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Ionic liquids (ILs) have been proposed as more efficient and sustainable solvents to replace volatile

organic solvents (VOSs). However, the drawbacks associated with their use are still limiting the regular

application of bioactive compounds obtained from the processes they mediate as food ingredients. It is

true that the number of ILs approved by the Food and Drug Administration for food applications is still low

and mainly focused on the ones from the quaternary ammonium family. However, this trend is changing,

judging from the evidence that industries are surpassing overgeneralization about ILs (on price and tox-

icity) and starting to consider the potential and performance of ILs as solvents. Despite the examples of

industries applying ILs in their processes, the use of bioactive compounds obtained from IL-based pro-

cesses as ingredients in food formulations is still a big challenge. The positive influence of carotenoids on

diseases associated or originating from the inflammatory scenario including, among others, obesity, is not

new. Moreover, it is also well known that the poorest population worldwide does not have the rec-

ommended intake of carotenoids, especially those pro-vitaminic A. In an attempt to help answer this

issue, dietary supplements containing adequate doses of natural carotenoids are expected to be the solu-

tion, or at least, part of the solution for a healthier life, but also, to reduce hunger. Thus, complete studies

evaluating the toxicological potential and the real viability of adding these bioactive compounds in food

formulations proving (or not!) their safety to consumers and handlers are highly demanded. This work

proposes to investigate the potential of carotenoids extracted from Bactris gasipaes feedstocks mediated

by an ethanolic solution of an imidazolium-based IL. Thus, male Wistar rats were randomized in six

different groups, supplemented or not by carotenoids extracted by IL or VOS, and fed by control- and/or

high-fat-diets (HFD). The adipose tissue-liver axis was studied as a model to investigate the influence of

the carotenoids on the levels of inflammation and oxidative stress markers. The main results showed that

animals supplemented with carotenoids extracted with IL displayed improvements in serum parameters,

besides lower metabolic efficiency, and antioxidant response on the liver, even when fed with HFD.

However, animals supplemented with carotenoids extracted by VOS showed higher levels of pro-inflam-

matory markers and huge oxidative stress on the liver.

Introduction

It is not new that sustainable strategies to obtain consumer
goods are the key to preserve both society and the environ-
ment.1 However, up to now, the industries are still mostly fol-

lowing a linear economy model-based production to meet the
demands of the population.2 In the food sector this is no
different as the population grows, but at a faster pace than the
sustainable paradigm changes, which reflects a high rate of
food waste worldwide.3 The creation of integrative platforms
based on wastes to develop high-value products/compounds
with low environmental impact can be the best way for a green
economy.4,5 Many studies report on the use of food waste or
food-byproducts to extract biomolecules for the creation of
new bioproducts. However, most of these works do not evalu-
ate the real environmental and economic impacts of the whole
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process, even if there is a potential application. Most of these
works are based on the extraction of natural (bio)compounds
using volatile organic solvents (VOS), which restrict the appli-
cation of the extracts in the food sector, since most of them
have an inherent toxicological potential for humans.6 VOS are
used in several industrial processes, from catalytic reactions to
the synthesis and recovery of molecules.7 However, since they
have a small molecular size and lack of charge, there are
issues associated with inhalation by users, which represent
one of the major routes of exposure and absorption across the
lungs, gastrointestinal tract and skin.8 Despite the application
of these solvents with enough effectiveness in most of the
fields of engineering and chemistry, their use needs to be
reduced, adapted and/or optimized for each specific purpose.
Behind the possible adaptation and optimization of the pro-
cesses using VOS, other strategies have been explored, these
considering the replacement of traditional by alternative sol-
vents, namely ionic liquids (ILs). ILs have been proposed as a
more efficient and sustainable solvents to replace VOS in
certain applications. In addition to the wide range of pro-
perties, possible to obtainfrom the appropriate manipulation
of ILs’ structure,9–11 they have been recognized as solvents
with high efficiency and selectivity in the extraction of bio-
based compounds.10,12,13 However, despite these interesting
characteristics, some of them present high toxicity, even com-
pared to VOS, however, this is not a general trend.14,15 It is a
fact that the number of ILs approved by the Food and Drug
Administration (FDA) for food applications is still low and are
mainly focused on the quaternary ammonium family.15

However, this is changing, since ILs from other families are
starting to be commercially used, indicating that industrial
communities are starting to believe in their potential and per-
formance as solvents. A good example is the one given by the
company 525 solutions (http://www.525solutions.com). This is
a research and development (R&D) company that focuses on
developing proprietary, broad-based IL technologies applicable
in the medicinal, pharmaceutical, and materials fields. Its
business model was built around technology development and
licensing. The company’s mission is to become the world’s
leading research and development entity in novel chitin-based
technologies, designed and tailored to enhance the quality of
human life. Their business model is aligned with the valoriza-
tion of chitin in different fields of applications (e.g. biomedical
materials and textiles), which is extracted by a process based
on 1-ethyl-3-methylimidazolium acetate [C2C1im][CH3COOH],
already licensed to be industrially used by the company.
Despite the few mentioned examples, the addition of new
ingredients to be applied in food formulations is still a chal-
lenge. Complete studies evaluating the toxicological potential
and the real viability of adding these bioactive compounds as
ingredients in food formulations, after being recovered by an
IL-based process, are still necessary, until coming to the con-
clusion that these are safe (or not!) to handlers and consu-
mers. In other words, studies to evaluate the toxicity and other
biological effects of these natural-based ingredients, obtained
from IL-based processes, in food formulations, mainly consid-

ering in vivo assays are still needed.16 In our previous work, a
new sustainable method to extract carotenoids from Bactris
gasipaes byproducts mediated by an ethanolic solution of
1-butyl-3-methylimidazolium tetrafluoroborate – [C4C1im][BF4]
free of VOS, was studied.17 At the end of the process, an extract
free of IL and rich in carotenoids with high antioxidant activity
and high thermal stability was obtained. The replacement of
synthetic food ingredients by natural-based ones, although
highly recommended these days, requires special attention.
Conventionally, synthetic carotenoids approved to be used in
food formulations have been related to the increase in hyperac-
tive behaviors in children,18 besides respiratory and cardio-
vascular diseases. Moreover, these have also been associated
with pro-inflammatory pathways and oxidative stress,19 with
the risk of intestinal inflammation.20 Chronic low-grade
inflammation is associated with obesity, a disease considered
multifactorial origin, and directly related to the consumption
of ultra-processed and processed foods,21 such as soft drinks,
candies, and cheeses, which are usually colored with artificial
dyes. In obesity, pro-inflammatory mechanisms are activated
even before a significant weight gain, highlighting the deleter-
ious role of an obesogenic diet, poor in nutrients.22 The
adipose tissue-liver axis has been studied as a mediator of the
inflammatory process in obesity and strategies for intervention
have been provided. Carotenoids and other natural pigments
have already been considered as good candidates for prevent-
ing obesity since they are recognized as anti-inflammatory
agents acting as natural antioxidants.23 Nevertheless, some
populations worldwide do not have access to adequate nutri-
tion,24 and this becomes even more serious in children and
pregnant women. For these specific groups, the lack of specific
micronutrients (e.g. vitamins) and bioactive compounds such
as carotenoids, can trigger fetal programming and metabolic
problems until adulthood.25 In this sense, this work intends to
answer the question raised by licensing agencies whenever an
extract or a product obtained from a natural source is investi-
gated as a new ingredient in food formulations – is this
extract/product safe to consumers? Aiming to help to answer
this question, two carotenoid-rich extracts obtained from pro-
cesses mediated by VOS and IL17 were investigated and proved
to be responsible for different responses in the adipose tissue
– liver axis of obese adult animals fed with a high-fat diet.

Experimental
Ethics

The animal experiment was performed following the approved
protocol by the Experimental Research Committee of the
Federal University of São Paulo (CEUA UNIFESP – no.
1193300317). The standards of the Brazilian Guidelines for
Care and Use of Animals for Specific Purposes and the
National Board of Control for Animal Experimentation were
respected. The sample size was chosen based on these guide-
lines ensuring the number of animals needed without the loss
of strength and consistency of statistical analysis.
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Carotenoids’ extract

Two different extracts rich in carotenoids were used as sup-
plements, obtained from the extraction using an ethanolic solu-
tion of an IL and a VOS, respectively. The extracts were prepared
in a batch regime, and the same concentration of carotenoids
was stored in individualized flasks until use. Briefly, after the
first screening, [C4C1mim[BF4] was selected due to its highest
extraction performance and high efficiency in extracting the
most abundant carotenoids present in biomass, namely all-
trans-β-carotene and all-trans-lycopene. An ultrasound-assisted
extraction at a solid–liquid ratio (1 : 1, g mL−1), using an ethano-
lic solution of [C4C1mim[BF4] (1 : 1 g : g) promoted the extrac-
tion yield of ∼143 μgcarotenoids gdried biomass

−1. The IL was with-
drawn from the extract by thermal precipitation under −80 °C,
which promoted a recovery rate of 94% of the IL, with the
remaining 6% of IL lost in the extraction process, that proved to
be in the biomass residue, and guaranteeing an extract rich in
carotenoids free of IL (data not shown here). The VOS-mediated
process was performed using mixtures of acetone and ether,
represented by a yield of extraction ∼88 μgcarotenoids gdried
biomass

−1. The detailed information of the extract preparation
was shown by de Souza Mesquita et al. (2019).17

Animal experimental protocol

Forty-eight 90-day-old male adult Wistar rats (Rattus norvegi-
cus), 290–310 g, were habituated in the bioterium for 14 days
before the beginning of the treatment. Gavage protocol was
used to supplement the carotenoids’ extract, and for this,
during the acclimatization period, a daily water-gavage was
applied to each animal in order to habituate them with this
procedure. The animals were housed in polypropylene cages
(Allesco®) (four animals per cage), in an isolated room with
controlled temperature, humidity, and light (23 ± 2 °C, 60 ±
5%, and 12 h light/dark cycle, respectively). After acclimatiz-
ation, the animals were randomly divided into six experi-
mental groups (n = 8 per group): control oily (C-O – fed with
standard chow and gavage with sunflower oil), high-fat-died
oily (HFD-O – fed with obesogenic chow and gavage with sun-
flower oil), control-VOS (C-VOS – fed with standard chow and
supplemented by gavage with carotenoids extracted with VOS),
control-IL (C-IL – fed with standard chow and supplemented
by gavage with carotenoids extracted with IL), high-fat-died-
VOS (HFD-VOS – fed with obesogenic chow and supplemented
by carotenoids extracted with VOS), and high-fat-diet-IL
(HFD-IL – fed with obesogenic chow and supplemented with
carotenoids extracted with IL). During the adaptation and
experimental periods (14 days), the animals received their
respective diets and water ad libitum. The control groups (C-O,
C-VOS, and C–IL) were fed a rodent standard commercial diet
(Nuvilab®), and HFD groups (HFD-O, HFD-VOS, and HFD-IL)
were fed with a chow made by the same commercial diet, but
with the addition of lard (18%) and sugar (10%), as described
by Dornellas et al. (2015).26 All experimental diets were stored
at −20 °C and protected from light until further used. The
carotenoids’ dose supplementation was 1 mgcarotenoids extract

kgbody mass
−1. The cleaning of the cages, change for new chow,

and cleaner water were performed every day in the morning, as
well as the weighing of the animals, and the daily intake of
chow per cage. The percentage weight evolution was calculated
through the daily weight gain in relation to the weight of the
first day. The metabolic efficiency of each group was estimated
by the inverse ratio between gfood intake gweight gain

−1.
At the end of the protocol (day 8), the animals were anesthe-

tized with isoflurane and euthanized by decapitation (all
animals were euthanized between 07 : 00 and 10 : 00 after 10 h
of fasting). Trunk blood was collected, and the tissues were dis-
sected for further analysis. All tissues were collected by trained
people and immediately stored at −80 °C. All the tissues were
weighted and shown as a relative weight (gtissue ganimal weight

−1).
The retroperitoneal adipose tissue (RET), epidydimal adipose
tissue (EPI), and mesenteric adipose tissue (MES) were weighed,
being its sum shown as visceral adipose tissue (ΣWAT).

Serum parameters

Commercial colorimetric assays (Labtest®, Lagoa Santa, MG,
Brazil) were used to evaluate serum glucose, total cholesterol
(TC), HDL cholesterol (HDL-C), and triacylglycerol (TAG), all
expressed as mg dL−1. The adiponectin level was quantified by
ELISA (kit DuoSet ELISA, R&D System, Minneapolis, MN, USA),
and expressed as ng mL−1. Additionally, to investigate possible
alterations in liver metabolism, hepatic enzymes on serum,
specifically aspartate transaminase (AST) and alanine transam-
inase (ALT), were estimated using a colorimetric kinetic assay
using a commercial kit (Labtest®, Lagoa Santa, MG, Brazil).

Tissue cytokine concentration in RET

RET samples for all the animals (n = 7–8 per group) were hom-
ogenized in a sodium specific buffer, containing: 100 mM
Tris-HCl (pH 7.5), 1% Triton X-100, 10% sodium dodecyl
sulfate (SDS), 100 mM EDTA, 100 mM sodium fluoride, 10 mM
sodium pyrophosphate, 10 mM sodium orthovanadate, 2 mM
phenyl-methyl-sulphonyl fluoride, and 0.1 mg aprotinin from
bovine lung per mL. After the proper tissue homogenization in
an ice bath to control the heating, the homogenate was centri-
fugated at 20 800g for 40 min at 4 °C. The supernatant was
carefully taken and stored at −80 °C for further analysis. Pro-
inflammatory cytokines were evaluated, namely, IL-1β, IL-6,
and TNF-α, and IL-10 were quantified as an anti-inflammatory
marker. The kits from DuoSet ELISA were used, according to
the manufacture’s recommendation (DuoSet ELISA, R&D
System, Minneapolis, MN, USA).

Histopathological analysis

A central fragment of the liver was fixed in 10% buffered for-
malin for 24 h. Once the tissue fixation was complete, the liver
tissue was gradually dehydrated in alcohol, followed by xylene
and later incorporated in paraffin blocks. The tissues from all
groups were cut into 3 µm thick sections. The slides were
deparaffinized in xylene and rehydrated in ethanol (99.5%),
and then stained with hematoxylin–eosin (HE) for histopatho-
logical evaluation under a Zeiss-Axio Observer D1 microscope.
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Histopathological changes from the liver were evaluated usin a
semi-quantitative method using two independent members
(Table 1).27

Oxidative stress markers in the liver

All the oxidative stress assays were performed following the
methodology described in Sertorio et al. (2019).28 To evaluate
antioxidant enzymes, a specific homogenate using 100 mg of
the frozen liver was homogenized in a phosphate-buffer saline
(PBS) solution with controlled temperature (4 ± 1 °C) and cen-
trifugated at 3500g (4 °C) for 15 min. The supernatant was
taken for the analysis of superoxide dismutase (SOD), catalase
(CAT), and glutathione-S-transferase (GST) activities. SOD
activity was evaluated by the pyrogallol method based on the
ability of this enzyme to catalyze the reaction of superoxide
(O2−) and hydrogen peroxide (H2O2). CAT activity was esti-
mated by measuring the rate of H2O2 decomposition for
3 min, using an 8-point calibration curve of H2O2 (R2 =
0.9999), and the amount of CAT was expressed as UCAT min−1.
Additionally, GST activity was estimated using spectrophoto-
metric analysis at 340 nm and calculated from the rate of
NADPH oxidation expressed in mmol min−1.

To evaluate the pro-oxidative markers, malondialdehyde
(MDA) and protein carbonyl (PC) were estimated. Lipid peroxi-
dation was assessed by applying the same homogenate used to
evaluate antioxidant markers, but this time was incubated with
thiobarbituric acid to evaluate the levels of thiobarbituric acid-
reactive substances, which represent the amount of MDA in the
liver. Protein oxidation was estimated by applying the PC meth-
odology using the debris of the liver after the centrifugation
step to prepare the homogenate used in the other analysis. The
quantification of PC in liver tissue was assessed using the 2.4-
dinitrophenylhydrazine (DNPH) method, expressed as pmol
mL−1. All the results were normalized using the protein level,
which was quantified by Bradford’s methodology.29

Statistical analysis

The data were tabulated in Microsoft Excel, the determination
and exclusion of outliers were performed by the interquartile
range (IQR) method using JASP, version 0.14. All statistical
analysis was performed using the Jamovi program version
1.6.6. Data were submitted to two-way ANOVA followed by
Bonferroni post-hoc, with a significance level fixed at 95% (p <
0.05). All the results were expressed as mean ± standard error.
To investigate possible correlations between pairs of signifi-
cant variables, the Pearson coefficient (rpearson) was used, con-
sidering a significance level at 95%.

Results
Body and tissue weights and metabolic efficiency

All the forty-eight animals used in this work had a statistically
equivalent initial weight (ANOVA: p = 0.1476). According to
Fig. 1A, it is evident that the group HFD-O gained more mass
per day compared to the other five groups, including the
groups HFD-VOS and HFD-IL, a result confirmed by a two-way
ANOVA (p < 0.05). While the HFD-O group increased 20.0 ±
0.8% comparing the final (day 7) with initial weights (day 1),
the others increased around 5.5 ± 0.8%, suggesting that sup-
plementing the animals with carotenoids has prevented the
weight gain during the experimental period (seven days), these
being statistically similar to the C-O group. Also, the metabolic
efficiency, inversely represented by the ratio between daily
food intake (g) and weight gain (g) (Fig. 1B) in both HFD-O
and HFD-VOS groups was the highest (0.8 ± 0.1 gfood intake

gweight gain
−1 and 1.0 ± 0.1 gfood intake gweight gain

−1, respectively),
contrasting not only with the C-O group (1.47 ± 0.09 gfood intake

gweight gain
−1), but also with the C-VOS, C-IL (1.4 ± 0.5 gfood

intake gweight gain
−1 and 3.5 ± 0.5 gfood intake gweight gain

−1, respect-
ively), and HFD-IL (1.7 ± 0.2 gfood intake gweight gain

−1) groups. It
is noteworthy that the diet influenced the results since HFD
groups had lower rates compared to their respective controls
(two-way ANOVA p < 0.05). Besides, the type of extract (IL and
VOS) displayed a significant difference, since the animals sup-
plemented with carotenoids extracted with IL (C-IL and
HFD-IL) had higher rates (confirmed by two-way ANOVA [p <
0.05]) when compared with their counterpart groups (C-VOS
and HFD-VOS).

Considering the relative weight of the tissues (gtissue.100gbody
mass

−1) – liver and ΣWAT – some statistical differences were
found (Table 2). The supplementation of carotenoids extracted
with IL has demonstrated a positive influence on the relative
weight of the liver, compared to oil (O) and VOS groups (two-
way ANOVA p < 0.05). However, the type of diet alone did not
display any difference, which means that, even when the
animals were fed with HFD-chow, the liver did not suffer any
modification on its relative weight. Additionally, the inter-
action between diet and supplementation displays a signifi-
cant difference since the liver from the HFD-O and HFD-VOS,
showed a significant difference (confirmed by two-way ANOVA;
p < 0.05). Contrarily, RET, MES and EPI tissues showed higher
relative weight for HFD groups compared to the animals fed
with control-chow, which consequently influenced the ΣWAT

(two-way ANOVA p < 0.05). Also, supplementation with caroten-
oids extracted using the IL-mediated process had a positive
influence on the animal, since the relative weight of the
tissues (or in other words, the WAT) decreased compared to
VOS and oily groups (two-way ANOVA p < 0.05).

Serum parameters

The serum parameters are shown in Table 3, where it seems
that the serum glucose, HDL, ALT and AST increased in
animals fed HFD, which was confirmed by a two-way ANOVA
(p < 0.050). However, supplementation with carotenoids

Table 1 Score criteria for histopathological changes in the liver

Score Structural changes

0 Tissue structure preserved
1 Watering degeneration of hepatocytes
2 Vacuolization of hepatocytes, increase of eosinophile of liver

cells and presence of congested vessels
3 Severe degeneration, necrosis, and loss of liver structure
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extracted with the IL-mediated process lowered glucose, ALT
and AST, while increasing HDL-C (two-way ANOVA p < 0.05).
Therefore, for these parameters, supplementation with caro-
tenoids extracted with an IL-mediated process has improved
the metabolic condition of animals, even in HFD-IL. For
example, high levels of ALT and AST in groups C-VOS, HFD-O
and HFD-VOS suggest hepatic damage, which does not
happen in C-O, C-IL and HFD-IL, again revealing the positive
effect of the carotenoids extracted with the IL-mediated
process. Regarding the level of adiponectin, a positive effect
from supplementation with carotenoids extracted with the IL-
compared to VOS-mediated process was also noticed, since the
levels in groups C-O and C-IL are higher than the levels in

C-VOS, as well as in HFD groups. No significant differences
were found in the serum parameters TC, and TAG, suggesting
that in this model, the carotenoids showed no difference.

Tissue cytokine concentration in RET

The pro-inflammatory cytokines IL-1β, IL-6, and TNF-α were
evaluated (Fig. 2). The HFD allows increasing the levels of
IL-1β in the protein-extracted samples from RET (two-way
ANOVA p < 0.05). Also, the interaction between the diet and
supplementation was statistically significant, being the highest
found for the HFD-O group and the lowest for the C-IL group
(Fig. 2A). Furthermore, the diet, supplementation, and inter-
action between them, have also displayed significant differ-

Fig. 1 Mean daily mass gain (%) (A) and the ratio between gfood intake gweight gain
−1 (B). Different letters represent significant differences in the post-

hoc considering the interaction between diet and supplementation, i.e., statistically different values by two-way ANOVA p < 0.05. These results were
calculated considering the whole experimental period (seven days) (n = 8 animals per group). Groups: C-O – fed with standard chow and gavage
with sunflower oil, C-VOS – fed with standard chow and supplemented by gavage with carotenoids extracted with VOS; C-IL – fed with standard
chow and supplemented by gavage with carotenoids extracted with IL; HFD-O – fed obesogenic chow and gavage with sunflower oil; HFD-VOS:
fed with obesogenic chow and supplemented with carotenoids extracted with VOS; HFD-IL: fed obesogenic chow and supplemented with caroten-
oids extracted with IL.
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ences in IL-6 levels. HFD promotes the increase in the level of
IL-6 compared to the animals fed with control chow (two-way
ANOVA p < 0.05). Additionally, the groups C-VOS, HFD-O and
HFD-VOS showed higher levels compared to C-O, C-IL, and
even to HFD-IL (Fig. 2B) (two-way ANOVA p < 0.05). TNF-α
levels were statistically influenced by the supplementation,
being the carotenoids extracted with IL able to decrease the
levels of TNF-α in C-IL and HFD-IL, when compared to the
other groups (two-way ANOVA p < 0.05). This effect was not
influenced by the diet or diet/supplementation interaction
(two-way ANOVA p > 0.05), as depicted in Fig. 2C. Contrasting
with the results of IL-10 levels (an anti-inflammatory cytokine),
which were influenced by diet (C > HFD), supplementation (IL
> O, VOS), and by the interaction between both. IL-10 levels are
higher in the C-IL and HFD-IL groups, highlighting the posi-
tive effect of the carotenoids extracted with IL. The lowest level
of IL-10 is shown for HFD-O and HFD-VOS (Fig. 2D).
Additionally, the ratio IL-10/IL-6 clearly shows the anti-inflam-
matory role of the carotenoids extracted with IL, since both IL-
supplemented groups (C-IL and HFD-IL) were positively
affected (Fig. 3).

Histopathological analysis in the liver

The animals from the control groups (C-O, C-VOS, and C-IL)
did not present any evidence of histopathological changes in
the liver (Fig. 4). However, for the animals belonging to the
HFD-O group, congested vessels and moderate steatosis were
diagnosed (Fig. 4). The same situation was detected in the
HFD-VOS group, in which all specimens showed areas of focal
steatosis (Fig. 4). In the C-IL group, a total of two animals
pointed out congested vessels associated with inflammatory
infiltrates in the liver parenchyma (Fig. 4). Following the semi-
quantitative evaluation, the scores revealed statistically signifi-
cant differences (p < 0.05) in the HFD-O group, when com-
pared to the control and also for the HFD-VOS group, when
compared to the HFD-O group (p < 0.05), with data shown in
Table 4.

Oxidative stress markers in the liver

As expected, there is a normal balance between pro-and anti-
oxidant markers in the C-O group (Fig. 5). Furthermore, HFD
increased the presence of pro-antioxidant markers compared

Table 2 Relative tissue weight among different experimental groups (n = 8 per group)

Tissue

Relative weight (gtissue 100gbody mass
−1)

C-O C-VOS C-IL HFD-O HFD-VOS HFD-IL Influence of diet Influence of supplementation

Livera 3.3 ± 0.2b 3.3 ± 0.1b 3.3 ± 0.3b 3.2 ± 0.1b 3.2 ± 0.2b 3.6 ± 0.2a n.i. IL > O, VOS
RETa 1.1 ± 0.3d 1.1 ± 0.2d 1.0 ± 0.2e 1.7 ± 0.2a 1.4 ± 0.3b 1.3 ± 0.2c HFD > C O, VOS > IL
MESa 0.7 ± 0.2d 0.7 ± 0.1d 0.6 ± 0.1d 4.8 ± 0.6a 3.6 ± 0.8b 3.3 ± 0.7c HFD > C O, VOS > IL
EPIa 0.9 ± 0.2e 1.0 ± 0.2d 1.1 ± 0.3d 1.6 ± 0.2a 1.3 ± 0.3b 1.1 ± 0.1c HFD > C O > VOS > IL
ΣWAT

a 2.7 ± 0.6e 2.8 ± 0.5d 2.7 ± 0.5e 4.5 ± 0.4a 3.7 ± 0.7b 3.3 ± 0.4c HFD > C O, VOS > IL

aDifferent letters in the same line represent significant differences in the post-hoc considering the interaction between the diet and supplemen-
tation, i.e. statistically different values by two-way ANOVA p < 0.05. Groups: C-O: fed with standard chow and gavage with sunflower oil, C-VOS:
fed with standard chow and supplemented by gavage with carotenoid extracted with VOS; C-IL: fed with standard chow and supplemented by
gavage with carotenoids extracted with IL; HFD-O: fed with obesogenic chow and gavage with sunflower oil; HFD-VOS: fed with obesogenic chow
and supplemented with carotenoids extracted with VOS; HFD-IL: fed with obesogenic chow and supplemented with carotenoids extracted with
IL; RET: retroperitoneal adipose tissue; MES: mesenteric adipose tissue; EPI: epididymal adipose tissue; ΣWAT: RET + MES + EPI; n.i.: with no
influence.

Table 3 Glucose, cholesterol (TC, TAG, and HDL-C), adiponectin and hepatic enzymes in serum liver ectopic triacylglycerol storage (ALT and AST)

Serum parameters

Evaluated parameters C-O C-VOS C-IL HFD-O HFD-VOS HFD-IL
Diet
Influence

Supplementation
Influence

Glucose (mg dL−1) 105.3 ± 3.0 85.9 ± 5.1 82.4 ± 4.0 107.7 ± 1.1 105.3 ± 3.0 88.2 ± 3.4 HFD > C O > VOS > IL
TC (mg dL−1) 136.8 ± 6.2 143.0 ± 7.0 141.8 ± 6.6 141.9 ± 4.7 141.6 ± 5.3 130.1 ± 8.2 n.i. n.i.
TAG (mg dL−1) 119.6 ± 2.9 122.22 ± 3.3 119.00 ± 7.8 116.68 ± 2.3 118.5 ± 3.5 117.0 ± 4.7 n.i. n.i.
HDL-C (mg dL−1) 51.1 ± 2.3 51.0 ± 3.9 51.1 ± 1.5 54.2 ± 1.8 54.9 ± 0.8 60.9 ± 1.6 HFD > C IL > O, VOS
Adiponectin (ng mL−1)a 4.0 ± 0.2a 1.8 ± 0.5c 4.0 ± 0.4a 2.8 ± 0.2b 1.85 ± 0.3c 2.6 ± 0.7b C > HFD O, IL > VOS
ALT (mg dL−1)a 39.3 ± 3.4b 70.8 ± 6.9a 33.2 ± 1.9b 75.5 ± 4.7a 71.5 ± 5.1a 30.6 ± 2.9b HFD > C VOS > O > IL
AST (mg dL−1)a 44.5 ± 4.4c 69.1 ± 9.5b 46.9 ± 2.6c 83.6 ± 6.2a 87.2 ± 7.6a 35.6 ± 4.1d HFD > C VOS > O > IL

aDifferent letters in the same line represent a significant interaction between diet and supplementation, i.e. statistically different values by a two-
way ANOVA p < 0.05; groups: C-O: fed with standard chow and gavage with sunflower oil, C-VOS: fed with standard chow and supplemented by
gavage with carotenoid extracted with VOS; C-IL: fed with standard chow and supplemented by gavage with carotenoid extracted with IL; HFD-O:
fed with obesogenic chow and gavage with sunflower oil; HFD-VOS: fed with obesogenic chow and supplemented with carotenoids extracted with
VOS; HFD-IL: fed with obesogenic chow and supplemented with carotenoids extracted with IL; TC: total cholesterol; TAG: triacylglycerol; HDL-C:
high-density lipoprotein; ALT: alanine transaminase; AST: aspartate transaminase; n.i.: with no influence.
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to control groups (two-way ANOVA p < 0.05). For all markers
evaluated, there is an influence between diet and supplemen-
tation, highlighting the influence of the carotenoids on the
oxidative stress metabolic pathway. Oxidative stress is evident
in group HFD-VOS, since there is an increase in pro-oxidative
markers, namely MDA and CP, but also an increase in anti-

oxidant markers (SOD and CAT), suggesting that there is an
activation of a responsive defense against oxidative damage.
An antioxidant effect is evident in the C-IL and HFD-IL groups,
since there is a counterpoint between antioxidant and pro-
oxidant markers, i.e. while SOD, CAT and GST increases, MDA
and CP decrease.

Fig. 2 Cytokines level of protein extract samples from the RET (n = 7–8 per group). IL-1β (A), IL-6 (B), TNF-α (C) and IL-10 (D). Different letters rep-
resent a significant difference between groups. Groups: C-O: fed with standard chow and gavage with sunflower oil, C-VOS: fed with standard
chow and supplemented by gavage with carotenoids extracted with VOS; C-IL: fed with standard chow and supplemented by gavage with caroten-
oids extracted with IL; HFD-O: fed with obesogenic chow and gavage with sunflower oil; HFD-VOS: fed with obesogenic chow and supplemented
with carotenoids extracted with VOS; HFD-IL: fed with obesogenic chow and supplemented with carotenoids extracted with IL.

Fig. 3 IL-10/IL-6 ratio showing the anti-inflammatory role of the carotenoids extracted with IL. Groups: C-O: fed with standard chow and gavage
with sunflower oil, C-VOS: fed with standard chow and supplemented by gavage with carotenoids extracted with VOS; C-IL: fed with standard chow
and supplemented by gavage with carotenoids extracted with IL; HFD-O: fed with obesogenic chow and gavage with sunflower oil; HFD-VOS: fed
with obesogenic chow and supplemented with carotenoids extracted with VOS; HFD-IL: fed with obesogenic chow and supplemented with caro-
tenoids extracted with IL.
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Correlations

In order to investigate the relationship between experimental
treatment considering the six groups (C-O, C-VOS, C-IL,
HFD-O, HFD-VOS, and HFD-IL) with a possible effect of the
supplementation promoted by the carotenoids’ extract, and
their relationship with an inflammatory pathway, expressed in
this case by IL-10 and IL-6 levels, a correlation analysis was

performed (Table 5). It is possible to note that IL-10 is posi-
tively correlated with GST in the liver. In contrast, IL-10 is
inversely associated with MDA, CP, TGO, TGP and glucose
(rpearson > 0.50; p < 0.01), suggesting that IL-10 acts against
liver damage mediated by oxidative stress. Counterpointing,
the IL-6 correlations confirm the association of these results,
being MDA, CP, AST and ALT positively correlated (rpearson >
0.50; p < 0.01).

Fig. 4 Photomicrographs from rat liver treated with a high-fat diet and carotenoids extracted with IL. It should be noticed that HFD-O and
HFD-VOS show steatosis (high magnification and circle, respectively). H. E. stain. Groups: C-O: fed with standard chow and gavage with sunflower
oil, C-VOS: fed with standard chow and supplemented by gavage with carotenoids extracted with VOS; C-IL: fed with standard chow and sup-
plemented by gavage with carotenoids extracted with IL; HFD-O: fed with obesogenic chow and gavage with sunflower oil; HFD-VOS: fed with obe-
sogenic chow and supplemented with carotenoids extracted with VOS; HFD-IL: fed with obesogenic chow and supplemented with carotenoids
extracted with IL.
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In addition, Table 6 shows the correlation between oxidative
stress markers in the liver and cytokines in RET promoted by
the type of extraction (VOS and IL) applied on the recovery of
carotenoids, and toward the parameters associated with body
mass gain. Following these results, it is possible to stress the
role of the diet supplementation of rats with carotenoids
extracted with VOS (VOS groups: C-VOS and HFD-VOS), which
is confirmed by a negative correlation with IL-10 (rpearson
−0.867 – p < 0.01), and with a positive correlation with stressor
markers in the liver (MDA, CP and GST). On the contrary, sup-
plementation of the rats’ diet with carotenoids extracted with
IL-mediated process (IL-groups: C-IL and HFD-IL), assisted in
augmenting the antioxidant defenses, expressed by the
increase in GST alone (i.e without the increase of pro-oxidant
markers), and by the negative influence on ectopic hepatic
enzyme AST.

Discussion

In this work, effects of supplementation of different types of
carotenoid-rich extracts obtained using different solvents (VOS
and an ethanolic IL solution),17 were elucidated. Despite
general ideas being spread in conferences, workshops and lit-
erature about the need of searching and applying naturally-
based pigments, there is still a lack of information regarding
the physiological role and safety of using biomolecules
extracted with IL-mediated processes, which is making them
more difficult for their applications as ingredients in human
food.7,16,30 Many works already discussed the positive influ-
ence of carotenoids on diseases associated or originated by an
inflammatory scenario, which includes among others the
obesity.23,31 Moreover, it is also well known that the poorest
populations worldwide (with no income, low- or lower-middle-

Table 4 The total number of rats in all groups according to the degree
of liver histological changes. The semi-quantitative score was evaluated
according to da Silva et al. (2014).27

Groups N

SCORES

0 1 2 3

C-O 5 4 1 0 0
HFD-Oa 5 0 1 4 0
C-VOS 5 5 0 0 0
C-IL 5 3 2 0 0
HFD-VOSb 5 0 0 5 0
HFD-IL 5 4 1 0 0

a p ≤ 0.05 when compared to C-O; Kruskal Wallis followed by post-hoc
Dunn’s test. b p ≤ 0.05 when compared to HFD-O; Kruskal Wallis fol-
lowed by post-hoc Dunn’s test.

Table 5 Results for the correlation coefficient (rpearson) obtained
between the interleukin-10 (IL-10) and interleukin-6 (IL-6) with other
biochemical parameters, namely MDA – malondialdehyde; CP – carbo-
nyl protein; GST – glutathione S-transferase; AST – aspartate transamin-
ase; and ALT – alanine transaminase

Parameters

IL-10 (n = 48) IL-6 (n = 48)

rpearson p rpearson p

Body mass gain (%) −0.591a <0.01 0236 0.133
MDA −0.597a <0.01 0.527a <0.01
CP −0.649a <0.01 0.617a <0.01
GST 0.546a 0.001 −0.341 0.052
AST −0.551a <0.01 0.584a <0.01
ALT −0.607a <0.01 0.579a <0.01
Glucose −0.604a <0.01 0.358 0.02

a At least r > 0.5 and p < 0.05.

Fig. 5 Oxidative stress markers in protein extract samples from the liver (n = 6–8 per group). MDA: malondialdehyde (A); CP: carbonyl protein (B);
SOD: superoxide dismutase (C); CAT: catalase (D); GST: glutathione S-transferase (E). Different letters represent a significant difference between
groups. Groups: C-O: fed with standard chow and gavage with sunflower oil, C-VOS: fed with standard chow and supplemented by gavage with
carotenoids extracted with VOS; C-IL: fed with standard chow and supplemented by gavage with carotenoids extracted with IL; HFD-O: fed with
obesogenic chow and gavage with sunflower oil; HFD-VOS: fed with obesogenic chow and supplemented with carotenoids extracted with VOS;
HFD-IL: fed with obesogenic chow and supplemented with carotenoids extracted with IL.
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income) do not have the recommended intake of carotenoids,
especially those pro-vitaminic A.25 In an attempt to help to
answer this issue, dietary supplements containing the ade-
quate doses of natural carotenoids are expected to be the solu-
tion, or at least, part of the solution. As recurrently recognized,
one of the main problems associated with the use of com-
pounds like carotenoids obtained from biomass is the down-
stream process applied and the respective solvents used. The
question of how the carotenoids will act as nutritional sup-
plements, after being extracted with solvents like ILs (con-
sidered in the last two decades as alternative and efficient sol-
vents for biomolecules extracted from biomass), and even after
the separation of carotenoids from the solvents, is always
raised.32

Not only our group17,33 but others34,35 have proved the best
performance of ILs to recover carotenoids from natural
sources. In our previous work, we have demonstrated that the
physicochemical parameters and biological activities of caro-
tenoids extracted with IL were better than the ones reported
for the same carotenoids, obtained from the same biomass,
but extracted with VOS. In addition, Murador et al. (2020)36

showed that carotenoids, carotenoids-esters and chlorophylls
from orange peels have better bioaccessibility and cellular
uptake compared with the same compounds extracted with
VOS. However, what differs from the process of extraction of
carotenoids used in this work from others described in the lit-
erature, is the effective and complete IL’ removal from the
final extract-enriched in carotenoids. In this sense, the present
work proposes a deep analysis on the lipid metabolic effect of
carotenoids obtained from two processes differing only on the
solvents applied, an IL and a VOS, and prove that if, after the
solvent removal, the bioproducts may be safe and successfully
applicable as a nutritional supplement. This said the animals
supplemented with carotenoids extracted with VOS, like
acetone and ether mixtures although industrially used in the

synthesis of carotenoids,37 showed higher rates of oxidative
markers on the liver and pro-inflammatory cytokines in RET,
besides unbalanced serum parameters. The WAT-liver axis has
been considered to be responsible for the intake, processing,
transport, and storage of micro-and macronutrients,38 and
thus, an excellent candidate for studies on nutritional metab-
olism related to obesity. Furthermore, the liver is the main
tissue responsible for the carotenoids metabolization and
where the initial conversion of carotenoids to vitamin A
happens.39,40

The increased adiposity, represented by the relative weight
of the ΣWAT in the HFD-O group, highlights the adequacy of
the model to display visceral fat accumulation even in a short-
term diet treatment, as previously exposed.41,42 Serum para-
meters from the HFD-O group also proved the pro-inflamma-
tory stimulus associated with obesity, leading to the increase
of glucose, HDL-C, ALT and AST levels. The hypothesis raised
in this work on how/if carotenoids were able to improve the
metabolic profile of the animals submitted to an HFD was
proved since the pigments were able to control the weight gain
of the animals, even if they have an HFD.31,43 Nevertheless, the
breakthrough in this work is the proof that even if the caroten-
oids are extracted with an IL-mediated process if solvents and
carotenoids are successfully separated; the latest, can be a
valuable contribution from nutritional and metabolic points
of view in food supplements.

Meanwhile, adiponectin is increased in the animals sup-
plemented with IL-extract in both types of diet (C-IL and
HFD-IL). Canas and collaborators,44 in a randomized, double-
blind, placebo-controlled intervention trial, showed that chil-
dren with simple obesity supplemented with a natural com-
mercial supplement containing 2212 µg of carotenoids, had an
increased level of adiponectin compared to the placebo group.
Additionally, some studies have correlated limited weight gain
and hypoglycemia with the increase of adiponectin
production.23,45 The same positive effect on adiponectin pro-
duction was also found in vitro by Kameji and co-workers,46

using 3T3-L1 adipocytes treated with 20 µM of β-carotene.
Thus, the increase in adiponectin seems to be one of the main
positive pathways correlating the anti-inflammatory potential
of carotenoids in adipose tissue. However, in this work, caro-
tenoids extracted with VOS displayed a negative effect on the
level of adiponectin in serum (compared to control group –

C-O), which may be justified by the pro-inflammatory role of
this extract, especially when associated with HFD (HFD-VOS
group). Recently, it was reported that the decrease of adiponec-
tin levels is inversely correlated with the high expression of
IL-6 in adipose tissue,47 which justifies our data, since C-VOS,
HFD-O and HFD-VOS groups showed the lowest levels of adipo-
nectin and the highest levels of IL-6 in RET.

The lower glucose, ALT and AST levels also indicate a posi-
tive influence of supplementation of carotenoids extracted
with IL, which corroborates with the data exposed in the
photomicrographs. Some authors proposed that the pro-
duction of reactive oxygen species (ROS) is positively associ-
ated with insulin resistance and glucose intolerance.48 An

Table 6 Results for the correlation coefficient (rpearson) obtained
between the influence of body mass gain in the different supplemen-
tation groups (VOS and IL) and its relationship with other parameters,
namely MDA: malondialdehyde; CP: carbonyl protein; GST: glutathione
S-transferase; AST: aspartate transaminase; ALT: alanine transaminase;
IL-10: interleukin-10; and IL-6: interleukin-6

Parameters

VOS-groups (n = 16) IL-groups (n = 16)

Body mass gain Body mass gain

VOS vs. IL

rpearson p rpearson p

MDA 0.853a <0.01 −0.274 0.324
CP 0.833a <0.001 −0.628 0.009
GST 0.665a 0.026 −0.503a 0.005
AST 0.256 0.356 −0.52a 0.039
ALT 0.273 0.325 −0.208 0.439
IL-10 −0.867a <0.01 −0.082 0.78
IL-6 0.116 0.706 −0.3 0.297

a At least r > 0.5 and p < 0.05.
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increased glucose level can lead to a rise in the mitochondrial
production of ROS, which is elevated in obesity, consequently
activating the inflammatory pathways and an unbalanced pro-
duction of cytokines.49–51 The supplementation of carotenoids
extracted with VOS displayed an increase in ectopic enzymes
from the liver, indicating possible liver damage, a result also
corroborated from the oxidative stress analysis on the liver and
photomicrographs (i.e. HFD-VOS animals showed liver steato-
sis, and HFD-IL animals a cellular profile equivalent with the
C-O). Organic solvents, such as acetone and ether mixtures
have been used in several pharmaceutical and food industrial
processes, however, it was proven that organic solvents are not
the best alternative to be used when the final application is
the food sector.8 Brauner et al. (2020)8 reported that workers
exposed to VOS developed some liver-related disease, associ-
ated with elevated ALT. Additionally, the authors also showed
that the antioxidant enzymes were more elevated in workers
exposed to VOS compared to control (workers without exposing
themselves to VOS), revealing that an oxidative stress defense
was displayed, as it happened in this study.

It is interesting to note that the animals supplemented with
carotenoids extracted with VOS had a higher concentration of
cytokines involved in the pro-inflammatory profile, expressed
in this case, by higher levels of IL-1β, IL-6, and TNF-α in RET.
Higher IL-6 levels on adipose tissue were already been associ-
ated with hepatic glucose production,52 and higher oxidative
stress markers on the liver.53 Thus, these results show that
although carotenoids are considered as potent anti-inflamma-
tory molecules, in this work, we showed that, if unsafe
methods/solvents are applied, acute inflammation can happen
and lead to an associated preventing weight gain related to oxi-
dative stress. The differences obtained by using carotenoids
extracted with IL or VOS may be also explained by the presence
of other compounds from the biomass in the carotenoids-
based extract, justified by the lower selectivity of this type of
solvents recurrently impose to downstream processes.7

Moreover, we also hypothesize the negative impact of possible
emulsification of VOS with the fat content present originally in
the Bactris gasipaes fruits (∼16%), which may be inhibiting the
correct evaporation of the VOS, and consequently allowing the
presence of some solvent residues in the carotenoids-extract.

Recently, some reviews have discussed, “which is the best
alternative solvent applicable in the food industry”,54 and also
the role of the alternative solvent to recover natural food pig-
ments.7 It is indeed a recurrent concern and the opinions
between academics are divided. Actually, it seems that
opinions sometimes are more related to the researcher’s
beliefs and preferences than with the real trends reported,
which seem to remain true for the case of ILs. For more than
20 years, the use of ILs as solvents to recover biomolecules
from different natural raw materials was pinpointed as being
unsafe, mainly when the main applications of the target com-
pounds purified include the pharmaceutical and food indus-
tries. However, this work is proving that the removal of the
alternative solvent from the extract is an essential step (polish-
ing) and aims not only to ensure the safety of the application

but also the sustainability of the whole process. In this sense,
we believe that this work helps us to prove that, as important
as trying to use non-toxic solvents, is to ensure that, once you
have used it, its complete separation from the target com-
pounds purified is achieved, guaranteeing the safety of the
product.

Conclusions

In this work, short-term supplementation of carotenoids
extracted with an IL, completely free of any residual raw
material used in the extraction process, was proved to be a
good ally to inhibit the body mass gain, even when associated
with HFD. Animals fed with control- or high-fat-diets when
supplemented with carotenoids extracted with IL shown lower
levels of metabolic efficiency, and higher levels of adiponectin,
IL-10, besides an increase in antioxidant enzymes on the liver.
On the contrary, animals supplemented with carotenoids
extracted with VOS showed increased expression of IL-1β, IL-6,
and TNF-α on RET, associated with oxidative stress in the liver,
proving that the adipose tissue-liver axis can be a good model
to study the influence of supplementation of bioactive com-
pounds associated with obesity. Additionally, this work comes
as a prerogative to encourage more in vivo studies to investigate
the real concerns in the use of compounds extracted with
alternative solvents. At this point, which concerns the appli-
cation of carotenoids extracted from Bactris gasipaes fruits, a
positive relationship was found between safety and extractions
performed by an IL-mediated process, a very promising step
for changing the paradigm and eliminating the wrong overge-
neralization on the use of alternative solvents.

List of symbols and acronyms

[C2C1im][CH3COOH] 1-Ethyl-3-methylimidazolium acetate
[C4C1im][BF4] 1-Butyl-3-methylimidazolium

tetrafluoroborate
[C4C1mim][PF6] 1-Butyl-3-methylimidazolium

hexafluorophosphate;
[C4C1mim]Cl 1-Hexyl-3-methylimidazolium chloride
ALT Alanine transaminase
AST Aspartate transaminase
CAT Catalase
C-IL Control group supplemented with caro-

tenoids extracted with ILs
C-O Control group
C-VOS Control group supplemented with caro-

tenoids extracted with organic solvents
EPI Epididymal adipose tissue
GST Glutathione-S-transferase
HDL-C HDL cholesterol
HFD High-fat diet
HFD-IL High-fat diet group supplemented with

carotenoids extract obtained with IL
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HFD-O High-fat diet group
HFD-VOS High-fat diet group supplemented with

carotenoids extract obtained with
organic solvents

ILs Ionic liquids
IL-10 Interleukin 10
IL-1β Interleukin 1β
IL-6 Interleukin 6
MDA Malondialdehyde
MES Mesenteric adipose tissue
PC Protein carbonyls
RET Retroperitoneal adipose tissue
SOD Superoxide dismutase
TAG Triacylglycerol
TC Total cholesterol
TNF-α Tumor Necrosis Factor Alpha
VOS Volatile organic solvents
ΣWAT Sum of visceral adipose tissue.
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