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ABSTRACT: Obesity is a chronic illness that lowers quality of life; several dietary approaches have been considered as potential
treatments. Due to its impact on regulating metabolism and weight, eating edible insects has become more popular among the
available options. The objective of the current investigation was to assess the impact of wholemeal Gryllus assimilis (GA) powder as a
dietary supplement on the regulation of genes in the adipose tissue and metabolic alterations in a mouse model of obesity. Several
parameters were evaluated, including food intake, body weight, biochemical parameters, histological parameters, and adipose tissue
mRNA expression. The main results showed that G. assimilis consumption modulates metabolic pathways and prevents hypertrophy
in adipocytes while promoting a reduction in adipose tissue weight. In addition, glycemic parameters were improved, increasing
insulin sensitivity and glucose tolerance. Thus, it can be said that eating black crickets enhanced the problems associated with obesity
and effectively provided metabolic benefits. The results indicate that G. assimilis consumption may be a viable therapeutic strategy
for preventing and treating obesity.
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1. INTRODUCTION (GA). The nutritional composition of this insect guarantees
The idea that obesity is a metabolic change that can accelerate the source of different functional compounds of wide
the development of other diseases has taken on new antioxidant and anti-inflammatory actions.'' In addition, GA

significance.” Nowadays, obesity can be defined as a chronic
disease marked by excessive body weight and inflamed adipose
tissues aggravated by different molecular mechanisms and
producing systemic complications such as alterations in the
metabolic balance and target organ damage.2 Many facets of human diet."> However, there is a lack of studies proving the
the community are concerned about the effects of obesity.’ true impacts and supporting the molecular action mechanism
When established, obesity increases morbidity and mortality
impacting numerous health issues with high costs for public
care services, therefore causing an economic, social, and

has been described as an alternative pathway for the dietary
supply of proteins, amino acids, polyunsaturated fatty acids,

and minerals, making it a valuable source of nutrients for the

of GA intake managing obesity and its complications.'”
In this context, the present study aimed to evaluate the GA

cultural problem.** wholemeal powder effect on the metabolic changes caused by
Among the most innovative nutritional intervention obesity. Biochemical, histological, and molecular parameters of
proposals capable of providing positive metabolic effects are the adipose tissue were evaluated in an experimental obese

the emerging nutritional products based on edible insects as a
promising research line on improving human health.”® In
addition to providing essential nutrients like proteins and fats,
the edible insects also contain some bioactive compounds that
can improve glucose metabolism, reduce oxidative stress,
modify inflammatory pathways, and improve lipid parame-
ters.”'”

One of the main insects studied with promising data on
metabolic damage is the edible insect named Gryllus assimilis

mice model.
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2. MATERIALS AND METHODS

2.1. Animals. For the present study, 40 male Swiss mice, aged 4 to
6 weeks, and a mean body mass of 28.01 g, obtained at the State
University of Montes Claros (Unimontes), were used. The choice of
the mice line was based on previous studies and its heterogeneous
characteristics and greater genetic variability, which approximates
from human variations."* During the experiment, the animals were
maintained on a 12-h light/dark cycle with temperature and humidity
conditions (20 + 3 °C; 40—70%), respectively, and fed ad libitum.
This experiment followed all the ethical principles proposed for the
use of animals adopted by the Ethics Committee on Animal
Experimentation and Animal Welfare of the State University of
Montes Claros (UNIMONTES). It was approved under protocol
number 224/2021.

After the adaptation period, the animals were allocated into five
groups (n = 8 each), and consequently, body weight gain was induced
over 12 weeks by offering the following diets: standard (ST), AIN93-
M, and high-fat diet (HFD). The diet used presented a total of kcal/g
2.18, 3.54, and 5.4 keal per 1 g of the diet, respectively (Table 1).

a,b,c

Table 1. Diet Compositions

AIN93-M+  high-fat high-fat
ingredients ST AIN93-M GA diet diet + GA
BHT 0.001 0.001 0.001 0.001
choline 0.250 0.250 0.245 0.245
bitartrate
methionine 0.180 0.180 0.294 0.294
mix of vitamins 1.000 1.000 0.980 0.980
mix of minerals 3.500 3.500 3.430 3.430
cellulose 5.000 5.000 4.900 4.900
soy oil 4.000 0.730 6.890 3.620
casein 14.000 4.175 19.600 9.775
sucrose 10.000 10.000 1.900 14.900
maltodextrin 15.500 15.500
maise starch 46.569 45.279 20.440 19.150
lard 18.520 18.520
gooseberry 9.800 9.800
G. assimilis 0.000 15.000 0.000 15.000
powder
total 100 100 100 100

“Percentage values. bAll ingredients were purchased from Rhoster
LTDA (Sio Paulo. SP. Brazil). “ST: Standard diet commercial;
AIN93M: rodent diet; GA: G. assimilis powder; HFD: High-fat diet.

The composition of the diets followed the standardization already
described in the literature, and the intake of macronutrients and
micronutrients was adjusted according to the provisions of the
American Institute of Nutrition (AIN93-M).'>'¢ These diets were
prepared every week and placed in hermetically sealed containers
under refrigeration at 4 °C throughout the experiment. The food
intake of mice was measured daily, and body weight was monitored
weekly.

After the period of induction of weight gain and obesity, food was
introduced through the wholemeal powder of the G. assimilis insect to
the diet of the groups of interest, namely AIN93-M + GA and HFD +
GA, which were considered groups of treatment. The wholemeal

powder of the insect under study was purchased from the Federal
University of Minas Gerais’ breeding grounds.

For 4 weeks, the animals were fed with the whole meal GA powder.
After intervention and therapy, the animals underwent an overnight
fast before being beheaded. For a biochemical study, blood was
drawn. Weighed and frozen in liquid nitrogen, the epididymal adipose
tissue was kept in a super freezer at —80 °C for subsequent analysis.

2.2. Glucose Tolerance Test and Insulin Sensitivity. The
glucose tolerance test (GTT) was carried out after an overnight fast of
8—12 h. For the GTT, 2 g/kg of p-glucose was administered
intraperitoneally, and blood glucose levels were measured at time
intervals of 0, 15, 30, 60, and 120 min after glucose administration.
The insulin sensitivity test (IST) was carried out with the animals in a
fed state after administration of insulin (0.75S U/kg body weight) by
intraperitoneal injection at 0, 15, 30, and 60 min.'*™'® To measure
glycemic levels, capillary blood was obtained from the animals’ tails
and measured with reactive strips in an Accu-Check Active
glucometer (Roche, SP, Brazil).

2.3. Biochemical Parameters Analyses. After the decapitation,
blood samples were collected for biochemical analysis. The serum was
obtained after blood centrifugation (3000 rpm for 10 min at 4 °C).
The following parameters were assessed: total cholesterol (TC), high-
density lipoprotein (HDL), triglycerides (TG), alanine amino-
transaminases (ALT), and aspartate aminotransferase (AST) using
enzymatic kits (Wiener Laboratorios, Rosario, Argentina). The
measurements were performed on a Wiener BT-3000 kit plus a
Chemistry Analyzer (Wiener Laboratories, Rosario, Argentina).'”

2.4. Histology. Initially, the samples of epididymal adipose tissues
were fixed in a 10% formaldehyde solution, and after this step, they
were placed in ethyl alcohol for dehydration, followed by
diaphanization in xylene solution and solidified in paraffin.'® The
histological sections were sectioned at a size of 5 ym and placed on
slides for later staining. For staining the sectioned sections,
hematoxylin and eosin (H&E) dyes were used. The finalized samples
were examined under an optical microscope, thus achieving the
capture of images."*

2.5. Quantification by Real-Time gRT-PCR. To assess the
mechanisms by which insect wholemeal could contribute to obesity
processes, qRT-PCR analyses were performed to assess the expression
of lipogenic genes Srebp-la, Fas, Acc, and Fat mRNA. Thus, total
RNA extraction from adipose tissues was performed using the Trizol
reagent (Invitrogen Corp., San Diego, California). The RNA was
subsequently treated with DNase and using Invitrogen 34 Corp.
Amplification of cDNA samples was performed using specific primers
and SYBER Green PCR reagent (Applied Biosystems) in a Quant
Studio 6 flex, 384-well equipment (Applied Biosystems). Relative
gene expression was expressed as the relative level of mRNA
compared to the control and was calculated after normalizing to the
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene and
analyzed by the 2-AACt. The CT value was presented as the mean
of duplicate measurements'® (Table 2).

2.6. Data Analysis. Statistical analysis was performed using the
GraphPad Prism software (version 5.0, San Diego, California),
adopting p < 0.05 and a 95% confidence interval. Data were obtained
as mean = standard error. The statistical significance of the values for
the different groups was estimated by one-way analysis of variance
(ANOVA) and two-way ANOVA (body weight and insulin/glucose
tests), followed by the post-Bonferroni test for multiple analysis tests.
Normality was checked by the Shapiro-Wilk test.

Table 2. Primer Sequences Used in RT-PCR Analysis in This Study

gene forward
GAPDH AAGAAGGTGGTGAAGCAGGCATC
ACC GCG TCG GGT AGA TCC AGT
FAS GTT CAC GGA CAT GGA GCAC
FAT GCTGCGGAAACTTCAGGAAAT
SREBP-1a GGA GCC ATG GAT TGC ACATT

1633

reverse

CGAAGGTGGAAGAGTGGGAGTTG
CTC AGT GGG GCT TAG CTC TG
GTG GCT CTT GAT GAT CAG GTC
AGAGACGTGTCACTCCTGGACTT
AGG AAG GCT TCC AGA GAGGA

https://doi.org/10.1021/acsfoodscitech.4c00013
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Figure 1. Body weight and energy intake of obese mice treated with G. assimilis whole powder. (A) Body weight gain over time (g); (B) Abody
weight (g); and (C) energy intake (g). *p < 0.05, **p < 0.01; ***p < 0.001. ST: palletized diet; AIN93-M: standard diet; AIN93-M + GA:
standard diet addition G. assimilis: HFD: standard high-fat diet; HFD + GA: high-fat diet addition of G. assimilis.

3. RESULTS

3.1. Body Weight and Energy Intake. The consumption
of wholemeal powder from the edible insect G. assimilis was
able to promote different metabolic benefits. However,
contrary to one of our hypotheses, in the analyses of body
weight, no statistical differences were observed between the
groups and the variable presented (p > 0.05) (Figure 1A,B).

Dietary control was also evaluated throughout our study and
demonstrated an effect that can be corroborated by previous
chaos directed at body weight. Food consumption was also
assessed throughout the study. The results showed an increase
in food consumption in different groups. However, the higher
quantitative food intake of the HFD + GA group was
considered to be higher than that of the baseline ST group
(p < 0.05) (Figure 1C).

3.2. Biochemical Parameters and Glycemic. The
glycemic data and biochemical parameters are represented in
Figure 2. After the test period, the glycemic metabolic effects
revealed that a high-fat diet was able to establish metabolic
disorders by increasing the degree of glucose intolerance in the
HFD group compared to the other groups (p < 0.001) and (p
< 0.05), respectively (Figure 2A). However, the addition of
cricket wholemeal powder to the diet of animals in the HFD +
GA group proved to be effective in reducing the degree of
glucose intolerance compared to the HF group (p < 0.05)
(Figure 2A).

In addition, the possible effects on glycemic control can be
evidenced and confirmed in our study by the effects of the
hormone insulin. Thus, we observed that the cricket
wholemeal powder improved insulin sensitivity in the
AIN93-M + GA compared to its control AIN93-M (p <
0.01) (Figure 2B).

1634

Fasting glucose also showed a statistically significant
response. In the present study, we confirmed that the treated
group (HFD + GA) obtained superior responses for glycemic
control compared to the control fed the high-fat diet (p <
0.05) (Figure 2C).

The biochemical parameters of the lipid showed that cricket
wholemeal powder favored the reduction of total cholesterol in
the groups that received the treatment (HFD + GA) compared
to the group on the HFD (p < 0.05) (Figure 2D). HDL
concentrations were higher in the group that received
wholemeal powder (HFD + GA) than in the ST group (p <
0.01) (Figure 2E).

Reductions in triglyceride levels were found in the group fed
a high-fat diet when wholemeal powder was added (p < 0.05)
(Figure 2F). The analysis of liver enzymatic markers revealed
that the concentration of the ALT enzyme did not change
between the groups in this study (Figure 2G). However, AST
enzyme levels were expressed in lower concentrations in the
HFD + GA group than in the ST group (p < 0.05) (Figure
2H).

3.3. Epididymal Adipose Tissue. The effects of
supplementation of edible insect powder GA on the adipose
tissue were measured and are summarized in Figure 3.
Regarding adipose tissue weight, our analyses showed that
the supply of edible insect powder via supplementation was
able to confer a reduction in tissue weight in obese animals
treated with it (HFD + GA) compared to the obese control
group (HFD)(p < 0.001) (Figure 3A).

In reinforcement of the findings of tissue effects of adiposity,
our findings show that the group fed the high-fat diet in
association with the whole fraction of edible insect GA
presented a significant reduction in the size of the area of fat
cells compared to the HFD group (p < 0.05) (Figure 3 B—C).

https://doi.org/10.1021/acsfoodscitech.4c00013
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Figure 2. Biochemical and glycemic parameters of obese mice treated with G. assimilis whole powder: (A) glucose tolerance test (GTT) glucose
levels and area under the curve; (B) insulin sensitivity test (1ST) glucose levels and area under the curve; (C) fasting blood glucose levels; (D)
total cholesterol; (E) HDL cholesterol; (F) triglycerides; (G) ALT; and (H) AST. *p < 0.05; **p < 0.01; ***p < 0.001. HDL: high-density
lipoprotein; ALT: alanine aminotransferase; AST: aspartate aminotransferase; ST: palletized diet; ATN93-M: standard diet; ATN93-M + GA:
standard diet addition G. assimilis; HFD: standard high-fat diet; FTFD + GA: high-fat diet addition of G. assimilis.

3.4. Srebp-1a, Fas, Acc, and Fat mRNA Expression.
The consumption of GA edible insect wholemeal was able to
promote effects at the molecular level (Figure 4). The Srebp-
la marker reduced the expression of molecular markers
associated with adiposity in the group that received the edible

1635

insect wholemeal compared to the obese group (p < 0.01)
(Figure 4 A). The low expression in the molecular pathway of
fatty acid synthesis was favored by the consumption of whole
insect frown (p < 0.05) (Figure 4B). However, the modulation
in the gene expression of Acc could not be identified in the

https://doi.org/10.1021/acsfoodscitech.4c00013
ACS Food Sci. Technol. 2024, 4, 1632—1639
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Figure 3. Epididymal adipose tissue of obese mice treated with G. assimilis whole powder. (A) Epididymal tissue (g/bw); (B) epididymal adipose,
tissue area (um?*); (C) histological images H&E staining. *p < 0.05; **p < 0.01; ***p < Q.001: Standard diet addition G. assimilis; HFD: standard

high-fat diet; HFD + GA: high-fat diet addition of G. assimilis.

present study among the groups treated and analyzed (p >
0.05) (Figure 4C). Our analyses also reinforce such metabolic
effects via fatty acid transport mechanisms due to the low
expression of Fat in the group that received the intervention by
the edible insect powder investigated in comparison to the
control group fed a high-fat diet (p < 0.05) (Figure 4D).

4. DISCUSSION

The search for new alternative food products with the potential
to promote positive metabolic effects in obese patients is a
promising research area. New functional food may generate
benefits that can improve life quality being nutritional
alternatives without side effects.”” In this perspective, the
present study evaluated the G. assimilis (GA) wholemeal
powder modulation on the adipose tissue and metabolic effects
in a murine model of obesity. The most relevant findings
showed that edible GA supplementation improved the obese
mice’s metabolic regulation. The main data included a
reduction in adipose tissue mass, ameliorating glycemic and
lipid parameters, as well as improved adipose molecular
responses.

According to the current data, the consumption of GA
promoted a reduction in fat/obesity and promoted beneficial
molecular modulations in vivo. Previous studies corroborate
our results by demonstrating that oral administration of an
ethanolic extract from edible insects promoted functional
improvements via inhibition of lipogenesis mediated by a high-
fat diet, endocrine regulation, and physiological benefits on fat
metabolism and aging.”'~**

1636

The results could be explained by a number of methods,
although earlier studies showed that the edible insect has a rich
nutritional profile and beneficial chemicals. High nutritional
value proteins, peptides, phenolic compounds, polysaccharides,
and micronutrients were among the substances found. These
compounds can alter metabolism by causing a marked
reduction in intracellular lipid reserves, lowering inflammatory
processes, and lowering the generation of reactive oxygen
species. The synthesis of new fatty acids is minimized by lipid
regulation.”"*

Adipose lipogenesis markers may be regulated by multiple
cofactors. In the present study, fat storage was modified by the
addition of edible insect powder to the animals’ diet.*®
Therefore, our results confirm the effects of reducing adipose
amount with specific suppression of the lipogenesis genes
Srebp, Fas, and Fat.

There is already substantial evidence in the literature linking
adipose gene regulation to obesity. Sterol regulatory element
lc (SREBP-1a), lipoprotein lipase (LPL), stearoyl-CoA
desaturase-1 (SCD1), and fatty acid synthase (FAS), among
other transcription factors, are linked to adipocyte differ-
entiation mechanisms in the final stage of cell maturation and
stimulate a new endogenous lipid synthesis at the molecular
level, which is significantly higher in overweight and obese
conditions.””

Lipid synthesis potentiates metabolic dysfunctions, also
known as dyslipidemia, and strongly correlates with athero-
sclerotic processes.”® Regarding this abnormality, the present
study identified that GA wholemeal powder influenced lipid
metabolism by ensuring the reduction of total cholesterol and

https://doi.org/10.1021/acsfoodscitech.4c00013
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Figure 4. mKNA expression, of genes related to those of obese mice treated with G. assimilis whole powder: (A) SREBP-lot mRNA expression; (B)
FAS mRNA expression; (C) ACC mRKA expression; (D) FAT mRKA expression; *p < 0.05; **p < 0.01; ***p < 0.001. ST: palletized diet;
ATN93-M: standard diet; ATN93-M+GA: standard diet addition G. assimilis; HFD: standard high-fat diet; HFD + GA: high-fat diet addition of G.

assimilis.

triglyceride lipid fractions. Previous studies conducted in vitro
have suggested that eating insects may have a hypocholester-
olemic effect on lipid markers by lowering the absorption of
cholesterol through the suppression of gastrointestinal
enzymes when the insects are larval.”’ Thus, the potential
mediator and compounds present in the insects may induce a
cholesterol-lowering response, which is of great interest in
developing new dietary products to improve metabolic
parameters.

The physicochemical and functional traits of edible insects
are linked to their functional qualities, which can be used to
emphasize the presence of essential lipids, protein particles,
and micronutrients like vitamins and minerals—basic
components of the animal class.’® The current study’s findings
demonstrated how using GA wholemeal powder may enhance
insulin sensitivity and improve glycemic management. Whole-
meal insects are thought to have the ability to decrease the
intestinal epithelium’s absorption of glucose during the
postabsorptive phase, thereby lowering plasma glycemic
levels.>! Linked to these benefits, other characteristics can
strengthen the potential parameter for insect-based food
product use. Previous studies showed increased satiety and
reduction in food intake followed by edible insect use,*
despite no differences observed in the present data, which can
be related to the type of insect, treatment period, and
processing differences.

Edible crickets have innovative potential as an alternative
food source of proteins and bioactive peptides. Hydrolyzed
peptides from edible insects may act through different
physiological mechanisms. A recent published work identified

that GAs addition to the diet may ensure an antihypertensive
effect with angiotensin-converting enzyme of type 2 (ACE2)
modulation, improving the renin-angiotensin system (RAS)
balance, and the Mas receptor (MasR) expression.”” The
peptides YKPRP, PHGAP, and VGPPQ_were able to interact
with the residues of the enzyme active site for hypertension
control via ACE inhibition.**** In addition, the histidine,
arginine, and lysine amino acid sequences present in these
insects act as free radical scavengers to reduce oxidative
damage and improve chronic diseases associated with
obesity.”>*® Consequently, the edible GA cricket has novel
possibilities as a substitute protein and bioactive peptide
dietary source.

The results of this study show that consuming wholemeal
powder made from GA could enhance the metabolic profile of
obese mice by lowering body fat and enhancing glycemic and
lipid control through the modulation of adipose lipogenic
genes. The discovery of novel insect-functional foods is a
promising avenue for improving obesity and related disorders.
Further research on the metabolic effects of GA in other
organs and metabolic disorders may be possible, as suggested
by the current results.
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GA: Gryllus assimilis
mRNA: messenger RNA
ST: standard
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AIN93-M: American Institute of Nutrition —93 Main-
tenance

HFD: high-fat diet

TTG: glucose tolerance tests

IST: insulin sensitivity tests

TC: total cholesterol

HDL: high-density lipoprotein

TG: triglycerides

AST: alanine aminotransaminases

ALT: aspartate aminotransferase

H&E: hematoxylin and eosin

RT-qPCR: real-time quantitative reverse transcription
ACE: angiotensin-converting enzyme

RAS: renin-angiotensin system

MasR: Mas receptor
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