

followed by Bonferroni test for multiple comparisons. *p< 0.05, **p< 0.01, ***p< 0.001 versus vehicle, 

##p<0.05, ##p<0.01, ###p < 0.001 versus NLX + agonist; ◦ ◦ ◦p < 0.001 versus Brorphine. 

 

5.4.4.2 Evaluation of skeletal muscle strength 

Muscle strength was not affected in mice treated with vehicle (Fig. 5.18). Systemic 

administration of Brorphine (0.01–15 mg/kg IP) significantly decreased the pulling force of 

mice [Fig. 5.18-A: F (6, 392) = 54.54; P<0.0001]. In particular, Brorphine induced inhibitory 

effect at the doses of 0.01. 3 and 6 mg/kg. Interestingly this effect was not significant at the 

dose of 15 mg/kg. Orphine and Chlorphine also reduced the pulling force of mice and in 

difference to Brorphine the dose of 15 m/kg showed a significant reduction of grip strength 
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(Appendix C Fig.C2; Fig 5.18-C, D). Differently, Fluorphine increased muscle strength at the 

dose of 6 and 15 mg/ kg (Appendix C Fig.C2; Fig. 5.18-C). Iodorphine did not show any 

significant effect at the range dose tested but a slight increase of muscle rigidity was observed 

in mice treated with 15 mg/kg (Appendix C Fig.C2; Fig. 5.18-C). Comparison of the mean 

effects among the five opioids (Fig. 5.18-C) revealed significant differences in the action of 

each substance at different doses [Fig. 5.18-C: F (5, 392) = 31.79; P<0.0001]. 

 

 

Figure 5.18. Effect of the systemic administration of Brorphine (0.01–15 mg/kg IP; panel A) in the Grip strength 

test in mice. Interaction of effective dose of Brorphine (15 mg/kg) with the opioid receptor antagonist NLX (panel 

B). Comparison of the mean effect of Orphine, Fluorphine, Brorphine, Chlorphine and Iodorphine (0.01–15 mg/kg 

IP) observed in 5 h (panel C). Interaction of Brorphine and its analogs (15 mg/kg) with NLX (6 mg/kg, IP; panel 

D). Data are expressed as percentage of baseline and represent the mean ± SEM of 8 determinations for each 

treatment Statistical analysis was performed by two-way ANOVA followed by the Bonferroni’s test for multiple 

comparisons for the dose response curve of Brorphine at different times (panel A and B) and for the comparison 

of the mean effects (panel C), while the statistical analysis of panel D was performed with one-way ANOVA 

followed by Bonferroni test for multiple comparisons. ***p< 0.001 versus vehicle, ###p < 0.001 versus NLX + 

agonist; ◦ ◦ ◦p < 0.001 versus Brorphine. 
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Since naloxone injections belong to a battery of tests in which the grip strength test is included 

the treatment with naloxone is reported for Brorphine even if the dose of 15 mg/kg was not 

effective. The pre-treatment with NLX in case of Brorphine didn’t affect muscle rigidity in 

mice treated with 15 mg/kg (Fig. 5.18-B). The pre-treatment with naloxone (6 mg/kg IP) 

prevented the pulling force impairments induce by Fluorphine, Chlorphine and Iodorphine ( 

Appendix C Fig.C2; Fig. 5.16-D). 

5.4.4.3 Cardiorespiratory analysis 

The vehicle used in this experiment showed a stable profile during the 6 h of cardiorespiratory 

parameter measurement (heart rate, pulse distention respiratory rate and oxygen saturation 

(Figure 5.19). Systemic administration of Brorphine (15mg/kg IP), induced important 

variations in cardiorespiratory parameters. Heart rate (Fig. 5.19-A) was rapidly (5 min post 

injection) and significantly affected by Brorphine treatment [Fig. 5.19-A: F (3, 1460) = 1284, P < 

0.0001]. Similar to Brorphine, Fluorphine, Chlorphine and Iodorphine but not Orphine 

significantly reduced heart rate at the dose of 15 mg/kg [Fig. 5.19-B: F (5, 2190) = 701.5, P < 

0.0001], (Appendix C Fig.C3). Pre-treatment with NLX (6 mg/kg.IP; Fig. 5.19-A) prevented 

Brorphine bradycardia. Similar to Brorphine the treatment with NLX prevented the decrease 

of heart rate in Fluorphine, Chlorphine and Iodorphine treatment (Appendix C Fig.C3; Fig. 

.5.19-C). 

 

Pulse distention (Figure 5.19) in the group of mice treated with Brorphine was significantly 

affected by treatment [Fig. 5.19-D: F (3, 1460) = 130.7, P < 0.0001]. In difference to Brorphine, 

its four analogs showed a significant decrease in pulse distention [ Fig. 5 .19-E: F (5, 2190) = 

1047, P < 0.0001], (Appendix C Fig.C3). The pre-treatment with NLX prevented the increase 

in pulse distention induced by Brorphine (Fig. 5.19-A). Similarly, NLX treatments prevented 

the decrease in pulse distention induced by Orphine, Fluorphine and Iodorphine (Appendix C 

Fig. C3; Fig. 5.19-F). 
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Figure 5.19. Cardiorespiratory effects of the systemic administration of Brorphine (0.01–15 mg/kg IP) and its 

interaction with the opioid receptor antagonist NLX (Panels A-D-G-J). Effects of a high dose (15 mg/kg IP) of the 

different test compounds on Heart rate, pulse distention, breath rate and oxygen saturation over time (Panels B-

E-H-K). Interaction of Brorphine and its analogs (15 mg/kg) with NLX (6 mg/kg, IP.; panels C-F-I-L). Data are 

expressed as percentage change from basal (% of basal) over time and represent the mean ± SEM as determined 

in 8 animals for each treatment regimen. Statistical analysis was performed by two-way ANOVA followed by the 

Bonferroni test for multiple comparisons for panels A-B, D-E, G-H and J-K, while the statistical analysis of panels 

C, F, I and L was performed with one-way ANOVA followed by the Bonferroni test for multiple comparisons. 

***p< 0.001 versus vehicle, ###p < 0.001 versus NLX + agonist; ◦ ◦ ◦p < 0.001 versus Brorphine. 
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After the administration of Brorphine, breath rate (Fig. 5.19-G) was also significantly affected 

by treatment [Fig. 5.19-G: F (3, 1460) = 751.1, P < 0.0001]. Similarly to Brorphine, the five 

analogs induced a significant decrease in breath rate treatment [Fig. 5.19-H: F (5, 2190) = 1035, 

P < 0.0001], (Appendix C Fig. C4). Overall, the effect of Orphine is moderate in this test and 

the respiratory reduction was delayed with respect to Brorphine (Appendix C Fig. C4). In 

addition, the effect of Iodorphine fluctuates during the different hours of measurements. In 

particular, initial significant impairments slightly appear in the first hour then tend to be more 

profound in the last two hours of measurements (Appendix C Fig.C4; Fig. 5.19-H). NLX pre-

treatment prevented respiratory reductions induced by Brorphine (Fig.5.19-G) and its analogs 

(Fig. 5.19-I; Appendix C Fig. C4). 

 

After administration of Brorphine, oxygen saturation (Fig. 4.19-J) was also significantly 

affected by treatment [Fig. 4.19-J: F (3, 1460) = 2219, P < 0.0001]. Similarly to Brorphine, the 

five analogs induced a significant decrease in oxygen saturation [Fig. 4.19-K: F (5, 2190) = 522.4, 

P < 0.0001]. The analogs of Brorphine induced a moderated and transient effect in this 

parameter (Appendix C Fig.C4). Only Iodorphine showed a deep drop of SpO2 saturation in 

the second hour of analysis (Appendix C Fig.C4; Fig.4.19-K). In addition, the effect of 

Iodorphine fluctuates during the different hours of measurements. In particular, initial 

significant impairments appeared in the first hour then the effect tended to be more profound 

in the last two hours of measurements (Fig.4.19-K; Appendix C Fig.C4). NLX pre-treatment 

prevented the oxygen saturation reductions induced by Brorphine (Fig.4.19-G) and its analogs 

(Fig. 4.19-I; Appendix C Fig.C4). 

 

Systemic administration of Orphine, Fluorphine, Chlorphine and Brorphine induced 

impairment of motor performance in the accelerod test (Figure 4.17). The data obtained in the 

accelerod test show a biphasic effect of all the compounds but not for Iodorphine which did not 

affect locomotion in this test (Fig. 4.17-C). The biphasic effect of opioids agonists was 

disclosed in my previous studies on NSOs such as MT-45, fentanyl and fentanyl analogs (Bilel 

et al., 2020; Bilel et al., 2022). In addition, Brorphine and its analogs except Iodorphine 

impaired muscle strength. It is worth noting that these effects are contradictory. In particular, 

Orphine and Chlorphine reduced muscle rigidity at the dose of 6 and 15 mg/kg however, in 

case of Brorphine this dose was not active in this test. Only Fluorphine increased muscle 
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rigidity at 6 and 15 mg/kg. Based in my previous publications, Fluorphine showed a similar 

trend of action to morphine (Bilel et al., 2020) which increased muscle rigidity at 15 mg/kg. 

Differently, Orphine, Chlorphine and Brorphine showed similar effects to fentanyl in this test 

(Bilel et al., 2022). The pre-treatment with Naloxone prevented the motor and the muscle 

rigidity impairments revealing a central action of the mu-opioid receptors. The absence of 

effects of Iodorphine suggest the role of the chemical substituent in NSOs on their opioid 

receptor occupancy in response to various tests (Bilel et al., 2022, Vandeputte et al, 2023, 

Varshneya et al., 2022). The mechanisms by which opioids impair motor and muscle rigidity 

are detailed in (Bilel et al., 2020 and Bilel et al 2022). 

In cardiorespiratory analysis, I have demonstrated using the MouseOX instrument that 

Orphine, Fluorphine, Chlorphine, Brorphine and Iodorphine significantly altered the 

cardiorespiratory parameters (Figs. 5.18–5.19) when administered to mice at the highest dose 

of 15 mg/kg. The effects observed by Orphine are very moderate with respect to the other 

compounds. Moreover, the effects of Iodorphine are delayed but persistent with respect to the 

other opioids. Only Brorphine showed an increase of pulse distention, but all the other 

compounds showed a decrease of this parameter at the same dose tested. Brorphine showed 

higher effect in breath rate and oxygen saturation parameters. The effects of Brorphine were 

the most pronounced and profound in this test. Pretreatment with a single dose of NLX 

prevented cardiorespiratory impairments induced by the five compounds suggesting again the 

central role of mu-opioid receptor in cardiorespiratory depression by Brorphine and its analogs 

(see section 4.1 for submitted manuscripts, Vandeputte et al., 2023). The results obtained in 

pulse distention reveal that only Brorphine induces vasodilatation in mice at the dose of 

15mg/kg, however, all the analogs induced vasoconstriction. These data suggest the possible 

involvement of other mechanisms (intermediated by mu opioid receptors) in cardiorespiratory 

effects of Brorphine and its analogs. Together with the data obtained in antinociception and 

plethysmography (section 4.2) suggest other mechanisms involved in the action of some 

compounds and to better understand their functional processes, we have submitted 

Psychoactive Drug Screening Program (PDSP) to request for the analysis of Orphine, 

Fluorphine, Chlorphine and Iodorphine. We requested determination of binding affinity at the 

following targets: 

Mu opioid receptor (MOR); delta opioid receptor (DOR); kappa opioid receptor (KOR); sigma 

receptors (Sigma 1, Sigma 2); nociceptin/orphanin FQ peptide receptor (NOR); serotonin 
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transporter (SERT); subtypes of serotonin receptors (5-HT1A, 5-HT1B, 5-HT1D, 5-HT1E, 5-

HT2A, 5-HT2B, 5-HT2C, 5-HT3, 5-HT5A, 5-HT6, 5-HT7A); dopamine receptors (DAT); 

subtypes of dopamine receptors (D1, D2, D3, D4, D5); norepinephrine transporter (NET); 

subtypes of muscarinic acetylcholine receptors (M1, M2, M3, M4, M5); subtypes of adrenergic 

receptors (Alpha1A, Alpha1B, Alpha1D, Alpha2A, Alpha2B, Alpha2C); subtypes of beta-

adrenergic receptors Beta1, Beta2, Beta3); subtype of the GABA receptor (GABAA); subtypes 

of histamine receptors ( H1, H2, H3, H4); subtypes of glutamate receptors (AMPA, Kainate-

Rat Brain, NMDA, NR2B); benzodiazepines binding site (BZP-Rat Brain Site); peripheral 

benzodiazepine receptor (PBR), most of these targets are included in the PDSP’s standard 

‘comprehensive screen’. 

 

5.4.5 Conclusion  

These data reveal that Brorphine analogs may pose a significant risk of harm to users if they 

appear in recreational drug markets. Therefore, it is essential to vigilantly monitor the evolving 

NSO market to promptly identify and address shifts in the drug supply. 

 

5.4.6 Contributions 

B.S and M.MT, VM, CS designed the study. VM, CS contributed with resources. B.S, T.M, 

C.G, BM performed in vivo experiments. B.S contributed to data curation and the writing of 

the first draft. 
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5.5 In silico ADMET prediction of emerging NSOs  
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5.5.1 Backgroud 

Due to the increasing availability of NSOs and the lack of knowledge of their physicochemical 

and their toxicological properties, it becomes relevant to develop rapid methodologies to 

identify the pharmaco-toxicological effects of these compounds and their impact on human 

health. 

During my mobility period at Qatar University, I attended lectures on pharmacokinetics and 

phramacogenomics and I learned how to use the in silico ADMET (Absorption, Distribution, 

Metabolism, Excretion and Toxicity) prediction for different classes of NPS. Recently, I have 

applied this method to predict the toxicity of the NPS γ-valerolactone (GVL) to γ-

hydroxybutyric acid (GHB); (Arfè et al, 2023). In this study, I have performed in silico ADMET 

analysis to evaluate the toxicity of fentanyl and fentanyl analogs (Acrylfentanyl, Ocfentanyl, 

Furanylfentanyl, Isobutyrylfentanyl, 4F-Furanylfentanyl, Butyrylfentanyl and 4-Fluoro-

Butyrylfentanyl) and Brorphine and its analogs (Orphine, Fluorphine, Chlorphine and 

Iodorphine). 

 

5.5.2 Methods 

The in silico characterization of the ADMET profile of the different NSOs was conducted 

through Simulations Plus ADMET Predictor® Version 10.4 (×64) on a Windows 11 operating 

system. The program allows for prediction of ADMET properties based on the molecular 

structures of compounds. It uses artificial neural network ensemble (ANNE) models which 

were trained to ensemble with data sets that share the same "architecture" (i.e., same inputs and 

number of neurons) from well-defined drugs, using the 2D structure and the atomic descriptors 
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for data selection. ADMET Predictor® models have been shown to have a similar or better 

accuracy when compared to other available software (Golbamaki et al., 2014) 

5.5.2.1 Evaluation of risks 

5.5.2.1.1 ADMET risk 

As an initial screening step, the NSOs were screened based on some of their calculated risk 

scores. The program provides a score, labelled “ADMET_Risk” that is a general score ranging 

from 0 to 24 which indicates the number of potential ADMET issues that a compound may 

face. A threshold of concern for each risk is suggested by the program and is calculated by 

defining the threshold below which 90% of drugs in the World Drug Index (WDI) score. In 

addition, the compounds were assessed for their conformance to Lipinski’s Rule of Five (RO5). 

According to RO5, a drug can be orally active only if it meets at least three of the following 

criteria: molecular weight (MW) ˂500 Daltons, hydrogen bond acceptors (HBA) ≤10, 

hydrogen bond donors (HBD) ≤5, logP ≤5 (13). 

Absorption risk 

The absorption risk model (Absn_Risk) includes eight rules based on descriptors and predicted 

properties licensed as part of the PhysChem model group, each of which contributes one vote 

to the score. The rules are illustrated in Table 5.4. 

 

Table 5.4. The eight rules based on descriptors and predicted properties used to assess absorption risk. 

Parameter Rule of absorption risk 

Size MWt > [450,500] or N_Atoms > [30,35] or MolVol > [470,520] or N_Bonds > [35,40] 

RotB N_FrRotB > [8,10] (too flexible) 

HBD HBDH > [3,5] and HBDch > [1.5,2.0] (too many good H-bond donors) 

HBA HBA > [7,10] and HBAch < [-6.0,-5.0] (too many good H-bond acceptors) 

Charge NPA_ABSQ > [19,21] or T_PSA > [120 Å2,140 Å2] (excessive charge) 

Kow S+logP > [4.5,5.0] or S+logD > [3.5,4.0] OR MlogP > [3.5,4.0] (high logPoctanol-water) 

Peff S+Peff < [0.40,0.60] (low permeability) 

Sw S+Sw < [0.005,0.010] (low solubility) 

RotB. Rotational bonds; N_FrRotB. number of freely rotatable bonds; HBD hydrogen bond donors; HBDH. 

hydrogen bond donors hydrogens; HBDch hydrogen bond charge HBA. hydrogen bond acceptors; NPA_ABSQ 

Sum of absolute values of estimated NPA partial; T_PSA Topological polar surface area; Kow. n-Octanol/Water 

Partition Coefficient; S+logP. Octanol-water partition coefficient Simulations Plus; S+logD, Octanol-water 

distribution coefficient Simulations Plus [cm/s×104]; MlogP, Moriguchi octanol-water partition coefficient. Peff, 

human jejunal permeability; S+Peff. human effective jejunal permeability Simulations Plus; Sw, Water solubility; 

S+Sw, Native water solubility; Simulations Plus 
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5.5.2.1.2 Cytochrome risk 

The cytochrome risk model is comprised of six rules, each with a weight of one illustrated in 

Table 5.5. 

 

Table 5.5. The six rules based on descriptors and predicted properties used to assess cytochrome risk. 

Parameter Rule of cytochrome risk 

1A2  CYP1A2_CLint > [20,40] 

2C9  CYP2C9_CLint > [10,20] 

2C19  CYP2C19_CLint > [20,40] 

2D6  CYP2D6_CLint > [10,20] 

3A4  CYP3A4_CLint > [20,50] and CYP3A4_HLM_CLint > [30,75] 

CLEARANCE  CYP_HLM_CLint > [90,150] or HEP_hCLint > [60,90] 

CYP1A2_CLint, intrinsic clearance constant for CYP 1A2 mediated metabolism [μl/min/mg]; CYP2C9_CLint. 

intrinsic clearance constant for CYP 2C9 mediated metabolism [μl/min/mg]; CYP_2C19_CLint. intrinsic 

clearance constant for CYP 2C19 mediated metabolism [μl/min/mg]; CYP2D6_CLint.intrinsic clearance constant 

for CYP 2D6 mediated metabolism [μl/min/m]; CYP3A4_CLint. intrinsic clearance constant for CYP 3A4 

mediated metabolism[μl/min/mg]; CYP_HLM_CLint: overall in vitro (unbound) intrinsic clearance in Human 

Liver Microsomes [μ L/min/mg HLM protein]; HEP_hCLint: overall in vitro (unbound) intrinsic clearance in 

human hepatocytes [μ L/min/106 cells]. 
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5.5.2.1.3 Toxicity risk 

The toxicity risk model consists of five rules (Table 5.6), including one based on mutation risk. 

Each has an associated weight of one. The rat and mouse toxicity thresholds are based on the 

distribution of in-scope values in the focused WDI, as is the mutagenicity threshold. The 

hepatotoxicity rule “HEPX” reflects the way actual blood test results are interpreted, e.g., 

hepatotoxicity is indicated if aspartic acid transaminase (Ser_AST) and alanine transaminase 

(Ser_ALT) are both elevated in serum. Liver injury also usually elevates serum levels of lactate 

dehydrogenase and including Ser_LDH in the rule reduces the number of false positives. 

Concomitant elevation of the other serum enzyme model predictions, Ser_AlkPhos or 

Ser_GGT, is indicative of even more severe liver injury. 

Table 5.6. The five rules based on descriptors and predicted properties used to assed toxicity risk. 

Parameter Rule of toxicity risk 

hERG hERG_FILTER = Yes and hERG_pIC50 > [5.5,6.0] (potential hERG liability) 

rat Rat_ Acute < [200,300] (acute toxicity in rats) 

Xm: Mouse_TD50 < [25,40] (carcinogenicity in chronic mouse studies) 

HEPX Ser_AST = Elevated and Ser_ALT = Elevated and 

Ser_LDH = Elevated (liver enzymes elevated in serum) 

MUT MUT_Risk > 1 

hERG, human Ether-a-go-go Related Gene; hERG_FILTER, qualitative estimation of the likelihood of the hERG 

potassium channel inhibition in human hERG_pIC50, a measure of affinity towards hERG K+channel and 

potential for cardiac toxicity [mol/L], Rat_acute, LD50 for lethal rat acute toxicity by any mechanism [mg/kg] 

Xm, carcinogenicity in chronic mouse studies, Mouse_TD50, the TD50 is the dose of a substance given to mice 

orally throughout their lifetimes resulting in half of the population experiencing tumors [mg/kg/day]; HEPX, 

Hepatotoxicity; Ser_AST serum aspartic acid transaminase, Ser_ALT serum alanine transaminase; Ser_LDH 

serum lactate dehydrogenase 

 

5.5.2.1.4 Mutation risk 

The mutation risk component of toxicity risk and ADMET risk integrates the 10 test predictions 

from Simulation Plus in silico Ames tests for mutagenicity. It exceeds 1.0 for 15% of the 

focused WDI subset and exceeds 1.2 for 9% of it. Most of the individual toxicity risk rules are 

rather conservative, with each individual rule being violated to some extent by 7-16% of in-

scope predictions for WDI reference set. Toxicity risk is greater than 2.0 for 6% of the focused 

WDI after default out-of-scope risk penalties have been factored in; it is equal to 2.0 for 10% 

of it. 
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5.5.2.1.5 Summary of ADMET parameters and recommended ranges 

The criteria used to set the ADMET scores (Table 5.7) are based on predictions for a refined 

reference subset drawn from the WDI and developed in ADMET modules by Simulation Plus 

(all the cited criteria and their scores are found in the manual provided by ADMET Predictor®). 

 

Table 5.7. Overview of ADMET parameters with their recommended ranges. 

Parameter 
Recommended 

Range 
Comments 

ADMET_Risk < 7 
Includes components of all risk models as well as fraction 

unbound to plasma and volume of distribution. 

Absn_Risk < 4 

Considers size, rotational bonds, hydrogen bonding 

capacity, polar surface area, permeability, lipophilicity, 

solubility. 

TOX_Risk < 2 
Consists of hERG, acute toxicity in rats, carcinogenicity 

in chronic rat/mouse studies, hepatotoxicity, mutation. 

MUT_Risk < 2 
Comprises of Ames mutagenicity test, which tests for 

mutagenic capacity of compounds in bacteria. 

CYP_Risk < 2 

Includes inhibition of CYPs 1A2, 2C19, 2C9, 2D6, and 

3A4, excessive clearance, and inhibition of midazolam or 

testosterone. 

 

5.5.3 Results and Discussion 

The risk scores for fentanyl, fentanyl analogs, Brorphine and Brorphine analogs were 

calculated (Table 5.8). All risk score thresholds are illustrated in Table 5.8. The compounds 

selected were below the ADMET_risk threshold of 7. No mutation risk was predicted for all 

compounds. Only Ocfentanyl and Orphine were not predicted to have absorption risks. 

Differently, all the other compounds showed absorption risk. The highest scores detected by 

ADMET (0.096-1) includes 4F-Furanyfentanyl, Isobutyrylfentayl, Butyrylfentanyl and 4-

Fluoro-Butyrylfentanyl. 
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Table 5.8. Risk scores of Fentanyl and its analogs, Brorphine and its analogs by ADMET Predictor®. The wedge 

colors in the star plots correspond to the following: green for ADMET_Risk, blue for Absn_Risk, red for 

TOX_Risk, purple for CYP_Risk, and yellow for MUT_Risk. 

NSO Overall Risks ADMET_Risk Absn_Risk MUT_Risk TOX_Risk CYP_Risk 

 

Fentanyl 

 

2.377 

Kow; hERG; 2D6 

0.536 

Kow 
0 0.842  

hERG 

1 

2D6 

 

Acrylfentanyl 

 

2.132 

Kow; hERG; 2D6 

0.381 

Kow 
0 

0.751 

hERG 

1 

2D6 

 

Ocfentanyl 

 

1.937 

hERG;2D6; 3A4 
0 0 

0.48 
hERG 

1.457 

2D6; 3A4 

 

Furanylfentanyl 

 

3.13 

Kow;hERG; 2D6; 

3A4 

0.328 
Kow 

0 
0.978 
hERG 

1.823 
2D6; 3A4 

 

4F-Furanylfentanyl 

 

4.01 

Kow;fu; hERG; 

2D6; 3A4 

1 

Kow 
0 

1 
hERG 

2 
2D6; 3A4 

 

Isobutyrylfentanyl 

 

2.872 

Kow; hERG; 2D6 

0.966 

Kow 
0 

0.90 
hERG 

1 
2D6 

Butyrlfentanyl 

 

3.385 

Kow; hERG; 2D6; 

3A4 

1 

Kow 
0 

1 
hERG 

1.42 
2D6; 3A4 

4-Fluoro-

Butyrylfentanyl 

 

4.106 

Kow;Vd; hERG; 

rat; 2D6; 3A4 

0.966 

Kow 
0 

1.014 

hERG;rat 

2 

2D6; 3A4 

Brorphine 

 

0.87 

Kow; 2D6 

0.556 

Kow 
0 0 

0.314 

2D6 

Orphine 

 

1.009 

2D6; 3A4 
0 0 0 

1.009 
2D6; 3A4 

Fluorphine 

 

1.315 

Kow; 2D6; 3A4 

0.114 

Kow 
0 0 

1.2 

2D6; 3A4 

Chlorphine 

 

0.377 
Kow; 2D6 

0.336 
Kow 

0 0 
0.041 
2D6 

Iodorphine 

 

1.676 

Kow; 3A4 

0.774 

Kow 
0 0 

0.902 

3A4 

Kow n-Octanol/Water Partition Coefficient; hERG, human Ether-a-go-go Related Gene, a qualitative estimation 

of the likelihood of hERG potassium channel inhibition in human; rat: LD50 for lethal rat acute toxicity by any 

mechanism [mg/kg], Vd, volume of distribution, 2D6 and 3A4: cytochrome clearance, fu fraction unbound. 
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The absorption codes indicate that the detected absorption risk is related to high lipophilicity 

(Kow). In addition, the predicted toxicity risks of all the compounds were below the threshold 

of 2. However, ADMET predicted risk of cardiotoxicity (code hERG) for all the list of 

fentanyl(s) but not for Brorphine and analogs. Moreover, only 4-Fluoro-Butyrlfentanyl showed 

a code risk for rat acute toxicity (code rat). All the opioids were below the cytochrome risk. 

ADMET prediction showed cytochrome codes related to the cytochromes CYP340 and 

CYP2D6 (Table 5.8). Exceptionally, ADMET predicted a risk of Fu (fraction unbound) only 

for 4F-Furanylfentanl and a risk of Vd (volume of distribution for 4-Fluoro-Butyrylfentanyl). 

 

The prediction of ADMET parameters is one of the most reliable tools that has increasingly 

been included in the research of quantitative structure–activity relationship (QSAR) models for 

early drug discovery (Kar and Leszczynski, 2020). Due to the lack of knowledge of the 

pharmaco-toxicological effects of many NSOs, I applied in silico ADMET prediction to 

compare the toxicological effects of fentanyl and its structural analogs and Brorphine and its 

analogs. Fentanyl and Acrylfentanyl were predicted to have very similar toxicological profiles 

(risk scores and codes are very similar in all risks). This data is in accordance with our in vitro 

and in vivo data where we have found a similar pharmacodynamic profile between Fentanyl 

and Acrylfentanyl (Bilel et al., 2022, data in section 5.1).  

The absorption risk of all the compounds reveals a code related to high lipophilicity (kow) 

except for Ocfentanyl and Orphine. ADMET simulation can also reveal data for the 

physicochemical properties of the inserted conpounds. Indeed, only Ocfentanyl and Orphine 

have a LogP values below the threshold 3.5 reported in Table 5.4 (3.33 for Ocfentanyl and 3.17 

for Orphine; data not shown). In silico ADMET enables the assessment of physicochemical 

information before certified reference materials become accessible for in vitro or in vivo 

studies. Computationally derived data can offer insights into the physicochemical 

characteristics of upcoming fentanyl analogs and other NSOs that are yet to be introduced like 

Brorphine analogs (Shakmuth & kerighan 2023). 

ADMET prediction allows also to simulate cardiotoxicity risk through the qualitative 

estimation of the likelihood of human Ether-a-go-go Related Gene (hERG) potassium channel 

inhibition in human. Fentanyl and its analogs were predicted to have a high affinity to hERG 

potassium channel in human, this reflect their high cardiotoxic risk as revealed in many case 
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reports (Frisoni et al., 2019) and preclinical studies (Bilel et al., 2022, current data presented 

in chapters 4 and 5). Of note, Brorphine and its analogs did not show toxicity risk and ADMET 

did not provide hERG code related to these compounds however ADMET predicted, through 

the estimation of hERG-Filter (Table 5.4) a block of the hERG potassium channel by 

Brorphine, Fluorphine, Chlorphine and Iodorphine but not for Orphine (data not shown). The 

absence of hERG code with these compounds is that the simulated affinity for all these 

compounds is below the rule of toxicity risk related to hERG pIC50 (<5.5 mol/L) included in 

descriptors (Table 5.4). Taking the exemple of fentanyl and Brorphine the hERG pIC50 affinity 

predicted for fentanyl was 5.9 mol/L (exceeding the toxicity rule in Table 5.4), however for 

Brorphine hERG pIC50 affinity was 5.2 mol/L (data not shown). This data demonstrates that 

there is a very small difference in this predicted parameter. These results confirm the low 

cardiotoxic effect of Orphine (see section 5.3) and shed light on the importance of considering 

different parameters provided by ADMET such as (hERG Filter) to compare the cardiotoxicity 

of NSOs. The cytochrome risk provided by ADMET for the inserted opioids highlights a code 

risk related to CYP3A4 and CYP2D6. All the drugs where either substrate of CYP3A4 or 

CYP2D6 or both (Ocfentanyl, Furnaylfentanyl, 4F-Furanylfentanyl, Orphine and Fluorphine). 

Substances that undergo metabolism by cytochrome P450 enzymes, particularly CYP3A4 and 

CYP2D6, carry inherent risks related to drug interactions and pharmacokinetics. These risks 

stem from the intricate interplay of these enzymes in drug metabolism and can impact the 

efficacy and safety of various medications. The polydrug use is common in case of 

intoxications and death with NSOs including fentanyl analogs (Guerrieri et al., 2017) and 

Brorphine (Krotulski et al., 2020). Owing to genetic polymorphism in CYP3A4 and CYP2D6 

and the potential for drug interactions, these opioids pose substantial risks for considerable 

variations in serum levels (Smith, 2011). 

 

5.5.4 Conclusion 

The ADMET prediction of NSOs confirms the toxic risk related to these drugs and predicts 

important toxicokinetic parameters related to cardiotoxicity and opioids metabolism. This in 

silico tool should be validated for rapid NPS ADMET screening. 
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5.5.5 Contributions 

B.S, M.M, K.A.M and R.O designed the study. B.S performed silico ADMET prediction 

analysis and contributed to data curation and the writing of the first draft. 
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Chapter 6 General conclusion 

 

 

The rapid emergence of novel psychoactive substances (NPS) in the international drug market 

constitutes a substantial threat to public health and poses a challenge to drug policy. Frequently, 

there is limited knowledge regarding the adverse health effects and societal harms associated 

with NPS, creating a considerable obstacle for preventive measures and treatment strategies. 

The analysis and recognition of a diverse array of chemically distinct substances concurrently 

present in drug markets presents a challenging task. To address this situation, it is imperative 

to prioritize monitoring, information dissemination, early warning systems, and raising 

awareness of the risks associated with NPS. In the last few years, NSOs emergence increased 

public concerns due to their contribution in intoxications and death worldwide (Edinoff et al., 

2023). The multidisciplinary approach developed in this project is aimed at increasing 

knowledge regarding the pharmaco-toxicological aspects of NSOs. 

The pharmaco-toxicological characterization of NSOs belonging to different subclasses of 

Opioids analogs reported in published articles expands new information regarding the 

vulnerability of NSOs. In particular, the study of Bilel et al.,2021 (Bilel et al., 2021), was aimed 

to characterize a seized mixture containing 1-cyclohexyl-x-methoxybenzene derivatives that 

share structure similarities with the opioid tramadol and phencyclidine. The results of this study 

revealed that the effects of these isomers are qualitatively similar to those induced by tramadol 

and/or phencyclidine and in some tests, effects were partially blocked by naloxone 

administration suggesting the involvement of the opioid receptor system. The importance of 

this study lies in the possibility of use of these mixtures as adulterant to other synthetic opioids 

and that may increase toxicity risk in users. Understanding the effects of unclassified 

compounds will help their recognition and prohibition on the NPS market (Wong et al., 2023). 

The rates of overdose deaths involving synthetic opioids in particular fentanyl and fentanyl 

analogs, increased over 22% from 2020 to 2021 (CDCP., 2023). Understanding the effects of 

fentanyl and its analogs is of a great matter to develop strategies of prevention. Indeed, the 

study of (Montesano et al., 2021) was aimed to characterize in vitro and in vivo the metabolites 

of two fentanyl analogs (Isobutyrylfentanyl and 4F-Furanylfentanyl) seized in Italy and were 

found in cases of intoxication and death in Europe (EMCDDA, 2017). The introduction of an 

analytical approach aimed at identifying the metabolic profile of many synthetic opioids is 
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mandatory in the forensic field. In particular, it helps to understand the involvement of specific 

compounds in cases of polydrug assumption as seen with other classes of NPS (Pichini et 

al.,2022). Adding to the data published in Montesano et al., 2021, the two fentanyl analogs 

were characterized in vivo (section 5.2) in male and female animals. In addition, the 

pharmacokinetic profile was determined in both sexes. The data above reveal the sex 

differences in the pharmaco-toxicological and pharmacokinetics of Isobutyryfentanyl and 4F-

Furanylfentanyl. This information underscores the significance of incorporating considerations 

for sex differences in both preclinical and clinical pharmaco-toxicological strategies related to 

fentanyl analogs (Fattore et al., 2020). 

Other structure analogs of fentanyl (Acrylfentanyl, Ocfentanyl, Furanylfentanyl) were also 

characterized in vitro and in vivo (Bilel et al., 2022) the results of this study revealed that 

fentanyl analogs behave differently at the mu opioid receptor component unveiling the role of 

β-arrestin 2 in the pharmacology of opioids (Azevedo et al., 2020). To confirm this recent 

evidence the pharmacological effects of two other fentanyl analogs (Butyryfentanyl and 4F-

Butyrylfentanyl) that differ with the bias to β-arrestin 2 (chapter 4, section 4.2.) was 

investigated in female and male mice. Additionally, I introduced to the study an antagonist of 

CRF-1 receptor to unveil the possible involvement of stress in cardiorespiratory depression of 

opioids. 

Interestingly, the findings of the study uncovered a novel mechanism by which synthetic 

opioids might increase respiratory depression shedding new light on the role of CRF-1 

receptors in cardiorespiratory impairments by (biased β-arrestin 2) mu-agonists. This finding 

increases our understanding of mu-mediated mechanisms and may have implications for 

antidotal therapies in case of overdose with synthetic opioids (Ramos-Gonzalez et al., 2022). 

 

In order to understand the long-term effects of fentanyl and its analogs, a new approach lying 

on the investigation of genotoxicity in human cell line, particularly in terms of the ability to 

induce structural and numerical chromosomal aberrations (Gasperini et al., 2022). The results 

of this study reveal a risk of genotoxicity among fentanyl analogs. These data raise concerns 

on the histopathological and biochemical changes resulting from opioids use (section 5.1) and 

abuse (Frisoni et al., 2019). 
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The recent increase of Brorphine disponibility in the drug market of NSOs and its involvement 

in death in US and Europe has led to the necessity of investigating its pharmaco-toxicological 

effect together with it is possible emerging analogs (Orphine, Fluorphine, Chlorphine and 

Iodorphine). The data obtained from in vitro and in vivo studies (chapter 4 section 4.1 and 

chapter 5 sections 5.2-5.3) reveal that Brorphine and the piperidine benzimidazolones with 

brorphine-like characteristics act as opioid agonists, posing a significant risk to users if they 

were to emerge as NSOs (Vandeputte et al., 2023). Adding to this data Brorphine was 

characterized in vivo in female and male mice to reveal the effect of sex on its pharmaco-

toxicology (chapter 5 section 5.2). Importantly, the results obtained reveal sexual dimorphism 

in the in vivo effects of the NSO Brorphine. In particular, male mice showed more resistance 

to NLX injections in motor and respiratory tests respect to female. These findings highlight the 

higher risk of respiratory depression among male respect to female and shed light on the 

importance of sex-specific evaluation in studies involving NSOs (Fattore et al., 2020). 

Due to the need to rapidly assess the effects of exponentially emerging NSOs that pose a threat 

to users, it was essential to develop new, rapid screening methods for this purpose. The study 

of Pesavento et al., 2021 (Pesavento et al., 2021) et Bilel et al, 2023 (Bilel et al., 2023) 

introduced the use of zebrafish model for rapid screening of NSOs such as fentanyl analogs. 

Both studies validated these methods due to the similarity of the results to that of the mouse 

model including metabolites (Wagmann & Meyer, 2022). Appending to the zebrafish models, 

computational methods such as the in silico ADMET prediction tool have also been 

incorporated to my research project. The results obtained from in silico ADMET prediction of 

a series of NSOs opioids (section 5.5) are qualitatively similar to the data obtained in vivo for 

these compounds. In support of the data obtained with other NPS, in silico ADMET prediction 

should be included in the rapid screening tools for NPS (Arfè et al., 2023). 

Future studies will be focusing on implementing more analysis in silico, in vitro and in vivo 

with more recent classes of NSOs such as the class of benzimidazoles “Nitazene”. In addition, 

future studies will be focusing on the characterization of Antalarmin in vitro and in vivo and 

studying its pharmacokinetics and interaction with the opioid system to better understand the 

role of CRF-1 receptors in cardiorespiratory depression with opioids.  
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In synthesis, the comprehensive outcomes derived from the multidisciplinary approach 

employed throughout my Ph.D. project have revealed significant pharmacological insights and 

novel mechanisms related to the toxicity of NSOs. Furthermore, these findings have indicated 

the potential new tools in rapidly screening NSO. The dissemination of this information will 

contribute to increasing awareness of the risks associated with NSOs. 

 

 

 

 

  



277 

References 

 

 

Arfè, R., Bilel, S., Tirri, M., Corli, G., Bergamin, E., Serpelloni, G., Bassi, M., Borsari, M., 

Boccuto, F., Bernardi, T., Caruso, L., Alkilany, A. M., Rachid, O., Botrè, F., De-Giorgio, 

F., & Marti, M. (2023). Comprehensive evaluation of the pharmacological and 

toxicological effects of γ-valerolactone as compared to γ-hydroxybutyric acid: Insights 

from in vivo and in silico models. Drug and alcohol dependence, 252, 110951. 

https://doi.org/10.1016/j.drugalcdep.2023.110951 

Armenian, P., Vo, K. T., Barr-Walker, J., & Lynch, K. L. (2018). Fentanyl, fentanyl analogs and 

novel synthetic opioids: A comprehensive review. Neuropharmacology, 134(Pt A), 

121–132. https://doi.org/10.1016/j.neuropharm.2017.10.016 

Azevedo Neto, J., Costanzini, A., De Giorgio, R., Lambert, D. G., Ruzza, C., & Calò, G. (2020). 

Biased versus Partial Agonism in the Search for Safer Opioid Analgesics. Molecules 

(Basel, Switzerland), 25(17), 3870. https://doi.org/10.3390/molecules25173870 

Baumann, M. H., Tocco, G., Papsun, D. M., Mohr, A. L., Fogarty, M. F., & Krotulski, A. J. 

(2020). U-47700 and Its Analogs: Non-Fentanyl Synthetic Opioids Impacting the 

Recreational Drug Market. Brain sciences, 10(11), 895. 

https://doi.org/10.3390/brainsci10110895 

Bilel, S., Azevedo Neto, J., Arfè, R., Tirri, M., Gaudio, R. M., Fantinati, A., Bernardi, T., 

Boccuto, F., Marchetti, B., Corli, G., Serpelloni, G., De-Giorgio, F., Malfacini, D., 

Trapella, C., Calo', G., & Marti, M. (2022). In vitro and in vivo pharmaco-dynamic 

study of the novel fentanyl derivatives: Acrylfentanyl, Ocfentanyl and Furanylfentanyl. 

Neuropharmacology, 209, 109020. https://doi.org/10.1016/j.neuropharm.2022.109020 

Bilel, S., Azevedo, N. J., Arfè, R., Tirri, M., Gregori, A., Serpelloni, G., De-Giorgio, F., Frisoni, 

P., Neri, M., Calò, G., & Marti, M. (2020). In vitro and in vivo pharmacological 

characterization of the synthetic opioid MT-45..Neuropharmacology,171, 108110. 

https://doi.org/10.1016/j.neuropharm.2020.108110 

Bilel, S., Murari, M., Pesavento, S., Arfè, R., Tirri, M., Torroni, L., Marti, M., Tagliaro, F., & 

Gottardo, R. (2023). Toxicity and behavioural effects of ocfentanil and 2-

furanylfentanyl in zebrafish larvae and mice. Neurotoxicology,95,83–93. 

https://doi.org/10.1016/j.neuro.2023.01.003 

Bilel, S., Tirri, M., Arfè, R., Sturaro, C., Fantinati, A., Cristofori, V., Bernardi, T., Boccuto, F., 

Cavallo, M., Cavalli, A., De-Giorgio, F., Calò, G., & Marti, M. (2021). In Vitro and In 

Vivo Pharmaco-Toxicological Characterization of 1-Cyclohexyl-x-methoxybenzene 

Derivatives in Mice: Comparison with Tramadol and PCP. International journal of 

molecular sciences, 22(14), 7659. https://doi.org/10.3390/ijms22147659 

Bohn, L. M., Lefkowitz, R. J., Gainetdinov, R. R., Peppel, K., Caron, M. G., & Lin, F. T. (1999). 

Enhanced morphine analgesia in mice lacking beta-arrestin 2. Science (New York, N.Y.), 

286(5449), 2495–2498. https://doi.org/10.1126/science.286.5449.2495 

https://doi.org/10.1016/j.drugalcdep.2023.110951
https://doi.org/10.1016/j.neuropharm.2017.10.016
https://doi.org/10.3390/molecules25173870
https://doi.org/10.3390/brainsci10110895
https://doi.org/10.1016/j.neuropharm.2022.109020
https://doi.org/10.1016/j.neuropharm.2020.108110
https://doi.org/10.1016/j.neuro.2023.01.003
https://doi.org/10.3390/ijms22147659
https://doi.org/10.1126/science.286.5449.2495


278 

Centers for Disease Control and Prevention (CDC) (2008). Nonpharmaceutical fentanyl-

related deaths--multiple states, April 2005-March 2007. MMWR. Morbidity and 

mortality weekly report, 57(29), 793–796. 

https://www.cdc.gov/mmwr/preview/mmwrhtml/mm5729a1.htm 

Centers for Disease Control and Prevention (CDC). https:// 

emergency.cdc.gov/han/han00384.asp (Accessed December 2017). 

Centers for Disease Control and Prevention (CDCP) Fentanyl. 

https://www.cdc.gov/opioids/basics/fentanyl.html 

Concheiro, M., Chesser, R., Pardi, J., & Cooper, G. (2018). Postmortem Toxicology of New 

Synthetic Opioids. Frontiers in pharmacology, 9, 1210. 

https://doi.org/10.3389/fphar.2018.01210 

Coppola, M., & Mondola, R. (2015). AH-7921: a new synthetic opioid of abuse.Drug and 

alcohol review, 34(1), 109–110. https://doi.org/10.1111/dar.12216 

Corli, G., Tirri, M., Arfè, R., Marchetti, B., Bernardi, T., Borsari, M., Odoardi, S., Mestria, S., 

Strano-Rossi, S., Neri, M., Gaudio, R. M., Bilel, S., & Marti, M. (2023). Pharmaco-

Toxicological Effects of Atypical Synthetic Cathinone Mephtetramine (MTTA) in 

Mice: Possible Reasons for Its Brief Appearance over NPSs Scene. Brain sciences, 

13(2), 161. https://doi.org/10.3390/brainsci13020161 

DECISIONE (UE) 2022/391 DEL CONSIGLIO del 3 marzo 2022. https://eur-

lex.europa.eu/legal content/IT/TXT/PDF/?uri=CELEX:32022D0391 

Dhaliwal A, Gupta M. Physiology, Opioid Receptor. [Updated 2023 Jul 24]. In: StatPearls 

[Internet]. Treasure Island (FL): StatPearls Publishing; 2023 Jan-. Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK546642/ 

Di Trana, A., & Del Rio, A. (2020). Fentanyl analogues potency: what should be known. La 

Clinica terapeutica, 171(5), e412–e413. https://doi.org/10.7417/CT.2020.2250 

European Commission. (2021) European Commission “Brorphine” Database Search. 

https://ec.europa.eu/growth/toolsdatabases/tris/en/search/?trisaction=search.results 

(accessed Feb 5, 2021). 

European Monitoring Center for drugs and Drug Addiction (2020): Looking back on 25 years 

of annual reporting on the drugs problem in Europe. 

https://www.emcdda.europa.eu/publications/brochures/25-years-annual-reporting_en# 

European Monitoring Center for drugs and Drug Addiction. New psychoactive substances 

(NPS). https://www.emcdda.europa.eu/topics/nps_en 

European monitoring Center for Drugs and Drug Addiction. Risk assessment. assessment 

report on a new psychoactive substance. N-phenyl-N-[1-(2-phenylethyl) piperidin-4-yl] 

furan-2-carboxamide (franylfentanyl) 

https://www.emcdda.europa.eu/publications/joint-reports/furanylfentanyl_en 

European Monitoring Centre for Drugs and Drug Addiction (2012): FENTANYL IN EUROPE 

EMCDDA TRENDSPOTTER STUDY. Report from an EMCDDA expert meeting 9 to 

https://www.cdc.gov/mmwr/preview/mmwrhtml/mm5729a1.htm
https://www.cdc.gov/opioids/basics/fentanyl.html
https://doi.org/10.3389/fphar.2018.01210
https://doi.org/10.1111/dar.12216
https://doi.org/10.3390/brainsci13020161
https://www.ncbi.nlm.nih.gov/books/NBK546642/
https://doi.org/10.7417/CT.2020.2250
https://www.emcdda.europa.eu/publications/brochures/25-years-annual-reporting_en
https://www.emcdda.europa.eu/topics/nps_en
https://www.emcdda.europa.eu/publications/joint-reports/furanylfentanyl_en


279 

10 October 2012. https://www.emcdda.europa.eu/publications/scientific-

studies/2012/trendspotters-report_en 

European Monitoring Centre for Drugs and Drug Addiction (2020). Isotonitazene. Report on 

the risk assessment of N,N-diethyl-2-[[4-(1-methylethoxy)phenyl]methyl]-5-nitro-

1Hbenzimidazole-1-ethanamine (isotonitazene) in accordance with Article 5c of 

Regulation (EC) No 1920/2006 (as amended) 

European Monitoring Centre for Drugs and Drug Addiction (2023), European Drug Report 

2023: Trends and Developments, 

https://www.emcdda.europa.eu/publications/european-drug-report/2023_en 

Fattore, L., Marti, M., Mostallino, R., & Castelli, M. P. (2020). Sex and Gender Differences in 

the Effects of Novel Psychoactive Substances. Brain sciences, 10(9), 606. 

https://doi.org/10.3390/brainsci10090606 

Fels, H., Krueger, J., Sachs, H., Musshoff, F., Graw, M., Roider, G., & Stoever, A. (2017). Two 

fatalities associated with synthetic opioids: AH-7921 and MT-45. Forensic science 

international, 277, e30–e35. https://doi.org/10.1016/j.forsciint.2017.04.003 

Frisoni, P., Bacchio, E., Bilel, S., Talarico, A., Gaudio, R. M., Barbieri, M., Neri, M., & Marti, 

M. (2018). Novel Synthetic Opioids: The Pathologist's Point of View. Brain sciences, 

8(9), 170. https://doi.org/10.3390/brainsci8090170 

Gerges, S. H., & El-Kadi, A. O. S. (2023). Sexual Dimorphism in the Expression of 

Cytochrome P450 Enzymes in Rat Heart, Liver, Kidney, Lung, Brain, and Small 

Intestine. Drug metabolism and disposition: the biological fate of chemicals, 51(1), 81–

94. https://doi.org/10.1124/dmd.122.000915 

Golbamaki, A., Cassano, A., Lombardo, A., Moggio, Y., Colafranceschi, M., & Benfenati, E. 

(2014). Comparison of in silico models for prediction of Daphnia magna acute toxicity. 

SAR and QSAR in environmental research, 25(8), 673–694. 

https://doi.org/10.1080/1062936X.2014.923041 

Grafinger, K. E., Wilde, M., Otte, L., & Auwärter, V. (2021). Pharmacological and metabolic 

characterization of the novel synthetic opioid brorphine and its detection in routine 

casework. Forensic science international,327, 110989. 

https://doi.org/10.1016/j.forsciint.2021.110989 

Helander, A., Bäckberg, M., & Beck, O. (2014). MT-45, a new psychoactive substance 

associated with hearing loss and unconsciousness. Clinical toxicology (Philadelphia, 

Pa.), 52(8), 901–904. https://doi.org/10.3109/15563650.2014.943908 

Jannetto, P. J., Helander, A., Garg, U., Janis, G. C., Goldberger, B., & Ketha, H. (2019). The 

Fentanyl Epidemic and Evolution of Fentanyl Analogs in the United States and the 

European Union. Clinical chemistry, 65(2), 242–253. 

https://doi.org/10.1373/clinchem.2017.281626 

Kaplovitch, E., Gomes, T., Camacho, X., Dhalla, I. A., Mamdani, M. M., & Juurlink, D. N. 

(2015). Sex Differences in Dose Escalation and Overdose Death during Chronic Opioid 

Therapy: A Population-Based Cohort Study. PloS one, 10(8), e0134550. 

https://doi.org/10.1371/journal.pone.0134550 \ 

https://www.emcdda.europa.eu/publications/scientific-studies/2012/trendspotters-report_en
https://www.emcdda.europa.eu/publications/scientific-studies/2012/trendspotters-report_en
https://www.emcdda.europa.eu/publications/european-drug-report/2023_en
https://doi.org/10.3390/brainsci10090606
https://doi.org/10.1016/j.forsciint.2017.04.003
https://doi.org/10.3390/brainsci8090170
https://doi.org/10.1124/dmd.122.000915
https://doi.org/10.1080/1062936X.2014.923041
https://doi.org/10.1016/j.forsciint.2021.110989
https://doi.org/10.3109/15563650.2014.943908


280 

Kar, S., & Leszczynski, J. (2020). Open access in silico tools to predict the ADMET profiling 

of drug candidates. Expert opinion on drug discovery, 15(12), 1473–1487. 

https://doi.org/10.1080/17460441.2020.1798926 

Klebacher, R., Harris, M. I., Ariyaprakai, N., Tagore, A., Robbins, V., Dudley, L. S., Bauter, R., 

Koneru, S., Hill, R. D., Wasserman, E., Shanes, A., & Merlin, M. A. (2017). Incidence 

of Naloxone Redosing in the Age of the New Opioid Epidemic. Prehospital emergency 

care, 21(6), 682–687. https://doi.org/10.1080/10903127.2017.1335818 

Krotulski AJ, Fogarty MF, Logan BK (2020) Para-methyl-AP-237. April 13, 2020. 

https://www.npsdiscovery.org/wp-content/uploads/2020a/04/para-Methyl-AP 

237_041320_NMSLabs_Report.pdf.. Accessed 14 Apr 2020 

Krotulski AJ, Walton SE, Mohr ALA, Logan BK. Trend Report Q1 2023: NPS opioids in the 

United States. NPS Discovery. 2023. https://www.cfsre.org/nps-discovery/trend-

reports/nps-opioids/report/49?trend_type_id=2. Accessed 26 December 2022. 

Krotulski, A. J., Papsun, D. M., Noble, C., Kacinko, S. L., & Logan, B. K. (2021). Brorphine-

Investigation and quantitation of a new potent synthetic opioid in forensic toxicology 

casework using liquid chromatography-mass spectrometry. Journal of forensic 

sciences, 66(2), 664–676. https://doi.org/10.1111/1556-4029.14623 

Krotulski, A. J., Papsun, D. M., Noble, C., Kacinko, S. L., & Logan, B. K. (2021). Brorphine-

Investigation and quantitation of a new potent synthetic opioid in forensic toxicology 

casework using liquid chromatography-mass spectrometry. Journal of forensic 

sciences, 66(2), 664–676. https://doi.org/10.1111/1556-4029.14623 

Lopes, G. S., Bielinski, S., Moyer, A. M., Jacobson, D. J., Wang, L., Jiang, R., Larson, N. B., 

Miller, V. M., Zhu, Y., Cavanaugh, D. C., & St Sauver, J. (2021). Sex differences in type 

and occurrence of adverse reactions to opioid analgesics: a retrospective cohort study. 

BMJ open, 11(6), e044157. https://doi.org/10.1136/bmjopen-2020-044157 

Montesano, C., Vincenti, F., Fanti, F., Marti, M., Bilel, S., Togna, A. R., Gregori, A., Di Rosa, 

F., & Sergi, M. (2021). Untargeted Metabolic Profiling of 4-Fluoro-Furanylfentanyl and 

Isobutyrylfentanyl in Mouse Hepatocytes and Urine by Means of LC-HRMS. 

Metabolites, 11(2), 97. https://doi.org/10.3390/metabo11020097 

Papsun, D., Krywanczyk, A., Vose, J. C., Bundock, E. A., & Logan, B. K. (2016). Analysis of 

MT-45, a Novel Synthetic Opioid, in Human Whole Blood by LC-MS-MS and its 

Identification in a Drug-Related Death. Journal of analytical toxicology, 40(4), 313–

317. https://doi.org/10.1093/jat/bkw012 

Peng, J., Sarkar, S., & Chang, S. L. (2012). Opioid receptor expression in human brain and 

peripheral tissues using absolute quantitative real-time RT-PCR. Drug and alcohol 

dependence, 124(3), 223–228. https://doi.org/10.1016/j.drugalcdep.2012.01.013 

Pérez-Mañá, C., Papaseit, E., Fonseca, F., Farré, A., Torrens, M., & Farré, M. (2018). Drug 

Interactions With New Synthetic Opioids. Frontiers in pharmacology, 9, 1145. 

https://doi.org/10.3389/fphar.2018.01145 

https://doi.org/10.1080/17460441.2020.1798926
https://doi.org/10.1080/10903127.2017.1335818
https://www.npsdiscovery.org/wp-content/uploads/2020a/04/para-Methyl-AP%20237_041320_NMSLabs_Report.pdf
https://www.npsdiscovery.org/wp-content/uploads/2020a/04/para-Methyl-AP%20237_041320_NMSLabs_Report.pdf
https://doi.org/10.1111/1556-4029.14623
https://doi.org/10.1111/1556-4029.14623
https://doi.org/10.1136/bmjopen-2020-044157
https://doi.org/10.3390/metabo11020097
https://doi.org/10.1093/jat/bkw012
https://doi.org/10.1016/j.drugalcdep.2012.01.013
https://doi.org/10.3389/fphar.2018.01145


281 

Pergolizzi, J., Jr, Raffa, R., LeQuang, J. A. K., Breve, F., & Varrassi, G. (2023). Old Drugs and 

New Challenges: A Narrative Review of Nitazenes. Cureus, 15(6), e40736. 

https://doi.org/10.7759/cureus.40736 

Pesavento, S., Bilel, S., Murari, M., Gottardo, R., Arfè, R., Tirri, M., Panato, A., Tagliaro, F., 

& Marti, M. (2022). Zebrafish larvae: A new model to study behavioural effects and 

metabolism of fentanyl, in comparison to a traditional mice model. Medicine, science, 

and the law, 62(3), 188–198. https://doi.org/10.1177/00258024221074568 

Pichini S., Graziano S, Varì,M.R Pellegrin M, Marchei. E Rotolo M. C, Berretta Paolo Tini A, 

Di Trana A, Busardò F (2022). The role of analytical pharmacotoxicology in adressing 

the main functions of the National Early Warning System on NPS. Toxicologie 

Analytique et Clinique, S53, 34, Issue 3, Supplement. 

https://doi.org/10.1016/j.toxac.2022.06.063 

Rohrig, T. P., Nash, E., Osawa, K. A., Shan, X., Scarneo, C., Youso, K. B., Miller, R., & 

Tiscione, N. B. (2021). Fentanyl and Driving Impairment. Journal of analytical 

toxicology, 45(4), 389–396. https://doi.org/10.1093/jat/bkaa105 

Schackmuth, M., & Kerrigan, S. (2023). Lipophilicity of fentalogs: Comparison of 

experimental and computationally derived data. Journal of forensic sciences, 68(5), 

1542–1554. https://doi.org/10.1111/1556-4029.15324 

Schäfer, M. (2011). Mechanisms of action of opioids. In A. Evers, M. Maze, & E. Kharasch 

(Eds.), Anesthetic Pharmacology: Basic Principles and Clinical Practice (pp. 493-508). 

Cambridge: Cambridge University Press. 

https://doi.org/10.1017/CBO9780511781933.032 

Sharma, K. K., Hales, T. G., Rao, V. J., NicDaeid, N., & McKenzie, C. (2019). The search for 

the "next" euphoric non-fentanil novel synthetic opioids on the illicit drugs market: 

current status and horizon scanning. Forensic toxicology, 37(1), 1–16. 

https://doi.org/10.1007/s11419-018-0454-5 

Sharp, J. L., Pearson, T., & Smith, M. A. (2022). Sex differences in opioid receptor mediated 

effects: Role of androgens. Neuroscience and biobehavioral reviews, 134, 104522. 

https://doi.org/10.1016/j.neubiorev.2022.104522 

Smith H. S. (2011). The metabolism of opioid agents and the clinical impact of their active 

metabolites. The Clinical journal of pain, 27(9), 824–838. 

https://doi.org/10.1097/AJP.0b013e31821d8ac1 

Sobczak, M., Sałaga, M., Storr, M. A., & Fichna, J. (2014). Physiology, signaling, and 

pharmacology of opioid receptors and their ligands in the gastrointestinal tract: current 

concepts and future perspectives. Journal of gastroenterology, 49(1), 24–45. 

https://doi.org/10.1007/s00535-013-0753-x 

Solis, E., Jr, Cameron-Burr, K. T., & Kiyatkin, E. A. (2017). Heroin Contaminated with 

Fentanyl Dramatically Enhances Brain Hypoxia and Induces. Brain Hypothermia. 

eNeuro, 4(5), ENEURO.0323-17.2017. https://doi.org/10.1523/ENEURO.0323-

17.2017 

https://doi.org/10.7759/cureus.40736
https://doi.org/10.1177/00258024221074568
https://doi.org/10.1016/j.toxac.2022.06.063
https://doi.org/10.1093/jat/bkaa105
https://doi.org/10.1111/1556-4029.15324
https://doi.org/10.1017/CBO9780511781933.032
https://doi.org/10.1007/s11419-018-0454-5
https://doi.org/10.1016/j.neubiorev.2022.104522
https://doi.org/10.1097/AJP.0b013e31821d8ac1
https://doi.org/10.1007/s00535-013-0753-x
https://doi.org/10.1523/ENEURO.0323-17.2017
https://doi.org/10.1523/ENEURO.0323-17.2017


282 

Solis, E., Jr, Cameron-Burr, K. T., Shaham, Y., & Kiyatkin, E. A. (2018). Fentanyl-Induced 

Brain Hypoxia Triggers Brain Hyperglycemia and Biphasic Changes in Brain 

Temperature. Neuropsychopharmacology official publication of the American College 

of Neuropsychopharmacology, 43(4), 810–819. https://doi.org/10.1038/npp.2017.181 

Tirri, M., Arfè, R., Bilel, S., Corli, G., Marchetti, B., Fantinati, A., Vincenzi, F., De-Giorgio, F., 

Camuto, C., Mazzarino, M., Barbieri, M., Gaudio, R. M., Varani, K., Borea, P. A., Botrè, 

F., & Marti, M. (2022). In Vivo Bio-Activation of JWH-175 to JWH-018: 

Pharmacodynamic and Pharmacokinetic Studies in Mice. International journal of 

molecular sciences, 23(14), 8030. https://doi.org/10.3390/ijms23148030 

Toubia, T., & Khalife, T. (2019). The Endogenous Opioid System: Role and Dysfunction 

Caused by Opioid Therapy. Clinical obstetrics and gynecology, 62(1), 3–10. 

https://doi.org/10.1097/GRF.0000000000000409 

Towers, E. B., Setaro, B., & Lynch, W. J. (2022). Sex- and Dose-Dependent Differences in the 

Development of an Addiction-Like Phenotype Following Extended-Access Fentanyl 

Self-Administration. Frontiers in pharmacology, 13, 841873. 

https://doi.org/10.3389/fphar.2022.841873 

Tuusov, J., Vals, K., Tõnisson, M., Riikoja, A., Denissov, G., & Väli, M. (2013). Fatal poisoning 

in Estonia 2000-2009. Trends in illegal drug-related deaths. Journal of forensic and 

legal medicine, 20(1), 51–56. https://doi.org/10.1016/j.jflm.2012.04.023Ellis, C. R., 

Kruhlak, N. L., Kim, M. T., Hawkins, E. G., & Stavitskaya, L. (2018). Predicting opioid 

receptor binding affinity of pharmacologically unclassified designer substances using 

molecular docking. PloS one, 13(5), e0197734. 

https://doi.org/10.1371/journal.pone.0197734 

Uchiyama, N., Matsuda, S., Kawamura, M. et al (2013). Two new-type cannabimimetic 

quinolinyl carboxylates, QUPIC and QUCHIC, two new cannabimimetic carboxamide 

derivatives, ADB-FUBINACA and ADBICA, and five synthetic cannabinoids detected 

with a thiophene derivative α-PVT and an opioid receptor agonist AH-7921 identified 

in illegal products. Forensic Toxicol 31, 223–240. https://doi.org/10.1007/s11419-013-

0182-9 

UNDOC 2022, World Drug Report. https://www.unodc.org/unodc/en/data-and-analysis/world-

drug-report-2022.html 

UNDOC EWA, https://www.unodc.org/LSS/Page/NPS/DataVisualisations 

UNDOC. World drug report 2023. https://www.unodc.org/res/WDR-

2023/WDR23_Exsum_fin_SP.pdf 

Vandeputte, M. M., Cannaert, A., & Stove, C. P. (2020). In vitro functional characterization of 

a panel of non-fentanyl opioid new psychoactive substances. Archives of toxicology, 

94(11), 3819–3830. https://doi.org/10.1007/s00204-020-02855-7 

Vandeputte, M. M., Krotulski, A. J., Papsun, D. M., Logan, B. K., & Stove, C. P. (2021). The 

Rise and Fall of Isotonitazene and Brorphine: Two Recent Stars in the Synthetic Opioid 

Firmament. Journal of analytical toxicology, bkab082. Advance online publication. 

https://doi.org/10.1093/jat/bkab082\ 

https://doi.org/10.1038/npp.2017.181
https://doi.org/10.3390/ijms23148030
https://doi.org/10.1097/GRF.0000000000000409
https://doi.org/10.3389/fphar.2022.841873
https://doi.org/10.1371/journal.pone.0197734
https://www.unodc.org/unodc/en/data-and-analysis/world-drug-report-2022.html
https://www.unodc.org/unodc/en/data-and-analysis/world-drug-report-2022.html
https://www.unodc.org/LSS/Page/NPS/DataVisualisations
https://www.unodc.org/res/WDR-2023/WDR23_Exsum_fin_SP.pdf
https://www.unodc.org/res/WDR-2023/WDR23_Exsum_fin_SP.pdf
https://doi.org/10.1007/s00204-020-02855-7
https://doi.org/10.1093/jat/bkab082/


283 

Vandeputte, M. M., Tsai, M. M., Chen, L., Glatfelter, G. C., Walther, D., Stove, C. P., Shi, L., 

& Baumann, M. H. (2023). Comparative neuropharmacology of structurally distinct 

non-fentanyl opioids that are appearing on recreational drug markets worldwide. Drug 

and alcohol dependence, 249, 109939. 

https://doi.org/10.1016/j.drugalcdep.2023.109939 

Vandeputte, M. M., Vasudevan, L., & Stove, C. P. (2022). In vitro functional assays as a tool 

to study new synthetic opioids at the μ-opioid receptor: Potential, pitfalls and progress. 

Pharmacology &therapeutics,235, 108161. 

https://doi.org/10.1016/j.pharmthera.2022.108161 

VanHouten, J. P., Rudd, R. A., Ballesteros, M. F., & Mack, K. A. (2019). Drug Overdose Deaths 

Among Women Aged 30-64 Years - United States, 1999-2017. MMWR. Morbidity and 

mortality weekly report, 68(1), 1–5. https://doi.org/10.15585/mmwr.mm6801a1 

Vasudevan, L., Vandeputte, M., Deventer, M., Wouters, E., Cannaert, A., & Stove, C. P. (2020). 

Assessment of structure-activity relationships and biased agonism at the Mu opioid 

receptor of novel synthetic opioids using a novel, stable bio-assay platform. 

Biochemical pharmacology, 177, 113910. https://doi.org/10.1016/j.bcp.2020.113910 

Velagapudi, V., & Sethi, R. (2023). Illicit Non-Pharmaceutical Fentanyl and Its Analogs: A 

Short Review of Literature. Kansas journal of medicine, 16, 25–27. 

https://doi.org/10.17161/kjm.vol16.18555 

Verougstraete, N., Vandeputte, M. M., Lyphout, C., Cannaert, A., Hulpia, F., Van Calenbergh, 

S., Verstraete, A. G., & Stove, C. (2021). First Report on Brorphine: The Next Opioid 

on the Deadly New Psychoactive Substance Horizon? Journal of analytical toxicology, 

44(9), 937–946. https://doi.org/10.1093/jat/bkaa094 

Vigolo, A., Ossato, A., Trapella, C., Vincenzi, F., Rimondo, C., Seri, C., Varani, K., Serpelloni, 

G., & Marti, M. (2015). Novel halogenated derivates of JWH-018: Behavioral and 

binding studies in mice. Neuropharmacology, 95, 68–82. 

https://doi.org/10.1016/j.neuropharm.2015.02.008 

Vincenti F., Pagano F., Montesano C., Sciubba F., Di Cocco M.E., Gregori A., Rosa F.D., 

Lombardi L., Sergi M., Curini R (2020). Multi-analytical characterization of 4-fluoro-

furanyl fentanyl in a drug seizure. Forensic Chem. ;21:100283. 

https://doi.org/10.1016/j.forc.2020.100283 

Wagmann, L., & Meyer, M. R. (2022). Reviewing toxicokinetics with a focus on metabolism 

of new psychoactive substances in the zebrafish (larvae) model. WIREs Forensic 

Science, 4(4), e1454. https://doi.org/10.1002/wfs2.1454 

Wightman, R. S., Perrone, J., Scagos, R., Hallowell, B. D., Krieger, M., Li, Y., McGregor, A. 

J., Nelson, L. S., & Marshall, B. D. L. (2021). Toxicological and pharmacologic sex 

differences in unintentional or undetermined opioid overdose death. Drug and alcohol 

dependence, 227, 108994. https://doi.org/10.1016/j.drugalcdep.2021.108994 

Wong S L, Teng LN, Tan, J, Pan, J (2023) Screening unknown novel psychoactive substances  

using GC–MS based machine learning, Forensic Chemistry,34, 100499. 

https://doi.org/10.1016/j.forc.2023.100499 

https://doi.org/10.1016/j.drugalcdep.2023.109939
https://doi.org/10.1016/j.pharmthera.2022.108161
https://doi.org/10.15585/mmwr.mm6801a1
https://doi.org/10.1016/j.bcp.2020.113910
https://doi.org/10.17161/kjm.vol16.18555
https://doi.org/10.1093/jat/bkaa094
https://doi.org/10.1016/j.neuropharm.2015.02.008
https://doi.org/10.1016/j.forc.2020.100283
https://doi.org/10.1002/wfs2.1454
https://doi.org/10.1016/j.drugalcdep.2021.108994
https://doi.org/10.1016/j.forc.2023.100499


284 

Wood, J. D., & Galligan, J. J. (2004). Function of opioids in the enteric nervous system. 

Neurogastroenterology and motility, 16 Suppl 2, 17–28. https://doi.org/10.1111/j.1743-

3150.2004.00554.x 

Zawilska, J. B., Adamowicz, P., Kurpeta, M., & Wojcieszak, J. (2023). Non-fentanyl new 

synthetic opioids - An update. Forensic science international, 349, 111775. 

https://doi.org/10.1016/j.forsciint.2023.111775 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1111/j.1743-3150.2004.00554.x
https://doi.org/10.1111/j.1743-3150.2004.00554.x
https://doi.org/10.1016/j.forsciint.2023.111775


285 

Appendix A 

 

 

Supplementary Materials to “Elucidating the harm potential of brorphine analogues as 

new psychoactive substances: Synthesis, in vitro, and in vivo characterization” 

Marthe M. Vandeputte1,*, Sabrine Bilel2,*, Micaela Tirri2, Giorgia Corli2, Marta Bassi2, Nathan 

K. Layle3, Anna Fantinati4, Donna Walther5, Donna M. Iula3, Michael H. Baumann5, 

Christophe P. Stove1,+, Matteo Marti2,6,+ 

1Laboratory of Toxicology, Department of Bioanalysis, Faculty of Pharmaceutical Sciences, 

Ghent University, Ghent, Belgium 
2Department of Translational Medicine, Section of Legal Medicine and LTTA Centre, 

University of Ferrara, Ferrara, Italy 
3Forensic Chemistry Division, Cayman Chemical Company, Ann Arbor, MI 48108, USA 
4Department of Environmental and Prevention Sciences, University of Ferrara, Via Fossato di 

Mortara, Ferrara, Italy 
5Designer Drug Research Unit (DDRU), Intramural Research Program, National Institute on 

Drug Abuse, National Institutes of Health, Baltimore, MD 21224, USA 
6Collaborative Center of the National Early Warning System, Department for Anti-Drug 

Policies, Presidency of the Council of Ministers, Italy 

 
*,+ Contributed equally.  

 

Corresponding Authors: 

Matteo Marti  

Department of Translational Medicine, Section of Legal Medicine, University of Ferrara, 

Ferrara, Italy. 

Phone +39 0532 455781, fax +39 0532 455777 

matteo.marti@unife.it 

 

Christophe Stove 

Laboratory of Toxicology, Department of Bioanalysis, Faculty of Pharmaceutical Sciences, 

Ghent University, Ghent, Belgium. 

Phone +32 (0) 9 264 81 35 

Christophe.Stove@ugent.be 

 

 

mailto:matteo.marti@unife.it
mailto:Christophe.Stove@ugent.be


286 

Supplementary Figures 

 

Figure A.1. General synthetic route to compounds 2a-2e. The piperidine benzimidazolones were synthesized in 

one step from commercially available 4-(2-keto-1-benzimidazolinyl)piperidine (1) and a corresponding 

phenylacetone (where R = H, F, Cl, Br, or I) using standard reductive amination conditions [1]. With the exception 

of brorphine (which was converted to its corresponding hydrochloride using 2M HCl in diethyl ether and tested 

as such), all analogues were isolated and purified as free bases prior to testing.   

 

 

Figure A2. A. Semi-quantitative bias plot. Comparison of the extent of mini-Gαi and βarr2 recruitment for the 

different compounds as determined in the respective MOR activation assays (% activation is relative to 

hydromorphone at the different tested concentrations). B. Quantitative bias plot. Bias factors (β) ± standard error 

of the mean (SEM) (calculated from three independent experiments) are plotted for all compounds. 

Hydromorphone was used as unbiased reference agonist (β = 0, not shown). A positive (negative) bias factor 

indicates a preference towards the βarr2 (mini-Gαi) pathway. No statistically significant biased agonism was 

detected.  
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Figure A.3. Time-course of drug effects after systemic administration of orphine, fluorphine, chlorphine, and 

iodorphine (0.01–15 mg/kg IP) in the tail pinch test (panels A, C, E and G). Panels B, D, F and H: Time-course 

of the impact of naloxone (6 mg/kg IP) on the effects of a high dose of orphine, fluorphine, chlorphine, and 

iodorphine (15 mg/kg IP). Data are expressed as percentage of maximum possible effect (%MPE, see materials 

and methods in the main text) and represent the mean ± SEM as determined in 8 animals for each treatment 

regimen. Statistical analysis was performed by two-way ANOVA followed by the Bonferroni test for multiple 

comparisons. Solid symbols indicate significant effects compared to vehicle (p< 0.05); Hash symbols indicate 

significant effects compared to naloxone + agonist treatment (p< 0.05) 
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Figure A.4. Time-course of drug effects after systemic administration of orphine, fluorphine, chlorphine, and 

iodorphine (0.01-15 mg/kg IP) in the tail withdrawal test (panels A, C, E, and G). Panels B, D, F, and H: Time-

course of the impact of naloxone (6 mg/kg IP) on the effects of a high dose of orphine, fluorphine, chlorphine, and 

iodorphine (15 mg/kg IP). Data are expressed as percentage of maximum possible effect (%MPE, see materials 

and methods in the main text) and represent the mean ± SEM as determined in 8 animals for each treatment 

regimen. Statistical analysis was performed by two-way ANOVA followed by the Bonferroni test for multiple 

comparisons. Solid symbols indicate significant effects compared to vehicle (p<0.05); Hash symbols indicate 

significant effects compared to naloxone + agonist treatment (p< 0.05).  
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Figure A.5. Comparison of dose-response curves for orphine, fluorphine, chlorphine, brorphine and iodorphine 

(0.01–15 mg/kg IP) in the tail pinch test (panel A) and tail withdrawal test (panel B). Data are expressed as 

percentage of maximum possible effect (%MPE, see materials and methods in the main text) and represent the 

mean ± SEM as determined in 8 animals for each treatment regimen. Statistical analysis was performed by two-

way ANOVA followed by the Bonferroni test for multiple comparisons. Solid symbols indicate significant effects 

compared to brorphine (p< 0.05). 
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Figure A.6. Time-course of drug effects after systemic administration of orphine, fluorphine, chlorphine, and 

iodorphine (15 mg/kg IP) on respiratory parameters (respiratory rate RR, breath length BL, and tidal volume TV) 

with or without naloxone (6 mg/kg IP). Data are expressed as percentage change from basal value (% change 

from basal, see materials and methods in the main text) and represent the mean ± SEM as determined in 4 animals 

for each treatment regimen. Statistical analysis was performed by two-way ANOVA followed by the Bonferroni 

test for multiple comparisons. Solid symbols indicate significant effects compared to vehicle (p< 0.05); Hash 

symbols indicate significant effects compared to naloxone + agonist treatment (p< 0.05). 
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Figure A.7. Time-course of drug effects after systemic administration of orphine, fluorphine, chlorphine, and 

iodorphine (15 mg/kg IP) on respiratory parameters (respiratory rate RR, breath length BL, and tidal volume TV) 

with or without naloxone (6 mg/kg IP). Data are expressed as percentage change from basal value (% change 

from basal, see materials and methods in the main text) and represent the mean ± SEM as determined in 4 animals 

for each treatment regimen. Statistical analysis was performed by two-way ANOVA followed by the Bonferroni 

test for multiple comparisons. Solid symbols indicate significant effects compared to brorphine (p< 0.05). 

 

Supplementary Table A1 

Table A.1. Descriptive statistics of the different in vivo tests. The statistical analysis was performed by two-way 

ANOVA followed by the Bonferroni test for multiple comparisons. 

 
F

ratio
 (DFn-DFd) 

p-value 
Treatment Time Interaction 

Tail pinch test 

(Fig 3.3-A) 
[F

6,236
=524.1] [F

6,236
=64.01] [F

36,236
=6.758] p < 0.0001 

Tail pinch test 

Brorphine+Naloxone 

(Fig 3.3-C) 

[F
3,176

=282.8] [F
6,176

=12.44] [F
18,176

=7.958] p < 0.0001 

Tail withdrawal test 

(Fig 3.3-E) 
[F

6,236
=115.8] [F

6,236
=8.920] [F

36,236
=5.732] p < 0.0001 

Tail withdrawal test 

Brorphine+Naloxone 

(Fig 3.3-E) 

[F
3,176

=411.1] [F
6,176

=79.51] [F
18,176

=27.24] p < 0.0001 

Respiratory rate 

(Fig 3.4-B) 
[F

3,960
=273.2] [F

79,960
=3.831] [F

237,960
=2.538] p < 0.0001 

Breath length 

(Fig 3.4-E) 
[F

3,960
=223.7] [F

79,960
=3.374] [F

237,960
=2.538] p < 0.0001 

Tidal volume 

(Fig 3.4-H) 
[F

3,960
=367.2] [F

79, 960
=3.624] [F

237,960
=5.892] p < 0.0001 

 

  



292 

Supplementary Materials & Methods 

 

Synthesis 

All material/reagents were purchased from commercial vendors and used without purification. 

• 1,3-dihydro-1-[1-(1-phenylethyl)-4-piperidinyl]-2H-benzimidazol-2-one (2a/orphine) 

 

A mixture of 4-(2-keto-1-benzimidazolinyl)piperidine and acetophenone was treated with 

Ti(OiPr)4 and heated to 60°C under nitrogen. The reaction mixture stirred overnight, cooled to 

room temperature and then further in an ice bath. The reaction mixture was diluted with dry 

EtOH.  In a separate flask, NaCNBH3 was dissolved in dry EtOH and the resulting solution 

was slowly added in portions to the reaction mixture. The ice bath was removed, and the 

reaction was left to stir at room temperature overnight under nitrogen. Reaction progress was 

monitored by TLC. Upon completion, the reaction mixture was concentrated to remove EtOH 

and the residue was poured into a mixture of 1:1 EtOAc:H2O, stirred rapidly at room 

temperature, and then the phases were separated. The aqueous phase was extracted with 

additional portions of EtOAc and the organics were combined, washed with H2O, brine, and 

dried over MgSO4. The organics were filtered and concentrated under reduced pressure to 

afford a crude oil. The crude material was purified by normal phase chromatography, eluting 

with a gradient of 0-5% MeOH in DCM to afford 2a (orphine) as an off-white solid (22%). 1H-

NMR (400 MHz, DMSO-d6) δ 10.82 (s, 1H), 7.3-7.4 (m, 4H), 7.2-7.3 (m, 2H), 6.9-7.0 (m, 3H), 

4.05 (tt, 1H, J=4.1, 12.3 Hz), 3.53 (q, 1H, J=6.6 Hz), 3.10 (br d, 1H, J=11.0 Hz), 2.89 (br d, 

1H, J=10.8 Hz), 2.2-2.4 (m, 2H), 2.0-2.1 (m, 1H), 1.9-2.0 (m, 1H), 1.66 (br d, 1H, J=10.8 Hz), 

1.58 (br d, 1H, J=11.0 Hz), 1.33 (d, 3H, J=6.6 Hz). MS (ESI): 322 MH+.  
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• 1-[1-[1-(4-fluorophenyl)ethyl]-4-piperidinyl]-1,3-dihydro-2H-benzimidazol-2-one 

(2b/fluorphine) 

 

This compound was prepared according to the procedure for 2a using 4’-fluoroacetophenone 

to afford 2b (fluorphine) as an off-white solid (45%).  1H-NMR (400 MHz, DMSO-d6) δ 10.82 

(s, 1H), 7.39 (dd, 2H, J=5.8, 8.4 Hz), 7.1-7.2 (m, 3H), 6.9-7.0 (m, 3H), 4.05 (tt, 1H, J=3.9, 12.1 

Hz), 3.56 (q, 1H, J=6.6 Hz), 3.06 (br d, 1H, J=10.8 Hz), 2.87 (br d, 1H, J=10.8 Hz), 2.2-2.4 

(m, 2H), 1.9-2.1 (m, 2H), 1.5-1.7 (m, 2H), 1.32 (d, 3H, J=6.6 Hz). MS (ESI): 340 MH+.  

• 1-[1-[1-(4-chlorophenyl)ethyl]-4-piperidinyl]-1,3-dihydro-2H-benzimidazol-2-one 

(2c/chlorphine) 

 

This compound was prepared according to the procedure for 2a using 4’-chloroacetophenone 

to afford 2c (chlorphine) as a pale yellow solid (26%). 1H-NMR (400 MHz, DMSO-d6) δ 10.82 

(s, 1H), 7.39 (s, 4H), 7.20 (br d, 1H, J=6.4 Hz), 6.9-7.0 (m, 3H), 4.0-4.1 (m, 1H), 3.56 (q, 1H, 

J=6.6 Hz), 3.06 (br d, 1H, J=10.8 Hz), 2.87 (br d, 1H, J=10.8 Hz), 2.2-2.4 (m, 2H), 1.9-2.1 (m, 

2H), 1.5-1.7 (m, 2H), 1.31 (d, 3H, J=6.6 Hz). MS (ESI): 356 MH+.  
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• 1-[1-[1-(4-bromophenyl)ethyl]-4-piperidinyl]-1,3-dihydro-2H-benzimidazol-2-one, 

monohydrochloride (2d/brorphine) 

 

This compound was prepared according to the procedure for 2a using 4’-bromoacetophenone, 

and the resulting product was treated with 2M HCl in diethyl ether to afford 2d (brorphine HCl) 

as an off-white solid (45%).  1H-NMR (400 MHz, DMSO-d6) δ 11.13 (br s, 1H), 10.87 (s, 1H), 

7.6-7.7 (m, 5H), 6.9-7.0 (m, 3H), 4.4-4.6 (m, 2H), 3.74 (br d, 1H, J=10.1 Hz), 3.2-3.3 (m, 1H), 

2.8-3.0 (m, 3H), 2.74 (dq, 1H, J=3.4, 12.9 Hz), 1.7-1.9 (m, 2H), 1.70 (d, 3H, J=6.9 Hz). MS 

(ESI): 400 MH+.  

• 1-(1-(1-(4-iodophenyl)ethyl)piperidin-4-yl)-1,3-dihydro-2H-benzo[d]imidazol-2-one 

(2e/iodorphine) 

 

This compound was prepared according to the procedure for 2a using 4’-iodoacetophenone to 

afford 2e (iodorphine) as a tan solid (37%). 1H-NMR (400 MHz, DMSO-d6) δ 10.82 (s, 1H), 

7.69 (d, 2H, J=8.3 Hz), 7.1-7.2 (m, 3H), 6.9-7.0 (m, 3H), 4.0-4.1 (m, 1H), 3.51 (q, 1H, J=6.6 

Hz), 2.8-3.1 (m, 2H), 2.2-2.4 (m, 2H), 1.9-2.1 (m, 2H), 1.5-1.7 (m, 2H), 1.30 (d, 3H, J=6.9 

Hz). MS (ESI): 448 MH+.  
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Radioligand binding assays  

For radioligand binding assays, 10 mM stock solutions of the reference standards were 

prepared in dimethyl sulfoxide (DMSO) (or dimethylformamide (DMF) for chlorphine) and 

stored at -80°C. On the day of an experiment, thawed aliquots were diluted in assay buffer. 

Competition binding assays were conducted as previously described [2–4]. Briefly, 0.5 g of 

thawed whole rat brains minus cerebellum (BioIVT, Westbury, NY, US; kept at -80°C) were 

homogenized in 20 mL of ice-cold Tris HCl buffer (50 mM, pH 7.5). The resulting tissue 

suspension was centrifuged twice (30,000 g, 15 min, 4°C) and the pellet was resuspended (100 

mg/mL). Competition binding experiments were initiated by adding 100 µL of the tissue 

suspension to polypropylene tubes (or glass tubes for chlorphine due to the incompatibility of 

DMF with polypropylene) containing 300 µL Tris buffer, 50 µL test drug (final concentration 

range between 20 pM and 10 µM), and 50 µL [3H]DAMGO (final concentration 1 nM). Every 

condition was run in triplicate within an experiment. Tubes containing only assay buffer or 

naloxone instead of test drug were also included. After 1 h incubation, the assay was terminated 

by rapid filtration over Whatman GF/B filters using a cell harvester (Brandel Instruments, 

Gaithersburg, MD, USA). Washed filters were transferred to 24-well plates, and Cytoscint (MP 

Biomedicals, Irvine, CA, USA) was added for radioactivity counting (Microbeta2 counter, 

Perkin Elmer). Counts per minute (cpms) were corrected for non-specific binding and were 

normalized to percent of [3H]DAMGO bound in Microsoft Excel (Redmond, WA, USA). Data 

from at least three independent experiments were combined (n = 3-5) and GraphPad Prism 9 

(San Diego, CA, USA) was used to compute Ki values following nonlinear regression analysis 

(one-site fit Ki). 

 

MOR activation assays  

For MOR activation assays, stock solutions were prepared in water (hydromorphone), 

methanol (fentanyl, morphine, brorphine), DMSO (orphine, fluorphine, iodorphine) or DMF 

(chlorphine). All solutions were kept at -20°C and diluted in Opti-MEM® prior to the 

experiments. MOR activation was monitored by means of two previously described, cell-based 

bioassays monitoring recruitment of either mini-Gαi or βarr2 (the latter in the presence of G 

protein-coupled receptor kinase 2, GRK2) [5]. Human embryonic kidney (HEK) 293T cells 

stably expressing the MOR-mini-Gαi or MOR-βarr2-GRK2 assay system were routinely 

cultured in supplemented DMEM (GlutaMAX™; including 10% heat-inactivated FBS, 100 

IU/mL penicillin, 100 µg/mL streptomycin, and 0.25 mg/L amphotericin) at 37°C in a 
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humidified atmosphere containing 5% CO2. One day prior to the assay, cells were seeded (5 x 

104 cells/well) on white, flat-bottom 96-well plates (pre-coated with poly-D-lysine) and 

incubated overnight. On the day of the assay, cells were washed twice with Opti-MEM® and 

90 µL Opti-MEM® was added to each well followed by addition of 25 µL Nano-Glo® Live 

Cell Reagent according to manufacturer’s instructions. The plate was subsequently placed in a 

Tristar 5 multimode plate reader (Berthold Technologies GmbH & Co., Bad Wildbad, 

Germany), allowing continuous monitoring of bioluminescence until stabilization of the signal 

(~13-30 min). After the equilibration, 20 µL of 6.75x concentrated stock solutions (in-well 

concentrations ranging from 10 pM to 50 µM) were added to the cells, and luminescence was 

further monitored for approximately 2 h and 15 min. Appropriate solvent controls were 

included on each plate. In line with our previous work [6], hydromorphone was used as a 

reference agonist for normalization, whereas fentanyl and morphine were included as common 

reference opioids. Each compound was run in both assays in at least 3 independent experiments 

(n = 3-5), with duplicates included for each concentration within an experiment. Using 

Microsoft Excel, absolute light units were corrected for inter-well variation and solvent 

controls before calculating areas under the curve (AUCs) [7]. AUC values were normalized to 

the maximum response of hydromorphone (set at 100%) using GraphPad Prism 9. In line with 

previous studies using the NanoBiT® system [8], data points associated with the highest 

concentration were excluded in case of an AUC reduction of ≥ 20% to avoid skewing of the 

concentration-response curves owing to cell toxicity or solubility issues. The complete data set 

was screened for outliers (standard Grubbs’ test), resulting in exclusion of 12 outliers (1.34%). 

Normalized data from independent experiments were compiled (log(agonist) versus response, 

three parameters) to obtain final potency (EC50) and efficacy (Emax; relative to hydromorphone) 

values for each test compound.  

 

Evaluation of MOR biased agonism  

The tendency of a piperidine benzimidazolone compound to induce preferential recruitment of 

either mini-Gαi or βarr2 was evaluated by calculation of the relative intrinsic activity (RAi) for 

each compound in each bioassay (HM = hydromorphone) [8–10]: 

𝑅𝐴𝑖,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑎𝑔𝑜𝑛𝑖𝑠𝑡
𝑝𝑎𝑡ℎ𝑤𝑎𝑦

=  

𝐸𝑚𝑎𝑥,𝑖

𝐸𝐶50,𝑖
𝐸𝑚𝑎𝑥,𝐻𝑀

𝐸𝐶50,𝐻𝑀

⁄ =  
𝐸𝐶50,𝐻𝑀 𝑥 𝐸𝑚𝑎𝑥,𝑖

𝐸𝑚𝑎𝑥,𝐻𝑀 𝑥 𝐸𝐶50,𝑖
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The obtained RAi values for each compound per pathway were combined into the bias factor 

(βi) according to the formula [9,10]:  

𝛽𝑖 = log (
𝑅𝐴𝑖,𝐻𝑀

𝛽𝑎𝑟𝑟2

𝑅𝐴𝑖,𝐻𝑀
𝑚𝑖𝑛𝑖−𝐺𝛼𝑖

) 

The bias factor was calculated for each compound from three independent experiments. 

Statistical analysis in GraphPad Prism 9 included non-parametric one-way ANOVA (Kruskal-

Wallis), followed by a post-hoc Dunn’s multiple comparisons test. Differences compared to the 

reference agonist hydromorphone (βHM = 0) were considered statistically significant when p < 

0.05 [8]. To visualize potential trends in pathway bias, semi-quantitative bias plots were 

generated by plotting the normalized AUC values obtained in the mini-Gαi assay against those 

obtained in the βarr2 recruitment assay. Curves were fit in GraphPad Prism 10 by means of a 

centered second order polynomial (quadratic) equation. 

 

Animals 

The animals were group-housed (5 mice per cage; floor area/animal: 80 cm2; minimum 

enclosure height: 12 cm) on a 12:12-h light–dark cycle (lights on at 6:30 AM), at a temperature 

of 20–22°C, humidity of 45–55%, and were provided ad libitum access to food (Diet 4RF25 

GLP; Mucedola, Settimo Milanese, Milan, Italy) and water [11]. In the battery of behavioral 

tests used in the safety pharmacology studies, 8 mice were used for each treatment condition 

(vehicle, 6 different doses of the test drugs, naloxone, and naloxone + one high dose of the test 

drugs; total mice used = 296). In the plethysmography studies, 4 mice were used for each 

treatment condition (vehicle, one high dose of test drugs, naloxone, and naloxone + one high 

dose of the test drugs; total mice used = 48). 

 

Tail pinch test 

A dedicated rigid probe connected to a digital dynamometer (ZP-50N, IMADA, Japan) was 

gently placed on the tail of the mouse (in the distal portion), and progressive pressure was 

applied. When the mouse flicked its tail, the pressure was stopped, and the instrument recorded 

the maximum peak of weight supported (g-force). A cut-off of 500 g-force was set to avoid 

tissue damage. The measurement was repeated three consecutive times per timepoint, and the 
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final value was calculated by averaging these three scores [11]. Acute mechanical nociception 

was measured at 0, 35, 55, 90, 145, 205, 265, and 325 min post-injection [11]. 

 

Tail withdrawal test 

The mouse was restrained in a dark plastic cylinder and half of its tail was dipped in 48°C 

water. Then, the length of time (in s) the tail was kept in the water was recorded. The test was 

repeated three times (final value represents the average), and a cut-off of 15 s was set to avoid 

tissue damage [11]. Acute thermal nociception was measured at 0, 35, 55, 90, 145, 205, 265, 

and 325 min post-injection [11]. 

 

Plethysmography analysis 

A cylinder-shaped tube (i.e., restraining tunnel) restrains the animal firmly but gently, without 

causing trauma. Animals were put in the restraining system 1 min prior to starting the 

recordings, to minimize the effects of stress, as supported by the plethysmography traces, 

showing that they were calm, with stable breathing. The experiment provides baseline 

recording for 15 min, 5 min for vehicle or drug administration, followed by a recording session 

of 60 min [12]. The vehicle used in this experiment showed a stable profile of respiratory 

parameters during the 80 min measurement [12]. 
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Supplementary Figure B.1. BRET assay. Concentration response curve to Fentanyl for mu/β-arrestin 2 

interaction measured in absence and in presence of 0.1 µM 4F-BUF. Data are the mean ± s.e.m. of 5 separate 

experiments in duplicate. 

 

 
Supplementary Figure B2: ECG and plethysmography track of BUF (6 mg/kg) and 4F-BUF (6 mg/kg) in 

cardiorespiratory responses in mice. ECG track representing basal from lead 2 (panel A), bradycardia and 

arrhythmia detected in lead 2 (panel B), basal pleth (panel C), apnea detected in lead 2 (panel D). ECG and 

plethysmography track of 4F-BUF (6 mg/kg): basal from lead 2 (panel (C), bradycardia from lead 2 (panel F), 

basal pleth (panel F) and bradypnea (panel H). Recording was performed with ecgTUNNEL system (Emka 

Technologies), and tracks were exported after analysis with iox2 software. 
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Supplementary Figure B.3. Comparison of dose response curves to BUF and 4F-BUF in cardiorespiratory 

responses in female mice. Data are expressed as percentage of basal value (see material and methods) and 

represent the mean ± SEM of 6 determinations (female) for each treatment. Statistical analysis was performed by 

two-way ANOVA followed by the Bonferroni’s test. *p<0.05 versus vehicle; +p<0.05 versus 4F-BUF. 
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Supplementary Figure B.4. Comparison of dose response curves to BUF and 4F-BUF in cardiorespiratory 

responses in male mice. Data are expressed as percentage of basal value (see material and methods) and represent 

the mean ± SEM of 6 determinations (male) for each treatment. Statistical analysis was performed by two-way 

ANOVA followed by the Bonferroni’s test. *p<0.05 versus vehicle. 
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Appendix C 

 

 

Supplementary Materials to: In vivo pharmaco-toxicological characterization of 

Brorphine and its possible emerging analogues: Orphine, Fluorphine, Chlorphine and 

Iodorphine 

 

Figure C1 Effect of the systemic administration of Orrphine, Fluorphine , Chlorphine and Iodorphine (0.01–15 

mg/kg IP) on the accelerod test (Panels, A-C-E-G). Interaction of Orrphine, Fluorphine, Chlorphine and 

Iodorphine (15 mg/kg IP) with NLX (6 mg/kg, IP.; panels B-D-F-H). Data are expressed as percentage change 

from basal (% of basal) over time and represent the mean ± SEM as determined in 8 animals for each treatment 

regimen. Statistical analysis was performed by two-way ANOVA followed by the Bonferroni test for multiple 

comparisons. ***p< 0.001 versus vehicle, ###p < 0.001 versus NLX. 
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Figure C2. Effect of the systemic administration of Orrphine, Fluorphine , Chlorphine and Iodorphine (0.01–15 

mg/kg IP) on the Grip strength test (Panels, A-C-E-G). Interaction of Orrphine, Fluorphine, Chlorphine and 

Iodorphine (15 mg/kg IP) with NLX (6 mg/kg, IP.; panels B-D-F-H). Data are expressed as percentage change 

from basal (% of basal) over time and represent the mean ± SEM as determined in 8 animals for each treatment 

regimen. Statistical analysis was performed by two-way ANOVA followed by the Bonferroni test for multiple 

comparisons. ***p< 0.001 versus vehicle, ###p < 0.001 versus NLX. 
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Figure C3. Time-course of drug effects after systemic administration of orphine, fluorphine, chlorphine, and 

iodorphine (15 mg/kg IP) on cardiorespiratory parameters (heart rate panels A-C-E-G, pulse distention panels 

B-D-F-H) with or without naloxone (6 mg/kg IP). Data are expressed as percentage change from basal value (% 

of basal) and represent the mean ± SEM as determined in 8 animals for each treatment regimen. Statistical 

analysis was performed by two-way ANOVA followed by the Bonferroni test for multiple comparisons. ***p< 

0.001 versus vehicle, ###p < 0.001 versus NLX. 
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Figure C4. Time-course of drug effects after systemic administration of orphine, fluorphine, chlorphine, and 

iodorphine (15 mg/kg IP) on cardiorespiratory parameters (breath rate panels A-C-E-G, SpO2 saturation panels 

B-D-F-H) with or without naloxone (6 mg/kg IP). Data are expressed as percentage change from basal value (% 

of basal) and represent the mean ± SEM as determined in 8 animals for each treatment regimen. Statistical 

analysis was performed by two-way ANOVA followed by the Bonferroni test for multiple comparisons. ***p< 

0.001 versus vehicle, ###p < 0.001 versus NLX. 
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Bridging gaps in NPS knowledge: Contributions from 2020 to 

2023 

 

 

My Ph.D. project primarily centers on characterizing NSOs. Yet, as a member of the laboratory 

team, I've actively contributed to various studies involving the in vivo characterization of 

diverse classes of NPS, encompassing synthetic cannabinoids, stimulants, hallucinogens, and 

sedatives. Below, you'll find a list of articles arranged in ascending order based on their 

respective publication years. 
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