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ABSTRACT: Sulfonylhydrazones are privileged structures with multi-
faceted pharmacological activity. Exploring the hypoglycemic properties of
these organic compounds, we previously revealed a new series of N-
sulfonylhydrazones (NSH) as antidiabetic drug candidates. Here, we
evaluated the microsomal metabolism, chemical stability, and permeability
profile of these NSH prototypes, focusing on the pharmacokinetic
differences in N-methylated and non-N-methylated analogs. Our results
demonstrated that the N-methylated analogs (LASSBio-1772 and
LASSBio-1774) were metabolized by CYP, forming three and one
metabolites, respectively. These prototypes exhibited chemical stability at
pH 2.0 and 7.4 and brain penetration ability. On the other hand, non-N-
methylated analogs (LASSBio-1771 and LASSBio-1773) were hydrolyzed
in acid pH and could not cross the artificial blood−brain barrier. The
cyano group in LASSBio-1771 was postulated as a possible site of interaction with the heme group, potentially inhibiting CYP
enzymes. Moreover, prototypes with the methyl ester group were metabolized by carboxylesterase, and non-N-methylated analogs
did not show oxidative metabolism. The prototypes (except LASSBio-1774) showed excellent gastrointestinal absorption.
Altogether, our data support the idea that the methyl effect on NSH strongly alters their pharmacokinetic profile, enhances the
recognition by CYP enzymes, promotes brain penetration, and plays a protective effect upon acid hydrolysis.

■ INTRODUCTION
Sulfonylhydrazones (SH) are organic compounds described as
nonclassical isosteres of acylhydrazones (NA) and considered
as privileged structures.1−3 The synthesis and applications of
SH are widely explored in medicinal chemistry due to their
different biological and pharmacological properties, such as
antinociceptive,4−6 antiasthmatic,7 antioxidant,8 antibacteri-
al,9,10 antidepressant,11 antineoplastic,12−14 and antidiabetic.15

Previously, our group revealed a new series of N-
sulfonylhydrazones (NSH) as antidiabetic drug candidates
(Figure 1). These compounds demonstrated a very interesting
hypoglycemic profile, decreasing neuropathic pain induced by
diabetes and significantly reducing blood glucose levels in a
murine streptozotocin-induced diabetes model.16,17 Although
the in vitro plasma stability of these compounds has been
studied,16 little is known about their metabolism and
permeability profile.
From this perspective and considering the effect of methyl

groups in chemical conformation and drug metabolism,18 we
investigate the differences in microsomal metabolism, chemical
stability, and permeability profile of N-methylated and non-N-
methylated sulfonylhydrazone analogs 1−4. Our data support
the idea that methylation at the nitrogen in NSH plays a

protective effect upon acid hydrolysis, promotes brain
penetration, and intensely alters the recognition of N-
sulfonylhydrazones in the CYP enzyme. To the best of our
knowledge, this is the first study that evaluates the methyl
effect on microsomal metabolism and permeability profile of
N-sulfonylhydrazone prototypes.

■ RESULTS AND DISCUSSION
Metabolism of N-Sulfonylhydrazone Prototypes (1−

4). We investigated phase I metabolism of N-sulfonylhydra-
zone prototypes 1−4 using liver microsomes from male Wistar
rats. The CYP catalytic activity of microsomal fractions and the
analytical method applied in this study were validated. The
analytical parameters evaluated showed that the developed
method presents specificity, linearity (R2 ≥ 0.99), sensitivity
(0.5 μM), accuracy (RE ± 13%), intraday and interday
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precision (RSD < 9%), and good recovery (range 108−90%)
(see the Supplementary Data).
Our results revealed that compound 2 was only metabolized

in the presence of NADPH-generating system and produced
three major metabolites, identified as M1 (Rt = 10.6 min), M2
(Rt = 10.4 min), and M3 (Rt = 8.5 min). HPLC-MS analysis
showed that M1 and M2 exhibit the same m/z value of 344 [M
− H]−, consistent with the loss of 15 atomic units in
comparison to compound 2 (m/z 360, [M + H]+), which
might reflect O-demethylation in the 3,4-dimethoxyphenyl
group (Figure 2A−F). Considering the steric and electronic
effects, N-demethylation at the sulfonylhydrazone moiety is an
unlikely process.19 However, to unequivocally identify the
metabolites M1 and M2, the non-N-methylated analog 1
(LASSBio-1771) was coinjected in a metabolized sample and
showed a different retention time (Rt = 10.1 min) of M1 and
M2 (Figure S2). Furthermore, both metabolites present the
fragment ions m/z 186 [M − H]− consistent with the S−N
bond cleavage in the sulfonylhydrazone from O-demethylated
metabolites. The metabolite M3 displayed m/z of 330 [M −
H]−, in accordance with a double O-demethylation process in
the 3,4-dimethoxyphenyl group and production of catechol
metabolites. In a similar manner, the HPLC-MS/MS analysis
of M3 showed a fragment ion m/z 172 [M − H]−, indicating
the S−N bond cleavage in the sulfonylhydrazone of the
catechol metabolite proposed as M3 (Figure 2G−K). The
enzymatic inhibition study demonstrated that CYP1A2 and
CYP2C19 metabolized LASSBio-1772 (2) since its biotrans-
formation rate decreased by about 50 and 30% with the use of
furafylline (40 μM) and ticlopidine (20 μM), respectively
(Figure 3). A thermal inactivation study discarded the
involvement of FMO on the metabolism of LASSBio-1772
(2) (Figure S3). Further studies using the human liver
microsome and human-recombinant CYP are required to
clarify whether the enzymes and compound 2 metabolites are
compatible with our murine study.
Additionally, we determined the experimental half-life (t1/2)

for compound 2, which was 126 min, indicating high
microsomal stability (Figure 3). On the other hand,
compounds 3 (LASSBio-1773) and 4 (LASSBio-1774) were

readily metabolized in the microsomal fraction in the presence
and absence of NADPH. The biotransformation of compound
3 (t1/2 ∼5 min) generates a single metabolite, called M4 (Rt =
4.1 min), present in both experimental controls. The HPLC-
MS analysis revealed that M4 shows the same m/z 365 [M +
H]+ in the presence and absence of NADPH, consistent with
the loss of 15 atomic units in comparison to compound 3 (m/z
379, [M + H]+). These findings suggest that compound 3
might be metabolized by carboxylesterase (CES), an NADPH-
independent enzyme, and M4 represents a carboxylic acid
derivative produced by the hydrolysis of methyl ester group
present in LASSBio-1773 (3) (Figures 4 and 5A). Similar
results were seen in our previous study, where this hydrolysis
metabolite was revealed by an in vitro plasma stability assay.16

The involvement of CES was confirmed via incubation with
bis-(p-nitrophenyl)phosphate (100 μM), where the metabo-
lism of compound 3 was inhibited by almost 100% (Figure
5B). Finally, the hypothesis of methyl ester hydrolysis was
validated with the coinjection of the proposed carboxylic acid
derivative in previously metabolized samples. The increment in
the chromatographic peak of M4 (Rt = 4.1 min) in both
experimental controls confirmed that this metabolite corre-
sponds to the suggested carboxylic acid derivative (Figure S4).
Similarly, compound 4 (m/z 393 [M + H]+, positive mode)

showed a short experimental half-life (t1/2 < 5 min) and was
biotransformed in two major metabolites identified as M5 (Rt
= 5.9 min) and M6 (Rt = 4.5 min) (Figure 6A−C). The
metabolite M5 was formed in the presence and absence of
NADPH and displayed m/z 377 ([M − H]−, negative mode)
and fragment ions m/z 333 in both controls, which is
compatible with a carboxylic acid derivative created via methyl
ester group hydrolysis promoted by CES (Figure 6D−H). The
involvement of CES was confirmed by an enzymatic inhibition
study in the same way as described for compound 3 (Figure
7A).
On the other hand, the metabolite M6 was formed only in

the presence of NADPH and shows m/z 363 ([M − H]−,
negative mode) and fragment ions m/z 186 and 319,
suggesting an O-demethylation process from the metabolite
M5 (m/z 377, [M−H]−, negative mode) (Figure 6I,J).

Figure 1. N-sulfonylhydrazone analogs (1−4) with hypoglycemic properties.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04368
ACS Omega 2022, 7, 38752−38765

38753

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04368/suppl_file/ao2c04368_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04368/suppl_file/ao2c04368_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04368/suppl_file/ao2c04368_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04368/suppl_file/ao2c04368_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04368?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04368?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04368?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04368?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Furthermore, this metabolite was not formed in the presence
of bis-(p-nitrophenyl)phosphate at 100 μM, reinforcing that
M6 is a metabolite of M5 (experiment performed in the
presence of NADPH). Although unlikely, the possibility of N-
demethylation at the sulfonylhydrazone moiety was discarded
by coinjecting the non-N-methylated analog of M5 (Rt = 4.1
min), which shows a different retention time of M6 (Figure
S5). The participation of CYP in producing M6 was confirmed
by an enzymatic inhibition study using CYP and FMO
inhibitors. After the incubation with ketoconazole (10 μM),

the formation of metabolite M6 was inhibited by almost 90%,
showing that the production of M6 is dependent on the
catalytic action of CYP isozymes (Figure 7B).
Interestingly, the microsomal metabolism analysis of

compound 1 showed atypical results compared to its N-
sulfonylhydrazone analogs (2−3). Our study showed that
although there was an apparent consumption of this prototype,
no metabolites were detected. As shown in Figure 8, the peak
area of compound 1 (Rt = 10.3 min) declined while the
incubation time increased in the presence and absence of

Figure 2. Microsomal metabolism of LASSBio-1772 (2) (10 μM) and its oxidative metabolites M1, M2, and M3 formed in the presence of
NADPH. IS, internal standard (biphenyl l-4-carboxylate methyl, 10 μM). (A) Incubation at 0 min, compound 2, Rt = 12.9 min; (B) 240 min
incubation time in the presence of NADPH, biotransformation in M1 (Rt = 10.6 min), M2 (Rt = 10.4 min), and M3 (Rt = 8.5 min); (C) no
metabolization in the absence of NADPH, 240 min incubation time; (D) compound 2, HPLC-MS analysis, m/z 360 [M + H]+; (E) HPLC-MS
analysis M1, m/z 344 [M − H]−; (F) HPLC-MS analysis M2, m/z 344 [M − H]−; (G) fragment ion m/z 186, HPLC-MS/MS analysis M1; (H)
fragment ion m/z 186, HPLC-MS/MS analysis M2; (I) HPLC-MS analysis M3, m/z 330 [M − H]−; (J) fragment ion m/z 172, HPLC-MS/MS
analysis M3. (K) Structure elucidation of fragment ions m/z 186 and 172.
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NADPH. However, no metabolite chromatographic peaks
were identified. After 24 h of incubation at 37 °C, the recovery
rate of LASSBio-1771 (1) was lower than 20% for both
experimental controls (Figure 8D). Among the hypotheses
formulated to explain such behavior (see the Supplementary
Data), the one that attributes compound 1 to the ability to
inhibit CYP, involving its nitrile subunit, seems the most
plausible. Considering that the consumption of compound 1
increased with and without NADPH, we hypothesize that the
inhibition occurs by a competitive and reversible CYP
inhibition through a bind between the heme iron atom and
the cyano group. In this sense, the inhibition may occur
without the involvement of NADPH as a cofactor once this
mechanism of inhibition does not require the previous
metabolism of the prototype.20 From this perspective, it is

important to consider that even though the consumption of
LASSBio-1771 occurs in both controls, it looks like the kinetics
happen differently. After 3 h of incubation, the consumption of
compound 1 was around 50% in the presence of NADPH. In
contrast, without NADPH, the consumption was only
approximately 15% (Figure 8B). These results indicate that
LASSBio-1771 could also act as a time-dependent inhibitor,
where the CYP inhibition is time-, concentration-, and
NADPH-dependent.21

To explore the possibility of LASSBio-1771 (1) inhibiting a
CYP enzyme, we conducted a molecular modeling analysis,
where compound 1 and its N-methylated analog 2 were
docked into the CYP2C19 isozyme. Our results showed that
LASSBio-1771 (1) performs a coordination interaction with
the iron ion through the nitrogen lone pair of the cyano group,

Figure 3. Metabolism inhibition and experimental half-life of compound 2. (A) Enzymatic inhibition study using specific inhibitors of CYP
isoenzymes to establish the enzymes responsible for in vitro hepatic microsomal metabolism of compound 2: quinidine (6 μM, CYP2D6),
sulfaphenazole (6 μM, CYP2C9), ticlopidine (20 μM, CYP2C19), furafylline (40 μM, CYP1A2), p-nitrophenol (100 μM, CYP2E1), and
ketoconazole (1 μM, CYP3A4). The biotransformation rate decreased about 50 and 35% with furafylline and ticlopidine, respectively, showing that
CYP1A2 and CYP2C19 were responsible for metabolizing LASSBio-1772 (2). (B) Determination of half-life (t1/2= 126 min) based on the straight-
line equation achieved by the natural logarithm of LASSBio-1772 concentration vs incubation time in the presence of NADPH. Data represent the
mean of triplicate, performed with three different microsome samples (n = 9) after 240 min of incubation at 37 °C. **p-value < 0.0003; *p-value <
0.005. One-way ANOVA followed by Dunnett’s post-test, using GraphPrism software (version 5.0).

Figure 4. Microsomal metabolism of LASSBio-1773 (3) (10 μM) and its hydrolysis metabolite M4, formed in the presence and absence of
NADPH. IS, internal standard (biphenyl l-4-carboxylate methyl, 10 μM). (A) Incubation at 0 min, compound 3, Rt = 7.4 min; (B) 20 min
incubation time in the presence of NADPH, biotransformation in M4 (Rt = 4.1 min); (C) 20 min incubation time in the absence of NADPH,
biotransformation in M4 (Rt = 4.1 min); (D) compound 3, HPLC-MS analysis, m/z 379 [M + H]+; (E) HPLC-MS analysis M4, m/z 365 [M +
H]+, formed in the presence of NADPH; (F) HPLC-MS analysis M4, m/z 365 [M + H]+, formed in the absence of NADPH.
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which was not observed for the interaction mode of LASSBio-
1772 (2), in which the methoxy group in the meta position
was close to the iron atom (Figure 9A,B). In this way, the
docking results point out compound 1 as a possible CYP
inhibitor, which agrees with the experimental data. To deeply
understand the strength of the coordination interaction, we
performed a bond order analysis using the PM7 semiempirical
method with MOPAC2016 software. Additionally, we carried
out docking studies in the PBD 4GQS with common
pharmacophoric groups for CYP inhibition, such as pyridine
and triazole rings, to compare with the coordination
interaction performed by the cyano group in the bond order
analysis. The analysis indicated a bond order of 0.5 for the
cyano group, comparable with the coordination interactions of
the lone nitrogen pairs in pyridine (bond order = 0.4) and
triazole (bond order = 0.5) rings. These results suggest that
LASSBio-1771 (1) is a potential CYP inhibitor. However,
additional studies are required to clarify whether CYP2C19 or
another microsomal enzyme could be inhibited by compound
1 in vivo. Considering that electrophilicity and steric access to
the cyano group are similar between LASSBio-1771 (1) and
LASSBio-1772 (2), we hypothesized that conformational
differences promoted the methyl effect may influence the
affinity and intrinsic activity of these prototypes by the
oxidative enzymes. This hypothesis agrees with our previous
study that revealed conformational differences between
LASSBio-1773 (3) and LASSBio-1774 (4).22

Altogether, our data support the idea that the methyl effect,
introduced by sulfonylhydrazone N-methylation, influences the
recognition of CYP enzymes since only N-methylated analogs
(i.e., compounds 2 and 4) exhibited oxidative metabolites
formed by CYP activity. In this regard, we carried out docking
studies involving the metabolites M4 and M5 formed by the
biotransformation of compounds 3 and 4, respectively. This
analysis demonstrated that both metabolites adopted similar
interactions in the active site of CYP2C19, showing a folded
conformation, where the rings with the methoxy groups face
the HEME group. However, there is a clear difference in the
angulation and, consequently, in the distance between the
methoxy groups of each compound in relation to the iron ion.
The metabolite M5 from LASSBio-1774 (4) is positioned
closer to the iron ion (4.6 Å distance), which may be an
indication that this compound is more susceptible to
undergoing dealkylation reactions in the methoxy groups in

relation to the metabolite M4 from LASSBio-1773 (3) (6.2 Å
distance from the iron ion). These data are in agreement with
the experimental observations (Figure 9C,D). Furthermore,
our results demonstrated that N-methylation might cause an
angulation difference in the dihedral angle between the
nitrogen of sulfonylhydrazone (ArSO2NRN�CHAr) and
the phenyl ring substituted with the methoxy groups. In the
M4 metabolite of compound 3, the dihedral angle H-N−S-C is
equal to 176.4°, while in the M5 metabolite of compound 4,
the dihedral angle C-N−S-C is equal to 95.8° (Figure S7).
These findings agree with our previous study22 and support the
idea that N-methylation in N-sulfonylhydrazones might
influence the recognition of these prototypes upon CYP
enzymes. Additionally, our data emphasize how a simple
molecular modification could modulate the pharmacokinetics
properties, highlighting the importance of metabolite profile
investigation in drug discovery.23

Considering that the CYP1A2 isozyme also plays an
essential role in LASSBio-1772 (2) oxidative metabolism, we
performed a new series of docking studies using PDB 2HI4.
The results do not point out the possibility of a coordination
interaction with the iron ion, and any significant differences in
the interaction mode of LASSBio-1771 compared with
LASSBio-1772 or with LASSBio-1773 and LASSBio-1774
were observed, indicating that this isoform is not the one
inhibited by LASSBio-1771 (Figure S13).
Chemical Stability. The chemical stability of N-

sulfonylhydrazone prototypes (1−4) was evaluated in buffer
solution with pH 2 and pH 7.4 to mimic their stability in
biological environments, considering the stomach and plasma
pH and taking into account the presence of the labile sites for
hydrolysis, i.e., ester and imine subunits (Figure 1).
As shown in Figure 10, all compounds (1−4) are stable at

pH 7.4. On the other hand, the HPLC-PDA analyses
demonstrated that only the N-methylated prototypes,
LASSBio-1772 (2) and LASSBio-1774 (4), were stable at
pH 2, with a recovery of 99-93%. The non-N-methylated
analogs, LASSBio-1771 (1) and LASSBio-1773 (3), were
unstable at pH 2, with hydrolysis rates of about 60 and 40%,
respectively. The HPLC-PDA results showed that after
incubation at 37 °C, hydrolysis products (1a/1b and 3a/3b)
were detected for compounds 1 and 3 but were not observed
for N-methylated prototypes 2 and 4 even after 4 h of
incubation (Figure S9). As expected, the hydrolysis products

Figure 5. Experimental half-life and metabolism inhibition of compound 3. (A) Determination of half-life based on the straight-line equation
achieved by the natural logarithm of LASSBio-1773 concentration vs incubation time in the presence and absence of cofactor (t1/2 = 4.3 min,
presence of NADPH; t1/2 = 5.7 min, absence of NADPH). (B) Enzymatic inhibition study using bis-(p-nitrophenyl)phosphate at 1, 10, and 100
μM to inhibit CES. Data represent the mean of triplicate, performed with three different microsome samples (n = 9), after 20 min of incubation at
37 °C. ***p-value < 0.0001; one-way ANOVA followed by Dunnett’s post-test, using GraphPrism software (version 5.0).
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were formed breaking the imine bond, generating a
sulfonylhydrazide and the corresponding aldehyde products.
These products were identified by spiking samples after
incubation time (pH 2, at 37 °C). For LASSBio-1771 (1), the
samples were spiked with [(3,4-dimethoxyphenyl)sulfonyl]-
hydrazide (1a) and 4-formylbenzonitrile (1b), and for
LASSBio-1773 (3), the samples were spiked with [(3,4-
dimethoxyphenyl)sulfonyl]hydrazide (3a) and methyl-4-for-
mylbenzoate (3b). The area under the curve (AUC) of

hydrolysis products increases substantially after spiking (Figure
S10).
Also, the LUMO orbitals and atomic coefficient of imine

carbon were calculated from the lowest energy conformer of
each N-sulfonylhydrazone (1−4) (Spartan 14′, Wavefunction
Inc.). This analysis demonstrated that non-N-methylated
prototypes (1 and 3) present the LUMO orbital at a lower
energy level than their N-methylated analogs (2 and 4),
making them more reactive toward nucleophilic attack by
water. Besides, the atomic coefficient of imine carbon in

Figure 6. Microsomal metabolism of LASSBio-1774 (4) (10 μM). IS, internal standard (biphenyl l-4-carboxylate methyl, 10 μM). (A) Incubation
at 0 min, compound 4, Rt = 9.9 min; (B) 5 min incubation time in the presence of NADPH, biotransformation in M5 (Rt = 5.9 min) and M6 Rt =
4.5 min; (C) 5 min incubation time in the absence of NADPH, biotransformation in M5 (Rt = 5.9 min); (D) compound 4, HPLC-MS analysis
positive mode, m/z 393 [M + H]+; (E) HPLC-MS analysis M5 negative mode, m/z 377 [M − H]−, formed in the presence of NADPH; (F)
HPLC-MS analysis M5 negative mode, m/z 377 [M − H]−, formed in the absence of NADPH; (G) fragment ion m/z 333 [M − H]−, HPLC-MS/
MS analysis M5 in the presence of NADPH; (H) fragment ion m/z 333 [M − H]−, HPLC-MS/MS analysis M5 in the absence of NADPH; (I)
HPLC-MS analysis M6 negative mode, m/z 363 [M − H]−, formed in the presence of NADPH; and (J) structure elucidation of fragment ions
from M5 and M6.
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compounds 1 and 3 is slightly higher than those from their N-
methylated analogs (2 and 4), which also corroborates the
experimental findings since it indicates greater participation of
imine carbon for the formation of LUMO in compounds 1 and
3, facilitating the nucleophilic attack by water (Table 1).
Similar results were seen in a study, where N-methylation in an
N-acylhydrazone derivative seems to promote higher stability
in pH 2 than non-N-methylated analogs.24

The extrapolation of these data to the eventual behavior of
biophase indicates that all prototypes might show chemical
stability at plasma pH and reveal the instability of compounds
1 and 3 at gastric pH, suggesting attention to using both
prototypes by oral administration. Furthermore, these findings
might reflect a protective effect of the N-methyl group in N-
sulfonylhydrazones for acid hydrolysis.
Permeability Profile. Gastrointestinal absorption and

brain penetration of compounds 1−4 were predicted by a
para l l e l a r t ific ia l membrane permeab i l i t y as say
(PAMPA).23,25−27 All experiments were validated by quality
control (QC) standards, and the samples were analyzed in
triplicate at two different times.

The prediction of brain penetration (PAMPA-BBB)
employed seven QC standards, which were applied in the
linear equation to classify the permeability profile of the N-
sulfonylhydrazone prototypes (1−4). The X-axis represents
the known permeability coefficient (Pe) reported in the
literature for QC standards, and the Y-axis represents the Pe
experimental values. In this study, a good correlation between
the experimental results and the literature data was achieved
[Pe (exp.) = 11,459 (liter.) −0.7211 (R2 = 0,993)] (Figure
S11). Compounds with Pe values <1.57 were classified as
nonpermeable (BBB-), Pe values >3.86 were correlated with
brain penetration ability (BBB+), and Pe values between 1.57
and 3.86 were considered borderline. Our results of PAMPA-
BBB indicate that the non-N-methylated compounds,
LASSBio-1771 (1) and LASSBio-1773 (3), are nonpermeable,
while their N-methylated analogs, compound 2 and compound
4, may penetrate in the brain (Pe > 3.86). The pKa values of
compounds 1 and 3 might influence their inability to penetrate
the brain since they assume an ionized form at pH 7.4 (Table
2).16 Furthermore, the presence of the N-methyl group
promotes the enhanced lipophilicity of compounds 2 and 4,

Figure 7. Metabolism inhibition study of compound 4 and its metabolite M6. (A) Enzymatic inhibition study using bis-(p-nitrophenyl)phosphate
at 1, 10, and 100 μM to inhibit CES. (B) Enzymatic inhibition study to identify the oxidative class of enzymes responsible for M6 metabolite
formation: the inhibition study was performed in the presence of NADPH-generating system using ketoconazole (unspecific CYP inhibitor at 10
μM) and methimazole, an FMO inhibitor. The values of AUC from M6 in the positive control were compared with the AUC in the presence of
ketoconazole and methimazole. Data represent the mean of triplicate, performed with three different microsome samples (n = 9), after 15 min of
incubation at 37 °C. ***p-value < 0.0003; #p-value > 0.05. One-way ANOVA followed by Dunnett’s post-test, using GraphPrism software (version
5.0).

Figure 8. Microsomal profile of LASSBio-1771 (1) (10 μM). IS, internal standard (biphenyl l-4-carboxylate methyl, 10 μM). (A) Incubation at 0
min, compound 1, Rt = 10.3 min; (B) 24 h incubation at 37 °C in the presence of NADPH, no metabolite peaks were identified; (C) 24 h
incubation at 37 °C in the absence of NADPH, no metabolite peaks were identified; (D) recovery rate of compound 1 at 0, 3, 8, and 24 h of
incubation in the presence and absence of NADPH.
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which might impact the permeability profile of these
prototypes.28

On the other hand, all prototypes, except compound 4,
showed a high rate of fraction absorption (Fa%), indicating

that these compounds must be well absorbed across the
gastrointestinal tract and, consequently, can be orally
administrated. In this analysis, compound 4 could not be
evaluated by PAMPA-GIT since it was not soluble in the

Figure 9. Molecular modeling study of N-sulfonylhydrazone prototypes (1−4). (A) LASSBio-1771 (1) docked into the CYP2C19 isozyme,
coordination interaction with the iron ion through the nitrogen lone pair of the cyan group. (B) LASSBio-1772 (2) docked into the CYP2C19
isozyme, demonstrating the interaction of the methoxy group in the meta position with the iron atom. (C) M4 metabolite from LASSBio-1773 (3)
docked into the CYP2C19 isozyme, showing a 6.2 Å distance from the methoxy groups and the iron ion. (D) M5 metabolite from LASSBio-1774
(4) docked into the CYP2C19 isozyme, showing a 4.6 Å distance from the methoxy groups and iron ion. CYP2C19 isozyme (PBD: 4GQS).

Figure 10. Chemical stability profile of compounds 1, 2, 3, and 4. (A) Analysis at pH 7.4. (B) Analyses at pH 2, showing that non-N-methylated
analogs, LASSBio-1771 (1) and LASSBio-1773 (3), were unstable in pH 2. Experiments were performed in triplicate, and the average values are
represented.
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solution PBS pH 6.6-10 mM/DMSO (95:5) (Table 3). These
results emphasize that N-methylation in N-sulfonylhydrazones
can promote brain penetration but not affect gastrointestinal
absorption.

■ CONCLUSIONS
N-methylation at the sulfonylhydrazone framework strongly
alters the recognition of NSH derivatives upon the CYP
enzyme, which might be associated with conformational
differences promoted by the methyl effect. The presence of
the cyano group in a non-N-methylated analog was pointed to
as a possible site of coordination interaction with the iron atom
of the heme group, which can potentially inhibit CYP enzymes.
Furthermore, only the N-methylated analogs exhibited
oxidative metabolites formed by CYP action, reinforcing the
influence of N-methylation on the metabolism profile in N-
sulfonylhydrazones. Additionally, the presence of the methyl
group promotes brain penetration and may play a protective
function against acid hydrolysis. On the other hand, gastro-
intestinal absorption was not affected by the methyl effect.

■ EXPERIMENTAL SECTION
Chemicals and Reagents. N-sulfonylhydrazone proto-

types, LASSBio-1771 (1), LASSBio-1772 (2), LASSBio-1773
(3), LASSBio-1774 (4), and the internal standard (IP),
biphenyl l-4-carboxylate methyl, were synthesized at the
Laboratoŕio de Avaliaça ̃o e Sińtese de Substan̂cias Bioativas
(LASSBio, UFRJ, Brazil) with ≥98% pure by HPLC (see the
Supplemental Data). HPLC grade solvents and reagents, i.e.,
acetonitrile, methanol, and formic acid (96%), were purchased
from Tedia-Brazil. Type I grade water produced by an
ultrapure water purification system (Master System MS2000,
Gehaka, Brazil) was used in experiments and HPLC analysis.
Bis(p-nitrophenyl) phosphate sodium salt, D-glucose-6-phos-
phate, glucose-6-phosphate dehydrogenase, β-nicotinamide
adenine dinucleotide phosphate (NADP+), magnesium
chloride hexahydrate, quinidine, sulfaphenazole, furafylline, p-
nitrophenol, ketoconazole, bicinchoninic acid (BCA) protein
assay kit, and salts used for buffer preparation were purchased
from Sigma-Aldrich (St. Louis, MO).
Chromatographic Equipment. A Shimadzu Prominence

HPLC system (Shimadzu, Japan) with a photodiode array
detector (SPD-M20A) was used for analytical analysis. The
HPLC system was equipped with a binary pump (LC-20AD),
a degasser (DGU-20A5), and an autosampler (SIL-20A).

Table 1. Energy Levels of LUMO Orbitals and Atomic
Coefficient Values of Iminic Carbon from N-
sulfonylhydrazone Prototypes (1−4) Calculated by the
SPARTAN 14′ Program (Wavefunction Inc.)

compounds atomic coefficient LUMO (eV) molar refractivity

1 0.09 1.42 33.23
2 0.07 1.54 35.42
3 0.11 1.58 36.34
4 0.07 1.83 42.09

Table 2. Permeability Coefficient of N-sulfonylhydrazone
Prototypes (1−4) and Quality Control Standards
Determined by the PAMPA-BBB Assay

compounds

literature
permeability
(10−6 cm/s)a

experimental
permeability
(10−6 cm/s) classificationc pKa

b

atenolol 0.8 0.10 ± 0.21 BBB−
caffeine 1.3 0.77 ± 0.58 BBB−
enoxacin 0.9 0.57 ± 0.12 BBB−
hydrocortisone 1.9 1.26 ± 0.78 BBB−
ofloxacin 0.8 0.29 ± 0.43 BBB−
testosterone 17 19.9 ± 0.53 BBB+
verapamil 16 16.3 ± 1.74 BBB+
LASSBio-1771
(1)

0.43 ± 0.54 BBB− 6.35

LASSBio-1772
(2)

4.18 ± 0.03 BBB+ ND

LASSBio-1773
(3)

0.45 ± 0.63 BBB− 6.35

LASSBio-1774
(4)

9.01 ± 0.09 BBB+ ND

aDi et al.26 bZapata-Sudo et al.16 cPe values <1.57 were classified as
nonpermeable (BBB−), Pe values >3.86 were correlated with brain
penetration ability (BBB+). ND, not determined.

Table 3. Permeability Coefficient and Fraction Absorption of N-sulfonylhydrazone Prototypes (1−3) and Quality Control
Standards Determined by the PAMPA-GIT Assayc

compounds literature fraction absorption (%)a experimental permeability (10−6 cm/s) experimental fraction absorption (%)b classificationb

acyclovir 21 0.1 8.62 low
atenolol 52 0.1 15.81 low
ceftriaxone 1 0.3 23.70 intermediate
coumarin 100 27.9 100.00 high
diclofenac 100 14 100.00 high
hydrocortisone 91 6.7 100.00 high
norfloxacin 35 0.8 51.39 intermediate
ranitidine 55 0.4 49.75 intermediate
sulfasalazine 12 0.1 8.62 low
verapamil 98 7.3 99.86 high
LASSBio-1771 (1) 18.2 100.00 high
LASSBio-1772 (2) 13.1 100.00 high
LASSBio-1773 (3) 23.2 100.00 high
LASSBio-1774 (4) NA NA NA

aZhu et al.29 bFraction absorption classification: High, 70−100% Fa; Intermediate, 30−69% Fa; and Low, 0−29% Fa. cNA = nonanalyzed.
Compound 4 could not be evaluated by PAMPA-GIT since it was not soluble in the solution PBS pH 6.6−10 mM: DMSO (95:5).
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The HPLC-MS and HPLC-MS/MS analysis were carried
out in the HPLC system (Shimadzu, Japan) coupled with a
mass spectrometer with electrospray ionization, amaZon SL
model Esquire 6000�ESI Ion Trap Msn System (Bruker
Daltonics). The mass spectrometry and ionization parameters
were set as follows: range of mass-to-charge ratio (m/z) 100-
2000, capillary voltage 3500 V, nitrogen gas flow 6.0 L/min,
temperature 250 °C, nebulizer pressure 4.0 psi, and collision
energy at 25 eV using helium as collision gas.
Chemical Stability Study. The study of chemical

hydrolysis of the N-sulfonylhydrazone prototypes (1−4) was
performed at pH 2 and pH 7.4 to mimic their stability in
biological environments, considering the stomach and plasma
pH. Each prototype (100 μM) was mixed in a buffer solution
of pH 2 (HCl 0.2 M) and pH 7.4 (phosphate buffer, PBS) and
incubated under stirring in a water bath at 37 °C for 0, 30, 60,
120, and 240 min. At the end of the incubation, the samples in
acid medium (pH 2) were neutralized by phosphate buffer
(PBS, pH 8.5). Compound extraction was performed using 1
mL of ice-cold acetonitrile. The organic phase was separated,
filtered through PVDF syringe filters (Millex: 0.22 μm pore
size), and analyzed by HPLC-PDA.24,30,31 The stability profile
was evaluated based on the comparison with samples not
incubated at 37 °C.
Chromatographic separation was carried out employing a

C18 column (Kromasil C18, 250 mm × 4.6 mm, 5 μm)
preceded by a guard column (Phenomenex C18, 4 × 3 mm2).
The column was held at room temperature (20 ± 2 °C). The
mobile phase was constituted of solution A (type I grade
water) and organic solution B (acetonitrile). The chemical
stability analysis of LASSBio-1771 (1) and LASSBio-1773 (3)
prototypes was performed with an isocratic method (1 mL·
min−1) over 12 min (A: B, 1:1, v/v). For their N-methylated
analogs, LASSBio-1772 (2) and LASSBio-1774 (4), the
isocratic method (1 mL·min−1) was set as follows: 60% B:
40% A, 0−10 min. A volume of 20 μL of each sample was
injected, and the quantification was carried out at 254 and 300
nm wavelengths.
Metabolism Study of N-Sulfonylhydrazone Proto-

types (1−4). This study investigated phase I microsomal
metabolism (oxidative and hydrolytic) of N-sulfonylhydrazone
prototypes (1−4) using rat liver microsomal fraction obtained
from male Wistar rats (280−330 g). The microsomal fractions
were prepared by the centrifugal differential process following
the method described by Cabrera and co-workers.32 The BCA
protein assay kit was used for protein quantification of liver
microsomes.33

Samples were prepared based on a standard mixture,
including 1 mg protein/mL of rat microsomal fraction,
NADPH-generating system (0.4 mM NADP+, 1.3 mM
MgCl2, 3.5 mM glucose-6-phosphate and 0.5 U/mL glucose-
6-phosphate dehydrogenases), compounds 1−4 (10 μM, from
stock solutions in DMSO), and PBS (pH 7.4) in a sufficient
volume to complete 250 μL. The samples were incubated
under stirring in a water bath at 37 °C for different times. After
incubation, samples from compounds 1 and 3 were acidified to
pH 5 with formic acid (HPLC grade, 98%). Then, 500 μL of
methanol and 500 μL of acetonitrile were added at ice-cold
temperature to all samples, which were vortexed for 10 s, kept
at 4 °C for protein precipitation, and centrifuged at 13,500 rpm
for 15 min at 4 °C. The organic phase was collected, and 10
μM IS was added. Finally, all of the samples were filtered
through PVDF syringe filters (Millex: 0.22 μm pore size) and

then analyzed by HPLC-PDA and HPLC-MS/MS in positive
and negative modes. All of the reactions were performed in
triplicate, and each prototype (1−4) was analyzed in a separate
system. The DMSO final concentration was 0.5%.34,35

Chromatographic separation was carried out employing a
C18 column (Kromasil C18, 250 mm × 4.6 mm, 5 μm)
preceded by a guard column (Phenomenex C18, 4 × 3 mm2),
and the mobile phase constituted of aqueous solution A (0.1%
formic acid) and organic solution B (acetonitrile). The
following gradient method (1 mL·min−1) was used for
LASSBio-1771 (1) and LASSBio-1772 (2): 0-16 min, linear
gradient from 40 to 90% B; 16-20 min, 90% B. Additionally,
for LASSBio-1773 (3) and LASSBio-1774 (4), a gradient
method (1 mL·min−1) was applied over 16 min as follows: 0−
12 min, linear gradient from 50 to 90% B; 12−16 min, 90% B.
The column was held at room temperature (20 ± 2 °C), and a
volume of 20 μL of each sample was injected and quantified at
a 300 nm wavelength. The metabolites’ structural analysis
derived from the N-sulfonylhydrazone prototypes (1−4) was
inspected by HPLC-MS and HPLC-MS/MS in positive or
negative mode, considering the metabolically labile sites of
these molecules.
In this study, all experiments were accompanied by three

assay controls corresponding to (i) blank sample, in the
absence of the prototype (1−4), to analyze chromatographic
peaks related to the biological matrix; (ii) control in the
presence of NADPH-generating system to investigate the
activity of NADPH-dependent enzymes, i.e., isoforms of
cytochrome P450 (CYP) and/or flavin-containing monoox-
ygenase (FMO); and (iii) control in the absence of NADPH-
generating system to verify carboxylesterase (CES) action, i.e.,
NADPH-independent enzyme.
The experimental half-life (t1/2) was determined by applying

the equation: t1/2 = 0.693/a, where a corresponding to the
slope of the straight-line equation of natural logarithm of
sample concentration vs incubation time.34 A calibration curve
was used to establish the prototype concentration in the
buffered medium. The following incubation times were applied
to the microsomal metabolism study: 0, 3, 8, and 24 h to
compound 1; 30, 60, 120, and 240 min to compound 2; 0, 5,
10, 15, and 20 min to compounds 3 and 4.
All experimental procedures were approved by the Animal

Care and Use Committee from the Federal University of Rio
de Janeiro (protocol number: 028/15). The analytical methods
were validated following guidelines from Food and Drug
Administration (FDA)36 and the Brazilian Regulatory Agency
(ANVISA).37 The analytical parameters analyzed were
linearity, sensitivity, specificity, accuracy, recovery, and intra-
day and interday precision (see the Supplementary Data).
Enzymatic Inhibition Study. The enzymatic pathway

involved in the microsomal metabolism of the N-sulfonylhy-
drazone prototypes (2−4) was identified by in vitro experi-
ments using an irreversible inhibitor of oxidative and hydrolytic
enzymes (i.e., CYP, FMO, and CES). Ketoconazole at 10 μM
was applied for nonspecific inhibition of CYP isoenzymes34

and bis-(p-nitrophenyl)phosphate (1, 10, and 100 μM)38,39
and methimazole (10 μM)40,41 for CES and FMO inhibition,
respectively. The involvement of FMO catalytic action was also
verified by thermal inactivation at 50 °C for 1.5 min.42 To
identify the CYP isoenzymes responsible for oxidative
metabolism, the following specific inhibitors were applied:
quinidine (6 μM, CYP2D6); sulfaphenazole (6 μM, CYP2C9);
ticlopidine (20 μM, CYP2C19);43 furafylline (40 μM,
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CYP1A2);44 p-nitrophenol (100 μM, CYP2E1);34,45 and
ketoconazole (1 μM, CYP3A4).45−47
The inhibitors were preincubated for 30 min at 37 °C with

rat liver microsomes in the presence or absence of an NADPH-
generating system. Then, 10 μM N-sulfonylhydrazone
prototype (2-4) was added, and the mixture was incubated
at 37 °C. The effect of microsomal inhibition was measured by
comparison with positive controls in the absence of inhibitors.
All reactions were performed in triplicate and analyzed in three
different rat liver microsomal fractions (n = 9).
Molecular Modeling. N-sulfonylhydrazones (1−4) were

constructed with a Spartan 14′ (Wavefunction Inc.) and
submitted for conformational analysis by the molecular
mechanics method MMFF. The most stable conformer of
each compound was optimized using the semiempirical
method PM6, and a geometry reoptimization of the lowest
energy conformer was performed using the Hartree−Fock
quantum method (6-31G*). The LUMO orbitals and atomic
coefficient of iminic carbon were calculated from the lowest
energy conformer to assist in interpreting experimental data
from the chemical stability study. These analyses were
performed in a theoretical vacuum environment.
The docking studies were performed with a CYP2C19

isoenzyme (PBD: 4GQS) through CCDC software
GOLD’v.2021.1.0 with the GoldScore function available in
GOLD, which was chosen based on the obtained RMSD values
(0.8 Å) for the redocking analysis of the cocrystallized ligand
(Figure S12).48 In the next step, LASSBio-1771 (1), LASSBio-
1772 (2), and the M1 (X, X) metabolites of LASSBio-1773 (3)
and LASSBio-1774 (4) were docked into the CYP2C19
isozyme (PBD: 4GQS). Docking studies were also performed
in the CYP1A2 isoenzyme (PBD: 2HI4) following the same
methodology described above. The redocking analysis of the
cocrystallized ligand of CYP1A2 (PBD: 2HI4) also pointed out
the GoldScore function as best for docking studies perform-
ance, based on the obtained RMSD values (0.6 Å).
Permeability Assay. Prediction of the gastrointestinal

absorption (PAMPA-GIT) and brain penetration (PAMPA-
BBB) was evaluated by a parallel artificial membrane
permeability assay (PAMPA) using donor and acceptor 96-
well plates, which work as passive transcellular permeability
compartments.25−27 Donor plates were coated with porcine
brain lipid [25] and L-α-phosphatidylcholine from soybeans23
(20 mg·mL−1, in dodecane) for PAMPA-BBB and PAMPA-
GIT, respectively.
Permeability assay of gastrointestinal absorption was

performed in a similar manner as previously described.23,25

The following compounds were used as quality control (QC)
standards: acyclovir, atenolol, ceftriaxone, coumarin, diclofe-
nac, hydrocortisone, norfloxacin, ranitidine, sulfasalazine, and
verapamil.29 A stock solution of N-sulfonylhydrazones (1−4)
and QC standards was prepared (DMSO, 10 mM), and 250
μL of these solutions was diluted 20 times in PBS pH 6.6−10
mM. The solutions were filtered (Millex: 0.45 μm pore size)
and added to the donor plate after impregnating it with 5 μL of
L-α-phosphatidylcholine from soybeans (20 mg mL−1, in
dodecane). One-hundred eighty microliters of solution PBS
pH 7.4:DMSO (95:5) was added to the acceptor 96-well plate,
and the donor plate was gently put on the acceptor plate to
form the permeability compartments, which was left under
stirring (50 rpm) for 8h at room temperature (23 ± 2 °C). In
the end, the assembled donor−acceptor plates were separated,
and the compounds 1−4 and QC standards were quantified by

a multiwavelength UV plate reader (SpectraMax 5, Molecular
Devices) at 250−450 nm. Optical density values were used to
determine the fraction absorption (Fa%)49 using the program
JMP version 10.0. Blank samples were prepared with 180 μL of
solution PBS pH 7.4/DMSO (95:5) and analyzed in the same
manner. The tested compounds were classified based on their
Fa% values as well-absorbed compounds, 70−100% Fa;
intermediate-absorbed compounds, 30−69% Fa; and low
absorption, 0−29% Fa.50
The prediction of brain penetration (PAMPA-BBB) was

evaluated in the same way as Peŕez and cols. (2012) as
previously described. From this perspective, 1 mg of test
compounds (1−4) and QC standards (i.e., atenolol, caffeine,
enoxacin, hydrocortisone, ofloxacin, testosterone, and verapa-
mil) were dissolved in 1.5 mL of ethanol, diluted with 3.5 mL
of PBS pH 7.4, and filtered (Millex: 0.45 μm pore size). The
donor plate was impregnated with 5 μL of porcine brain lipid
(20 mg mL−1, in dodecane), and 180 μL of PBS pH 7.4:etanol
(70:30) solution was added to the acceptor 96-well plates.
Then, 180 μL of each compound solution was added to the
donor plate, and the receptor plate was carefully placed into
the donor plate. The permeability system was left undisturbed
for 2 h and 45 min at room temperature (23 ± 2 °C). Then,
the donor and acceptor plates were separated, and the
compounds 1−4 and QC standards were quantified by a
multiwavelength UV plate reader (SpectraMax 5, Molecular
Devices) at 250−450 nm. Optical density values were applied
in a linear equation to determine the permeability coefficient
(Pe) through the artificial membrane.26,27 The compounds
were classified as permeable (BBB+) or nonpermeable
(BBB−).
The PAMPA-GIT and PAMPA-BBB were performed in

triplicate and at two different times (n = 2). The Pe and Fa%
represent the average of the six runs analyzed.
Statistical Analysis. Statistical analyses were performed

using GraphPrism software (version 5.0). Group comparisons
were carried out by one-way analysis of variance (ANOVA)
followed by Dunnett’s post-test. P-value ≤ 0.05 was considered
significant for all assays.
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2021, 2012, https://bvsms.saude.gov.br/bvs/saudelegis/anvisa/2012/
rdc0027_17_05_2012.html (accessed 15 Sep, 2021).
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