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Abstract

Novel synthetic opioids are appearing in recreational drug markets worldwide as adulterants in 

heroin or ingredients in counterfeit analgesic medications. Trans-3,4-dichloro-N-[2-

(dimethylamino)cyclohexyl]-N-methyl- benzamide (U-47700) is an example of a non-fentanyl 

synthetic opioid linked to overdose deaths. Here, we examined the pharmacodynamics and 

pharmacokinetics of U-47700 in rats. Male Sprague-Dawley rats were fitted with intravenous (i.v.) 

catheters and subcutaneous (s.c.) temperature transponders under ketamine/xylazine anesthesia. 

One week later, rats received s.c. injections of U-47700 HCl (0.3, 1.0 or 3.0 mg/kg) or saline, and 

blood samples (0.3 mL) were withdrawn via i.v. catheters at 15, 30, 60, 120, 240, 480 min post-

injection. Pharmacodynamic effects were assessed at each blood withdrawal, and plasma was 

assayed for U-47700 and its metabolites by liquid chromatography tandem mass spectrometry. 

U-47700 induced dose-related increases in hot plate latency (ED50=0.5 mg/kg) and catalepsy 

(ED50=1.7 mg/kg), while the 3.0 mg/kg dose also caused hypothermia. Plasma levels of U-47700 

rose linearly as dose increased, with maximal concentration (Cmax) achieved by 15–38 min. Cmax 

values for N-desmethyl-U-47700 and N,N-didesmethyl-U-47700 were delayed but reached levels 

in the same range as the parent compound. Pharmacodynamic effects were correlated with plasma 
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U-47700 and its N-desmethyl metabolite. Using radioligand binding assays, U-47700 displayed 

high affinity for μ-opioid receptors (Ki=11.1 nM) whereas metabolites were more than 18-fold 

weaker. Our data reveal that U-47700 induces typical μ-opioid effects which are related to plasma 

concentrations of the parent compound. Given its high potency, U-47700 poses substantial risk to 

humans who are inadvertently exposed to the drug.
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1. Introduction

Since 2013, illicitly-manufactured fentanyl has fueled an epidemic of overdose fatalities in 

the Unites States (U.S.) and elsewhere (1). To add to this crisis, an increasing number of 

novel synthetic opioids (NSOs) are appearing in recreational drug markets as heroin 

adulterants or ingredients in counterfeit analgesic medications (2). Trans-3,4-dichloro-N-[2-

(dimethylamino)cyclohexyl]-N-methyl- benzamide (U-47700) is an example of a non-

fentanyl NSO that was first encountered between 2015–2016 (3) (see Figure 1 for chemical 

structure). Originally developed as a candidate medication by the Upjohn Company in the 

1970’s, U-47700 and related analogs are now being diverted for recreational misuse. An 

early preclinical investigation demonstrated that U-47700 is a μ-opioid receptor agonist in 

mice, with analgesic potency 7.5-times greater than morphine (4). In a more recent study, we 

confirmed that U-47700 is a selective and efficacious μ-opioid receptor agonist that has 

greater potency than morphine (5). While pharmacological information from human subjects 

is limited, it is tempting to speculate that U-47700 is abused due to its euphoric and 

analgesic effects.

U-47700 is implicated in many overdose deaths, though most cases were polysubstance 

users who tested positive for other illicit drugs (2,3). The reported whole blood 

concentrations of U-47700 from fatal overdose victims ranged from 8–3040 ng/mL (6–19), 

whereas whole blood concentrations from non-fatal intoxications ranged from 94–351 

ng/mL (20,21). Krotulski et al were the first to examine biotransformation of U-47700 using 

human liver microsomes and identified four main metabolites (22), with the principal 

compound being N-desmethyl-U-47700 (see Figure 1). Richeval et al analyzed human urine 

specimens from subjects exposed to U-47700 and found the same metabolites noted by 

Krotulski et al (12). Other investigations employed structure elucidation on authentic 

samples to predict U-47700 metabolites and have determined that N-desmethyl and N,N-

didesmethyl compounds predominate (10,23). No study has examined the pharmacokinetics 

or biological activity of U-47700 metabolites.

From a forensic standpoint, only two analytical methods have been reported for the 

quantitation of U-47700 and its metabolites (24,25). Rojek et al developed and validated a 

method to detect U-47700 and its metabolites in blood, and applied the method to 

postmortem human samples (N=12). More recently, our laboratory developed and validated 

a sensitive method for the quantification of U-47700, N-desmethyl-U-47700, and N,N-
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didesmethyl-U-47700 in human plasma utilizing liquid chromatography tandem mass 

spectrometry (LC-MS/MS), and cross validated the method in rat plasma (24). A major 

difference between the two reported analytical methods is that during optimization, we were 

able to chromatographically separate N,N-didesmethyl-U-47700 from a co-eluting peak 

observed in the Rojek study.

In order to better understand the pharmacology of U-47700, the pharmacokinetic profiles 

and bioactivity of drug metabolites should be evaluated. To date, no studies have examined 

pharmacodynamic and pharmacokinetic relationships for U-47700 in either humans or 

animal models. To this end, we employed our analytical method (24) to quantify U-47700 

and its metabolites in plasma samples obtained from male rats treated with subcutaneous 

(s.c.) U-47700 (0.3, 1.0, and 3.0 mg/kg). Rats for our study were fitted with indwelling 

intravenous (i.v.) catheters for repeated blood sampling, and pharmacodynamic endpoints 

were assessed at each blood withdrawal. Thus, our experimental design allowed for 

assessment of pharmacodynamic and pharmacokinetic endpoints in the same subjects. In 

separate experiments, we employed radioligand binding methods in post-mortem rat brain 

tissue to examine opioid receptor affinities for U-47700 and its N-desmethyl metabolites.

2. Materials and Methods

2.1. Reagents and Chemicals

U-47700, U-47700 HCl, N-desmethyl-U-47700, N,N-didesmethyl-U-47700, and U-47700-

d6 were purchased from Cayman Chemical Company (Ann Arbor, MI, USA). Chemicals 

and reagents used for extraction and LC-MS/MS were the highest purity available. Pooled 

blank male Sprague Dawley rat plasma preserved with sodium heparin was obtained from 

BioIVT (Medford, MA, USA). Sterile 0.9 % NaCl (saline) was obtained by Hospira, Inc 

(Lake Forest, IL, USA), while heparin saline (1000 IU/mL) was purchased from Thomas 

Scientific (Swedesboro, NJ, USA). U-47700 HCl was dissolved in saline for s.c. 

administration.

2.2 Animals and Surgery

Male Sprague-Dawley rats (300–400 g) purchased from Envigo (Frederick, MD, USA) were 

double-housed under conditions of controlled temperature (22±2°C) and humidity (45±5%), 

with ad libitum access to food and water. Lights were on from 7:00 AM to 7:00 PM. The 

National Institute on Drug Abuse (NIDA), Intramural Research Program (IRP), Animal Care 

and Use Committee approved the animal experiments, and all procedures were carried out in 

accordance with the NIH Guide for the Care and Use of Laboratory Animals. Vivarium 

facilities were fully accredited by the Association for Assessment and Accreditation of 

Laboratory Animal Care. Experiments were designed to minimize the number of animals 

included in the study.

Rats received a mixture of intraperitoneal (i.p.) ketamine (75 mg/kg) and xylazine (5 mg/kg) 

for surgical anesthesia. Once a rat was fully anesthetized, an i.v. catheter constructed of 

Silastic® (Dow Corning, Midland, MI, USA) and vinyl tubing was surgically implanted into 

the right jugular vein. Briefly, the proximal Silastic end of the catheter was advanced to the 
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atrium whereas the distal vinyl end was exteriorized on the nape of the neck and plugged 

with a metal stylet. Immediately after catheter implantation, while still under anesthesia, 

each rat received a s.c. temperature transponder (model IPTT-300, Bio Medic Data Systems, 

Seaford, DE, USA) to allow for the non-invasive measurement of body temperature (26). 

The temperature transponder emits radio frequency signals that are received by a compatible 

hand-held reader system (DAS-7006/7r, Bio Medic Data Systems). Transponders are 

cylindrical in shape, 14 × 2 mm, and were implanted on the back via a pre-packaged sterile 

guide needle. Rats were single-housed post-operatively and given at least 1 week to recover.

2.3. Experimental procedures

On the day of an experiment, rats were brought into the laboratory in their home cages and 

allowed 1 h to acclimate. Polyethylene extension tubes were attached to 1 mL tuberculin 

syringes, filled with sterile saline, and connected to the vinyl end of the catheters. The 

extension tubes were threaded outside the cages to facilitate blood sampling by an 

investigator remote from the animal. Catheters were flushed with 0.3 mL of 48 IU/mL 

heparin saline to facilitate blood withdrawal. Groups of rats (N=6 per group) received s.c. 

injections of either saline vehicle (control) or U-47700 (0.3, 1.0, and 3.0 mg/kg) on the 

lower back between the hips. We chose the s.c. route of administration to allow for the 

comparison of our pharmacodynamic findings in rats to those reported for mice that received 

s.c. U-47700 (4,5). Rats were randomly assigned to each dose group. Blood samples (300 

μL) were withdrawn via catheters immediately before (t=0) and at 15, 30, 60, 120, 240, and 

480 min following injection. Samples were collected into 1 mL tuberculin syringes, then 

transferred to 1.5 mL plastic tubes containing 5 μL of 250 mM sodium metabisulfite as a 

preservative and 5 μL of 1,000 IU/mL heparin as an anticoagulant. Blood was centrifuged at 

1000 g for 10 min at 4°C. Plasma was decanted into cryovials and stored at −80°C until 

analysis. After each blood withdrawal, an equal volume of saline solution was infused via 

the i.v. catheter to maintain volume and osmotic homeostasis.

Pharmacodynamic endpoints including catalepsy score, body temperature, and hot plate 

latency, were determined at each blood withdrawal. Behavior was observed by an 

experienced rater blind to drug treatment for 1 min prior to blood withdrawal. During the 1 

min observation period, catalepsy was scored based on three overt symptoms: immobility, 

flattened body posture, and splayed limbs. Each symptom was scored as either 1=absent or 

2=present, and catalepsy scores at each time point were summed (yielding a minimum score 

of 3 and a maximum score of 6). Next, body temperature was rapidly measured using a 

handheld reader sensitive to signals emitted by the surgically-implanted transponder. We 

chose to examine hypothermia as a representative adverse effect of U-47700, since body 

temperature is easy to measure non-invasively and it decreases in parallel with opioid-

induced bradycardia and respiratory depression (27). Blood samples were withdrawn 

immediately after temperature recording. After the blood draw, rats were placed on a hot 

plate analgesia meter (IITC Life Sciences, Woodland Hills, CA, USA) set at 52°C. Rats 

remained on the hot plate until they exhibited paw licking, flinching, or jumping in response 

to the heat stimulus, and were then returned to their home cages. Time spent on the hot plate 

was recorded using a timer triggered by a foot pedal. A 45 sec cut-off was employed to 

prevent tissue damage.
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2.4. Quantification of U-47700 and its Metabolites in Plasma

Plasma was analyzed using our previously validated method (Smith et al) (24). Briefly, 

internal standard was added to plasma (100 μL) and buffered before loading onto solid phase 

extraction cartridges. Analytes were eluted with dichloromethane:isopropyl alcohol (80:20, 

v/v) with 5% ammonium hydroxide, then dried under nitrogen and reconstituted in 50 μL of 

5 mM ammonium formate with 0.05% formic acid in water: 0.1% formic acid in methanol 

(60:40, v/v). Samples were analyzed on an Agilent 1290 Infinity II Liquid Chromatograph 

system equipped with an Agilent 6470 Triple Quadrupole Mass Spectrometer (Santa Clara, 

CA, USA). Agilent MassHunter Software was used for data acquisition and analysis of 

U-47700, N-desmethyl-U-47700, and N,N-didesmethyl-U-47700. Linear ranges were 0.1–

100 ng/mL for U-47700 and N-desmethyl-U-47700, and 0.5–100 ng/mL for N,N-

didesmethyl-U-47700. The limits of detection were 0.05 ng/mL for U-47700 and N-

desmethyl-U-47700 and 0.1 ng/mL for N,N-didesmethyl-U-47700.

2.5. Radioligand binding

Opioid receptor binding assays were carried out as described previously (28). Whole rat 

brains minus cerebellum (BioIVT, Medford, MA, USA) were thawed on ice, homogenized 

in 50 mM Tris HCl at pH 7.5 using a Brinkman Polytron (setting 6 for 20 sec), and 

centrifuged at 30,000 g for 10 min a 4° C. The supernatant was discarded, and the pellet was 

resuspended in fresh buffer and spun again at 30,000 g for 10 min. The pellet was 

resuspended to yield 100 mg/mL wet weight. Ligand binding experiments were conducted in 

polypropylene tubes containing 500 μL Tris buffer and 100 μL of tissue suspension for 1 h at 

room temperature. Radioligands were used at 1 nM final concentration. Specifically, 

[3H]DAMGO (Poly Peptide Laboratories, San Diego, CA, USA), [3H]DADLE (Poly Peptide 

Laboratires, San Diego, CA, USA) and [3H]U69,593 (Perkin Elmer Life Sciences, Waltham, 

MA, USA) were used to label μ-, δ-, and κ-opioid receptors, respectively. Non-specific 

binding was determined in the presence of 10 μM naloxone in all cases. Incubations were 

terminated by rapid vacuum filtration over Whatman GF/B filters using a cell harvester 

(Brandel Instruments, Gaithersburg, MD, USA). Filters were washed twice with ice cold 

buffer, transferred to scintillation vials, and Cytoscint (MP Biomedicals, Irvine, CA, USA) 

was added. Vials were counted the following day using a Perkin Elmer TriCarb liquid 

scintillation counter.

2.6. Data Analysis

All statistical analyses were carried out using Graph Pad Prism V.7 (San Diego, CA, USA) 

unless otherwise noted. Pharmacodynamic and pharmacokinetic data were analyzed by two-

way (treatment × time) analysis of variance (ANOVA) followed by Tukey’s post hoc tests. 

Plasma pharmacokinetic data were further evaluated using APL Pharmacokinetic Modeling 

Program (PKMP) to determine non-compartmental parameters such as half-life (t1/2), area-

under-the-curve (AUC), and maximal concentration (Cmax). The possibility of non-linearity 

for plasma analyte concentrations was evaluated by calculating expected values for AUC and 

comparing with observed values. The 0.3 mg/kg observed AUC values for each analyte were 

multiplied by 3.3 and 10 in order to calculate the expected AUC values for the 1.0 and 3.0 

mg/kg doses, respectively. The data from observed and expected AUC were compared using 
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nonparametric t-tests. Relationships between pharmacodynamic and pharmacokinetic 

endpoints were evaluated using Pearson correlation analyses, while hot plate latency data 

and plasma U-47700 concentrations were used to create hysteresis plots. Ki values for the 

radioligand binding data were determined using nonlinear regression analysis.

3. Results

3.1. Pharmacodynamic Effects of U-47700

The pharmacodynamic effects produced by U-47700 are shown in Figure 2. Rats that 

received s.c. saline injections displayed hot plate latencies that did not change post-injection, 

whereas those that received U-47700 showed dose-dependent (F[3,20]=63.9, p<0.0001) and 

time-dependent (F[6,20]=106.8, p<0.0001) increases in hot plate latency, indicative of an 

analgesic effect. Post hoc tests demonstrated that rats receiving the low dose of U-47700 (0.3 

mg/kg) showed significant increases in hot plate latency only at 15 min, whereas the higher 

doses induced more sustained effects. Rats that received 1.0 and 3.0 mg/kg U-47700 

exhibited the maximum cut-off latency of 45 seconds by 15–30 mins post-injection. 

Nonlinear regression of the mean hot plate responses over the first 120 min after injection 

revealed an ED50 of 0.5 mg/kg. Rats that received saline injection displayed no evidence of 

catalepsy, but rats that received U-47700 showed dose-dependent (F[3,20]=26.2, p<0.0001) 

and time-dependent (F[6,20]=37.9, p<0.0001) increases in immobility, flattened body 

posture, and splayed limbs, indicators of catalepsy. The lowest dose of U-47700 did not 

produce a significant change in catalepsy when compared to saline treatment, whereas the 

1.0 and 3.0 mg/kg doses caused a rapid rise in catalepsy scores. Similar to the hot plate 

findings, rats exhibited the highest catalepsy scores at 15–30 min post-injection, with 3.0 

mg/kg U-47700 producing maximal scores at the 30 min time point. Nonlinear regression of 

the mean catalepsy scores during the first 120 min after injection revealed an ED50 of 1.7 

mg/kg. U-47700 produced dose-dependent (F[3,20]=11.5, p<0.0001) and time-dependent 

(F[6,20]=20.6, p<0.0001) changes in core body temperature. Post hoc tests demonstrated 

that only the 3.0 mg/kg dose of U-47700 significantly altered temperature, with a robust 

hypothermic response from 30–120 min post-injection.

3.2. Pharmacokinetics of U-47700 and its Metabolites

Time-concentration profiles for plasma U-47700, N-desmethyl-U-47700, and N,N-

didesmethyl-U-47700 are shown in Figure 3. Pharmacokinetic data represent free, 

unconjugated analytes, as hydrolysis was not performed. Data depicted in Figure 3 were 

obtained from the same subjects shown in Figure 2, and findings from the time-

concentration profiles were used to derive pharmacokinetic constants presented in Table 1. 

U-47700 plasma concentrations increased in a dose-dependent (F[2,14]=107.2, p<0.0001) 

and time-dependent (F[6,14]=142.9, p<0.0001) manner. Cmax values were 40, 110, and 173 

ng/mL for the 0.3, 1.0, and 3.0 mg/kg doses, and the corresponding AUC values were 2169, 

9872, and 26,692 min*ng/mL, respectively. Tmax for U-47700 was achieved rapidly within 

15–38 min, while t1/2 values ranged from 68–102 min. N-desmethyl-U-47700 plasma 

concentrations rose in a dose-dependent (F[2,14]=17.0, p<0.0001) and time-dependent (F[6, 

14]=14.0, p<0.0001) manner. N-desmethyl-U-47700 Cmax values were less than those of 

U-47700 at all doses, and Tmax was delayed when compared to the parent compound. AUC 
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values for N-desmethyl-U-47700 were 1289, 8158, and 33,881 min*ng/mL for 0.3, 1.0, and 

3.0 mg/kg doses of U-47700, respectively. The plasma t1/2 values for N-desmethyl-U-47700 

were 110 and 136 min after administration of the 0.3 and 1.0 doses of U-47700. After the 

3.0 mg/kg dose of U-47700, there were insufficient data points on the descending limb of the 

N-desmethyl time-concentration curve to calculate t1/2. The plasma concentrations of N,N-

didesmethyl-U-47700 increased in a dose-dependent (F[2,14]=9.7, p<0.001) and time-

dependent manner (F[6,14]=37.9, p<0.0001), though this metabolite had even slower 

kinetics. Cmax values for N,N-didesmethyl-U-47700 were comparable to that of U-47700. 

The t1/2 values for N,N-didesmethyl-U-47700 were 126 and 301 min for 0.3 and 1.0 mg/kg 

U-47700. The t1/2 for N,N-didesmethyl-U-47700 could not be determined for the 3.0 mg/kg 

dose of U-47700, since the metabolite concentrations were still rising at 480 min post-

injection. N,N-didesmethyl-U-47700 displayed the largest AUC among all analytes, with 

values of 6427, 34,463, and 69,834 min*ng/mL for 0.3, 1.0 and 3.0 mg/kg U-47700 doses.

By comparing expected AUC values to the observed AUC values, the possibility of non-

linear accumulation of U-47700 and its metabolites was evaluated. These findings are 

summarized in Figure 4 for U-47700, N-desmethyl-U-47700, and N,N-didesmethyl-

U-47700. The only analyte with an observed AUC value greater than its expected AUC 

value was N-desmethyl-U-47700, though this difference was only statistically significant for 

the 3.0 mg/kg U-47700 dose (T[9]=2.433, p<0.05).

3.3. Correlative Relationships

Pharmacodynamic and pharmacokinetic data were obtained from the same subjects in our 

study which enabled the use of Pearson correlation analyses to evaluate relationships among 

various endpoints. Plasma U-47700 concentrations were significantly correlated with hot 

plate latency (r=0.8547, p<0.001), catalepsy scores (r=0.8512, p<0.001), and core body 

temperature (r=−0.2918, p<0.001). Likewise, N-desmethyl-U-47700 concentrations were 

correlated with hot plate latency (r=0.3420, p<0.0001), catalepsy (r=0.2537, p<0.01) and 

temperature (r=−0.5997, p<0.001). By contrast, N,N-didesmethyl-U-47700 was marginally 

correlated only with temperature (r= −0.2163, p<0.02). Because analgesia is a defining 

feature of opioid agonists, we created hysteresis plots using mean hot plate latency data and 

corresponding plasma U-47700 concentrations at each dose. Hysteresis plots are shown in 

Figure 5. At the 1.0 and 3.0 mg/kg doses of U-47700, the hysteresis progression was 

determined to be counter clockwise. The highest plasma concentrations of U-47700 at these 

doses were achieved at 30 min, and this corresponded to the maximal hot plate latency.

3.4. Radioligand Binding Results

Since metabolites of U-47700 were found at high concentrations in the bloodstream, and 

levels of N-desmethyl-U-47700 were correlated with all pharmacodynamic endpoints, we 

examined opioid receptor binding affinities for the parent compound and its metabolites. 

Morphine was included as a standard comparator drug. Opioid receptor binding data are 

summarized in Table 2. As expected, U-47700 had high affinity for μ-opioid receptors 

(Ki=11.1 nM) when compared to its affinity for δ-opioid (Ki=1220 nM) and κ-opioid 

receptors (Ki=287 nM), with μ/δ and μ/κ ratios of 110 and 26, respectively. U-47700 

displayed slightly less affinity for μ-opioid receptors when compared to morphine (Ki=2.7 
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nM), but the two compounds had similar receptor selectivity. N-desmethyl-U-47700 

displayed an 18-fold lower μ-opioid receptor affinity (Ki=206 nM) when compared to the 

parent compound, and was less selective. N,N-didesmethyl-U-47700 was even weaker at μ-

opioid receptors (Ki=4,080 nM) and had a non-selective receptor binding profile.

4. Discussion

The aim of the present investigation was to characterize the pharmacodynamic and 

pharmacokinetic relationships for U-47700, a non-fentanyl NSO that has been implicated in 

numerous overdose fatalities in the US and elsewhere (6–19). U-47700 was initially 

developed as an analgesic medication in the 1970s, but the compound was never approved 

for clinical use and is now being diverted in recreational drug markets worldwide (2,3). 

Despite its widespread availability and misuse, little information is available about the 

pharmacology of U-47700 (4,5), especially with regard to in vivo pharmacokinetics and 

metabolism. We found that U-47700 produces typical opioid-mediated analgesia and 

catalepsy in rats, with in vivo potency estimates that are greater than those reported for 

morphine (29,30). Plasma concentrations of U-47700 rose rapidly, achieved Cmax values 

within 15–38 min, and declined steadily thereafter. By contrast, plasma concentrations of N-

desmethyl metabolites increased at a slower rate and persisted in the bloodstream. N,N-

didesmethyl-U-47700 displayed especially slow elimination, suggesting this metabolite 

might serve as a sustained marker for U-47700 exposure in humans. Pharmacodynamic 

effects were significantly correlated with plasma U-47700 and N-desmethyl-U47700 but less 

so with N,N-didesmethyl-U47700. Importantly, U-47700 had high affinity for μ-opioid 

receptors (Ki=11.1 nM) while metabolites were much weaker in this respect, indicating that 

metabolites probably do not contribute to the pharmacodynamic effects of the parent drug in 
vivo.

As far as we are aware, the present findings represent the only information about 

pharmacodynamic effects of U-47700 in rats. Cheney et al demonstrated that U-47700 is a 

μ-opioid agonist in CF-1 mice with an ED50=0.2 mg/kg in the tail flick assay (4) and our 

recent data confirm this observation in CD-1 mice (5). Here we demonstrate that U-47700 

has an ED50=0.5 mg/kg s.c. in the rat hot plate assay, and this potency value is identical to 

our previous findings for the tail flick test in C57Bl/6J mice. Although we did not test 

morphine in the present experiments, reported ED50s for morphine in the rat hot plate test 

range from 5.0–9.0 mg/kg (29,31), indicating that U-47700 is approximately 10-fold more 

potent than morphine as an analgesic agent in rats. U-47700 also produced dose-dependent 

catalepsy that was characterized by immobility, flattened body posture, and splayed limbs. 

The ED50 for U-47700 to induce catalepsy was right-shifted (i.e., ED50=1.7 mg/g) when 

compared to effects of the drug in the hot plate test, and this observation agrees with the 

findings of others who found that higher doses of morphine are required to produce 

catalepsy when compare to analgesia (30,32). U-47700 produced marked hypothermia at the 

highest dose tested (3.0 mg/kg), and we recently reported similar decreases in rat body 

temperature after administration of the ultrapotent fentanyl analog, carfentanil (33). It is well 

established that effects of μ-opioid agonists on body temperature are biphasic, with 

hyperthermia at low doses but hypothermia at higher doses (34). We found no evidence for 

hyperthermia after U-47700, but the dose required to significantly reduce body temperature 
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was much greater than the doses producing analgesia. Geller et al noted hypothermic 

responses in rats given s.c. morphine doses greater than 32.0 mg/kg (34), again suggesting 

that U-47700 is about 10-fold more potent than morphine in the rat. While we used 

hypothermia as endpoint for adverse effects of U-47700, it is important to note that 

hypothermia and respiratory depression may not always correlate. These two phenomena 

could be mediated by different intracellular signaling pathways and be influenced by biased 

agonism, for example. Wong et al., 2017, have shown a correlation between hypothermia 

and respiratory depression in an inhaled carfentanil model (27), but not using other opioids. 

Thus, further research is warranted to examine the dose-response for U-47700 to induce 

respiratory depression in rodent models.

No previous studies have examined the pharmacokinetics of U-47700 in animal models. 

Here we show that U-47700 achieves plasma Cmax within 15–38 min of s.c. administration 

and displays a t1/2=68–102 min, indicating rapid absorption, metabolism and elimination in 

rats. By comparison, the t1/2 for morphine in the rat is reported to be 40–115 min, regardless 

of route of administration (35,36). Concentrations of U-47700 in blood and serum obtained 

from non-fatal human intoxications range from 8–251 ng/mL in blood and serum 

(20,21,23,37,38). Of these concentrations, Jones et al were the only investigators to report a 

concentration of U-47700 (228 ng/mL in serum) without the presence of any other illicit 

drugs of abuse (23). Extrapolation of data from rats to humans must be made with caution, 

yet the Cmax values for U-47700 that we observed in rats (40–173 ng/mL) are comparable to 

the blood concentrations observed in forensic casework. Such findings suggest that our rat 

model has translational value, at least in terms of absolute concentrations of parent drug in 

the bloodstream. On the other hand, Koch et al determined the t1/2 of U-47700 to be 6 h in 

humans, based on data from a patient who eventually died from overdose (16). The human 

t1/2 value was calculated by taking several blood samples during hospitalization and plotting 

the concentration-time curve. It seems obvious that the present study in rats is not directly 

comparable to a human patient intoxicated with U-47700. Nevertheless, the disparity 

between the t1/2 measured in rats versus that reported by Koch et al may reflect a 

fundamental difference between rats and humans, whereby the former display much faster 

clearance of most xenobiotics when compared to the latter (39,40).

The current findings characterized the in vivo pharmacokinetics of U-47700 metabolites for 

the first time in any species. The N-desmethyl metabolites of U-47700 were identified by 

Krotulski et al using human liver microsomes in vitro (22), and the present data confirm that 

rats form the same metabolites in vivo. Importantly, N-desmethyl-U-47700 and N,N-

didesmethyl-U-47700 are found at concentrations in the same range as the parent compound, 

and they display longer t1/2 values. N,N-didesmethyl-U-47700 had an especially slow 

elimination time, with concentrations still rising 480 min after the 3.0 mg/kg dose of 

U-47700. The elevations in N,N-didesmethyl-U-47700 increased linearly as the dose of 

U-47700 increased, whereas the concentrations of N-desmethyl-U-47700 appeared to 

accumulate in a nonlinear fashion. While we have no ready explanation for these 

observations, it seems possible that metabolic conversion of N-desmethyl-U-47700 to its 

N,N-didesmethyl product is saturable or perhaps rate limiting. In any case, our findings with 

U-47700 metabolites support the work of Richeval et al who suggested that N-desmethyl 
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metabolites of U-47700 could be used as forensic indicators of drug exposure that 

significantly increase the time frame for detection (12).

Because we examined pharmacodynamic effects and pharmacokinetic measures in the same 

subjects, we were able to examine correlative relationships among the various endpoints. We 

found that hot plate latency, catalepsy scores, and hypothermia were all significantly 

correlated with circulating concentrations of U-47700 and N-desmethyl-U-47700. These 

findings imply that N-desmethyl-U-47700 might be involved in mediating 

pharmacodynamic effects of systemically-administered U-47700. However, the radioligand 

binding data clearly show that N-desmethyl-U47700 displays much weaker affinity for μ-

opioid receptors (Ki=206 nM) when compared to the parent compound U-47700 (Ki=11.1 

nM). The N,N-didesmethyl metabolite is even less potent and essentially inactive at μ-opioid 

receptors (Ki=4,080 nM). The binding data reveal important structure-activity information 

showing sequential removal of N-methyl groups from the cyclohexyl amine of U-47700 

produces corresponding decreases in μ-opioid receptor affinity. Perhaps most importantly, 

the radioligand binding data indicate that metabolites of U-47700 probably do not contribute 

to pharmacodynamic effects of systemically-administered U-47700. Pain relief is a defining 

feature of μ-opioid receptor agonists. Here we show that plasma concentrations of U-47700 

are positively and significantly correlated with hot plate latency, and this relationship 

displays counterclockwise hysteresis. Other investigators have shown a similar 

counterclockwise hysteresis when examining the relationship between morphine and 

analgesic effects in rats. Van Crugten et al have attributed the lag between plasma morphine 

concentrations and observed pharmacological effects to the time required for the drug to 

cross the blood-brain barrier (41). The counter clockwise hysteresis observed in the current 

study could also be related to blood-brain barrier penetration of U-47700.

To conclude, we provide the first pharmacological characterization of the non-fentanyl 

synthetic opioid U-47700 in rats. U-47700 displays high affinity for the μ-opioid receptor in 

rat brain tissue in vitro and produces typical opioid-mediated effects in vivo. The analgesic 

potency of U-47700 is about 10-fold greater than that of morphine in the rat. Plasma 

concentrations of U-47700 and N,N-didesmethyl-U47700 rise linearly as dose increases, 

whereas N-desmethyl-U-47700 appears to accumulate in a nonlinear fashion. 

Pharmacodynamic effects of U-47700 are positively correlated with concentrations of 

U-47700 and its N-desmethylated metabolite, but both N-desmethyl metabolites display 

much weaker affinity for the μ-opioid receptor when compared to the parent compound. 

Correlation data examining U-47700 concentrations and hot plate latency demonstrate a 

counter clockwise hysteresis progression over time. Accumulating evidence shows that non-

fentanyl NSOs, including various analogs of U-47700, are appearing in recreational drug 

markets worldwide (42). Information about the biological effects of these new compounds is 

needed to inform stakeholders who are involved with responding to the threat of NSOs (43). 

To this end, the present approach for examining pharmacodynamic and pharmacokinetic 

measures in the laboratory rat might be useful for rapidly profiling the biological activity of 

U-47700 analogs and other newly-emerging drugs of abuse.
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• U-47700 induced dose-related increase in hot plate latency & catalepsy in 

male rats

• Pharmacodynamic effects were correlated with plasma U-47700 and its 

metabolite

• U-47700 displayed high affinity for μ receptor but metabolites were 10x 

weaker
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Figure 1. 
Chemical structures of U-47700 and its main metabolites
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Figure 2. 
Time-course of pharmacodynamic effects induced by s.c. saline or U-47700 (0.3, 1.0, and 

3.0 mg/kg) in male rats. Hot plate latency, catalepsy score, and core body temperature are 

presented as mean±SEM for N=6 rats in saline, 0.3, and 1.0 mg/kg groups, and N=5 rats in 

the 3.0 mg/kg group. Filled symbols represent significant differences when compared to 

saline-treated group at a given time point (p<0.05, Tukey’s).

Truver et al. Page 16

Neuropharmacology. Author manuscript; available in PMC 2021 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Time-concentration profiles for U-47700, N-desmethyl-U-47700 (N-desmethyl), and N,N-

didesmethyl-U-47700 (N,N-didesmethyl) after s.c. injection of U-47700. Findings presented 

in Figure 3 are from the same rats depicted in Figure 2. Data are mean±SEM for N=6 rats in 

the 0.3 and 1.0 mg/kg groups, and N=5 rats in the 3.0 mg/kg group. Filled symbols represent 

significant differences when compared to the low dose (0.3 mg/kg) group at a given time 

point (p<0.05, Tukey’s).
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Figure 4. 
Comparison of expected versus observed AUC values for U-47700, N-desmethyl-U-47700 

(N-desmethyl), and N,N-didesmethyl-U-47700 (N,N-didesmethyl) after s.c. administration 

of U-47700. Expected values for the 1.0 and 3.0 doses were calculated by multiplying the 

observed AUC values at 0.3 mg/kg U-47700 by a factor of 3.3 and 10, respectively. Data are 

mean±SEM. * = significant difference from corresponding expected value (p<0.05).
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Figure 5. 
Hysteresis plots for mean hot plate latency values versus U-47700 plasma concentrations at 

each dose of drug administered. Data are mean±SEM for N=6 rats in the 0.3 and 1.0 mg/kg 

groups, and N=5 rats in the 3.0 mg/kg group. Arrows represent hysteresis curve progression 

over time for 480 min.
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Table 1.

Pharmacokinetic constants for U-47700 and its N-desmethyl metabolites after s.c. administration of 0.3, 1.0, 

or 3.0 mg/kg U-47700 in male rats.

Analyte Dose (mg/kg) Cmax (ng/mL) Tmax (min) AUC (min*ng/mL) t1/2 (min) Clast (ng/mL)

U-47700

0.3 40±3 15 2169±164 82±9 0.2±0.1

1.0 110±13 38±17 9872±1063 68±4 0.8±0.3

3.0 173±9 24±9 26692±2861 102±16 8±4

N-Desmethyl-U-47700

0.3 9±4 80±13 1289±306 110±7 0.4±0.1

1.0 46±11 75±15 8158±1526 136±17 4±1

3.0 102±23 168±29 33881±8794 - 76±31

N,N-Didesmethyl-U-47700

0.3 32±11 90±13 6427±1890 126±10 3±1

1.0 108±26 160±25 34463±9920 301±84 32±17

3.0 236±31 384±59 69834±5492 - 191±46

Data are expressed as mean±SEM for N=5–6 rats/group.
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Table 2.

Opioid receptor binding affinities for U-47700 and its N-desmethyl metabolites in post-mortem rat brain 

tissue.

Compound μ-opioid receptor Ki 
(nM)

δ-opioid receptor Ki 
(nM)

κ-opioid receptor Ki 
(nM) μ/δ ratio μ/κ ratio

U-47700 11.1±0.4 1220±82 287±24 110 26

N-Desmethyl-U-47700 206±11 >10,000 1730±196 >49 8

N,N-Didesmethyl-U-47700 4080±304 >10000 6770±814 >2 >2

Morphine 2.7±0.3 261±24 101±9 97 37

Data are expressed as mean±SEM for N=3 experiments performed in triplicate.
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