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Abstract: Caryocar brasiliense Cambess is a plant species typical of the Cerrado, a Brazilian biome.
The fruit of this species is popularly known as pequi, and its oil is used in traditional medicine.
However, an important factor hindering the use of pequi oil is its low yield when extracted from
the pulp of this fruit. Therefore, in this study, with aim of developing a new herbal medicine, we
an-alyzed the toxicity and anti-inflammatory activity of an extract of pequi pulp residue (EPPR),
fol-lowing the mechanical extraction of the oil from its pulp. For this purpose, EPPR was prepared
and encapsulated in chitosan. The nanoparticles were analyzed, and the cytotoxicity of the encapsu-
lated EPPR was evaluated in vitro. After confirming the cytotoxicity of the encapsulated EPPR,
the following evaluations were performed with non-encapsulated EPPR: in vitro anti-inflammatory
activity, quantification of cytokines, and acute toxicity in vivo. Once the anti-inflammatory activity
and absence of toxicity of EPPR were verified, a gel formulation of EPPR was developed for topical
use and analyzed for its in vivo anti-inflammatory potential, ocular toxicity, and previous stability
assessment. EPPR and the gel containing EPPR showed effective anti-inflammatory activity and lack
of toxicity. The formulation was stable. Thus, a new herbal medicine with anti-inflammatory activity
can be developed from discarded pequi residue.

Keywords: Cerrado; inflammation; nanotechnology; pequi; phytotherapic

1. Introduction

The skin is the largest organ of the human body, and it acts as a physical barrier
against the external environment. The protective function of the skin and its annexes may
be damaged by aggressive factors, which may lead to various types of injuries, such as
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physical injuries caused by cuts and sunburn, chemical burns from organic solvents, or
viral or fungal infections [1].

In response to these different types of traumas, an inflammatory process is induced
in the skin as a defense mechanism to repair damaged tissues [2]. This process is charac-
terized by tissue and functional changes such as vasodilation, increased permeability, and
recruitment and activation of leukocytes [3]. These changes are clinically manifested in
five main signs that characterize an inflammatory process: heat, pain, redness, edema, and
loss of function. When these signals are expressed in an exaggerated manner, the use of
anti-inflammatory drugs is necessary [2,3].

In clinical medicine, non-steroidal anti-inflammatory drugs (NSAIDs) are the first
choice of treatment for reducing the exaggerated and inappropriate inflammatory response,
followed by glucocorticoid anti-inflammatory drugs. However, NSAIDs and glucocorti-
coids are not effective in many chronic inflammatory processes, and anti-inflammatory
drugs such as ketoprofen and ibuprofen generally generate many side effects. Thus, the
search for new options in traditional medicine is important for the treatment of inflamma-
tion. In particular, medicinal plants can be used as a source of new active ingredients for
the development of anti-inflammatory drugs [3].

A striking example of such a medicinal plant is the pequi tree, Caryocar brasiliense
Cambess. It is the main tree of the Cerrado, the second-largest Brazilian biome. The
economic and cultural importance of the pequi fruit for the Cerrado population is well
known, especially for those who work in family farming [4]. The pequi tree is the subject of
industrial agriculture in Brazil, and the fruit of the pequi is extensively used in food and oil
production; therefore, the raw materials are widely available [5].

Additionally, in traditional medicine, pequi pulp oil from the pequi fruit is used in
the treatment of various conditions resulting from the inflammatory response [6]. The
therapeutic applications of pequi oil are based on the chemical composition of the pequi
pulp and almond [7]. The phenolic compounds present in the pequi fruit, mainly flavonoids,
exhibit the antioxidant and anti-inflammatory properties observed for its oil, and preclinical
studies have confirmed that pequi oil shows anti-inflammatory activity [8,9].

However, an important factor that hinders the use of pequi oil as an anti-inflammatory
drug is the low yield of oil extracted from the pulp of this fruit [10]. Nevertheless, pequi
pulp residue, a solid residue which results from the oil extraction process through pressing
and is usually discarded, contains secondary metabolites that may have anti-inflammatory
potential. Spectrophotometric analysis showed the presence of a high concentration of total
phenolic compounds in a hydroethanolic extract prepared from this residue [11].

New technologies for drug delivery systems based on plant extracts have been es-
tablished, including polymeric nanoparticles, which have been widely explored in the
development of formulations for topical use. The advantages of nanocarriers compared to
conventional topical preparations have been proven; these advantages include improved
solubility, pharmacological activity, skin absorption, and formulation stability, in addition
to decreased toxicity [12-14].

Based on these considerations, with the aim of developing a new herbal medicine
which presents good efficacy and low adverse effects, EPPR was initially developed. EPPR
was encapsuled in chitosan (CTS), and the cytotoxicity of encapsulated EPPR was evaluated.
Because of the cytotoxicity of encapsulated EPPR, analyses of its anti-inflammatory and
toxicological potential were performed using non-encapsulated EPPR as well as a gel
containing EPPR, which did not present cytotoxicity in a previous study [11].

2. Results and Discussion
2.1. Flavonoid Content of EPPR

After oil extraction from pequi pulp, the residue generated is normally discarded. The
composition of the flavonoids remaining in the EPPR was verified (Table 1).
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Table 1. Mean =+ standard deviation of the flavonoid content in EPPR. Results expressed in mg of
quercetin equivalent per gram dry weight of the extract (mg QE/g).

Sample mg QFE/g
EPPR 5.88 £ 0.15

Barreto et al. [15] showed that the content of flavonoids in the hydroalcoholic extract of
pequi pulp is 7.41 mg catechin equivalent (CE)/g. Thus, this result demonstrated the high
added value for this residue because the flavonoids, which are phenolic compounds, repre-
sent a main group of substances with pharmacological activities in plants [16]. Similarly,
in our previous study, Frasao et al. [17] evaluated the ethanolic extract of pequi residue
(epicarp and external mesocarp) and verified a low flavonoid content of only 1.64 mg of
quercetin equivalent per gram dry weight of the sample (mg QE/g). In our case, the EPPR
had a higher value, showing remarkable results.

Other phenolic compounds of EPPR were identified by Pegorin Brasil et al. [11] via
ultra-high-performance liquid chromatography coupled with quadrupole-time-of-flight
mass spectrometry (UHPLC-ESI-QTOF-MS). These compounds included chlorogenic acid,
p-coumaric acid, coumaroylquinic acid, caffeic acid glycoside, and sugars (sucrose, methyl-
rhamnose-glucose, and rhamnose-galactose-fucose).

Additionally, a comparison was made between the total phenolic compounds in EPPR
(21.56 mg gallic acid equivalent (GAE)/g) determined using spectrophotometry by Pegorin
Brasil et al. [11] and data already published in the literature for extracts obtained from the
pequi residue. The result of the comparison indicated that the content of the total phenolic
compounds in EPPR is higher than that reported by Frasao et al. [17], who showed that
the ethanolic extract of epicarp and external mesocarp of pequi presented 3.77 mg GAE/g,
and by Roesler et al. [18], who revealed total phenolic values of 15.03 mg GAE/g for the
ethanolic residue of pequi pulp/seed.

The difference in the content of phenolic compounds and flavonoids in the pequi
residue can probably be attributed to the processes used to remove the oil from the pulp,
the solvents used in the preparation of the extracts, and the use of different parts of the
fruit in the extraction process.

Furthermore, the total phenolic compound content of different extracts of pequi pulp
was lower than that reported by Pegorin Brasil et al. [11], Magalhaes et al. [19] (1.09 mg
GAE/g, aqueous extract), Nascimento-Silva et al. [20] (0.78 mg GAE/g, hydroethanolic
extract), and Ribeiro et al. [21] (1.78-3.34 mg GAE/g, ethanolic extract). These results
suggest that after the extraction of the oil from the pequi pulp, which corresponds to
approximately 35% of the weight of its pulp, the phenolic compounds present in the pulp
residue appear proportionately more concentrated because they are water-soluble [22].

These results revealed the high added value of the pequi pulp residue, because the
phenolic compounds were preserved even after oil processing.

2.2. Characterization of CTS Nanoparticles Containing EPPR

CTS/tripolyphosphate (TPP)-hydroethanolic EPPR was characterized using three
different techniques: dynamic light scattering (DLS), nano tracking analysis (NTA), and
atomic force microscopy (AFM) (Figure 1).

According to the DLS results (Figure 1a), the hydrodynamic size of the nanoparticles
was 189 * 8 nm; the polydispersity index (PDI) was 0.45 & 0.03; and the zeta potential was
+26 = 1 mV. According to NTA analysis (Figure 1b), the nanoparticles showed a hydrody-
namic size of 171 + 3.6 nm and a concentration of 2 x 1019 + 4 x 10° nanoparticles/mL,
which is consistent with the DLS results. AFM images (Figure 1c) showed nanoparticles
with a spherical morphology and a mean size of 158 £ 25 nm.



Gels 2023, 9, 234

4 0f 21

(a

—

Intensity (%)

(b)
74 §  1.0x10-
6] B~
52 80x10’
> e
4] §§ 6.0x10"
31 ig g 4.0x10']
2] E &
g 8 2.0x10
1] 5
0 : : : L, = 0.0 B A——— S
1 10 100 1000 10000 0 50 100 150 200 250 300 350 400
Size (nm) Size (nm)
(d 1
4 10 A

b4
Frequency (%)

S N A O @©

0 50 100 150 200 250 300 350 400
Size (nm)

Figure 1. CTS/TPP-EPPR nanoparticle characterization: (a) size distribution by DLS (intensity),
(b) size distribution and nanoparticles concentration by NTA, (¢) AFM images (topography image, 3D
image, and histogram graphic, from right to left, respectively) and (d) size distribution by frequency.

CTS nanoparticles are used for the encapsulation of bioactive compounds [23]. CTS
polymers offer great advantages, such as biocompatibility, biodegradability, and nontoxicity
for nanoencapsulation [23]. Furthermore, CTS has mucoadhesive properties that enhance
the paracellular transport of bioactive compounds, opening the space between epithelial
cells and improving bio-compound delivery and bioavailability [24].

Nanoparticle formation occurs via the ionic-gelation method, an intramolecular in-
teraction between TPP and the positive charge of amino groups from CTS. This type of
interaction results in pH-stimuli-responsive nanocarrier systems, followed by a sustained
release of active compounds [25].

The results obtained in this study showed nanoparticles with the same characteris-
tics of size, surface charge, and morphology as that described in the literature for bio-
compounds such as essential oils or plant extracts [26]. According to Mondéjar-Lopez
et al. [27], CTS nanoparticles loaded with garlic essential oil have sizes of approximately
172-352 nm. The authors additionally obtained nanoparticles with a positive surface
charge (+19 to +48 mV). Mahmoudi et al. [26] used CTS nanoparticles to encapsulate
Physalis alkekengi L. extract. The nanoparticles had a size of approximately 167 nm and a
spherical morphology. In this study, the nanoparticles had a surface charge near neutral
(7.69), which the authors attributed to the presence of polyphenol from the extract on the
nanoparticle surface.

Owing to the amino groups in the CTS structure, CTS nanoparticles present a positive
charge, which can increase or decrease according to the pH. The nanoparticle surface
is an important characteristic of nanoformulation stability. A high zeta potential value
increases repulsion between the nanoparticles, preventing aggregation and precipitation
over time [28].

The nanoparticles prepared in this study showed good colloidal characteristics, and
they could be used as a nanocarrier system for EPPR.
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2.3. Determination of Toxicity of the Encapsulated EPPR by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT) Assay

The encapsulated EPPR, at all concentrations used in this assay, produced a signifi-
cantly lower cell viability than the negative control (NC) after 24, 48, and 72 h (Figure 2).
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Figure 2. Mean =+ SD of the percentage cell viability in the groups treated with the negative control
(NG; physiologic solution 0.9%), positive control (PC; 2% Tween 80%), and encapsulated EPPR
(E1—31.25 pg/mL, E2—62.5 ug/mL, E3—125 pg/mL, E4—250 ug/mL, and E5—500 pg/mL), ac-
cording to the MTT method. One-way ANOVA followed by Tukey’s post hoc test. The asterisk (*)
indicates a significant difference (p < 0.05) between groups.

Analysis of the cellular cytotoxicity of a plant extract by measuring its viability guar-
antees the safety of the final product [11]. In the MTT assay, cell viability was evaluated on
the basis of the metabolic activity of the mitochondria. This is because microsomal enzymes
can reduce MTT, break down its substrate, and transform it into insoluble blue-violet
formazan crystals. The color intensity of formazan crystals measured by spectrophotom-
etry is proportional to the cell viability [21]. Mouse fibroblasts (NIH/3T3) were used for
investigating the cytotoxicity of encapsulated EPPR because these cell lines are considered
suitable in vitro models for investigating the toxicity potential of substances or products
for cosmetic purposes [11].

The results of the MTT test showed that the encapsulated EPPR was cytotoxic to
fibroblast cells (Figure 3), even at the lowest analyzed concentrations, and the addition of
this extract in a formulation proved to be unfeasible. Consistent with the results obtained
in this study, Kaisar et al. [29] found that nanoformulations with CTS at a concentration of
500 uM significantly reduced cell viability.

In contrast, Pegorin Brasil et al. [11] reported that mouse fibroblasts (NIH/3T3) ex-
posed to 15.6 to 250 pg/mL EPPR (non-encapsulated extract) for 24 h showed cell viabilities
of 132,132, 138, 134, and 119%, respectively. The cell viability for only the group treated
with the highest concentration was statistically equal to that of NC, whereas the cell via-
bilities for the other groups were higher. After 48 h, the cell viabilities increased slightly
to 129, 134, 140, 138, and 136%, respectively, except for that in the group treated with
15.6 pg/mL. All treatments were statistically superior to the NC. However, at 72 h, the
viability reduced, reaching 105, 116, 123, 112, and 102%, respectively. Again, all treatments
were statistically superior to the NC. Therefore, EPPR did not demonstrate cytotoxic ef-
fects, and the cell viability was not dose-dependent. In another independent experiment,
Pegorin Brasil et al. [11], using higher concentrations of EPPR (from 625 to 20,000 pug/mL),
obtained an IC50 value >2500 pg/mL, that is, the extract inhibited cell proliferation above
this concentration.
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Figure 3. Mean =+ SD of the percentage cell viability of the negative control (NC; physiologic solution
0.9%), positive control (PC; 2% Tween 80%), and acetic acid evaluated at five different concentrations
(A1—0.015%, A2—0.030%, A3—0.060%, A4—0.120%, and A5—0.240%) by the MTT method. One-
way ANOVA followed by Tukey’s post hoc test. The asterisk (*) indicates a significant difference
(p < 0.05) between groups.

To understand the cytotoxic effect of the encapsulated EPPR, acetic acid was analyzed
by MTT assay at the same concentrations that were used for EPPR encapsulated with CTS.
In this analysis, pure acetic acid showed the same cytotoxicity profile as the encapsulated
EPPR (Figure 3).

The results obtained in this study suggest that acetic acid may be responsible for the
toxicity of the extract in fibroblast cells. Doughty et al. [30] showed that acetic acid is
non-toxic to human fibroblast cultures only at concentrations below 0.0025%. As Pegorin
Brasil et al. [11] did not observe cytotoxicity for the non-encapsulated extract (EPPR), all
analyses presented below were performed with this extract.

2.4. Determination of In Vitro Anti-Inflammatory Activity of Non-Encapsulated Extract (EPPR)
2.4.1. Phagocytosis

The effects of all treatments were significantly different from that of the NC, saline
(Figure 4). EPPR inhibited phagocytosis by 50.61 & 0.96% at 200 ng/mL; 60.49 & 1.53% at
400 pg/mL; and 69.13 £ 1.00% at 600 pug/mL. The positive control (PC), dexamethasone,
inhibited phagocytosis by 55.77 £ 5.42%.

Macrophages exert immunomodulatory effects on skin wound repair, which is a
critical process for restoring skin integrity [23]. Tissue repair comprises three sequential
and overlapping healing phases: inflammation, proliferation, and remodeling [31,32].
The inflammatory phase involves the formation of clots by platelets and recruitment of
phagocytes [33]. Thus, an uncontrolled process of phagocytosis, rather than repair of the
injured tissue, can promote chronic damage [33].

The results obtained in this study indicate that EPPR inhibited macrophage phago-
cytosis in a similar manner to the commercial anti-inflammatory drug dexamethasone
100 ng/mL (PC). EPPR promoted greater inhibition of phagocytosis than PC, even at con-
centrations of 400 and 600 pg/mL. The literature has no reports on the anti-inflammatory
activity of pequi plant extracts. Athira and Keerthi [34] observed that Sigmadocia extract
produced a low level of phagocytosis.
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Figure 4. Mean =+ SD of the percentage inhibition of phagocytosis for each treatment group: negative
control (NC; physiologic solution 0.9%), positive control (PC; 100 ng/mL, dexamethasone), and EPPR
(200 pg/mL, 400 pg/mL, and 600 pg/mL). The asterisk (*) indicates a significant difference (p < 0.05)
compared with the NC. One-way ANOVA followed by Tukey’s post hoc test.

2.4.2. Spreading

Spreading is generally defined as an unsuccessful attempt at phagocytosis. However,
as no substance or microorganism is present to be phagocytosed, spreading is the action of
a responsive cell with the ability to adhere to the slide and emit microvilli [16].

All treatments used in this assay produced significantly different effects compared with
the NC (p < 0.05) (Figure 5). EPPR promoted the inhibition of spreading in the following
proportions: 39.95 & 1.17% at 200 ng/mL; 64.36 £ 0.99% at 400 pg/mL; and 72.84 + 1.07%
at 600 pg/mL. This assay corroborates the results of the phagocytosis assay, demonstrating
that EPPR can reduce inflammation symptoms in macrophages. This capacity is similar to
that of 100 ng/mL dexamethasone, which reduced spreading by 86.74 £ 0.94%.

*
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Figure 5. Mean £ SD of inhibition of spreading for each treatment group: negative control (NC;
physiologic solution 0.9%), positive control (PC; 100 pg/mL, dexamethasone), and EPPR (200 pg/mL,
400 ug/mL, and 600 pg/mL). The asterisk (*) indicates a significant difference (p < 0.05) compared
with the NC. One-way ANOVA followed by Tukey’s post hoc test.

2.4.3. Membrane Stabilization

The human red blood cell stabilization method was used to analyze the anti-inflammatory
activity of the plant extracts [19]. According to Kumar et al. [35], during the inflammatory
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response, anti-inflammatory drugs interfere with different biochemical processes, promot-
ing several effects, including the stabilization of lysosome membranes. Thus, because the
structure of the erythrocyte membrane is analogous to that of the lysosomal membrane,
the ability of a substance to promote its stabilization may be a predictive factor for its
anti-inflammatory activity [35].

Figure 6 shows that according to the erythrocyte membrane stability test, all treatments
used in this assay produced significantly different effects compared with the NC (p < 0.05).
EPPR promoted the protection of the red blood cell membrane in the following proportions:
18.71 £ 2.01% at 200 pg/mL; 22.85 £ 0.20% at 400 pg/mL; and 76.67 £ 0.22% at 600 pg/mL.
Protection from hemolysis promoted by the PC, dexamethasone, was 99.11 + 0.32%.

*

100+

x
T

(o))
i

i

% Protection hemolysis

o
|

: .
NC PC 200 400 600

Treatments (ug/mL)

Figure 6. Mean =+ SD of the percentage of protection against hemolysis for each treatment group:
negative control (NC; physiologic solution 0.9%), positive control (PC; 100 ug/mL, dexamethasone),
and EPPR (200 pg/mL, 400 pug/mL, and 600 pug/mL). The asterisk (*) indicates a significant difference
(p < 0.05) compared with the NC. One-way ANOVA followed by Tukey’s post hoc test.

Kumar et al. [35], using the membrane stabilization test, evaluated the anti-inflammatory
activity of the extract of leaves of the plant Skimmia anquetilia, originally from India; the
extract exhibited a protection of 68.40% at a concentration of 400 mg/mL. Dias [36] analyzed
the microencapsulated essential oil of Lippia pedunculosa and observed 100% inhibition of
hemolysis at concentrations of 10, 50, 100, and 250 pg/mL. Sousa et al. [37] evaluated the
extract of Pavonia glazioviana Giirke (Malvaceae) at 500 and 1000 pg/mL and reported a
protective effect of less than 60%.

Other analyses have shown that pequi oil protects against inflammation [9]; however,
no information is available regarding the residue from pequi oil extraction. The three
in vitro tests performed in this study show that EPPR exhibits effective anti-inflammatory
activity, and that the best results were obtained at a concentration of 600 pg/mL.

2.5. Quantification of the Levels of Cytokines IL-6 and IL-10 Induced by the Non-Encapsulated
Extract (EPPR)

Studies have established that lipopolysaccharides (LPS) induce the secretion of pro-
inflammatory cytokines such as TNF-« and interleukins [38]. Cytokines are signaling
polypeptides used in cell communication by the immune system during the inflammatory
response; they act on virtually all cell types and in mRNA synthesis [38]. Interleukin-
6 (IL-6) is the most important mediator of the acute inflammatory response and is the
main procoagulant cytokine [3,38]. IL-10 has anti-inflammatory and suppressive effects
on most hematopoietic cells and indirectly suppresses the production of other cytokines.
However, IL-10 has also been shown to produce stimulatory effects on CD8+ effector T cells,
increasing their cytotoxic and proliferative capacities [3]. Thus, IL-10 is increased in certain
pathologies, such as HIV (human immunodeficiency virus) and Burkitt’s lymphoma [39]. In
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addition, dysregulation of IL-10 is associated with enhanced hyperinflammation in response
to infection, as well as an increased risk for the development of many autoimmune diseases.
Thus, an understanding of IL-10 participation in the progression and resolution of certain
inflammatory-response-related diseases is critical [40].

The results of the present analysis, as expected, showed that the group treated with
LPS as the PC showed a significant increase (p < 0.05) in the production of IL-6 (Figure 7a)
and IL-10 (Figure 7b) when compared with the NC group of untreated cells. Conversely,
treatment with EPPR (400 pg/mL) significantly (p < 0.05) prevented LPS-induced increase
in interleukin concentrations.

(a) (b)

2500 e 10004 o
-+
2000 e 800+
E 1500 7z 6004
® &
10001 & 4001
500, 200
0 T T 1 0 T T
NC PC 400 NC PC 400
Treatments (ug/mL) Treatments (ug/mL)
IL-6 IL-10

Figure 7. Mean =+ SD of the levels of the interleukins IL-6 (a) and IL-10 (b) (pg/mL) for each treatment
group: negative control (NC; untreated cells), positive control (PC; LPS), and EPPR (400 pug/mL).
The asterisk (*) indicates a significant difference (p < 0.05) compared with the NC. One-way ANOVA
followed by Tukey’s post hoc test.

To date, no study has reported on extracts obtained from pequi residue. However,
Torres et al. [41] reported that pequi oil reduced IL-6 expression. The EPPR-induced
decrease in the levels of the pro-inflammatory mediator IL-6 complements the results of
the in vitro tests on the anti-inflammatory effect of EPPR.

2.6. Acute Toxicity In Vivo of the Non-Encapsulated Extract (EPPR)

EPPR administered in a single dose of 2000 mg/kg did not promote the death of
animals. The results obtained during 14 days of analysis of the manifestation of toxic
signs showed that among all the parameters analyzed concerning motor control and
consciousness, only slight signs of CNS hyperexcitability and hypnosis were manifested
by the animals in the first 4 h after EPPR administration (Table 2). These aspects were no
longer observed after this period.

Table 2. Mean of the numerical parameter used for evaluating the toxicological, motor, and
consciousness-related effects of a single-dose oral administration of EPPR. The toxicity scale ranges
from “0” to “4”.

Evaluation Time after Administration

General Aspects

30 min 1h 2h 3h 4h
CNS Hyperexcitability 0.00 0.11 0.32 0.20 0.00
Hypnosis 0.20 0.15 0.50 0.77 0.40

Considering that on the scale, acute toxicity “0” indicated absence of the effect analyzed
and “4” indicated the maximum effect, we verified that EPPR promoted subtle signs of
toxicity in the first 4 h of evaluation. Thus, in the acute toxicity test in animals, EPPR did
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not cause mortality, morbidity, unusual behavior, or severe and permanent adverse clinical
signs. In addition, EPPR did not kill the animals at a dose of 2000 mg/kg after a single oral
administration. Thus, this extract can be classified as a Class 4 drug, according to the acute
toxicity classification criteria for chemicals [17,19,42].

In addition, on the 14th day of EPPR administration, the EPPR-treated animals exhib-
ited a significant increase in weight compared with the control animals (p < 0.05) (Table 3).

Table 3. Mean =+ SD of the body weight (grams) of mice treated with a single dose of EPPR.

Parameter Control EPPR
Starting weight 45 4 10.00 39 £15.31
Final weight 51 4+ 14.00 57 + 16.44

According to Di Santo et al. [43], when the plant extract stimulates appetite and, thus,
increases the body weight of animals, it tends to behave as a non-toxic substance, as it does
not harm the physiological functions of the organism and allows the regular execution
of metabolism.

2.7. Determination of the In Vivo Anti-Inflammatory Activity of the Gel Containing the
Non-Encapsulated Extract (EPPR gel) on Carrageenan-Induced Paw Edema

The paw edema test in rodents has been well established for the evaluation of new
drugs. In this test, the development of carrageenan-induced paw edema occurs in two
phases. In the initial phase (0-1 h), serotonin, histamine, bradykinin, and substance P are
released. The second phase (after 1 h) involves invasion of mainly neutrophils at the site of
inflammation and production of large amounts of pro-inflammatory mediators, such as
PGE2, and various cytokines, such as IL-6 and IL-10 [44].

EPPR gel (5 mg/g) and dexamethasone gel (1 mg/g, PC) reduced carrageenan-induced
edema, which was determined by measuring the paw volume (mL) of the animals. The
reduction of edema was considered an anti-inflammatory activity. Gels containing dex-
amethasone and EPPR showed a significant (p < 0.05) reduction in carrageenan-induced
paw edema when compared with the NC. This reduction was observed from the second
hour onwards and remained until the sixth hour after the application of carrageenan.
More specifically, in the second hour, the NC, PC, and EPPR gels showed, respectively,
the following edema values: 0.08 £ 0.005 mL, 0.04 & 0.002 mL, and 0.04 £ 0.006 mL. In
addition, the gels containing EPPR and dexamethasone inhibited edema by 49.95% and
53.33%, respectively (Table 4).

Table 4. Anti-inflammatory activity of the gels in mean percentage, represented by the ability to
inhibit carrageenan-induced paw edema at different time points.

% Anti-Inflammatory Activity

Treatments (Gels)

Oh 2h 4h 6h

NC 0% 0% 0% 0%
PC 0% 53.33% * 70.27% * 70.27% *
EPPR 0% 49.95% * 67.79% * 67.79% *

Negative control (NC; base gel), positive control (PC; dexamethasone gel 1 mg/g), and EPPR (EPPR gel, 5 mg/g).
n = 8/group. One-way ANOVA followed by the Tukey-Kramer multiple comparison test showed * p < 0.005
compared with the NC group.

Figure 8 shows that from the fourth to the sixth hour of carrageenan administration,
dexamethasone gel (PC) and EPPR gel exhibited anti-inflammatory activity. The edema val-
ues with these treatments differed significantly from those with the base gel (NC) treatment
(p < 0.05) and remained constant. The NC, PC, and EPPR gel treatments resulted in the fol-
lowing edema volumes per hour: fourth hour (0.14 & 0.006, 0.04 & 0.004, and 0.05 £ 0.005,
respectively) and sixth hour (0.14 & 0.01, 0.04 £ 0.01, and 0.05 & 0.01, respectively). The
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PC and EPPR gel treatments, respectively, inhibited edema by similar extents at the fourth
and sixth hours: 70.27% and 67.79%.

0.157
=
g
g 0.10 @ NC
= & PC
[}
Z - EPPR

0.05-
&
a]
j£a}

0.00

0h 2h 4h 6h
Hours (h)

Figure 8. Percentage of edema inhibition in mL (n = 8/group) by the negative control (NC; base gel),
positive control (PC; dexamethasone gel 1 mg/g), and EPPR (EPPR gel, 5 mg/g). One-way ANOVA
followed by the Tukey-Kramer multiple comparison tests showed * p < 0.005 compared with the
NC group.

Anti-inflammatory in vivo tests using formulations containing pequi oil are well
established in the literature. However, nothing is known regarding the anti-inflammatory
effects of topical products containing EPPR. Diniz [45] found a significant reduction in paw
edema 1 h after administration of a microemulsion containing pequi oil. Bezerra [6] verified
the anti-inflammatory effect of an emulsion with pequi oil and observed that the application
of the emulsion in the paws of mice significantly reduced the release of myeloperoxidase
(MPO) in neutrophils by 64.8%. Santos et al. [46] reported that the application of pequi
oil (700 and 1000 mg/kg) resulted in a significant decrease in paw edema (64% and 79%),
reaching its maximum inhibition peak. Thus, this study verified that the gel containing the
pequi residue showed equal activity to that of its oil form. These results are probably owing
to the large number of phenolic compounds present in the EPPR, particularly catechin.

2.8. In Vitro Ocular Irritability Test of the Gel Containing the Non-Encapsulated Extract (EPPR
gel) in the Chorioallantoic Membrane of Chicken Eggs

The final classification of the degree of irritation of the gels was based on the average
of the sum of the values obtained by the three samples per group. The results of the
in vitro irritability test (Table 5) showed a score of zero (non-irritant) for saline solution (SS)
and a score of 21 (severe irritant) for NaOH (PC). All other treatments were classified as
non-irritants or mild irritants (MI), suggesting that they can be safely applied to the skin.
Mansur et al. [47] reported that antioxidant extracts did not cause irritation, corroborating
our findings.

Table 5. Grade average and final ocular irritability rating of saline solution and gels. The numerical
grading varies between 1, 3, 5, 7, and 9 depending on the team.

Treatments Grade Average Final Rating
SS 0 Non-Irritant
NC 0 Non-Irritant

PC 21 Severe Irritant
EPPR 1 Mild Irritant

Saline solution (SS, 0.9%), negative control (NC; base gel), positive control (PC; dexamethasone gel 1 mg/g), and
EPPR (EPPR gel, 5 mg/g).
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2.9. Preliminary Stability Evaluation of the Gel Containing the Non-Encapsulated Extract
(EPPR Gel)

Finally, with considerations for the possibility of developing an herbal medicine accord-
ing to the demands of the international consumer market, the stability of the formulations
was evaluated. In the centrifugation test, the base gel and EPPR gel did not show any
changes. The thermal stress test verified that none of the samples of the gel presented
separation into phases upon reaching a temperature of 80 °C. The pH values of the base gel
(the gel without the extract) and the EPPR gel did not present any statistically significant
differences. The EPPR gel showed a mean pH of 5.91 & 0.05, and the base gel showed a
mean pH of 5.54 £ 0.06. The values were within the threshold range of compatibility with
the physiological pH of the skin, which ranges from 5.5 to 7.3.

3. Conclusions

In conclusion, the chromatographic quantification of EPPR showed a significant pres-
ence of flavonoids, suggesting a relationship between the pharmacological activity of this
extract and its phytochemical composition. The nanoparticles prepared in this study with
CTS showed good colloidal characteristics and could be used as a nanocarrier system for
EPPR. However, in the MTT assay, the encapsulated EPPR showed cytotoxicity due to acetic
acid. EPPR, a non-encapsulated extract, showed anti-inflammatory activity in vitro. In
addition, it significantly reduced the concentration of the inflammatory cytokines IL-6 and
IL-10 and showed no toxicity in vivo. Furthermore, in vivo testing of the EPPR gel showed
anti-inflammatory activity similar to that of the PC, dexamethasone, an anti-inflammatory
agent widely used in clinical medicine. Lastly, the formulation of the EPPR gel showed
stability and a lack of toxicity in the ocular test. In conclusion, it is possible to develop a
new herbal medicine from pequi residue that is normally discarded for the treatment of
inflammatory skin diseases.

4. Materials and Methods
4.1. Material of Vegetable Origin

Pequi fruits were obtained from the city of Mirabela, state of Minas Gerais, in the
southeast region of Brazil (latitude: 16°15'46” S; longitude: 44°09'52"” W, altitude: 800 m).
The fruits were first washed and peeled and subsequently packed in plastic bags and
stored under refrigeration (—18 °C; Figure 9). The species under study was identified
as Caryocar brasiliense Cambess in the Herbarium of the Universidade Estadual Paulista
(UNESP), where a voucher specimen was deposited under the number 1998. This study was
registered in the National System for the Management of Genetic Heritage and Associated
Traditional Knowledge (SisGen) under license no. A23C398.

Fruits were washed, peeled, manually cut into small pieces, and subjected to the oil
extraction process by pulp cold pressing. The residue resulting from the pulp pressing was
dried in an oven (36 °C).

4.2. Preparation of the Hydroethanolic EPPR

The hydroethanolic EPPR was prepared at a proportion of 1 g of dry pequi pulp
residue per 10 mL of ethanol solution (70%, v/v), as shown in Figure 9. Subsequently, it
was subjected to vigorous agitation for 30 min and kept in static maceration for 3 days in
the dark. The resulting extract was filtered to obtain a liquid fraction. This fraction was
placed in a rotary evaporator (Fisatom®, Sao Paulo, SP, Brazil) under reduced pressure at
70 °C to eliminate the alcohol and placed in an oven (Solab®, Piracicaba, SP, Brazil) to dry
at 36 °C for the complete elimination of water and to obtain a constant weight of the dried
EPPR [48].
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Figure 9. Preparation of the hydroethanolic extract of pequi pulp residue (EPPR).

4.3. Flavonoid Content of EPPR

The flavonoid content of EPPR was determined using the method described by Serdar
et al. [49]. An analytical curve was constructed using solutions of 10-100 pug/mL quercetin
(y = —0.0039 + 0.0082x and R2 = 0.9999). The absorbance of the samples (solubilized in
ethanol) was measured at 425 nm using a UV-Vis spectrophotometer (800x XI, Femto®,
Brazil). The experiments were performed in triplicates. The results were expressed in

mg QE/g.

4.4. Encapsulation of EPPR in CTS via Ionic Gelatinization

CTS used in this study was a commercial product (CAS 9012-76-4, Sigma Aldrich®,
St. Louis, MO, USA). Encapsulation was performed according to the protocol proposed
by Calvo et al. with modifications [50]. The CTS nanoparticles were obtained by gelation
of a CTS solution with polyanion sodium tripolyphosphate. For this purpose, initially,
CTS was dissolved in aqueous solutions of acetic acid at various concentrations (0.015%,
0.030%, 0.060%, 0.120%, and 0.240%). The concentration of acetic acid was, in all cases,
1.2 times higher than that of CTS. The dry EPPR was incorporated into the QTS solution at
the following concentrations: 31.25, 62.5, 125, 250, and 500 pg/mL
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4.5. Characterization of CTS Nanoparticles Containing EPPR
45.1. DLS

The nanoparticles were characterized by DLS to obtain their hydrodynamic size (nm)
and PDI. The analyses were performed using ZetaSizer (model ZS90, Malvern Instruments®,
Malvern, UK) with a scattering detection angle of 90°. The analysis was performed in
triplicates at 25 °C.

4.5.2. Surface Charge

The nanoparticle surface charge (zeta potential) was determined using electrophoresis.
Analyses were performed using ZetaSizer equipment (model ZS90, Malvern Instruments®,
UK). The analysis was performed in triplicates at 25 °C.

4.5.3. NTA

The size distribution and the nanoparticle concentration were determined by NTA
(model LM-10, Malvern Instruments®, UK). The samples were diluted 100x in ultrapure
water, the analyses were performed five times, and 400 nanoparticles were counted for
each measurement. The samples were stored at 25 °C.

4.5.4. AFM

Images were obtained using the easyScan 2 basic AFM system (Nanosurf®, Liestal,
Switzerland). The samples were scanned in contact mode using TapAl-G cantilevers
(BudgetSensors®, Sofia, Bulgaria). The nanoparticles were diluted 1000x in ultrapure
water. The size of the nanoparticles was determined by analyzing the images using the
Image]® software (Bethesda, MD, USA).

4.6. Determination of Toxicity of the Encapsulated EPPR by the MTT Assay

The MTT cytotoxicity assay was performed as described previously by Tsuboy et al. [51].
For this assay, mouse fibroblasts of dermal origin (NIH/3T3, ATCC® CRL-1658™) were
inoculated into 96-well microtiter plates and incubated in culture medium for 24 h at 37 °C
under 5% carbon dioxide (CO,). After reaching approximately 75% confluence (24 h), these
cells were exposed to five different concentrations of the encapsulated EPPR (31.25, 62.5,
125,250, and 500 pug/mL). In addition, to understand the cytotoxicity of the encapsulated
EPPR, acetic acid was evaluated at the same proportions used in the encapsulation process
(0.015%, 0.030%, 0.060%, 0.120%, and 0.240%). For the NC, the extract was replaced with
a physiological solution, and for the PC, it was replaced with 2% (v/v) Tween 80. The
treatment times were 24, 48, and 72 h.

EPPR was not included in this screening because Pegorin Brasil et al. [10] analyzed
the same extract and showed that it did not present significant cytotoxicity.

4.7. Determination of In Vitro Anti-Inflammatory Activity of the Non-Encapsulated Extract
(EPPR)

4.7.1. Treatments

In all anti-inflammatory tests, the samples analyzed were EPPR. The dry EPPR was
dissolved in distilled water at the following concentrations: 200, 400, and 600 nug/mL. For
the PC, the extract doses were replaced with dexamethasone (100 pg/mL), and the NC was
replaced with saline solution. In the hemolysis stabilization test, the saline solution was
replaced with a hyposaline solution (0.18%) to induce hemolysis.

4.7.2. Cell Culture

Murine macrophages of the Raw 264.7 (ATCC TIB-71) strain were thawed and cultured
in a cell culture flask with Dulbecco’s Modified Eagle Medium (DMEM) Ham's F-12 culture
medium at 37 °C under 5% CO;. Cells were grown to 70-80% confluence.
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4.7.3. Selection of Macrophages

Cells were harvested using a cell scraper, counted in a Neubauer chamber, and cen-
trifuged at 1500 rpm for 5 min. The supernatant was discarded, and the cells were resus-
pended in culture medium to reach the desired concentration for each experiment.

4.7.4. Phagocytosis

The method described by Azedo et al. [52] was used in this assay. The prepared slides
were examined under an optical microscope at 400 x magnification, with a total count of
100 cells. This test was performed in triplicates.

Inhibition of phagocytosis (IP) was calculated using the following formula:

IP (%) = E0 — ET/E0 x 100, 1)

where EO represents the mean number of cells in the NC group that phagocytosed the
zymosan particles, and ET represents the mean number of cells in the treated groups that
phagocytosed the zymosan particles.

4.7.5. Macrophage Spreading

The method described by Bastos et al. [53] was used in this study. The prepared slides
were examined under an optical microscope at 400 x magnification, with a total count of
100 cells. This test was performed in triplicates.

The inhibition of spreading was calculated using the following formula:

Inhibition of spreading (%) = E0 — ET/E0 x 100, 2)

where EQ represents the mean number of spread cells in the NC group, and ET represents
the mean number of cells spread in the treated groups.

4.7.6. Membrane Stabilization

The human red blood cell membrane stabilization (HRBC) test was performed accord-
ing to the method proposed by Ananthi and Chitra [54].

The test reaction was performed by adding 2 mL of hyposaline solution (0.18%), 1 mL
of sodium phosphate buffer (0.1 M, pH 7.4), 1 mL of the analyzed samples, and 0.5 mL
of HRBC solution. The hemoglobin content in the suspension was estimated using a
spectrophotometer at 560 nm.

The percentage of protection can hence be calculated from the equation given below:

Protection (%) = E0 — ET/EO0 x 100, 3)

where EQ represents the mean absorbance value of the NC group and ET represents the
mean absorbance value in the treated groups.

4.8. Quantification of the Levels of the Cytokines IL-6 and IL-10 Induced by the Non-Encapsulated
Extract (EPPR)

For cytokine determination, bone-marrow-derived macrophages (BMDMs) from
C57BL/6 mice were prepared as previously described by the Organization for Economic
Co-operation and Development (OECD) [53]. BMDMs were conditioned in a 96-well bot-
tom plate (Nunc, Thermo Fisher Scientific, Waltham, MA, USA) (2 x 10° cells/well) and
stimulated with LPS from Escherichia coli (Sigma-Aldrich) at a concentration of 500 mg/mL.
After 3 h, the cells were washed with 1x phosphate-buffered saline and treated with EPPR
(600 pg/mL) for 18 h. The supernatant was collected, and the cytokines were measured
by enzyme-linked immunosorbent assay (ELISA) using a mouse IL-6 and IL-10 kit (R&D
Quantikine ELISA) according to the manufacturer’s instructions.
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4.9. Animals

Twelve-week-old male Swiss mice weighing 31-40 g were housed in polypropylene
cages (five animals per box). Food (Nuvilab CR-1 kibble) and water were provided ad
libitum. The vivarium was maintained at a controlled temperature (23 £ 2 °C) and humidity
(55% =+ 10%) with an artificial lighting program that corresponded to 50 Ix (lights on at
7:00 a.m. and off at 7:00 p.m.). The study was approved by the local Ethics Committee on the
Use of Animals of Universidade Estadual Paulista “Julio Mesquita Filho”, Assis campus,
Sao Paulo, Brazil (protocol no. 13/2018; approved on 22 March 2018) and conducted
according to the Brazilian Legal Framework for the Scientific Use of Animals.

4.10. Determination of In Vivo Toxicity of the Non-Encapsulated Extract (EPPR)

This analysis was performed in accordance with the OECD Guideline No. 423 [55].
Male Swiss mice (n = 8) were used for the control and experimental groups. The control
group was treated with distilled water (5 mL/kg of body weight). Treatment with dry
EPPR dissolved in distilled water was administered by gavage in a single dose to one
animal at a time from an initial concentration of 2000 mg/kg of body weight. This dose
was determined on the basis of the classification of the OCDE, which defines a harmful
substance as being capable of promoting the death of 50% of a test population (LD50) after
acute administration of a dose of 200-2000 mg/kg. Physiological aspects were analyzed for
14 days. The analysis scale ranged from 0 to 4, where 0 indicated the absence of the effect
analyzed and 4 indicated the total observation. Each group contained eight male animals.
The initial and final weights of the animals were measured, and the average values for the
group were determined.

4.11. Preparation of the Gel Formulation Containing the Non-Encapsulated Extract (EPPR Gel)

To prepare the formulation, 1% (w/w) carbopol and 0.1% (w/w) methylparaben,
a preservative, were dissolved in water, and the mixture was allowed to rest for 24 h.
Subsequently, the mixture was stirred, and dry EPPR was added at a concentration of
5mg/g. The pH of the solution was adjusted to 5.5.

4.12. Determination of the In Vivo Anti-Inflammatory Effect of the Gel Containing the
Non-Encapsulated Extract (EPPR Gel) on Carrageenan-Induced Paw Edema

According to Winter, Risley, and Nuss [56], male mice (n = 8/group) were subjected
to a subplantar injection in the animal’s right hind paw with 0.1 mL of 1% carrageenan.
The treatments were EPPR gel (5 mg/g), base gel as the NC, and dexamethasone gel
(1 mg/g) as the PC. To assess the acute anti-inflammatory effect, the volume of the right
hind paw was measured using a plethysmometer (Ugo Basile®, Gemonio, Italy) before the
first carrageenan administration and at 0, 2, 4, and 6 h after administration (Figure 10).

The inhibition percentage was calculated using the following formula:

% inhibition = (E0 — ET)/E0 x 100, 4)

where EO represents the mean volume of paw edema observed in the control group and ET
represents the mean volume of paw edema observed in the treated groups.
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Figure 10. Paw edema model.

4.13. Ex Vivo Ocular Irritability Test of the Gel Containing the Non-Encapsulated Extract (EPPR
Gel) in the Chorioallantoic Membrane of Chicken Eggs (MCA)

This test was performed according to the methodology described in the Journal Officiel
de la République Francaise [57]. Four fertilized eggs from White Leghorn chickens were
used per treatment group: NC (saline 0.9%, w/v), PC (sodium hydroxide 0.1 N), base gel
(gel without the extract), and EPPR gel 5 mg/g.

On the tenth day of incubation, the treatments were applied to the MCA, and the
presence or absence of irritating effects was observed. After visual analysis, a thiopental
solution was injected into the fertilized eggs. The graduation of each phenomenon was
determined in 5 min and graduated in numerical values (1, 3, 5, 7, and 9) depending on
time (Table 6). Visual analysis of the MCA was performed using a magnifying glass.

Table 6. Numerical graduation (1, 3, 5, 7, and 9) of the phenomena as a function of the elapsed time
(seconds) for their occurrence.

Phenomenon 30s 30and 60s 60 and 300 s
Hyperemia 5 3 1
Bleeding 7 5 3
Coagulation 9 7 5

The analyzed samples were classified according to the mean value of the sum of the
scores of three independent tests (n = 3), and the degree of irritation was divided into four
categories: between 0.0 to 0.99, non-irritating (NI); 1.0 to 4.99, mild irritant (MI); 5.0 to 8.99,
moderate irritant (MI); and 9.0 to 21, severe irritant (SI) [44].
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4.14. Preliminary Stability Evaluation of the Gel Containing the Non-Encapsulated Extract
(EPPR Gel)

The formulations with non-encapsulated EPPR were evaluated at a concentration of
5mg/g. The gel without the extract, the denominated base gel, was used as the negative
control. These tests were performed in triplicates.

4.14.1. Accelerated Stability Test or Centrifugation Test

Five grams of each formulation was weighed into centrifuge tubes. The centrifugation
test MEGAFUGE 16R centrifuge, Thermo Scientific®, New York, NY, USA) was performed
at room temperature with a rotational speed of 210x g for 30 min. Subsequently, the
formulation was macroscopically analyzed by its appearance.

4.14.2. Thermal Stress Test

Tubes containing 5 g of each formulation were subjected to thermal stress in a ther-
mostat water bath (Solab®, Sio Paulo, SP, Brazil) at temperatures ranging from 40 to
80 °C, with an increase of 10 °C every 30 min up to 80 °C. The formulation was analyzed
macroscopically by its appearance after reaching room temperature (25 °C).

4.14.3. pH evaluation

The pH of the formulation was evaluated weekly for 30 days using a calibrated pH
meter (mPA210MS; TECNOPON®, Piracicaba, SP, Brazil).

4.15. Statistical Analysis

The data are expressed as the mean =+ standard deviation. Statistical analyses were
performed using the Prism 8. To verify the statistical differences between the groups, a
one-way analysis of variance (ANOVA) was performed according to the experimental
protocol, followed by Tukey’s multiple comparison test. For all analyses, a p-value < 0.05
was considered to indicate statistical significance.

5. Patents

The patent for the EPPR gel was granted by Instituto Nacional da Propriedade In-
dustrial (INPI, Brasilia, Brazil) on 25 November 2020 with the process number BR 10 2020
024093 5.
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