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Abstract: Tuberculosis (TB) is one of the top 10 causes of death worldwide. This scenario is further
complicated by the insurgence of multidrug-resistant (MDR) and extensively drug-resistant (XDR)
TB. The identification of appropriate drugs with multi-target affinity profiles is considered to be a
widely accepted strategy to overcome the rapid development of resistance. The aim of this study
was to discover Food and Drug Administration (FDA)-approved drugs possessing antimycobacterial
activity, potentially coupled to an effective multi-target profile. An integrated screening platform
was implemented based on computational procedures (high-throughput docking techniques on the
target enzymes peptide deformylase and Zmp1) and in vitro phenotypic screening assays using two
models to evaluate the activity of the selected drugs against Mycobacterium tuberculosis (Mtb), namely,
growth of Mtb H37Rv and of two clinical isolates in axenic media, and infection of peripheral blood
mononuclear cells with Mtb. Starting from over 3000 FDA-approved drugs, we selected 29 marketed
drugs for submission to biological evaluation. Out of 29 drugs selected, 20 showed antimycobacterial
activity. Further characterization suggested that five drugs possessed promising profiles for further
studies. Following a repurposing strategy, by combining computational and biological efforts, we
identified marketed drugs with relevant antimycobacterial profiles.

Keywords: multi-targeting drugs; tuberculosis; computational methods; FDA-approved drugs;
drug repurposing

1. Introduction

Tuberculosis (TB), a disease caused by infection with Mycobacterium tuberculosis (M. tuberculosis),
is one of the top 10 causes of death worldwide, accounting for 1.7 million deaths and 10.0 million new
cases in 2017 [1]. Chemotherapy of TB is still a challenging task due to several factors related both to
the specific biology of Mtb and the need to prevent the emergence of drug resistance. These factors
translate to long-lasting and complex treatment approaches [2]. In particular, multidrug-resistant
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(MDR) and extensively drug-resistant (XDR) TB are associated with high rates of treatment failure [3,4].
Although isoniazid is still an important first-line antitubercular drug, its activity against dormant
bacilli is suboptimal, thus prompting the emergence of resistance if administered alone [5,6]. Among
the approaches employed to tackle the problem of drug resistance in infectious diseases, the use of
appropriate drug combinations presents several advantages, since this infection warrants superior
microbicidal activity while reducing the risk of drug resistance emergence, given the very low likelihood
of developing simultaneous resistance to two or more unrelated targets [7,8]. The current search
for compounds characterized by a multi-target profile is based on this rationale, with the additional
advantage of requiring lower effort, time, cost, and resources to optimize the absorption, distribution,
metabolism excretion and toxicity ADME-T profile of a single multi-targeting new molecular entity
(NME) compared to those required to identify multiple separate NMEs for combination therapy. The
combination of a multi-target affinity profile in a single NME is therefore a challenging but widely
accepted strategy to overcome rapid development of resistance and to increase the therapeutic lifespan
of drugs in both anti-infective and anticancer chemotherapies [9–11].

For the rapid search and identification of novel therapeutic options, drug repurposing has emerged
as a valuable approach in several fields [12–14], in particular for infectious diseases, including TB [15].
Here, we present our in silico screening approach for the identification of Food and Drug Administration
(FDA)-approved drugs endowed with previously undetermined antimycobacterial activity and
with potential multi-targeting profiles. We previously discovered inhibitors of the zinc-dependent
metalloprotease-1 (Zmp1), a virulence factor essential for Mtb survival inside macrophages, which
were proven to be able to impair the survival of Mtb inside macrophages with no activity on axenic
Mtb [16]. In the search of multitargeting compounds, we aimed to discover compounds able to both kill
Mtb inside macrophages and under axenic conditions. Based on this rationale, we identified a second
enzyme, peptide deformylase (PDF), that was chosen for our virtual screening campaign based on its
role in Mtb growth and its possible active-site similarities with Zmp1 (both are metalloenzymes) [17,18].
The FDA-approved drugs were screened in silico against PDF and Zmp1. The drugs predicted to
inhibit both enzymes were subjected to a phenotypical investigation of their antitubercular potential as
a direct effect in axenic culture and during infection of peripheral blood mononuclear cells (PBMCs),
with granuloma-like structure (GLS) as a formation control. From our screening campaign, several
FDA-approved drugs showed interesting antimycobacterial activity worth further investigation with
the goal of enriching the therapeutic armamentarium for the treatment of TB.

2. Results

2.1. In Silico Screening and Antimycobacterial Activity of the Selected Compounds under Axenic Conditions

The screening campaign of the FDA-approved drugs was performed as illustrated in the workflow
presented in Figure 1. This integrated screening was designed by combining in silico and in vitro
experiments in order to identify drugs possessing antimycobacterial activity. In the first step of the
screening, we performed an accurate in silico analysis taking into account two enzymatic targets: (i) The
virulence factor Zmp1, a zinc-protease essential for Mtb survival inside macrophages, since it interferes
with the phagosome maturation by inhibiting the inflammasome [16,19–21], and (ii) the PDF enzyme,
a ubiquitous bacterial iron-containing enzyme, responsible for the cleavage of the formyl group from
nascent polypeptides [22,23]. Interestingly, these two metalloenzymes share a similar arrangement of
amino acidic composition of their active sites. In particular, two His residues are involved in metal
coordination, while the third residue completing the metal coordination is Glu for Zmp1 and Cys
for PDF. Moreover, Zmp1 has no human counterpart and PDF presents a different catalytic site with
respect to the human counterpart (PDF, mitochondrial) and other human related metalloenzymes.
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Figure 1. Work-flow of the in silico structure-based/phenotypic screening campaign of FDA-
approved drugs. Zmp1: Zinc-dependent metalloprotease-1, PDF: peptide deformylase, MIC: 
minimum inhibitory concentration, MBC: minimum bactericidal concentration, CFU: colony forming 
unit. 

Hence, PDF and Zmp1, along with a library of FDA-approved drugs, were employed in our 
high-throughput docking (HTD) campaign. Compounds showing either a docking score for both 
enzymes (<−8.00 kcal/mol coupled with a satisfactory ΔGbind) or very high score for at least one 
enzyme were selected for phenotypic screening (see experimental section for further details). The list 
of compounds showing appropriate scores is reported in Supplementary Materials (Table S1). We 
identified 73 compounds that matched our filters. Among them, compounds with previously 
reported antitubercular activity were not submitted to phenotypic screening.  

The potential binding modes of one representative drug, eltrombopag, into the active site of both 
selected enzymes is shown in Figure 2. In both enzymes, the carboxylic group of eltrombopag 
coordinates the metal ion, while the aromatic carboxylic moiety is engaged in stacking interactions 
(double stacking with R628 (cation–π) and H493 (π–π) for Zmp1 and π–π stacking with H148 for 
PDF). These interactions were reported to be important for inhibiting the enzymes by known 
inhibitors [16,18]. Further contacts were found to stabilize the proposed binding mode in both 
enzymes comprising H-bonds and π–π stacking, as depicted in Figure 2A,B. In particular, the 
carbonyl in the central region of eltrombopag forms an H-bond with R628, while the terminal moiety 
establishes π–π stacking with F48 and an H-bond with R616 in the Zmp1 active site. In the PDF 
binding site, eltrombopag forms π–π stacking with H148 and two H-bonds with Q56 and the 
backbone of L107; its central region establishes a further H-bond with the backbone of G105. In the 
following steps of the protocol, drugs satisfying computational filtering criteria (73 FDA-approved 
drugs) were subjected to a second filter in order to eliminate all compounds with previously assessed 
antimycobacterial activity (Table S1). From the in silico screening campaign, 29 compounds were 
submitted for phenotypic antimycobacterial evaluation.  

 
Figure 2. (A) Docking results for the representative compound eltrombopag. Putative binding modes 
of eltrombopag into Zmp1 and (B) PDF. The key residues of the binding sites are represented by lines 
and the metal ions are represented by spheres for Zn2+ and Fe2+, respectively. The H-bonds are 

Figure 1. Work-flow of the in silico structure-based/phenotypic screening campaign of FDA-approved
drugs. Zmp1: Zinc-dependent metalloprotease-1, PDF: peptide deformylase, MIC: minimum inhibitory
concentration, MBC: minimum bactericidal concentration, CFU: colony forming unit.

Hence, PDF and Zmp1, along with a library of FDA-approved drugs, were employed in our
high-throughput docking (HTD) campaign. Compounds showing either a docking score for both
enzymes (<−8.00 kcal/mol coupled with a satisfactory ∆Gbind) or very high score for at least one
enzyme were selected for phenotypic screening (see experimental section for further details). The list
of compounds showing appropriate scores is reported in Supplementary Materials (Table S1). We
identified 73 compounds that matched our filters. Among them, compounds with previously reported
antitubercular activity were not submitted to phenotypic screening.

The potential binding modes of one representative drug, eltrombopag, into the active site of
both selected enzymes is shown in Figure 2. In both enzymes, the carboxylic group of eltrombopag
coordinates the metal ion, while the aromatic carboxylic moiety is engaged in stacking interactions
(double stacking with R628 (cation–π) and H493 (π–π) for Zmp1 and π–π stacking with H148 for PDF).
These interactions were reported to be important for inhibiting the enzymes by known inhibitors [16,18].
Further contacts were found to stabilize the proposed binding mode in both enzymes comprising
H-bonds and π–π stacking, as depicted in Figure 2A,B. In particular, the carbonyl in the central region
of eltrombopag forms an H-bond with R628, while the terminal moiety establishes π–π stacking with
F48 and an H-bond with R616 in the Zmp1 active site. In the PDF binding site, eltrombopag forms π–π
stacking with H148 and two H-bonds with Q56 and the backbone of L107; its central region establishes
a further H-bond with the backbone of G105. In the following steps of the protocol, drugs satisfying
computational filtering criteria (73 FDA-approved drugs) were subjected to a second filter in order to
eliminate all compounds with previously assessed antimycobacterial activity (Table S1). From the in
silico screening campaign, 29 compounds were submitted for phenotypic antimycobacterial evaluation.
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Figure 2. (A) Docking results for the representative compound eltrombopag. Putative binding modes
of eltrombopag into Zmp1 and (B) PDF. The key residues of the binding sites are represented by
lines and the metal ions are represented by spheres for Zn2+ and Fe2+, respectively. The H-bonds are
depicted as dotted lines and the metal coordination bonds are represented by sticks. Pictures were
prepared by PyMOL and Ligand Interaction Diagram implemented in Maestro.
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The antimycobacterial activity of the selected compounds was investigated using Mtb H37Rv and
other two Mtb clinical isolates (H3 and Beijing) belonging to different phylogeographic lineages [24,25].
The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) in
axenic culture were determined and these results are reported in Table 1. Of the compounds tested,
20 showed at least moderate activity (MIC = 100 µM), with 5 compounds showing MIC values of
< 12.5 µM.

Table 1. The minimum inhibitory concentration (MIC) and the minimum bactericidal concentration
(MBC) of the selected compounds against M. tuberculosis H37Rv reference strains and two other clinical
isolated strains (H3 and Beijing). After the computed screening, the three different M. tuberculosis
strains were grown in a liquid medium at an initial concentration of ≈ 5 × 103 CFU/mL in contact with a
decreasing concentration of selected compounds (100, 50, 25, 12.5, 6.25, 3.125, 1.56, and 0 µM). Different
results were obtained after 14 days of incubation at 37 ◦C for each strain.

Drug MIC µM
(H37Rv)

MBC µM
(H37Rv)

MIC µM
(H3)

MBC µM
(H3)

MIC µM
(Beijing)

MBC µM
(Beijing)

Bromfenac 100 >100 100 >100 50 100
Naratriptan >100 n.d. >100 n.d. >100 n.d.

Sofalcone 100 >100 50 100 50 100
Fosinopril 50 100 >100 n.d. 100 >100

Carfilzomib 1.56 3.125 * n.d. * n.d.
Pemetrexed 25 50 >100 n.d. >100 n.d.
Sitagliptin >100 n.d. >100 n.d. >100 n.d.
Tamsulosin >100 n.d. >100 n.d. >100 n.d.
Nelarabine 50 100 50 100 >100 n.d.
Pazopanib >100 n.d. >100 n.d. >100 n.d.
Fluvastatin 25 50 50 100 25 50

Pyritinol 50 100 >100 n.d. 50 100
Ledipasvir >100 n.d. 12.5 50 >100 n.d.

Cellcept 12.5 25 50 100 50 100
Biotin >100 n.d. >100 n.d. >100 n.d.

Picosulfuric acid 25 50 >100 n.d. >100 n.d.
Peramivir 100 >100 >100 n.d. >100 n.d.

Rebamipide 100 >100 >100 n.d. 100 >100
Pitavastatin 50 100 >100 n.d. 100 >100

Eltrombopag 6.25 12.5 50 100 12.5 25
Nintedanib 25 50 25 50 12.5 25
Mitiglinide 25 50 >100 n.d. 50 100

Bicalutamide >100 n.d. >100 n.d. >100 n.d.
Arotinolol 3.125 6.25 50 100 25 50
Diflunisal 50 100 50 100 25 50

Amifostine 50 100 100 >100 >100 n.d.
Fosamax 12.5 25 >100 n.d. >100 n.d.
Cidofovir >100 n.d. >100 n.d. >100 n.d.

Ranelic acid >100 n.d. >100 n.d. >100 n.d.

1.25–12.5 µM

25–50 µM

100 µM

>100 µM

n.d.
* Carfilzomib was not tested on H3 and Beijing strains due to poor aqueous stability; n.d. = not determined.

2.2. Treatment of Mtb-Infected PBMCs with Selected Drugs

To evaluate the antitubercular activity of the most interesting drugs identified in the previous
steps, including those showing good docking scores only against Zmp1 (bromfenac and rebamipide),
we implemented an in vitro model of infection, where PBMCs isolated from donors were infected
with Mtb and the activity was measured as a reduction in colony forming units (CFUs) compared to
untreated Mtb-infected cells. As shown in Figure 3A, bromfenac, diflunisal, fluvastatin, rebamipide,
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eltrompobag, arotinolol, and pyritinol significantly restricted Mtb growth, as shown by the reduction
in total CFUs measured after seven days of treatment, at concentrations twice the MIC (2 ×MIC) for
each drug. The CFU results showed that eltrompobag and fluvastatin were the most potent drugs
regarding CFU reduction (1.4 and 1.0 log CFU reduction, respectively) with eltrombopag able to reduce
CFUs by 22.5% with respect to the control (non-treated Mtb-infected PBMC). The other compounds
tested were able to reduce CFUs to a lesser, yet significant, extent, ranging between 0.4 and 0.9 log CFU.
To determine whether these compounds were able to exert activity on host cells, thereby triggering
host-dependent antimicrobial activity, Mtb-infected PBMCs were treated with the selected compounds
at a reduced concentration (0.5 ×MIC) (Figure 3B). The results obtained after seven days of treatment
showed that none of the compounds were able to restrict the Mtb intracellular growth at 0.5 ×MIC
concentration, with the only notable exception being Fluvastatin, which induced a significant reduction
in CFUs.
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Figure 3. (A) Colony forming units (CFUs) after treatment of infected peripheral blood mononuclear
cells PBMCs with different compounds. The efficacy of the selected drugs during infection was
evaluated by calculating the colony forming units (CFUs) after 10 days of infection of the PBMCs
with M. tuberculosis H37Rv at multiplicity of infection (MOI) 1:1. All compounds were added to the
culture 3 days post-infection for one week (bromfenac 200 µM, diflunisal 100 µM, fluvastatin 50 µM,
rebamipide 200 µM, eltrompobag 12.5 µM, arotinolol 6.25 µM, and pyritinol 100 µM). As a negative
control, non-treated cells were used (no treatment). The CFU results showed a significant decrease in
CFUs after applied treatment. *** p < 0.0001 for fluvastatin, eltrompobag, and diflunisal vs. control (no
treatment), ** p < 0.01 for pyritinol and rebamipide vs. control, * p < 0.1 for bromfenac and arotinolol
vs. control. (B) CFUs after treatment of infected PBMCs with different compounds at concentration
(0.5 × MIC). The possible efficacy of these compounds on the host cells beyond the direct effect on
the Mycobacteria was evaluated by adding the compounds to PBMCs 3 days post-infection with M.
tuberculosis H37Rv with MOI 1:1 at specific concentrations (bromfenac 50 µM, fluvastatin 12.5 µM,
pyritinol 25 µM, rebamipide 50 µM, eltrompobag 3.125 µM, arotinolol 1.56 µM, and diflunisal 25 µM)
corresponding to 0.5 ×MIC. Then, the CFUs were evaluated 7 days post-treatment. The obtained results
showed no difference in CFUs between the treated and non-treated PBMCs, except for fluvastatin,
which demonstrated a significant decrease in CFUs with respect to the non-treated PBMCs (* p < 0.1).

2.3. Granuloma-Like Structure (GLS) Formation before and after Treatment of Infected PBMCs

Infection of PBMC with Mtb led to formation of GLSs, which are agglomerates of
polymorphonucleates and lymphocytes around Mtb-infected macrophages [26]. These GLSs can
be observed by light microscopy daily and provide relevant information regarding the ability of the
system to restrict Mtb replication [27]. Non-major differences were observed in the size, volume, number,
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and features of the GLSs treated with the selected compounds (bromfenac, diflunisal, fluvastatin,
rebamipide, eltrompobag, arotinolol, and pyritinol) (Figure 4).
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Figure 4. Inverted microscope images of the M. tuberculosis H37Rv-infected PBMCs during treatment.
The images in the figure show the formation of granuloma-like structures (GLSs) of the infected PBMCs
pre- and post-treatment with different selected compounds (bromfenac 200 µM, diflunisal 100 µM,
fluvastatin 50 µM, rebamipide 200 µM, eltrompobag 12.5 µM, arotinolol 6.25 µM, and pyritinol 100 µM).
The images were acquired at 20× and 40× magnification. The microscopic images captured from
different angles show no differences in the GLSs formed pre- and post-treatment in terms of volume
and number.

3. Discussion

Drug repurposing or drug repositioning (the latter referring to a drug approved for one disease
which is used as a structural template for the synthesis of derivatives active against another disease),
coupled with phenotypic screening on whole cell, are powerful approaches used for the discovery of
new anti-infective agents. Drug repurposing drastically reduces the time and effort necessary for the
approval a new drug, while direct testing on phenotypic cells allows for the selection and prioritization
of specific compounds to reach their targets inside the cell in further studies. This is a critical issue
for the identification of novel therapeutic approaches against Mtb due to the impervious nature of its
membrane. Through a virtual screening approach, in which FDA-approved drugs were screened on the
basis of their potential affinity against Zmp1 and PDF, two metalloenzymes important for the virulence
and survival of M. tuberculosis, we discovered a series of marketed drugs with interesting antitubercular
activity, not only against the Mtb reference strain, but also against other clinically isolated strains.
The Mtb H3 strain belongs to the phylogeographic lineage 4 (Euro-American lineage) and the Mtb
Beijing strain belongs to phylogeographic lineage 2 (East Asian lineage), with the latter often associated
with a drug-resistant phenotype [25,28]. The reference strain and the two clinical isolates presented
significant differences in terms of pathogenic potential and biological features, thus explaining the
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differences in the MIC results obtained for several drugs. Eltrombopag, an orally active thrombopoietin
receptor agonist with megakaryopoiesis-stimulating activity, and arotinolol, a medication in the class
of mixed α/β blockers used in the treatment of high blood pressure and essential tremor were the
most potent compounds of the series identified in this study against Mtb in macrophages and axenic
culture, respectively. These compounds could be the subjects of a drug repositioning campaign in order
to further improve their potency and to eliminate off-target liability. Their potential multi-targeting
activity profiles would provide a rational basis for the optimization and development of antitubercular
agents, with low liability to select drug-resistant Mtb strains.

Our screening campaign also uncovered the antimycobacterial activity of other drugs, namely
bromfenac, diflunisal, and fluvastatin, with different multi-targeting activity.

Rebamipide, an amino acid analogue 2-(1H)-quinolinone known for its gastroprotective activity,
pyritinol, a Vit B6 analog, and sofalcone, a mucosal protective agent, showed moderate anti-TB activity.
On the other hand, carfilzomib, although being highly active in the phenotypic assay, is an inhibitor of
human proteasomes with high inherent toxicity [29].

Diflunisal (a salicylic acid derivative) and bromfenac, although both possessing analgesic and
anti-inflammatory activity and belonging to the class of non-steroidal anti-inflammatory drugs
(NSAIDs), showed different antitubercular activity levels; diflunisal was more potent, not only in
axenic culture, but also during infection in PBMCs and was able to reduce CFUs by 0.9 log, which was
a greater level of activity than bromfenac (0.5 log CFU reduction).

Fluvastatin, as reported in this study, and atorvastatin, are members of the statin drug class
and are used to treat hypercholesterolemia and prevent cardiovascular diseases. Its mechanism of
action involves blocking the liver enzyme hydroxy-methyl-glutaryl-CoA (HMG-CoA) reductase, which
facilitates an important step in cholesterol synthesis. The data presented here are extremely relevant,
since both fluvastatin and diflunisal could be considered antitubercular candidates endowed with
host-directed activity [30], and our studies using 0.5 MIC concentration confirmed that fluvastatin
could target not only the pathogen but also the host cell, and increase the ability of infected cells to
eliminate Mtb. In fact, previous studies demonstrated that cholesterol inhibition by statins within
phagosomal membranes could promote host-induced autophagy, thereby improving host protection
against TB [31].

A reduction in PGE2 is considered one mechanistic explanation underlying the anti-inflammatory
benefit of NSAIDs in the context of M. tuberculosis infection [31]. Moreover, certain NSAIDs
demonstrated inhibitory properties toward actively replicating, dormant, and drug-resistant clinical
isolates of Mtb cells, as PGE2 inhibits phagocytosis and bacterial killing at a late stage of Mtb infection.

In conclusion, we presented an integrated screening protocol combining in silico and in vitro
approaches to uncover the antimycobacterial potential of existing drugs. Our screening protocol
provided a high number of active compounds (69%) against Mtb, with a series of marketed drugs
(eltrombopag, arotinolol, diflunisal, bromfenac, and fluvastatin) possessing significant antitubercular
activity levels, as assessed by different in vitro tests. Accordingly, these findings open the door for the
exploration of the therapeutic potential of some FDA-approved drugs to fight TB.

4. Materials and Methods

4.1. In Silico Screening

4.1.1. Protein Preparation

The crystal structures of the virulence factor zinc-dependent metalloprotease-1 (Zmp1) (PDB-ID:
3ZUK, resolution of 2.6 Å; the protein was crystallized with the inhibitor phosphoramidon) [19] and
the peptide deformylase (PDF) (PDB-ID: 3E3U, resolution of 1.56 Å.; the protein was crystallized
with inhibitor 16a) [18] were downloaded from Protein Data Bank and prepared by means of Protein
Preparation Wizard implemented in Maestro Suite [32], as previously reported [16,33]. The materials
used for the crystallization process were removed, keeping the inhibitors present in both selected
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metalloenzymes. Before the optimization protocol regarding the PDF enzyme, we removed the Ni2+

ion, replacing it with an Fe2+ ion to resemble the wild-type enzyme.

4.1.2. Database Preparation

The FDA-approved drug dataset was taken from the ZINC database (http://zinc15.docking.org/)
(~3000 drugs) and prepared by means of Macromodel [34] and LigPrep [35], as described by us [33,36,37].
In particular, all of the drugs were minimized using MacroModel by employing the force field
OPLSAA_2005 [38]. The generalized born/surface area (GB/SA) solvation model for simulating the
solvent effect was used with “no cutoff” for non-bonded interactions. The Polak-Ribiere conjugate
gradient (PRCG) method (5000 maximum iterations and 0.001 gradient convergence threshold) was
employed. Compounds were then submitted to the LigPrep program, generating possible ionization
states at pH 7.4 ± 0.2.

4.1.3. High-Throughput Docking (HTD) Details

Grid-Based Ligand Docking with Energetics (Glide) was employed for the high-throughput
docking (HTD) procedure using the FDA-approved drug database and the proteins prepared as
mentioned above by applying Glide extra precision (XP) method [39]. Energy grids were prepared
using default value of protein atom scaling factor (1.0 Å) within a cubic box centered on crystallized
inhibitors. After that, the FDA-approved drug database was docked into the enzymes with default
parameters considering the metal constraint options to generate the possible geometries for the
metal-coordination bonds. The number of poses entered into the post-docking minimization was set to
50. The Glide XP score was evaluated for both proteins. The interactions of the drugs with both proteins
were assessed by using a ligand-interaction diagram available from the Maestro suite and a script
for displaying hydrophobic interactions (display_hydrophobic_interactions.py) downloaded from
Schrödinger website and implemented in Maestro. Furthermore, the HTD protocol was implemented
with the calculation of ligand-binding energy performed by Prime software [40], as previously
described [41–43]. In order to obtain further accuracy for our protocol, the calculation of relative
ligand-binding energy (∆Gbind) between a ligand and its receptor offered a worthwhile post-scoring
approach for prioritizing the screened hits with a lower ∆Gbind. The molecular mechanical (MM)-GBSA
approach combined the MM energies with a continuum solvent generalized born (GB) model for polar
solvation, as well as a solvent-accessible surface area (SASA) for non-polar solvation. Accordingly,
the representative docked poses obtained through the molecular docking studies were submitted
to Prime protocol to obtain the final ranking of the drugs against the selected enzymes. The final
selection was performed by combining visual inspection (interaction of drugs with key residues in
the binding sites of both selected enzymes and metal coordination bonds), docking scores (for both
enzymes, we selected compounds with scores of <−8.00 kcal/mol; this value was chosen considering
the representative inhibitors of both enzymes) coupled with a satisfactory ∆Gbind (<−40 kcal/mol,
that is, the relative ligand-binding energy as calculated by Prime MM-GBSA). Moreover, we only
purchased drugs with no previously determined antimycobacterial activity (compounds labeled as
not previously determined in Table S1). Moreover, in order to validate the docking protocol, we
redocked phosphoramidon (crystallized ligand for Zmp1) and compound 16a (crystallized ligand for
PDF [18]). We found that the docking protocol correctly accommodated the mentioned ligands (data
not shown). Moreover, due to the absence of a sufficient number of potent inhibitors (the most potent
was developed by us [16]), it was not possible to provide a calculation for the enrichment factor of the
selected docking protocol for Zmp1, since the results could be not statistically relevant. Regarding
the enrichment factor for PDF, the most potent inhibitors were derived from the paper of the crystal
structure (14 compounds) [18], so the docking protocol was able to distinguish between the active
molecules. Validation using the decoy set generated from these 14 compounds was not performed,
since it would not provide statistically relevant results.

http://zinc15.docking.org/
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4.2. Measurement of the Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration
(MBC) of All Drugs

The antimycobacterial activity evaluation of all of the drugs against the Mtb strains (H37Rv,
H3, Beijing, China) was carried out in Middelbrook 7H9 broth medium (Difco Becton-Dickinson,
Franklin Lakes, NJ, USA), supplemented with 0.2% glycerol (Sigma-Aldrich, St. Louis, MO, USA), 10%
Albumin-Dextrose-Catalase (ADC) (Becton-Dickinson, Franklin Lakes, NJ, USA), and 0.05% Tween
80 (Sigma-Aldrich, St. Louis, MO, USA) at 37 ◦C [44–46]. A series of decreasing concentrations of
the selected compounds (100, 50, 25, 12.5, 6.25, 3.125, 1.56, and 0 µM) was prepared and inoculated
with ≈5 × 103 CFU/mL. After 14 days of incubation, the MIC was determined by microplate alamar
blue assay [47]. An aliquot of the culture was collected to determine the CFUs at the MIC and higher
concentrations to calculate the MBC for each compound. The aliquot was seeded on solid media (7H11)
supplemented with 10% Oleic Acid-Albumin-Dextrose-Catalase (OADC) (Microbiol, Uta, Italy) after
14 days of incubation at 37 ◦C.

4.3. PBMCs Isolation from a Human Blood

Human blood was collected from healthy volunteers after confirmed written consent stating that
the blood donor was not subject to any therapy or taking any other drugs. Peripheral blood mononuclear
cells (PBMCs) were isolated from the whole blood by Ficoll human lymphocyte® (CEDARLANE,
Ontario, Canada) density gradient cell separation media using standard protocol [26,48]. The extracted
PBMCs were suspended with Roswell Park Memorial Institute (RPMI) 1640 medium (Euroclone,
Milan, Italy) enriched with 10% fetal bovine serum (FBS) and 2 mM glutamine (Euroclone, Milan, Italy)
without antibiotics. Finally, the extracted PBMCs were plated onto 48-well culture plates treated with
polystyrene (Nest Biotech, Wuxi, China) at a final concentration of 1.2 × 106 cell/mL.

4.4. Infection of the PBMCs Extracted Cells

The isolated PBMCs were infected with the Mtb H37Rv reference strain at multiplicity of infection
(MOI) 1:1, which normalized depending on the percentage of the monocytes from the total PBMCs [49].
Three days post-infection, the compounds were added to the supernatant of the infected cells at
different concentrations depending on the minimum inhibitory concentration previously observed and
considering the cytotoxicity (CC50) for each compound to avoid any toxic adverse effects. First, the
compounds were used at 2 ×MIC concentrations (bromfenac 200 µM, diflunisal 100 µM, fluvastatin
50 µM, rebamipide 200 µM, eltrompobag 12.5 µM, arotinolol 6.25 µM, and pyritinol 100 µM) or by
repeating the infection as previously described at concentration 0.5 ×MIC in the next step to evaluate
the possible host-directed effects of these compounds (bromfenac 50 µM, diflunisal 25 µM, fluvastatin
12.5 µM, rebamipide 50 µM, eltrompobag 3.125 µM, arotinolol 1.56 µM, and pyritinol 25 µM). Finally,
the colony forming units (CFUs) were calculated for all compounds after 7 days of treatment. Briefly,
PMBCs were lysed in 0.01% triton X-100, serial dilutions prepared in PBS/0.05% Tween80, and aliquots
were plated on 7H11/OADC/agar medium [50]. Results were expressed as LogCFU/106 cells.

4.5. Image Acquisition for Granuloma-Like Structure (GLS)

Formation of the granuloma-like structures (GLSs) was induced after PBMC infection, as previously
described with the Mtb H37Rv reference strain [27,50]. The images of the aggregates were acquired
using an inverted microscope (Nikon Eclipse TS 100, Melville, NY, USA) with Apodized Dark Low
(ADL) 20× and 40× objective lens at 3 days post-infection and 7 days after treatment with all of the
selected compounds (bromfenac 200 µM, diflunisal 100 µM, fluvastatin 50 µM, rebamipide 200 µM,
eltrompobag 12.5 µM, arotinolol 6.25 µM, and pyritinol 100 µM). Finally, the number and volume of
GLSs formed were analyzed by observing different microscopic spaces for each condition.
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4.6. Statistics

All experiments were replicated at least three times. Microsoft Excel (2010) and Graphpad Prism
software version 6 (GraphPad prism 6 software, GraphPad Software Inc, CA, USA) were used to
analyze the data. All data were expressed as the mean plus SD and analyzed by one-way or two-way
ANOVA comparison tests followed by the appropriate correction, as specified in the caption under
each figure.

Supplementary Materials: The following are available online, Table S1: Full list of FDA-approved compounds
selected from virtual screening.
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