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Abstract: Hancornia speciosa Gomes is a tree native to Brazil and has therapeutic potential for several
diseases. Ethnopharmacological surveys have reported that the plant is used as a hypoglycemic
agent and to lose weight. This study aimed to evaluate the effects of the aqueous extract from H.
speciosa latex (LxHs) in a zebrafish model of diabetes. The extract was evaluated through high-
performance thin-layer chromatography (HTPLC), nuclear magnetic resonance (NMR), and Fou-
rier-transform infrared spectroscopy (FT-IR). We then tested treatments with LxHs (500, 1000, and
1500 mg/kg) by assessing blood glucose levels in alloxan-induced diabetic animals, and metformin
was used as a control. The toxicity was evaluated through histopathology of the pancreas and bio-
chemical assessment of serum levels of AST, ALT, creatinine, and urea. The extract was also as-
sessed for acute toxicity through several parameters in embryos and adult animals. Finally, we per-
formed in silico analysis through the SEA server and docking using the software GOLD. The phy-
tochemical study showed the compounds cornoside, dihydrocornoide, and 1-O-methyl-myoinosi-
tol (bornesitol). The treatment with all doses of LxHs significantly decreased alloxan-induced hy-
perglycemia without any significant histological or biochemical abnormalities. No significant fre-
quency of teratogenesis was observed in the embryos exposed to the extract, and no significant
behavioral changes or deaths were observed in adult animals. In silico, the results showed a poten-
tial interaction between inositol and enzymes involved in carbohydrates” metabolism. Overall, the
results show a hypoglycemic activity of the extract in vivo, with no apparent toxicity. The compu-
tational studies suggest this could be at least partially due to the presence of bornesitol, since inosi-
tols can interact with carbohydrates” enzymes.
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1. Introduction

Plants are used for therapeutic purposes in the healing or treatment of a range of
diseases. However, a significant part of traditional uses is not supported by scientific stud-
ies [1]. In Brazil, the use of plants is widespread in folk medicine inside traditional com-
munities. One of these plants is Hancornia speciosa Gomes, popularly known as “manga-
beira”. Native to this country, this species is found throughout the Amazon forest, the
Brazilian semiarid region (called “caatinga”), and the Atlantic forest [2]. Despite its eco-
logical, traditional, and research importance, this species is currently endangered [3].

Phytochemical studies have been performed with different tree parts, including
leaves, barks, fruit, and latex. The leaves of H. speciosa Gomes are reported to have ter-
penoids, steroids, tannins [4,5], and xanthines [5]. In the fruits are found phenols (flavo-
noids, condensed tannins) and alkaloids [6,7]. Moraes and coworkers reported flavonoids
and tannins (proanthocyanidins) in the barks’ ethanol extract [8]. In 2016, Neves and
coworkers reported the occurrence of phenols in the tree’s latex [9].

In literature, reports indicate angiogenic and osteogenic potential in the latex, with-
out cytotoxicity or genotoxicity [9-12]. Although this latex is similar to the seringueira’s
latex (Hevea brasiliensis L.), the former is most often used against tuberculosis, ulcer, fungi
infection, and some inflammatory conditions [13]. The latex of mangabeira is often con-
sumed mixed with water to treat inflammatory diseases and other conditions; despite the
latex’s frequent usage, studies in the literature about its potential are still lacking com-
pared to the other three parts [14]. The drug discovery process also relies on the safety of
compounds assessed, and zebrafish have been extensively used for this purpose [15-17].

Diabetes mellitus (DM) is a syndrome resulting from dysfunctional metabolism of
carbohydrates, fats, and proteins that will cause hyperglycemia—its main feature [18].
The global increase in its prevalence makes it a public health burden worldwide [19]. Ac-
cording to Miranda [20], the pathophysiology of diabetes is triggered by both genetic and
environmental factors. Current diabetes treatments meet some of the patients’ needs. Still,
new antidiabetic drugs are in growing demand. Worldwide, the use of plant-derived com-
pounds has been of pivotal importance in the process of drug discovery in the search for
new treatments [21]. Some ethnopharmacology surveys report that H. speciosa Gomes is
used in folk medicine to treat diabetes and lose weight [22,23]. Preclinical studies have
validated its hypoglycemic activity in vitro [24] and in vivo [25]; however, both studies
have used extracts from the leaves, and currently, there is no study assessing the extract
from the latex, which is also used in folk medicine as reported by [13].

The increased research on natural products and their derivatives has shown promis-
ing antidiabetic compounds for developing potential new therapies [26]. An example of
such compounds is the inositols, molecules that have been gaining attention for the treat-
ment of diabetes; they are saturated cyclic polyols with six hydroxylated carbons (hexa-
hydroxy-cyclohexane) with nine stereoisomers. Inositols are found in several plants and
foods—such as beans and fruits—as inositol derivatives, such as hexaphosphates (phytic
acid) or their salt derivatives (phytates) [27]. Myoinositol is the most commonly found in
biological systems; it is highly water-soluble and is involved in crucial physiological pro-
cesses, including insulin release [28]. 1-O-Methyl-myoinositol (bornesitol) is a myoinositol
derivative found in plants, including Hancornia speciosa Gomes, that has a potential use
against chronic diseases such as diabetes [29,30].

Zebrafish have been shown to be a powerful tool for drug discovery [31-35]. Among
their advantages are the low amount of drugs used, low maintenance costs, shorter test
periods, easy control of experimental conditions, and the conserved genetic similarity be-
tween zebrafish and humans (approximately 70%) [15,36]. The zebrafish pancreas has the
same functions as the mammal pancreas concerning glucose homeostasis, including the
production and secretion of insulin, glucagon, somatostatin, and digestive enzymes such
as amylase [37].



Pharmaceuticals 2021, 14, 856

3 of 29

In this sense, using alloxan-induced diabetes in zebrafish, this study aimed to evalu-
ate the chemical composition, hypoglycemic effect, and toxicity of the aqueous extract
from the latex of H. speciosa.

2. Results
2.1. Phytochemical Analysis

HPLC and derivatization were performed to detect groups of compounds in the la-
tex’s aqueous extract. After derivatization with VAS, the occurrence of blue/purple bands,
characteristic of terpenes or steroids, was observed; the same was observed in the control
plate with B-amyrin (Figure 1A). The occurrence of bands tending to red could suggest
the presence of phenolic compounds.

After derivatization with FBS, brown bands were observed both in the LxHs and the
control plate of gallic acid (Figure 1B), which is in line with the results of Royer [38]; these
bands could indicate the presence of tannins or phenolic compounds. The derivatization
with NP/PEG and Dragendorff showed the absence of flavonoids and alkaloids in the ex-
tract, respectively (Figure 1C,D). In brief, these qualitative results indicate the occurrence
of terpenes or steroids, tannins or phenolic compounds, and the absence of flavonoids and
alkaloids in LxHs.

Figure 1. Comparative HPTLC plates of standard solutions and the aqueous from Hancornia speciosa
Gomes (LxHs). (A): shows a plate comparing the extract (Ext) with a standard 3-amyrin (b-A) solu-
tion, viewed under white light. (B): shows a plate comparing Ext with a standard gallic acid (A.G)
solution, viewed under UV 254 nm radiation. (C): shows a plate comparing Ext with standard rutin
(Ru) solution, viewed under UV 366 nm radiation. (D): shows a plate comparing Ext with a standard
brucin (Br) solution, viewed under UV 254 nm radiation.

In the FT-IR analysis (Figure 2), it was possible to observe aliphatic compounds evi-
denced by medium intensity bands at 2921 cm!—characteristic of C-H bonds—and the
absence of aromatic compounds’ typical absorptions. The intense stretch at 3315 cm™ is
attributed to O-H bonds; strong intensity bands evidenced the hydroxyls’ aliphatic nature
at 1071 cm™ and 1020 cm™, representing C-O bonds in alcohols. Finally, the absorption at
1645 cm™ is attributed to bonds between carbonyl and cyclic unsaturated a 3 systems [39-
41].
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Figure 2. FT-IR from Hancornia speciosa Gomes (LxHs) aqueous extract.

In the '"H NMR assessment of LxHs, it was observed that the highest percent area
(78.39%) was between d values from 3.0 to 4.5 ppm, corresponding to hydrogens bound
to hydrated carbons (CHs-OH/CH-OH/CH-OH), alkoxy groups (PhO-CHs/PhO-
CH2/RCOO-CH3/RCOO-CH2/RCOO-CH), or hydrogens adjacent to carbonyls (CHs>—CO-
R/CH2-CO-R/CH-CO-R/H-CO-OR). The area between 1.5 and 3.0 ppm was 8.8%, corre-
sponding to hydrogens from —-CHs/-CHz/-CH adjacent to unsaturated carbons (CHs-
C=C/CH:—-C=C/CH-C=C), ketone or aldehyde carbonyl (CHs>-COR/CH>-COR/CH-COR),
or carboxyl (CH>—COOR/CH>~COOR/CH-COOR) or directly bound to an aromatic ring
(CHs-Ph/CH:-Ph/CH-Ph). It was also observed that there were hydrogens between 4.5
and 6.0 ppm with area equal to 4.31% corresponding to olefin hydrogens (CH>=CH-R/R-
CH=CH-R) and between 6.0 and 9.5 ppm (7.39% area) corresponding to hydrogens bound
to aromatic carbons (H-Ar) or olefin hydrogens adjacent to an aromatic ring (Ar-CH=CH-
R). The lowest area (1.11%) was from 0.5 to 1.5 ppm, corresponding to alkyl hydrogens (-
CHs, -CHz, —-CH) (Table 1, Figure 3) [42—44].

Table 1. NMR 'H characterization of Hancornia speciosa Gomes (LxHs).

Chemical Shift Displacement

(ppm) * Assignments Area (%) (LxHs)
0.5-1.5 C-CHx 1.11
1.5-3.0 CHn—C=C, CHn—COR, CH»I—COOR, CHn—N, CHi— 8.80

Ph
3.0-4.5 CH.—OH; PhO-CH:; RCOO-CH»; CH>-NHCOR 78.39
45-6.0 CH.~=CH 431
6.0-9.5 Ph—H; Ph—CH=CH-R 7.39

n =number of hydrogen atoms, where 1 <n < 3. * Aboulkas et al. (2017); Singh and Dhepe (2018).
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Figure 3. '"H NMR spectra from the Hancornia speciosa Gomes (LxHs) aqueous extract.
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The 3C NMR from the latex’s aqueous extract corroborated the presence of aliphatic
carbons (-CHs, -CHz-, -CH-, CH3-CO-, -CH>-NH-2) with 0 values ranging from 10.0 to
50.0 ppm. The area between 50.0 and 90.0 ppm—typical of aliphatic carbons from ether
and alcohols (-C-O-C—, -C-OH)—had the most intense signals, in line with the "TH NMR
(0 signals from 3.0 to 4.5 ppm) and the FT-IR. Besides, the area of aromatic and olefin
carbons (0 from 100.0 to 160.0) had the least intense signals, as also observed in the 'H
NMR (0 from 4.5 to 6.0 ppm), as shown in Figure 4.
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Figure 4. 3C NMR spectra from the Hancornia speciosa Gomes (LxHs) aqueous extract.

Comparing the NMR data with the literature, we identified one structure as corno-
side, a precursor of haleridone [13,45,46]. In the 'H NMR spectrum expansion (Figure 5A),
two signal clusters were observed at 7.02 and 6.12 ppm; in this tangle of signals, four sig-
nals were identified with coupling constant of olefin hydrogens (J = 10.1 Hz), attributed
to the hydrogens H-3/H-5 and H-2/H-6, of cornoside. The correlation between signals H-
2 and H-3 and between H-5 and H-6 was confirmed by the COSY homonuclear 2D spectra
(Figure 5B). As observed in the 3C NMR (expansion), there is a group of signals typical of
unsaturated olefin carbons (C=C) at 177.8 and 154.5 ppm. The signal at 104.2 ppm is at-
tributed to the anomeric carbon of glucose (Figure 5C). Collectively, these data indicate
the presence of a glycosylated ethylcyclohexanoid, as the molecule cornoside [47,48]. The
HSQC analysis could confirm the correlation between hydrogens H-3/H-5 (0 = 7.02 ppm)
and H-2/H-6 (0 = 6,12 ppm) and carbons C-3/C-5 (o = 154,5) and C-2/C-6 (6 = 154.5 ppm),
respectively (Figure 5D).
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Figure 5. (A): 'H NMR spectra (Expansion 1) from the Hancornia speciosa Gomes (LxHs) aqueous
extract. (B): 2D 'H-'H COSY NMR spectra correlation map spectra from the Hancornia speciosa
Gomes (LxHs) aqueous extract. (C): 3C NMR spectra (Expansion 1) from the Hancornia speciosa
Gomes (LxHs) aqueous extract. (D): 2D 'H-3C HSQC NMR spectra correlation map from the Han-
cornia speciosa Gomes (LxHs) aqueous extract.

Another compound was identified through NMR. The 'H NMR analysis (expansion)
detected two signals from olefin hydrogens at 6.97 and 5.86 ppm (Figure 5A), whose cou-
pling constants are typical of cis hydrogens (J = 10.2 Hz); these signals are commonly re-
lated to H-2 and H-3 from cyclohexylethanoid and were confirmed through 2D COSY
(Figure 5B) due to the structural similarities. In the *C NMR spectra, a group of signals
typical of olefin unsaturated carbons (C=C) at 128.4 and 157.1 ppm; a carbon signal at 202
ppm typical of a,p-unsaturated ketone, confirmed by the olefin signals; and a signal at
104.2 ppm attributed to the anomeric carbon from glucose were further observed. Overall,
these data indicate the presence of another glycosylated ethylcyclohexanoid (Figure 5C)
[13,49]. An HSQC contour analysis could confirm correlation between hydrogens H-2 (6
= 6.97 ppm) and H-3 (o = 5.86 ppm) and the carbons C-2 (0 = 157.1) and C-3 (0 = 128.4),
respectively (Figure 5D). By assessing all signals and correlations (Table 2) and comparing
the results with the literature [13,50], we identified such structure as the glycosylated
ethylcyclohexanoid dihydrocornoside.

Table 2. Hancornia speciosa Gomes (LxHs) NMR 'H and 3C data (400 x 100 MHz, CD3OD) compared to the literature.

Metabolite (Reference)  Position LxHs Literature Structure
ou dc ou dc

1 - 69.2 - 69.2
2 7.02('H, d, 10.1Hz) 154.5 7.01 (*H, d, 9.6Hz) 154.4
3 6.12(H,d, 10.2Hz) 127.8 6.11 (*H, d, 9.6Hz) 127.8
4 - - - 187.8
5  6.12(H,d, 10.2Hz) 127.9 6.11 (*H, d, 9.6Hz) 127.8 o
6 7.02(H, d, 10.1Hz) 154.5 7.01 ('H, d, 9.6 Hz) 154.3

Cornoside (18) ’ 3.99 i}of, (dzt],_lll(;t06;346izl){z) e N
8 ) 65.7 3.63 (*H, dt, 10.0 e 6.4Hz) 65.7
1 - 104.2 421 ('H, d, 7.6 Hz) 104.2 HO O\Gli
2 - - 75
3 - - 77.9
4 - - 71.6
5' - - 78
6' - - 62.7
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1 - 68.5 - 68.9
2 6.97('H, d, 10.2Hz) 157.1 6.96 ('H, dd, 10,0 e 1.0 Hz) 155.9
3 5.86 ('H, d, 10.1Hz) 128.4 5.86 (H, d, 10.0 Hz) 127.6
4 - 202.2 - 198.8
247 ('"H, ddd, 17.0, 115 e
5 - 35.3 5.0) e 2.55 ('H, ddd, 17.0, 35.1
6.5 5.0)
6 ) 2 2.19-2.26 ('H, m) e 1.95-2.05 262 o
('H, m)
Dihydrocornoside (19, 20) 7 - 39.9 2025-2103 (2H, m) 40
4.14 ('H, dt, 10.0 e 6.0) e
8 ) 663 3.77 (iH, dt, 10.0 e 6.0) 659 HO lai
1 - 104.2 428 ('H, d, 7.5) 104.6
2’ - - 3.15(H, dd, 9.0e7.5) 75
3 - - - 78.5
4’ - - - 71.6
5 - - 3.64 (3H, m, H-5' e H-6'a) 78.4
. 3.86 (2H, ddl, 12.0 e ca. 1.0)
6 ) ) ¢ 3.64 (3H, m) 626
1 301 (diizg)j 28 82.9 3.08 (dd, 10.0 e 3.0 Hz) 83.2
2 4.18 (t, 2.7 Hz) 69.5 4.18 (t, 3.0 Hz) 69.8 OMe  OH
o 3 333(dd98e27 73.1 3.37 (dd, 10.0 e 3.0 Hz) 73.4 Ho
1-O-Methyl-myoinositol (23) Hz) HO OH

4 3.61(t, 9.5 Hz) 74 3.52 (t, 10.0 Hz) 74.2 "
5 3.18 (t, 9.2 Hz) 76.2 3.15 (t, 10.0 Hz) 76.6
6 3.66 (t, 9.6 Hz) 74 3.49 (t,10.0 Hz) 73.6

O-Me 344s 57.6 3.31s 57.8

Moreover, 'H NMR analysis of the LxHs showed seven signals typical of hydroxyl-
bound carbons (d values from 3.0 to 4.0 ppm). Among these, an intense singlet was ob-
served at 3.44 ppm corresponding to three hydrogens from methoxy groups (O-Me), and
two doublets were observed at 3.01 and 3.33 ppm with coupling constants (J) 9.8 and 2.8
Hz, indicating the occurrence of two coupling systems Hax-Hax-Heq (trans—-diaxial-gem-
inal). A triplet signal was observed at 4.18 ppm with ] = 3.0 Hz, characteristic of Hax-Heg-
Hax, indicating single hydrogen at an equatorial position, attributed to H-2. A group of
hydrogens with triplet signals at 3.18, 3.66, and 3.61 were observed, with ] = 9.4 Hz, con-
sistent with trans—-axial scalar coupling Hax-Hax-Hax, which were attributed to H-5, H-6,
and H-4, respectively. The values of trans—diaxial and axial-equatorial coupling constants
observed in the sample are typical of cyclohexane systems, whose Jax-ax varies from 8 to
14 Hz and Jax-eq varies from 2 to 3 Hz [40,41]. These data indicate the chair conformation
of cyclohexane, resulting in fewer hydroxyls at the axial position (Figure 6A) [51]. The
hydrogen correspondence assessed through 'H NMR further was confirmed through 2D
COSY (Figure 7B). The 3C NMR spectra from LxHs showed signals from oxidized methyl
and methylidyne carbons at 57.6 ppm that was attributed to the methoxy group (OMe),
and a carbon signal with higher chemical shift (6 = 82.9 ppm) is also observed, indicating
methylation due to the inductive effect produced by this group (Figure 7C) [29,52]. The
signal assignments were analyzed through 2D HSQC correlation map analysis showing
that C-2 (6 = 69.5 ppm) was bound to H-2 at equatorial position (0 = 4.18 ppm), C-1 (d =
82.9 ppm) was bound to the hydrogen at 3.33 ppm, C-4 (0 =74 ppm) was bound to H-4 (d
=3.61), C-5 (0 =76.2 ppm) was bound to H-5 (6 = 3.18 ppm), and C-6 (6 = 73.3 ppm) was
bound to H-6 (6 = 3.66 ppm), as shown in Figure 7D and Table 2. Comparing these data
with the literature [53-55], we concluded that the sample contained the metabolite 1-O-
methyl-myoinositol (bornesitol).



Pharmaceuticals 2021, 14, 856

8 of 29

B §EL EHE
I ! 1 | B
oo :
1l .
] I | Iy il
Ifll A -Il iri|,"' “ ! .\, £ ! L |] |
4 . A L DR VT L N
“ " za ar 4 a LTI
(A)
i i : i
|3 ?l’ 2 ;':-55 k] E
|
| ‘ | ‘ H |
— L.__A_J e Ii_.l |Jvl L,,_,} .\_.l,_ll | _\IP-J
™ w0 P '@ IPFI'!I
©)

==
— :
= :
- R 4
,_1 .
- 3 )
— WA iy |
b . = vt o .
4z an 2 28 a 2z FE[psnl
‘ 1t | | I
I L YO Sy . T TS S T 8
s
amn
. w2
e O
e
12 i ar a5 a4 i " Reman)

Figure 6. (A): 'H NMR spectra (Expansion 2) from the Hancornia speciosa Gomes (LxHs) aqueous extract. (B): 2D 'H-'H
COSY NMR spectra (Expansion 1) correlation map from the Hancornia speciosa Gomes (LxHs) aqueous extract. (C): 1*C
NMR spectra (Expansion 3) from the Hancornia speciosa Gomes (LxHs) aqueous extract. (D): 2D 'H-13C HSQC NMR spectra
(Expansion 2) correlation map from the Hancornia speciosa Gomes (LxHs) aqueous extract.

2.2. Zebrafish Embryo Acute Toxicity

The toxicity assessment on zebrafish embryos was performed by exposing them to
different concentrations of LxHs and observing the frequency of embryo lethality and ter-
atogenesis in different periods (Table 3). The results show that mortality and teratogenesis
were observed only in the embryos exposed to the highest dose tested, with tail malfor-
mation and scoliosis occurrences (Figure 7). The only lethal alteration observed was coag-
ulated eggs, and no lack of heartbeat was observed. It was impossible to calculate the LDso
with the concentrations assessed, evidencing the low toxicity of the extract.

Table 3. Overview of teratogenic and lethal effects of LxHs on zebrafish embryos at 96 hpf.

Feature CS CD C1 C2 C3 C4 C5 Xt %

Cardiac edema 0 0 0 0 0 0 0 0 0.0

Tail malformation 0 0 0 0 0 1 2 3 60

Teratogenesis Scoliosis 0 0 0 0 0 1 1 2 40
Yolk edema 0 0 0 0 0 0 0 0 0
Growth retardation 0 0 0 0 0 0 0 0 0

Lethal embryos 0 0 4 4 5 8 12 n/a n/a

Y Teratogenic embryos 0 0 0 0 0 2 3 5 n/a

% Teratogenic embryos 0 0 0 0 0 3.3 5 n/a n/a

% Lethal embryos 0 0 6.6 6.6 8.3 13.3 20 n/a n/a

n/a: not applicable.
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Figure 7. Representative pictures of zebrafish larvae from the groups CS (A), CD (B), C1 (C), C2 (D), C3 (E), C4 (F), and
C5 (G), exposed through immersion to LxHs up to 96 hpf. In (A), (B), (C), (D), and (E), the larvae are under typical devel-
opment, while in (F) (C4) and (G) (C5), some larvae show scoliosis (Sc) or tail malformation (Tm).

2.3. Adult Zebrafish Acute Toxicity

Treatment of adult fishes with doses of LxHs of 5000 and 10,000 caused behavioral
changes in a dose-dependent fashion. The most notable changes were observed in male
fishes with the highest dose (Figure 8). Among these changes, there were stress signals
such as tail tremors and rest at the tank bottom. However, all the animals recovered, and
no death was observed, evidencing the low toxicity of the extract.

50+
k E= Males

40 E= Females
304

20+

% Behavioral Changes

Control 5000 10,000
Dose (mg/kg)

Figure 8. Effect of oral treatment with control (distilled water) and doses of LxHs at 5000 and 10,000
mg/kg on behavioral alteration in adult male and female zebrafish. The bars represent the mean +
SD; * p <0.05 (ANOVA followed by Dunnett’s post hoc test).

General Histopathology

The oral treatment of the male and female adult animals produced few tissue changes
in the liver, intestine, and kidneys, which were assessed by calculating the index of histo-
pathological changes (Figures 9-11). The LxHs at 5000 mg/kg did not cause tissue changes
in the animals’ livers. At 10,000 mg/kg, a few tissue changes were observed in males (2.06
+ 0.427), more than were observed in females (1.25 + 0.645). However, these values are
considered low, and the tissues changes observed were of stage I only (Figure 11), includ-
ing atypical nuclear contour and cytoplasmic vacuolization.

All the LxHs treatments caused tissue changes in the intestine, but the values are
considered low (0.687 + 0.239 for females and 0.812 + 0.375 for males), and the organ was
still inside the normal range (Figure 9). The tissue changes observed were leucocyte infil-
tration in the stroma and mucus between the lamellae (Figures 10 and 11).
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The highest degree of tissue alteration was observed in the kidneys; for 5000 mg/kg,
the index was 1.06 = 0.314 for females and 1.50 + 0.408 for males. However, the indexes
were higher for 10,000 mg/kg (3.75 + 0.288 for females and 5.93 + 0.314 for males). More
frequently observed tissue changes were tubular lumen obstruction, light hyaline degen-
eration in the tubules, glomeruli capillary dilation, decreased Bowman capsule space, and
tubular degeneration. Despite being the most affected organ, according to the index of
histopathological changes, these values are still inside the normal range (between 0 and
10).

©
]

Liver
EZd Intestine
E Kidney

o
[

Index of Histopathological Changes
» %

*
*
5 i
Control 5000 10,000 . 5000 10,000
L] 1 L]

o

Females Males

mg/kg

Figure 9. Index of histopathological changes. Data are presented as mean + SD (1 = 12/group); * p <
0.05 compared to the control (one-way ANOVA, followed by Dunnett’s post hoc test).
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Figure 10. Pictures from the organs of female adult zebrafish. Top: liver; Middle: intestine; Bottom:
kidney. Pictures on the left are from animals treated with LxHs at 5000 mg/kg; pictures on the right
are from animals treated with LxHs at 10,000 mg/kg. In (A), it is possible to observe typical liver
hepatocytes (H). In (B), it is possible to observe liver sinusoids (S), atypical contour of the nuclei
(AcN), and canaliculi of the bile (CB). (C) shows the intestine with infiltration of leukocytes (ILe)
and lymphocytes (ILi), villi (V), and the muscle layer (CM). (D) shows infiltration of leukocytes,
lymphocytes, villi, goblet cells (CG), and mucus (M). In (E), it is possible to observe obstruction of
the kidney tubules (OLT), light hyaline degeneration (DHL), dilation of the glomeruli capillary
(DCG), and decrease in the Bowman capsule space (DEB). Finally, (F) shows obstruction of the kid-
ney tubules, light hyaline degeneration, and tubular degeneration (DT). H&E X 40.
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Figure 11. Pictures from the organs of male adult zebrafish. Top: liver; Middle: intestine; Bottom:
kidney. Pictures on the left are from animals treated with LxHs at 5000 mg/kg; pictures on the right
are from animals treated with LxHs at 10,000 mg/kg. In (A), it is possible to observe typical liver
hepatocytes (H). In (B), it is possible to observe hepatocytes with cytoplasmic vacuolization (VC).
(C) shows the intestine with infiltration of lymphocytes (ILi), villi (V), and the muscle layer (CM).
(D) shows the intestine with infiltration of leukocytes (ILe), villi, goblet cells (CG), mucus (M), and
atrophy of the villi (AV). (E) shows the kidney with light hyaline degeneration (DHL) and hyper-
plasia of tubular cells (HCT). Finally, (F) shows the kidney with light hyaline degeneration, tubular
degeneration (DgT), and cytoplasmic degeneration of tubular cells (DCcT). H&E X 40.

2.4. LxHs Antidiabetic Activity

In this study, it was observed that all diabetic animals treated with LxHs had signif-
icantly decreased glycemic levels (p <0.001; ANOVA with Dunnett’s post hoc test; Figure
12), which were similar to the group treated with metformin (84.5 + 25.7 mg/dL). Their
average glycemia values were 77.5 + 20.2 mg/dL (500 mg/kg), 82.1 + 10.7 mg/dL (1000
mg/kg), and 70.6 + 20.4 mg/dL (1500 mg/kg), while the nondiabetic group’s glycemia was
44.8 + 8.5 mg/dL. On the other hand, the negative control group, composed of diabetic
animals treated only with water, had an average of 152.4 + 41.8 mg/dL.

2.5. Effects of the Treatments on Biochemical Parameters

Hepatotoxicity is a critical factor in the development of novel drugs. A common way
to evaluate it is through the activity of the enzymes alanine transaminase (ALT) and as-
partate transaminase (AST); this is often performed in zebrafish as well [56,57]. While
highly increased ALT activity can be a signal of liver injury due to cell membrane damage
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[58], highly increased AST activity is considered an indicator of mitochondrial damage
[58,59].

Only the negative control group had abnormal ALT values (43.1 +2.85 U/L). Accord-
ing to Kitamura [60] and Huang [61], typical ALT values are between 5 and 35 U/L in
teleosts. All groups treated with LxHs had average values within the healthy range and
were statistically different from the negative control group (p <0.001; ANOVA with Dun-
nett’s post hoc test; Figure 12), and the lowest values were observed with 1000 and 1500
mg/kg (24.2 +£5.88, 31.3 +2.17 U/L). Similarly, all groups had statistically lower AST activ-
ity values compared to the negative control group, and a dose-dependent decrease in AST
activity was observed in the groups treated with the extract (36.9 + 1.62, 34.8 + 1.06, and
32.2 +1.64 U/L for 500, 1000, and 1500 mg/kg, respectively).

Glucose (mg/dl)

EA Naive control

B4 Negative Control

B Metformin 2.4 mg/kg
M LxHe 500 mgrkg
LxHe 1000 mg/kg
LxHe 1500 mg/kg

ALT (U/L) AST (UIL)

Figure 12. Effect of treatment (single dose) orally with Hancornia speciosa Gomes (LxHs 500, 1000,
and 1500 mg/kg) in zebrafish. Results of glucose and other biochemical parameters in the animals
after their respective treatments. The bars represent the mean + SD; **: p <0.01; ***: p <0.001 (ANOVA
followed by Dunnett’s post hoc test).

2.6. Pancreas Histopathology

In this study, we also observed the occurrence of pyknotic nuclei in the pancreas of
diabetic animals. The diabetic animals treated with metformin and the three doses of the
extract had very few tissue changes in the pancreas. We calculated the index of histopatho-
logical changes (IHC) through a systematic analysis of tissue changes, shown in Figure
13A. No tissue changes were observed in the naive group in which the diabetes was not
induced (Figure 13A). On the other hand, diabetic animals that received only water had
mild to moderate tissue changes (IHC = 10.66 + 2.33). The most common stage I tissue
changes observed in this group were pyknotic nuclei and the presence of lymphocytes
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and monocytes. The most common stage II tissue changes were insulitis and islet atrophy.
No stage III tissue change was observed.

There was a statistical difference between the groups treated with metformin or ex-
tract and the negative control group (p <0.001; ANOVA with Dunnett’s post hoc test). All
these groups had IHC values lower than 10, which means normal function (metformin 2.4
mg/kg: 4.33 £ 0.33; LxHs 500 mg/kg: 2.91 + 0.14; LxHs 1000 mg/kg: 3.36 + 0.84; LxHs 1500
mg/kg: 3.58 £ 0.72). The most common stage I tissue changes found in these groups were
the presence of lymphocytes, monocytes, and acinar cell atrophy (Figure 13B-G). As for
stage II, the most common change was insulitis, and no stage III tissue change was ob-
served.

Collectively, the histopathology and biochemical parameters show that all doses
were secure and did not induce any form of toxicity, in line with the acute toxicity assess-
ment. This is in accordance with [24], a study reporting that no toxicity was observed with
doses up to 100 mg/kg and no deaths occurred with doses up to 1.5 mg/kg.

Pancreas IHC

BB Naive control

B Negative Control
= Metformin 2.4 mg/kg
@3 LxHe 500 ma/kg
LxHe 1,000 mg/kg

LxHe 1,500 mg/kg

Figure 13. (A) shows the effect of oral treatment (single dose) with Hancornia speciosa Gomes (LxHs
500, 1000, and 1500 mg/kg) on index of histopathological changes for pancreas in zebrafish. The bars
represent the mean + SD; ***: p < 0.001 (ANOVA followed by Dunnett’s post hoc test). (B—-G) show
representative pancreas’ slides from animals treated with LxHs or controls. B: pancreas of a naive
control animal in its typical aspects with islets of Langerhans (IL) and acinar cells (CA); (C): pancreas
of a diabetic animal that received only water, where insulitis (Is) and atrophy of the pancreatic islets
(AIP) are observed; (D): pancreas of a diabetic animal treated with metformin at 2.4 mg/kg, where
insulitis (Is) is observed; (E-G): pancreas from diabetic animals treated with LxHs at 500, 1000, and
1500 mg/kg, where atrophy of acinar cells (ACA) and insulitis (Is) can be observed. Although some
tissue changes can be observed in animals treated with metformin and LxHs, the animals” organs
were healthy, as evidenced by the index of histopathological changes <10. H&E x40.
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LU188

2.7. In Silico Results

The outputs given by the server between inositol and receptors involved in the reg-
ulation of glycemia are shown in Table 4. The enzymes with E-values closer to zero were
a-galactosidase, a-fucosidase, glucosylceramide, and (3-galactosidase. Contrarily, MaxTc
values were reasonably low, ranging from 0.29 to 0.45. Based on the SEA results and the
crystallographic structures’ availability with an appropriate resolution, we performed a
docking of inositol with the enzymes galactosidase and maltase-glucoamylase.

Molecular docking is a powerful tool used in drug discovery to simulate an interac-
tion profile between the studied ligand and the receptor’s active site [62]. There were eight
interactions between inositol and six amino acids from maltase-glucoamylase’s active site
(ASP327, TRP406, ASP443, ARG526, ASP542, and HIS600; Figure 14), and the fitting score
(Goldscore) was 48.84. Inositol had only one dipole-dipole interaction (ASP542), and all
others were conventional hydrogen interactions. According to Sim [63], the amino acid
ASP443 of maltase-glucoamylase behaves as a catalytic nucleophile while ASP542 be-
haves as an acid-base catalyst. Both of them interacted with inositol, but the latter formed
more hydrogen interactions.

Maltase-glucoamylase has an N-terminal active site and a C-terminal active site. The
docking showed more favorable interactions toward the N-terminal site. This can be ex-
plained by the fact that this active site is more prone to interacting with low-weight mol-
ecules due to the small size of its catalytic site. In fact, other small molecules used to treat
diabetes, such as miglitol and voglibose, have a higher inhibition potential in the N-ter-
minal site than acarbose [64].

[-galactosidase is another enzyme involved in carbohydrate metabolism whose in-
hibition reduces catalysis of larger carbohydrates, reducing the formation of glucose and
other monosaccharides [65]. [3-galactosidase is also known as lactase because it is account-
able for breaking lactose into glucose and galactose. Inositol had a GoldScore equal to
46.77 toward this enzyme; there were six hydrogen interactions with the amino acids
ASN187, GLU188, GLU129, and GLU268. According to Ohto [66], the amino acids
GLU268 and GLU188 act as a catalytic nucleophile and an acid-base catalyst, respectively.
The docking showed inositol could interact with both of them, mainly with GLU268, form-
ing interactions with distances lower than 2.2 A. The strong interaction between inositol
molecules could hamper its catalytical activity of forming glucose and other monosaccha-
rides that would be absorbed into the blood. This could be a plausible mechanism in
which the extract exerted its hypoglycemic effect since the phytochemical study pointed
to the presence of bornesitol.

LU268

SP443

GLU129 RG526
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Figure 14. Molecular docking poses calculated by GOLD between inositol and maltase-glucoamylase (left; PDB ID: 2QM])

and B-galactosidase (right;

PDB ID: 3THC). (Top): 3D representation; (Bottom): 2D representation.

Table 4. SEA outputs of inositol compared to enzymes involved in carbohydrate metabolism.

Enzyme E-Value MaxTc
[-galactosidase 9.90-17 0.29
Intestinal maltase-glucoamylase 1.91-10 0.33
a-galactosidase 3.567% 0.33
Bovine a-L-fucosidase 22320 0.33
Rodent a-L-fucosidase 7.1420 0.33
Glucosylceramidase 1.11-16 0.45
Lysosomal acid a-glucosidase 2391 0.33
Glycogen debranching enzyme 4.47-10 0.33
Intestinal sucrase-isomaltase 1.02-¢ 0.33
a-galactosidase 3.30¢ 0.33

3. Discussion

In brief, the phytochemical analysis indicates that the latex’s aqueous extract has the
molecules cornoside, dihydrocornoside, and 1-O-methyl-myoinositol (bornesitol) —a cy-
clitol from the group of inositols [48,50]. Inositols are ubiquitous polyols with several
physiological roles. They are produced endogenously and can be found in several foods
and dietary supplements. Alterations in absorption, metabolism, or excretion of inositols
seem to have an important role in metabolic diseases involving insulin resistance. Re-
cently, inositol has been gaining attention in the treatment of such diseases [67]. However,
other molecules can be present in the extract since the HPTLC and derivatization sug-
gested the occurrence of terpenes or steroids and tannins or phenolic compounds. After
assessing the chemical composition of LxHs, we performed the in vivo studies of LxHs
treatment on an in vivo model of diabetes in zebrafish.

This study used a chemically induced model of diabetes caused by the death of pan-
creatic beta cells by alloxan. These cells are accountable for producing insulin, and hence,
a metabolic disturbance occurs due to increased glycemic levels and reduced insulin lev-
els, similar to diabetes mellitus [68,69].

The zebrafish has gained attention not only in the study of diabetes but also in the
study of a range of other metabolic diseases [70]; this is possible because the animal’s
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glucose metabolism is very similar to that of mammals [71-73]. Under typical conditions,
the glucose level of zebrafish is around 60 mg/dL [74] and is dynamically regulated ac-
cording to its feeding [75]. Zang [76] reported that after seven days of metformin treat-
ment in diabetic animals, the blood glucose was significantly reduced compared to non-
treated animals, just as observed in our study. In this sense, metformin acts as an adequate
control antidiabetic drug, improving the model’s validity.

One study reported that the leaves of H. speciosa Gomes exerted antidiabetic activity
[24]. The authors reported that the extract and all fractions tested could inhibit the activity
of a-glucosidase in vitro, but only the crude extract and dichloromethane fractions inhib-
ited hyperglycemia caused by glucose and starch in mice. Moreover, both of them in-
creased glucose uptake into adipocytes. The extract had in its composition bornesitol,
quinic acid, chlorogenic acid, and flavonoid glycosides. The authors mention that this
could be due to cyclitols and flavonoids since these molecules can decrease glycemic lev-
els by increasing glucose uptake. Although the study was performed using leaf extracts,
some compounds were observed in LxHs, such as the cyclitol bornesitol.

Marinho [14] reported that the aqueous extract exerted anti-inflammatory and an-
tinociceptive activity in mice using several models, corroborating its traditional use as an
anti-inflammatory agent. The treatment decreased the nociceptive action of formalin in
the second phase (inflammatory phase), decreased the carrageenan-induced edema at all
time points, decreased exudate volume and protein concentration in the air pocket model,
decreased the activity of iNOS and COX-2, and decreased the levels of the inflammatory
mediators TNF-a and IL-6. Such anti-inflammatory activity is relevant and can be in-
volved in latex’s hypoglycemic activity because there is a close link between inflammation
and diabetes, as inflammatory cytokines can increase insulin resistance.

In accordance with these results, it was observed here that the animals treated with
different concentrations of LxHs had significantly lower glucose levels than the untreated
group.

The majority of animals produce some urea, but little is known about the factors af-
fecting its metabolism in teleosts [77]. However, according to Thrall [78], the levels cannot
be higher than 10 mg/dL. In our study, the group treated with the lower dose of the extract
had the highest value (8.50 + 3.65 mg/dL) but was still within normality, and the lowest
value was observed with the dose of 1000 mg/kg (3.43 + 0.97 mg/dL). Overall there were
no statistical differences compared to the negative control group (Figure 12). Typical cre-
atinine levels are between 0.5 and 2 mg/dL in teleosts [78]. We observed a significant dif-
ference in creatinine values in 1000 mg/kg and 1500 mg/kg compared to the negative con-
trol group (p < 0.01 and p < 0.001; ANOVA with Dunnett’s post hoc test; Figure 12); how-
ever, all groups were within the normality range.

The pancreas of zebrafish has the same function as the other vertebrates [79]; as in
other teleosts, it is a diffuse organ spread around the intestine, as little globules in the fish
mesentery. It works as an endocrine organ by secreting insulin and glucagon and as an
exocrine organ by secreting pancreatic juice [80,81]. The endocrine function is performed
by islets of Langerhans that consist of agglomerates of glandular, light-colored cells. The
most important products of these islets are glucagon and insulin, which are produced by
a and 3, respectively [79,82]. Benchoula [83] reported that zebrafish treated with alloxan
had considerably lower cellularity than healthy animals; this is in accordance with what
was observed in our study.

Diabetes mellitus induction leads to decreased number and size of the islets, leuco-
cyte infiltration, and {3 cell degranulation, caused by insulin depletion; it can decrease cell
mass as well [84]. In teleosts, degranulation is also observed, along with nuclear hyper-
trophy; the cells may have an abnormal shape and be filled with glycogen. In more severe
conditions, flaws can be observed in the cytoplasm with pyknotic nuclei [85].

Next, we sought to understand how the extract would work through in silico studies.
The SEA server provides an activity prediction to researchers based on the similarity of
the molecule with groups of compounds that interact with a particular receptor, all in its
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database. The server output is given as an E-value and max Tanimoto coefficient. E-values
are considered satisfactory when lower than 1 x 10-%, and the closer the E-value is to zero,
the higher the similarity is toward the group of compounds that interact with the given
receptor. The Tanimoto coefficient varies from 0 to 1, where 0 means total dissimilarity
and 1 means identity; the server gives the max Tanimoto coefficient (MacTc) between the
ligand and the group of compounds of its database that interact with the receptor assessed
[86]. After assessing the molecule in the SEA server for interaction with carbohydrate en-
zymes, we sought to perform a docking simulation with inositol with maltase-glucoam-
ylase and -galactosidase. Due to the lack of enzymes in sufficient resolution to perform
the docking, only these two were assessed, and hence it is possible that other enzymes are
involved in the action of cyclitols, including bornesitol (Figure 15). Further studies are
necessary to corroborate such mechanisms in vitro. We suggest that such antidiabetic ac-
tivity is due to 1-O-methyl-myoinositol (bornesitol) in the extract since it is an inositol
molecule whose class of compounds are known hypoglycemic agents. Nevertheless, other
mechanisms should not be ruled out.
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Figure 15. Schematic diagram showing some of the mechanisms in which the extract exerts its hy-
poglycemic effect based on the in silico results.

After assessing the composition, efficacy as a hypoglycemic agent, and a possible
mechanism of action, we sought to evaluate the extract’s safety on acute toxicity models
using embryos and adult zebrafish. In the embryos, the frequency of lethality and malfor-
mations were assessed. Only the highest extract concentrations could induce malfor-
mations such as tail malformation and scoliosis (91.05 mg/mL and 113.80 mg/mL). Nota-
bly, even the highest doses could not induce heart malformation in the embryos; this or-
gan is the first to be formed in zebrafish and hence is essential to evaluate the toxicity in
the embryos [87]. According to Mu [88], high concentrations of nocive compounds can
change the heartbeat rate and cause edema, which was not observed with LxHs. Accord-
ing to Wang et al. [89], tail malformation and scoliosis can be assessed for teratogenic ac-
tivity. He et al. [90] stated that tail malformation could be due to abnormal skeletal devel-
opment. Here, these malformations were observed with the highest doses. However, even
in the highest doses, their occurrence was rare considering the total number of embryos
assessed (5%). Although some lethality was observed with the embryos, the amount of
death was insufficient to calculate the LDso.

In the adults treated with LxHs at 5000 and 10,000 mg/kg, some behavioral changes
were observed, mainly increased swimming. This was also observed by Souza et al. [16],
evaluating the toxicity of Acmella oleracea extract. The behavioral changes start with in-
creased swimming activity, which is a mechanism of defense to reduce the probability of
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death [15,78,91]. Other parameters evaluated could be body weight changes, among oth-
ers [84], although not all of them are always assessed. Here, no death was observed in the
adults treated with doses up to 10,000 mg/kg.

We then sought to look for signs of internal toxicity through histopathological anal-
ysis. This analysis can detect organ-specific toxicities [15-17,33,68]. According to Carvalho
et al. [32], the liver of zebrafish is functionally similar to those of mammals, despite the
structural divergences. The similarities include the pathways of drug metabolism, bile
synthesis, and lipid and glycogen storage [16,17,92]. After exposure to nocive compounds,
zebrafish liver histopathology can be compared to that of mammals due to its conserved
physiology [33,93,94]. The results show that the tissue changes observed in this organ
were low, not affecting its normal function. The cytoplasmic vacuolization observed in
the animals treated with the extract at 10,000 mg/kg is very frequently reported in the
literature [16,17,31-33] and is associated with decreased glycogen storage in the hepato-
cytes or lipid accumulation. In this study, however, the tissue changes were still within
the normal range.

The intestine is vital to assess since it is the first organ affected by orally given com-
pounds. In zebrafish, the intestine is formed by a mucous layer with goblet cells, inflam-
matory cells, and enterocytes [32]. This organ is also a place of enzyme and macronutrient
recycling [95,96]. The observations assessed were according to Takashima and Hibiya [97].
The sensitivity of zebrafish intestine to nocive compounds has been determined through
the assessment of tissue alterations [32,90]. We observed leukocyte and lymphocyte infil-
tration and the presence of mucous. These changes were also observed in [16,33], where
the authors tested the toxicity of the nanoemulsion of Rosmarinus officinalis essential oil
and Acmella oleracea extract, respectively. This tissue alteration could be due to inflamma-
tion of the lamina propria. According to the index of histopathological alterations, the
tissue changes observed were not sufficient to compromise the organ function.

The kidney of zebrafish has nephrons responsible for filtrating blood residues and
maintenance of the osmotic balance. The nephrons are composed of a renal corpuscle and
proximal and distal convoluted tubules [16]. This organ, accountable for filtrating toxic
compounds, is one of the most affected organs by them [32,82,97]. In accordance, it was
the most affected tissue in our study. One of the tissue changes observed in this organ was
tubular hyaline degeneration, an increased quantity of eosinophilic granules in the cyto-
plasm of these cells. This tissue change occurs due to the reabsorption of protein excess
synthesized in the glomeruli [35]. The dilation of glomeruli capillary and decrease in Bow-
man capsule space are tissue changes that can hamper the function of the organ because
the capillary dilation can decrease the space of the Bowman capsule, hindering the circu-
lation and filtration of blood [31]. Here, this tissue alteration was not observed to a signif-
icant extent. According to [32], the tubular alterations in the kidney of zebrafish could be
indirectly caused due to metabolic dysfunctions caused by toxic compounds. These alter-
ations can eventually induce kidney necrosis if the toxicity is high enough [97]. In this
study, the tubular changes, tubular degeneration, and hyperplasia of tubular cells were
mild, and no necrosis or tissue dysfunction was observed.

Collectively, the acute toxicity tests indicate that the extract was secure in the em-
bryos and adults up to high doses, and the tissue changes were not enough to compromise
the organs. As a limitation, we acknowledge that more sensitive tests can be relevant, in-
cluding ROS or apoptosis test in tissue sections, to evaluate the cellular response.

4. Materials and Methods
4.1. Plant Material

The plant material was collected in a private property in Macapa, Amapa, Brazil, un-
der the coordinates 00 33'05.51160" S, 50 50'30.14520” W. The botanical identification was
performed in the Science and Technology Research Institute of Amapa (IEPA) by Dr.



Pharmaceuticals 2021, 14, 856

20 of 29

Patrick de Castro Cantudria, and a dried plant specimen was stored under No. HAMAB
019176.

4.2. Hancornia Speciosa Latex and Its Aqueous Extract (LxHs)

The latex was collected traditionally, between 5 and 7 a.m., with a vertical cut in the
stem with a machete [98]. The product was stored in dark vials with distilled water at
40 °C in 1:1 proportion over three hours to keep its consistency. Next, it was stored in a
freezer at =10 °C to maintain its chemical integrity. The water-soluble part was extracted
by defrosting the sample.

Aliquots of the aqueous latex extract (20 mL) were removed and dried in a green-
house with a forced-air heater, resulting in 85 mg of mass. Then, we added 5 mL of meth-
anol and put it under an ultrasonic bath for over 10 min. The insoluble part was removed,
and the supernatant was filtered with a membrane filter (0.45 um), yielding 65 mg of the
extract. Finally, a clean-up was performed with 20 mg of the extract solubilized in a mix-
ture of water and acetonitrile (2:8).

4.3. Phytochemistry

All solvents used were of analytical grade. Acetonitrile (ACN) and methanol (MeOH)
were purchased from Tedia Company (Fairfield, CT, USA), and the ultrapure water was
obtained through a Millipore Direct-Q3 system (18.2 MQ.cm; Bedford, MA, USA). The
ultrasonic bath was performed through direct contact using a Branson 2510 (Danbury, CT,
USA), with frequency, potency, and temperature set at 42 kHz, 100 W, and 27 °C, respec-
tively. The 'H and 3C nuclear magnetic resonance (NMR), homonuclear correlation spec-
troscopy (HOMO-COSY), and heteronuclear single quantum coherence (HSQC) spectra
were obtained using a Bruker spectrometer Ascend model (Rheinstetten, Germany) in the
range 400-100 MHz; the data were processed using the software TopSpin 3.6.0, and the
FIDs were subjected to Fourier transform (LB = 0.3 Hz). The Hz0 resignal signal was sup-
pressed by using presaturation sequences with selective low-potency irradiation. The
spectra were manually processed, corrected at the baseline, and calibrated using as inter-
nal reference the residual nondeuterated fraction of the solvent CHsOH, centered on 0 =
3.3 ppm [44,99-102]. The peaks were marked using the chemical displacement (d) and
coupling constants (J) of the unidimensional spectra 'H, *C, homonuclear, and heteronu-
clear correlation maps (HOMO-COSY and HSQC).

The HPTLC was performed through an automated system composed of modules of
application (Automatic TLC Sample 4), elution (Automated Multiple Development AMD
2), densitometer (TLC Scanner 4), and photo documentation (TLC Visualizer); all from the
brand Camag (Muttenz, Switzerland). The stationary phase was composed of silica gel
plates F-254 60 A with glass support (Silicycle, QC, Canada). The mobile phase used was
HPLC-grade (Tedia Company; Fairfield, USA) in gradient mode. The data were processed
using the software WinCats 1.4.6. The automatic sprayer and thermal plate were from
Camag (Muttenz, Switzerland). The analytical-grade reagents used for derivatization
were vanillin (Nuclear), fast blue B salt (Merck), Dragendorff (Sigma, Sao Paulo, Brazil),
NP/PEG (Sigma, Sao Paulo, Brazil), and potassium hydroxide (Nuclear, Sao Paulo, Brazil).
Infrared (IR) spectra were obtained using a Bruker Vertex model (70 V) from 4000 to 400
cm!, with 4 cm™! resolution and 32 scans.

4.4. Samples Preparation and Analysis

For the HPTLC analysis, we prepared an LxHs solution at 5000 ppm in MeOH; 15 pL
aliquots were injected into the plates with the standard solutions and then eluted through
an isocratic system DCM/MeOH/Hfo (97:2:1). After being eluted and dried, the chroma-
tographical separations were assessed under 254 nm and 366 nm wavelength radiation.
Next, derivatization was performed within the chromatoplaques using the following so-
lutions: NP/PEG for flavonoids, potassium hydroxide for coumarins and anthracene
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derivatives, 10% vanillin in sulfuric acid (VAS) for terpenes and acids, fast blue B salts
(FBS) for tannins and phenolic compounds, and Dragendorff for alkaloids. These specific
derivatizers were used in the plates with standard solutions of rutin, esculin, f-amyrin,
gallic acid, and brucine, respectively. After the reactions, the NP/PEG and potassium hy-
droxide plates were exposed again to 366 nm wavelength radiation, while VAS, FBS, and
Dragendorff were exposed to white light.

To obtain the 1D and 2D NMR spectra, 20 mg of the extract was solubilized in 600 pL
of deuterated methanol (CD30OD). The latex’s aqueous extract was further evaluated
through infrared spectroscopy with Fourier transform (FT-IR) using potassium bromide
(KBr).

4.5. Animals

This study used AB wild-type adult zebrafish (Danio rerio) aged between 8 months
and 2 years, weighing around 550 mg. The animals were purchased from the company
Acqua New Aquarium and Fish Ltda. (Igarassu-PE, Brazil). All animals were kept under
quarantine after arrival and were maintained in the Zebrafish Platform of the Drugs Re-
search Laboratory, Biological and Health Sciences Department, Federal University of
Amapa (UNIFAP), Brazil. The animals were kept in water under controlled temperature,
feed, and light/dark cycle conditions, as described in the literature [31,33]. The Ethics
Committee in Animals Use (CEUA) of UNIFAP approved this study under protocol No.
030/2018.

4.6. Embryos Acute Toxicity Assessment

The zebrafish embryos were treated with LxHs through immersion at the concentra-
tions C1, 22.76 mg/mL; C2, 45.52 mg/mL; C3, 68.28 mg/mL; C4, 91.05 mg/mL; and C5,
113.80 mg/mL, diluted in system water. The control group was exposed to system water
only (CS) and distilled water (CD). The embryos were collected through natural spam in
reproduction tanks (Tecniplast). The collected eggs were washed and separated in plastic
92 mm Petri dishes (60 eggs per dish). The water temperature in the Petri dishes was kept
at 26 +1 °C (50 mL).

The eggs were selected through examination with a stereomicroscope (Olimpo, Ja-
pan). Fertilized eggs without cleavage changes or chorion damage were selected. The se-
lected fertilized eggs were transferred to a 96-well plate (20 embryos x 3 replicates) filled
with 3 mL of their respective solution concentration. The embryo lethality features ana-
lyzed were egg coagulation, lack of somite formation, lack of tail displacement, and lack
of heartbeats (24, 48, 72, and 96 hpf); positive result on any of these features means embryo
death. Moreover, teratogenesis parameters were evaluated, including yolk edema, growth
retardation (24, 48, 72, and 96 hpf), tail malformation, cardiac edema (48, 72, 96, and 120
hpf), and scoliosis (72 and 96 hpf) (Table 5)

Table 5. Teratogenic and lethal effects observed in zebrafish embryos across the developmental
time.

Developmental Toxicity 24hpf  48hpf 72hpf 96 hpf

Coagulated eggs @ + + + +

Lethal effects Lack of so.mit.e formation + + + +

Lack of tail displacement + + + +

No heartbeat ® + + + +

Yolk edema + + + +

Growth retardation + + + +

Teratogenic effects Tail malformation + + +
Cardiac edema + + +

Scoliosis + +

aCoagulated eggs are milky white and appear dark on the optical microscope. ? Lack of heartbeat
for at least one minute.
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4.7. Adult Toxicity Assessment

The adult animals, separated by sex, were treated with doses of 5000 and 10,000
mg/kg of the extract; in total, there were four groups with 12 animals in each. The animals
were immobilized with a damp sponge and treated with LxHs with a micropipette (HTL
Lab Solutions) using a maximum volume of 1.5 puL per animal [32,33,35]. Behavioral alter-
ations and mortality were observed over 96 h.

The animals’ behavior was classified into three stages: (1) increased swimming activ-
ity, spasms, and tremors in the tail axis; (2) circular movement and loss of posture; (3)
clonus, motility loss, immobility at the bottom of the tank, and death. Each animal was
evaluated individually and was considered dead with a lack of response to mechanical
stimulation and lack of operculum movement [31]. At the end of experiments, the animals
were subjected to euthanasia through anesthetic cooling, according to the recommenda-
tion of the American Guidelines of the Veterinary Medical Association for Animal Eutha-
nasia [103].

4.8. Diabetes Induction and Experimental Design

Each animal received three alloxan intraperitoneal (i.p.) injections: the first, at the
beginning; the second, four days after; and the third, five days after the second according
to the methodology described by Cueva-Quiroz, with adaptations [104]. The oral treat-
ments with LxHs at 500, 1000, and 1500 mg/kg and metformin at 2.4 mg/kg began 24 h
after the last alloxan injection and were performed over seven days, as described by Car-
valho [32].

The groups (n = 16 animals per group) were divided as follows:

Group 1: Naive control, nondiabetic (normoglycemic), without treatment;

Group 2: Negative control, diabetic, treated only with water (alloxan i.p. and water oral);

Group 3: Positive control, diabetic, treated with 2.4 mg/kg metformin (alloxan i.p. and
metformin oral);

Group 4: Diabetic animal treated with LxHs 500 mg/kg (alloxan i.p. and LxHs oral);

Group 5: Diabetic animal treated with LxHs 1000 mg/kg (alloxan i.p. and LxHs oral);

Group 6: Diabetic animal treated with LxHs 1500 mg/kg (alloxan i.p. and LxHs oral).

4.9. Blood Collection and Biochemical Analyses

The blood collection and glucose measurement were conducted in animals after 10
and 12 h of fasting. Euthanasia was performed through rapid cooling between 0 and 4 °C
until complete loss of opercular movement [105]. We did not use anesthesia drugs since
they can induce altered glucose levels [106]. After euthanization, the animals were dried
using a paper towel, then put on Petri dishes to remove 5 pL of blood from the tail. The
glucose levels were measured with test strips and an On Call Plus (Sao Paulo, Brazil). The
device can detect glucose levels in the range between 20 and 600 mg/dL.

Next, the plasma was separated by adding heparin to assess the levels of urea, creat-
inine, aspartate transaminase (AST), and alanine transaminase (ALT). Urea was assessed
through UV photometry using the two-point/fixed-time kinetic method, and creatinine
was assessed through colorimetry using a semiautomated biochemistry analyzer (Bioplus,
BIO-200). AST and ALT were assessed through the UV kinetic method. Five microliters of
blood was used for each analysis.

4.10. Histopathology Analysis

After euthanization, the animals were fixed in Bouin for 24 h to prepare the liver,
intestine, kidney, and pancreas slides. After being fixed, the samples were decalcified in
EDTA (Sigma Co., Sao Paulo, Brazil) for more than 24 h and dehydrated in a crescent
concentration of ethanol (70%, 80%, 90%, and 100%). Next, they were diaphonized with
xylene, embedded in paraffin, and sectioned in 5 pum slices using a rotary microtome
(CUT: 6062, Slee Medical, Germany). Finally, the slides were stained with hematoxylin
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and eosin [31]. The images were assessed using an Olympus Microscope BX41 and pho-
tographed with a digital camera MDCE-5C USB 2.0.

The pancreas and other organs were assessed by calculating the index of histopatho-
logical changes (IHC). To calculate this index, the organ is observed to assess tissue
changes classified according to its severity into stages I, II, and III (Table 6). IHC values
from 0 to 10 indicate a typical organ, values between 11 and 20 indicate moderate tissue
changes, values between 21 and 50 indicate moderate to severe changes, and higher values
indicate severe irreversible changes [35,107]. The IHC is calculated according to the fol-
lowing equation:

3 ai+ 1037, bi+10° 276 i
B N
where a is first-stage changes, b is second-stage changes, c is third-stage changes, na is the

number of first-stage changes, nb is the number of second-stage changes, nc is the number
of third-stage changes, and N is the number of fishes analyzed per treatment.

I

Table 6. Tissue changes used to calculate the index of histological changes in zebrafish pancreas.

Tissue Changes Stage
Loss of cellular structure I
Pyknotic nuclei I
Nuclei fragmentation I
Presence of natural killer cells I
Presence of macrophages I
Presence of lymphocytes I
Insulitis I
Cytoplasm degeneration I
Nuclei decomposition I
Islets atrophy I
Islets absence I
Acinar cell atrophy I
Necrosis 111

4.11. Statistical Analysis

The data were expressed as mean + standard deviation (SD) per group. The results
were evaluated using one-way ANOVA, followed by Dunnett’s post hoc test in case of
significant differences (p < 0.05), all using GraphPad Prism (v. 5.03).

4.12. In Silico Analysis

SEA prediction: Inositol was evaluated through the Similarity Ensemble Approach
(SEA) web server (http://sea.bkslab.org/ accessed on 23 March 2021) to investigate possi-
ble targets from carbohydrate metabolism [87]. This open server analyzes the ligands with
groups of molecules that act on known receptors in its databank. Inositol’s SMILE code
was inserted on the server, which gave several proteins, but only those involved in carbo-
hydrate metabolism were selected.

Molecular docking: Based on SEA predictions and the atomic structures available in
the literature, we performed a molecular docking of inositol with the enzymes maltase-
glucoamylase (PDB ID: 2QM]J, 1.9 A) and p-galactosidase (PDB ID: 3THC, 1.8 A), using
the software GOLD (v. 2020.1). The program calculates simulations between flexible tar-
gets and ligands using a genetic algorithm [108].

The coordinates used for the fitting were x =-21.78, y = -6.80, and z = -7.25 for malt-
ase-glucoamylase and x =-3.41, y =-6.97, and z = 7.14 for (3-galactosidase, using a radius
of 10 A. The crystallographic structures were previously processed by removing the co-
crystallized ligand, ions, and water molecules; then, hydrogen atoms were added.
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To simulate the interactions between ligand and receptors, we used the enzymes’
active site. For maltase-glucoamylase, the active site was the amino acids Asp327, Asp542,
His600, Arg526, Asp443, Tyr299, 1le328, Ile364, Trp441, and Met444; for B-galactosidase,
the active site was the amino acids Tyr83, Ala128, Glu129, Ile126, Cys127, Asn187, Tyr306,
Tyr331, Tyr333, Trp273, Leu274, Tyr270, Glul88, and Glu268.

Before performing the docking, the structures from Protein Data Bank (PDB) were
validated through the root mean square deviation (RMSD) using GOLD; this process in-
dicates the accuracy of the fitting pose in relation to the crystallized proteins [109]. RMSD
values are considered satisfactory when equal to or lower than 2 A; in this study, the
RMSD was 2 A for maltase-glucoamylase and 0.5 A for B-galactosidase.

5. Conclusions

The phytochemical study with the aqueous extract from the latex of Hancornia speci-
osa Gomes evidenced the occurrence of phenolic compounds, which play a role as preven-
tive or curative agents against several diseases. In our study, the latex extract could sig-
nificantly reduce the glycemic levels of diabetic zebrafish, decrease AST and ALT levels,
and inhibit tissue injury in the pancreas. The treatment did not cause any significant dis-
turbance in urea and creatinine levels. The toxicity studies showed that the extract was
secure up to high doses in embryos and adult zebrafish. The hypoglycemic effect may be
due to the presence of 1-O-methyl-myoinositol (bornesitol) since it is an inositol deriva-
tive. These molecules can probably interact with enzymes involved in carbohydrate me-
tabolism, as evidenced by the in silico results.
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