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Cannabinoids modulate food 
preference and consumption 
in Drosophila melanogaster
Jianzheng He1*, Alice Mei Xien Tan1, Si Yun Ng1, Menglong Rui1 & Fengwei Yu1,2,3*

Cannabinoids have an important role in regulating feeding behaviors via cannabinoid receptors in 
mammals. Cannabinoids also exhibit potential therapeutic functions in Drosophila melanogaster, 
or fruit fly that lacks cannabinoid receptors. However, it remains unclear whether cannabinoids 
affect food consumption and metabolism in a cannabinoid receptors-independent manner in flies. 
In this study, we systematically investigated pharmacological functions of various cannabinoids 
in modulating food preference and consumption in flies. We show that flies display preferences 
for consuming cannabinoids, independent of two important sensory regulators Poxn and 
Orco. Interestingly, phyto- and endo- cannabinoids exhibit an inhibitory effect on food intake. 
Unexpectedly, the non-selective CB1 receptor antagonist AM251 attenuates the suppression of food 
intake by endocannabinoids. Moreover, the endocannabinoid anandamide (AEA) and its metabolite 
inhibit food intake and promote resistance to starvation, possibly through reduced lipid metabolism. 
Thus, this study has provided insights into a pharmacological role of cannabinoids in feeding behaviors 
using an adult Drosophila model.

Eating disorders including binge eating, and anorexia and bulimia nervosa, and obesity are characterized by 
abnormal eating behaviors and dysregulation of food intake. These have immense long-term consequences on 
physical health that could manifest to cardiovascular diseases, and on mental health that leads to both somatic 
and psychosocial  complications1. With the increasing burden on the society and healthcare system, research 
in the past decade has focused its efforts on understanding the mechanisms underlying the regulation of food 
intake and control of body weight, and ultimately developing therapeutic drug treatments to curb these issues.

Cannabis sativa, also known as marijuana, a herbaceous plant belonging to the family Cannabaceae, has 
been known for its medicinal and recreational purposes for over 5000  years2,3. Recently, it has gained recogni-
tion as a valuable source of unique compounds with various potential therapeutic  applications4–7. It has since 
been reported that more than 100 phytocannabinoids are isolated and characterized to have active interaction 
with the endocannabinoid  system8. Amongst these phytocannabinoids, Δ9-tetrahydrocannabinol (THC) and 
cannabidiol (CBD) are the most well-studied. Being a psychoactive constituent of Cannabis sativa, the use of 
THC as a pharmacological therapy is therefore limited, which draws further attention towards non-psychoactive 
phytocannabinoids. The non-psychoactive constituent CBD has shown to possess protective properties in various 
diseases including seizure, cancer and food  disorders9–11. As a neuroprotective agent, CBD has been successfully 
approved for treatment of epilepsy by the US Food and Drug Administration (FDA) in 2018. This has opened 
up avenues to further study the therapeutic values of other non-psychoactive phytocannabinoids including 
cannabidivarin (CBDV), cannabichromene (CBC) and cannabigerol (CBG)12. N-arachidonoylethanolamine 
(AEA) and 2-arachidonoylglycerol (2-AG) are the most important endocannabinoids in the canonical endo-
cannabinoid system, and many studies have documented their roles in mediating physiological processes, such 
as neuroinflammation, pain perception and metabolism, through binding to CB1/2 receptors in  mammals6,11. 
In addition, numerous synthetic cannabinoids are constructed as agonists/antagonists of CB1/2 receptors, and 
further utilized to probe into the physiological functions of the endocannabinoid  system13. Although CB1/2 
receptors are known to modulate the effects of these cannabinoids, non-canonical G protein-coupled receptors 
(GPCRs), such as transient receptor potential vanilloid (TRPV) channels, peroxisome proliferator-activated 
receptor (PPAR), orphan GPCR GPR55 and 5-HT1A, have also been reported to be pharmacological targets of 
these cannabinoids in mediating various physiological  functions11.
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The fruit fly, Drosophila melanogaster, is an excellent model as a platform for screening new drugs and unrave-
ling molecular  mechanisms14. Due to its conserved genome and sophisticated genetic tools, it has been widely 
used to study biological processes and diseases, such as obesity, neurological disorders and longevity. Despite 
the lack of canonical cannabinoid CB1/2 receptors, various orthologs of endocannabinoid-metabolized enzymes 
and non-canonical receptors are well conserved in Drosophila15,16. The major endocannabinoids, namely AEA 
and 2-AG, are expressed at low levels in Drosophila larvae as reported by some  labs17,18, although undetectable in 
other  studies19,20. Nevertheless, the endocannabinoid-like signal lipid 2-linoleoyl glycerol (2-LG) is abundant in 
 flies16,20. These raise the possibility that cannabinoids may impact on the physiology and behaviors of Drosophila. 
Interestingly, a few recent studies have highlighted potential therapeutic effects of cannabinoids in Drosophila for 
treating various human diseases including cardiovascular diseases, seizures and Parkinson’s disease despite the 
absence of a canonical cannabinoid-signaling  pathway21–23. Inhalation of vaporized marijuana leads to an increase 
in cardiac contractility in adult  flies21. Importantly, the neuroprotective effects of cannabinoids are evident with 
exogenous application of AEA and 2-AG conferring neuroprotection against seizures in multiple fly  models22. 
Pharmacological treatment with the synthetic cannabinoid CP55940, a non-selective CB1/2 receptor agonist, 
prolongs survival and restores locomotor activity against paraquat toxicity in  flies23. Thus, Drosophila is emerging 
as a valuable model to elucidate the functions and pathways mediated by cannabinoids in a CB1/2 receptors-
independent manner. However, little is known on the role of cannabinoids in food intake and metabolism in 
Drosophila. Studies using rodent models of feeding disorders have demonstrated that treatment with endocan-
nabinoids positively regulates food  consumption24–26. In contrast, exogenous AEA and 2-AG significantly inhibit 
food intake in C. elegans27. With the discrepancy in findings using different models, more research is required 
to determine the role of cannabinoids in food intake.

Here, we report cannabinoid preference and its inhibitory impact on food intake in Drosophila. We show that 
adult flies have an innate ability to detect and develop a preference for food containing cannabinoids, independ-
ent of two sensory regulators Poxn and Orco. Surprisingly, treatment with phyto- and endo- cannabinoids leads 
to a decrease in food intake. Interestingly, endocannabinoid-induced suppression in food intake is attenuated 
by AM251, a non-selective CB1 antagonist. Furthermore, we show that the endocannabinoid AEA prolongs 
starvation resistance and reduces lipid metabolism. Overall, this is the first systematic study demonstrating 
cannabinoid preference and its impact on feeding behavior in Drosophila.

Results
Flies prefer to consume food containing phytocannabinoids. The non-psychoactive phytocannabi-
noids are naturally occurring compounds derived from Cannabis sativa, and exert their biological effects via 
interaction with cannabinoid receptors or other G-protein coupled  receptors28. To investigate any potential role 
of cannabinoids in food preference in adult flies, we took advantage of the two-choice CAFE  assay29, in which 
flies are presented with cannabinoid food and proper control food in four capillaries (Fig. 1A). We first assessed 
whether flies display a preference for four phytocannabinoids, including CBD, CBDV, CBC and CBG. Flies 
were presented with various concentrations of CBD (0.01 mg/ml, 0.1 mg/ml or 1 mg/ml), CBDV, CBC or CBG 
(0.01 mg/ml or 0.1 mg/ml) in each CAFE assay. Statistical analysis shows that the flies did not exhibit obvious 
preference for food with the individual phytocannabinoids in the first 2 days (Fig. 1B–E). Interestingly, a signifi-
cant preference for these phytocannabinoids was observed in the following two days. Flies showed the preference 
for consuming food with 0.1 mg/ml or 1 mg/ml CBD on day 3 and day 4, however, appeared to prefer 0.01 mg/
ml CBD only on day 4 (Fig. 1B). These data indicate that flies possess an ability to detect CBD and develop a 
dose-dependent CBD preference over time. Likewise, food containing high concentration of CBDV (Fig. 1C), 
CBC (Fig. 1D) or CBG (Fig. 1E), was preferentially consumed by the flies on day 3 and day 4. Flies also displayed 
food preference to CBG at the lower concentration on day 4 (Fig. 1E), similar to CBD (Fig. 1B). Thus, these data 
indicate that flies can develop a delayed preference for phytocannabinoids in a dose-dependent manner.

Flies prefer to consume food with endocannabinoids and synthetic cannabinoids. We next 
extended the characterization of food preference to endocannabinoids and synthetic cannabinoids. Flies were 
presented with either of endocannabinoids, namely anandamide (AEA) and 2-arachidonoylglycerol (2-AG), 
at 0.01 mg/ml and 0.1 mg/ml (Fig. 2A,B). The preference indexes of food intake indicate a robust preference 
for food with a high concentration of AEA (Fig. 2A) and 2-AG (Fig. 2B), but not with the lower concentration. 
The strong preference for 2-AG was sustained throughout 4 days of feeding (Fig. 2B), whereas the preference 
for AEA remained consistent, albeit relatively lower, in the first 3 days (Fig. 2A). These data suggest that AEA 
accumulation may be harmful to the flies on day 4. Previous studies have reported the identification of the 
endocannabinoid-like signal lipid 2-LG, an evolutionary alternative to 2-AG in Drosophila16,20. Arachidonic acid 
(AA) supplement can promote the synthesis of 2-AG in Drosophila16. We also observed a weak but significant 
preference for food containing 2-LG only on day 3, in contrast to more robust preference for food with AA 
throughout the entire course of feeding (Fig. 2C).

With the detection of food preference for endocannabinoids in flies, we further assessed potential prefer-
ence for synthetic cannabinoids. Flies exhibited a significant preference for food containing 0.5 mM CP55940 
over 4 days (Fig. 2D), but not for another CB1/CB2 receptor agonist WIN55212-2 at the same concentration 
(Fig. 2D). Given the absence of CB1/2 receptors in the fly genome, the results suggest that these two synthetic 
cannabinoids might target distinct receptors in Drosophila. Furthermore, we also investigated potential effect 
on food preference for AM251 (0.5 mM) or AM630 (0.5 mM), two antagonists of CB1 and CB2 receptors, 
respectively. The consumption for AM251 or AM630-containing food remained similar to that for the control 
food throughout 4 days of feeding, despite a weak preference for AM630 on day 3 (Fig. 2E). Fatty acid amide 
hydrolase (FAAH), which is well conserved between mammals and Drosophila30, catabolizes AEA into AA and 
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 ethanolamine31. Treatment with PF3845, an inhibitor of mammalian FAAH, has also been shown to increase the 
endocannabinoids in fly  hemolymph30. Flies displayed a significant preference for food with 0.5 mM PF3845, 
and the preference index remained relatively high throughout 4 days of feeding (Fig. 2F). Taken together, these 
findings indicate a general preference for both endocannabinoids (AEA and 2-AG) and synthetic cannabinoid 
CP55940 in flies.

Cannabinoid preference is independent of Poxn and Orco, two important sensory regulators 
in flies. To examine whether the preferential response to cannabinoids is due to sensory stimuli in flies, we 
examined possible involvement of gustatory and olfactory functions in food preference using taste mutants 
(poxn70–23 and poxnΔM22-B5) (Fig.  3A,B), and olfaction mutants (orco1 and orco2) (Fig.  3C,D), respectively. In 
comparison to the control w1118 flies, both poxn and orco homozygotes displayed similar preference for 1 mg/ml 
CBD and 0.5 mM CP55940 over 4 consecutive days of feeding, suggesting that the preference for cannabinoids 

Figure 1.  Flies developed a preference for phytocannabinoids. (A) Schematic diagram of the CAFE assay for 
examining cannabinoid preference. Eight flies in a single vial were presented with four capillaries in which 
two contained cannabinoids and the other two with normal liquid food for four consecutive days. (B–E) Flies 
exhibited and developed preference for phytocannabinoids in a time-dependent manner. (B) Delayed preference 
for 0.1 mg/ml and 1 mg/ml CBD was detected on day 3 and day 4. A significant increase in preference for food 
containing 0.01 mg/ml CBD was observed on day 4. Flies displayed preference for food containing 0.1 mg/ml 
CBDV (C) and CBC (D) on day 3 and day 4. Similar to CBD, the preference for CBG-containing liquid food 
was significantly increased from day 2 to day 4 (n = 17–28 vials/group). Data are represented as mean ± S.E.M. 
One-sample t test was applied to determine statistical significance. *p < 0.05, **p < 0.01, and ***p < 0.001.
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in flies is modulated through a mechanism independent of two gustatory and olfactory regulators, Poxn and 
Orco, respectively.

An inhibitory effect of phytocannabinoids on food intake. The lack of gustatory and olfactory sen-
sory inputs in influencing cannabinoid preference suggests a potential pharmacological effect of these com-
pounds on metabolism in Drosophila. Phytocannabinoids have been shown to affect food intake, and can be 
developed as potential therapeutic agents for obesity  treatment12. We next investigated if phytocannabinoids 
regulate food intake in flies. The consumption of normal food by flies was quantified for two consecutive days 
following two days of cannabinoid training (Fig. 4A). Pre-treatment of the flies with higher concentrations of 
CBD at 1 mg/ml and 2 mg/ml, but not with the low concentration at 0.1 mg/ml, significantly decreased the 
total food intake on both days (Fig. 4B). The movement ability of flies was assessed to examine whether the 

Figure 2.  Flies preferentially consumed endocannabinoids and synthetic cannabinoids. Flies were presented 
with food containing endocannabinoids and synthetic cannabinoids for four consecutive days. Flies 
preferentially consumed food with endocannabinoids, including 0.1 mg/ml AEA (A), 0.1 mg/ml 2-AG (B) 
and 0.1 mg/ml AA (n = 18–21). However, a significant preference for 0.1 mg/ml 2-LG was detected only on 
day 3 (C). (D) A selective preference for 0.5 mM CB1/2 receptors agonist CP55940, but not WIN55212-2, was 
detected for four days (n = 18–20). (E) Flies did not consistently display significant preference for 0.5 mM CB1/2 
receptors antagonists AM251 or AM630 (n = 18–24). (F) Flies displayed a strong preference for 0.5 mM PF3845 
over the entire feeding course (n = 21). Data are mean ± S.E.M. One-sample t test was applied to determine 
statistical significance. *p < 0.05, **p < 0.01, and ***p < 0.001.
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effect observed in food intake was due to a decline in locomotion. In the negative geotaxis assay, the treatment 
with high concentration of CBD did not impair the climbing ability of adult flies (Figure S1A), suggesting that 
decreased food intake by CBD treatment is not attributed to altered locomotion. However, food intake was 
significantly decreased only on day 2 following the treatment with 0.1 mg/ml CBC and CBDV (Fig. 4C). No or 
negligible effect was detectable upon CBG treatment in flies (Fig. 4C). Subtle effects of CBC, CBDV and CBG 
could be due to their lower feeding concentration. We were unable to further increase the feeding concentration, 
given the low concentration of commercially available stock solutions. During the first two days of training, 
the amounts of food containing phytocannabinoids or the respective control solutions consumed by the flies 
remained similar (Figure S2). These control experiments suggest that the decrease in food intake is not caused 
by altered food consumption during the initial cannabinoid training. Thus, our results indicate that phytocan-
nabinoids elicit a functional effect on the regulation of food intake in flies.

Endocannabinoids inhibit food intake. Growing studies have reported that endocannabinoid signaling 
functions to enhance food intake through the activation of CB1 receptor in  mammals25. However, the sequence 
homology analysis indicated that canonical CB1 receptor appears to be absent in Drosophila15,32. Cannabinoids 
might function in an alternative way in flies, for example, via non-canonical cannabinoid receptors. To explore 
whether the endocannabinoids regulate food consumption, flies were pre-treated with AEA and 2-AG at the 
concentration of 0.01, 0.1 and 0.5 mg/ml in the first two days prior to the measurement of food intake in the next 
two days (Fig. 4A). The pre-treatment with higher concentrations of AEA exhibited profound effects on food 
intake whereby consumption of normal food was significantly attenuated on both days (Fig. 5A). Consistently, 
a significant reduction in food intake was observed with 2-AG treatment at the higher concentrations (Fig. 5B). 
However, this effect was only observed on the first day following the pre-treatment. Strikingly, the amounts 
of food containing the higher concentrations of AEA or 2-AG consumed by flies were significantly lower as 
compared to those of the normal food (Figure S3A and S3B). As a control, the climbing ability was not affected 
by either AEA or 2-AG treatment (Figure S1B and S1C). Next, we attempted to determine the possible effect of 
2-LG (0.01 and 0.1 mg/ml) on food intake. Similar to 2-AG treatment, flies consumed significantly less food with 

Figure 3.  The preference for cannabinoids is independent of gustatory and olfactory regulators, Poxn and 
Orco, respectively. The preference for 1 mg/ml CBD and 0.5 mM CP55940 was measured in two poxn mutants 
(A,B) and orco mutants (C,D) over four consecutive days. Homozygous poxnΔM22-B5 and poxn70–23 mutants, and 
orco1 and orco2 mutants exhibited similar preference for CBD (A,C) and CP55940 (B,D) as compared to the 
control w1118 flies (n = 11–24 vials/ group). Data are represented as mean ± S.E.M. One-way ANOVA followed by 
Dunnett’s post-hoc test. n.s., not significant.
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2-LG at the higher concentration of 0.1 mg/ml as compared to the normal food (Figure S3C) during the initial 
training. The pre-treatment with higher concentration of 2-LG also significantly decreased food consumption 
in the next two days (Fig. 5C).

A recent study has reported that AA facilitates 2-AG synthesis by the fly ortholog of diacylglycerol lipase 
 dDAGL16. Since both 2-AG and 2-LG account for the reduction of food intake, we postulated that treatment with 
AA in flies may also have an inhibitory role in food intake. In agreement with our hypothesis, a similar inhibi-
tory effect on food consumption was observed upon AA treatment. Normal food consumed by flies treated with 
higher concentration of AA at 0.1 mg/ml was significantly reduced as compared to the control group (Fig. 5D). 
Similarly, food consumption was remarkably lower during the first 2 days of 0.1 mg/ml AA pre-treatment (Fig-
ure S3D), and the climbing ability was not affected by AA treatment (Figure S1D). Together, these results suggest 
that endocannabinoids, like phytocannabinoids, elicit an inhibitory effect on the regulation of food consumption.

AM251 attenuated the inhibitory effect of AEA on food intake. It has been documented that the 
activity and levels of AEA and other endocannabinoids are negatively regulated via at least two modes. First, 
AEA and other endocannabinoids are degraded by  FAAH31,33. Second, fatty acid-binding protein (FABP) facili-
tates the transportation of AEA to FAAH, which leads to subsequent degradation and inactivation of  AEA34. 
Overexpression of FABP significantly promotes AEA uptake and hydrolysis in neuroblastoma  cells35. FABPs also 
negatively regulates other endocannabinoids, as mice lacking FABPs possess elevated levels of N-acylethanola-
mines36. Given that endocannabinoid treatment led to a reduction in food intake, we next examined whether 
changes in endogenous endocannabionoid levels through FAAH inhibition or FABP overexpression can affect 
food intake. Importantly, treatment with the FAAH inhibitor PF3845, which inhibits degradation of various 
endocannabinoids and leads to increases the levels of multiple ethanolamides in  flies30, led to a significant reduc-
tion in food intake on day 1 (Fig. 6A). Likewise, food consumption was significantly reduced during PF3845 
pre-treatment (Figure S3E). Conversely, overexpression of fly dFABP, which may downregulate various endo-
cannabinoids in flies, significantly enhanced the food intake on two consecutive days (Fig. 6B). These results are 
in line with an inhibitory effect of endocannabinoids on food intake.

Figure 4.  Phytocannabinoids reduce food intake in flies. (A) A diagram of the experimental scheme for the 
food intake assays. Following two days of cannabinoid treatment (day -2 and day -1), the normal food intake 
by the flies was measured for two consecutive days (day 1 and day 2) as depicted in the histograms (B,C). (B) 
CBD at 1 mg/ml and 2 mg/ml, but not at 0.1 mg/ml, significantly decreased normal food intake on both day 1 
and day 2 (n = 13–19 vials/group). (C) Pre-treatment with 0.1 mg/ml CBC and CBDV, but not with CBG, led to 
significant reductions in food intake on day 2 (n = 32–33 vials/group). All data are represented as mean ± S.E.M. 
One-way ANOVA followed by Dunnett’s post-hoc test. *p < 0.05 and **p < 0.01.
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Next, we sought to determine whether the CB1 receptor antagonist AM251 (0.5 mM) can counteract AEA 
(0.1 mg/ml) or 2-AG (0.1 mg/ml) effect in terms of food intake. Flies pre-fed with AM251 did not alter the 
levels of food intake in the following two days (Fig. 6C). Flies also consumed similar amount of food containing 
AM251 during the pre-treatment (Figure S3F). These results indicate that the treatment with this CB1 receptor 
antagonist did not affect food consumption in flies. Treatment with 0.1 mg/ml AEA or 2-AG led to significant 
reductions in normal food consumption (Fig. 6D,E). Interestingly, co-treatment of AM251 with AEA (Fig. 6D) 
or 2-AG (Fig. 6E) significantly attenuated their inhibitory effects on food intake. Due to the lack of canonical 
CB1/2 receptors in Drosophila genome, AEA and 2-AG regulate food intake, likely via another unknown recep-
tor that can be blocked by AM251.

AEA treatment promotes starvation resistance and inhibits lipid metabolism. Given that 
phyto- and endo- cannabinoids can modulate food intake in flies, we next tested whether they also affect starva-
tion resistance and lipid metabolism. Starvation resistance was quantified by measuring the survival percentage 
of the flies following cannabinoid treatment. After treatment with 0.1 mg/ml AEA, 0.1 mg/ml AA or 0.5 mM 
CP55940 for 2 days, flies exhibited significant increases in the survival rate (Fig. 7A,C,E), suggesting an enhanced 
resistance to starvation. Unexpectedly, neither 2-AG nor CBD pre-treatment showed any effect on starvation 
resistance (Fig.  7B,D). The observation of enhanced starvation resistance further prompted us to investigate 
whether body fat deposition was affected by AEA. Following 18 h starvation, the levels of triglyceride (TAG) 
were measured in endocannabinoid-treated flies. TAG levels in AEA- or AA- treated flies were significantly 
elevated when compared to the control flies (Fig. 7F). In line with no effect on starvation resistance, we did not 
observe a significant alteration in TAG levels upon 2-AG treatment (Fig. 7F). Thus, AEA and AA can enhance 
the resistance to starvation likely through the inhibition of lipid metabolism.

Discussion
Drosophila has been developed as an important invertebrate model for drug screening due to its conserved 
genome and biological machineries. In this study, we utilized this model to investigate the effects of a spectrum 
of cannabinoids including phytocannabinoids, endocannabinoids and synthetic cannabinoids on food preference 
and consumption. Our findings reveal cannabinoid preference as well as an inhibitory function of cannabinoids 

Figure 5.  Endocannabinoids decrease food intake in flies. Pre-treatment with AEA (A) and 2-AG (B) led 
to significant reductions in food consumption on day 1, with a weak effect of AEA on day 2 (n = 12–27). 
More profound effects of 2-LG (C) and AA (D) were detected. The food intake by the flies was significantly 
decreased with 0.1 mg/ml 2-LG (C) and AA (D) on both day 1 and day 2 (n = 16–18). Data are represented as 
mean ± S.E.M. One-way ANOVA followed by Dunnett’s post-hoc test. *p < 0.05, **p < 0.01, and ***p < 0.001.
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in food intake in flies. As canonical CB1/2 receptors are absent in flies, this study provides insight into the 
pharmacological role of cannabinoids in the modulation of food consumption via a non-canonical cannabinoid 
signaling pathway.

Cannabis extracts are known to possess pesticidal properties, which can effectively repel insects and inhibit 
the growth of microbial  pathogens37. While the naturally occurring phytocannabinoids display potential phar-
macological roles, it is still poorly understood whether Drosophila is a useful model for understanding the 
functions of phytocannabinoids. Here, we characterize the preference for consuming cannabinoids in flies by 
using the two-choice feeding assay. The results indicate that flies display a significant preference for phytocan-
nabinoids over time. A recent study has showed that Tobacco Hornworm Manduca sexta larvae prefer the food 
with low concentration of CBD over higher dose of CBD, and high CBD concentration is detrimental for larvae 
 development38. However, no aversive response to phytocannabinoids was detected in this study. One possibility 
is that relatively low concentrations of phytocannabinoids were administrated in our CAFE assays. While we also 
observed a delayed development of fly larvae upon CBD treatment (data not shown), our current findings indicate 
these phytocannabinoids are not toxic to adult flies, at least at the relatively low concentrations used in this study.

In contrast to phytocannabinoids, flies displayed quicker and stronger preference for endocannabinoids 
and psychoactive cannabinoid CP55940. Although endocannabinoids are present in various vertebrates, very 
low amount of AEA and 2-AG is produced in  flies17,18. AA, a critical substrate for eicosanoid biosynthesis, is 
also almost undetectable in  flies39. A previous behavioral study in Drosophila has revealed a stage-specific dis-
crimination of fatty acids. Larvae prefer various unsaturated fatty acids, but adult flies develop a preference for 
the diet containing high saturated fatty  acids40. In this present study, we found that no apparent toxicity and 
aversive responses to these cannabinoids were detectable in flies, consistently, two important sensory regulators 
of gustatory and olfactory systems did not influence cannabinoid preference. These findings suggest that the 
cannabinoids may have some pharmacological roles in Drosophila. Several previous studies have highlighted the 
protective effects of the endocannabinoids and the synthetic cannabinoid CP55940 through non-canonical signal-
ing pathways in Drosophila. Endocannabinoids and their metabolite AA were shown to possess anti-convulsant 

Figure 6.  AM251 attenuated the inhibitory effects of AEA on food intake. (A) While inhibition of FAAH 
with 0.5 mM PF3845 led to a significant decrease in the consumption of normal food on day 1 (n = 18). (B) 
Overexpression of dFABP in flies significantly increased food intake (n = 16–19). (C) Food intake was not 
altered following AM251 pre-treatment (n = 18). Administration of 0.5 mM AM251 significantly mitigated the 
decreases in food intake induced by 0.1 mg/ml AEA (D) and 0.1 mg/ml 2-AG (F) on day 1 (n = 16–24 vials/
group). All data are represented as mean ± S.E.M. One-sample t test and one-way ANOVA followed by Dunnett’s 
post-hoc test were used to analyze the difference. *p < 0.05, **p < 0.01, and ***p < 0.001.
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properties in protecting against seizures through the TRP channel Water witch in fly seizure  models22; CP55940 
alleviates paraquat-induced toxicity with the observations of increased survival and locomotion via the JNK 
signaling  pathway23. Thus, our studies and others suggest that Drosophila may be an alternative model to dis-
sect CB1/2 receptors-independent roles of cannabinoids as well as their pharmacological functions in diseases.

To understand whether cannabinoids affect food intake and metabolism, we systematically characterized the 
effects of various available cannabinoids in flies. The food intake was found to significantly decrease following 
pre-treatment with CBD, which is consistent with previous mammalian studies illustrating the effectiveness of 
CBD in controlling food consumption and preventing obesity in  rodents11,41,42. Although these results in both 
mammals and flies are seemingly similar, the underlying mechanisms apparently differ. CBD inhibits food 
intake by blocking CB1 receptor and activating CB2 receptor in  rodents11. By contrast, in flies lacking CB1/2 
receptors, CBD functions through a CB1/2 receptor-independent mechanism. Our study is the first to illustrate 
the pharmacological function of CBDV and CBC whereby they can reduce food consumption. However, CBG 
does not seem to affect the food intake in Drosophila, whereas in rats CBG promotes food consumption at a high 
 concentration43. The lack of CBG effect on food intake in flies could be due to the administration of CBG at a 
lower concentration in this study. Overall, these phytocannabinoids did not display a strong phenotype, thus, 
their potential as a treatment for eating disorders requires further interrogations. Although phytocannabinoids 
can bind to CB1/2 receptors, they display higher affinity for other GPCRs, such as GPR55, TPRV channels and 
PPARγ44,45. Since these non-canonical cannabinoid receptors are well conserved, it is conceivable that phytocan-
nabinoids may exert their protective roles through modulation of these receptors in flies. Thus, further studies 
are required to investigate whether and how phytocannabinoids regulate food intake via one of these GPCRs.

Similar to the actions of phytocannabinoids, the present study puts forward the idea that the endocannabi-
noid-mediated pathway may modulate food intake. Pre-treatment with AEA and 2-AG significantly inhibited the 
food intake in adult flies, which is consistent with the finding in C. elegans27. However, administration of AEA and 
2-AG promotes food intake and increase odor detection via binding to CB1 receptor in  rodents26,46. As there is a 
lack of cannabinoid receptors to transduce AEA and 2-AG signals in Drosophila15,32, they may function through 
pathways central to other lipids of N-acyl amides and 2-acyl glycerols. Although endocannabinoid-mediated 
downstream pathway in food intake remains to be determined, our findings reveal that 2-LG, a closely-related 
2-acyl glycerol ligand, also shows inhibition of food intake, suggesting a possible existence of a signaling path-
way for the regulation of food intake in Drosophila. Furthermore, previous studies have also reported that OEA 
reduced food intake in rodents and  goldfish47,48. Both OEA and AEA belong to a family of fatty acid ethanola-
mides (FAEs). It is conceivable that endocannabioids in Drosophila regulates food intake via a mechanism, likely 
similar to other lipids of N-acyl amides and 2-acyl glycerols. Moreover, we also found that flies pre-treated with 

Figure 7.  AEA and AA protects flies from starvation stress and inhibits lipid metabolism. (A–E) Following two 
days of cannabinoid treatment, the percentage of the surviving flies was quantified to assess the resistance to 
starvation. Pre-treatment with 0.1 mg/ml AEA (A), 0.1 mg/ml AA (C), and 0.5 mM CP55940 (E) significantly 
enhanced the starvation resistance, while no effect was detected with 0.1 mg/ml 2-AG (B) and 1 mg/ml CBD 
(D) (n = 9–14 vials/group). (F) Quantification of the triacylglycerol (TAG) levels in the flies revealed a significant 
increase with 0.1 mg/ml AEA or 0.1 mg/ml AA pre-treatment following 18 h starvation as compared to the 
control group (n = 7–10 vials/group). Both one-sample t test and Log-rank (Mantel-Cox) test were used to 
determine the significant differences. *p < 0.05 and ***p < 0.001.
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FAAH inhibitor PF3845 consumed less food, whereas overexpressing dFABP in flies increased the food intake. 
These data suggest that FAAH-induced AEA metabolism and FABP-mediated AEA inactivation are important 
for this feeding behavior, thus reinforcing the crucial role of AEA in regulating food intake. Interestingly, the 
CB1 receptor antagonist, AM251, counteracts the inhibitory effects of AEA and 2-AG on food intake. This could 
possibly be due to the interaction of endocannabinoids with known non-CB receptors or other unidentified CB1-
like receptors which can be targeted by AM251. In addition to its primary role as a CB1/2 receptor antagonist, 
AM251 is found to facilitate the activation of GPR55 that is a known target of AEA and  AA49,50. From our find-
ings, we speculate that AEA and 2-AG might regulate food intake via a GPR55 ortholog in Drosophila. To date, 
no fly GPR55 ortholog has been characterized. Further work is required to identify a possible GPR55 ortholog 
and its implications in food intake in flies.

The inhibitory role of cannabinoids in food preference and intake is particularly interesting as there is an 
absence of CB1/2 receptors in Drosophila. First, phytocannabinoids have been shown to exhibit high affinity for 
various non-CB1/2 receptors, such as GPR55, TPR channels and PPARγ44,45, whereas the binding affinity to non-
CB1/2 receptors is comparatively lower than CB1/2 receptors for  endocannabinoids11. The extent of cannabinoid 
preference and cannabinoid-induced inhibition of food intake could be due to differential binding affinities to the 
receptors in flies. It is known that the structure of these cannabinoids determines its functional activity through 
the binding affinity to the CB1/2  receptors51. However, it is unknown how the structural element can affect the 
binding state of these cannabinoids to the non-canonical receptors. Second, the inhibitory effect of AEA and 
its metabolite AA could possibly be due to the decrease in lipid metabolism. It is very likely that the increase in 
TAG levels could underlie the enhancement of starvation resistance. Although 2-AG exhibited a similar outcome 
in food intake to AEA, it is surprising that 2-AG did not affect lipid metabolism. Possible mechanism of AEA 
action in lipid metabolism awaits future investigations.

In conclusion, our study demonstrates that adult flies can detect and develop the preference for phyto-, 
endo- and synthetic cannabinoids. Importantly, these cannabinoids can inhibit food intake. We show that the 
endocannabinoids (AEA and 2-AG) inhibit the food intake via an AM251-targeted pathway. Moreover, the 
endocannabinoid AEA modulates food intake and starvation resistance probably through low lipid metabolism.

Methods
Fly stocks and maintenance. The following fly stocks were obtained from Bloomington Drosophila stock 
center (BDSC; Indiana, USA): Canton S (#64349), w1118 (#5905), orco1 (#23129), orco2 (#23130), and poxn70–23 
(#60688). The following fly stocks were kindly provided: poxnΔM22-B5 (M. Noll from University of Zurich, Switzer-
land)52, w1118 (isoCJ1) and dFABP (J.C.P. Yin from University of Wisconscin-Madison, USA)53. Flies were reared 
on standard medium at 25 °C and approximately 70% humidity under a 12 h light/12 h dark cycle. 3–5-day-
old adult male flies were collected using light  CO2 anesthesia and allowed to recover for 2 days before further 
experimentation.

Drug selection and delivery. Various cannabinoids used in this study were categorized into 1) phytocan-
nabinoids, 2) endocannabinoids, and 3) synthetic cannabinoids (Table 1). These drugs were dissolved in their 
respective solvents and further diluted to the desired concentrations in liquid food (5% sucrose and 5% yeast 
extract).

For both food preference and food intake assays, flies were placed into feeding chambers, and presented with 
drug-containing liquid food (5% sucrose, 5% yeast extract) and the respective control food in the glass capillaries, 
as described below. All the experiments were performed at least three times.

Cannabinoid preference assay. The food preference was measured using the Capillary Feeder (CAFE) 
assay (Fig. 1A), as described in the previous  studies54,55. Briefly, eight male flies (3–5 days old) were distributed 
into each vial containing 1% agarose at the bottom. Four 5 μl glass capillaries (VWR, USA) were inserted into 

Table 1.  Phytocannabinoids, endocannabinoids and synthetic cannabinoids used in this study.

Cannabinoids Name Stock Solvent Source

Phytocannabinoids CBD 25 mg/ml Ethanol Cayman Chemicals

CBDV 1 mg/ml Methanol Cayman Chemicals

CBC 1 mg/ml Methanol Cayman Chemicals

CBG 1 mg/ml Methanol Cayman Chemicals

Endocannabinoids AEA 5 mg/ml Ethanol Tocris Bioscience

2-AG 5 mg/ml Ethanol Tocris Bioscience

2-LG 5 mg/ml Acetonitrile Cayman Chemicals

AA 5 mg/ml Ethanol Cayman Chemicals

Synthetic cannabinoids CP55940 25 mM Ethanol Sigma-Aldrich

WIN55212-2 25 mM Ethanol Tocris Bioscience

AM251 25 mM Ethanol Tocris Bioscience

AM630 25 mM Ethanol Tocris Bioscience

PF-3845 25 mM Ethanol Sigma-Aldrich
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the vial from the lid. Two capillaries were filled with normal control liquid food and the rest with cannabinoid-
containing liquid food. The amount of liquid food in the capillaries was measured per day and replaced with 
fresh food daily for four consecutive days. Two parallel vials void of flies were used as controls in each assay to 
determine the extent of liquid evaporation from the glass capillaries. The mean amount of evaporation was sub-
tracted from the values obtained for food consumption by the flies. The preference index was calculated as the 
(consumption of cannabinoid food − consumption of normal control food)/total consumption.

Total food consumption. For the assessment of food intake, the behavioral setup was similar to that in 
the cannabinoid preference assay with the exception that all four glass capillaries (VWR, USA) contained either 
control food or cannabinoid food in the first 2 days and normal liquid food in the subsequent two days. The total 
food consumption (μl/fly) was calculated as (food consumption − evaporation loss)/number of flies.

Locomotive activity assay. The locomotion of the flies was assessed using an automated climbing assay, 
as previously  described56. Following treatment with cannabinoids for two days, flies were transferred into the 
climbing vials and were acclimatized for 5 min before testing them. Flies were allowed to climb up the walls of 
the vials before tapping them down to the bottom at 1-min intervals and this was repeated five times. The testing 
session was videotaped for analysis and the average climbing height of each fly in the first 6 s of the assay was 
recorded to determine the locomotive behavior of the flies.

Starvation resistance assay. Flies pre-treated with cannabinoids for two consecutive days were used to 
examine starvation resistance. The resistance to starvation was measured as the survival rate of the flies. Ten 
male flies were placed into each vial containing 1% agarose to prevent desiccation and were monitored at 25 °C 
and 70% humidity under the 12 h light/ 12 h dark cycle. The number of dead flies was counted every 6–12 h.

Triacylglycerol quantification. The levels of triacylglycerol (TAG) were measured in flies according to a 
previous  study57. Following treatment of cannabinoids for two consecutive days, 10 adult male flies per vial were 
starved for 18 h. These flies were subsequently homogenized in 100 µl of PBS + 1% Triton-X and immediately 
heated at 70 °C for 10 min to inactivate lipases. 20 µl heat-treated homogenates were incubated with the same 
amount of triglyceride reagent (T2449; Sigma, UAS) or PBST at 37 °C for 60 min. 30 µl of each sample were 
subsequently added to 100 µl free glycerol reagent (F6428; Sigma, USA) in a clear 96-well plate and incubated for 
5 min at 37 °C. The absorbance of the samples was assayed using a multimode microplate reader at 540 nm. TAG 
concentration was determined by subtracting the absorbance for the free glycerol in the untreated samples from 
the total glycerol concentration in samples that were incubated with the triglyceride reagent. The levels of TAG 
were calculated based on the triolein-equivalent standard curve. TAG assay was repeated 3–4 times.

Statistical analysis. Statistical analysis was performed with Prism 7.03 (GraphPad Software, USA). Statis-
tical significance was established using Student’s t test or one-way ANOVA followed by Dunnett’s post-hoc test 
in the cannabinoid preference and food intake assays, and Log-rank (Mantel-Cox) test in the starvation resist-
ance assays. Differences between treatment groups were considered to be statistically significant at *p < 0.05, 
**p < 0.01, ***p < 0.001. The data were expressed as mean ± standard error of mean (S.E.M).

Received: 6 December 2020; Accepted: 10 February 2021

References
 1. Himmerich, H., Kan, C., Au, K. & Treasure, J. Pharmacological treatment of eating disorders, comorbid mental health problems, 

malnutrition and physical health consequences. Pharmacol. Therap. https ://doi.org/10.1016/j.pharm thera .2020.10766 7 (2020).
 2. Volkow, N. D., Compton, W. M. & Weiss, S. R. Adverse health effects of marijuana use. N. Engl. J. Med. 371, 879. https ://doi.

org/10.1056/NEJMc 14079 28 (2014).
 3. Andre, C. M., Hausman, J. F. & Guerriero, G. Cannabis sativa: The plant of the thousand and one molecules. Front. Plant Sci. 7, 

19. https ://doi.org/10.3389/fpls.2016.00019  (2016).
 4. Baker, D., Pryce, G., Giovannoni, G. & Thompson, A. J. The therapeutic potential of cannabis. Lancet Neurol. 2, 291–298. https ://

doi.org/10.1016/s1474 -4422(03)00381 -8 (2003).
 5. Lambert, D. M. & Fowler, C. J. The endocannabinoid system: drug targets, lead compounds, and potential therapeutic applications. 

J. Med. Chem. 48, 5059–5087. https ://doi.org/10.1021/jm058 183t (2005).
 6. Maccarrone, M., Guzmán, M., Mackie, K., Doherty, P. & Harkany, T. Programming of neural cells by (endo)cannabinoids: from 

physiological rules to emerging therapies. Nat. Rev. Neurosci. 15, 786–801. https ://doi.org/10.1038/nrn38 46 (2014).
 7. Jett, J., Stone, E., Warren, G. & Cummings, K. M. Cannabis use, lung cancer, and related issues. J. Thorac. Oncol. 13, 480–487. https 

://doi.org/10.1016/j.jtho.2017.12.013 (2018).
 8. ElSohly, M. & Gul, W. Constituents of Cannabis Sativa. Handb. Cannabis https ://doi.org/10.1093/acpro f:oso/97801 99662 

685.003.0001 (2015).
 9. Devinsky, O. et al. Effect of cannabidiol on drop seizures in the Lennox–Gastaut syndrome. N. Engl. J. Med. 378, 1888–1897. https 

://doi.org/10.1056/NEJMo a1714 631 (2018).
 10. Jeong, S. et al. Cannabidiol-induced apoptosis is mediated by activation of Noxa in human colorectal cancer cells. Cancer Lett. 

447, 12–23. https ://doi.org/10.1016/j.canle t.2019.01.011 (2019).
 11. Cristino, L., Bisogno, T. & Di Marzo, V. Cannabinoids and the expanded endocannabinoid system in neurological disorders. Nat. 

Rev. Neurol. 16, 9–29. https ://doi.org/10.1038/s4158 2-019-0284-z (2020).
 12. Bielawiec, P., Harasim-Symbor, E. & Chabowski, A. Phytocannabinoids: Useful drugs for the treatment of obesity? Special focus 

on cannabidiol. Front. Endocrinol. 11, 114. https ://doi.org/10.3389/fendo .2020.00114  (2020).

https://doi.org/10.1016/j.pharmthera.2020.107667
https://doi.org/10.1056/NEJMc1407928
https://doi.org/10.1056/NEJMc1407928
https://doi.org/10.3389/fpls.2016.00019
https://doi.org/10.1016/s1474-4422(03)00381-8
https://doi.org/10.1016/s1474-4422(03)00381-8
https://doi.org/10.1021/jm058183t
https://doi.org/10.1038/nrn3846
https://doi.org/10.1016/j.jtho.2017.12.013
https://doi.org/10.1016/j.jtho.2017.12.013
https://doi.org/10.1093/acprof:oso/9780199662685.003.0001
https://doi.org/10.1093/acprof:oso/9780199662685.003.0001
https://doi.org/10.1056/NEJMoa1714631
https://doi.org/10.1056/NEJMoa1714631
https://doi.org/10.1016/j.canlet.2019.01.011
https://doi.org/10.1038/s41582-019-0284-z
https://doi.org/10.3389/fendo.2020.00114


12

Vol:.(1234567890)

Scientific Reports |         (2021) 11:4709  | https://doi.org/10.1038/s41598-021-84180-2

www.nature.com/scientificreports/

 13. Diao, X. & Huestis, M. A. New synthetic cannabinoids metabolism and strategies to best identify optimal marker metabolites. 
Front. Chem. 7, 109. https ://doi.org/10.3389/fchem .2019.00109  (2019).

 14. Pandey, U. B. & Nichols, C. D. Human disease models in Drosophila melanogaster and the role of the fly in therapeutic drug 
discovery. Pharmacol. Rev. 63, 411–436. https ://doi.org/10.1124/pr.110.00329 3 (2011).

 15. McPartland, J. M., Matias, I., Di Marzo, V. & Glass, M. Evolutionary origins of the endocannabinoid system. Gene 370, 64–74. 
https ://doi.org/10.1016/j.gene.2005.11.004 (2006).

 16. Tortoriello, G. et al. Genetic manipulation of sn-1-diacylglycerol lipase and CB1 cannabinoid receptor gain-of-function uncover 
neuronal 2-linoleoyl glycerol signaling in Drosophila melanogaster. Cannabis Cannabinoid Res. https ://doi.org/10.1089/
can.2020.0010 (2020).

 17. Jeffries, K. A., Dempsey, D. R., Behari, A. L., Anderson, R. L. & Merkler, D. J. Drosophila melanogaster as a model system to study 
long-chain fatty acid amide metabolism. FEBS Lett. 588, 1596–1602. https ://doi.org/10.1016/j.febsl et.2014.02.051 (2014).

 18. McPartland, J., Di Marzo, V., De Petrocellis, L., Mercer, A. & Glass, M. Cannabinoid receptors are absent in insects. J. Comp. Neurol. 
436, 423–429. https ://doi.org/10.1002/cne.1078 (2001).

 19. Shen, L. R. et al. Drosophila lacks C20 and C22 PUFAs. J. Lipid Res. 51, 2985–2992. https ://doi.org/10.1194/jlr.M0085 24 (2010).
 20. Tortoriello, G. et al. Targeted lipidomics in Drosophila melanogaster identifies novel 2-monoacylglycerols and N-acyl amides. 

PLoS ONE 8, e67865. https ://doi.org/10.1371/journ al.pone.00678 65 (2013).
 21. Gómez, I. M. et al. Inhalation of marijuana affects Drosophila heart function. Biology Open. https ://doi.org/10.1242/bio.04408 1 

(2019).
 22. Jacobs, J. A. & Sehgal, A. Anandamide metabolites protect against seizures through the TRP channel water witch in Drosophila 

melanogaster. Cell Rep. 31, 107710. https ://doi.org/10.1016/j.celre p.2020.10771 0 (2020).
 23. Jimenez-Del-Rio, M., Daza-Restrepo, A. & Velez-Pardo, C. The cannabinoid CP55,940 prolongs survival and improves locomotor 

activity in Drosophila melanogaster against paraquat: Implications in Parkinson’s disease. Neurosci. Res. 61, 404–411. https ://doi.
org/10.1016/j.neure s.2008.04.011 (2008).

 24. Cardinal, P. et al. Hypothalamic CB1 cannabinoid receptors regulate energy balance in mice. Endocrinology 153, 4136–4143. https 
://doi.org/10.1210/en.2012-1405 (2012).

 25. Koch, M. Cannabinoid receptor signaling in central regulation of feeding behavior: A mini-review. Front. Neurosci. 11, 293. https 
://doi.org/10.3389/fnins .2017.00293  (2017).

 26. Soria-Gómez, E. et al. The endocannabinoid system controls food intake via olfactory processes. Nat. Neurosci. 17, 407–415. https 
://doi.org/10.1038/nn.3647 (2014).

 27. Oakes, M. D., Law, W. J., Clark, T., Bamber, B. A. & Komuniecki, R. Cannabinoids activate monoaminergic signaling to modulate 
key C. elegans behaviors. J. Neurosci. 37, 2859–2869. https ://doi.org/10.1523/jneur osci.3151-16.2017 (2017).

 28. Morales, P., Hurst, D. P. & Reggio, P. H. Molecular targets of the phytocannabinoids: A complex picture. Prog. Chem. Org. Nat. 
Prod. 103, 103–131. https ://doi.org/10.1007/978-3-319-45541 -9_4 (2017).

 29. Diegelmann, S. et al. The capillary feeder assay measures food intake in Drosophila melanogaster. J. Vis. Exp. https ://doi.
org/10.3791/55024  (2017).

 30. Khaliullina, H., Bilgin, M., Sampaio, J. L., Shevchenko, A. & Eaton, S. Endocannabinoids are conserved inhibitors of the Hedgehog 
pathway. Proc. Natl. Acad. Sci. USA 112, 3415–3420. https ://doi.org/10.1073/pnas.14164 63112  (2015).

 31. Cravatt, B. F. et al. Molecular characterization of an enzyme that degrades neuromodulatory fatty-acid amides. Nature 384, 83–87. 
https ://doi.org/10.1038/38408 3a0 (1996).

 32. McPartland, J. M. Phylogenomic and chemotaxonomic analysis of the endocannabinoid system. Brain Res. Brain Res. Rev. 45, 
18–29. https ://doi.org/10.1016/j.brain resre v.2003.11.005 (2004).

 33. Mulder, A. M. & Cravatt, B. F. Endocannabinoid metabolism in the absence of fatty acid amide hydrolase (FAAH): Discovery of 
phosphorylcholine derivatives of N-acyl ethanolamines. Biochemistry 45, 11267–11277. https ://doi.org/10.1021/bi061 122s (2006).

 34. Kaczocha, M., Vivieca, S., Sun, J., Glaser, S. T. & Deutsch, D. G. Fatty acid-binding proteins transport N-acylethanolamines to 
nuclear receptors and are targets of endocannabinoid transport inhibitors. J. Biol. Chem. 287, 3415–3424. https ://doi.org/10.1074/
jbc.M111.30490 7 (2012).

 35. Kaczocha, M., Glaser, S. T. & Deutsch, D. G. Identification of intracellular carriers for the endocannabinoid anandamide. Proc. 
Natl. Acad. Sci. USA 106, 6375–6380. https ://doi.org/10.1073/pnas.09015 15106  (2009).

 36. Kaczocha, M. et al. Fatty acid binding protein deletion suppresses inflammatory pain through endocannabinoid/N-acylethanol-
amine-dependent mechanisms. Mol. Pain 11, 52. https ://doi.org/10.1186/s1299 0-015-0056-8 (2015).

 37. Benelli, G. et al. The crop-residue of fiber hemp cv. Futura 75: From a waste product to a source of botanical insecticides. Environ. 
Sci. Pollut. Res. Int. 25, 10515–10525. https ://doi.org/10.1007/s1135 6-017-0635-5 (2018).

 38. Park, S. H. et al. Contrasting roles of cannabidiol as an insecticide and rescuing agent for ethanol-induced death in the tobacco 
hornworm Manduca sexta. Sci. Rep. 9, 10481. https ://doi.org/10.1038/s4159 8-019-47017 -7 (2019).

 39. Burgoyne, R. D. & Morgan, A. The control of free arachidonic acid levels. Trends Biochem. Sci. 15, 365–366. https ://doi.
org/10.1016/0968-0004(90)90227 -3 (1990).

 40. Fougeron, A. S., Farine, J. P., Flaven-Pouchon, J., Everaerts, C. & Ferveur, J. F. Fatty-acid preference changes during development 
in Drosophila melanogaster. PLoS ONE 6, e26899. https ://doi.org/10.1371/journ al.pone.00268 99 (2011).

 41. Farrimond, J. A., Whalley, B. J. & Williams, C. M. Cannabinol and cannabidiol exert opposing effects on rat feeding patterns. 
Psychopharmacology 223, 117–129. https ://doi.org/10.1007/s0021 3-012-2697-x (2012).

 42. Wierucka-Rybak, M., Wolak, M. & Bojanowska, E. The effects of leptin in combination with a cannabinoid receptor 1 antagonist, 
AM 251, or cannabidiol on food intake and body weight in rats fed a high-fat or a free-choice high sugar diet. J Physiol. Pharmacol. 
65, 487–496 (2014).

 43. Brierley, D. I., Samuels, J., Duncan, M., Whalley, B. J. & Williams, C. M. Cannabigerol is a novel, well-tolerated appetite stimulant 
in pre-satiated rats. Psychopharmacology 233, 3603–3613. https ://doi.org/10.1007/s0021 3-016-4397-4 (2016).

 44. De Petrocellis, L. et al. Effects of cannabinoids and cannabinoid-enriched Cannabis extracts on TRP channels and endocannabinoid 
metabolic enzymes. Br. J. Pharmacol. 163, 1479–1494. https ://doi.org/10.1111/j.1476-5381.2010.01166 .x (2011).

 45. Hill, T. D. et al. Cannabidivarin-rich cannabis extracts are anticonvulsant in mouse and rat via a CB1 receptor-independent 
mechanism. Br. J. Pharmacol. 170, 679–692. https ://doi.org/10.1111/bph.12321  (2013).

 46. Farrimond, J. A., Mercier, M. S., Whalley, B. J. & Williams, C. M. Cannabis sativa and the endogenous cannabinoid system: thera-
peutic potential for appetite regulation. Phytother. Res. 25, 170–188. https ://doi.org/10.1002/ptr.3375 (2011).

 47. Nielsen, M. J., Petersen, G., Astrup, A. & Hansen, H. S. Food intake is inhibited by oral oleoylethanolamide. J. Lipid Res. 45, 
1027–1029. https ://doi.org/10.1194/jlr.C3000 08-JLR20 0 (2004).

 48. Tinoco, A. B. et al. Role of oleoylethanolamide as a feeding regulator in goldfish. J. Exp. Biol. 217, 2761–2769. https ://doi.
org/10.1242/jeb.10616 1 (2014).

 49. Sharir, H. & Abood, M. E. Pharmacological characterization of GPR55, a putative cannabinoid receptor. Pharmacol. Ther. 126, 
301–313. https ://doi.org/10.1016/j.pharm thera .2010.02.004 (2010).

 50. Ryberg, E. et al. The orphan receptor GPR55 is a novel cannabinoid receptor. Br. J. Pharmacol. 152, 1092–1101. https ://doi.
org/10.1038/sj.bjp.07074 60 (2007).

 51. Bow, E. W. & Rimoldi, J. M. The structure-function relationships of classical cannabinoids: CB1/CB2 modulation. Perspect. Med. 
Chem. https ://doi.org/10.4137/pmc.s3217 1 (2016).

https://doi.org/10.3389/fchem.2019.00109
https://doi.org/10.1124/pr.110.003293
https://doi.org/10.1016/j.gene.2005.11.004
https://doi.org/10.1089/can.2020.0010
https://doi.org/10.1089/can.2020.0010
https://doi.org/10.1016/j.febslet.2014.02.051
https://doi.org/10.1002/cne.1078
https://doi.org/10.1194/jlr.M008524
https://doi.org/10.1371/journal.pone.0067865
https://doi.org/10.1242/bio.044081
https://doi.org/10.1016/j.celrep.2020.107710
https://doi.org/10.1016/j.neures.2008.04.011
https://doi.org/10.1016/j.neures.2008.04.011
https://doi.org/10.1210/en.2012-1405
https://doi.org/10.1210/en.2012-1405
https://doi.org/10.3389/fnins.2017.00293
https://doi.org/10.3389/fnins.2017.00293
https://doi.org/10.1038/nn.3647
https://doi.org/10.1038/nn.3647
https://doi.org/10.1523/jneurosci.3151-16.2017
https://doi.org/10.1007/978-3-319-45541-9_4
https://doi.org/10.3791/55024
https://doi.org/10.3791/55024
https://doi.org/10.1073/pnas.1416463112
https://doi.org/10.1038/384083a0
https://doi.org/10.1016/j.brainresrev.2003.11.005
https://doi.org/10.1021/bi061122s
https://doi.org/10.1074/jbc.M111.304907
https://doi.org/10.1074/jbc.M111.304907
https://doi.org/10.1073/pnas.0901515106
https://doi.org/10.1186/s12990-015-0056-8
https://doi.org/10.1007/s11356-017-0635-5
https://doi.org/10.1038/s41598-019-47017-7
https://doi.org/10.1016/0968-0004(90)90227-3
https://doi.org/10.1016/0968-0004(90)90227-3
https://doi.org/10.1371/journal.pone.0026899
https://doi.org/10.1007/s00213-012-2697-x
https://doi.org/10.1007/s00213-016-4397-4
https://doi.org/10.1111/j.1476-5381.2010.01166.x
https://doi.org/10.1111/bph.12321
https://doi.org/10.1002/ptr.3375
https://doi.org/10.1194/jlr.C300008-JLR200
https://doi.org/10.1242/jeb.106161
https://doi.org/10.1242/jeb.106161
https://doi.org/10.1016/j.pharmthera.2010.02.004
https://doi.org/10.1038/sj.bjp.0707460
https://doi.org/10.1038/sj.bjp.0707460
https://doi.org/10.4137/pmc.s32171


13

Vol.:(0123456789)

Scientific Reports |         (2021) 11:4709  | https://doi.org/10.1038/s41598-021-84180-2

www.nature.com/scientificreports/

 52. Boll, W. & Noll, M. The Drosophila Pox neuro gene: Control of male courtship behavior and fertility as revealed by a complete 
dissection of all enhancers. Development (Cambridge, England) 129, 5667–5681. https ://doi.org/10.1242/dev.00157  (2002).

 53. Gerstner, J. R., Vanderheyden, W. M., Shaw, P. J., Landry, C. F. & Yin, J. C. Fatty-acid binding proteins modulate sleep and enhance 
long-term memory consolidation in Drosophila. PLoS ONE 6, e15890. https ://doi.org/10.1371/journ al.pone.00158 90 (2011).

 54. Ja, W. W. et al. Prandiology of Drosophila and the CAFE assay. Proc. Natl. Acad. Sci. 104, 8253–8256. https ://doi.org/10.1073/
pnas.07027 26104  (2007).

 55. Devineni, A. V. & Heberlein, U. Preferential ethanol consumption in Drosophila models features of addiction. Curr. Biol. CB 19, 
2126–2132. https ://doi.org/10.1016/j.cub.2009.10.070 (2009).

 56. Liu, H. et al. Automated rapid iterative negative geotaxis assay and its use in a genetic screen for modifiers of Aβ(42)-induced 
locomotor decline in Drosophila. Neurosci. Bull. 31, 541–549. https ://doi.org/10.1007/s1226 4-014-1526-0 (2015).

 57. Tennessen, J. M., Barry, W. E., Cox, J. & Thummel, C. S. Methods for studying metabolism in Drosophila. Methods 68, 105–115. 
https ://doi.org/10.1016/j.ymeth .2014.02.034 (2014).

Acknowledgements
We thank M. Noll, J.C.P. Yin, and the Bloomington Stock Center (BSC) for generously providing fly stocks. We 
thank Dr. Shao Qin Yao for grant application and discussion, as well as the Yu lab members for helpful discussion.

Author contributions
J.H. and F.Y conceived and designed the study. J.H. and A.T. performed most of the experiments. S.N. and M.R. 
conducted some of TAG and feeding assays, respectively. J.H., A.T., M.R. and F.Y. analyzed the data. J.H., S.N. 
and F.Y. wrote the paper.

Funding
This work was funded by Temasek Life Sciences Laboratory Singapore (TLL-2040) and National Research Foun-
dation Singapore (SBP-P3 and SBP-P8) (both to F.Y.).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-021-84180 -2.

Correspondence and requests for materials should be addressed to J.H. or F.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.1242/dev.00157
https://doi.org/10.1371/journal.pone.0015890
https://doi.org/10.1073/pnas.0702726104
https://doi.org/10.1073/pnas.0702726104
https://doi.org/10.1016/j.cub.2009.10.070
https://doi.org/10.1007/s12264-014-1526-0
https://doi.org/10.1016/j.ymeth.2014.02.034
https://doi.org/10.1038/s41598-021-84180-2
https://doi.org/10.1038/s41598-021-84180-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/



