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ABSTRACT
Inhibition of Leishmania arginase leads to a decrease in parasite growth and infectivity and thus repre-
sents an attractive therapeutic strategy. We evaluated the inhibitory potential of selected naturally occur-
ring phenolic substances on Leishmania infantum arginase (ARGLi) and investigated their antileishmanial
activity in vivo. ARGLi exhibited a Vmax of 0.28 ±0.016mM/min and a Km of 5.1 ±1.1mM for L-arginine. The
phenylpropanoids rosmarinic acid and caffeic acid (100mM) showed percentages of inhibition of
71.48±0.85% and 56.98±5.51%, respectively. Moreover, rosmarinic acid and caffeic acid displayed the
greatest effects against L. infantum with IC50 values of 57.3 ± 2.65 and 60.8 ±11lM for promastigotes, and
7.9 ±1.7 and 21.9 ± 5.0mM for intracellular amastigotes, respectively. Only caffeic acid significantly
increased nitric oxide production by infected macrophages. Altogether, our results broaden the current
spectrum of known arginase inhibitors and revealed promising drug candidates for the therapy of visceral
leishmaniasis.
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Introduction

Leishmaniasis is an infectious-parasitic disease caused by different
species of the genus Leishmania and transmitted by the female of
the phlebotomine insect. Leishmaniasis is classified as a neglected
tropical disease, occupying the ninth position among the most
prevalent diseases in the world. It is estimated that 1.5–2 million
people are infected annually, and that 350 million people live at
risk of infection1,2. Visceral leishmaniasis (VL), or kalazar, is the
most severe clinical manifestation of the disease, being respon-
sible for high mortality rates in the absence of proper diagnosis
and treatment3. According to WHO, in 2017, 20,792 new cases
(94% of total cases) of VL occurred in seven countries: Brazil,
Ethiopia, India, Kenya, Somalia, South Sudan, and Sudan4.

There are currently no vaccines for human VL, and treatment
consists of the use of chemotherapeutic agents, such as pentava-
lent antimonials, amphotericin B, and miltefosine. However, those
treatments show high toxicity, variable efficacy, and contribute to
the emergence of resistant Leishmania strains5. Therefore, there is
an urgent need for novel antileishmanial agents as well as the
discovery of new therapeutic targets that may lead to a safer and
more effective treatment of VL.

Arginase (E. C. 3.5.3.1, L-arginine aminohydrolase) is a metal-
loenzyme that catalyses the hydrolysis of L-arginine into L-
ornithine and urea, participating in the urea cycle. Arginase
exhibits a trimeric structure with one active site present in each
monomer. Each active site contains two manganese ions, which
are responsible for activating a water molecule forming a metal-
hydroxide ion that attacks the guanidine carbon of L-arginine6.
In mammals, two arginase isoforms are found, arginase I and II.
They catalyse the same reaction but differ in cellular expression,
regulation, and subcellular localisation7. In Leishmania species,
arginase regulates parasite growth, differentiation, and infectiv-
ity8,9. Roberts et al. have shown that an arginase knockout
mutant of L. mexicana is unable to grow in vitro. Addition of
exogenous ornithine and/or the polyamine putrescine restores L.
mexicana growth, indicating that growth arrest is probably due
to the lack of these substances8. Moreover, putrescine is a pre-
cursor for the biosynthesis of trypanothione, which is central for
parasite protection against reactive oxygen species10.

As a strategy for the development of safer and more effective
antileishmanial drugs, several efforts have been made to find
specific parasite arginase inhibitors. Previously, inhibitors of both
synthetic and natural origin have been described. However, most
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studies have focussed on enzymes from Leishmania species caus-
ing the tegumentary form of the disease11–19. To the best of our
knowledge, there is a single report on Leishmania infantum argi-
nase. In this specific study, enzyme inhibition assay was per-
formed with cellular extracts and did not employ the purified
enzyme20. Here, we biochemically characterised recombinant argi-
nase from L. infantum (herein referred as ARGLi) and evaluated its
inhibition by a panel of fourteen naturally occurring phenolic sub-
stances. We used molecular docking to gain further insights into
the mechanism of inhibition. In addition, we investigated the
effects of these substances on parasite biology and the mamma-
lian host cell response to L. infantum infection.

Materials and methods

Chemicals

CHES buffer (2-(Cyclohexylamino)ethanesulfonic acid), dimethyl sulf-
oxide, Dulbecco’s modified Eagle’s medium (DMEM), Schneider’s
Drosophila medium, resazurin, amphotericin B, and thiazolyl blue
tetrazolium bromide (MTT) were obtained from Sigma-Aldrich (St.
Louis, MO). Foetal bovine serum (FBS) was purchased from LGC
Biotecnologia (S~ao Jos�e, Cotia, Brazil).

Expression of ARGLi

The plasmid containing the gene encoding L. infantum arginase
was commercially obtained from Genscript USA (Piscataway, USA).
ARGLi was cloned into the RP1B plasmid21 and fused in-frame
with an N-terminal six-histidine tag (His6) followed by a TEV
(Tobacco Etch Virus) protease cleavage site. Escherichia coli BL21
(DE3) cells were transformed with RP1B-ARGLi and cultured at
37 �C until reaching optical density at 600 nm of �0.6. ARGLi
expression was induced with 1mM isopropyl-b-D-thiogalactopyra-
noside (IPTG) for 16 h at 30 �C. Cells were harvested by centrifuga-
tion and cell pellets were kept at �80 �C until protein purification.

Purification of ARGLi

ARGLi-expressing cells were suspended in lysis buffer [50mM
Tris-HCl (pH 8.0), 500mM NaCl, 5mM imidazole, 0.1% triton-X
100, 250 lM phenylmethanesulfonyl (PMSF)] and lysed by sonic-
ation (15 cycles of 60 s sonication with 60 s intervals). The clarified
cell lysate was filtered on 0.22 lm membrane and purified by
nickel-affinity chromatography on a HisTrap HP column (GE
Healthcare) pre-equilibrated in buffer A [50mM Tris-HCl (pH 8.0),
500mM NaCl, 5mM imidazole, 10mM b-mercaptoethanol]. On-
column immobilised ARGLi was washed with 25ml of buffer A
containing 100mM MnCl2 for enzyme activation. Elution was
carried out with a linear imidazole gradient ranging from 5 to
500mM. Fractions containing purified ARGLi, identified by
enzyme activity and SDS-PAGE, were pooled, incubated with His6-
TEV protease for removal of the N-terminal His6 tag, and dialysed
against buffer [50mM Tris-HCl (pH 7.4), 500mM NaCl, 10mM
b-mercaptoethanol]. After complete cleavage, the His6 tag and
His6-TEV protease were separated from ARGLi by a second nickel-
affinity chromatography step, from which ARGLi flowed through
the column. Finally, ARGLi was subjected to a final dialysis in
buffer [50mM CHES (pH 9.5), 5mM DTT, 100mM NaCl, 250 lM
PMSF]. ARGLi purity was determined by SDS-PAGE and the
enzyme was stored at �80 �C.

ARGLi activity measurements

For the biochemical characterization and inhibition experiments,
0.2 lg/mL ARGLi was incubated with 50mM L-arginine in 50mM
CHES buffer (pH 9.5) at 37 �C for 5min. The amount of urea pro-
duced was determined by the UREA CE kit (Labtest), according to
analytical procedures described by the manufacturer. Briefly, 10 lL
of reaction mixture was incubated with 500 lL of urease solution
(13 KU/L) diluted in buffer [20mM sodium phosphate (pH 6.9),
62.4mM sodium salicylate, 3mM sodium nitroprusside] at 37 �C
for 5min. Subsequently, 500 lL of oxidising solution [140mM
sodium hydroxide, 6mM sodium hypochlorite] was added and the
indophenol blue formed was measured at 600 nm. The concentra-
tion of product was calculated using a standard curve of urea.
Enzymatic assays were performed in triplicate.

Determination of ARGLi optimal temperature and pH

To determine the influence of temperature on enzyme activity,
0.2lg/mL ARGLi was incubated with 50mM L-arginine in 50mM
CHES buffer (pH 9.5) for 5min at different temperatures: 4 �C, 25 �C,
37 �C, 45 �C, 55 �C, 65 �C, 75 �C, and 85 �C. To determine the influ-
ence of pH, 0.2lg/mL ARGLi was incubated with 50mM L-arginine
at 37 �C for 5min under different buffer conditions:100mM MOPS
at pHs 7.0, 7.5, 8.0, and 100mM CHES at pHs 8.6, 9.0, 9.5, and 10.0.

Determination of ARGLi kinetic parameters

ARGLi (0.2mg/mL) was incubated with L-arginine at concentrations
ranging from 1 to 50mM in 50mM CHES buffer (pH 9.5) at 37 �C
for 5min. Vmax and Km values were determined by the analysis of
the initial velocity versus substrate concentration curve using the
Michaelis–Menten equation in Graph Prism 6.

ARGLi inhibition by phenolic substances

A collection of fourteen phenolic substances containing flavonoids
(apigenin-7-O-glucoside, catechin, dihydroquercetin, isorhamnetin,
naringenin, quercetin, rhamnetin), stilbene (rhaponticin), phenyl-
propanoids (chlorogenic acid, eugenol, o-coumaric acid, rosmar-
inic acid), and coumarin (esculin) were investigated as ARGLi
inhibitors (Figure 1). ARGLi (0.2 lg/mL) was incubated with 50mM
L-arginine (pH 9.5) at 37 �C for 5min in the presence of
100 lM natural substances (diluted in DMSO). After reaction, the
percentage of inhibition was calculated considering the enzyme
activity of the control (absence of inhibitor) as 100%. Control
reactions were performed in the presence of the same amount
of DMSO (0.1%).

Comparative modelling of ARGLi

Leishmania infantum arginase amino acid sequence was obtained
from UniProtKB (access code A0A145YEM9)22. The template struc-
ture was obtained using standard options of BLASTP23 against the
Protein Data Bank (PDB)24. Template selection considered the best
results for identity, similarity, and gaps. Clustal-Omega (https://
www.ebi.ac.uk/Tools/msa/clustalo/)25 was used for the alignment
step and the three-dimensional model was built using MODELER
9 v1926. PROCHECK was used to evaluate the stereochemical
quality of the final model27.
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Molecular docking

In order to establish and validate a protocol for molecular dock-
ing, the structure of NOR-N-OMEGA-HYDROXY-L-ARGININE (NNH)
was re-docked into the crystallographic complex structure of L.
mexicana arginase (PDB: 4IU1)28. Molecular docking calculations
were performed in AutoDock 4.1. Lamarckian Genetic Algorithm
was used and parameters such as initial population, number of
energy assessments, mutation rate, crossover rate, elitism, and
number of runs were modified. The active site was defined using
AutoGrid. The grid size was set to 40� 50� 38 points with a grid
spacing of 0.375 Å centred on the Ne of His139 residue in the
crystal structure. The docking of each molecule consisted in a
total of 100 runs that were carried out with an initial population
of 150 individuals, a maximum of 240,000 energy evaluations,
a maximum of 25,000 generations, a mutation rate of 0.02, an
etilism of 1, and a crossover rate of 0.8. For the docking, ligand
was considered flexible, while protein was treated as a rigid struc-
ture. Visual analysis of the generated complexes was performed
using AutoDockTools 1.5.629 and PyMOL (The PyMOL Molecular
Graphics System, Version 1.4.1 Schr€odinger, LLC.).

In silico ADMET studies

In silico ADMET studies were performed using ADMET 8.5
(Simulations Plus, Inc., Lancaster, CA, USA), in which the Lipinski’s
Rule of 5, toxicity evaluation, and ADMET risk were estimated for
all substances exhibiting percentage of ARGLi inhibition higher
than 50% at pH 7.4. As a control, the antileishmanial drug miltefo-
sine was used.

Parasites

Leishmania (Leishmania) infantum promastigotes, MHOM/BR/1974/
PP75 strain, were obtained from the Leishmania Type Culture
Collection (LTCC) of Oswaldo Cruz Institute/Fiocruz (Rio de

Janeiro, RJ, Brazil). Parasites were maintained at 26 �C by weekly
transfers in Schneider’s medium supplemented with 10% of inacti-
vated FBS.

Inhibition of L. infantum promastigotes growth

The parasite growth inhibition assays were performed on 96-well
microplates, where the selected ARGLi inhibitors were previously
diluted (1–200 lg/mL). Subsequently, promastigote forms of L.
infantum collected in late logarithmic phase (96 h) were added
to microplates at the final concentration of 106 parasites/mL.
Microplates were incubated at 26 �C for 96 h. After the incubation
period, parasites viability was determined using 0.005% resa-
zurin30. The 50% inhibitory concentration (IC50) was determined
from the dose-response curves generated from the data.

Cytotoxicity in RAW 264.7 macrophages

RAW 264.7 macrophages were cultured in polystyrene culture
flasks containing DMEM medium supplemented with 10% FBS at
37 �C and 5% CO2 atmosphere. For cytotoxic evaluation, 48 h cul-
tured cells were harvested, washed with culture medium, and dis-
tributed into 96-well culture plates at 105 cells/well concentration.
The cells were allowed to adhere for 2 h prior to the addition of
increasing inhibitor concentrations (31–1000mg/mL). Treated cell
cultures were incubated for 48 h under the same experimental
conditions. After this period, cell viability was determined by
colorimetric assay using MTT solution (5mg/mL) as an indicator.
The 50% cytotoxic concentration (CC50) was calculated by analy-
sing the dose-response curves generated from the data.

Intracellular anti-amastigote activity and nitric oxide production
by infected macrophages

The intracellular anti-amastigote activity was performed according
to previously described procedures31 with some modifications.

Figure 1. Chemical structures of natural phenolics tested against ARGLi activity.
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Initially, RAW 264.7 macrophages were distributed in 96-well
plates and, after adherence (incubation for 2 h), cells were washed
twice with phosphate buffer saline (PBS, pH 7.2). Then, the adher-
ent cells were infected with promastigote forms of L. infantum at
the stationary phase of growth in a proportion of 10 parasites/
macrophage. After 4 h of interaction at 37 �C and 5% CO2 atmos-
phere, free parasites were washed away with PBS and infected
macrophages were incubated for another 24 h to allow differenti-
ation into amastigotes. After this time, infected cells were treated
for 48 h with increasing concentrations of the selected inhibitor.
Subsequently, the culture supernatant was collected for evalu-
ation of nitric oxide production using the Griess reaction32. Cells
were washed with PBS, then Schneider’s medium supplemented
with 5% FBS was added and the plate was incubated at 26 �C
for 72 h. The parasite survival was estimated by viability of differ-
entiated promastigote forms recovered from the cultures using
MTT (5mg/mL). The results were expressed as the percentage
of viability in relation to that obtained for the control (100%).
The IC50 for amastigote forms was calculated from the dose-
response curves generated from the data.

Selectivity index

The selectivity index (SI) for promastigotes and intracellular amas-
tigotes of L. infantum was calculated by the ratio between the
CC50 obtained for the host cell and the parasite IC50. Inhibitors
that showed SI �10 were considered low cytotoxic33.

Results and discussion

Optimal parameters and kinetic properties of ARGLi

In order to investigate the inhibitory profile of ARGLi by natural
substances, we first characterised its optimal parameters and kin-
etic properties. ARGLi showed the highest activity between 37 �C
and 55 �C, with an activity drop at temperatures above 60 �C
(Figure 2(A)). Similar temperature conditions have been
described for other isoforms of the enzyme34. We then selected
the temperature of 37 �C for all subsequent enzyme activity
measurements.

ARGLi displayed a stringent pH dependency centred at pH 9.5
(Figure 2(B)). A difference in ±0.5 pH units caused a sharp decrease
in about 50% of enzyme activity. Similar results were found for
arginase from other Leishmania species. Recombinant arginase
from L. mexicana showed a broad pH optimum between 8.5 and
9.511. Recombinant L. amazonensis arginase exhibited the highest
activity at pH 9.6. A decrease in reaction pH to 7.0 led to an
increase in enzyme Km accompanied by a decrease in Vmax

12.
Recombinant arginase from human liver and arginase isolated
from erythrocytes also showed basic pH optima with values rang-
ing from 9.7 to 1134. Thus, our results agree well with those previ-
ously reported, in which basic pH 9.5 or close is ideal for
performing arginase activity measurements.

ARGLi exhibited classical Michaelis–Menten kinetics, a hyper-
bolic dependency of the reaction rate as a function of L-arginine
concentration. Non-linear regression of the Michaelis–Menten plot
enabled the determination of kinetic parameters, such as Vmax

(0.28 ± 0.016mM/min) and Km (5.1 ± 1.1mM) (Figure 2(C)). ARGLi
Km values are more similar to those described for human arginase
I (Km¼7.6mM)35 than for native and recombinant L. amazonensis
arginase (Km¼23.9 ± 0.96 and 21.5 ± 0.9, respectively)12, recombin-
ant L. mexicana arginase (Km¼25± 4mM)11, and recombinant
human arginase (Km¼13± 2mM)11. Our results suggest that ARGLi

shows a stronger affinity for L-arginine than arginase from human
and tegumentary Leishmania species. From the Km and Vmax val-
ues, we calculated a Kcat of 2.55� 103 s�1 and a specificity con-
stant (Kcat/Km) of 5� 108M�1s�1. The high Kcat and Kcat/Km values
suggest that ARGLi displays excellent catalytic efficiency, higher
than that described for L. mexicana arginase (Kcat¼1.7 s�1)11.

Figure 2. Biochemical characterization of ARGLi. (A) Effect of temperature on
ARGLi activity. ARGLi-catalyzed urea production was measured over different tem-
peratures ranging from 5 �C to 85 �C. (B) Effect of pH on ARGLi activity. ARGLi-
catalysed urea production was measured over a pH range of 7.0–10.0. MOPS was
used as a buffer for pHs 7.0–8.0, while CHES was used for pHs 8.6–10.0. (C)
Michaelis–Menten kinetics of ARGLi. Initial velocity was plotted against the con-
centration of L-arginine. Kinetic parameters (Vmax of 0.28 ± 0.016mM/min; Km of
5.1 ± 1.1mM) were determined from the non-linear regression of the
Michaelis–Menten curve. Data represent the mean± SE of three independent
measurements.
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ARGLi inhibition by natural phenolic substances

The previously reported L. amazonensis arginase inhibitors of nat-
ural origin concentrate in the group of phenolic substances,
mainly flavonoids12–16. Therefore, quercetin and catechin were
used as positive controls of ARGLi inhibition. These substances
were previously described as L. amazonensis arginase inhibitors
and are widely known as leishmanicidal agents12,14. Quercetin
and catechin (100 mM), inhibited ARGLi activity by 67.05 ± 10.36%
and 49.02 ± 14.92%, respectively. Among the phenolic substances
tested against ARGLi, we highlight the phenylpropanoids rosmar-
inic acid and caffeic acid (100 mM), which showed percentages of
inhibition of 71.48 ± 0.85% and 56.98 ± 5.51%, respectively
(Figure 3).

Interestingly, many of the phenolic substances that exhibited
the greatest inhibitory activity against ARGLi (quercetin, catechin,
caffeic acid, rosmarinic acid, chlorogenic acid, and rhamnetin)
share a common structural characteristic; they all contain a cat-
echol group. The importance of the catechol group for efficient
arginase inhibition has been described for other Leishmania spe-
cies. Chlorogenic acid, (þ)-catechin, (�)-epicatechin, and isoquer-
citrin, isolated from the ethyl acetate fraction of Cecropia
pachystachya leaf extract, inhibited more than 50% of L. amazo-
nensis arginase activity at a final concentration of 20 lM13. In add-
ition to these phenolics, orientin, isoorientin, fisetin, and luteolin
showed inhibitory activity against L. amazonensis arginase with
IC50 values of 16 ± 2.0, 9.0 ± 1.0, 1.4 ± 0.3, and 9.0 ± 1.0 lM, respect-
ively15. The high activity displayed by these substances was attrib-
uted to the presence of the catechol group, since other phenolics
that do not contain a catechol group in their structures (apigenin,
vitexin, and isovitexin) showed little effect. Comparative analysis
of the structure and inhibitory activity of quercetin (IC50¼4.3lM)
with galangin (IC50¼100 lM) and kaempferol (IC50¼50lM)
revealed the importance of the phenolic group hydroxylation for
increased arginase inhibition15. In addition, by investigating the
interaction of (þ)-catechin and (�)-epicatechin with L. amazonen-
sis arginase in silico, dos Reis et al. showed that the catechol

group makes hydrogen bonds with amino acids from the enzyme
active site14. These phenolics also showed interaction with the
arginase cofactor, acting as manganese chelators12. The relation-
ship between the presence of the catechol group and the inhibi-
tory activity was also observed against L. donovani, in which
quercetin (IC50¼1lg/mL) was three times more active than
kaempferol (IC50¼2.9lg/mL)36.

Caffeic acid and quercetin (100 lM) have been shown to inhibit
bovine hepatic arginase with percentages of inhibition and IC50
values of 61.3 ± 4.1% and 86.7lM for caffeic acid, and 64.4 ± 2.5%
and 31.2 lM for quercetin37. Concomitant inhibition of Leishmania
and mammalian arginase may represent a potential therapeutic
strategy, since inhibition of host arginase may increase NO
production38,39.

Structural investigation of rosmarinic acid interaction
with ARGLi

An experimentally-derived, atomic-resolution structure of L. infan-
tum arginase has not been reported so far. Thus, we used com-
parative modelling to build a three-dimensional structural model
of ARGLi, enabling us to investigate its interaction with inhibitors.
The accuracy of protein structure models depends on the identity
between the template and target sequences. We used the crystal
structure of L. mexicana arginase in complex with the NNH inhibi-
tor (PDB: 4IU1)28, which showed 96% of identity with the target
sequence, as a template. The sequence alignment obtained from
Clustal-Omega was provided as input in MODELLER to generate
the three-dimensional model of ARGLi. The final model displayed
91.1% residues in the most favourable regions, 8.2% in allowed
regions, 0.4% in generously allowed regions, and 0.4% in disal-
lowed regions of the Ramachandran plot (Supplemental Figure
S1). As Lys9 was the only residue in the disallowed region of the
Ramachandran plot and it is located far from the enzyme active
site, the model was considered sufficient for further studies.

In order to gain insights into the mechanism of ARGLi inhib-
ition, we investigated its interaction with rosmarinic acid by
molecular docking. Initially, the docking accuracy was evaluated
by redocking the NNH inhibitor into the crystal structure of L.
mexicana arginase (PDB: 4IU1)28. The in silico analysis revealed a
conformation similar to the crystal structure with a root mean
square deviation (RMSD) between the top docking pose and the
original crystallographic geometry of 0.4 Å (Supplemental Figure
S2). This result supported the hypothesis that the docking proto-
col was able to reproduce the experimental binding mode. Thus,
the same docking procedure was employed for rosmarinic acid.

The ARGLi-rosmarinic acid complex showed an estimated bind-
ing affinity energy of �45 kcal/mol. Four hydrogen bonds were
observed between the inhibitor and ARGLi. The hydroxyl oxygen
atom at para position of the ligand ring B (catechol group) with
the main chain nitrogen atoms of residues Ala141 (distance O���N
2.2 Å) and Asp142 (distance O���N 2.4 Å), and the side chain oxy-
gen atom of residue Glu198 (distance O���O 2.0 Å) and the main
chain oxygen atom of residue Pro259 (distance O���O 2.4 Å) with
the hydroxyl oxygen atom at para position of the ligand ring A.
In addition, cation-p interactions between the aromatic ring of
the substance and residue His140 (distance 2.4 Å) were identified
(Figure 4). It is worth noting that His140, Ala141, and Asp142 are
conserved among arginases and are key residues for ligand inter-
action with L. mexicana arginase (His139, Ala140, and Asp141,
respectively)28,40.

Finally, ADMET properties were estimated for caffeic acid,
isorhamnetin, rhamnetin, rhaponticin, and rosmarinic acid, since

Figure 3. Effect of phenolic substances of natural origin on ARGLi activity. ARGLi-
catalysed urea production was measured in the absence (control) and presence
of fourteen natural phenolics at 100lM concentration. Data are shown as per-
centage of ARGLi activity in relation to the control and represent the mean± SE
of three independent measurements. The dashed line highlights 100% ARGLi
activity (control). Arrows indicate rosmarinic acid (71.48 ± 0.85%) and caffeic acid
(56.98±5.51%) as potent ARGLi inhibitors.
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these substances inhibited more than 50% of ARGLi activity. Our
results suggested that these substances exhibit good oral bioavail-
ability, based on the Lipinski rule of 541. In the toxicity evaluation,
these substances displayed low risk of cardiotoxicity. In contrast,
except for rosmarinic acid, they showed a high risk of hepatotox-
icity and mutagenicity. In addition, pharmacokinetic and toxico-
logical parameters were compiled in ADMET Risk. The substances
showed a value in the range of 2.01–5.68. ADMET risk provides a
range between 0 and 24. These values indicate the number of
potential ADMET risk factors that a compound might possess.
Thus, we may infer that all substances exhibit low probability of
having ADMET problems.

In vivo activity of ARGLi inhibitors

Substances that inhibited more than 50% of ARGLi activity were
selected for the in vivo assays against L. infantum parasites.
Except for rhaponticin, which did not inhibit promastigote growth
at the highest concentration tested (Table 1), all other ARGLi
inhibitors displayed antileishmanial activity. The phenylpropanoids
rosmarinic acid and caffeic acid displayed the greatest effects
against L. infantum with IC50 values of 57.3 ± 2.65lM
(20.64 ± 0.96 mg/mL) and 60.8 ± 11lM (10.97 ± 2.01 mg/mL) for pro-
mastigotes, and 7.9 ± 1.7mM (2.86 ± 0.62 mg/mL) and 21.9 ± 5.0mM
(3.95 ± 0.91mg/mL) for intracellular amastigotes, respectively (Table
1). Montrieux et al. previously described the leishmanicidal activity

of rosmarinic acid and caffeic acid against the dermotropic spe-
cies L. amazonensis in vitro and in vivo. These phenolic acids dis-
played IC50 values of 0.2 ± 0.1 and 0.9 ± 0.2mg/mL, respectively,
against promastigote forms42. Caffeic acid showed an IC50 of
2.9 ± 0.3mg/mL for intracellular amastigotes of L. amazonensis and
a CC50 of 32.5 ± 2.0mg/mL for BALB/c mice peritoneal macro-
phages. Comparatively, rosmarinic acid was more active and
showed greater selectivity for L. amazonensis than caffeic acid,
exhibiting an IC50 of 1.7 ± 0.4mg/mL for intracellular amastigotes
and a CC50 of 33.5 ± 1.4mg/mL42. In addition, these phenolic acids
proved to be more effective in reducing lesion size and parasite
burden of L. amazonensis-infected BALB/c mice than the reference
drug GlucantimeVR . Moreover, treatment with these substances did
not lead to mice death or significant loss of body weight42.
Previous reports have demonstrated the anti-L. infantum activity
of plant extracts enriched in rosmarinic and caffeic acids43–45.
Here, we demonstrate the inhibitory effect of these phenylpropa-
noids alone against this viscerotropic species.

Rhamnetin and isorhamnetin, although inhibiting �56% of
arginase activity, showed low activity against promastigote forms
of L. infantum with IC50 of 832 ± 6.9 lM (258.7 ± 9.5 lg/mL) and
818 ± 30 lM (263.2 ± 3.9 lg/mL), respectively. Despite the low
activity, these substances did not exhibit toxicity for RAW 264.7
macrophages at the highest concentration tested (1000 lg/mL)
and thus they are expected to be highly selective. Tasdemir
et al. described better results for rhamnetin and isorhamnetin

Table 1. Activity of ARGLi inhibitors against RAW 264.7 macrophages (CC50±SE) as well as L. infantum promastigotes and intracellular amastigotes (IC50±SE).

Inhibitor

RAW 264.7 Promastigotes Intracellular amastigotes SI

CC50±SE (mg/mL) CC50±SE (mM) IC50±SE (mg/mL) IC50±SE (mM) IC50±SE (mg/mL) IC50±SE (mM) PRO AMA

Catechin 256.98 ± 0.64 885 ± 2.5 114.8 ± 14.65 395 ± 50 83.28 ± 10.6 286.9 ± 36.5 2.23 3.08
Caffeic acid 220 ± 4.99 1221 ± 28 10.97 ± 2.01 60.8 ± 11 3.95 ± 0.91 21.9 ± 5.0 20.05 55.69
Rosmarinic acid 176.74 ± 14.9 491 ± 41.5 20.64 ± 0.96 57.3 ± 2.65 2.86 ± 0.62 7.9 ± 1.7 8.56 61.79
Isorhamnetin >1000 >3000 258.7 ± 9.50 818 ± 30 n.d. n.d. n.d. n.d.
Rhamnetin >1000 >3000 263.2 ± 3.87 832 ± 6.9 n.d. n.d. n.d. n.d.
Rhaponticin 825.27 ± 15.68 1963 ± 38 >400 >1000 n.d. n.d. n.d. n.d.
Fungizone 11.07 ± 0.17 11.97 ± 0.2 0.04 ± 0.006 0.05 ± 0.006 0.18 ± 0.025 0.191 ± 0.02 251.6 62.54

n.d: non-determined; SI: selectivity index (CC50/IC50); PRO: promastigotes; AMA: intracellular amastigotes.

Figure 4. Rosmarinic acid mode of binding to ARGLi active site. (A) Close-up view of rosmarinic acid docked into the active site of ARGLi. ARGLi three-dimensional
model is shown in cartoon representation. a-Helices are coloured cyan, b-sheets are coloured magenta, and loops are coloured light pink. The two manganese ions
inside ARGLi active site are displayed as green spheres. Residues His140, Ala141, Asp142, Glu198, and Pro259, which directly interact with rosmarinic acid (gray), are
displayed in yellow and marked. Hydrogen bonds are represented as green dashed lines. (B) Chemical structure of rosmarinic acid.
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using axenic amastigote forms of L. donovani36. Both isorhamne-
tin (IC50¼3.8 lg/mL) and rhamnetin (IC50¼4.6 lg/mL) showed
greater selectivity for the parasite than for myoblast lineage cells
(L9) with SI of 10.7 and >20, respectively.

Catechin displayed a CC50 of 885±2.5mM (256.9±0.6lg/mL) and
IC50 of 395±50mM (114.7±14.6lg/mL) for L. infantum promasti-
gotes and 286.9±36.5mM (83.2±10.6lg/mL) for intracellular amasti-
gotes, leading to SI values of 2.23 and 3.08, respectively. Extraction
of Rhus punjabensis leaves in methanol/chloroform originated a
catechin-rich extract that showed an IC50 of 77.75±1.23lg/mL for
promastigotes forms of L. tropica46. In addition, catechin isolated
from the ethanolic extract of Stryphnodendron obovatum stem bark
showed an IC50 of 43.2±2.1lg/mL for L. amazonensis promastigotes
and a SI of 2.747. These results suggest that catechin displays higher
activity against Leishmania spp. responsible for the tegumentary
forms of the disease.

Despite presenting the lowest IC50 for L. infantum amastigotes
(0.191 ± 0.02 lM), the reference drug FungizoneVR showed a SI of
62.54, which is quite similar to those found for rosmarinic acid
(61.79) and caffeic acid (55.69). Therefore, the pronounced

antileishmanial activity of these substances in combination with
their greater selectivity for the parasites evidence their potential
use as promising candidates for less toxic and more effective
drugs in VL treatment.

In order to determine if ARGLi inhibitors were capable of mod-
ulating the host cell response, RAW 264.7 macrophages were
infected with promastigote forms of L. infantum and treated with
different concentrations of inhibitors for 48 h. After treatment, NO
production was measured32. Among the inhibitors tested (cat-
echin, rosmarinic acid, and caffeic acid), only caffeic acid signifi-
cantly increased NO production. Treatment with 100 and 200mg/
mL caffeic acid induced an increase in nitrite levels of 234.6%
(p> .01) and 311.5% (p> .001) in comparison to the control,
respectively (Figure 5(A)). This increase is similar to that observed
for the reference drug FungizoneVR (Figure 5(B)). The effect of caf-
feic acid on NO production may be a result of macrophage argi-
nase inhibition and consequent oxidation of accumulated L-
arginine by inducible NO synthase (iNOS). Caffeic acid has been
shown to positively regulate iNOS expression and activity in a
TNFa-dependent manner in L. major-infected BALB/c mice48.
Remarkably, despite their anti-amastigote activity, catechin and
rosmarinic acid did not affect NO production. These results sug-
gest that catechin and rosmarinic acid trigger a NO-independent
antileishmanial mechanism, which may include ARGLi inhibition
in vivo.

Our results reinforce the importance of the catechol group for
ARGLi inhibition. Catechol groups qualify as pan assay interference
compounds (PAINS), due to their redox activity and reactivity
against proteins49. Even though discriminating between false posi-
tives and true hits is a complex and difficult task, evidence of spe-
cific interactions between substance and target as well as a
description of the mechanism of action validate compounds
inhibitory activity. Previous results have shown that the catechol-
containing norathyriol is a site-specific inhibitor of mitogen-acti-
vated protein kinase 1 (ERK2), further supporting its potential
activity50. Our in silico docking results revealed that rosmarinic
acid makes a number of direct contacts with ARGLi, suggesting
specific interactions. In addition, we conducted an in-depth in vivo
inhibition study that showed that caffeic acid acts by increasing
NO production by infected macrophages, even suggesting inhib-
ition of host arginase.

Conclusion

We report on the purification, biochemical characterization, and
inhibition of recombinant arginase from L. infantum (ARGLi). The
enzyme showed a strong affinity for L-arginine and excellent cata-
lytic efficiency. Among the phenolic substances tested, the phe-
nylpropanoids rosmarinic acid and caffeic acid displayed potent
inhibitory activity. Rosmarinic acid and caffeic acid were effective
against L. infantum promastigote and intracellular amastigote
forms and exhibited high selectivity. Moreover, caffeic acid led to
an increase in NO production by infected macrophages. The
results presented here further support arginase inhibition by nat-
urally occurring phenolics as a promising strategy for VL treat-
ment. It should be also noted that these natural products show
effective inhibition of other enzymes such as for example the car-
bonic anhydrases51–55. As Leishmania spp. also encode for such an
enzyme56–60, our findings may provide the rationale for using
such multi-targeted derivatives for the management of this proto-
zoan infection.

Figure 5. Nitric oxide production by L. infantum-infected RAW 264.7 macro-
phages treated with different concentrations of ARGLi inhibitors. (A) Treatment
with 3.1–200lg/mL of rosmarinic acid (black), caffeic acid (light gray), and cat-
echin (dark gray). (B) Treatment with 0.062–0.5lg/mL of the reference drug fun-
gizone. Control (white) represents the production of nitric oxide by infected and
untreated macrophages. Nitrite concentration was measured by the Griess reac-
tion and data represent mean± SE of two independent experiments. Asterisks
indicate treatments that were significantly different compared to the control, in
which ����p< .0001,���p< .001, and ��p< .01.
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55. (a) G€ulçin _I, Scozzafava A, Supuran CT, et al. Rosmarinic acid
inhibits some metabolic enzymes including glutathione
S-transferase, lactoperoxidase, acetylcholinesterase, butyrylcho-
linesterase and carbonic anhydrase isoenzymes. J Enzyme
Inhib Med Chem 2016;31:1698–702. (b) Karioti A, Ceruso M,
Carta F, et al. New natural product carbonic anhydrase inhibi-
tors incorporating phenol moieties. Bioorg Med Chem 2015;23:
7219–25. (c) Karioti A, Carta F, Supuran CT. Phenols and poly-
phenols as carbonic anhydrase inhibitors. Molecules 2016;21:
1649.

56. (a) Syrj€anen L, Vermelho AB, Rodrigues Ide A, et al. Cloning,
characterization, and inhibition studies of a b-carbonic anhy-
drase from Leishmania donovani chagasi, the protozoan
parasite responsible for leishmaniasis. J Med Chem 2013;56:
7372–81. (b) Ceruso M, Carta F, Osman SM, et al. Inhibition
studies of bacterial, fungal and protozoan b-class carbonic
anhydrases with Schiff bases incorporating sulfonamide
moieties. Bioorg Med Chem 2015;23:4181–7.

57. (a) Capasso C, Supuran CT. Bacterial, fungal and protozoan
carbonic anhydrases as drug targets. Expert Opin Ther
Targets 2015;19:1689–704. (b) Carta F, Osman SM, Vullo D,
et al. Poly(amidoamine) dendrimers show carbonic anhy-
drase inhibitory activity against a-, b-, c- and g-class
enzymes. Bioorg Med Chem 2015;23:6794–8.

58. (a) Vermelho AB, Capaci GR, Rodrigues IA, et al. Carbonic
anhydrases from Trypanosoma and Leishmania as anti-proto-
zoan drug targets. Bioorg Med Chem 2017;25:1543–55. (b)
Nocentini A, Cadoni R, Dumy P, et al. Carbonic anhydrases
from Trypanosoma cruzi and Leishmania donovani chagasi
are inhibited by benzoxaboroles. J Enzyme Inhib Med Chem
2018;33:286–9.

59. (a) D’Ambrosio K, Supuran CT, De Simone G. Are Carbonic
Anhydrases Suitable Targets to Fight Protozoan Parasitic
Diseases?. Curr Med Chem 2018;25:5266–78. (b) Angeli A,
Donald WA, Parkkila S, Supuran CT. Activation studies with
amines and amino acids of the b-carbonic anhydrase from
the pathogenic protozoan Leishmania donovani chagasi.
Bioorg Chem 2018;78:406–10.

60. (a) da Silva Cardoso V, Vermelho AB, Ricci Junior E, et al.
Antileishmanial activity of sulphonamide nanoemulsions tar-
geting the b-carbonic anhydrase from Leishmania species. J
Enzyme Inhib Med Chem 2018;33:850–7. (b) Al-Tamimi AS,
Etxebeste-Mitxeltorena M, Sanmart�ın C, et al. Discovery of
new organoselenium compounds as antileishmanial agents.
Bioorg Chem 2019;86:339–45. (c) Bonardi A, Vermelho AB,
da Silva Cardoso V, et al. N-nitrosulfonamides as carbonic
anhydrase inhibitors: a promising chemotype for targeting
chagas disease and leishmaniasis. ACS Med Chem Lett
2019;10:413–8.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 1109


	Abstract
	Introduction
	Materials and methods
	Chemicals
	Expression of ARGLi
	Purification of ARGLi
	ARGLi activity measurements
	Determination of ARGLi optimal temperature and pH
	Determination of ARGLi kinetic parameters
	ARGLi inhibition by phenolic substances
	Comparative modelling of ARGLi
	Molecular docking
	In silico ADMET studies
	Parasites
	Inhibition of L. infantum promastigotes growth
	Cytotoxicity in RAW 264.7 macrophages
	Intracellular anti-amastigote activity and nitric oxide production by infected macrophages
	Selectivity index

	Results and discussion
	Optimal parameters and kinetic properties of ARGLi
	ARGLi inhibition by natural phenolic substances
	Structural investigation of rosmarinic acid interaction with ARGLi
	In vivo activity of ARGLi inhibitors

	Conclusion
	Disclosure statement
	References



<<
	/CompressObjects /Tags
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 150
	/DoThumbnails false
	/ColorConversionStrategy /sRGB
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/ImageMemory 1048576
	/LockDistillerParams true
	/AllowPSXObjects true
	/DownsampleMonoImages true
	/PassThroughJPEGImages false
	/ColorSettingsFile (None)
	/AutoRotatePages /All
	/Optimize true
	/MonoImageDepth -1
	/ParseDSCComments true
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /OK
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 600
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.6
	/MonoImageResolution 600
	/NeverEmbed [
	]
	/CannotEmbedFontPolicy /Warning
	/AutoPositionEPSFiles true
	/PreserveOPIComments false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/EmbedJobOptions true
	/MonoImageDownsampleType /Bicubic
	/DetectBlends true
	/EncodeGrayImages true
	/ColorImageDownsampleType /Bicubic
	/EmitDSCWarnings false
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 150
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ColorImageDepth -1
	/DetectCurves 0.1
	/PDFXTrapped /False
	/ColorImageFilter /DCTEncode
	/TransferFunctionInfo /Preserve
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DSCReportingLevel 0
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/PreserveCopyPage true
	/UsePrologue false
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Bicubic
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/DAN <>
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		/ESP <>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


