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The upsurge of multidrug-resistant tuberculosis has toughened the challenge to put an end
to this epidemic by 2030. In 2020 the number of deaths attributed to tuberculosis
increased as compared to 2019 and newly identified multidrug-resistant tuberculosis
cases have been stably close to 3%. Such a context stimulated the search for new and
more efficient antitubercular compounds, which culminated in the QSAR-oriented design
and synthesis of a series of isoniazid derivatives active against Mycobacterium
tuberculosis. From these, some prospective isonicotinoyl hydrazones and isonicotinoyl
hydrazides are studied in this work. To evaluate if the chemical derivatizations are
generating compounds with a good performance concerning several in vitro assays,
their cytotoxicity against human liver HepG2 cells was determined and their ability to bind
human serum albumin was thoroughly investigated. For the two new derivatives presented
in this study, we also determined their lipophilicity and activity against both the wild type
and an isoniazid-resistant strain of Mycobacterium tuberculosis carrying the most
prevalent mutation on the katG gene, S315T. All compounds were less cytotoxic than
many drugs in clinical use with IC50 values after a 72 h challenge always higher than 25 µM.
Additionally, all isoniazid derivatives studied exhibited stronger binding to human serum
albumin than isoniazid itself, with dissociation constants in the order of 10−4–10−5 M as
opposed to 10−3M, respectively. This suggests that their transport and half-life in the blood
stream are likely improved when compared to the parent compound. Furthermore, our
results are a strong indication that the N′ = C bond of the hydrazone derivatives of INH
tested is essential for their enhanced activity against the mutant strain ofM. tuberculosis in
comparison to both their reduced counterparts and INH.
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INTRODUCTION

As the 2030 deadline established by WHO to eradicate
tuberculosis (TB) approaches, no significant advances
concerning the mitigation of the disease have been achieved.
Unfortunately, although TB is curable and preventable, the
numbers associated to this disease are still quite alarming and,
consequently, it remains as one of the top 10 causes of death
worldwide and, until 2019, the main cause of mortality from a
single infectious agent. The figures recently published in the
WHO global TB report 2021 (which refers to the 2020
situation) (World Health Organization, 2021) show a
practically immutable situation over the last few years up to
2019, that only changed dramatically in 2020 (7.1 million new
case notifications of people newly diagnosed with TB in 2019 as
opposed to 5.8 million in 2020) due to the high prevalence of
COVID-19, which caused a disruption in the notification of new
TB cases. The number of total cases per year, remains clearly
above 10 million since 2000 (World Health Organization, 2021).
An encouraging fact, on the other hand, was the progressive
decrease of total deaths attributed to TB, which, in 2020, were
around 1.3 million among HIV-negative people, a reduction of
0.6 million as compared to 2000. However, as compared to the
2019’s situation, there was an increase in the total number of TB-
induced deaths. This scenario arose due to the significant
decrease in TB treatment as a consequence of the much
smaller number of TB cases detected and notified as a result
of the COVID-19 pandemic (Ong et al., 2020; World Health
Organization, 2021). Additionally, a rather preoccupying
situation that might help explain the unsuccess in effectively
controlling and reducing these numbers is the proliferation of
multidrug-resistant tuberculosis (MDR-TB), a form of TB which
is not countered by the two most powerful first-line
antituberculars, isoniazid (INH) and rifampicin. In fact, ~3%
of new TB cases had MDR or rifampicin-resistant-TB (World
Health Organization, 2021). Recently, two new drugs,
Bedaquiline and Delamanid, have been introduced in a
combination regimen to treat MDR-TB in adults, though
without ensuring a side effect-free therapy (Brigden et al.,
2015; Zumla et al., 2015). In 2019, another drug, Pretomanid,
was approved by the United States FDA for the treatment of
pulmonary treatment-intolerant or nonresponsive MDR-TB or
extensively drug-resistant tuberculosis (XDR-TB) in adults
(Keam, 2019).

The effectiveness of INH to fight TB is known since the 1950’s
when its high activity against Mycobacterium tuberculosis (Mtb)
was first described (Bernstein et al., 1952; Vilchèze and Jacobs,
2007). INH is a pro-drug that, when activated by the Mtb
catalase-peroxidase enzyme KatG, leads to the inhibition of
the biosynthesis of mycolic acids and, consequently, cell lysis
(Winder and Collins, 1970; Heym et al., 1993; Rawat et al., 2003;
Zhao et al., 2006; Vilchèze and Jacobs, 2007; Wiseman et al.,
2010). Mutations in the katG gene represent the most frequent
mechanism of resistance to INH (Hazbón et al., 2006). Thus, the
overall picture of TB demands the development of new, effective
and low toxicity antitubercular compounds and, within this
scope, the design of new INH derivatives which can be an

effective route to overcome Mtb drug resistance. With that in
mind, we have previously described the QSAR-oriented design
and synthesis of several new and more active INH derivatives
with enhanced lethality against MDR-TB (Martins et al., 2014).
Although the most active compound against the most frequent
katGmutation, i.e., the katG S315Tmutant was a compound with
a lengthy C10 alkyl chain, lipophilicity was not found as an
important determinant of the antitubercular activity of these
derivatives (Martins et al., 2014), neither the steric hindrance
due to larger substituents seemed to be a ruling factor as regards
the activity of the derivatives against the mutant strain (Teixeira
et al., 2015). A recent lipophilicity assessment of a series of these
isoniazid derivatives led to the conclusion that zwitterionic
hydrazones partition to the outer palisade region of the
sodium dodecyl sulfate micelles, whereas neutral hydrazides
tend to penetrate further into the micellar core (Santos et al.,
2020). INH, on its turn, shows a pH-dependent affinity for the
membrane/water interface of a phospholipid bilayer (Pinheiro
et al., 2014). Therefore, even though lipophilicity is not a factor
influencing the activity of the compounds, it seems to promote an
enhancement in their bioavailability inside the cell (Vila-Viçosa
et al., 2017; Machado et al., 2018).

The selectivity index (SI) and the ability to bind plasma
proteins are important parameters to predict the in vivo
potency of a compound (Muller and Milton, 2012). SI
translates quantitatively the relationship between the safety
(toxicity) of a drug and its efficacy. It can help guiding the
development of new drugs and a high SI is always desirable
since it indicates a drug with a more favorable safety profile.
However, in the case of life-threatening diseases for which no
adequate treatment exists, drugs with low SI may also be
acceptable (Muller and Milton, 2012).

On the other hand, the study of the interaction of a drug with
plasma proteins may provide important insights concerning the
pharmacokinetics (absorption, distribution, metabolism, and
excretion—ADME processes) of a pharmaceutical agent within
the body (Smith et al., 2010; Pellegatti et al., 2011; Wanat, 2020).
The free drug hypothesis advocates that it is the free drug
concentration, at the site of action, that exerts the biological
activity, not the total drug concentration or the bound drug
concentration to either plasma or tissue proteins (Smith et al.,
2010). According to this hypothesis, envisaging drug candidates
exhibiting reduced plasma protein binding is not the most fruitful
strategy, since the binding to plasma proteins increases the
solubility of the prospective pharmaceutical agent, extends its
in vivo half-life by avoiding premature clearance, and slows down
or prevents its passive extravasation to the target tissues. All of
this has a remarkable impact on the bioavailability of the drug. In
fact, the report on plasma protein binding is an FDA requirement
in screening potential therapeutic agents.

Human serum albumin (HSA) is the most abundant protein in
the plasma (35–50 mg/ml) (Wanat, 2020) and, although it plays a
myriad of other functions, excels at being the most important
non-specific transporter protein in the blood (Colmenarejo, 2003;
Kanakis et al., 2006; Maiti et al., 2006; Pessoa and Tomaz, 2010;
Schmidt et al., 2010; Kratz and Elsadek, 2012). HSA is comprised
of a single chain containing three structurally similar domains

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 8685452

Marquês et al. Evaluating Isoniazid Derivatives for Drug-Resistant Tuberculosis

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


termed I, II and III. In turn, each of these domains is constituted
by two helical subdomains (A and B) (Curry et al., 1998; Ascenzi
and Fasano, 2010). The crystal structure of HSA revealed the
presence of binding sites for aromatic and heterocyclic ligands
within subdomains IIA and IIIA, corresponding to Sudlow
proposed sites I and II, respectively (Sudlow et al., 1976;
Dockal et al., 1999; Petitpas et al., 2001).

Considering all the above, we provide a detailed biophysical
study of the interaction of a series of INH derivatives—Figure 1 -
with this plasma protein and a correlation study with the
corresponding lipophilicity is undertaken. We also determined
their cytotoxicity towards HepG2 Cells. From these assays, a SI
was calculated considering the minimum inhibitory
concentration (MIC) against both the wild type Mtb and the
mutant S315T katG Mtb.

MATERIALS AND METHODS

General
All reagents and solvents were obtained from commercial
suppliers with analytical grade and used without further
purification. HSA (lyophilized powder, ≥ 97% pure) was
obtained from Merck (ref. A9511, Sigma-Aldrich®). The
phosphate buffered saline (PBS: 0.01 M Na2HPO4, 0.0018 M
KH2PO4, 0.0027 M KCl and 0.137 M NaCl, pH = 7.4) was
prepared by dissolving pre-prepared tablets from VWR in
MilliQ® water (resistivity >18 MΩ cm). Chromatographic
purification was performed on silica-gel 60, 0.004–0.066 mm,
230–400 mesh ASTM (Merck ref. 1.09385, Millipore®).
Analytical thin layer chromatographies (TLC) were carried out
on precoated silica gel 60 F254 aluminium sheets (Merck ref.
1.05554, Millipore®) and visualized with UV light (254 nm).

1H NMR (400.1 MHz) and 13C NMR (100.6 MHz) were
recorded on a Bruker Avance 400 spectrometer; chemical
shifts were expressed as δ values and referenced to the
residual solvent peak (DMSO-d6, δH = 2.50, δC = 39.5) and
coupling constants were reported in units of Hertz (Hz).

The signals of 1H and 13C spectra were unambiguously
assigned using 2D NMR techniques (COSY, HMQC, HMBC
and NOESY) – see Supplementary Figures S1–S4 for 1H and 13C
NMR spectra in Supplementary Material. FTIR spectra were
obtained using a Nicolet 6700 (Thermo Electron Corp.

Madison. WI) in KBr pellets and only the diagnostic
absorption bands were reported in cm−1. HR-ESI-MS spectra
were acquired in the positive mode on FT-ICR-MS Solarix XR
Bruker Daltonics, 7 Tesla at the FCUL node of the Portuguese
Mass Spectrometry Network.

The purity of the compounds (>98.1%) was evaluated by GC-
MS analysis using a Shimadzu® GCMS-QP2010 Plus, coupled
with an autosampler AOC-20s, an automatic injector AOC-20i
and a Teknokroma® Sapiens-5MS capillary column (30 m ×
0.25 mm × 0.25 µm; dimethyl/diphenylpolysiloxane 95%:5%),
and operating with an EI source. The carrier gas was nitrogen
with a flow of 1 ml/min. 1 μl of each sample was directly injected
via the autosampler into a split/splitless programmable-
temperature mode (10°C/min until 200°C, then held at this
temperature for 2 min, raised to 300°C at 10°C/min and
maintained for 15 min at this final temperature); the mass
spectrometer transfer line was set at 250°C.

Synthesis
INH-C10, N33 and N34 were obtained as fully described in
reference (Martins et al., 2014). N33red and N34red were
obtained by reduction of the parent Schiff base. Sodium
cyanoborohydride (2 equiv.) was added portion wise to a
solution of N33 or N34 in hot methanol. The reaction mixture
was acidified with methanolic HCl 5M until pH 3; at that point
the solution color changed to dark yellow. The reaction was kept
under reflux and monitored by TLC until the starting material
was consumed. The solvent was then evaporated under reduced
pressure, giving an orange-yellow oil. This residue was dissolved
in water and basified to pH > 7 by addition of a few drops of
NaOH 6M, to break up the possible cyanoborate adducts. The
solution was then washed with brine and extracted several times
with dichloromethane, the combined organic extracts were dried
with MgSO4 and the solvent evaporated under reduced pressure
affording crude yellowish solids. Pure N33red and N34red were
obtained after column chromatography with Et2O/MeOH 96.5:
3.5 and by recrystallization from CH2Cl2/petroleum ether 2:3,
respectively (adapted from (Borch et al., 1971)). Both N33red and
N34red are very stable in aqueous solution (PBS with 5% DMSO)
for at least 48 h (Supplementary Figure S5).

Methyl 4-((2-isonicotinoylhydrazinyl)methyl)benzoate
(N33red) Amorphous white powder η= 62.6% IR (KBr): ν
(cm−1) = 3,283 (N-H amine), 3,238 (N-H amide), 3,049 (Ar

FIGURE 1 | Structure of the compounds studied in this work.
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C-H), 1718 (C=O ester), 1,667 (C=O amide), 1,280 (C-O aryl
ester); 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 10.30 (d, 1H,
J = 4.8 Hz, C=ONH), 8.69 (AA′ part of a AA′BB′ system, 2H, J =
4.6, 1.7 Hz, H-2/H-6), 7.92 (AA′ part of a AA′BB′ system, 2H, J =
7.9 Hz, H-3’/H-5′), 7.66 (BB″ part of a AA′BB′ system, 2H J = 4.6;
1.8 Hz, H-3/H-5), 7.53 (BB″ part of a AA′BB′ system, 2H, J =
7.9 Hz, H-2′/H-6′), 5.74 (m, 1H, NHCH2), 4.08 (d, 2H, J = 4.1 Hz,
CH2), 3.84 (s, 3H,CH3);

13C NMR (100.6 MHz, DMSO-d6): δ
(ppm) = 166.15 (OC= O), 163.92 (NHC= O), 150.19 (C-2/C-6),
144.24 (C-1′), 140.11 (C-4), 129.00 (C-3′/C-5′), 128.74 (C-2′/C-
6′), 128.31 (C-4′), 121.04 (C-3/C-5), 53.95 (CH2), 52.02 (CH3).
HR-ESI-MS: 286.11903m/z [M+H]+ (calcd. for C15H15N3O3 +H,
286.11862)

N’-(4-phenoxybenzyl)isonicotinohydrazide (N34red)
Amorphous white powder η= 50.6%, recrystallization from
CH2Cl2: petroleum ether (2:3); IR (KBr): ν (cm−1) = 3,308
(N-H amine), 3,276 (N-H amide), 3,039 (Ar C-H), 1,640 (C=O
amide), 1,247 (C-O aryl ether); 1H NMR (400 MHz, DMSO-
d6): δ (ppm) = 10.32 (d, 1H, J = 3.6 Hz, C=ONH), 8.70 (AA′
part of a AA’BB’ system, 2H, J = 4.6 Hz, H-2/H-6), 7.69 (BB″
part of a AA’BB’ system, 2H, J = 4.7 Hz, H-3/H-5), 7.38 (m, 4H,
H-2’/H-6′, H-3″/H-5″), 7.12 (t, 1H, J = 7.1 Hz, H-4″), 6.97 (m,
4H, H-3’/H-5′, H-2″/H-6″), 5.55 (sb, 1H, J = 4.2 Hz, NHCH2),
3.97 (s, 2H, CH2);

13C NMR (100.6 MHz, DMSO-d6): δ (ppm)
= 163.77 (NHC = O), 156.83 (COC), 155.63 (COC), 150.19 (C-
2/C-6), 140.17 (C-4), 133.48 (C-1′), 130.34 (C-2′/C-6′), 129.97
(C-3″/C-5″), 123.28 (C-4″), 121.04 (C-3/C-5), 118.46 (C-2″/
C-6″), 118.39 (C-3′/C-5′), 53.86 (CH2). HR-ESI-MS:
320.13929 m/z [M+H]+ (calcd. for C19H17N3O2+H,
320.13935).

Lipophilicity Measurements
Lipophilicity was evaluated as log Po/w, the octanol-water partition
coefficient obtained by the shake-flask method (Ràfols et al., 2012;
Martins et al., 2014), and as log Kp(NaDS/w) the partition coefficient
towards sodium dodecyl sulfate (NaDS) anionic micelles obtained
by differential spectrophotometry for INH, INH-C10, N33 and N34
in previous works (Ràfols et al., 2012; Martins et al., 2014; Santos
et al., 2020). For the new compounds, N33red and N34red, a
preliminary assessment of their log Po/w was achieved in this
work, on the basis of the same general procedure already
reported (Ràfols et al., 2012; Martins et al., 2014). For both
compounds, samples were dissolved in water-saturated octanol
at pH 7.5 (KH2PO4/NaOH) to guarantee negligible ionization.
The partition to octanol-saturated aqueous buffer was evaluated,
at room temperature, using a volume ratio, ro/w, of 5/30 and 10/30
for N33red and 2.5/40, 5/40 for N34red, after sonication of the
solutions and partition on a mechanical tumbler. Equilibrium
concentrations were determined by UV-Vis spectrophotometry
between 200 and 500 nm after phase separation.

HepG2 Cell Viability Assay
HepG2 cells were plated on 384-well tissue culture treated
polystyrene plates at 2000 cells in 25 μl of HepG2
maintenance medium per well. After an overnight incubation
at 37°C, the cells were dosed with test compounds in dimethyl

sulfoxide (DMSO) and controls over wide ranges of
concentrations (Table 1) and incubated for 72 h at 37°C.
DMSO was at 0.5% in the final solution. The aqueous
solubility of the compounds limited the range of
concentrations tested. Cell viability was measured using the
Promega CellTiter 96 Non-Radioactive Cell Proliferation Assay
(MTT) kit by adding the Dye Solution to each well and incubating
for 3 h at 37°C. After incubation, the Solubilization Solution/Stop
Mix was added to each well. Plates were incubated at 37°C for 1 h,
mixed on a plate shaker for 10 min and then absorbance was read
at 570 nm. Cell viability was determined by comparison against
control cells in the presence of DMSO only and was measured in
three independent replicates for each compound concentration.
The IC50 was calculated with GraphPad Prism using a Sigmoidal
Dose-response (variable slope) algorithm. Chlorpromazine, a
drug with a well-known and characterized hepatotoxicity
(Frötschl et al., 2005; Gandhi et al., 2013; Morgan et al., 2019),
was used as the positive control.

Determination of Minimum Inhibitory
Concentrations
The isoniazid derivatives were screened in vitro for its activity
against M. tuberculosis by broth macrodilution using the
BACTEC MGIT 960 system and the growth monitored, at
37°C, with the Epicenter V5.80A software (Becton Dickinson,
Diagnostic Systems, Sparks, MD, United States) as previously
described (Springer et al., 2009; Martins et al., 2014). The MGIT
tubes were inoculated with 0.8 ml of OADC (oleic acid, albumin,
dextrose, catalase; Becton and Dickinson), 0.1 ml of the
compound at the pretended concentration and 0.5 ml of the
strain suspension. The compounds were tested from 0.03125
to 128 µM. At the time of testing, two-fold serial dilutions were
prepared to achieve the desired concentrations. When positive
growth was observed in the drug containing tube (GU ≥ 100)
before the positivity of the proportional growth control
(containing a 1/100 dilution of the suspension of the strain),
this indicates that more than 1% of the population was able to
grow in the presence of the concentration of the anti-TB drug
and, as per the proportion testing method definition
recommended by WHO, the strain is considered resistant at
the corresponding drug concentration (Canetti et al., 1963). Thus,
the MIC was the lowest concentration with GU < 100 when the
drug-free 1/100 proportional control tube reached the positivity
threshold of 400 GU. An absolute growth control (undiluted) was
included in every assay to monitor the normal growth of each
strain. The assays were performed in triplicate (biological
replicates) and the final value was given as the result of two
concordant values (Machado et al., 2016).

TheM. tuberculosis H37Rv ATCC27294T reference strain was
obtained from the American Type Culture Collection (Virginia,
United States). TheM. tuberculosis clinical strain, monorresistant
to isoniazid due to the presence of themutation S315T in the katG
gene (Machado et al., 2018, Machado et al., 2016), was isolated in
2003 from a Portuguese patient as part of the routine
mycobacteriology laboratory services provided by Universidade
NOVA de Lisboa (Lisboa, Portugal) to the local hospitals.
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Informed consent was not required for this study as it involves
only anonymized bacterial isolates.

Sample Preparation for Spectroscopic
Measurements With Albumin
HSA stock solutions were prepared by gently dissolving the
protein in PBS (Matos et al., 2013). The concentration of the
HSA stock solutions was 10.4 µM as determined by
spectrophotometry using the molar absorption coefficient
reported by Pace et al. (ε280 nm = 35,219 M−1 cm−1) (Pace
et al., 1995).

INH and INH derivatives stock solutions were prepared in
DMSO. From the stock solutions, appropriate dilutions were
prepared so that each compound was added to HSA in PBS at
different concentrations ensuring that DMSO was at a fixed
concentration of 5% (v/v) in the final solution. HSA
concentration in the final solution was 5.2 µM. Due to
limitations imposed by the solubility of each compound, the
range of concentrations assayed varied for each compound as
shown in Table 1. Prior to measurements, the samples were
incubated at 37.0 ± 0.5°C for 24 h. Other incubation times were
tested as well – 48, 72 and 96 h – and since no changes in the data
obtained were observed the incubation time was set to 24 h. Three
or more independent replicates were prepared and analyzed for
each system.

For the competitive binding assays with warfarin the same
preparation protocol was carried out, except that the solution also
contained warfarin in equimolar proportion to HSA (5.2 µM)
equilibrated prior to incubation with the compound. Warfarin
stock solution was also prepared with DMSO.

Spectroscopic Measurements and Data
Analysis
Fluorescence measurements were performed with a Fluorolog
3.22 spectrofluorimeter (Horiba Jobin Yvon, Villeneuve D’ascq,
France) at 24.0 ± 0.5°C in a sample compartment with
temperature-control. Quartz Suprasil® cuvettes with 1 × 0.4 cm
path length were used to gather the spectroscopic data.

For steady-state fluorescence intensity measurements, the
excitation wavelength was set to 295 nm and emission was
collected in the range 310–550 nm. The bandwidth was 4 nm
in both excitation and emission paths. The fluorescence
intensity was corrected for the absorption and emission inner
filter effects using the absorption spectra recorded for each
sample (Lakowicz, 2006). Electronic absorption spectra were
recorded at room temperature with a Jasco V-560
spectrophotometer (Hiroshima, Japan) in the range from 250
to 500 nm.

Time-resolved fluorescence measurements were carried out
by the single photon counting technique, using a nanoLED N-
280 (Horiba Jobin Yvon, Villeneuve D’ascq, France) for the
excitation of the protein. The emission wavelength was set to
350 nm in order to avoid the contribution from tyrosine
residues and collect only the photons emitted by the
tryptophane residue 214Trp (Starosta et al., 2020). The
bandwidth was 11 nm and a timescale of 55ps/channel
(1,024 channels) was employed. Ludox® was the scattering
agent used to obtain the instrumental response function.
The experimental fluorescence intensity decays were
analysed with the software TRFA® version 1.4 (Minsk,
Belarus). The fluorescence intensity decays, I(t), were
analysed by fitting a sum of exponentials, and the decay law
was then obtained according to Eq. 1:

I(t) � ∑n

i�1αi exp(− t

τi
) (1)

where αi and τi are the normalized amplitude and lifetime of
component i, respectively.

The changes in quantum yield due to processes affecting the
fluorescence lifetime were assessed from the amplitude-weighted
mean fluorescence lifetime, �τ , calculated using Eq. 2:

�τ � ∑n
i�1
αiτi (2)

The criteria to ascertain the good quality of the fitting were the
reduced χ2 value close to 1 and the random distributions of
weighted residuals and residuals autocorrelation.

TABLE 1 | Abbreviation (ID), systematic name, concentrations in HSA-binding and cytotoxicity studies and purity of the compounds used in this work.

ID Systematic name Concentrations studied (µM) Purity
(GC-MS)HSA-binding Cytotoxicity

INH isonicotinoylhydrazide 0, 62.5, 125, 375, 625, 750, 1,000, 1,250, 1,750,
2,250, 4,000 and 6,000

0.063, 0.2, 0.63, 2, 6.3, 20, 63.3
and 200

99.4

INH-
C10

N′-decanoylisonicotinoylhydrazide 0, 2.6, 5.2, 10.4, 20.8, 26.0, 31.2, 62.5, 125
and 200

0.0079, 0.025, 0.079, 0.25, 0.79,
2.5, 7.9 and 25

98.1

N33 methyl (E)-4-((2-isonicotinoylhydrazineylidene)
methyl)benzoate

0, 2.6, 5.2, 10.4, 20.8, 26.0, 31.2, 62.5, 125
and 200

0.0079, 0.025, 0.079, 0.25, 0.79,
2.5, 7.9 and 25

99.5

N34 (E)-N’-(4-phenoxybenzylidene)
isonicotinohydrazide

0, 2.6, 5.2, 10.4, 20.8, 26.0, 31.2, 62.5, 125
and 200

0.063, 0.2, 0.63, 2, 6.3, 20, 63.3
and 200

98.5

N33red methyl 4-((2-isonicotinoylhydrazinyl)methyl)
benzoate

0, 2.6, 5.2, 10.4, 20.8, 26.0, 31.2, 62.5, 125, 200,
300 and 400

0.063, 0.2, 0.63, 2, 6.3, 20, 63.3
and 200

98.1

N34red N’-(4-phenoxybenzyl)isonicotinohydrazide 0, 2.6, 5.2, 10.4, 20.8, 26.0, 31.2, 62.5, 125, 200,
300 and 400

0.0158, 0.05, 0.158, 0.5, 1.58, 5,
15.8 and 50

98.5
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Regarding both steady-state and time-resolvedmeasurements, an
adequate blank was subtracted from each reading and at least three
independent experiments were performed for each compound. The
results are presented asmean ± standard deviation. Unless otherwise
stated, statistical significance versus INH was determined by one-
way ANOVA with Tukey’s post-hoc test (*, p < 0.05; **, p < 0.01;
***p < 0.001) (Mishra et al., 2019).

RESULTS AND DISCUSSION

Four different and complementary in vitro approaches, deemed
to be suitable considering the current stage of development of this
project, were employed to assess the potential in vivo application
of the INH derivatives under study to treat MDR-TB.

In vitro Evaluation of Hepatotoxicity
In early screening of potential drugs, it is important to assess their
in vitro cytotoxicity to be able to justify further investments in their
development. In fact, cell viability assays to evaluate drug toxicity are
frequently employed during the process of drug development (Riss
et al., 2013; Jakštys et al., 2015; Niepel et al., 2019). In general terms,
drugs can exert their toxicity through on-target pharmacology, i.e.,
by an exacerbated action on the primary pharmacological target, or
through off-target toxicity, which is a common mode of toxicity for
small-molecule drugs (and/or their metabolites) as a result of their
pharmacological promiscuity and/or their unintended chemical
reactivity with biomolecules (Muller and Milton, 2012).

Many drugs in clinical use exhibit, at some point, some degree
of hepatotoxicity (Devarbhavi, 2012). To evaluate the in vitro
toxicity of this series of INH derivatives, the viability of HepG2
cells, a human liver cancer cell line, was determined by the MTT
tetrazolium reduction assay (Riss et al., 2013), a colorimetric
assay to assess cell metabolic activity, and the IC50 value, i.e., the
concentration for 50% reduction in cell viability, was obtained for
each compound (Supplementary Figure S6). The IC50 value for
the positive control, chlorpromazine, a drug mainly used in the
treatment of psychotic disorders, was 13.9 µM, which is
consistent with a previous assessment of IC50—34.7 µM
against the same cell line, but a shorter incubation time (24 h
instead of 72 h) (Wang et al., 2002). The hepatoxicity of INH is
well described (Girling, 1978; Wu and Cederbaum, 1996; Huang

et al., 2003; Bhadauria et al., 2007; Singh et al., 2011) and is much
lower than that of chlorpromazine. From studies using HepG2
cells it has been suggested that the main mechanisms by which
INH may exert toxic effects is by inducing oxidative stress,
mitochondria dysfunction and apoptosis (Bhadauria et al., 2007).

Here, we intended to assess the toxicity of these INH
derivatives as a pre-screening approach to evaluate the
suitability of these compounds to be considered in the
treatment of TB. The results obtained in cell viability assays
(Supplementary Figure S6, Table 2 (in µM) and Supplementary
Table S1 (in μg ml−1)) suggest that most compounds tested are
not toxic within the concentration ranges studied. The parental
drug INH as well as compounds N34 and N33red did not
significantly affect HepG2 cell viability up to 200 µM. Due to
limitations imposed by the aqueous solubility of the compounds,
the effects of INH-C10 and N33 were only tested up to 25 µM. At
this concentration INH-C10 only marginally affected cell viability,
whereas N33 had no significant impact (Supplementary Figure
S6). N34red was the only INH derivative for which it was possible
to determine an IC50 value, i.e., 48.5 µM. All the IC50 values
obtained show that INH and the studied derivatives are less toxic
than drugs currently in clinical use. Rifampin, an antibiotic
employed for the treatment of mycobacterial infections, has an
IC50 value of 25.5 µM (Vahdati-Mashhadian et al., 2013). More
importantly, all of these INH derivatives seem to be safer than
bedaquiline, which has an IC50 of 17.4 µM (Lupien et al., 2018)
and half of them are certainly better, in terms of cytotoxicity, than
delamanid, which presents an IC50 of 98.9 µM (Lupien et al.,
2018). The IC50 presented for bedaquiline and delamanid were
obtained in the same conditions, i.e., against the same cell line,
HepG2, and the same incubation time (72 h) (Lupien et al., 2018).

The selectivity index, SI, which depends on the toxicity of the
compound, is also an important parameter when considering the
pharmaceutical application of new drugs. In a previous work we
determined the activity of a series of INH derivatives against the wild
type strain ofMtb (H37Rv) and the katG (S315T) mutant strain that
lies as the most frequent and important cause of INH resistance
worldwide (Martins et al., 2014). The minimum inhibitory
concentrations (MIC), defined as the lowest concentration
necessary to inhibit 99% of the bacterial population, established
in (Martins et al., 2014) using the BACTEC™ MGIT™ 960 system
(BACTEC 960) and the Epicenter V5.53A software, together with
the IC50 values determined in the present work against HepG2 cells,
can be used to estimate the in vitro SI according to Eq. 3:

SI � IC50

MIC
(3)

In Table 2, the SIs considering the activity against both the wild
type and mutant strains are presented. The data gathered so far
indicates that, by comparison with the other studied compounds,
INH presents the best performance against the wt Mtb; however,
when considering the mutant strain katG (S315T), the SI of N34
makes it a very promising compound. In addition, two other INH
derivatives also present higher activity against this strain when
compared with INH, which in the case of INH-C10 corresponds
to a 6-fold gain in efficacy. At this point, the solubility limit of this
compound in buffer with 0.5% DMSO prevents us to elaborate

TABLE 2 | IC50 values of the compounds studied in this work against HepG2 cells
(including the positive control, chlorpromazine), MIC values against wt (MIC
(wt)) and katG (S315T) (MIC (katG S315T)) strains of Mtb and selectivity index
computed with the activity against wt (SI (wt)) and katG S135T (SI (katG S315T)).

Compound IC50/µM MIC (wt)/µM MIC (katG
S315T)/µM

SI (wt) SI (katG
S315T)

INH >200 0.29a 43.8a >690 >4.6
INH-C10 >25 0.38a 6.9a >66 >3.6
N33 >25 1.06a 21.2a >24 >1.2
N34 >200 0.95a 18.9a >210 >10.5
N33red >200 2.0 >128 >100 n.d.
N34red 48.5 1.0 >128 48.5 <0.4
Chlorpromazine 13.9

aRetrieved from reference (Martins et al., 2014).
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further on the SI for this compound. Yet, the in vitro efficiency of a
drug can greatly differ from that in vivo (Braggio et al., 2010). Drug
efficiency is defined as the fraction of the dose administered that
effectively reaches the site of action (Braggio et al., 2010). While
in vitro this parameter is expected to be near 1, in vivo it greatly
depends on the ADME processes, which can be profoundly
influenced by the plasma protein binding ability of the drugs.

Albumin Binding Studies and Correlations
With Compound Lipophilicity
It is common understanding that the binding to plasma proteins
can not only modulate the pharmacokinetics of a drug, but also

lower its toxicity (Schmidt et al., 2010; Wanat, 2020). Thus, in
addition to the SI, plasma protein binding is also an important
aspect to take into consideration in the evaluation of potential
drugs. In fact, many of the highly prescribed drugs bind to plasma
proteins in a percentage greater than 98% (Smith et al., 2010).
This constitutes the rationale behind the evaluation of HSA
interactions with INH and its derivatives, since HSA is the
most abundant protein in the plasma, and, as already referred,
also the most important non-specific drug carrier.

HSA contains 18 tyrosine residues and a single tryptophane
residue, 214Trp, located in subdomain IIA. The interaction
between INH or its derivatives and HSA can be studied by
fluorescence spectroscopy by selective excitation of 214Trp at

FIGURE 2 | Steady-state emission spectra of HSA 214Trp in the absence and presence of (A) INH, (B) INH-C10, (C) N33, (D) N34, (E) N33red and (F) N34red.
214Trp fluorescence quenching (λex = 295 nm) is observed upon compound binding (black dashed arrow indicates the direction of increasing compound concentration).
The conditions were as follows: [HSA] = 5.2 µM, kept constant; samples prepared in PBS, pH 7.4; 24 h incubation at (37.0 ± 0.5)°C; measurements at room
temperature, (24.0 ± 0.5)°C.
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295 nm and emission collection at 340 nm or longer wavelengths
(Luís et al., 2014; Teale and Weber, 1957). Although 214Trp is in
the vicinity of Sudlow’s binding site I, its photophysics also
reports changes occurring in binding site II due to its high
sensitivity to changes in the environment either as a result of
drug binding or of structural alterations of the protein (Luís et al.,
2014). The emission spectra of HSA in the presence of increasing
concentrations of each compound can be found in Figure 2. The
maximum emission intensity of HSA in the absence of any
compound was observed at 334 nm in agreement with
previous observations (Demoro et al., 2013; Luís et al., 2014),
indicating that 214Trp is shielded from the aqueous solvent, since
tryptophane has a typical emission maximum close to 350 nm in
water (Teale and Weber, 1957). As a general acknowledgment,
with the increment in the concentration of the compounds there

is a pronounced decrease in the emission intensity of HSA, thus
all compounds have the ability to quench the fluorescence of
214Trp. Moreover, in the normalized emission spectra, it can be
observed that INH, INH-C10 N33red and N34red did not
promote any spectral shifts (Figures 3A,B,E,F), whereas N33
induced a red shift (Figure 3C) and N34 may have caused a small
blue shift (Figure 3D). Therefore, while INH, INH-C10, N33red
and N34red binding do not seem to induce structural alterations
in the protein that change the exposure degree of 214Trp, the same
is not verified for N33 and possibly N34. The red shift in the
maximum emission upon the binding of N33 points to a
structural change that seems to leave 214Trp exposed to a
more polar environment, suggesting a greater water
accessibility in the vicinity of that amino acid residue. In fact,
for the highest concentration of N33, the maximum emission is

FIGURE 3 | Normalized steady-state emission spectra of HSA 214Trp in the absence and presence of (A) INH, (B) INH-C10, (C) N33, (D) N34, (E) N33red and (F)
N34red. The dashed black line indicates the maximum emission of HSA in the absence of any compound (λ = 334 nm). The conditions were as follows: [HSA] = 5.2 µM,
kept constant; λex = 295 nm; samples prepared in PBS, pH 7.4; 24 h incubation at (37.0 ± 0.5)°C; measurements at room temperature, (24.0 ± 0.5)°C.
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shifted to ~350 nm, which is close to the maximum emission of
214Trp in water. On the other hand, the blue shift effect of N34 is
much smaller (ca. 5 nm).

For further analysis, the fluorescence intensity values were
taken at excitation and emission wavelengths of λex = 295 nm and
λem = 340 nm and corrected for the inner filter effects, yielding a
corrected fluorescence intensity value, F, for each sample. The
variation of such fluorescence intensity (ΔF) between the samples
containing only HSA (F0) and HSA + compound (F) can be
calculated for each concentration of the compound to estimate
the dissociation constant (Kd) for the equilibrium HSA +
compound. As detailed in (Luís et al., 2014), plotting ΔF as a
function of compound concentration ([C]), Eq. 4:

ΔF � [C]
Kd + [C]ΔFmax (4)

enables the computation of Kd values and of the maximum
variation in fluorescence intensity (ΔFmax) for unlimited

compound concentration, by a non-linear fit with Eq. 4. In
Figure 4 the graphical representation of ΔF as a function of
[C] is shown for INH (Figure 4A) and all INH derivatives
(Figure 4B) studied in this work, and Kd values for all the
compounds are presented in Table 3.

Regarding the data in Figure 4 the emission intensity at
340 nm was used instead of that at 334 nm to avoid water
Raman scattering and improve the signal-to-background ratio,
while maintaining very good sensitivity (close to maximum)
(Demoro et al., 2013; Matos et al., 2013). The Kd of INH in
the range of 10−3M (Table 3), as determined by us, represents a
weak interaction as compared to other drugs, which typically
display Kd in the range of 10−4–10−6M (Sowell et al., 2001; Chen
and Hage, 2006; Kanakis et al., 2006; Kim and Wainer, 2008;
Mallik et al., 2008; Joseph et al., 2010; Joseph et al., 2011; Matsuda
et al., 2011; Yang et al., 2014). A Kd value of 3.9 ± 0.4 × 10−4 M has
been previously reported for INH (Ascenzi et al., 2011). However,
it is not mentioned in that study if the fluorescence intensity was

FIGURE 4 |Compound binding to HSA as assessed by steady-state fluorescence spectroscopy. Variation of fluorescence intensity for increasing concentration of
(A) INH and (B) INH derivatives. The dots correspond to experimental data and the lines correspond to the non-linear fit of Eq. 5. Analysis is based on the fluorescence
intensity at λem = 340 nm (λex = 295 nm), under the following conditions: [HSA] = 5.2 µM; samples prepared in PBS, pH 7.4; 24 h incubation at (37.0 ± 0.5) °C;
measurements at room temperature, (24.0 ± 0.5)°C. INH was represented separately due to the very different concentration range assayed.

TABLE 3 |Dissociation constants of the compounds studied in this work for HSA retrieved from the variation in the steady-state fluorescence intensity (Kd), from the variation
in the fluorescence intensity corrected regarding the variation in fluorescence lifetime (K′d) and from the variation in �τ (K″d). The reverse of the constants computed from
the slope in the Stern Volmer plot of fluorescence intensities corrected regarding the variation in fluorescence lifetime are also presented (1/K), as well as the dissociation
constants of the compounds for the warfarin binding site in the presence of equimolar proportions of HSA and this competitor (Kdc). Octanol-water partition coefficients (log
Po/w). are also shown. All values result from the average of at least 3 independent experiments and are presented with the respective standard deviations (SD). Statistical
significance versus INH: **, p < 0.01.

Compound 103 (Kd ±
SD)/M

103 (K9d ±
SD)/M

103 (1/(K ±
SD))/M

103 (K99d ±
SD)/M

103 (Kdc ±
SD)/M

log Po/w ±
SD

INH 2.72 ± 0.04 2.72 ± 0.04 1.65 ± 0.06 - 4.55 ± 0.05 −0.85 ± 0.01b

INH-C10 0.046 ± 0.009** 0.05 ± 0.02** 0.07 ± 0.01** 0.120 ± 0.003 0.4 ± 0.2** 3.5 ± 0.2b

N33 0.16 ± 0.05** 0.2 ± 0.1** 0.12 ± 0.04** 0.08 ± 0.06 0.054 ± 0.004** 1.32 ± 0.06c

N34 0.13 ± 0.05** 0.11 ± 0.05** 0.07 ± 0.03** 0.52 ± 0.02a 0.128 ± 0.005** 3.7 ± 0.1c

N33red 0.6 ± 0.2** 0.6 ± 0.2** 0.56 ± 0.05** - 0.9 ± 0.3** 1.33 ± 0.04
N34red 0.15 ± 0.03** 0.14 ± 0.04** 0.090 ± 0.001** 0.73 ± 0.06a 0.34 ± 0.02** 2.6 ± 0.2

aK values correspond to the slopes obtained from the Stern Volmer plot using the amplitude-weighted mean fluorescence lifetimes.
bRetrieved from reference (Ràfols et al., 2012).
cRetrieved from reference (Martins et al., 2014).
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corrected for inner filter effects. In fact, if we use the uncorrected
fluorescence intensity data to calculate INH Kd, we obtain a value
of 6.5 × 10−4 M (Supplementary Figure S7).

Notably, all INH derivatives exhibit a more favourable
interaction with HSA as compared to INH (Table 3). INH-
C10, which was the compound with the strongest antimicrobial
activity against the katG S315T mutant strain of Mtb, is also the
one with more affinity for HSA. Compound N34, the one that
displayed the most promising SI regarding the activity against the
mutant strain, also presents a Kd value that is one order of
magnitude lower than that of INH, meaning that binding is
one order of magnitude stronger. The Kd determined for the INH
derivatives lay within the range of many clinically used drugs,
10−4–10−6, (Smith et al., 2010) which is another encouraging
result regarding future efforts in the development of alternative
therapies to treat MDR-TB based on the chemical tailoring of
INH. The binding of the compounds tested to HSA displays a
good correlation with their lipophilicity, as expressed by their
octanol-water partition coefficients (Table 3), which is clearly
shown in the plot of log Kd vs. log Po/w (Figure 5). N33 deviates
from the linear trend and was not considered in the linear
regression. Such deviation probably occurs because this
compound induces a structural change in the protein that
leaves 214Trp exposed to water as suggested by the strong
emission red shift (Figure 3C), unlike all other compounds.
The correlation found between log Kd and log Po/w follows the
typical trend for compound-plasma protein binding, i.e., as
compounds are more lipophilic the more significant becomes
their binding to plasma proteins (Croom, 2012). As mentioned,
the range of Kd of the derivatives is equivalent to other drugs.
Higher Kd would result in an increased free fraction of the drug,
whereas much lower Kd hinders the release of the compound by
HSA. The same rational can be applied to lipophilicity, since a low

lipophilicity implies a low partition towards lipid membranes,
thus a limited ability to reach the target insideMtb. On the other
hand, a very high lipophilicity corresponds to a very high affinity
for lipid membranes, which may result in a compound being
trapped in the membrane once it penetrates it. We have
previously shown that the lipophilicity of INH-C10 (Santos
et al., 2020) is important for the accumulation of this
compound in lipid membranes with a concomitant increase in
bioavailability inside the cell (Vila-Viçosa et al., 2017).

Regarding the fluorescence intensity decays of HSA 214Trp, the
best fit was always obtained using three exponential terms. The
normalized amplitude and lifetime of each component (α1 =
0.261, α2 = 0.428, α3 = 0.314, τ1 = 0.662 ns, τ2 = 3.443 ns, τ3 =
6.935 ns), that best described the fluorescence intensity decay of
HSA alone are in good agreement with the ones previously
reported (Luís et al., 2014; Starosta et al., 2020). As depicted
in Figure 6 and Supplementary Figure S8 not all compounds
have the same efficiency reducing the fluorescence lifetime of
214Trp. The invariance of the amplitude-weighted mean
fluorescence lifetime (�τ) of 214Trp in the presence of
increasing amounts of INH and N33red (Figures 6A,E)
indicates that the decrease in steady-state fluorescence
intensity is due to the association of the quencher with the
fluorophore. On the contrary, for INH-C10, N33, N34 and
N34red a decrease in the �τ of 214Trp as the concentration of
compound increases was observed (Figures 6B–D,F).
Performing a non-linear fit to the variation of �τ according to
Eq. 4, where the steady-state fluorescence intensity is replaced by
the amplitude-weighted mean fluorescence lifetime (Figure 7), it
is possible to estimate the dissociation constants by time-resolved
fluorescence measurements (K″d) which are also shown in
Table 3. K″d values reported for INH-C10 and N33 were
obtained using a non-linear fit using Eq. 4. In the other two
cases (N34 and N34red), the non-linear fit was not possible since
the concentrations tested were not sufficiently high to define the
binding curve plateau, and a linear fit to Eq. 5 (Stern-Volmer
equation) was used instead. The Stern-Volmer relationship is
given by

F0

F
� 1 + K[C] (5)

where F0 and F are the fluorescence intensities in the absence and
presence of a concentration of quencher compound, [C]. When
used to analyse time-resolved fluorescence data, F is replaced by
�τ. The K″d values obtained for INH-C10 and N33 retrieved from
either method are identical.

Whenever the decrease in �τ is smaller than the decrease in the
steady-state fluorescence intensity, there are multiple quenching
mechanisms responsible for a decrease in fluorescence quantum
yield, one affecting the amplitude-weighted mean fluorescence
lifetime and the fluorescence intensity alike, and another affecting
only the fluorescence intensity (a static quenching mechanism).
Therefore, for each data point, the decrease in fluorescence
intensity that was not due to a decrease in �τ was calculated.
These values were used to obtain yet another dissociation
constant that corresponds to the binding process affecting
only the steady-state fluorescence intensity, also shown in

FIGURE 5 | Compounds’ binding to HSA is correlated with their
lipophilicity. The dots correspond to experimental data and the line
corresponds to a linear fit to the data points. log Po/w and log Kd values can be
found in Table 3. Data points used for the linear fit included INH, INH-
C10, N34, N33red and N34red. The rational as to why N33, open square, is
not used for the linear fit is given in the text. The relationship between log Kd

and log Po/w is given by log Kd = -(0.35 ± 0.05) log Po/w – (2.86 ± 0.14).
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Table 3 (K’d). Upon this correction, the resulting K’d are, in
general, very close to the previously calculated Kd, thus the
variation in the fluorescence lifetime in most cases barely
affected the dissociation constants estimated by steady-state
fluorescence intensity. This is a consequence of the much
larger relative decrease in fluorescence intensity when
compared with the decrease in fluorescence lifetime.

The Stern–Volmer plots for HSA static quenching by the
compounds, i.e., the quenching obtained from the steady-state
fluorescence intensity corrected for the decrease of the
fluorescence lifetimes are shown in Figure 8.

For a static quenching mechanism, K represents the
association constant for the formation of non-fluorescent
HSA-compound ground-state complex. Therefore, the reverse
of K gives an estimate of the dissociation constant. By fitting a
straight line to the data in Figure 8 forcing a unitary intercept, i.e.,
assuming a Stern-Volmer-like behaviour, a reasonable
correlation coefficient was obtained in all cases. It is worth
noting that the reverse of the Stern-Volmer constants, 1/K
(Table 3), yields values mostly identical to the K′d determined
by the non-linear fit according to Eq. 4.

The interaction of INH and its derivatives with HSA was
further examined regarding their putative binding site. INH is
known to bind to the warfarin binding pocket of site I (Wang
et al., 2016). Thus, to assess if INH derivatives would bind to the
same site as INH (and warfarin), fluorescence spectroscopy
measurements were carried out in the presence of the
fluorescent site-marker warfarin in the same molar

FIGURE 6 | Amplitude-weighted mean fluorescence lifetime (�τ) (Eq. 3) of HSA 214Trp in the presence of increasing concentrations of (A) INH, (B) INH-C10, (C)N33,
(D) N34, (E) N33red and (F) N34red (λex = 279 nm; λem = 350 nm). Dashed line is merely a guide to the eye. Other experimental conditions: [HSA] = 5.2 µM, kept
constant; λex = 279 nm; λem = 350 nm; samples prepared in PBS, pH 7.4; 24 h incubation at (37.0 ± 0.5)°C; measurements at room temperature, (24.0 ± 0.5)°C.

FIGURE 7 | Compound binding to HSA as assessed by time resolved
fluorescence spectroscopy. Variation of �τ with increasing concentrations of
INH-C10 and N33. The dots correspond to experimental data and the lines
correspond to the non-linear fit using Eq. 5. Analysis is based on the
fluorescence intensity decay at λex = 279 nm, λem = 350 nm. Other
experimental conditions: [HSA] = 5.2 µM, kept constant; samples prepared in
PBS, pH 7.4; 24 h incubation at (37.0 ± 0.5)°C; measurements at (24.0 ±
0.5)°C.
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concentration as HSA (5.2 µm). Here, to avoid any contribution
from the 214Trp (or tyrosine residues) and ensure that only the
fluorescence from warfarin was being collected, the excitation
wavelength used was 320 nm (Figure 9).

As can be observed, an increase in the concentration of the
compounds results in a decrease in the intensity of fluorescence
emission by warfarin, which is due to the displacement of
warfarin from the HSA-warfarin complex to water, where it
has a much lower fluorescence quantum yield (Vasquez et al.,
2009). Such decrease in the fluorescence intensity supports the
hypothesis that all compounds compete with warfarin for the
same binding site, or, in other words, that INH derivatives will
bind at the same site as its parental compound, INH. Using the
dampening in the fluorescence intensity of warfarin it is possible
to retrieve the HSA-compound dissociation constant for the
binding site of warfarin (Kdc) - Table 3. With this purpose,
the following equation, that is valid for pure competition at a
single site, can be used (Cheng and Prusoff, 1973):

Kdc � C50

1 + [warfarin]
Kdw

(6)

where C50, the concentration of compound that displaces half of
the initially bound warfarin, is determined from the variation of
the fluorescence intensity, as exemplified in Supplementary
Figure S9 and Kdw is the dissociation constant of warfarin.
The calculated Kdw is 9 × 10−6 M, which is in good agreement
with previous determinations (Loun and Hage, 1994; Chen and
Hage, 2006; Yoo et al., 2010).

For an evaluation of the contribution of the binding to the
warfarin binding site to total binding, the corresponding binding
constants (the reverse of the respective dissociation constants) are
presented in Supplementary Table S2. Considering these values,
for the compounds that do not promote a change in the
fluorescence lifetime of 214Trp, INH and N33red, the Kb

(binding constant retrieved from the variation in the steady-
state fluorescence intensity) is close to Kbc (binding constant for

the warfarin binding site), which suggests that the main binding
process of these compounds involves HSA Sudlow’s binding site
I. For the other compounds, for which a variation in the
fluorescence lifetime of HSA upon their binding was observed,
both binding processes must be considered—the binding that
induces only a decrease in the fluorescence intensity of 214Trp
(K′b – binding constant from the variation in the fluorescence
intensity corrected regarding the variation in fluorescence
lifetime) and the binding that induces a decrease in the
fluorescence lifetime of 214Trp (K″b – binding constant
retrieved from the variation in �τ). The detection of these two
processes suggests that two binding modes are taking place, that
in the case of N33 (and possibly N34) seems to comprise only
warfarin binding site. In the case of N33, the outcome of the large
error in the determination ofK″b is that the sum ofK′b withK″b is
not statistically different from Kbc and, consequently, it must be
assumed that this compound is also binding solely to Sudlow’s
binding site I in HSA. A similar situation occurs for N34. Despite
the suggestion of two binding modes, and the identical mean
values of Kbc and K′b, the binding to Sudlow’s site I may account
for all the binding with Kbc, due to the larger relative error in K′b
determination for this compound. For N34red the binding
constant obtained from the corrected steady-state fluorescence
intensity (K’b) is, within error, similar to the binding constant
retrieved through competition with warfarin (Kbc). In addition,
there is a smaller contribution to binding detected from the
variation of fluorescence lifetime (K″b). It is possible that these
3 compounds bind to Sudlow’s binding site I in two different
orientations/different locations, in both cases displacing warfarin,
but in one of them completely quenching the fluorescence
emission of 214Trp, and in the other reducing the fluorescence
lifetime. Alternatively, the binding site could accommodate one
or two compound molecules, resulting in different fluorescence
behaviour of 214Trp in each case. In the case of N34red (and to a
lesser extent N34), we cannot rule-out that one of the binding
processes involves a different binding site. However, this

FIGURE 8 | Stern-Volmer plots of HSA 214Trp obtained from the steady-state fluorescence intensity measurements after removing the contribution of the
fluorescence lifetimes decrease for (A) INH and (B) INH derivatives. The dots correspond to experimental data and the lines correspond to the linear fit to Eq. 6. Analysis
based on the fluorescence intensity at λem = 340 nm (λex = 295 nm), under the following conditions: [HSA] = 5.2 µM; samples prepared in PBS, pH 7.4; 24 h incubation
at (37.0 ± 0.5)°C; measurements at room temperature, (24.0 ± 0.5)°C. INH was represented separately due to the very different concentration range assayed.
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possibility becomes much more evident in the case of INH-C10,
since the binding to Sudlow’s site I does not account for all, or
even most, of the binding of the compound to HSA. In this case,
there could be HSA-compound complexes 1:1 where the
compound could occupy two different sites, or a stoichiometry
that is not simply 1:1 but involves HSA-(compound)n complexes.

Interestingly, the binding to the warfarin site also shows some
correlation with the lipophilicity of the compounds (Figure 10).
Plotting log Kdc vs. log Po/w for all compounds except N33 yields a
reasonably linear correlation (Figure 10, blue data). Additionally,
since INH-C10 is the only compound for which the binding to
Sudlow’s site I accounts for only a minor fraction of the binding to

FIGURE 9 | Steady-state emission spectra of the complex HSA-bound warfarin in the absence and presence of (A) INH, (B) INH-C10, (C)N33, (D)N34, (E)N33red
and (F) N34red. λex = 320 nm to ensure that only warfarin is excited. The green line in all plots is the emission spectrum of warfarin in water. A decrease in fluorescence
intensity is observed upon compound binding (black large arrow indicates the direction of increasing compound concentration). The conditions were as follows:
[warfarin] = [HSA] = 5.2 µM, kept constant; samples prepared in PBS, pH 7.4; 24 h incubation at (37.0 ± 0.5)°C; measurements at room temperature, (24.0 ±
0.5)°C.
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HSA (Kbc clearly smaller than both Kb′ and Kb″), we also
performed a linear regression of log Kdc vs. log Po/w excluding
this compound (Figure 10, open circle), which significantly
improved the correlation (r2 = 0.9993).

Nonetheless, the result to be highlighted is that all derivatives
studied in this work bind to warfarin binding site and all of them
do it with higher affinity than INH. Since HSA is known to
influence ADME processes in vivo, the more effective binding of
the derivatives to HSA suggests that these compounds might be
more efficiently transported through the blood stream, while
being more protected than INH against early clearance or
involvement in unintended chemical reactivity with
biomolecules. In addition, the enhanced permeability and
retention-like (EPR) effect, consisting in the accumulation of
macromolecules such as albumin in the altered tissue, most
commonly described in the context of cancer therapeutics,
may be also relevant for drug targeting in tuberculosis, given
the inflammatory processes associated with this infectious disease
(Fenaroli et al., 2018).

Antimycobacterial Activity
A total of six compounds were tested for their ability to inhibit the
growth of actively replicating Mtb strains, the wild type H37Rv
reference strain and a clinical strain harbouring the most common
mutation on the katG gene, S315T. Compounds N33 and N34 are
more active against the mutated strain than INH for the same strain.
Compounds N33red and N34red are active against the wild-type
strain, whereas their activity is completely abolished in the mutated
strain. Moreover, N33 and N34 are still active against the mutated
strain despite an increase in their MICs when compared with values
in the wild type strain. Interestingly, for the three compounds INH-
C10, N33 and N34, the MICs undergo a similar 20-fold increase
going from wt to S315T, whereas for INH this increase is of
approximately 150-fold. This suggests that the underlying features

that render these compounds more active than INH against the
mutated strain do share some similarities. All these compounds are
more hydrophobic than INH (see Table 3). This can promote a
better permeation ofMtb cell wall and plasmamembrane, allowing a
larger intracellular accumulation of the compounds. A previous
study has shown that the hydrophobic nature of INH-C10 promotes
a better trafficking across the Mtb membrane, which compensates
for its smaller reactivity (the N′-acyl group stabilizes the molecule,
resulting in slower spontaneous radical formation) when compared
with INH (Vila-Viçosa et al., 2017), resulting in lower MIC values
(Martins et al., 2014). The only structural difference betweenN33red
andN34red and the parent hydrazones N33 andN34 is the nature of
the bond between theN′ atomof the isonicotinhydrazidemoiety and
its substituents (Figure 1). The lack of the N′ = C bond in the
reduced compounds allows the free rotation around the N′-C single
bond in N33red and N34red. This stereo arrangement can hinder
membrane permeability, i.e., compoundsmay still be adsorbed at the
membrane but crossing will be much slower, thus diminishing the
ability of N33red and N34red to reach and/or interact favourably
with the active site ofMtb S315T strain, leading to higherMIC values
as compared to the corresponding non-reduced compounds. The
reason for the higher activity of N33 and N34 vis-à-vis INH in the
mutant is still not totally rationalized, hinting that more than one
factor is probably responsible for this behaviour (e.g., a balance
between trafficking and reactivity).

CONCLUSION

In this work the in vitro toxicity and plasma protein binding of a
series of isoniazid derivatives were investigated. Even though
some of these INH derivatives might present a higher degree of
toxicity than INH itself, they have shown to be less aggressive
in vitro than some therapeutic agents currently in use, including
the two new drugs that have been recently introduced as part of
combination regimens to treat MDR-TB in adults, bedaquiline
and delamanid. Although this type of comparison might have
some limitations due to differences in experimental settings/
conditions, the same cell type and incubation time have been
employed in both cases, allowing thus a reasonable judgement
about the potential safety of these derivatives. This outcome is
especially relevant in the case of compounds INH-C10, N33 and
N34, which are more active than INH against the most frequent
Mtb katG mutation (the S315T mutant). Therefore, the rational
used for the design of these INH derivatives, and their
experimentally verified ability to overcome limitations caused
by the S315Tmutation with acceptable selectivity indexes, may be
considered as strategies to improve INH activity, especially in
cases where acquired resistance is emerging due to selection
during treatment of a S315T mutated population.

In addition to their promising safety data, these INH derivatives
also proved to have a greater binding affinity towardsHSA than INH
itself, with dissociation constants that in the case of INH-C10 are two
orders of magnitude more favourable. Furthermore, the efficient
binding of INH derivatives to HSA is expected to improve their half-
life and solubility and lower their toxicity, allowing us to predict that
in an in vivo scenarioMtbmay be exposed to high and safe doses of

FIGURE 10 | Compounds’ affinity to the binding site of warfarin in HSA
(Sudlow’s binding site I) is correlated with their lipophilicity. The dots
correspond to experimental data and the lines to linear fits. log Po/w and log
Kdc values can be found in Table 3. Data in closed circles are for INH,
N34, N33red and N34red, and the open circle is for INH-C10. The linear fit
either includes all the points (black line) or all points except INH-C10 (blue line).
For the latter, the relationship between logKd and log Po/w is given by log Kdc =
-(0.34 ± 0.01) log Po/w - (2.63 ± 0.02).
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these compounds for lengthy periods of time. The albumin binding
behaviour of the studied compounds correlates with their
lipophilicity, which in the case of INH-C10 is in harmony with
prior molecular dynamic simulations predicting a higher partition to
a phospholipid bilayer as opposed to INH (Vila-Viçosa et al., 2017).
Nevertheless, it should be emphasized that the increased activity of
N33 and N34 towards the mutatedMtb does not correlate with their
lipophilicity. N33 and N33red have the same log Po/w, and although
N34red is less lipophilic than N34, it still presents a higher log Po/w
than both N33 and N33red. However, in both cases (i.e., for N33red
and N34red) there is a dramatic loss of activity against the mutated
Mtb when reducing the hydrazones to hidrazides. This is most likely
related with the spatial arrangement of the molecules and their
affinity towards the S1315T katG, as discussed above.

All summed up, we hypothesize that these INH derivatives
might be able to reach and accumulate near the KatG active site
more efficiently than INH, while simultaneously reducing adverse
effects. These results may be of particular importance in the
context of MDR-TB, for which alternatives to INH are especially
urgent in order to overcome the reduced catalytic activity of the
mutated KatG. The fact that some of the compounds studied here
have lower MIC values against the mutant Mtb than INH and,
simultaneously, present both a higher affinity for HSA and a
potential to permeate more easily membrane barriers due to their
enhanced lipophilicity, makes rather interesting to continue
exploring the chemical space around INH based on the
structures of the two derivatives INH-C10 and N34, in view of
future development of new MDR-TB agents.
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