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A B S T R A C T

Bacteria belonging to Mycobacterium avium complex are organisms of low pathogenicity that infect im-
munosuppressed individuals. Infection is treated with an antimicrobial macrolide, Clarithromycin (CAM) or
Azitromycin, associated with Ethambutol and Rifabutin during 12 months. Regimen long duration and side
effects hinder patient's commitment to treatment favoring emergence of antibiotic resistance. In this present
study, we evaluated the activity of JVA, an Isoniazid (INH) derivative, against M. avium 2447, a clinical isolate.
We demonstrated that JVA reduces M. avium 2447 growth in macrophages, more efficiently than CAM and INH.
In order to explore JVA mechanism of action, we investigated compound properties and performed pH-de-
pendent stability studies. Our results suggest an enhanced ability of JVA to cross biological membranes.
Furthermore, we suggest that in acidic conditions of macrophages' phagosomes, where mycobacteria replicate,
JVA would be promptly hydrolyzed to INH, delivering the adduct INH-nicotinamide adenine dinucleotide and
thus inhibiting M. avium 2447 growth.

1. Introduction

The genus Mycobacterium comprises tuberculous mycobacteria, such
as M. tuberculosis, and nontuberculous mycobacteria (NTM), such as
members of the Mycobacterium avium complex (MAC). MAC bacteria
display low pathogenicity and are ubiquitously present in soil and
aquatic environments. Its clinical relevance was not recognized by the
health community until the 90s when AIDS pandemic favored the
outcome of several opportunistic infections by these bacteria in HIV
positive patients [1]. Today we know that MAC species infect im-
munosuppressed patients, not only in the context of HIV infection, but
also in the case of patients undertaking immunosuppressive therapies.
Additionally, they are the most frequent causes of pulmonary disease by
NTM [2,3]. Treatment consists of 12-month therapy with Clari-
thromycin (CAM) or Azitromycin, associated with Ethambutol and Ri-
fabutin [3]. The long duration and side effects of this regimen hinder
patient's commitment to treatment favoring the emergence of antibiotic
resistance [4]. Studies aiming the development of new drug candidates
elucidating their mechanisms of action are relevant endeavors to

circumvent the resistance issue.
In the present study, we evaluated the antimicrobial action of E-N

[2]-3,7-dimethyl-2-E,6-octadienylidenyl (JVA) against a MAC clinical
isolate, the M. avium strain 2447 and investigated its possible me-
chanism of action. Previous studies with this compound have shown
promising activities against M. tuberculosis, stimulating new investiga-
tions concerning other relevant Mycobacterium spp [5]. JVA is a hy-
drazone, a derivative obtained from the reaction between Isoniazid
(INH) and geranial. The mechanism of action of JVA has not been in-
vestigated up to date. However, it is already clinically demonstrated
that its precursor compound, INH, which is an efficient tuberculostatic
agent, acts primarily through inhibition of InhA, a 2-trans-enoyl-acyl
carrier protein. InhA is an enzyme involved in the biosynthesis of my-
colic and fatty acids, essential components of the cell wall of Myco-
bacterium spp [6]. Once INH is activated, an INH-nicotinamide adenine
dinucleotide (NAD) adduct is formed, a derivative responsible for the
non-covalent inhibition of InhA. This inhibition and NAD-dependence
of InhA have been extensively characterized for M. tuberculosis, with
binding mode elucidation through X-ray crystallography studies [6–9].
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To the best of our knowledge, no available crystal structure or com-
putational study elucidated the interaction between the adduct and
InhA of M. avium.

Herein, we demonstrated that JVA reducesM. avium 2447 growth in
macrophages, more efficiently than CAM, an antibiotic commonly used
in clinic, and INH, the compound from which JVA derives. In order to
explore a mechanism of action, we describe the first study on the
physicochemical properties and pH-dependent stability of JVA corre-
lated to the molecular modeling and antibacterial evaluations. We
suggest that JVA may act as a precursor, delivering the adduct INH-
NAD inside macrophages and thus inhibiting bacterial growth.

2. Material and methods

2.1. Bacterial strain

The bacterial strain used in this study was M. avium 2447, originally
isolated from a patient with acquired immunodeficiency syndrome
[10], kindly donated by Prof. Rui Appelberg from Instituto de Ciências
Biomédicas Abel Salazar, University of Porto, Porto, Portugal. All the
experiments were performed in a Biosafety level 2 laboratory.

2.2. Mice

C57BL/6 mice were housed in a specific pathogen–free animal fa-
cility at Universidade Federal de Minas Gerais. Experiments were per-
formed according to protocols approved by the Institutional Animal
Ethics Committee (CETEA#45/2018).

2.3. Preparation of JVA, INH and CAM solutions

JVA was prepared as described previously [5]. JVA, INH (Sigma-
Aldrich, St. Louis, MO, USA) and CAM (Sigma-Aldrich, St. Louis, MO,
USA) were firstly dissolved in 500 μL of DMSO at 0.2 M. These solutions
were diluted to a working solution of 50% DMSO in PBS at 1000 μM.

2.4. Evaluation of bacterial growth in the presence of JVA, INH and CAM

JVA, INH and CAM were added to Difco Middlebrock 7H9 Broth
(BD, Franklin lakes, NJ, USA) supplemented with BBL™ Middlebrook
ADC Enrichment (BD, Franklin lakes, NJ, USA), 0.05% Tween-80 and
0.2% glycerol (7H9 complete medium) at 0.1, 1 and 10 μM. The final
concentration of DMSO in all medium aliquots was 0.5%. M. avium
2447 was inoculated at 1×106 CFU/mL. OD600 was measure on days
0, 2, 4, 6 and 10. At day 10, a sample of each medium aliquot was
collected, serially diluted and plated for CFU counting.

2.5. Determination of minimum inhibitory concentration (MIC)

JVA and INH MICs were determined using 10-point 2-fold broth
macrodilution. M. avium 2447 1×106 CFU/mL was co-incubated with
JVA or INH at 320, 160, 80, 40, 20, 10, 5, 2.5, 1.25 and 0.625 μM.
Bacteria was also incubated with DMSO only as control. Cultures were
incubated in a shaker at 37 °C and 200 rpm. At day 7, serial dilutions
were plated in Difco Middlebrock 7H10 Agar Base Broth (BD, Franklin
lakes, NJ, USA) supplemented with 10% oleic acid albumin dextrose
catalase (OADC) and 0.2% glycerol. Plates were incubated at 37 °C for
CFU counting 7 days later. The lowest concentration that prevented
100% of M. avium 2447 growth observed in absence of compounds was
defined as the MIC.

2.6. In vitro infection of bone marrow-derived macrophages (BMMs) with
M. avium 2447 followed by treatment with JVA, INH and CAM

Macrophages were derived from the bone marrow of C57BL/6 mice
as described previously [11]. After differentiation, BMMs were washed

with saline and medium (DMEM, 10% FBS, 1% HEPES) was added to
the cells. Cells were then infected with M. avium 2447 MOI 5:1 during
4 h. After infection, cells were washed with saline and incubated with
JVA, INH or CAM at 0.1, 1 and 10 μM. At time zero, days 2 and 4, cells
were washed with saline and incubated in 10% saponin at 37 °C during
20min. Lysates were serially diluted and plated in 7H10 Agar Base
Broth supplemented with 10% OADC. Plates were incubated at 37 °C
during 7 days and CFU counting was performed.

2.7. JVA properties

Physical, physicochemical and electronic properties of JVA, INH
and CAM were obtained by using the softwares Chemicalize (https://
chemicalize.com/) and Alogps (http://www.vcclab.org/lab/alogps/).

2.8. JVA stability

JVA solutions (100 μM, 12.5% DMSO in buffer) were prepared in
citrate 0.1M (pH 4.5 and 5.5) and phosphate 0.2 M (pH 6.5 and 7.4)
buffers. Electronic spectra between 270 and 450 nm were obtained at
0 h and 24 h, at 37 °C, using a Varioskan microplate reader (Thermo
Fischer, Waltham, MA, USA).

2.9. Protein comparative modeling

A tridimensional model for M. avium InhA was obtained by
homology modeling to investigate the binding mode of JVA-derived
adduct (INH-NAD) with the enzyme according to procedures previously
described [9,12–17].

2.10. Statistical analysis

Statistically significant differences were evaluated by Student t-test
or one-way ANOVA followed by Dunnet post test using GraphPad Prism
5.0 (GraphPad Software, San Diego, CA). P values < 0.05 were con-
sidered significant.

3. Results

3.1. Comparison of the effect of JVA, INH and CAM in M. avium 2447
growth in liquid culture medium

Our first question was whether JVA had a direct effect in M. avium
2447 growth. To answer it, bacteria were co-incubated during 10 days
with JVA at 0.1, 1 or 10 μM. INH and CAM were used as controls. OD600

was measured at days 0, 2, 4, 6 and 10. Additionally, the number of
bacteria was quantified, at day 10, by CFU counting (Fig. 1 A, B and C).

Considering incubation with JVA, there was a significant delay inM.
avium 2447 growth when the compound was used at 10 μM in com-
parison to control medium (Fig. 1A). In this condition, the values of
OD600 began to rise after day 4 and they remained below control values
throughout the experiment. No major differences were noticed with
JVA 0.1 and 1 μM, except for a significant reduction on bacterial growth
after day 6 at JVA 1 μM.

Similarly, INH at 10 μM also induced a delay in M. avium 2447
growth during the 10 days of culture (Fig. 1B). OD600 values began to
rise after day 4 and they remained below control values. INH 1 μM
affected M. avium 2447 growth after day 6 and INH 0.1 μM did not
affected bacteria growth.

On the other side, CAM displayed a more striking effect in M. avium
2447 growth (Fig. 1C). All three concentrations induced significantly
lower values of OD600 throughout the 10 days of culture as compared to
control. CAM 0.1 μM induced a significant delay in bacterial growth
and, at 1 μM, OD600 values began to rise only at day 10. No bacterial
growth was detected when CAM was used at 10 μM.

A comparison of CFU counting in samples collected at day 10
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showed that CAM reduced bacterial growth more efficiently than JVA
and INH (Fig. 1D). This reduction was observed in all concentrations
tested. No bacteria were detected within CAM 10 μM and no significant
differences were found between JVA and INH regardless of compound
concentration.

Additionally, minimum inhibitory concentration (MIC) values for
JVA and INH were determined using broth macrodilution. M. avium
2447 was co-incubated with JVA or INH at decreasing concentrations
and, at day 7, the number of bacteria was evaluated by CFU counting.
MIC values for JVA and INH were 87.8 μg/mL and 43.9 μg/mL, re-
spectively, which corresponds to 320 μM.

3.2. JVA is more efficient than CAM and INH in reducing M. avium 2447
growth in macrophages

Our next question was whether treatment with JVA would affect M.
avium 2447 growth inside macrophages since these are mycobacteria
preferential host cells [18]. To address this issue, macrophages derived
from mice bone marrow were infected with M. avium 2447 and treated
with JVA, INH and CAM at 0.1, 1 or 10 μM. After 2 and 4 days of in-
cubation, cells were lysed for CFU counting.

Regarding CFU counting from cells at day 2, none of the tested
compounds had an effect in M. avium 2447 growth inside macrophages
at 0.1 μM (Fig. 2A). In contrast, at 1 and 10 μM, the treatment with JVA
significantly reduced M. avium 2447 replication in macrophages when
compared to INH or CAM. No difference was detected between CFU
counting from macrophages treated with INH or CAM. Regarding day 4,
similarly, none of the compounds affected M. avium 2447 growth when
tested at 0.1 μM (Fig. 2B). However, at 1 and 10 μM, JVA induced
significant reduction of M. avium 2447 replication intracellularly when
compared to INH or CAM.

3.3. JVA properties and stability studies

Physical, physicochemical and electronic properties of JVA, INH
and CAM were calculated to investigate the mechanism of action of JVA
(Fig. S1, Tables S1 and S2). Isoelectric points and pKa values of

compounds suggest the prevalence of neutral forms of both INH and
JVA at physiological conditions (pH 7.4). Alternatively, a protonated
form of CAM is the prevalent one at pH 7.4 (Fig. S1 and Table S1).
Regarding octanol-water partition coefficient values, outcomes from
software and experimental values suggest the same trend on significant
higher hydrophobicity of JVA in comparison to INH. In comparison to
CAM, JVA showed similar hydrophobicity behaviour (Table S2). Taken
together, these results suggest an enhanced ability of JVA to cross
biological membranes.

To evaluate JVA stability at different pHs, electronic spectra in
aqueous solution were obtained at UV–visible range (Fig. 3). Results of
these measurements at pH 4.5, 5.5, 6.5 and 7.4 showed a decrease of
88, 85, 40 and 1%, respectively, of the absorbance after 24 h, based on
peaks at 300 nm which were attributed to JVA [19,20]. These data
clearly indicate a trend of significant decrease on absorbance as pH
values are decreased, in accordance to previous studies [19,20].
Therefore, considering acidic conditions of macrophages' phagosomes
(pH 5.5), JVA would be promptly hydrolyzed to INH, being available to
form the adduct INH-NAD, subsequently.

3.4. Protein comparative modeling and active site analysis

Since our results suggested that JVA may form the adduct INH-NAD,
it is plausible to consider that the molecular target in M. avium is the
same as inM. tuberculosis, the InhA enzyme. The active sites ofM. avium
InhA model and M. tuberculosis InhA crystal (PDB 1ZID) are very si-
milar. Thus, the well-established pattern of ligand-protein interactions
between INH-NAD adduct and M. tuberculosis InhA was transferred to
M. avium InhA model. Slight differences (Fig. S2) between these pro-
teins are summarized in Table S3. Based on measured distances be-
tween the closest atoms from ligand and receptor, four of the five dif-
ferent residues (F97S; H265S; Y127D and M130L) are too distant to
interact with the adduct, so alterations might not impact substantially
in protein-ligand associations. The only residue that interacts with the
adduct, Gly96, is altered to Ala96 inM. avium InhA. However, since this
residue is in contact with the adduct by hydrogen bonds established by
a backbone interaction, alteration of Gly96 to Ala96 does not interfere

Fig. 1. M. avium growth in liquid culture in the presence of JVA, CAM and INH. M. avium 2447 was grown during 10 days in the presence of JVA (A), INH (B) or CAM
(C) in three concentrations: 0.1, 1 or 10 μM. At days 0, 2, 4, 6 and 10, OD600 was measured. CFU counting was performed at day 10 (D). Data were expressed as
mean ± SD. *p < 0.05.
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with this binding. Despite these differences, no considerable con-
formational changes were predicted in our model. The active site ana-
lysis of M. avium InhA model indicates that JVA should act through the
same mechanism against M. avium and M. tuberculosis.

4. Discussion

This present study aimed to evaluate the antimicrobial activity of
JVA against a clinical isolate of the Mycobacterium avium complex, M.
avium strain 2447, investigating its possible mechanism of action by
computational and stability studies. The antimicrobial activity was in-
vestigated using two different approaches. M. avium 2447 was grown in
liquid medium or in macrophages in the presence of JVA. Additionally,
CAM, an antibiotic commonly used to treat M. avium infection, and
INH, the compound from which JVA derives, were used as controls. We
demonstrated that JVA delays M. avium 2447 growth in liquid medium.
However, its antimicrobial effect was not as strong as CAM, which
completely abrogates bacterial growth in this condition. A different

scenario is seen when M. avium 2447 is inside macrophages. In this
context, JVA is significantly more efficient in killing the bacteria when
compared to CAM or INH.

JVA is an INH-derivative and, according to pH-dependent stability
studies, it has been suggested as a potential INH's precursor, subse-
quently forming INH-NAD, a well-known InhA inhibitor adduct
[6,7,9,21]. Therefore, the computational studies were performed with
the adduct, evaluating ligand-protein interactions based on a suitable
modeled target (M. avium InhA). The computational studies suggested
high similarity between M. avium and M. tuberculosis InhAs, regarding
structural features and likely also their affinity to INH-NAD adduct and
analogous inhibitors.

JVA susceptibility to hydrolysis was crucial in the present study.
The culture media used for M. avium 2447 presented pH 6.5 just after
preparation. The pH value of macrophages' phagosomes, where the
mycobacteria is located upon infection, is originally 5.5 and reduced to
4.5 after 24 h [22,23]. In addition, evaluation of stability at physiolo-
gical pH value (7.4) is an important feature of a bioactive compound.

Fig. 2. M. avium 2447 growth in macrophages derived from mice bone marrow and treatment with JVA, INH and CAM. Macrophages derived from the bone marrow
of C57BL/6 mice were infected with M. avium 2447 and treated with JVA, INH and CAM at three concentrations: 0.1, 1 or 10 μM. After 2 and 4 days of incubation,
cells were lysed for CFU counting. Data were expressed as mean ± SD. *p < 0.05.

Fig. 3. Electronic spectra of JVA (100 μM) in citrate (pH 4.5 (A) and 5.5 (B)) and phosphate (pH 6.5(C) and 7.4(D)) buffers. Black dashed line, 0 h and black dotted
line, 24 h. Red dotted line, 300 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Results on pH-sensitivity (Fig. 3) confirmed the previously observed
acidic susceptibility of JVA to degradation [19,20]. The lower the pH,
the more intense is the phenomena, indicated by a pronounced differ-
ence between the values of absorbance at 300 nm, measured at 0 h and
24 h of incubation. In case of pH 4.5, this event is even faster, an in-
dication of immediate degradation of JVA at that condition.

JVA displays more lipophilic behaviour in comparison to INH at M.
avium 2447 culture media (pH 6.5) and physiological conditions (pH
7.4). This is suggested by theoretical calculations of physicochemical
properties, pKa values and theoretical octanol-water partition coeffi-
cient (LogKow or LogP), and confirmed by experimental values pre-
viously determined [5]. The high hydrophobicity of JVA and the
maintenance of the neutral form at pH 7.4 might be the crucial points
for its biological activity, making it a suitable probe to cross mem-
branes, delivering INH at its site of action.

In comparison to CAM, JVA markedly displayed higher activity
against M. avium 2447 in macrophages, which might be due to the
presence of neutral form (major species) of compounds at pH 6.5–7.4.
Simultaneously, CAM displays higher percentage of protonated form at
same conditions. Thus, neutral forms of JVA and INH are suitable to
cross macrophage membranes in comparison to ionized CAM. In case of
BMMs, these pKa and LogKow effects are probably significant to allow
the diffusion of compounds to phagosomes, compartments where
Mycobacterium spp. are usually located. The possible difficulty for CAM
to reach these sites due to predominance of ionized species in media
also helps to explain the low activity of the control against M. avium
2447 on this in vitro cell assay in comparison to JVA and INH. Once
internalized in macrophages, JVA might be hydrolyzed in low pH va-
lues (4.5–5.5), forming isoniazid and following to subsequent InhA
inhibition. The hydrophobic profile of JVA might explain its higher
activity in comparison to INH.

In conclusion, JVA hydrolytic process and physicochemical prop-
erties indicate that its higher efficiency in killing M. avium 2447 in
macrophages might be attributed to an intracellular delivery of INH.
This mechanism of action turns JVA into an interesting INH-derivative
that deserves further evaluation as a promising bioactive compound.
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