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INTRODUCTION

Endocannabinoids are ubiquitous signaling lipidic molecules 
that contain long chains of  polyunsaturated fatty acids, amides, 
esters, and ethers. There are three types of  cannabinoids: 
botanical (marijuana and hashish), endogenous [anandamide, 
2-arachidonylglycerol (2-AG), and palmitoylethanolamide 
(PEA)], and synthetic cannabinoids (nabilone and dronabinol). 
The endocannabinoid system modulates selective pathways in 
the brain (De Vries et al., 2001; Fattore et al., 1999; Fernández-
Ruiz et al., 2002; Guindon & Beaulieu, 2010), immune and 
cardiovascular system (Hillard, 2000; Parolaro, 1999) and also, 
has been hypothesized to be implicated in energy metabolism 
as a “fat sensor” through a potential GPR119 activation 
(Hansen et al., 2012).

N-acyl amino acids (NAAAs) possess a similar structure 
to endocannabinoids. NAAAs biological functions are 

mediated by receptors and a transient receptor potential 
cation (TRPV); these receptors could modulate appetite 
and participate in other functions such as anxiety-like 
behavior or transmitter release suppression, which possibly 
implied during the food intake process (Wu et al., 2017).

NAGly is a lipoamino acid formed by enzymatic 
conjugation of  arachidonic acid and glycine or is either 
synthesized as an oxidative metabolite of  N-arachidonoyl 
etanolamide (Anandamide: AEA) (Bradshaw et al., 2009; 
D. McHugh et al., 2010). NAGly was first synthesized as 
an anandamide analog and years later was detected in its 
natural form in the brain, spinal cord, and gut (Burstein 
et al., 2002; Sheskin et al., 1997).

NAGly it is proposed to bind to GPR18 and GPR55 at 
the central nervous system, but this remains inconclusive. 
Nowadays, different functions of  NAGly are reported, 
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concerning pain suppression of  nociceptive afferents 
signals (Huang et al., 2001; Lu et al., 2013), intraocular 
pressure (IOP) regulation (Miller et al., 2016), analgesia 
(Bradshaw et al., 2009; Burstein, 2014), macrophages 
apoptosis (Takenouchi et al., 2012), anti-inflammatory 
properties like cytokines signaling regulation (Jeong 
et al., 2010; D. McHugh et al., 2014), intervention in 
microglial cell migration and plasticity (D. McHugh 
et al., 2014; M. P. McHugh & Cosgrave, 2010) and as a 
novel insulin secretagogue (Ikeda et al., 2005). A possible 
modulation role in low-grade chronic inflammation 
linked to obesity has not been clarified yet (D. McHugh 
et al., 2014).

Food composition and the content of  nutrients in diet 
intake are factors involved in the process of  biosynthesis 
of  these molecules, interacting and changing NAAAs 
concentration levels by “natural combinatory chemistry” 
(Di Marzo et al., 2007). Rich-lipids foods, especially 
in polyunsaturated fatty acids (PUFAs) like Omega-3, 
Omega-6, and Omega-9 having implications for health and 
disease. Based on this fact, dietary changes may modulate 
the synthesis of  these PUFAs derived-endocannabinoids, 
being decreased or increased depending on the lipids profile 
contained in food (Meijerink et al., 2015).

Research has been carried out on different cell lines such 
as 3T3-L1 adipocytes and breast and prostate cancer cell 
lines, finding changes in the concentrations of  amides 
derived from Omega-3 fatty acids (Balvers et al., 2010) and 
formation of  N-docosahexaenoylethanolamine (DHEA) 
or N-eicosapentaenoylethanolamine (EPEA) (Brown et al., 
2011). These events have been corroborated as well in 
animal models presenting variations in endocannabinoid-
like molecules concentrations as a result of  the content and 
type of  lipids in diet, for instance, the class of  oil consumed 
may contribute to altering AEA concentrations, as stated by 
Artmann et al., (2008), besides this, Berge et al. evaluated 
these events by adding to the diet, high-intakes of  fish oil 
or supplementing specific oils such as krill oil for 24 weeks, 
observing a decrease in levels of  AEA, OEA, and PEA 
(Berge et al., 2013). This influence may depend on the 
amount ingested and exposure time of  this kind of  food; 
concentration changes are found in multiple tissues such 
as the brain, jejunum, plasma, adipose tissue, liver, muscle, 
and others (Meijerink et al., 2015).

On the other hand, obesity has become a global and 
worrying health problem classified as a pandemic according 
to the World Health Organization (WHO), several factors 
are considered to develop this condition mainly including 
overconsumption of  hypercaloric food coupled to deficient 
vitamins and micronutrients intake, physical inactivity, and 
also genetic background. Obesity is a risk factor for multiple 

metabolic alterations and chronic-degenerative disease 
development; specific food and dietary intake play a key role 
in preventing or worsening these diseases (WHO, 2020).

Potential molecular candidates capable of  modulating 
food choices might be helpful to revert or control 
overweight in humans. Of  note, NAGly could be 
influenced by diet factors having participation in 
metabolic functions (Becker et al., 2015). In this context, 
the objective of  this study was to identify if  NAGly 
exerts a possible metabolic role on weight gain, food 
intake, diet preference, and modulatory effect on the 
inflammatory profile using a murine model. We conceive 
that these data might provide experimental evidence for 
a better understanding of  NAGly and the possibility of  
an intervention in the hunger-satiety circuit.

MATERIALS & METHODS

Animals and ethics considerations
All the experiments were performed using 8-week-old 
BALB/c mice (n=78) purchased and maintained in 
the animal facility of  the Universidad Autónoma de 
Aguascalientes. Mice were housed in plexiglass style 
cages, kept in a pathogen-free environment, at 22-24 
ºC temperature, 12-hour light / 12-hour dark cycle, 
humidity; access to food and water was ad libitum. Animals 
were handled following the guidelines established by 
the Official Mexican Standard NOM-062-ZOO-1999: 
“Technical specifications for the production, care and use 
of  laboratory animals”. Animals were randomized in four 
groups of  either sex in separated cages respectively as 
follow: control group (n=10), vector group (≥98% purity 
ethanol and saline solution; n=8), NAGly low-dose group 
(NAGly-LD: 1 nM; n=10), and NAGly high-dose group 
(NAGly-HD: 10 nM; n=10) see Figs. 1 and 2 for details.

N-Arachidonoyl glycine (NAGly) dosage and 
administration
The dose-dependent schedule of  NAGly (Cayman 
Chemical™, item: #90051) was subcutaneously 
administered by single injection for five days a week (for 
three weeks). NAGly was dissolved in saline solution 
and ≥98% purity ethanol based on a 1:1 ratio, NAGly 
administration was given at the same time frame every day 
(9:00-10:00 am); the volume injection was 90 µL/mouse. 
Animals were allocated in three experimental groups: 1 nM 
of  NAGly (3.25 µL/g of  body weight), 10 nM of  NAGly 
(3.25 µL/g of  body weight), and vector group [NAGly 
vehicle: (90% saline solution / 10% ethanol)]. The dose 
was established based on McHugh et al. previous findings 
(D.  McHugh et al., 2012); it has been reported NAGly 
effects from a minimum dose of  10 pg. 
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Experimental design: diet intake, preference, and 
weight gain analysis
Diets were exposed simultaneously to evaluate intake and 
preference for standard diet (SD), high-fat diet (HFD), and 
high-sugar diet (HSD) for three weeks; to identify diets, 
these were marked according to the type of  diet with food 
colorants. To preserve palatable food properties, 50 g of  
each diet were set and removed every day from the home-
cages. Mice were separated according to sex and group (five 
mice per cage). Diet intake and preference were evaluated 
daily at the same schedule (8:00-9:00) by gathering and 
weighing food remain, subsequently the quantity obtained 
in the measurement were subtracted from the total of  
each diet (50 g/per diet), food residue was analyzed with a 
0.001 g sensitivity scale (GRS 500, Torrey™); cages bedding 

material was changed every day. Data were registered as 
grams per day consumption. Weight gain was evaluated 
every week. 

Diets: food and nutrients composition
Mice were fed with four diets formula: 1) Standard diet (SD): 
23% protein, 5% lipids, and 72% carbohydrates; ingredients 
were: ground cereals, mixed oilseed paste, fish flour, cereal 
subproducts, alfalfa, and cane molasses (Agribrands Purina 
Mexico, Nutri-cubos™), 2) for high-fat diet (HFD): 11% 
protein, 53% lipids, 36% carbohydrates, and 354.46 mg 
of  sodium; ingredients were: bacon, fried potato chips, 
standard diet pellets and pork pate based on a 1:3:1:2 ratio, 
respectively, 3) for high-sugar diet (HSD) nutrients density 
were: 8% protein, 2% lipids, 90% carbohydrates (63.6% 
complex carbohydrates / 36.4% refined carbohydrates), 

Fig 1. Material and methods.

Fig 2. a) Daily weight gain; b) preparing the reagent dose for administration; c) Subcutaneous administration of NAGly-LD, NAGly-HD or vector; 
d) Evaluation of food preference; e) Diets formula given: Standard diet, High-fat diet and High-sugar diet. LD: Low-dose (1 nM), HD: high-dose 
(10 nM). (n=78).
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and 153.4 mg of  sodium; ingredients were: biscuits, liquid 
chocolate, marshmallow, sugar-rich cereal and standard diet 
based on a 1:2:2:2:1 ratio, respectively.

Cytokines determination: TNF-α, IFN-γ, and IL-1β 
serum quantification
Mice were sacrificed by cervical dislocation at the end of  
the third week. Serum fraction was obtained immediately 
through cardiac puncture collection and stored at -20ºC 
in Eppendorf™ tubes. TNF-α, IFN-γ, and IL-1β serum 
levels were determined by ELISA (Enzyme-Linked 
Immunosorbent Assay), using 100 µL serum/mouse 
according to manufacturer’s instructions. Selective 
antibodies against Mouse TNF-alpha uncoated ELISA 
(Invitrogen™, #88-7324), Mouse IFN-gamma uncoated 
ELISA (Invitrogen™, #88-7314), and Mouse IL-1β 
uncoated ELISA (Invitrogen™, #88-7013) were used.

Statistical analysis
Distribution normality was analyzed with Kolmogorov-
Smirnov Test; Two-way ANOVA Test, and One-way 
ANOVA test along with Bonferroni post hoc test were used 
to compare differences between groups, for two groups 
comparison Student-T test was used. Data are shown in 
mean and standard deviation (±SD) or percentages; analysis 
was done using the software SPSS version 20. p<0.05 were 
considered statistically significant; *p<0.05, **p<0.01, and 
*** p<0.001. 

RESULTS 

Dose-selective effect of NAGly administration on 
weight gain
For three weeks weight gains were evaluated in 78 BALB/c 
mice (n=38; female / n=40; male). Initial weight of  each 
group was no different from each other (p= 0.91), at the 
end of  the experiment, significant body weight changes 
were found in groups administered with NAGly compared 
to vector and control group (p= 0.0001; Table 1 & Fig. 3a). 
Notably, we identified a sex-dependent effect during 
NAGly administration, showing that male mice exposed 
to NAGly-HD presented differences on ponderal gains at 
the end of  the third week compared to the control group 
(20.4±2.4 vs 16.9±2.5; p= 0.01, Table 1). NAGly does not 
show differences between groups in female mice.

NAGly short-term effect on food intake
Food intake was registered and later analyzed; the average 
intake per mouse was 4.44 g/day, treatment group intakes 
data is available in Table 2. NAGly-HD group had higher 
daily intakes than the vector group. Furthermore, it seems 
that NAGly may cause an acute hyperphagic effect during 
the first days of  administration compared to the control 

and vector group and maintain this pattern through the first 
week in NAGly-HD group (Fig. 3b); during the second and 
third week, all groups had similar food intakes. As expected, 
male mice ate more of  each diet compared to female group.

Food preference evaluation following NAGly 
administration
Food preference patterns were determined by the total 
amount of  each diet consumed throughout the experiment. 
An overview in food choices patterns showed an increased 
preference for high-fat diet, followed by high-sugar diet and 
standard diet. Male mice with NAGly-HD presented an 
increased preference for high-fat diet compared to the rest 
of  groups (p= 0.001; Table 2). On the other hand, regarding 
high-sugar diet we had contrasted results, while control 
and vector groups showed a stable intake pattern, NAGly-
HD had a lower intake of  this diet (p= 0.0001; Table 2). 
However, NAGly-LD was the opposite, registering the 
highest consumption during the experiment (p= 0.0001; 
Table 2).

NAGly effect on food choice patterns throughout time
A dose dependent NAGly effect promoted an acute 
increase on food intake during the first week (Fig. 4a, b & c). 
All groups presented a predilection for high-fat diet during 
the three weeks, beside this, in the second week we 
registered changes in diet preference; standard diet intake 
was considerably lower in all groups compared to control 
mice (Fig. 4a); additionally, NAGly-HD group ate less high-
sugar diet as opposed to the other groups and previous 
week (Fig. 4c). Finally, there was no differences noticed 
during the third week. 

NAGly administration does not show changes in 
immune profile
Finally, TNF-α, IFN-γ and IL-1β plasma levels were under 
lower detection limit in the four groups, there was no Th1 
reaction produced by high amounts of  fat and sugar in diet, 
therefore there were no statistical differences. 

DISCUSSION

We aimed to identify the potential effect of  NAGly on 
weight gain, food intake, diet preferences and inflammatory 
profile changes. Our data confirm that after three weeks 
of  NAGly administration at 1nM or 10 nM dosage, a 
difference was noticed in weight gain, being higher than 
control and vector group. We propose that it might be 
due to an acute hyperphagic effect presented during week 
one, where it reached a peak in food consumption during 
the first days in those mice with NAGly administered. 
Previous studies where NAAAs are tested to study their 
effect on food intake showed that N-Oleoylglycine (OLGly) 
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Table 1: General weight gains according to treatment group
Group
Time

Control
(n=20)

Vector
(n=18)

NAGly‑LD
(n=20)

NAGly‑HD
(n=20)

F p

First week weight (g) 16.7±3.4 16.4±2.1 17.1±2.4 17±3.5 0.17 0.91
Second week weight (g) 18.6±2.4 19.3±1.8 20.4±1.3 20.5±2.2 3.79 0.01†

Third week weight (g) 20.1±1.2 19.8±1.1 21.6±1.1 21.4±2.1 6.57 0.001‡

Weight gain according to sex and treatment group
Female
Time

Control
(n=10)

Vector
(n=9)

NAGly‑LD
(n=10)

NAGly‑HD
(n=10)

F p

First week weight (g) 18.5±1.7 17.9±1.7 18.7±0.9 18.2±1.3 0.52 0.66
Second week weight (g) 20.0±1.1 19.5±1.4 21.0±1.0 20.5±2.1 1.81 0.16
Third week weight (g) 20.8±0.6 20.2±1.0 21.8±1.2 20.6±2.4 2.08 0.12
Male
Time

Control
(n=10)

Vector
(n=9)

NAGly‑LD
(n=10)

NAGly‑HD
(n=10)

F p

First week weight (g) 14.6±3.8 15.1±1.6 15.5±2.4 15.8±4.6 0.19 0.89
Second week weight (g) 16.9±2.5 19.2±2.2 19.7±1.3 20.4±2.4 4.33 0.01*
Third week weight (g) 19.5±1.3 19.5±1.2 21.3±0.9 22.1±1.6 9.6 0.0001‡

Data are displayed as: mean and SD; One‑way ANOVA test, p<0.05 was considered significant; (n=78).
†: Control group vs NAGly groups.
‡: Control & Vector group different from NAGly groups.
*: Control group vs NAGly‑HD.

Table 2: Diets intakes and preference according to sex & treatment group
Food intake (g/day/mouse) Control

(n=20)
Vector
(n=18)

NAGly‑LD
(n=20)

NAGly‑HD
(n=20)

F p

Male 5.11±1.30 4.30±1.27 5.48±1.54 5.87±1.61 4.56 0.005a
Female 3.76±1.25 4.07±2.14 3.45±1.38 3.46±1.38 0.73 0.53
Group 4.44±1.13 4.20±1.34 4.46±1.63 4.67±1.70 0.48 0.69

Diet type Control
(n=20)

Vector
(n=18)

NAGly‑LD
(n=20)

NAGly‑HD
(n=20)

F p

Standard diet (g/day/mouse)
Male
Female

0.07±0.10
0.01±0.06

0.05±0.16
0.01±0.01

0.06±0.14
0.01±0.03

0.07±0.13
0.10±0.02

0.18
0.02

0.90
0.99

Group 0.04±0.07 0.03±0.09 0.04±0.09 0.04±0.09 0.10 0.95
High‑fat diet (g/day/mouse)

Male
Female

3.95±0.92
3.01±1.00

3.64±1.01
3.12±2.12

3.77±1.12
2.86±1.31

5.06±1.60
3.02±1.25

6.18
0.11

0.001b

0.95
Group 3.48±0.89 3.41±1.26 3.32±1.22 4.04±1.57 1.81 0.15

High‑sugar diet (g/day/mouse)
Male
Female

1.08±0.54
0.73±0.64

0.61±0.54
0.93±0.62

1.64±0.72
0.57±0.45

0.73±0.44
0.42±0.42

13.65
3.36

0.005c

0.02d
Group 0.90±0.38 0.75±0.39 1.10±0.69 0.57±0.45 6.98 0.0001*,e

Data are displayed as: mean and SD, ANOVA test was used; a: Vector different from NAGly groups; b: NAGly‑HD different from rest; c: NAGly‑LD different 
from rest; d: NAGly‑HD different from vector; e: NAGly‑LD different from vector & NAGly‑HD. *: Control & Vector vs NAGly‑HD group; p<0.05 was considered 
significant; (n=78.)

Fig 3. a) Weight gain across time; b) Daily food intake comparison between experimental groups across time. NAGly-LD (Low dose:1 nm); 
NAGly-HD (High dose: 10 nM). p<0.05 was considered significant. *: p<0.05; ***: p ≤0.001. (n=78).
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induced hyperphagia by increasing c-Fos protein expression 
in Agouti-Related protein (AgRP) neuron, nonetheless, 
such results were not found in NAGly (Wu et al., 2017), 
unlike our results, it seems NAGly may participate in these 
hyperphagic episodes; neuropeptide Y (NPY), AgRP and 
orexigenic molecules actions and expression levels should 
be considered for further studies. This might allow to 
determine if  hypothalamic neuronal activity during NAGly 
administration may play a role as intermediary in CB1 
and GPR’s activation on feeding behavior and metabolic 
regulation.

Sexual dimorphism on food intake and weight gain has 
been identified to present differences (Morselli et al., 2014), 
our results agreed with this, by showing a sex-dependent 
effect where a considerable substantial food intake and 
weight gain were observed in male mice rather than 
female group. Increased food intake in males is a common 
behavior in mammals feeding determined by genetic and 
hormonal factors that will conditionate sex-dependent 
energy intake and caloric expenditure (Shi et al., 2009; Voigt 
et al., 2014). It has been studied that males might change 
feeding patterns and females their energy expenditure, 
these events may be the result of  changes in NPY and 
proopiomelanocortin (POMC) neurons profile expression 
(Ikeda et al., 2005; Palmer & Clegg, 2015; Shi et al., 2009). 

On the other hand, the main food preference intake was for 
HFD in all groups. Although, HFD intake was decreasing 
at the end of  the third week in NAGly administered 
mice; a lower fat intake was observed in males. NAGly 
has been identified as a novel insulin secretagogue; as is 
known, insulin has a role as an anorexigenic hormone, at 
the same time, stimulates leptin synthesis and secretion, 
these two hormones work synergically to stimulate satiety 
and extending time for the next food intake; NAGly 

insulinotropic action has been hypothesized through 
Ca2+ stimulating VR1 (vanilloid receptor 1) that will be 
modulated insulin secretion in beta cells from pancreas 
(Akiba et al., 2004; Goldbach-Mansky, 2012; Kleiner 
et al., 2013; Ramírez-Orozco et al., 2019). In addition, 
leptin circulant levels and AgRP expression in NAGly 
administered groups could elucidate better these events. 
Furthermore, dietary factors could modify NAGly 
synthesis and expression (Inam et al., 2016), given the 
results it is necessary to study NAGly thoroughly; analyze 
probable mediated expression through GPR18, GPR119 or 
GPR55 to evaluate influence and association over hunger 
and satiety circuitry that could solve part of  the possible 
metabolic effect of  NAGly.

Contrasted observations were the preference for high-
sugar diet in NAGly exposed groups, i.e., NAGly-LD 
consumed more than any group, nevertheless, NAGly-
HD was the opposite to this result. Firstly, high intake 
of  sugar might affect serotonin metabolism; for instance, 
Inam et al. demonstrated a down-regulation of  serotonin 
pathway in rats of  both genders which were fed freely 
for five weeks on a sugar-rich diet (Inam et al., 2016). 
Serotonin has a major role in mood state, perception, 
reward system, memory, rage, appetite control and other 
important functions; a diminished function of  serotonin 
has been associated with hyperphagia in both sexes and 
other collateral effects like anxiety and depression, being 
more severe these alterations in females (Zhang et al., 2018). 
In contrast, our results showed different food preference 
pattern of  HSD in males vs females, which it is preserved 
during the three weeks. Also, we observed an increase in 
food intake in NAGly treated groups in the first week. 
Sweet taste flavor is potentially powerful to induce a strong 
flavor in humans, rodents and flies, probably explained by 
a greater activity in dopamine release through brain reward 

Fig 4. a) Standard diet intake comparison between experimental groups across time; b) High-fat diet intake comparison between experimental 
groups across time; c) High-sugar diet intake comparison between experimental groups across time. NAGly-LD (Low dose:1 nm); NAGly-HD 
(High dose: 10 nM). p<0.05 was considered significant. *: p<0.05; **: p<0.01 ***: p ≤0.001. (n=78).

cba
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circuitry and the presence of  macronutrients infusions in 
gut causing an enduring flavor-choice (Zhang et al., 2018). 
These results could be conceptualized perhaps by NAGly 
role on intracellular GPR55-dependent calcium increase, 
promoting serotonin receptors excitability along to the 
effect of  sugary food in this system, which might enhance 
this feeding pattern by eating more sugar, remembering 
that a poor serotonin activity will lead to an unbalanced 
appetite regulation (Console-Bram et al., 2017).

Cytokines (TNF-α, IFN-γ and IL-1β) are known to be 
proinflammatory markers under selective pathological 
scenarios. We tested whether chronic excesses of  fat and 
sugar intake modulate inflammatory profiles in mice. We 
found not significant TNF-α, IFN-γ and IL-1β plasma 
cytokines identification in our experimental models. 
According to Kleiner et al. previous results, it will be very 
low or non-detectable cytokine levels in healthy subjects 
(Kleiner et al., 2013); as it is known, food has different 
effects (pro or anti-inflammatory) in the organism, these will 
depend and vary on the food type, such as: carbohydrates 
and fat source (e.g., simple vs complex or unsaturated vs 
saturated), other factors that have been demonstrated that 
could modulate inflammation response is glycemic index, 
calories intake or eating patterns and habits (Inam et al., 
2016). Our results could be explained by the fact that mice 
were young and healthy, and a short time-dependent diet 
exposure to promote metabolic alterations. It will be ideal 
a diet-induced obesity model to test and clarify possible 
NAGly role.

CONCLUSIONS

To summarize, our results have shown that NAGly 
actively promotes acute hyperphagia at low and higher 
doses administration and forward increases weight gain, 
although this effect disappears with time. On the other 
hand, as time goes on, NAGly increases fat and sugar 
intake, probably modulated by hunger mechanisms or 
other orexins regulation processes; no acute changes were 
observed in the pro-inflammatory cytokine production 
profile due to an excess in the intake of  fats and sugars, 
however, it should be considered in a model of  chronic 
exposure to this type of  food or with the presence of  
pathologies that may condition this response to study the 
effect of  NAGly on this. NAAAs participation in biological 
processes is still unclear; more research is needed, the study 
of  lipids profile contained in food and their function in the 
synthesis modulation of  NAGly in the body. Physiological 
concentrations of  NAGly and the type of  diet consumed 
should be evaluated in detail since these conditions may 
play a relevant role in the activity of  this molecule, causing 
variation in NAGly functions. These findings lead to future 

studies related to food composition and NAGly possible 
activity in energy homeostasis metabolism that contribute 
to a better understanding of  NAAAs.
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