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Abstract: Introduction. The proline-rich decapeptide 10c (Bj-PRO-10c; ENWPHPQIPP) from the
Bothrops jararaca snake modulates argininosuccinate synthetase (AsS) activity to stimulate L-arginine
metabolite production and neuroprotection in the SH-SY5Y cell line. The relationships between
structure, interactions with AsS, and neuroprotection are little known. We evaluated the neuro-
protective effects of Bj-PRO-10c and three other PROs (Bn-PRO-10a, <ENWPRPKIPP; Bn-PRO-10a-
MK, <ENWPRPKIPPMK; and, Bn-PRO-10c, <ENWPRPKVPP) identified from Bitis nasicornis snake
venom, with a high degree of similarity to Bj-PRO-10c, on oxidative stress-induced toxicity in
neuronal PC12 cells and L-arginine metabolite generation via AsS activity regulation. Methods.
Cell integrity, metabolic activity, reactive oxygen species (ROS) production, and arginase activity
were examined after 4 h of PRO pre-treatment and 20 h of H2O2-induced damage. Results. Only
Bn-PRO-10a-MK and Bn-PRO-10c restored cell integrity and arginase function under oxidative
stress settings, but they did not reduce ROS or cell metabolism. The MK dipeptide in Bn-PRO-10a-
MK and valine (V8) in Bn-PRO-10c are important to these effects when compared to Bn-PRO-10a.
Bj-PRO-10c is not neuroprotective in PC12 cells, perhaps because of their limited NMDA-type
glutamate receptor activity. The PROs interaction analysis on AsS activation can be rated as fol-
lows: Bj-PRO-10c > Bn-PRO-10c > Bn-PRO-10a-MK > Bn-PRO-10a. The structure of PROs and their
correlations with enzyme activity revealed that histidine (H5) and glutamine (Q7) in Bj-PRO-10c
potentiated their affinity for AsS. Conclusions. Our investigation provides the first insights into
the structure and molecular interactions of PROs with AsS, which could possibly further their
neuropharmacological applications.

Keywords: neuroprotective; bioactive peptide; proline-rich peptide; snake venom; oxidative stress;
PC12 cells

1. Introduction

Peptides derived from venom have been utilized as a basis to develop potential ther-
apeutic candidates and novel treatments [1,2]. There is growing evidence indicating that
peptides derived from natural sources or their synthetic counterparts, including snake
venoms, are potential options for neuroprotection [3,4]. Neuroprotective activity of low
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molecular mass fractions (LMMFs) obtained from snake venoms containing components
of the Viperidae family species were reported in different experimental models of neu-
rodegenerative disease [5–8]. Martins and collaborators found that the LMMF (<14 kDa)
of Bothrops atrox snake venom was neuroprotective by reducing mitochondrial permeabil-
ity transition (MPT) and inhibiting neuronal apoptosis [5]. Similarly, the LMMF (<10 kDa)
obtained from Bothrops jararaca (Bj-LMMF) snake venom showed neuroprotective efficacy
against H2O2-induced oxidative stress in different neuronal cell line type [6,7]. Neuronal
PC12 cells [7] and primary cultured hippocampus cells [6] exhibited neuroprotective ef-
fects against oxidative stress in response to Bj-LMMF. However, no effects were observed
in neuronal SH-SY5Y cells [9] or C6 astrocyte-like cells [7]. These results suggest that
the cell line types used to investigate snake venom compound-mediated neuroprotec-
tion show important physiological differences with the cell type from which they were
derived, and can influence the neuroprotective effects distinct against oxidative stress.

The LMMF of snake venom contains several bioactive peptides with pharmacological
relevance [10–12]. These include proline-rich oligopeptides (PROs), which are also called
bradykinin-potentiating peptides [13–16]. In general, PROs contain 5 to 14 amino acid
residues, with a pyroglutamic residue (<E) at the N-terminal and a proline (P) residue at
the C-terminal [14]. PROs longer than seven amino acids share similar features, including
a high content of proline (P) residues and the tripeptide sequence Ile–Pro-Pro (IPP) at the
C-terminal [14]. Moreover, some PROs show additional dipeptides at the C-terminal of the
IPP sequence, such as Met-Lys (MK) reported in Bitis sp. snake venom [17] or Ala-Pro (AP)
in Bothrops jararacussu [18]. Angiotensin I-converting enzyme (ACE; EC 3.4.15.1) inhibition
and consequent bradykinin (Bk) potentiation were assumed to be the conventional mecha-
nisms behind the hypotensive effects of numerous PROs [19]. However, new biological
activities and targets have been described for PROs, such as argininosuccinate synthetase
(AsS; EC 6.3.4.5) activators [20–22] and M1 muscarinic acetylcholine receptor (M1 mAChR)
agonists [23–25].

PRO-mediated neuroprotection with different structural and functional features was
reported on regarding oxidative stress-conditioned toxicity in the human neuroblastoma
SH-SY5Y cell line [9,26] and neuronal PC12 cells [25,27]. Remarkably, the specific impacts
of PROs on toxicity caused by oxidative stress have indicated that they can influence their
targets through a range of distinct approaches [4]. Bj-PRO-7a (<EDGPIPP) and Bj-PRO-10c
(<ENWPHPQIPP) enhanced the survival of SH-SY5Y cells and reduced the production
of reactive oxygen species (ROS), lipid peroxidation, and total glutathione in response
to H2O2-induced damage [9,26]. Nevertheless, the molecular pathways that explain the
neuroprotection induced by both peptides are independent. The neuroprotective effect of
Bj-PRO-7a on PC12 cells seems to be mediated via the activation of mAChR-M1 through
the G-protein/phospholipase C (PLC)/protein kinase C (PKC) signaling pathway. This
activation leads to the inhibition of glycogen synthase kinase 3 beta (GSK3β), resulting in a
decrease in oxidative stress and neuronal damage [25].

Conversely, the neuroprotective properties of Bj-PRO-10c have been related to the
enhancement of AsS expression and activity, which in turn improves the synthesis of
L-arginine [4,9]. AsS catalyzes argininosuccinate formation through aspartate and cit-
rulline conjugation [4,28]. Argininosuccinate lyase (AsL; EC 4.3.2.1) cleaves argininosucci-
nate to produce fumarate and L-arginine [28]. L-arginine can be catabolized by four
sets of enzymes: nitric oxide synthases (NOS; EC 1.14.13.39), arginases (EC 3.5.3.1),
arginine:glycine amidinotransferase (EC 2.1.4.1), and arginine decarboxylase (ADC; EC
4.1.1.19) [29]. Products of L-arginine metabolism were reported in important neuropro-
tection pathways [29–31]. Agmatine is a compound synthesized by ADC acting on the
N-methyl-D-aspartate (NMDA)-type glutamate receptor, α2-adrenoceptors, and imida-
zoline receptors, elucidating its role in enhancing cell viability, neuronal protection, and
synaptic plasticity [32]. The L-arginine hydrolytic cleavage by arginase produces urea and
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ornithine, which follow to produce polyamines (putrescine, spermine, and spermidine)
implicated in neuroprotection pathways [33]. For these reasons, it has been hypothesized
that Bj-PRO-10c enhances L-arginine synthesis by activating AsS and that agmatine or
polyamine generation explains its neuroprotective action against oxidative stress in neu-
ronal SH-SY5Y cells [9]. The dependence of this function on its basic structure is well
established [9], however the specific amino acids crucial for maintaining its activity on
AsS remain unknown.

The purpose of this study was to investigate if Bj-PRO-10c (<ENWPHPQIPP) and the
other three PROs with a high degree of similarity to Bj-PRO-10c (Bn-PRO-10a, <ENWPRP-
KIPP; Bn-PRO-10a-MK: <ENWPRPKIPPMK; and Bn-PRO-10c, <ENWPRPKVPP) identified
from Bitis nasicornis snake venom [17] were also able to protect neuronal PC12 cells against
oxidative stress-induced alterations. PC12 cells are derived from a pheochromocytoma
of the adrenal medulla, which represents typical neuronal cells of the peripheral nervous
system with dopaminergic properties and has been reported to be an appropriate model to
explore the neuroprotective effects of the snake venom compound [5,7,25]. Furthermore,
the involvement of L-arginine metabolite generation via AsS activity regulation produces
agmatine or polyamines with neuroprotective properties, considering the small structural
differences between the four PROs.

2. Results
2.1. Toxicological Profile of PROs

Initially, the toxicological impacts of PROs on PC12 cells were examined. Peptides
that exhibited minimal or no toxicity were subjected to neuroprotective experiments, as
seen in Figure 1. Bn-PRO-10a-MK and Bn-PRO-10c increased cell viability by 109.9 ± 2.23%
and 108.3 ± 1.61% after 24 h of treatment with 0.01 µmol·L−1, respectively. However, no
alterations were observed at 10 and 1 µmol·L−1. Both Bn-PRO-10a and Bj-PRO-10c did not
exhibit any significant cytotoxic effects (p > 0.05) at all tested concentrations. Acrylamide
(100 mM) reduced cell integrity in PC12 by 58.77 ± 11.14% (Figure 2).
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Figure 1. Schematic representation of experimental groups and treatment. The current study em-
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Figure 1. Schematic representation of experimental groups and treatment. The current study em-
ployed neuronal PC12 cells, as shown in a typical photomicrograph (magnification: ×80).Cells were
pre-treated with a D10 medium or PROs diluted in medium for 4 h at 37 ◦C. After that, the mediums
were replaced by a medium containing PROs or/and H2O2 (0.5 mM) and incubated for 20 h more.
C: control; PROs: proline-rich oligopeptides.
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Figure 2. Toxicological profiles of PROs on the cell integrity of neuronal PC12 cells. Cells were
treated with (A) Bn-PRO-10a, (B) Bn-PRO-10a-MK, (C) Bn-PRO-10c, and (D) Bj-PRO-10c at 10, 1,
and 0.01 µmol·L−1 for 24 h. Cells without treatment (negative control) and treated with acrylamide
(Ac) at 100 mmol·L−1 (positive control) were included in all experiments. Values are expressed as the
median ± SD from three independent experiments in triplicate and analyzed by a one-way ANOVA
followed by Dunnett’s post-test. Statistical differences (p < 0.05) were identified by distinct letters:
(a) in relation to the control; (b) in relation to 10 µmol·L−1; and (c) in relation to 1 µmol·L−1.

2.2. Neuroprotection against Oxidative Stress

PC12 cells exposed to H2O2 at 0.5 µmol·L−1 for 20 h significantly decreased cell
integrity to 74.58 ± 2.16% after treatment, compared to the control (Figure 3). Bn-PRO-10a-
MK at doses ranging from 12.5 to 0.19 µmol·L−1 had higher cell integrity than the H2O2-
treated group (Figure 3B). Bn-PRO-10c at 12.5 and 6.25 µmol·L−1 significantly increased
cell viability in relation to cells treated only with H2O2 (Figure 3C). On the other hand, Bn-
PRO-10a and Bj-PRO-10c did show neuroprotective effects against H2O2-induced oxidative
stress (Figures 3A and 3D, respectively). Bn-PRO-10a-MK and Bn-PRO-10c demonstrated
neuroprotective action against H2O2-induced stress in different concentrations, but the
concentration of 6.25 µmol·L−1 showed the highest statistical significance and was used
in the metabolic activity, cell integrity, ROS generation, and arginase activity studies. In
addition, the neuroprotection index of Bn-PRO-10a-MK and Bn-PRO-10c at 6.25 µmol·L−1

(0.90 and 0.85, respectively) were higher than Bn-PRO-10a and Bj-PRO-10c (0.65 and 0.70,
respectively) (Table 1). The H2O2 effects on cells showed a neuroprotection index of 0.60.
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Figure 3. PROs-mediated neuroprotection on oxidative stress-induced changes in neuronal cells.
The protective effects of (A) Bn-PRO-10a, (B) Bn-PRO-10a-MK, (C) Bn-PRO-10c, and (D) Bj-PRO-
10c were assessed at different concentrations against oxidative stress-induced neurotoxicity on the
integrity of PC12 cells, using crystal violet dye. Values were presented as box-and-whisker plots
from three independent experiments in sextuplicate. Data were analyzed by a one-way ANOVA
followed by Dunnett’s post-test. Statistical differences (p < 0.05) were identified by distinct letters:
(a) in relation to the control; and (b) in relation to H2O2.

Table 1. Structure–activity properties of the proline-rich oligopeptides (PROs) studied. The identifica-
tion of peptides was based on the number of amino acids in their primary structure, the order of their
discovery, and the snake species that was found. The differential effects of PROs are presented on
the MW (Da), ACE inhibition, ∆MAP, neuroprotection index, and AsS activation. PRO: proline-rich
oligopeptide; MW: molecular weight; ACE: angiotensin-converting enzyme; MAP: mean arterial
pressure; # peptide sequence in ClustalW format; and underline mean showing that substitutions
have been observed. The symbol “+” represents the significance of the effects of PROs on AsS
activation in relation to control. a: Kodama et al., 2015 [17]; b: Hayashi and Camargo, 2005 [13].

Peptide
Identification Sequence # Snake

Species
MW
(Da)

ACE
(Ki; nM)

∆MAP
mmHg

Neuroprotection
Index

AsS
Activation

Bn-PRO-10a <ENWPRPKIPP Bitis nasicornis 1216.7 a 0.48 a −18.8 ± 0.3 a 0.65 +
Bn-PRO-10a-MK <ENWPRPKIPPMK Bitis nasicornis 1476.8 a >100 a −13.9 ± 0.4 a 0.90 ++
Bn-PRO-10c <ENWPRPKVPP Bitis nasicornis 1202.6 a 0.25 a −18.7 ± 1.2 a 0.84 +++
Bj-PRO-10c <ENWPHPQIPP Bothrops jararaca 1196.3 b 0.20 a,b −18.2 ± 3.1 a 0.70 ++++
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2.2.1. Metabolic Activity

Treatment with Bn-PRO-10a-MK and Bn-PRO-10c had no effect on dehydrogenase-
dependent resazurin metabolism (Figure 4B). However, when PC12 cells were exposed to
H2O2, their metabolic activity decreased. Cells treated with Bn-PRO-10a-MK and Bn-PRO-
10c showed no change in their response to H2O2-induced stress compared to the H2O2
group (Figure 4B).
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Figure 4. The neuroprotective effects of Bn-PRO-10c and Bn-PRO-10a-MK on oxidative stress markers.
(A) Schematic representation of experimental groups tested. (B) Resazurin reduction into resorufin
was used to estimate the metabolic activity of cells. (C) Effects on cell integrity were measured by
crystal violet dye. (D) Reactive oxygen species (ROS) generation induced by H2O2 and treatments
were performed using the 2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA) assay. (E) Arginase
activity was determined by measuring the metabolite urea, a byproduct of L-arginine degradation
from PC12 cells. Data from three different experiments in sextuplicate are displayed in box-and-
whisker plots in % to control and analyzed using a one-way ANOVA followed by Dunnett’s post-test.
Statistical differences (p < 0.05) were identified by distinct letters: (a) in relation to the control; (b) in
relation to H2O2, and * for differences between the experimental groups.

2.2.2. Cell Integrity

H2O2-induced neurotoxicity impaired cell integrity, but this was attenuated when
cells were treated with Bn-PRO-10a-MK or Bn-PRO-10c (Figure 4C). The cell integrity was
maintained after treatment only using Bn-PRO-10a-MK and Bn-PRO-10c in relation to
the control.
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2.2.3. ROS Generation

ROS levels were considerably greater in the H2O2 group than in the control group
(Figure 4D), whereas the Bn-PRO-10a-MK and Bn-PRO-10c treatments had ROS levels
similar to the control group. Surprisingly, Bn-PRO-10a-MK and Bn-PRO-10c did not reduce
ROS levels against H2O2-induced oxidative stress.

2.2.4. Arginase Activity

The oxidative stress caused by H2O2 treatment reduced arginase activity by reducing
urea levels in comparison to the control (Figure 4E). However, compared to the H2O2 group,
Bn-PRO-10a-MK and Bn-PRO-10c increased arginase activity against oxidative stress. Also,
both peptides exhibited the ability to enhance arginase activity even in the absence of
oxidative stress, which is rather interesting. More specifically, Bn-PRO-10a-MK exhibited a
130.4 ± 4.2% rise in activity, which was significantly lower than the activity of Bn-PRO-10c,
which showed 154.1 ± 3.0% of activity.

2.3. PROs Do Not Affect the Mitochondrial Membrane Potential (∆Ψm)

Nitroprusside sodium (NPS) significantly reduced ∆Ψm in PC12 cells when compared
to the control (Figure 5B). However, no alterations were demonstrated when cells were
treated with all PROs tested at 6.25 µmol·L−1.
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Figure 5. Effects of PROs on arginase activity in neuronal PC12 cells. (A) Schematic representation of
experimental groups tested on arginase activity measured by urea concentration analyses and cell
integrity using the crystal violet dye protocol. (B) The effects of PROs on mitochondrial membrane
potential (∆Ψm). (C) The effects of Bn-PRO-10a, Bn-PRO-10a-MK, Bn-PRO-10c, Bj-PRO-10c, and
(inv)Bj-PRO-10c on arginase indirect activity after 24 h of treatment. (D,E) The specific arginase
activity and cell integrity effects shown by distinct PROs were also tested in the presence of methyl-
DL-aspartic acid (MDLA), an inhibitor of argininosuccinate synthase (AsS). Data are shown as
box-and-whisker plots in % to control from three independent experiments in sextuplicate and
analyzed by a one-way ANOVA followed by Dunnett’s post-test. Statistical differences (p < 0.05)
were identified by distinct letters: (a) in relation to the control; (b) in relation to Bn-PRO-10a; (c) in
relation to Bn-PRO-10a-MK; and (d) Bn-PRO-10c.
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2.4. PROs Regulate L-Arginine Production and Arginase Activity in a Structure-
Dependent Manner

The cells that were exposed to various PROs at a concentration of 6.25 µmol·L−1 ex-
hibited increased arginase activity in comparison to the control group, as seen in Figure 5C.
Furthermore, Bn-PRO-10c and Bj-PRO-10c had significantly higher activity than Bn-PRO-
10a and Bn-PRO-10a-MK. There was no noticeable difference in arginase activity when cells
were exposed to (inv)Bj-PRO-10c, which consists of the inverted amino acid sequence of Bj-
PRO-10c (Figure 5C). The use of MDLA, either alone or in combination with PROs, resulted
in a decrease in arginase activity compared to the control group (Figure 5D). However,
arginase activity exhibited considerably lower levels in cells treated with MDLA and Bn-
PRO-10c or Bj-PRO-10c compared to Bn-PRO-10a or Bn-PRO-10a-MK. In addition, MDLA,
either alone or in combination with Bn-PRO-10a, Bn-PRO-10a-MK, and Bn-PRO-10c, did
not alter the integrity of the cells. Unlike all of this, Bj-PRO-10c enhanced cell integrity
compared to other PROs and the control group (Figure 5E).

3. Discussion

Bj-PRO-10c, a bioactive proline-rich decapeptide isolated from Bothrops jararaca snake
venom [13], has been widely described as an AsS activator, increasing the availability of
L-arginine in different cell types [19–22]. PROs with different primary structures, including
Bj-PRO-5a (<EKWAP), Bj-PRO-9a (<EWPRPQIPP), Bj-PRO-11e (<EARPPHPPIPP), Bj-PRO-
12b (<EWGRPPGPPIPP), and Bj-PRO-13a (<EGGWPRPGPEIPP), were also assessed for the
study of their impact on AsS activity [21]. The influence of these PROs on AsS activation
showed that some peptides are efficient activators, whereas others are not. They may
be ranked in the following order: Bj-PRO-10c > Bj-PRO-13a > Bj-PRO-12b > Bj-PRO-5a
> Bj-PRO-9a/Bj-PRO-11e. It is suggested that the fundamental structure of Bj-PRO-10c
plays a crucial role in its effects on AsS activity [21]. Here, the major finding of this study
was that small variations in the amino acid sequences of Bj-PRO-10c when compared with
Bn-PRO-10a, Bn-PRO-10a-MK, and Bn-PRO-10c, the bioactive oligopeptides described from
Bitis nasicornis crude venom [17], exhibit distinct effects on the AsS and arginase activities in
neuronal PC12 cells. The structure analysis and biological activities of Bj-PRO-10c compared
to Bn-PRO-10a, Bn-PRO-10a-MK, and Bn-PRO-10c, suggested that histidine—position 5
(H5) and glutamine—position 7 (Q7) are important amino acid residues to increase its
interaction affinity using AsS (Table 1). We also demonstrated that these differences reflect
on their neuroprotective properties in PC12 cells using an H2O2-induced oxidative stress
model for the study of neurodegenerative diseases in vitro.

Oxidative stress caused by H2O2 has been used as an in vitro model for neurode-
generation which leads to mitochondrial failure, lipid peroxidation, alterations in the cell
membrane, and cell death [34,35]. H2O2 causes a decrease in cell viability in a way that
is dependent on its concentration when applied to neuronal PC12 cells [36–39], and it
is commonly employed to study the protective effects of venom compounds from var-
ious species against oxidative stress [7,36,39]. Neuroprotection provided by Bj-PRO-7a
against H2O2-induced damage was shown in SH-SY5Y cells obtained from central nervous
system (CNS) tissue [40,41], and PC12 cells produced from peripheral nervous system
(PNS) tissue [25]. Bj-PRO-10c-mediated neuroprotection was shown in SH-SY5Y cells [9],
but curiously this effect was not detected in PC12 cells. However, despite the significant
similarities among the PROs tested, only Bn-PRO-10a-MK and Bn-PRO-10c exhibited a
dose-dependent capacity to restore cell viability against oxidative stress damage, in contrast
to Bn-PRO-10a and Bj-PRO-10c.

Bj-PRO-10c-mediated neuroprotection in SH-SY5Y cells is attributed to enhanced
L-arginine production, which is accomplished via upregulating AsS [9]. Elevated L-arginine
levels can stimulate the production of agmatine or other polyamines [42], which was
demonstrated in numerous CNS cell lines and animal models to be neuroprotective against
different types of stress such as excitotoxicity and oxidative damage [32,33,43,44]. Studies
indicate that agmatine and other polyamines can inhibit glutamate receptors, offering pro-
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tection from neurotoxic stresses through interactions with the NMDA receptor [30,32,33,43].
Thus, it has been proposed that the neuroprotection mechanisms of Bj-PRO-10c are related
to the activation of the L-arginine metabolite pathway, and their products could reduce
NMDA receptor activity and stress oxidative markers [4,9]. PC12 cells produce mRNA
for NMDA receptor subunits, but only a small amount of receptor protein subunits are
present, and there are no functional NMDA-operated channels in this cell line [45,46].
Our results demonstrated that Bj-PRO-10c increases L-arginine production by AsS and
arginase activity in PC12 cells, and possibly increases agmatine and other polyamines by
ornithine metabolism. However, because these cells do not have functional NMDA recep-
tors and Bj-PRO-10c has higher levels of polyamines, its neuroprotective effects against
oxidative stress could be ineffective explaining why this peptide could fail to provide
neuroprotection in PC12 cells. Curiously, Bn-PRO-10c (<ENWPRPKVPP) and Bj-PRO-10c
(<ENWPHPQIPP) show different biological effects (Table 1), suggesting that, aside from
both peptides increasing L-arginine production, Bn-PRO-10c-mediated neuroprotection
appears to be independent of the L-arginine metabolism pathway reported by Bj-PRO-10c.
Further research will be needed to gain a more comprehensive understanding of the cor-
relation between the structure and functions of PROs, as well as their ability to protect
against oxidative stress.

The toxicity of compounds is a critical part of current pharmaceutical research [47].
In our study, we assessed the effects of PROs on neuronal PC12 cell integrity and found
no cytotoxic effects in the tested experimental conditions. However, Bn-PRO-10a-MK and
Bn-PRO-10c at 0.01 µmol·L−1 increased cell viability after 24 h of treatment. Also, both
peptides only restored cell integrity against H2O2-induced toxicity in a concentration-
dependent manner, and a concentration of 6.25 µmol·L−1 displayed the highest statistical
significance and was used to explore their effects on other oxidative stress markers. Neu-
roprotection mediated by venom snake-derived peptides such as p-BTX-I, FPWIIS-NH2,
Bj-PRO-7a, and Bj-PRO-10c significantly decreased ROS generation in response to oxidative
stress conditions in several cell types [4,8,9,25–27]. In the current investigation, Bn-PRO-
10a-MK and Bn-PRO-10c did not reduce ROS production or cell metabolism, but restored
cell integrity and arginase activity against oxidative stress-induced alterations in PC12
cells. Neuroprotective peptides should be able to prevent neuronal loss while also main-
taining structure and function, hence decreasing cell damage and death [3]. Based on the
oxidative stress markers tested, Bn-PRO-10a-MK and Bn-PRO-10c cannot be considered
neuroprotective in PC12 cells and will need to be studied in more detail. Nevertheless,
both peptides increased arginase activity without oxidative stress conditions, including
statistical differences between them. These findings encouraged further examination of the
other two peptides, Bj-PRO-10c and Bn-PRO-10a, on AsS and arginase activity.

L-Arginine is synthesized from citrulline by the sequential action of the AsS and AsL
enzymes [29]. AsS inhibition reduces L-arginine bioavailability and, consequently, the
generation of its metabolites [28], as demonstrated in our work when PC12 cells were
treated with MDLA or as reported in the literature [7,25]. Many reports have demonstrated
that Bj-PRO-10c interacts with AsS, promoting its activation and increasing the production
of L-arginine and its metabolites [20–22,48–50]. When we examined how the various PROs
impacted arginase activity and cell integrity in PC12 cells treated or untreated with MDLA,
we found that Bj-PRO-10c interacted with AsS more effectively than the others. This makes
more L-arginine, which is then turned into urea, which was used as a marker to measure
arginase activity in this study. Remarkably, only Bj-PRO-10c showed an improvement
in the number of cells when AsS was inhibited by MDLA, equivalent to what was seen
in Bj-LMMF [7]. Despite that, neither of the PROs altered the mitochondrial membrane
potential, indicating that these peptides mainly influence AsS activity.

Bj-PRO-10c is internalized by different cell lines [20,22,51] and appears to interact
directly with AsS [22]. Studies about the contribution of individual proline to AsS activation
by Bj-BPP-10c were evaluated by the substitution of each proline residue located in the
peptide sequence by Ala residues [20]. Guerreiro and colleagues (2009) demonstrated that
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all individual substitutions had a partial impact on Bj-BPP-10c’s ability to enhance AsS
enzymatic activity, whereas the C-terminal proline residues appeared to be essential for
peptide engagement with AsS [20]. All PROs studied in the present study have the <ENWP
sequence at the N-terminal, and the positions of proline (P) residues are also conserved
(Table 1). Despite the high similarity of PROs, the small differences, particularly in the
middle region of the peptide or near the C-terminal of Bn-PRO-10a-MK, are responsible
for their distinct impacts on oxidative stress-induced toxicity in neuronal PC12 cells and
the production of L-arginine by AsS (Table 1). The presence of MK dipeptide in the C-
terminal of Bn-PRO-10a-MK restored oxidative stress-induced neurotoxicity, but not in
Bn-PRO-10a. In addition, the presence of V8 in Bn-PRO-10c partially reversed the toxicity,
but Bn-PRO-10a with I8 at the same location did not. Bj-PRO-10c has H5 and Q7, whereas
other Bn-PROs have R7 and K7 in the same positions. Thus, for the first time, we report
that the amino acids H5 and Q7 positioned in the Bj-PRO-10c structure play a crucial role
in explaining the increased AsS activity in PC12 cells in relation to the other PROs.

4. Materials and Methods
4.1. Reagents and Synthetic Peptide

All reagents and chemicals used in the present study were of an analytical reagent
grade (purity higher than 95%) and purchased from Calbiochem-Novabiochem Corpora-
tion (San Diego, CA, USA), Gibco BRL (New York, NY, USA), Fluka Chemical Corp. (Buchs,
Switzerland), or Sigma-Aldrich Corporation (St. Louis, MO, USA). The synthetic pep-
tides [Bn-PRO-10a (<ENWPRPKIPP); Bn-PRO-10a-MK (<ENWPRPKIPPMK); Bn-PRO-10c
(<ENWPRPKVPP); Bj-PRO-10c (<ENWPHPQIPP); and the inverted sequence of Bj-PRO-
10c (PPIQPHPWNE), named (inv)Bj-PRO-10c, were purchased from FastBio (Ribeirão
Preto, Brazil) or GenOne Biotechnologies (Rio de Janeiro, Brazil). The purity of all pep-
tides was analyzed by reversed-phase high-performance liquid chromatography (HPLC;
Shimadzu, Kyoto, Japan) and MALDI-TOF mass spectrometry (Amersham Biosciences,
Uppsala, Sweden).

4.2. Cell Line, Culture and Maintenance

Neuronal PC12 cells derived from a transplantable rat pheochromocytoma (ATCC®

CRL-1721™ from the American Type Culture Collection—ATCC, Manassas, VA, USA)
were used in the present study. PC12 cells were routinely cultured in a D10 medium
[DMEM medium (Sigma-Aldrich, St. Louis, MO, USA)], and supplemented with 10% fetal
bovine serum (FBS) (Gibco, Waltham, MA, USA), 1% (v·v−1) of 10,000 U·mL−1 penicillin,
10 mg·mL−1 streptomycin, and 25 µg·mL−1 amphotericin B solutions (Sigma-Aldrich, St.
Louis, MO, USA). The cultures were kept at 37 ◦C in a humidified atmosphere containing
5% CO2 and 95% air (Water Jacketed CO2 Incubator, Thermo Scientific, Waltham, MA
USA). The culture medium was replaced every 2–3 days, and at 80% confluence, cells were
passaged using trypsin–EDTA solution [0.05% (m·v−1) trypsin and 0.02% (m·v−1) EDTA].
The cells were cultured and used for the experiments up to a maximum passage number
of 30.

4.3. Cytotoxicity Studies

Cells were previously seeded into 96-well plates (Nest Biotechnology, Rahway, NJ,
USA), at 5 × 103 cells per well and maintained for 24 h in a humidified atmosphere
containing 5% CO2 and 95% air. The cells were treated with 10, 1, and 0.01 µmol·L−1

of PROs in a final volume of 0.10 mL and incubated at 37 ◦C for 24 h. Untreated cells
or cells treated with acrylamide (100 mmol·L−1; positive control) diluted in the medium
culture were included in all experiments. The cytotoxic effects of PROs were determined
by the staining of attached cells with crystal violet dye, according to the literature [52].
After the treatment, the medium was aspirated, and the cells were stained with a crystal
violet staining solution (0.5%; v·v−1), washed, and air-dried. Then, methanol (200 µL)
was added to each well, and the absorbance was measured at 570 nm using a BioTek
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Epoch microplate spectrophotometer (BioTek Epoch, Santa Clara, CA, USA). Data were
obtained from three independent experiments in triplicate, expressed as the mean ± SD,
and represent the percentage of cell viability in relation to the control.

4.4. Neuroprotection Assay in PC12 Cells against Oxidative Stress

PC12 cells were seeded at 5 × 103 cells per well in a 96-well plate (Nest Biotechnology,
Rahway, NJ, USA) for 24 h. Then, cells were pre-treated for 4 h at 37 ◦C with different PROs
(25 to 0.097 µM), diluted in a D10 medium. After, the mediums were replaced by a medium
containing the PROs and H2O2 (0.5 mmol·L−1) oxidative stress, according to descriptions
in the literature [7]. The plate was incubated for 20 h more (PROs + H2O2 group). Cells
untreated (control) or treated with H2O2 were also incubated under the same conditions
(Figure 1). Next, the neuroprotective effects against H2O2-induced oxidative stress of PROs
on PC12 integrity cells were estimated using crystal violet dye—described above [52].
Data were obtained from three independent experiments in sextuplicate and expressed
as box-and-whisker plots. Additionally, the quantification of the effect of peptides on
oxidative stress was conducted using a neuroprotection index (NI). This index assesses
the correlation between the viability of cells that were not treated and the viability of cells
that were treated with H2O2 in combination with the peptides. The PROs that rescued the
H2O2-induced neurotoxicity at 6.25 µmol·L−1 in the cell integrity assays that displayed the
highest statistical significance when compared to the other concentrations evaluated were
chosen to investigate PRO-mediated protection on metabolic activity, ROS generation, and
arginase activity using concentrations.

4.4.1. Metabolic Activity and Cell Integrity

Resazurin dye (7-hydroxy-3H-phenoxazin-3-one 10-oxide; Sigma-Aldrich, St. Louis,
MO, USA) was used as an indicator of metabolic activity by resazurin reduction into re-
sorufin [37]. PC12 cells were exposed to different treatments in the presence of 40 µmol·L−1

resazurin diluted in culture medium. After the treatment, resorufin fluorescence was as-
sessed by 530 nm excitation and 590 nm emission in a BioTek Synergy microplate reader
(BioTek Synergy HT Multi Mode Microplate Reader, Santa Clara, CA, USA). Wells con-
taining the same volume of solution but no cells were used as blank controls. Data were
expressed as box-and-whisker plots of cell metabolism percentages in relation to the control.
We also estimated PC12 integrity cells using crystal violet dye, as previously described.

4.4.2. ROS Quantification

ROS generated were assessed using 2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-
DA; Sigma-Aldrich, St. Louis, MO, USA) staining, according to the previous procedure [53].
An H2DCF-DA stock solution was dissolved into anhydrous DMSO before incubation,
which was diluted to 1 mM and stored as aliquots in a −20 ◦C freezer. The stock solution
and aliquots were made in the dark. After the treatments, the culture medium was collected
and centrifuged at 99,391× g for 5 min. Fifty microliters of culture medium were separated
and diluted three-fold into a PBS solution supplemented with H2DCF-DA (25 µmol·L−1)
in a 96-well dark plate (SPL Life Science—Gyeonggi-do, Korea). Samples were incubated
for 1 h at 37 ◦C. H2DCF-DA fluorescence intensity was measured using a BioTek Synergy
microplate reader (BioTek Synergy HT Multi Mode Microplate Reader, Santa Clara, CA,
USA). The excitation filter was set at 480 nm and the emission filter at 530 nm. The results
of each experiment were reported as mean values from triplicate wells as arbitrary units.
Data were expressed as box-and-whisker plots of fluorescence percentages in relation to
the control.

4.4.3. Arginase Activity

The arginase activity was determined by measuring the metabolite urea, a byprod-
uct of L-arginine degradation from cells, according to the literature [54]. The medium
culture of cells untreated and treated was collected and used to determine the urea con-
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centrations using a urea analysis kit provided by Roche (Roche/Hitachi cobas c systems;
Roche Diagnostics Corporation, Indianapolis, IN, USA) and a BioTek Epoch microplate
spectrophotometer (BioTek Epoch, Santa Clara, CA, USA) at 340 nm. A calibration curve
was prepared with increasing amounts of urea between 20 to 0.04 mmol·L−1. Data were ex-
pressed as box-and-whisker plots of arginase activity percentages in relation to the control.

4.5. Effects of Distinct PROs on Mitochondrial Membrane Potential

PC12 cells were seeded on 96-well plates (Nest Biotechnology, Rahway, NJ, USA) at
5 × 103 per well, and treated with PROs at 6.25 µmol·L−1 diluted in a D10 medium (100 µL)
for 24 h. After, the medium was removed, each well was washed three times with PBS
(pH 7.4), and then 1 µmol·L−1 of Tetramethylrhodamine methyl (TMRM— Thermo Scien-
tific, Waltham, MA, USA) was added. TMRM is a potentiometric cell-permeable fluorescent
dye that accumulates in the negatively charged interior of mitochondria and has been used
to evaluate mitochondrial membrane potential (∆Ψm) [55]. After incubation at 37 ◦C for
40 min, the cells were washed three times with PBS. The fluorescence was measured in
the BioTek Synergy microplate reader (BioTek Synergy HT Multi Mode Microplate Reader,
Santa Clara, CA, USA) at an excitation wavelength of 540 nm and emission at 570 nm.
Data were obtained from three independent experiments in sextuplicate and expressed as
box-and-whisker plots of fluorescence percentages in relation to the control group.

4.6. Effects of Similar PROs on Arginase Activity and L-Arginine Production

The effects of Bn-PRO-10a, Bn-PRO-10a-MK, Bn-PRO-10c, Bj-PRO-10c, and (inv)Bj-
PRO-10c were also evaluated on arginase indirect activity. PC12 cells seeded in 96-well
plates (Nest Biotechnology, Rahway, NJ, USA) at 5 × 103 per well were treated with
distinct PROs at 6.25 µmol·L−1 diluted in a D10 medium (100 µL) for 24 h. After, the
medium culture was used to determine the urea concentrations using a urea analysis kit
provided by Roche as previously described. Furthermore, the impact of PROs on L-arginine
metabolism was investigated by utilizing a selective inhibitor α-Methyl-DL-aspartic acid
(MDLA; Sigma-Aldrich, St. Louis, MO, USA) of argininosuccinate synthase (AsS), a crucial
enzyme involved in the conversion of L-citrulline to L-arginine [9,22]. In these experiments,
PC12 cells seeded in 96-well plates (Nest Biotechnology, Rahway, NJ, USA) at 5 × 103 per
well were pre-treated with MDLA (1 mmol·L−1) diluted in D10 (100 µL) for 1 h. After,
the solution was replaced by a D10 medium containing PROs (6.25 µmol·L−1) for 24 h at
37 ◦C. We also incubated cells under the same conditions, either untreated (control group)
or treated with MDLA. Afterward, all groups were analyzed for arginase activity and cell
integrity. Data were obtained from three independent experiments in sextuplicate and
expressed as box-and-whisker plots of arginase activity or cell integrity percentages in
relation to the control.

4.7. Statistical Analyses

Data were shown as the mean ± SD or box-and-whisker plots of three independent
experiments in sextuplicate. Data were analyzed using a one-way analysis of variance
(ANOVA) for between-group comparisons, followed by a Dunnett’s post-hoc test for
multiple comparisons or to compare a number of treatments with a single control. Values
of p < 0.05 were considered to be statistically significant. The analyses were performed
using GraphPad Prism 6.0 software (GraphPad Software, Inc., La Jolla, CA, USA).

5. Conclusions

Taken together, we demonstrated that small variations in the amino acid sequences of
Bn-PRO-10a, Bn-PRO-10a-MK, Bn-PRO-10c, and Bj-PRO-10c exhibit distinct effects on cell
viability against H2O2-induced oxidative stress in the AsS enzymatic activity in neuronal
PC12 cells. Only Bn-PRO-10a-MK and Bn-PRO-10c restored cell integrity and arginase
activity in oxidative stress conditions, but they did not reduce ROS production or cell
metabolism. It suggests that the presence of the MK dipeptide in Bn-PRO-10a-MK and V8
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in Bn-PRO-10c is important to induce these effects when compared to Bn-PRO-10a effects.
Additionally, the structure analysis and AsS enzymatic activity of Bj-PRO-10c compared to
Bn-PRO-10a, Bn-PRO-10a-MK, and Bn-PRO-10c suggested that H5 and Q7 are important
amino acid residues to increase its interactions affinity by AsS. These findings provide
relevant information on the specific structure of PROs and their molecular interactions
with AsS a crucial enzyme involved in the synthesis of L-arginine and its metabolites for
different neuropharmacological applications.

Author Contributions: Conceptualization, C.A.-S.; Methodology, B.R.d.S., J.C.A.d.S., F.A.d.C.e.S. and
R.T.K.; Formal analysis, B.R.d.S.; Investigation, B.R.d.S., J.C.A.d.S., F.A.d.C.e.S., M.S.C. and F.C.V.P.;
Data curation, C.A.-S.; Writing—original draft, C.A.-S.; Visualization, F.C.V.P.; Funding acquisition,
C.A.-S., W.D.d.S., M.S.C. and F.C.V.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the State of São Paulo Research Foundation (FAPESP; Grant
2023/03608-1), the Coordination for the Improvement of Higher Education Personnel (CAPES)
(Finance Code 001), and UFABC Multiuser Central Facilities (CEM-UFABC).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Acknowledgments: The authors would like to thank the technical group of the Experimental Mor-
phophysiology Laboratory for their assistance in the analytical procedures, and the administrative-
technical group of the Natural and Humanities Sciences Center for secretarial assistance.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

Abbreviations

ACE: angiotensin-converting enzyme; ANOVA: one-way analysis of variance; AsL: argini-
nosuccinate lyase; AsS: argininosuccinate synthetase; BPPs: bradykinin potentiating peptides; C6:
astrocyte-like cell line; CNS: central nervous system; DMEM: Dulbecco’s modified Eagle’s medium;
DMSO: dimethyl sulfoxide; <E: pyroglutamic residue; EDTA: Ethylenediaminetetraacetic acid; FBS:
fetal bovine serum; H2DCF-DA: 2′,7′-dichlorodihydrofluorescein diacetate; H2O2: Hydrogen per-
oxide; HPLC: high performance liquid chromatography; M1 mAChR: M1 muscarinic acetylcholine
receptor; MALDI-TOF MS: matrix assisted laser desorption/ionization time-of-flight mass spectrome-
try; MDLA: α-Methyl-DL-aspartic acid; NO: nitric oxide; NOS: nitric oxide synthase; PBS—phosphate
buffered saline; PC12: neuronal cell line derived from a transplantable rat pheochromocytoma; PKC:
protein kinase C; PLC: phospholipase C; PROs: proline-rich oligopeptides ROS: reactive oxygen
species; SD: standard deviation; SH-SY5Y: human neuroblastoma cell line.

References
1. de Souza, J.M.; Goncalves, B.D.C.; Gomez, M.v.; Vieira, L.B.; Ribeiro, F.M. Animal Toxins as Therapeutic Tools to Treat Neurode-

generative Diseases. Front. Pharmacol. 2018, 9, 145. [CrossRef] [PubMed]
2. Oliveira, A.L.; Viegas, M.F.; da Silva, S.L.; Soares, A.M.; Ramos, M.J.; Fernandes, P.A. The Chemistry of Snake Venom and Its

Medicinal Potential. Nat. Rev. Chem. 2022, 6, 451–469. [CrossRef] [PubMed]
3. Perlikowska, R. Whether Short Peptides Are Good Candidates for Future Neuroprotective Therapeutics? Peptides 2021, 140, 170528.

[CrossRef] [PubMed]
4. Alberto-Silva, C.; Portaro, F.C.V. Neuroprotection Mediated by Snake Venom. In Natural Molecules in Neuroprotection and

Neurotoxicity; Academic Press: Cambridge, MA, USA, 2024; pp. 437–451. [CrossRef]
5. Martins, N.; Ferreira, D.; Carvalho Rodrigues, M.; Cintra, A.; Santos, N.; Sampaio, S.; Santos, A. Low-Molecular-Mass Peptides

from the Venom of the Amazonian Viper Bothrops atrox Protect against Brain Mitochondrial Swelling in Rat: Potential for
Neuroprotection. Toxicon 2010, 56, 86–92. [CrossRef]

https://doi.org/10.3389/fphar.2018.00145
https://www.ncbi.nlm.nih.gov/pubmed/29527170
https://doi.org/10.1038/s41570-022-00393-7
https://www.ncbi.nlm.nih.gov/pubmed/37117308
https://doi.org/10.1016/j.peptides.2021.170528
https://www.ncbi.nlm.nih.gov/pubmed/33716091
https://doi.org/10.1016/B978-0-443-23763-8.00019-1
https://doi.org/10.1016/j.toxicon.2010.03.014


Pharmaceuticals 2024, 17, 931 14 of 16

6. Querobino, S.M.; Carrettiero, D.C.; Costa, M.S.; Alberto-Silva, C. Neuroprotective Property of Low Molecular Weight Fraction
from B. Jararaca Snake Venom in H2O2-Induced Cytotoxicity in Cultured Hippocampal Cells. Toxicon 2017, 129, 134–143.
[CrossRef] [PubMed]

7. Pantaleão, H.Q.; Araujo da Silva, J.C.; Rufino da Silva, B.; Echeverry, M.B.; Alberto-Silva, C. Peptide Fraction from B. jararaca
Snake Venom Protects against Oxidative Stress-Induced Changes in Neuronal PC12 Cell but Not in Astrocyte-like C6 Cell. Toxicon
2023, 231, 107178. [CrossRef] [PubMed]

8. Dematei, A.; Costa, S.R.; Moreira, D.C.; Barbosa, E.A.; Friaça Albuquerque, L.F.; Vasconcelos, A.G.; Nascimento, T.; Silva, P.C.;
Silva-Carvalho, A.; Saldanha-Araújo, F.; et al. Antioxidant and Neuroprotective Effects of the First Tryptophyllin Found in Snake
Venom (Bothrops moojeni). J. Nat. Prod. 2022, 85, 2695–2705. [CrossRef] [PubMed]

9. Querobino, S.M.; Ribeiro, C.A.J.; Alberto-Silva, C. Bradykinin-Potentiating PEPTIDE-10C, an Argininosuccinate Synthetase
Activator, Protects against H2O2-Induced Oxidative Stress in SH-SY5Y Neuroblastoma Cells. Peptides 2018, 103, 90–97. [CrossRef]
[PubMed]

10. El-Aziz, T.M.A.; Soares, A.G.; Stockand, J.D. Snake Venoms in Drug Discovery: Valuable Therapeutic Tools for Life Saving. Toxins
2019, 11, 564. [CrossRef] [PubMed]

11. Gouda, A.S.; Mégarbane, B. Snake Venom-Derived Bradykinin-Potentiating Peptides: A Promising Therapy for COVID-19? Drug
Dev. Res. 2021, 82, 38–48. [CrossRef] [PubMed]

12. Diniz-Sousa, R.; Caldeira, C.A.d.S.; Pereira, S.S.; Da Silva, S.L.; Fernandes, P.A.; Teixeira, L.M.C.; Zuliani, J.P.; Soares, A.M.
Therapeutic Applications of Snake Venoms: An Invaluable Potential of New Drug Candidates. Int. J. Biol. Macromol. 2023,
238, 124357. [CrossRef] [PubMed]

13. Hayashi, M.A.F.; Camargo, A.C.M. The Bradykinin-Potentiating Peptides from Venom Gland and Brain of Bothrops jararaca
Contain Highly Site Specific Inhibitors of the Somatic Angiotensin-Converting Enzyme. Toxicon 2005, 45, 1163–1170. [CrossRef]
[PubMed]

14. Sciani, J.M.; Pimenta, D.C. The Modular Nature of Bradykinin-Potentiating Peptides Isolated from Snake Venoms. J. Venom. Anim.
Toxins Incl. Trop. Dis. 2017, 23, 45. [CrossRef] [PubMed]

15. Pimenta, D.C.; Prezoto, B.C.; Konno, K.; Melo, R.L.; Furtado, M.F.; Camargo, A.C.M.; Serrano, S.M.T. Mass Spectrometric
Analysis of the Individual Variability of Bothrops jararaca Venom Peptide Fraction. Evidence for Sex-Based Variation among the
Bradykinin-Potentiating Peptides. Rapid Commun. Mass Spectrom. 2007, 21, 1034–1042. [CrossRef] [PubMed]

16. Hayashi, M.A.F.; Murbach, A.F.; Ianzer, D.; Portaro, F.C.V.; Prezoto, B.C.; Fernandes, B.L.; Silveira, P.F.; Silva, C.A.; Pires, R.S.;
Britto, L.R.G.; et al. The C-Type Natriuretic Peptide Precursor of Snake Brain Contains Highly Specific Inhibitors of the
Angiotensin-Converting Enzyme. J. Neurochem. 2003, 85, 969–977. [CrossRef] [PubMed]

17. Kodama, R.T.; Cajado-Carvalho, D.; Kuniyoshi, A.K.; Kitano, E.S.; Tashima, A.K.; Barna, B.F.; Takakura, A.C.; Serrano, S.M.T.;
Dias-Da-Silva, W.; Tambourgi, D.V.; et al. New Proline-Rich Oligopeptides from the Venom of African Adders: Insights into the
Hypotensive Effect of the Venoms. Biochim. Biophys. Acta 2015, 1850, 1180–1187. [CrossRef] [PubMed]

18. Rioli, V.; Prezoto, B.C.; Konno, K.; Melo, R.L.; Klitzke, C.F.; Ferro, E.S.; Ferreira-Lopes, M.; Camargo, A.C.M.; Portaro, F.C.V. A
Novel Bradykinin Potentiating Peptide Isolated from Bothrops jararacussu Venom Using Catallytically Inactive Oligopeptidase
EP24.15. FEBS J. 2008, 275, 2442–2454. [CrossRef] [PubMed]

19. Camargo, A.C.M.; Ianzer, D.; Guerreiro, J.R.; Serrano, S.M.T. Bradykinin-Potentiating Peptides: Beyond Captopril. Toxicon 2012,
59, 516–523. [CrossRef] [PubMed]

20. Guerreiro, J.R.; Lameu, C.; Oliveira, E.F.; Klitzke, C.F.; Melo, R.L.; Linares, E.; Augusto, O.; Fox, J.W.; Lebrun, I.;
Serrano, S.M.T.; et al. Argininosuccinate Synthetase Is a Functional Target for a Snake Venom Anti-Hypertensive Peptide: Role in
Arginine and Nitric Oxide Production. J. Biol. Chem. 2009, 284, 20022–20033. [CrossRef] [PubMed]

21. Morais, K.L.P.; Ianzer, D.; Miranda, J.R.R.; Melo, R.L.; Guerreiro, J.R.; Santos, R.A.S.; Ulrich, H.; Lameu, C. Proline Rich-
Oligopeptides: Diverse Mechanisms for Antihypertensive Action. Peptides 2013, 48, 124–133. [CrossRef]

22. De Oliveira, E.F.; Guerreiro, J.R.; Silva, C.A.; Benedetti, G.F.D.S.; Lebrun, I.; Ulrich, H.; Lameu, C.; Camargo, A.C.M. Enhancement
of the Citrulline-Nitric Oxide Cycle in Astroglioma Cells by the Proline-Rich Peptide-10c from Bothrops jararaca Venom. Brain Res.
2010, 1363, 11–19. [CrossRef] [PubMed]

23. Morais, K.L.P.; Hayashi, M.A.F.; Bruni, F.M.; Lopes-Ferreira, M.; Camargo, A.C.M.; Ulrich, H.; Lameu, C. Bj-PRO-5a, a Natural
Angiotensin-Converting Enzyme Inhibitor, Promotes Vasodilatation Mediated by Both Bradykinin B2 and M1 Muscarinic
Acetylcholine Receptors. Biochem. Pharmacol. 2011, 81, 736–742. [CrossRef] [PubMed]

24. Negraes, P.D.; Lameu, C.; Hayashi, M.A.F.; Melo, R.L.; Camargo, A.C.M.; Ulrich, H. The Snake Venom Peptide Bj-PRO-7a Is a M1
Muscarinic Acetylcholine Receptor Agonist. Cytom. A 2011, 79, 77–83. [CrossRef] [PubMed]

25. Alberto-Silva, C.; Pantaleão, H.Q.; Silva, B.R.; Silva, J.C.A.; Echeverry, M.B. Activation of M1 Muscarinic Acetylcholine Re-
ceptors by Proline-Rich Oligopeptide 7a (<EDGPIPP) from Bothrops Jararaca Snake Venom Rescues Oxidative Stress-Induced
Neurotoxicity in PC12 Cells. J. Venom. Anim. Toxins Incl. Trop. Dis. 2024, 20, e20230043.

26. Querobino, S.M.; Costa, M.S.; Alberto-Silva, C. Protective Effects of Distinct Proline-Rich Oligopeptides from B. jararaca Snake
Venom against Oxidative Stress-Induced Neurotoxicity. Toxicon 2019, 167, 29–37. [CrossRef] [PubMed]

27. Martins, N.; Santos, N.; Sartim, M.; Cintra, A.; Sampaio, S.; Santos, A. A Tripeptide Isolated from Bothrops atrox Venom Has
Neuroprotective and Neurotrophic Effects on a Cellular Model of Parkinson’s Disease. Chem. Biol. Interact. 2015, 235, 10–16.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.toxicon.2017.02.015
https://www.ncbi.nlm.nih.gov/pubmed/28216408
https://doi.org/10.1016/j.toxicon.2023.107178
https://www.ncbi.nlm.nih.gov/pubmed/37302421
https://doi.org/10.1021/acs.jnatprod.2c00304
https://www.ncbi.nlm.nih.gov/pubmed/36508333
https://doi.org/10.1016/j.peptides.2018.03.017
https://www.ncbi.nlm.nih.gov/pubmed/29605732
https://doi.org/10.3390/toxins11100564
https://www.ncbi.nlm.nih.gov/pubmed/31557973
https://doi.org/10.1002/ddr.21732
https://www.ncbi.nlm.nih.gov/pubmed/32761647
https://doi.org/10.1016/j.ijbiomac.2023.124357
https://www.ncbi.nlm.nih.gov/pubmed/37028634
https://doi.org/10.1016/j.toxicon.2005.02.017
https://www.ncbi.nlm.nih.gov/pubmed/15922781
https://doi.org/10.1186/s40409-017-0134-7
https://www.ncbi.nlm.nih.gov/pubmed/29090005
https://doi.org/10.1002/rcm.2931
https://www.ncbi.nlm.nih.gov/pubmed/17315274
https://doi.org/10.1046/j.1471-4159.2003.01743.x
https://www.ncbi.nlm.nih.gov/pubmed/12716428
https://doi.org/10.1016/j.bbagen.2015.02.005
https://www.ncbi.nlm.nih.gov/pubmed/25688758
https://doi.org/10.1111/j.1742-4658.2008.06389.x
https://www.ncbi.nlm.nih.gov/pubmed/18400032
https://doi.org/10.1016/j.toxicon.2011.07.013
https://www.ncbi.nlm.nih.gov/pubmed/21835190
https://doi.org/10.1074/jbc.M109.021089
https://www.ncbi.nlm.nih.gov/pubmed/19491403
https://doi.org/10.1016/j.peptides.2013.07.016
https://doi.org/10.1016/j.brainres.2010.09.067
https://www.ncbi.nlm.nih.gov/pubmed/20875803
https://doi.org/10.1016/j.bcp.2010.12.016
https://www.ncbi.nlm.nih.gov/pubmed/21185808
https://doi.org/10.1002/cyto.a.20963
https://www.ncbi.nlm.nih.gov/pubmed/20814884
https://doi.org/10.1016/j.toxicon.2019.06.012
https://www.ncbi.nlm.nih.gov/pubmed/31181294
https://doi.org/10.1016/j.cbi.2015.04.004
https://www.ncbi.nlm.nih.gov/pubmed/25868679


Pharmaceuticals 2024, 17, 931 15 of 16

28. Haines, R.J.; Pendleton, L.C.; Eichler, D.C. Argininosuccinate Synthase: At the Center of Arginine Metabolism. Int. J. Biochem.
Mol. Biol. 2011, 2, 8.

29. Morris, S.M. Arginine Metabolism Revisited. J. Nutr. 2016, 146, 2579S–2586S. [CrossRef] [PubMed]
30. Cervelli, M.; Averna, M.; Vergani, L.; Pedrazzi, M.; Amato, S.; Fiorucci, C.; Rossi, M.N.; Maura, G.; Mariottini, P.; Cervetto, C.; et al.

The Involvement of Polyamines Catabolism in the Crosstalk between Neurons and Astrocytes in Neurodegeneration. Biomedicines
2022, 10, 1756. [CrossRef] [PubMed]

31. Gogoi, M.; Datey, A.; Wilson, K.T.; Chakravortty, D. Dual Role of Arginine Metabolism in Establishing Pathogenesis. Curr. Opin.
Microbiol. 2016, 29, 43–48. [CrossRef]

32. Rafi, H.; Rafiq, H.; Farhan, M. Pharmacological Profile of Agmatine: An in-Depth Overview. Neuropeptides 2024, 105, 102429.
[CrossRef] [PubMed]

33. Calabrese, E.; Hayes, A.W.; Pressman, P.; Kapoor, R.; Dhawan, G.; Calabrese, V.; Agathokleous, E. Polyamines and Hormesis:
Making Sense of a Dose Response Dichotomy. Chem. Biol. Interact. 2023, 386, 110748. [CrossRef] [PubMed]

34. Gandhi, S.; Abramov, A.Y. Mechanism of Oxidative Stress in Neurodegeneration. Oxid. Med. Cell. Longev. 2012, 2012, 428010.
[CrossRef] [PubMed]

35. Al-Shehri, S.S. Reactive Oxygen and Nitrogen Species and Innate Immune Response. Biochimie 2021, 181, 52–64. [CrossRef]
[PubMed]

36. Alberto-Silva, C.; Portaro, F.; Kodama, R.; Pantaleão, H.; Rangel, M.; Nihei, K.; Konno, K. Novel Neuroprotective Peptides in the
Venom of the Solitary Scoliid Wasp Scolia decorata ventralis. J. Venom. Anim. Toxins Incl. Trop. Dis. 2021, 27, e20200171. [CrossRef]
[PubMed]

37. Sahin, B.; Ergul, M. Captopril Exhibits Protective Effects through Anti-Inflammatory and Anti-Apoptotic Pathways against
Hydrogen Peroxide-Induced Oxidative Stress in C6 Glioma Cells. Metab. Brain Dis. 2022, 37, 1221–1230. [CrossRef] [PubMed]

38. Quincozes-Santos, A.; Bobermin, L.D.; Latini, A.; Wajner, M.; Souza, D.O.; Gonçalves, C.A.; Gottfried, C. Resveratrol Protects C6
Astrocyte Cell Line against Hydrogen Peroxide-Induced Oxidative Stress through Heme Oxygenase 1. PLoS ONE 2013, 8, e64372.
[CrossRef]

39. Alberto-Silva, C.; Portaro, F.C.V.; Kodama, R.T.; Pantaleão, H.Q.; Inagaki, H.; Nihei, K.I.; Konno, K. Comprehensive Analysis
and Biological Characterization of Venom Components from Solitary Scoliid Wasp Campsomeriella annulata annulata. Toxins 2021,
13, 885. [CrossRef] [PubMed]

40. Kovalevich, J.; Santerre, M.; Langford, D. Considerations for the Use of SH-SY5Y Neuroblastoma Cells in Neurobiology. Methods
Mol. Biol. 2021, 2311, 9–23. [CrossRef] [PubMed]

41. Ioghen, O.C.; Ceafalan, L.C.; Popescu, B.O. SH-SY5Y Cell Line In Vitro Models for Parkinson Disease Research-Old Practice for
New Trends. J. Integr. Neurosci. 2023, 22, 20. [CrossRef]

42. Saha, P.; Panda, S.; Holkar, A.; Vashishth, R.; Rana, S.S.; Arumugam, M.; Ashraf, G.M.; Haque, S.; Ahmad, F. Neuroprotection by
Agmatine: Possible Involvement of the Gut Microbiome? Ageing Res. Rev. 2023, 91, 102056. [CrossRef] [PubMed]

43. Kotagale, N.R.; Taksande, B.G.; Inamdar, N.N. Neuroprotective Offerings by Agmatine. Neurotoxicology 2019, 73, 228–245.
[CrossRef] [PubMed]

44. Peterson, C.D.; Kitto, K.F.; Verma, H.; Pflepsen, K.; Delpire, E.; Wilcox, G.L.; Fairbanks, C.A. Agmatine Requires GluN2B-
Containing NMDA Receptors to Inhibit the Development of Neuropathic Pain. Mol. Pain 2021, 17, 17448069211029171. [CrossRef]
[PubMed]

45. Kritis, A.A.; Stamoula, E.G.; Paniskaki, K.A.; Vavilis, T.D. Researching Glutamate-Induced Cytotoxicity in Different Cell Lines: A
Comparative/Collective Analysis/Study. Front. Cell. Neurosci. 2015, 9, 91. [CrossRef] [PubMed]

46. Froissard, P.; Duval, D. Cytotoxic Effects of Glutamic Acid on PC12 Cells. Neurochem. Int. 1994, 24, 485–493. [CrossRef] [PubMed]
47. Bácskay, I.; Nemes, D.; Fenyvesi, F.; Váradi, J.; Vasvári, G.; Fehér, P.; Vecsernyés, M.; Ujhelyi, Z. Role of Cytotoxicity Experiments

in Pharmaceutical Development. Cytotoxicity 2018, 8, 131–146.
48. Lameu, C.; Hayashi, M.A.F.; Guerreiro, J.R.; Oliveira, E.F.; Lebrun, I.; Pontieri, V.; Morais, K.L.P.; Camargo, A.C.M.; Ulrich, H. The

Central Nervous System as Target for Antihypertensive Actions of a Proline-Rich Peptide from Bothrops jararaca Venom. Cytom. A
2010, 77, 220–230. [CrossRef]

49. Lameu, C.; Pontieri, V.; Guerreiro, J.R.; Oliveira, E.F.; Da Silva, C.A.; Giglio, J.M.; Melo, R.L.; Campos, R.R.; De Camargo, A.C.M.;
Ulrich, H. Brain Nitric Oxide Production by a Proline-Rich Decapeptide from Bothrops jararaca Venom Improves Baroreflex
Sensitivity of Spontaneously Hypertensive Rats. Hypertens. Res. 2010, 33, 1283–1288. [CrossRef]

50. Nunes, A.D.C.; Alves, P.H.; Mendes, E.P.; Ianzer, D.; Castro, C.H. BJ-PRO-7A and BJ-PRO-10C Induce Vasodilatation and Inotropic
Effects in Normotensive and Hypertensive Rats: Role of Nitric Oxide and Muscarinic Receptors. Peptides 2018, 110, 1–9. [CrossRef]
[PubMed]

51. Silva, C.A.; Portaro, F.C.V.; Fernandes, B.L.; Ianzer, D.A.; Guerreiro, J.R.; Gomes, C.L.; Konno, K.; Serrano, S.M.T.; Nascimento, N.;
Camargo, A.C.M. Tissue Distribution in Mice of BPP 10c, a Potent Proline-Rich Anti-Hypertensive Peptide of Bothrops jararaca.
Toxicon 2008, 51, 515–523. [CrossRef] [PubMed]

52. Feoktistova, M.; Geserick, P.; Leverkus, M. Crystal Violet Assay for Determining Viability of Cultured Cells. Cold Spring
Harb. Protoc. 2016, 2016, 343–346. [CrossRef] [PubMed]

53. Rosseti, I.B.; Rocha, J.B.T.; Costa, M.S. Diphenyl Diselenide (PhSe)2 Inhibits Biofilm Formation by Candida albicans, Increasing
Both ROS Production and Membrane Permeability. J. Trace Elem. Med. Biol. 2015, 29, 289–295. [CrossRef] [PubMed]

https://doi.org/10.3945/jn.115.226621
https://www.ncbi.nlm.nih.gov/pubmed/27934648
https://doi.org/10.3390/biomedicines10071756
https://www.ncbi.nlm.nih.gov/pubmed/35885061
https://doi.org/10.1016/j.mib.2015.10.005
https://doi.org/10.1016/j.npep.2024.102429
https://www.ncbi.nlm.nih.gov/pubmed/38608401
https://doi.org/10.1016/j.cbi.2023.110748
https://www.ncbi.nlm.nih.gov/pubmed/37816449
https://doi.org/10.1155/2012/428010
https://www.ncbi.nlm.nih.gov/pubmed/22685618
https://doi.org/10.1016/j.biochi.2020.11.022
https://www.ncbi.nlm.nih.gov/pubmed/33278558
https://doi.org/10.1590/1678-9199-jvatitd-2020-0171
https://www.ncbi.nlm.nih.gov/pubmed/34194483
https://doi.org/10.1007/s11011-022-00948-z
https://www.ncbi.nlm.nih.gov/pubmed/35286533
https://doi.org/10.1371/JOURNAL.PONE.0064372
https://doi.org/10.3390/toxins13120885
https://www.ncbi.nlm.nih.gov/pubmed/34941722
https://doi.org/10.1007/978-1-0716-1437-2_2
https://www.ncbi.nlm.nih.gov/pubmed/34033074
https://doi.org/10.31083/j.jin2201020
https://doi.org/10.1016/j.arr.2023.102056
https://www.ncbi.nlm.nih.gov/pubmed/37673131
https://doi.org/10.1016/j.neuro.2019.05.001
https://www.ncbi.nlm.nih.gov/pubmed/31063707
https://doi.org/10.1177/17448069211029171
https://www.ncbi.nlm.nih.gov/pubmed/34210178
https://doi.org/10.3389/fncel.2015.00091
https://www.ncbi.nlm.nih.gov/pubmed/25852482
https://doi.org/10.1016/0197-0186(94)90096-5
https://www.ncbi.nlm.nih.gov/pubmed/7647702
https://doi.org/10.1002/cyto.a.20860
https://doi.org/10.1038/hr.2010.208
https://doi.org/10.1016/j.peptides.2018.10.005
https://www.ncbi.nlm.nih.gov/pubmed/30355532
https://doi.org/10.1016/j.toxicon.2007.11.003
https://www.ncbi.nlm.nih.gov/pubmed/18160089
https://doi.org/10.1101/pdb.prot087379
https://www.ncbi.nlm.nih.gov/pubmed/27037069
https://doi.org/10.1016/j.jtemb.2014.08.001
https://www.ncbi.nlm.nih.gov/pubmed/25189816


Pharmaceuticals 2024, 17, 931 16 of 16

54. Wynn, T.A.; Barron, L.; Thompson, R.W.; Madala, S.K.; Wilson, M.S.; Cheever, A.W.; Ramalingam, T. Quantitative Assessment of
Macrophage Functions in Repair and Fibrosis. Curr. Protoc. Immunol. 2011, 93, 14–22. [CrossRef] [PubMed]

55. Joshi, D.C.; Bakowska, J.C. Determination of Mitochondrial Membrane Potential and Reactive Oxygen Species in Live Rat Cortical
Neurons. J. Vis. Exp. 2011, 51, e2704. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/0471142735.im1422s93
https://www.ncbi.nlm.nih.gov/pubmed/21462164
https://doi.org/10.3791/2704

	Introduction 
	Results 
	Toxicological Profile of PROs 
	Neuroprotection against Oxidative Stress 
	Metabolic Activity 
	Cell Integrity 
	ROS Generation 
	Arginase Activity 

	PROs Do Not Affect the Mitochondrial Membrane Potential (m) 
	PROs Regulate L-Arginine Production and Arginase Activity in a Structure-Dependent Manner 

	Discussion 
	Materials and Methods 
	Reagents and Synthetic Peptide 
	Cell Line, Culture and Maintenance 
	Cytotoxicity Studies 
	Neuroprotection Assay in PC12 Cells against Oxidative Stress 
	Metabolic Activity and Cell Integrity 
	ROS Quantification 
	Arginase Activity 

	Effects of Distinct PROs on Mitochondrial Membrane Potential 
	Effects of Similar PROs on Arginase Activity and L-Arginine Production 
	Statistical Analyses 

	Conclusions 
	References

