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Research Article

( Abstract

Background: High-fat and high-fructose diets induce obesity and may cause physiological stress and alter the expression of cannabinoid receptor type 1
(CBIR) and cannabinoid receptor type 2 (CB2R). Curcumin may ameliorate these changes.

Objectives: This study investigated the effects of curcumin on the modulation of the hippocampal endocannabinoid system in C57BL/6 mice under high-fat
and high-fructose dietary conditions.

Methods: A total of 42 5-week-old male C57BL/6 mice were fed for 14 weeks a (1) standard diet (SD), (2) SD plus fructose (SD+Fr), (3) SD plus curcumin and
fructose (SD+C+Fr), (4) high-fat diet (HFD), (5) HFD plus curcumin (HFD+C), (6) HFD plus fructose (HFD+Fr), or (7) HFD plus curcumin and fructose (HFD+C+Fr).

Results: At the end of treatment, mice in the HFD+Fr group had significantly greater body weight gain than those in the SD group (P < 0.05). Curcumin
significantly attenuated weight gain in the HFD+C and HFD+C+Fr groups compared with their respective non-curcumin HFD groups (P < 0.05). Curcumin
reduced CBIR and CB2R expression in HFD+C compared with that in HFD, whereas it increased CBIR and CB2R expression in HFD+C+Fr compared with that in
HFD+Fr (P < 0.05). Hippocampal anandamide (AEA) was lower in HFD+Fr than in SD (P = 0.049) and in HFD+C than in HFD (P = 0.04). Hippocampal 2-
arachidonoylglycerol (2-AG) was lower in HFD+Fr than in SD (P = 0.041) and in HFD+C than in both HFD (P = 0.032) and SD (P = 0.012). The decreases in AEA and 2-
AG in HFD+C+Fr relative to SD were not statistically significant.

Conclusions: High-fat and high-fructose diets increased body weight gain and altered hippocampal AEA and 2-AG levels, along with CBIR and CB2R
expression. Curcumin attenuated hypercaloric diet-induced weight gain and modulated cannabinoid receptor expression in a diet-dependent manner,
reducing receptor expression under high-fat conditions while increasing it under combined high-fat and fructose exposure. These findings indicate that diet-
induced changes in endocannabinoid ligands are accompanied by selective alterations in receptor expression, particularly CB2R, and that curcumin modulates
this system according to the metabolic context.

Keywords: Hypercaloric Diet, Curcumin, Hippocampus, Cannabinoid Type 1 Receptor, Cannabinoid Type 2 Receptor,
Anandamide, 2-Arachidonoylglycerol
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1. Background

Consumption of a Western diet high in fat and/or
fructose is associated with increased oxidative stress,
insulin resistance, and obesity, which increase the risk of
type 2 diabetes (T2D) and nonalcoholic fatty liver disease
(NAFLD) and may also contribute to cognitive impairment
and neurodegenerative disease (1-3). In mice, we previously
showed that chronic intake of an HED and a high-fructose

diet may induce cognitive impairment, characterized by
lower discrimination indices and decreased exploration
time in recognition-memory tasks, accompanied by lower
concentrations of glutamate and glutamine in the
hippocampus (4). Moreover, hypercaloric diets can induce
obesity, which, together with inflammation and oxidative
stress, may  impair

cognition by  disrupting

neurotransmitter systems such as glutamate and gamma-
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aminobutyric acid (GABA) and may also disturb the
endocannabinoid system (1, 4).

The endocannabinoid system is a complex network
comprising three main components: membrane-bound
receptors, their endogenous ligands, and the enzymes
involved in the metabolism of these signaling molecules
(5). The principal endogenous ligands identified in
(AEA), 2
arachidonoylglycerol (2-AG), and oleamide. Two major

humans include anandamide

cannabinoid receptors have also been described:
cannabinoid receptor type 1 (CBiR) and cannabinoid
receptor type 2 (CB2R), which mediate many physiological
effects associated with these ligands. CB1R is abundant in
the hippocampus, cerebellum, and basal ganglia and is
also expressed in peripheral tissues such as adipose tissue,
skeletal muscle, the gastrointestinal tract, and liver
CB2R s

striatum,

parenchyma. widely expressed in the

hippocampus, cortex, nucleus accumbens,
thalamus, hypothalamus, and cerebellum, as well as in

peripheral tissues such as the immune system (5, 6).

Evidence suggests that activation of hypothalamic CB1R
in animal models strongly stimulates preferential intake of
high-fat foods, induces hepatic lipogenesis, and increases
body weight gain (5). An HFD has also been reported to
induce significantly greater food intake in rainbow trout
(Oncorhynchus mykiss) than a standard diet, a difference
attributed to feed palatability. This increased consumption
was associated with elevated AEA and 2-AG concentrations
in serum, the hypothalamus, and the telencephalon, a
brain region involved in hedonic regulation in fish (5).
These findings are consistent with observations in humans,
in whom inhibition of CB1R by the antagonist rimonabant
reduced appetite and was beneficial for obesity treatment
(5-7); however, rimonabant was ultimately withdrawn
because of serious mood-related adverse effects. We also
previously showed that curcumin restores brain-derived
neurotrophic factor (BDNF) levels in the hippocampus of
diabetic db/db mice (8) and that a strawberry flavonoid
decreased oxidative damage in the hippocampus of obese

rats (9).

2. Objectives

This study aimed to evaluate the effects of curcumin on
hippocampal CBiR and CB2R
endocannabinoid levels (AEA and 2-AG), which were

expression  and

considered the primary outcomes, and to determine their
interaction with high-fat and high-fructose diets in C57BL/6

mice. Body weight, body weight gain, and energy intake
were assessed as secondary outcomes.

3. Methods

3.1. Ethics Statements and Animal Care

The study was designed to comply with international
guidelines applicable to the use of animal models in
research and followed the 3Rs principle (refine, reduce,
replace) as described in the ARRIVE guidelines (10).
Animals were assigned to experimental groups using
simple randomization; a block allocation scheme was not
used. This decision was based on the homogeneity of the
animals at the beginning of the experiment, including the
use of the same strain and sex, comparable age, and a
narrow range of initial body weight; therefore, no factors
requiring additional control through blocking were
identified. No animals were lost during the study. All
animal procedures were performed in accordance with the
National Research Council Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional
Bioethics Committee of the University of Guanajuato
(CIBIUG-P43 -
standardized conditions on a 12-hour light/dark cycle. No

2020). Animals were housed under
blinding was applied during the experimental procedures,
which is acknowledged as a potential source of bias and a

study limitation.

3.2. Sample Size Calculation

The primary endpoint used for the a priori sample size
calculation was hippocampal AEA concentration. The
calculation was based on data reported by Satta et al. (11),
who compared hippocampal AEA levels in rats fed a
control diet and a HFD, and on the formula for quantitative
samples reported by Charan and Biswas (12).

3.3. Experimental Design and Treatment

This comparative experimental study used a
hypercaloric diet-induced obese C57BL/6 mouse model to
assess the effects of curcumin on hippocampal CB1R and
CB2R expression and hippocampal AEA and 2-AG
concentrations in mice fed high-fat and high-fructose diets.
The mice were treated for 14 weeks as previously described
(13): 1) the control group (SD) received a standard diet; 2)
the fructose group (SD+Fr) received SD and fructose (30%
w[v) in water; 3) the fructose plus curcumin group

(SD+C+Fr) received SD supplemented with curcumin
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(0.75% wlw) and fructose (30% w|v) in water; 4) the HFD
group received a high-fat diet; 5) the HFD plus curcumin
group (HFD+C) received HFD
curcumin (0.75% wjw); 6) the HFD plus fructose group
(HFD+Fr) received HFD and fructose (30% w|v) in water;
and 7) the HFD plus curcumin plus fructose group

supplemented with

(HFD+C+Fr) received HED supplemented with curcumin
(0.75% wlw) and fructose (30% w|v) in water.

The SD was purchased as pellets from Purina® Mexico
and consisted of 28.5% protein, 13.5% lipids, and 58%
carbohydrates (1233, 58.4, and 250.8 kcal per 100 g of food,
respectively). The HFD consisted of 17% protein, 47.5%
lipids, and 35.5% carbohydrates (74.6, 332, and 151.6 kcal per
100 g of food, respectively). Curcumin (75% purity) was
purchased from Vidanat Mexico (Guadalajara, Jalisco,
Mexico); batch information was not recorded and is
unavailable. Fructose (30% w|v) in water provided 1.2
kcal/mL. To prepare the experimental diets, standard
pellets were ground, and appropriate amounts of lard
andfor curcumin were incorporated to achieve the
specified concentrations. Fresh batches of diet and fructose
solution were prepared every 72 hours and stored at 4 °C to
ensure optimal quality for daily administration. Body
weight, food intake, and fluid consumption were recorded
weekly.

The primary outcomes were hippocampal CB1R and
CB2R expression and hippocampal concentrations of AEA
and 2-AG. Secondary outcomes included body weight gain
and energy intake. The a priori sample size calculation was
based on hippocampal AEA levels.

3.4. Euthanasia, Blood Sample Collection, and Hippocampus
Dissection

At the end of the treatment period, mice were fasted for
8 hours and then euthanized by isoflurane overdose
followed by cervical dislocation. Blood was collected to
obtain serum, which was stored at-20 °C until analysis. The
hippocampus was then rapidly dissected, washed, and
stored at -80 °C in 20 mM Tris-HCI buffer (pH 7.8, 10 mM
EDTA, and 2 mM DIT) containing protease inhibitors
(Complete, EDTA-free, Roche) for subsequent protein
extraction.

3.5. Western Blot Analysis

The hippocampus was homogenized, and proteins were
isolated using the phenol extraction method as previously
described. Protein precipitates were dried and dissolved in

Jundishapur ] Nat Pharm Prod. 2026; 21(4): e171136

sample buffer (0.5 M Tris-HCl, 10% SDS, 20% glycerol; pH
6.8), followed by determination of protein concentration
using the BCA protein assay (Pierce Chemical Co,
Rockford, IL, USA), with BSA as the reference standard.
Actin, CB1R, and CB2R were determined by western
blotting as previously described (13). Briefly, 30 pg of
protein was separated on a 10% polyacrylamide gel, and the
resolved proteins were transferred to a nitrocellulose
membrane. Molecular weights were identified using
prestained protein standards (Precision Plus Protein
Standards, Bio-Rad Laboratories). Proteins were detected
using antibodies against CBiR and CB2R (1:1500; Cayman
Chemical) and B-actin (1:2500; Santa Cruz Biotechnology,
bands detected

chemiluminescence kit according to the manufacturer's

Inc.). Protein were using a
instructions (Western Lightning Plus-ECL, PerkinElmer),
and band optical density was measured using the
ChemiDoc XRS system (Bio-Rad, CA, USA). Membranes
were stripped to determine cannabinoid receptors and
actin on the same membrane. Each experiment was
performed in duplicate; therefore, all 3 proteins were

determined on the same blot.

3.6. Determination of Endocannabinoids

The endocannabinoids AEA and 2-AG were measured in
the hippocampus using ELISA kits for AEA (Cat
MBS1607597; Cayman Chemical, USA) and 2-AG (Cat.
MBS1601288; Cayman Chemical, USA), according to the
manufacturer's instructions.

3.7. Statistical Analysis

All data were tested for normality using the Shapiro-
Wilk test and for homogeneity of variance using Levene's
test and are expressed as mean * SEM. A 3-way analysis of
variance (ANOVA) within the general linear model (GLM)
was performed to evaluate the main effects of diet
(standard vs high-fat), fructose (absence vs presence), and
curcumin (absence vs presence), as well as their
interactions. When significant effects were detected,
Tukey's post hoc test was applied (14). Statistical
significance was set at P < 0.05. All analyses were performed
using IBM SPSS Statistics version 25.

4. Results

At the beginning of the treatment, the phenotypic
characteristics of the mice were similar in terms of strain,
sex, age, and body weight, and no between-group
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Table 1. Effects of Curcumin on Body Weight and Weight Gain in Male C57BL[6 Mice *

Groups Initial Weight (g) Final Weight (g) Weight Gain (g)
SD 20.00£1.035 30.03 +£2.587 10.03+£2.378
SD+Fr 19.47 £ 0.856 30.52+2.588 11.05 £2.505
SD+C+Fr 19.90 +£0.906 27.95+2.660 8.05+2.408
HFD 19.22+1.201 33.77+3.775 14.55 +£3.770 L
HFD+C 19.37+1.103 29.60+2.792 ¢ 10.23+2.594 d
HFD+Fr 19.39£1.243 35.07+4.590 ¢ 16.67 + 4.186 D
HFD+C+Fr 19.50 £1.414 30A56t3A321[ 11.06 £3.670 &

3 Values are expressed as mean + SEM (n = 6). Abbreviations: SD, standard diet; SD+Fr, standard diet plus 30% fructose in water; SD+C+Fr, standard diet
supplemented with 0.75% curcumin plus 30% fructose in water; HFD, high-fat diet; HFD+C, high-fat diet supplemented with 0.75% curcumin; HFD+Fr,
high-fat diet plus 30% fructose in water; HFD+C+Fr, high-fat diet supplemented with 0.75% curcumin plus 30% fructose in water.

b For weight gain: P=0.014 vs SD.

€ For final weight P=0.039 vs HFD.
dFor weight gain P =0.02 vs HFD.

€ For final weight: P=0.001vs SD.
fFor final weight P = 0.007 vs HED+Fr.
& For weight gain P =0.003 vs HFD+Fr.

differences were observed. At the end of treatment, no
atypical results warranted exclusion from the analysis.

4.1. Effect of Hypercaloric Diets and Curcumin on Body Weight
Gain

The effects of hypercaloric diets and curcumin on body
weight in C57BL[6 mice were first evaluated. As shown in
Table 1, initial body weights were similar across all
experimental groups. After 14 weeks of treatment, mice in
the HFD+Fr group had a significantly higher final body
weight than those in the SD group (P = o.001). Final body
weight was lower in the HFD+C+Fr group than in the
HFD+Fr group (P = 0.007) and lower in the HFD+C group
than in the HFD group (P = 0.039).

Body weight gain was calculated by subtracting the
initial weight from the final weight (Table 1). Mice fed HFD
and HFD+Fr gained more weight (14.55 + 3.77 and 16.67
448 g, respectively) than mice fed SD (10.03 £ 237 g; P =
0.014 and P = o.001, respectively). Curcumin attenuated
hypercaloric diet-induced weight gain (HFD+C, 10.23 + 2.59
g; HFD+C+Fr, 11.06 £ 3.67 g) compared with the respective
HFD and HFD+Fr control groups (P = 0.02 and P = 0.003,
respectively).

4.2. Effect of Hypercaloric Diets and Curcumin on Energy
Consumption

Food and fructose-water intake were recorded

separately to determine the effects of hypercaloric diets

and curcumin on energy consumption. For energy intake
from fructose (Figure 1A), the SD+Fr and SD+C+Fr groups
consumed approximately twice as much energy as the
HFD+Fr and HFD+C+Fr groups (P < 0.05). Curcumin had no
significant effect on energy intake from fructose; no
differences were observed between SD+C+Fr and SD+Fr or
between HFD+C+Fr and HFD+Fr. For energy intake from
food (Figure 1B), the SD group consumed significantly
more energy than all other groups (P < 0.001). Curcumin-
treated groups did not show a significant change in energy
intake from food compared with their respective groups
receiving the same diet without curcumin. For total energy
consumption (Figure 1C), the SD group consumed more
energy than the other 6 groups (P < o.01), whereas no
significant differences were observed between curcumin-
treated groups and their respective fructose- or HFD-
treated controls. Thus, curcumin did not affect energy
intake from either fructose or food.

4.3. Effect of Hypercaloric Diets and Curcumin on Hippocampal
Cannabinoid Receptor Type 1 and Type 2 Expression

CBiR and actin (ACT) levels were
determined on the same nitrocellulose membrane and are
expressed as the CB1R/ACT ratio (Figure 2B). As shown in

Figure 2A, the hypercaloric diets did not significantly affect

expression

CB1R expression in the HFD+Fr group compared with the
SD and SD+Fr groups. However, CB1R expression was lower
in the HFD+C group than in the HFD group (P=o0.013) and
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Figure 1. Effects of curcumin on energy consumption. Data are presented as mean + SEM (n = 6). SD, standard diet; SD+Fr, standard diet plus 30%
fructose in water; SD+C+Fr, standard diet supplemented with 0.75% curcumin plus 30% fructose in water; HFD, high-fat diet; HFD+C, high-fat diet
supplemented with 0.75% curcumin; HFD+Fr, high-fat diet plus 30% fructose in water; HFD+C+Fr, high-fat diet supplemented with 0.75% curcumin plus
30% fructose in water. A, Energy consumption from fructose. *P < 0.05 for SD+Fr and SD+C+Fr vs HFD+Fr and HFD+C+Fr. B, Energy consumption from

food. *P < 0.001 for SD vs all other groups. C, Total energy consumption. *P < 0.01 for SD vs all other groups.

higher in the HFD+C+Fr group than in the HFD+Fr group
(P = 0.002). These opposite responses to curcumin suggest
that the combination of fructose and fat may have a greater
effect on CB1R and may modify the effect of curcumin
observed when mice receive fat or fructose alone.

SD  SD+Fr SD+C+Fr HFD HFD+C HFD+Fr HFD+C
B Fr
RCB1 o °

ACT i T — —

= 0.006) and HFD (P < o0.001) groups and higher in the
HFD+C+Fr group than in the HFD+Fr (P = 0.026) and SD (P
=o0.001) groups (Figure 3A).

A p=0.001
7.0 p=0.026
6.0
=]
g 5.0 p=0.006
[
<0.
E P <0.001
5
(o
[=-]
o

B SD SD+Fr SD+C+Fr HFD HFD+C HFD+Fr HFD+C
Fr

RCB2 e——

ACT i — o ST Gm— —

Figure 2. Effects of hypercaloric diets and curcumin on CBIR expression.
A, CBIR/ACT ratio; data are presented as mean * SEM (n = 6). B,
Immunoblotting of CBIR and ACT. SD, standard diet; SD+Fr, standard
diet plus 30% fructose in water; SD+C+Fr, standard diet supplemented
with 0.75% curcumin plus 30% fructose in water; HFD, high-fat diet;
HFD+C, high-fat diet supplemented with 0.75% curcumin; HFD+Fr, high-
fat diet plus 30% fructose in water; HFD+C+Fr, high-fat diet
supplemented with 0.75% curcumin plus 30% fructose in water.

Figure 3. Effects of hypercaloric diets and curcumin on CB2R expression.
A, CB2R/ACT ratio; data are presented as mean + SEM (n = 6). B,
Immunoblotting of CB2R and ACT. SD, standard diet; SD+Fr, standard
diet plus 30% fructose in water; SD+C+Fr, standard diet supplemented
with 0.75% curcumin plus 30% fructose in water; HFD, high-fat diet;
HFD+C, high-fat diet supplemented with 0.75% curcumin; HFD+Fr, high-
fat diet plus 30% fructose in water; HFD+C+Fr, high-fat diet
supplemented with 0.75% curcumin plus 30% fructose in water.

CB2R and ACT expression levels were also determined
on the same nitrocellulose membrane (Figure 3B) and are
expressed as the CB2R/ACT ratio (Figure 3A). CB2R
expression was lower in the HFD+C group than in the SD (P

Jundishapur ] Nat Pharm Prod. 2026; 21(4): e171136

The CBiR/CB2R expression ratio was subsequently
calculated using the CB1R/ACT and CB2R/ACT ratios from
Figure 2A and 3A, respectively. No significant differences in
the CB1R/CB2R ratio were observed among groups (Figure
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Figure 4. CBIR/CB2R ratio. Data are presented as mean + SEM (n = 6) and were obtained from Figures 2A and 3A. SD, standard diet; SD+Fr, standard diet
plus 30% fructose in water; SD+C+Fr, standard diet supplemented with 0.75% curcumin plus 30% fructose in water; HFD, high-fat diet; HFD+C, high-fat

diet supplemented with 0.75% curcumin; HFD+Fr, high-fat diet plus 30% fructose in water; HFD+C+Fr, high-fat diet supplemented with 0.75% curcumin
plus 30% fructose in water.
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Figure 5. Effects of hypercaloric diets and curcumin on hippocampal endocannabinoids. A, AEA levels. B, 2-AG levels. Data are presented as mean + SEM
(n=16). SD, standard diet; SD+Fr, standard diet plus 30% fructose in water; SD+C+Fr, standard diet supplemented with 0.75% curcumin plus 30% fructose
in water; HFD, high-fat diet; HFD+C, high-fat diet supplemented with 0.75% curcumin; HFD+Fr, high-fat diet plus 30% fructose in water; HFD+C+Fr, high-
fat diet supplemented with 0.75% curcumin plus 30% fructose in water.

4), suggesting that CB1R expression was not proportionally
greater than CB2R expression. However, the HFD+Fr group
had the highest CB1R/CB2R ratio, approximately twice that
of the SD group.

4.4. Effect of Hypercaloric Diets and Curcumin on Hippocampal
Endocannabinoid Concentrations

Hippocampal AEA concentration was significantly
lower in the HFD+Fr group than in the SD group (P =

0.049) and in the HFD+C group than in the HED group (P =
0.04) (Figure 5A). AEA also decreased in the HFD+C+Fr
group, but the difference was not statistically significant
despite an almost 50% decrease relative to the control.
2-AG changed
significantly (Figure 5B). The HFD+Fr group had a lower 2-
AG concentration than the SD group (P = o0.041). The
HFD+C+Fr group showed a slight recovery of this decrease,
and no significant difference was observed relative to the

Hippocampal concentrations  also
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Table 2. Main Effects of Diet on Endocannabinoid System Components ?

Dependent Variables P-Value Coefficient of Determination (R?)
CB1R 0.090 0.381
CB2R 0.005 0.556
CB1R/CB2R 0.697 0.174
2-AG 0.004 0.562
AEA 0.046 0.429

4 Multivariate ANOVA (GLM) was performed to evaluate the main effects of diet on components of the endocannabinoid system. CBIR, cannabinoid
receptor type 1; CB2R, cannabinoid receptor type 2. Statistical significance was set at P < 0.05.

Table 3. Simple Effects of Curcumin on Cannabinoid Receptor Expression in the Hippocampus @

Dietary Conditions and Comparisons Direction of Effect P-Value
HFD
HED vs HFD+C { CBIR 0.013
HEFD vs HFD+C 1 CB2R 0.001
HFD-+Fr
HFD+Fr vs HFD+C+Fr T CBIR 0.002
HED+Fr vs HFD+C+Fr T CB2R 0.026

4 simple effects of curcumin were analyzed using a general linear model (GLM) following significant interactions between factors. Analyses considered
diet (standard vs high-fat) and fructose (absence vs presence). HFD, high-fat diet; C, curcumin; Fr, fructose; CBIR, cannabinoid receptor type 1; CB2R,

cannabinoid receptor type 2. Statistical significance was defined as P < 0.05.

SD group, although the concentration remained
approximately half that of SD. The HFD+C group had a
significantly lower 2-AG concentration than both the HFD

group (P=0.032) and the SD group (P=0.012).

4.5. Effect of Diet and Curcumin on
Endocannabinoid System Components

Hippocampal

To further strengthen interpretation of the findings, a
post hoc power analysis was performed. This analysis
demonstrated adequate statistical sensitivity for the
primary outcomes, with achieved power values of 0.97,
0.99, 0.97, 0.99, and 0.98 for CBiR, CB2R, AEA, 2-AG, and
body weight gain, respectively. A GLM analysis was then
performed to determine the main effects of diet on
and their
interactions (Table 2). The multivariate analysis showed

endocannabinoid system components

significant effects of dietary conditions on CB2R expression
(P = 0.005, R* = 0.556), 2-AG levels (P = 0.004, R* = 0.562),
and AEA levels (P = 0.046, R* = 0.429). In contrast, CB1R
expression (P = 0.090) and the CB1R/CB2R ratio (P = 0.697)
were not significantly affected. Further analysis of simple
effects showed that curcumin significantly modulated
cannabinoid receptor expression in a diet-dependent
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manner (Table 3). In mice fed a HFD, curcumin
supplementation reduced hippocampal CBiR (P = 0.013)
and CB2R (P = o0.001) expression. Conversely, in mice fed
HFD combined with fructose, curcumin increased CB1R (P
=0.002) and CB2R (P =0.026) expression.

5. Discussion

The present results show that HFD and HEFD+Fr
significantly increased body weight gain in C57BL/6 mice,
whereas curcumin exerted a protective effect against this
phenotype. This effect appeared to be independent of
energy intake, suggesting that curcumin may modulate
multiple metabolic pathways involved in the development
of obesity
consumption. The causal effect of hypercaloric diets on

rather than simply reducing energy
obesity and metabolic syndrome is widely supported in
animal models (15-18). Evidence also suggests that the
endocannabinoid system may participate in the
development of both obesity and cognitive impairment (1,
5, 19), whereas curcumin may exert beneficial effects by
reducing oxidative damage in tissues such as the brain (8),
liver, heart, kidney, and intestine (9, 17). Ghelani et al. (20)

reported a significant reduction in food consumption in
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rats treated with different concentrations of curcumin (5o,
100, and 150 mglkg). A 2021 study (21) reported that
curcumin (100 mg/kg) prevented 53% of body weight gain
(g/week) in 5-week-old male C57BL/6] mice fed a HFD for 10
weeks, an effect attributed to decreased food intake. Li et al.
(16) demonstrated that supplementation with 0.2%
curcumin in a HFD improved metabolic disturbances
associated with hepatic steatosis and insulin resistance in
obese male C57BL/6 mice. These beneficial effects were
linked to alterations in gut microbiota composition and its
metabolic products. Similarly, Feng et al. (22) reported that
male ApoE (-/-) mice fed a HFD had significantly greater
body weight than those receiving the control diet and that
curcumin supplementation (0.1% wjw) for 16 weeks
significantly prevented body weight gain; no difference in
food intake was observed between groups during the
experimental period. Therefore, our findings are consistent
with these results, showing that curcumin prevents body
weight gain without altering energy intake.

Curcumin may also prevent body weight gain by
influencing lipid metabolism. A 60% high-fructose diet
significantly increased body weight compared with the
control diet, and curcumin (200 mg/kg body weight)
significantly prevented this increase without affecting food
intake; the authors attributed this effect to decreased lipid
concentrations through regulation of proteins involved in
fatty acid synthesis (20). Maithilikarpagaselvi et al. (23)
reported that curcumin reduced body weight gain by
preventing hyperlipidemia and hepatic steatosis induced
by a high-fructose diet in male Wistar rats. Insulin
resistance also plays an important role in body weight
regulation. It was previously reported that 23-week-old
db/db mice treated with curcumin (0.75% wjw) for 8 weeks
had less weight loss than the control group without
curcumin. These results suggest that curcumin acts as a
metabolic regulator that slows weight loss in older mice
with uncontrolled diabetes and hyperphagia, perhaps by
decreasing insulin resistance. In addition to influencing
lipid metabolism and adipocyte differentiation, curcumin
may also influence lean mass gain. Curcumin has
previously been reported to increase the expression of
proteins involved in protein synthesis (13, 24), supporting
the possibility of lean mass gain. However, the percentages
of fat and lean mass were not determined in the present
study; therefore, it remains unclear whether curcumin’s
effect on body weight reflects reductions in fat mass, lean
mass, or both.

The endocannabinoid system comprises cannabinoid
receptors (CBiIR and CB2R), endogenous cannabinoid
ligands, and their biosynthetic and degradative enzymes.
CB1R and CB2R are expressed in the brain and in some
peripheral tissues (5, 25). In the present study, we evaluated
the effects of curcumin on CB1R and CB2R expression and
on their ligands, AEA and 2-AG. Hippocampal CBiR and
CB2R expression decreased significantly in the HFD+C
group compared with the HFD and SD groups. This
reduction was accompanied by prevention of body weight
gain in the HFD+C group compared with the HFD group,
suggesting a potentially beneficial effect of curcumin. A
similar trend was observed in mice receiving fructose
(SD+C+Fr vs SD+Fr), although the difference was not
statistically significant.

These findings are of particular interest because CB1R
activation has been associated with increased food
palatability and a preference for fat- and/or carbohydrate-
rich foods, which can increase body weight gain, adipose
tissue accumulation, and hepatic lipogenesis in rodents.
Evidence also indicates that high-fructose diets enhance
central appetite signaling and impair cognitive function
(26). Moreover, fructose affects enzymes involved in the
synthesis and degradation of endocannabinoids in the
hypothalamus. For example, fructose consumption has
been shown to increase body weight gain and mRNA
of fatty acid
downregulating phospholipase C (27).

expression amide hydrolase while
In contrast, evidence suggests that hypothalamic
stimulation of CB2R increases energy expenditure and
promotes normal weight, whereas blocking CB2R with an
antagonist increases food consumption, similar to the
effect observed when CBiR is stimulated. In humans,
administration of the CBiR antagonist rimonabant has
been suggested to decrease appetite and body weight,
consistent with observations in rodents (7). The crucial
role of the endocannabinoid system in body weight
control has also been demonstrated in CB1R/CB2R double-
knockout mice. These mice do not increase caloric intake
or body weight gain on a HFD and are resistant to obesity,
possibly because of loss of CB1R or an interactive effect of
both receptors (5, 28). This finding supports our results, in
which curcumin decreased CBiR expression and body
weight. A HFD has been reported not to alter CBiR density
in the rat hippocampus but to decrease AEA levels while
increasing 2-AG levels (11). These findings indicate that
HFD-induced changes in the endocannabinoid system
affect brain regions involved in the hedonic aspects of
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feeding and cognitive processes. In the present study, CB1R
and CB2R expression was determined in the whole
hippocampus rather than in specific regions, which may
have masked increases in the CA1 and CA3 regions induced
by HFD that could be physiologically relevant to body
weight gain. The curcumin-induced reduction in CB1R and
CB2R expression may reflect its effects across the entire
hippocampus, consistent with the changes detected by
western blotting. Curcumin may also contribute to the
effects in the HFD+C group by decreasing CB1R expression
or blocking the receptor. Evidence suggests that
MEK1/ERK1/2
pathways through CBiR and that administration of

antioxidant activity activates signaling
curcumin nanoparticles in an animal model of induced
depression increases CB1IR mRNA and protein and p-MEK1
and p-ERKi1/2 in the hippocampus (29). Previous studies
have also suggested that curcumin may interact with CBiR
and CB2R in a carrageenan-induced pain model in mice
(30); however, direct receptor agonism remains to be fully

demonstrated.

With respect to CB2R expression, an unexpected finding
was that curcumin decreased CB2R expression in mice fed
a HFD, whereas it increased CB2R expression in the
SD+C+Fr group. Importantly, both groups had lower body
weight than groups receiving only hypercaloric diets.
These findings suggest that curcumin decreases CB2R
expression when mice consume either a high-fat or a high-
fructose diet alone; however, when rodents are exposed to
a combined high-fat and high-fructose diet, hippocampal
CB2R expression increases. One possible explanation is
that curcumin may act as a ligand for CB2R, thereby
modulating reward-related pathways and contributing to
lower body weight. This effect was not accompanied by
decreased energy intake, suggesting that curcumin may
instead increase energy expenditure and thereby reduce
body weight independently of changes in CB2R expression.
In this context, bioinformatic molecular analysis has
identified curcumin as a potential CB2R agonist (24).
Curcumin has also been suggested to bind to both CB1R
and CB2R (30). With
endocannabinoid levels,

respect to hippocampal
both AEA and 2-AG were
decreased by HFD and HFD+Fr and by curcumin treatment.
These reductions could be associated with compensatory
changes in hippocampal CBiR and CB2R expression,
although this possibility requires further investigation.

Finally, the post hoc power analysis indicated high
statistical sensitivity for all evaluated variables, whereas
the effect size estimates indicated large to extremely large
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treatment effects. The largest effects were observed for
CB2R and 2-AG, supporting the biological relevance and
robustness of the dietary interventions and curcumin-
induced changes. Taken together, these findings suggest
that the
meaningful, and unlikely to be attributable to insufficient

observed effects are robust, biologically

sample size or random variation.

Collectively, these findings raise new questions
regarding the mechanisms underlying the effects of
saturated fat and fructose consumption on CB1R and CB2R
expression and highlight the need for further studies
metabolic and

incorporating multiple neurological

variables.

5.1. Conclusions

In the hippocampus, intake of HED and a high-fructose
diet, separately or in combination, significantly increased
body weight gain. The combined diet had a marked effect
on CB1R and CB2R expression and, more importantly,
significantly decreased AEA and 2-AG levels. Curcumin
supplementation attenuated weight gain and modulated
cannabinoid receptor expression in a diet-dependent
high-fat
conditions while increasing them under combined high-

manner, reducing receptor levels under

fat and fructose exposure.

5.2. Study Limitations

A key limitation of this study is that protein expression
was evaluated in the whole hippocampus rather than in
specific hippocampal regions. Analysis of specific
hippocampal regions would help clarify the effects of
diets and

receptors. The relatively small sample size is another

hypercaloric curcumin on cannabinoid
limitation; therefore, the findings should be confirmed in
larger cohorts. In addition, only male animals were
included, which limits generalizability to females. Future
studies should evaluate both sexes to determine whether
sex-specific differences influence the observed effects.
Another limitation is that only body weight was
determined; the percentages of lean mass and fat were not
measured. Cognitive performance was also not assessed.
Finally, the lack of blinding in the ELISA and western blot
procedures is a limitation and should be considered when
interpreting the results. Future research should address
these issues and validate the findings in humans.

Footnotes


https://brieflands.com/journals/jjnpp/articles/171136

Caudillo Ortega NA et al.

Brieflands

Al Use Disclosure: The authors declare that no generative
Al tools were used in the creation of this article.

Authors' Contribution: N. A. C. O. performed the study
and analyzed the data; J. R. E. and J. V. N. D. designed the
study, wrote the paper, and critically reviewed it; V. P. V,, K.
V. O, and M. O. B. O. contributed to data analysis and
interpretation.

Conflict of Interests Statement: The authors certify that
no conflicts of interest exist regarding the publication of
this work.

Data Availability: The dataset presented in the study is
available on request from the corresponding author
during submission or after publication.

Ethical Approval: All the procedures were approved by
the Institutional Bioethics Committee of the University of

Guanajuato (CIBIUG-P43 - 2020).
https:/[/intranet3.ugto.mx/cepiug/

Funding/Support: This research was financially
supported by Mexican grants from University of
Guanajuato.

References

1. Sangiiesa G, Cascales M, Grifidn C, Sanchez RM, Roglans N, Pallas M,
et al. Impairment of novel object recognition memory and brain
insulin signaling in fructose- but not glucose-drinking female rats.
Mol Neurobiol. 2018;55(8):6984-6999. [PubMed ID: 29372547].
https://doi.org/10.1007/s12035-017-0863-1.

2. Biessels G], Reagan LP. Hippocampal insulin resistance and cognitive
dysfunction. Nat Rev Neurosci. 2015;16(11):660-671. [PubMed ID:
26462756]. https:|/doi.org[10.1038/nrn4019.

3. Kamal S, Gou Y, Tsuzuki T, Fu L, Yamada T, Banno R, et al. D-allulose
ameliorates fructose-induced skeletal muscle insulin resistance via
regulation of ectopic lipid accumulation independent of body
weight changes. Nutrients. 2025;17(12):2050. [PubMed ID: 40573161].
[PubMed Central ID: PMC12196061].
https:|/doi.org[10.3390/nu17122050.

4. Martinez-Orozco H, Reyes-Castro LA, Lomas-Soria C, Sandoval-Salazar
C, Ramirez-Emiliano ], Diaz-Cintra S, et al. High-fat and combined
high-fat-high-fructose diets impair episodic-like memory and
decrease glutamate and glutamine in the hippocampus of adult
mice. Nutr Neurosci. 2022;25(12):2479-2489. [PubMed ID: 34719357].
https://doi.org[10.1080/1028415X.2021.1977452.

5. Ramirez-Emiliano |, Ortega-Barron IG, Caudillo-Ortega NA, Negrete-
Diaz ]V, Pérez-Vazquez V. Endocannabinoid system and eating
behavior. Rev. Mex. de trastor. aliment. 2024;14(1):101-112.
https://doi.org/10.22201/fesi.20071523e.2024.1.707.

6. Di Marzo V, Piscitelli E The endocannabinoid system and its
modulation by phytocannabinoids. Neurotherapeutics.
2015;12(4):692-698. [PubMed ID: 26271952]. [PubMed Central ID:
PMC4604172]. https://doi.org/10.1007/s13311-015-0374-6.

10

10.

13.

14.

15.

16.

17.

18.

Chang E, Kim DH, Yang H, Lee DH, Bae SH, Park CY. CB1 receptor
blockade ameliorates hepatic fat infiltration and inflammation and
increases Nrf2-AMPK pathway in a rat model of severely
uncontrolled diabetes. PLoS ONE. 2018;13(10). €0206152. [PubMed ID:
30365523]. [PubMed Central ID: PMC6203369].
https://doi.org[10.1371/journal.pone.0206152.

Franco-Robles E, Campos-Cervantes A, Murillo-Ortiz BO, Segovia ],
Lopez-Briones S, Vergara P, et al. Effects of curcumin on brain-derived
neurotrophic factor levels and oxidative damage in obesity and
diabetes. Appl Physiol Nutr Metab. 2013;39(2):211-218. [PubMed ID:
24476477). https:[/doi.org[10.1139/]apnm-2013-0133.

Oviedo-Solis CI, Sandoval-Salazar C, Lozoya-Gloria E, Maldonado-
Aguilera GA, Aguilar-Zavala H, Beltran-Campos V, et al. Ultraviolet
light-C increases antioxidant capacity of the strawberry (Fragaria x
ananassa) in vitro and in high-fat diet-induced obese rats. Food Sci
Nutr. 2017;5(5):1004-1014. [PubMed ID: 28948018]. [PubMed Central ID:
PMC5608977]. https://doi.org/10.1002/fsn3.487.

Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, et al.
The arrive guidelines 2.0: Updated guidelines for reporting animal
research. PLoS Biol. 2020;18(7). €3000410. [PubMed ID: 32663219].
[PubMed Central ID: PMC7360023].
https://doi.org[10.1371/journal.pbio.3000410.

Satta V, Scherma M, Piscitelli F, Usai P, Castelli MP, Bisogno T, et al.
Limited access to a high fat diet alters endocannabinoid tone in
female rats. Front Neurosci. 2018;12(2). 40. [PubMed ID: 29456490].
[PubMed Central ID: PMC5801427].
https://doi.org[10.3389/fnins.2018.00040.

Charan ], Biswas T. How to calculate sample size for different study
designs in medical research? Indian J Psychol Med. 2013;35(2):121-126.
[PubMed ID: 24049221]. [PubMed Central ID: PMC3775042].
https://doi.org/10.4103/0253-7176.116232.

Silva-Gaona OG, Herndndez-Ortiz M, Vargas-Ortiz K, Ramirez-
Emiliano ], Garay-Sevilla ME, Encarnacién-Guevara S, et al. Curcumin
prevents proteins expression changes of oxidative phosphorylation,
cellular stress response, and lipid metabolism proteins in liver of
mice fed a high-fructose diet. ] Proteomics. 2022;263. 104595. [PubMed
ID: 35490921]. https://doi.org/10.1016[j.jprot.2022.104595.

Haase RE. Testing hypotheses in the multivariate general linear
model. In Testing hypotheses in the multivariate general linear model
(pp. 103 - 130). SAGE Publications, Inc,. 2011:103-130.
https://doi.org/10.4135/9781452269924.n5.

Xie XW. Liquiritigenin attenuates cardiac injury induced by high
fructose-feeding through fibrosis and inflammation suppression.
Biomed Pharmacother. 2017;86:694-704. [PubMed ID: 28039849].
https://doi.org/10.1016/]. BIOPHA.2016.12.066.

Li S, You ], Wang Z, Liu Y, Wang B, Du M, et al. Curcumin alleviates
high-fat diet-induced hepatic steatosis and obesity in association
with modulation of gut microbiota in mice. Food Res Int. 2021;143.
110270. [PubMed ID: 33992371].
https://doi.org[10.1016/j.foodres.2021.110270.

Bertoncini-Silva C, Fassini PG, Carlos D, de Paula NA, Ramalho LNZ,
Rodrigues Giuliani M, et al. The dose-dependent effect of curcumin
supplementation on inflammatory response and gut microbiota
profile in high-fat fed c57bl/6 mice. Mol Nutr Food Res. 2023;67(23).
€2300378. [PubMed ID: 37818762].
https://doi.org[10.1002/mnfr.202300378.

Cho J, Park E. Curcumin ameliorates the effects of high-fat diet-
induced obesity via activating the DNA repair response. Br ] Nutr.

Jundishapur ] Nat Pharm Prod. 2026; 21(4): e171136


https://brieflands.com/journals/jjnpp/articles/171136
http://www.ncbi.nlm.nih.gov/pubmed/29372547
https://doi.org/10.1007/s12035-017-0863-1
http://www.ncbi.nlm.nih.gov/pubmed/26462756
https://doi.org/10.1038/nrn4019
http://www.ncbi.nlm.nih.gov/pubmed/40573161
https://www.ncbi.nlm.nih.gov/pmc/PMC12196061
https://doi.org/10.3390/nu17122050
http://www.ncbi.nlm.nih.gov/pubmed/34719357
https://doi.org/10.1080/1028415X.2021.1977452
https://doi.org/10.22201/fesi.20071523e.2024.1.707
http://www.ncbi.nlm.nih.gov/pubmed/26271952
https://www.ncbi.nlm.nih.gov/pmc/PMC4604172
https://doi.org/10.1007/s13311-015-0374-6
http://www.ncbi.nlm.nih.gov/pubmed/30365523
https://www.ncbi.nlm.nih.gov/pmc/PMC6203369
https://doi.org/10.1371/journal.pone.0206152
http://www.ncbi.nlm.nih.gov/pubmed/24476477
https://doi.org/10.1139/apnm-2013-0133
http://www.ncbi.nlm.nih.gov/pubmed/28948018
https://www.ncbi.nlm.nih.gov/pmc/PMC5608977
https://doi.org/10.1002/fsn3.487
http://www.ncbi.nlm.nih.gov/pubmed/32663219
https://www.ncbi.nlm.nih.gov/pmc/PMC7360023
https://doi.org/10.1371/journal.pbio.3000410
http://www.ncbi.nlm.nih.gov/pubmed/29456490
https://www.ncbi.nlm.nih.gov/pmc/PMC5801427
https://doi.org/10.3389/fnins.2018.00040
http://www.ncbi.nlm.nih.gov/pubmed/24049221
https://www.ncbi.nlm.nih.gov/pmc/PMC3775042
https://doi.org/10.4103/0253-7176.116232
http://www.ncbi.nlm.nih.gov/pubmed/35490921
https://doi.org/10.1016/j.jprot.2022.104595
https://doi.org/10.4135/9781452269924.n5
http://www.ncbi.nlm.nih.gov/pubmed/28039849
https://doi.org/10.1016/J.BIOPHA.2016.12.066
http://www.ncbi.nlm.nih.gov/pubmed/33992371
https://doi.org/10.1016/j.foodres.2021.110270
http://www.ncbi.nlm.nih.gov/pubmed/37818762
https://doi.org/10.1002/mnfr.202300378

Caudillo Ortega NA et al.

Brieflands

19.

20.

21.

22.

23.

24.

2025;133(9):1170-1179. [PubMed ID:
https://doi.org/10.1017/S000711452510353X.

40452034].

Kuipers EN, Kantae V, Maarse BCE, van den Berg SM, van Eenige R,
Nahon K], et al. High fat diet increases circulating
endocannabinoids accompanied by increased synthesis enzymes in
adipose tissue. Front Physiol. 2019;9(1). 1913. [PubMed ID: 30687125].
[PubMed Central ID: PMC6335353].
https://doi.org/10.3389/fphys.2018.01913.

Ghelani H, Razmovski-Naumovski V, Chang D, Nammi S. Chronic
treatment of curcumin improves hepatic lipid metabolism and
alleviates the renal damage in adenine-induced chronic kidney
disease in Sprague-Dawley rats. BMC Nephrol. 2019;20(1). 431. [PubMed
ID: 31752737]. [PubMed Central ID: PMC6873446].
https:/[doi.org/10.1186/512882-019-1621-6.

Chang GR, Hsieh WT, Chou LS, Lin CS, Wu CF, Lin JW, et al. Curcumin
improved glucose intolerance, renal injury, and nonalcoholic fatty
liver disease and decreased chromium loss through urine in obese
mice. Processes. 2021;9(7):1132. https://doi.org/10.3390/pr9071132.

Feng D, Zou ], Su D, Mai H, Zhang S, Li P, et al. Curcumin prevents
high-fat diet-induced hepatic steatosis in ApoE-|- mice by improving
intestinal barrier function and reducing endotoxin and liver
TLR4/NF-kB inflammation. Nutr Metab (Lond). 2019;16(1). 79. [PubMed
ID: 31788011]. [PubMed Central ID: PMC6858759].
https://doi.org/10.1186/s12986-019-0410-3.

Maithilikarpagaselvi N, Sridhar MG, Swaminathan RP, Sripradha R,
Badhe B. Curcumin inhibits hyperlipidemia and hepatic fat
accumulation in high-fructose-fed male Wistar rats. Pharm Biol.
2016;54(12):2857-2863. [PubMed ID: 27241764].
https://doi.org/10.1080/13880209.2016.1187179.

Pawar HD, Mahajan UB, Nakhate KT, Agrawal YO, Patil CR, Meeran
MEN, et al. Curcumin protects diabetic mice against isoproterenol-
induced myocardial infarction by modulating CB2 cannabinoid

Jundishapur ] Nat Pharm Prod. 2026; 21(4): e171136

25.

26.

27.

28.

29.

30.

receptors. Life (Basel). 2022;12(5):624. [PubMed ID: 35629293].
[PubMed Central ID: PM(C9143027].
https:[/doi.org[10.3390/life12050624.

Bellocchio L, Cervino C, Pasquali R, Pagotto U. The endocannabinoid
system and energy metabolism. J Neuroendocrinol. 2008;20(6):850-
857. [PubMed ID: 18601709].  https://doi.org/10.1111/j.1365-
2826.2008.01728.X.

Lowette K, Roosen L, Tack ], Vanden Berghe P. Effects of high-fructose
diets on central appetite signaling and cognitive function. Front
Nutr. 2015;2:5. [PubMed ID: 25988134]. [PubMed Central ID:
PMC4429636). https://doi.org/10.3389/fnut.2015.00005.

Erlanson-Albertsson C, Lindqvist A. Fructose affects enzymes
involved in the synthesis and degradation of hypothalamic
endocannabinoids. Regul Pept. 2010;161(1 - 3):87-91. [PubMed ID:
20085790]. https://doi.org/10.1016/j.regpep.2010.01.003.

Alshaarawy O, Kurjan E, Truong N, Olson LK. Diet-induced obesity in
cannabinoid-2 receptor knockout mice and cannabinoid receptor 1/2
double-knockout mice. Obesity. 2019;27(3):454-461. [PubMed ID:
30699233]. [PubMed Central ID: PMC6429563].
https:[/doi.org[10.1002/oby.22403.

He X, Yang L, Wang M, Zhuang X, Huang R, Zhu R, et al. Targeting the
endocannabinoid/CB1 receptor system for treating major
depression through antidepressant activities of curcumin and
dexanabinol-loaded solid lipid nanoparticles. Cell Physiol Biochem.
2017;42(6):2281-2294. [PubMed ID: 28848078].
https://doi.org/10.1159/000480001.

Aguiar DD, Gonzaga ACR, Tedfilo ALH, Miranda FA, Perez ADC, Duarte
IDG, et al. Curcumin induces peripheral antinociception by
opioidergic and cannabinoidergic mechanism: Pharmacological
evidence. Life Sci. 2022;293(15). 120279. [PubMed ID: 35032552].
https://doi.org/10.1016/j.1fs.2021.120279.

11


https://brieflands.com/journals/jjnpp/articles/171136
http://www.ncbi.nlm.nih.gov/pubmed/40452034
https://doi.org/10.1017/S000711452510353X
http://www.ncbi.nlm.nih.gov/pubmed/30687125
https://www.ncbi.nlm.nih.gov/pmc/PMC6335353
https://doi.org/10.3389/fphys.2018.01913
http://www.ncbi.nlm.nih.gov/pubmed/31752737
https://www.ncbi.nlm.nih.gov/pmc/PMC6873446
https://doi.org/10.1186/s12882-019-1621-6
https://doi.org/10.3390/pr9071132
http://www.ncbi.nlm.nih.gov/pubmed/31788011
https://www.ncbi.nlm.nih.gov/pmc/PMC6858759
https://doi.org/10.1186/s12986-019-0410-3
http://www.ncbi.nlm.nih.gov/pubmed/27241764
https://doi.org/10.1080/13880209.2016.1187179
http://www.ncbi.nlm.nih.gov/pubmed/35629293
https://www.ncbi.nlm.nih.gov/pmc/PMC9143027
https://doi.org/10.3390/life12050624
http://www.ncbi.nlm.nih.gov/pubmed/35629293
https://www.ncbi.nlm.nih.gov/pmc/PMC9143027
https://doi.org/10.3390/life12050624
http://www.ncbi.nlm.nih.gov/pubmed/18601709
https://doi.org/10.1111/j.1365-2826.2008.01728.x
https://doi.org/10.1111/j.1365-2826.2008.01728.x
http://www.ncbi.nlm.nih.gov/pubmed/25988134
https://www.ncbi.nlm.nih.gov/pmc/PMC4429636
https://doi.org/10.3389/fnut.2015.00005
http://www.ncbi.nlm.nih.gov/pubmed/20085790
https://doi.org/10.1016/j.regpep.2010.01.003
http://www.ncbi.nlm.nih.gov/pubmed/30699233
https://www.ncbi.nlm.nih.gov/pmc/PMC6429563
https://doi.org/10.1002/oby.22403
http://www.ncbi.nlm.nih.gov/pubmed/28848078
https://doi.org/10.1159/000480001
http://www.ncbi.nlm.nih.gov/pubmed/35032552
https://doi.org/10.1016/j.lfs.2021.120279

