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ABSTRACT

This study presents a comprehensive in silico pharmacokinetic analysis of 30 novel isatin derivatives de-
signed as potential antibacterial agents. Physicochemical and ADMET parameters were predicted using
SwissADME and ADMETlIab 2.0, and the relationships between key descriptors were evaluated by Pearson
correlation analysis and multiple linear regression. All compounds complied with Lipinski’s Rule of Five.
Lipophilicity (logP) showed a strong positive correlation with the volume of distribution (VDss; r=0.810,
p<0.001) and a moderate positive correlation with plasma protein binding (r=0.480, p=0.007), while
no significant dependence of systemic clearance on logP or plasma protein binding was observed. Multi-
ple regression analysis identified VDss as the dominant determinant of elimination half-life (p = —-1.163,
p <0.001), indicating that distribution-driven processes govern pharmacokinetic variability within this
scaffold. The findings provide a rational basis for the optimization of isatin-based compounds with im-
proved ADMET profiles.
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INTRODUCTION

Antimicrobial resistance (AMR) represents one
of the most pressing challenges in contemporary
medicine, with multidrug-resistant bacterial patho-
gens increasingly undermining the clinical efficacy
of established antibiotic classes (1). The World Health
Organization has identified AMR as a global health
priority, estimating that resistant infections already
account for hundreds of thousands of deaths annu-
ally, a burden projected to rise substantially over the
coming decades (2). In this context, the discovery
and development of structurally novel antibacterial
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agents with distinct mechanisms of action is of par-
amount importance (3). Heterocyclic scaffolds with
demonstrated broad-spectrum activity are particu-
larly attractive starting points, as they offer opportu-
nities for systematic chemical diversification to opti-
mize both biological potency and pharmacokinetic
behavior (4).

Isatin (1H-indole-2,3-dione) is a naturally oc-
curring bicyclic compound found in various plant
species and produced endogenously in humans from
tryptophan metabolism (5). Its unique indole-2,3-di-
one core confers remarkable chemical versatility, en-
abling facile functionalization at the N-1 position,
C-3 carbonyl, and multiple ring positions (6). This
structural plasticity has been extensively exploited
in medicinal chemistry, resulting in a broad library
of derivatives with documented antibacterial, anti-
fungal, antiviral, anticonvulsant, anticancer, and an-
ti-inflammatory activities (7-12). Several isatin-con-
taining compounds have progressed to clinical eval-
uation, most notably isatin-based analogues active
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against HIV integrase and influenza neuraminidase,
further validating this scaffold as a privileged struc-
ture in drug discovery (13). The ability to modulate
biological activity through targeted structural mod-
ifications—particularly N-alkylation and halogena-
tion at the C-5 or C-6 positions—makes isatin deriv-
atives especially amenable to systematic structure-
activity and structure-pharmacokinetic relationship
studies.

A critical yet frequently underappreciated de-
terminant of clinical success in antibacterial drug
development is the pharmacokinetic profile of a can-
didate compound. Even molecules demonstrating
potent in vitro activity may fail in vivo if they can-
not achieve and maintain adequate drug concentra-
tions at the site of infection (14). Key pharmacoki-
netic parameters—including volume of distribution
(VDss), systemic clearance (CL), plasma half-life (t,),
and plasma protein binding (PPB)—collectively gov-
ern the absorption, distribution, metabolism, and
elimination (ADME) behavior of a compound in the
biological milieu. High plasma protein binding re-
duces the free drug fraction available for antimicro-
bial action, while unfavorable distribution character-
istics may limit tissue penetration in compartments
where pathogens reside (15). Rapid systemic clear-
ance shortens the dosing interval and may necessi-
tate higher or more frequent doses, with consequent
implications for tolerability and patient compliance
(16). Understanding how structural features translate
into pharmacokinetic properties is therefore essen-
tial for the rational optimization of antibacterial can-
didates (17).

In recent years, in silico approaches have be-
come indispensable tools in early-stage drug dis-
covery, enabling the rapid and cost-effective predic-
tion of ADMET properties prior to synthesis (18).
Computational platforms such as SwissADME and
ADMETlab 2.0 leverage machine learning models
trained on large experimental datasets to provide re-
liable estimates of physicochemical descriptors, oral
absorption, tissue distribution, metabolic liability,
and excretion parameters for virtual compound li-
braries (19). These tools allow researchers to identity
and eliminate pharmacokinetically unfavorable can-
didates at the design stage—a strategy commonly re-
ferred to as ADMET filtering—thereby reducing at-
trition rates in later development phases (20). The va-

lidity of such in silico predictions has been confirmed
in multiple benchmark studies, and their integration
into medicinal chemistry workflows is now consid-
ered best practice by regulatory and industry stan-
dards alike (21). Importantly, for novel compounds
that have not yet been synthesized, in silico ADMET
profiling represents the only feasible approach to as-
sess pharmacokinetic viability and guide structural
prioritization (22).

Classical pharmacokinetic theory posits that
physicochemical properties, particularly lipophilici-
ty (logP) and topological polar surface area (TPSA),
are primary determinants of membrane permea-
bility, tissue distribution, and systemic clearance
(23,24). Compounds with higher TPSA, indica-
tive of greater hydrophilicity, are generally expect-
ed to exhibit a lower volume of distribution due to
limited tissue penetration and preferential retention
in the plasma compartment (25). Conversely, lipo-
philic compounds with higher logP values typical-
ly demonstrate greater tissue partitioning, resulting
in a larger VDss. However, the quantitative relation-
ships between these descriptors and pharmacokinet-
ic parameters can vary substantially across different
chemical series, and their predictive value for a given
scaffold must be established empirically. Additional
factors—including active transport processes, CYP-
mediated metabolism, and plasma protein binding—
may also significantly modulate the in vivo pharma-
cokinetic behavior in ways that are not straightfor-
wardly predicted from lipophilicity alone (26).

Despite the recognized pharmacological po-
tential of isatin derivatives, systematic in silico phar-
macokinetic analyses of structurally diversified isat-
in series—encompassing both N-1 alkyl substitution
and C-6 halogenation—remain scarce in the litera-
ture. A quantitative understanding of how these two
key structural variables jointly influence ADMET
parameters would provide a rational framework for
the prioritization of candidates prior to synthesis and
biological evaluation. To address this gap, the pres-
ent study conducted a comprehensive in silico phar-
macokinetic analysis of 30 novel isatin derivatives
with potential antibacterial activity, applying Pear-
son correlation analysis and multiple linear regres-
sion to characterize the relationships between phys-
icochemical descriptors and predicted pharmacoki-
netic parameters.
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AIM AND OBJECTIVES

The aim of this study was to characterize the
in silico pharmacokinetic profile of 30 novel isatin
derivatives and to establish quantitative structure-
pharmacokinetic relationships. The specific objec-
tives were: (i) to predict and compare physicochem-
ical and ADMET parameters across six N-1 substi-
tution patterns and five C-6 halogenation states; (ii)
to quantify bivariate correlations between logP and
VDss, CL, t,, and PPB using Pearson analysis; (iii)
to determine the relative contributions of VDss and
CL to half-life variability by multiple linear regres-
sion; and (iv) to translate the identified relation-
ships into drug design recommendations for scaffold
optimization.

MATERIALS AND METHODS

Compound Selection

Thirty novel isatin derivatives, designated com-
pounds 1-30, were selected for this study. These com-
pounds were designed in silico as potential antibacte-
rial agents and have not yet been synthesized. Their
structures were represented using SMILES notation,
ensuring compatibility with all employed computa-
tional platforms.

The compound library was organized into six
series based on the N-1 substituent of the isatin core.

tyl—of incrementally increasing chain length and
branching, enabling assessment of both chain exten-
sion and branching effects on ADMET parameters.
The terminal chlorine atom in these substituents was
included as a potential pharmacophoric element and
to allow future derivatization. Series 5 incorporated
a 3-methylbutyl chain, an isosteric non-halogenated
analogue of Series 4, included to decouple the contri-
bution of terminal halogenation from chain length
effects on lipophilicity and distribution.

Within each series, the first compound repre-
sented the non-halogenated parent structure at the
C-6 position, while the remaining four analogues
were systematically halogenated with fluorine, chlo-
rine, bromine, and iodine, respectively. This halo-
gen walk at C-6 was designed to exploit the well-es-
tablished bioisosteric relationship between halogens
and hydrogen, while simultaneously introducing a
graded increase in atomic radius, lipophilicity, and
polarizability. Collectively, the combinatorial 6 x 5
matrix encompassing 30 compounds provided suf-
ficient structural diversity to enable robust quantita-
tive structure-pharmacokinetic relationship analysis
across a meaningful range of physicochemical space.
The general structure of the investigated isatin deriv-
atives (1H-indole-2,3-dione) and the complete sub-
stituent library are presented in Fig. 1.

@) Series R1 R2 Compounds
0 —-H -H, -F, -Cl, -Br, -I 1-5
1 —CH,CH,Cl -H, -F, -Cl, -Br, -I 6-10
0 2 —(CH»)3Cl -H, -F, -Cl], -Br, -I 11-15
R2 N 3 —CH,CH(CH3)CH)Cl -H, -F, -Cl, -Br, -I 16-20
R1 4 —(CH3)4Cl -H, -F, -Cl, -Br, -1 21-25
5 —CH,CH,CH(CHj3), -H, -F, -Cl, -Br, -I 26-30

Fig. 1. General structure and combinatorial substituent matrix of the studied 1H-indole-2,3-dione (isatin) derivatives (6
x 5 library; n = 30 compounds).

Series 0 comprised the non-N-alkylated parent struc-
tures, retaining the -NH functionality and serving as
the pharmacokinetic reference group. The rationale
for N-alkylation in the remaining series was twofold:
first, to progressively increase lipophilicity and steric
bulk at the N-1 position in a controlled manner; and
second, to eliminate the -NH hydrogen bond donor,
thereby reducing polarity and TPSA. Series 1-4 in-
corporated haloalkyl chains—2-chloroethyl, 3-chlo-
ropropyl, 2-methyl-3-chloropropyl, and 4-chlorobu-

Computational Tools

Physicochemical and pharmacokinetic param-
eters were predicted using two complementary and
widely validated in silico platforms: SwissADME and
ADMETlIab 2.0 (27,28). The combined use of both
tools was deliberate, as the two platforms employ dis-
tinct underlying models and training datasets, there-
by providing greater confidence in predictions where
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results converge and enabling identification of po-
tential uncertainties where they diverge.

SwissADME (Swiss Institute of Bioinformat-
ics, Lausanne, Switzerland) is a freely accessible web
tool that employs established physicochemical cal-
culation algorithms and machine learning-based
models for ADME property prediction. In the pres-
ent study, SwissADME was used to calculate molec-
ular weight (MW), consensus logP (cLogP, comput-
ed as the arithmetic mean of five independent logP
prediction algorithms: iLOGP, XLOGP3, WLOGP,
MLOGP, and SILICOS-IT), topological polar surface
area (TPSA), number of hydrogen bond acceptors
(NHA), number of hydrogen bond donors (NHD),
and compliance with Lipinski’s Rule of Five. The use
of consensus logP was preferred over any single al-
gorithm, as it reduces the influence of model-specif-
ic systematic errors and has been shown to provide
more robust lipophilicity estimates across structur-
ally diverse compound sets.

ADMETIab 2.0 is a comprehensive deep learn-
ing-based platform trained on large curated exper-
imental datasets, designed to predict a broad spec-
trum of ADMET endpoints. In the present study,
ADMETlIab 2.0 was used to predict the following
parameters: volume of distribution at steady state
(VDss, log L/kg), systemic clearance (CL, mL/min/
kg), plasma half-life (t,, h), plasma protein binding
(PPB, %), human intestinal absorption (HIA, %),
Caco-2 permeability (log cm/s), P-glycoprotein (P-
gp) substrate and inhibitor status, blood-brain bar-
rier (BBB) permeability, aqueous solubility (LogS),
and CYP isoform interaction profiles (CYP1A2, CY-
P2C9, CYP2C19, CYP2D6, and CYP3A4 substrate
and inhibitor status). The predictive performance of
ADMET]Iab 2.0 has been benchmarked across multi-
ple independent test sets and shown to achieve satis-
factory accuracy for the endpoints employed in this
study.

Data Analysis

All predicted pharmacokinetic and physico-
chemical data were compiled in Microsoft Excel (Mi-
crosoft Corporation, Redmond, WA, USA) and sub-
sequently imported into IBM SPSS Statistics (version
27.0) for statistical analysis.

Prior to correlation analysis, the distributional
properties of all continuous variables were assessed

using the Shapiro-Wilk test for normality (n=30).
Variables exhibiting significant departures from
normality were noted; however, given that Pearson’s
correlation coefficient is relatively robust to moder-
ate non-normality at sample sizes above 25, bivari-
ate correlations were computed using Pearson’s r for
all variable pairs to maintain consistency of inter-
pretation (29). Pearson’s r was calculated to quantify
the strength and direction of linear associations be-
tween logP and each of the pharmacokinetic param-
eters (VDss, CL, t, PPB), as well as between selected
pharmacokinetic parameters (CL-t, and VDss-t,).
The coefficient of determination (R? = r?) was com-
puted for each pair to express the proportion of vari-
ance in the dependent variable explained by the pre-
dictor. Statistical significance was evaluated using a
two-tailed t-test with n-2 degrees of freedom, apply-
ing a significance threshold of p < 0.05.

To investigate the combined influence of distri-
bution and elimination on half-life, a standard mul-
tiple linear regression (MLR) model was constructed
with t, as the dependent variable and VDss and CL
as independent predictors (30). Prior to model con-
struction, the assumption of no excessive multicol-
linearity between the two predictors was verified by
computing the variance inflation factor (VIF); VIF
values below 5 were considered acceptable. Model fit
was assessed using the coefficient of determination
(R?) and the adjusted R?, the latter correcting for the
number of predictors included. Overall model sig-
nificance was evaluated by ANOVA F-test. Individu-
al predictor contributions were assessed by the stan-
dardized regression coefficients ({3) and their associ-
ated p-values, with significance defined at p < 0.05.
Regression diagnostics were performed to verify the
key assumptions of the MLR model, including in-
spection of residual plots for linearity and homosce-
dasticity, and examination of the normal probabil-
ity plot of standardized residuals for distributional
adequacy.

RESULTS AND DISCUSSION

Physicochemical
Properties

The predicted physicochemical and ADMET
properties of the 30 investigated isatin derivatives are
presented in Table 1 and Table 2. The compound li-
brary encompasses six structural series defined by

and Pharmacokinetic

Scripta Scientifica Pharmaceutica, 2025; Online First
Medical University of Varna



Kaloyan Mihalev, Ivelin Iliev, Svetlana Petkova et al.

the N-1 substituent (Series 0-5), each containing five  ables the independent assessment of N-1 alkylation
members differing in the nature of the C-6 halogen  effects and C-6 halogenation effects on the pharma-
substituent (H, F, Cl, Br, I). This factorial design en-  cokinetic profile of the isatin scaffold. The discussion

Table 1. Physicochemical and absorption-related properties of the investigated isatin derivatives.

Caco2 P-gp
N1 MW < NHA NHD TPSA logP | Lipinski | perme- | inter-
ability | action

<30

1 H 147.03 | 3 1 | 4617 | 0768 | yes 4316 I

2 | F H 165.02 | 3 1 | 4617 | 1138 | yes -4.402 I <30
3 | a ‘H 180.99 | 3 1| 4617 | 1817 | yes -4.318 I <30
4 | Br H 22494 | 3 1 | 4617 | 1953 | yes -4.708 I <30
5 |1 H 27293 | 3 1| 4617 | 2211 | yes -4.463 I <30
6 2-chloroethyl | 209.02 3 0 37.38 | 1.301 yes -4.234 I <30
7 | F | 2-chloroethyl | 227.01 | 3 0 | 3738 | 1482 | yes -4.392 I <30
8 | Cl | 2-chloroethyl | 24299 | 3 0 | 3738 | 2177 | yes -4.369 I <30
9 Br | 2-chloroethyl | 286.93 3 0 37.38 | 2.339 yes -4.632 I <30
10 | I | 2-chloroethyl | 33492 | 3 0 | 3738 | 2672 | yes -4.403 I <30
11 3-chloropropyl | 223.04 3 0 37.38 | 1.963 yes -4.494 I <30
12 F | 3-chloropropyl | 241.03 3 0 37.38 | 1.951 yes -4.516 I <30
13 Cl | 3-chloropropyl | 257.0 3 0 37.38 | 2.555 yes -4.542 I <30
14 | Br | 3-chloropropyl | 300.95 3 0 37.38 | 2.699 yes -4.673 I <30
15 I | 3-chloropropyl | 348.94 3 0 37.38 | 3.040 yes -4.571 I <30
16 | H cilf)’zﬂgl;yl 23606 | 3 0 | 3738 | 2511 | yes -4.65 I <30
17 | F Cilg’rzﬂgfo; ;,l 25505 | 3 0 | 3738 | 2600 | yes -4.659 I <30
18 | cilgizﬂ;}l; ;,1 27102 | 3 0 | 3738 | 3031 | yes -4.637 I <30
19 | Br Cilzzt};’fo; ;,1 31497 | 3 0 | 3738 | 3154 | yes -4.709 I <30
20 | 1 Cilgzﬂglz | 36295 |3 0 | 3738 | 3369 | yes -4.678 I | <30
21 | H | 4-chloro-butyl | 237.06 | 3 0 | 3738 | 2299 | yes -4.629 I <30
22 F | 4-chloro-butyl | 255.05 3 0 37.38 | 2.226 yes -4.568 I <30
23 | Cl | 4-chloro-butyl | 271.02 | 3 0 | 3738 | 2965 | yes -4.605 I <30
24 | Br | 4-chloro-butyl | 31497 | 3 0 | 3738 | 3150 | yes -4.703 I <30
25 | 1 | 4-chloro-butyl | 36295 | 3 0 | 3738 | 3393 | yes -4.644 I <30
26 | H | 3-methyl-butyl | 217.11 | 3 0 | 3738 | 2965 | vyes 4781 I <30
27 | F | 3-methyl-butyl | 235.1 3 0 | 3738 | 3099 | vyes -4.722 I <30
28 | Cl | 3-methyl-butyl | 25107 | 3 0 | 3738 | 3492 | yes 4754 I <30
29 | Br | 3-methyl-butyl | 29502 | 3 0 | 3738 | 3641 | yes 4734 I <30
30 I | 3-methyl-butyl | 343.01 3 0 37.38 | 3.859 yes -4.777 I <30
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below addresses physicochemical drug-likeness, ab- Molecular weights ranged from 147.13 g/mol
sorption-related parameters, distribution and plas-  (Compound 1, the non-substituted parent isatin) to
ma binding, and elimination characteristics in turn. ~ 362.95 g/mol (compounds 25 and 30, the iodo-substi-

tuted members of Series 4 and 5), reflecting the pro-

Table 2. Predicted distribution, metabolic, and elimination parameters of the investigated isatin derivatives.

1/2

PPB,

VDss | BBB | 1A2 | 2C19 2C9 2Dé6 3A4 Cl t

1 H 95.00 | -0269| - | D N N N N | 6944 | 1.739
2 | F H 978 | -0.146| - | D N N N S | 4971 | 1205
3 | cl H 98.7 | -0227| - | D N N N S | 4172 | 1.053
4 | Br H 984 | 003 | - I N N N N | 4869 | 1.157
50| 1 H 982 | 0163 | - | D N N N S | 3215 | 0.887
6 | H | 2-chloroethyl | 867 |-0017| - | D N I I I 7183 | 1.157
7 | F | 2-chloroethyl | 96.1 | -0048 | - | D D I N I | 6028 | 0.899
8 | Cl | 2-chloroethyl | 982 |-0141| - | D S N N s | 5233 | 0788
9 Br | 2-chloroethyl | 97.8 | 0.008 - D I I I I 5.906 | 0.944
10 | T | 2-chloroethyl | 97.8 | 0.155 - D S S I S 4.171 | 0.677
11 3-chloropropyl | 95.7 | -0.003 - D I I I I 8.580 | 0.874
12 | F | 3-chloropropyl | 983 | -0028| - | D S I N I 7.764 | 0.724
13 | Cl | 3-chloropropyl | 98.6 | -0.069 - D D N N D 6.985 | 0.573
14 | Br | 3-chloropropyl | 98.4 | 0.041 - D I I I I 7.466 | 0.791
15 | I | 3-chloropropyl | 982 | 0.197 - D S D I D 5.512 | 0.499
16 | H ilglr‘;t}gfos ;1 927 | 0.118 | - S S I N D | 7.929 | 0556
17 | F Cilgl:)ﬂ;yrlo; ;1 983 | 0054 | - | S S I N D | 7499 | 0.493
18 | Cilgiﬂ;yrlo;yl 989 | -0030| - | D S N N D | 6882 | 0.387
19 | Br Cilgzﬂgrlosyl 982 | 0120 | - | D D I N D | 7342 | 0590
20 | I Cilglrzﬂgi); ;,1 97.9 | 0284 | - | D S I N D | 5725 | 0441
21 | H | 4-chloro-butyl | 985 | -0.113 - D I I I I 6.959 | 0.346
22 | F | 4-chloro-butyl | 986 | 0084 | - | D I I N D | 6802 | 0.264
23 | Cl | 4-chloro-butyl | 988 |-0018| - | D I S N D | 6515 | 0279
24 | Br | 4-chloro-butyl | 987 | 0123 | - | D I I I I | 6714 | 0337
25 | 1 | 4-chloro-butyl | 985 | 0332 | - | D D D I D | 5519 | 0362
26 | H | 3-methyl-butyl | 984 | 0229 | - | D D D I I 8.769 | 0.462
27 | F | 3-methyl-butyl | 986 | 0242 | - | D D D I I 8.108 | 0.296
28 | Cl | 3-methyl-butyl | 99.0 | 0245 | - | D D D N D | 7.587 | 0257
29 | Br | 3-methyl-butyl | 98.6 | 0283 | - I D D I I 8.067 | 0.406
30 | 1 | 3-methyl-butyl | 984 | 0572 | - | D D D I D | 6473 | 0352
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gressive increase in molecular mass introduced by
both N-alkylation and C-6 halogenation. The non-
alkylated Series 0 members (compounds 1-5) have
the lowest MW values (147-273 g/mol), while the N-
alkylated series ranged from approximately 209 to
363 g/mol. All 30 compounds complied with Lipin-
ski’s Rule of Five, confirming that N-alkylation and
halogenation as applied in this library do not com-
promise fundamental drug-likeness criteria. Nota-
bly, all N-alkylated derivatives lack an -NH hydro-
gen bond donor (NHD = 0), in contrast to the Series
0 parent compounds (NHD = 1), a structural change
that reduces TPSA from 46.17 A% in Series 0 to 37.38
A2 in Series 1-5. This TPSA reduction upon N-alkyl-
ation is pharmacokinetically meaningful, as it places
all N-alkylated derivatives comfortably below the 60
A? threshold associated with optimal passive trans-
cellular permeability, while the Series 0 members, al-
though also below this threshold, retain a marginally
higher polar character.

Lipophilicity (logP) values increased monoton-
ically within each series as a function of C-6 haloge-
nation, progressing from the non-halogenated parent
to the iodo-substituted analogue, consistent with the
known order of lipophilic contribution of halogens
(F < Cl < Br < I). Across series, logP also increased
with N-1 alkyl chain length and branching, with Se-
ries 0 showing the lowest values (0.768-2.211) and Se-
ries 5 the highest (2.965-3.859). Notably, the iodo-
substituted member of Series 5 (Compound 30) ex-
hibited the highest logP in the library (3.859), while
the non-substituted parent isatin (Compound 1) had
the lowest (0.768). This systematic variation in logP
across the 6 x5 matrix confirms that the compound
design effectively covers a broad and continuous li-
pophilicity range, which is a prerequisite for mean-
ingful quantitative structure-pharmacokinetic cor-
relation analysis. All logP values remained below 5,
consistent with Lipinski’s upper limit, indicating that
lipophilicity does not constitute a drug-likeness lia-
bility for any member of the series. Topological polar
surface area (TPSA) was bimodally distributed, tak-
ing values of 46.17 A2 for Series 0 and 37.38 A2 for Se-
ries 1-5, both well below the 90 A? threshold general-
ly associated with adequate oral absorption. The nar-
row and discrete TPSA distribution reflects the lim-
ited structural diversity in the polar region of these
compounds and suggests that TPSA is unlikely to be

a useful discriminator of pharmacokinetic behavior
within this series.

Predicted Caco-2 permeability values ranged
from approximately —4.78 to —4.23 log cm/s across
the series, indicating moderate intestinal permea-
bility for all compounds. The values showed a mod-
est inverse trend with logP, with the most lipophilic
compounds (Series 5, iodine-substituted) exhibiting
slightly lower Caco-2 scores, potentially reflecting
an upper-lipophilicity ceiling effect where increased
partitioning into the lipid bilayer reduces net trans-
cellular flux. All 30 compounds were predicted to act
as P-glycoprotein (P-gp) inhibitors rather than sub-
strates, a finding consistent with the presence of aro-
matic ring systems and lipophilic N-substituents that
are characteristic features of many reported P-gp in-
hibitors. P-gp inhibitory activity may have dual im-
plications: it could facilitate the intestinal absorption
of co-administered P-gp substrates, but it may also
raise concerns regarding drug-drug interaction po-
tential that would require evaluation in further stud-
ies. Human intestinal absorption (HIA) was predict-
ed to be below 30% for all derivatives, suggesting
limited passive oral absorption despite the generally
favorable Caco-2 permeability values. This apparent
discrepancy is pharmacokinetically consistent with
dissolution-limited absorption: the relatively low
aqueous solubility (LogS) predicted for these mod-
erately lipophilic compounds constrains the amount
of dissolved drug available for intestinal uptake, ir-
respective of membrane permeability. This biophar-
maceutical bottleneck represents a key optimization
target for future analogues within this scaffold class.

Plasma protein binding (PPB) was consistent-
ly high across the series, ranging from 86.7% (com-
pound 6, the non-halogenated N-(2-chloroethyl)
derivative) to 99.0% (compound 28, the 6-chloro-
N-(3-methylbutyl) derivative). The lowest PPB value
across the entire library was observed for compound
6 (86.7%), the non-halogenated member of Series 1,
which represents a notable outlier within the N-al-
kylated subseries. Among the non-alkylated Series
0 compounds, PPB ranged from 95.0% (Compound
1) to 98.7% (compound 3), values that are not mark-
edly lower than those of the N-alkylated series. The
anomalously low PPB of compound 6 does not there-
fore reflect a systematic Series 0 effect, but rather a
compound-specific deviation whose structural basis
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warrants further investigation. Collectively, the PPB
data do not support a consistent trend of reduced
protein binding in the absence of N-alkyl substitu-
tion. The high and narrowly distributed PPB values
across most of the series indicate that the free plas-
ma fraction (f ) is consistently low (typically 1-5%),
which has important pharmacodynamic implica-
tions: only the unbound fraction is available to in-
teract with bacterial targets, and therefore in vivo ef-
ficacy will depend on achieving adequate free drug
concentrations at the site of infection. The predicted
VDss showed considerably greater variability than
PPB, ranging from —0.269 log L/kg (Compound 1) to
0.572 log L/kg (Compound 30), corresponding to ap-
proximately 0.54 to 3.73 L/kg in absolute terms. Neg-
ative log VDss values (i.e., VDss <1 L/kg) were most
prevalent among Series 0 and the lower-lipophilicity
members of Series 1-2, indicating predominant dis-
tribution within the plasma and extracellular water
compartments. Positive log VDss values (VDss>1
L/kg), suggesting more extensive tissue distribution,
were associated with the higher-lipophilicity mem-
bers of Series 3-5, particularly the bromo- and io-
do-substituted analogues. This pattern is consistent
with lipophilicity-driven tissue partitioning and di-
rectly supports the correlation analysis presented in
the following section.

Predicted systemic CL values ranged from 3.215
mL/min/kg (Compound 5, the 6-iodo Series 0 mem-
ber) to 8.769 mL/min/kg (Compound 26, the non-
halogenated N-(3-methylbutyl) derivative), consis-
tent with moderate to high hepatic clearance. For
reference, hepatic blood flow in humans is approx-
imately 21 mL/min/kg, placing most of the studied
derivatives in the intermediate-to-high extraction
ratio range, which implies significant first-pass me-
tabolism and reinforces the limited predicted oral
bioavailability noted above. The elimination half-
life (t,) was notably short across the series, varying
from 0.257 h (Compound 28) to 1.739 h (Compound
1). The longest t, values were observed in Series 0,
which also exhibited the lowest logP values and low-
est VDss, suggesting that limited tissue distribu-
tion contributes to prolonged systemic residence in
this subseries. Conversely, the most lipophilic com-
pounds (Series 5) showed the shortest t, despite their
higher VDss values, a finding that is consistent with
the pharmacokinetic relationship t, = (0.693 x VDss)/

CL when considered in conjunction with the concur-
rent increase in CL observed across the series. Al-
though CL does not correlate significantly with logP
at the level of the full dataset (r = +0.213, p = 0.258),
the absolute CL values for Series 5 members (6.5-8.8
mL/min/kg) are among the highest in the library,
and the proportional increase in CL relative to VDss
in this subseries is sufficient to prevent the expected
prolongation of t~%~. The net result is that the in-
crease in distribution volume is not accompanied by
a commensurate extension of systemic exposure, so
that t~Y2~ remains short or decreases despite high-
er VDss—a pattern governed by the ratio VDss/CL
rather than by either parameter alone.

Regarding metabolic liability, the predicted
CYP interaction profiles were heterogeneous across
the series, reflecting the structural diversity intro-
duced by N-1 alkylation and C-6 halogenation. CY-
P1A2 was the most consistently implicated isoform,
with the majority of compounds predicted as sub-
strates or inhibitors, consistent with the planar ar-
omatic indolone core which is a known structural
feature associated with CYP1A2 recognition. CY-
P2C19 and CYP3A4 interactions were variable and
appeared to correlate broadly with increasing N-1
alkyl chain length: the more lipophilic Series 3-5
members showed a higher frequency of predict-
ed substrate or inhibitor activity toward these iso-
forms, which represent the principal drug-metabo-
lizing enzymes in the liver. CYP2C9 and CYP2D6
interactions were less consistently predicted and did
not follow a clear structural trend, suggesting that
these interactions may be governed by specific bind-
ing pocket complementarity rather than lipophilic-
ity alone. The heterogeneous CYP profiles observed
across the series are consistent with the absence of a
significant logP-CL correlation identified in the sta-
tistical analysis, supporting the conclusion that met-
abolic clearance in this series is governed primarily
by structure-specific enzyme recognition rather than
by bulk hydrophobicity. All 30 compounds were pre-
dicted to be BBB-impermeable, as ADMETIab 2.0
classified each derivative as a BBB non-penetrant—
a finding consistent with the combination of moder-
ate molecular weight, moderate-to-high lipophilicity,
and predicted P-gp inhibitory activity across the se-
ries. Although BBB penetration is not a target for an-
tibacterial agents addressing systemic infections, the
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absence of predicted CNS penetration is a favorable
safety attribute that reduces the risk of centrally me-
diated adverse effects.

Correlation Analysis

Pearson bivariate correlation analysis was per-
formed between the primary lipophilicity descriptor
(logP) and four pharmacokinetic parameters (PPB,
VDss, CL, and t,), as well as between selected inter-
parameter pairs (VDss-t, and CL-t,). A significance
threshold of p < 0.05 (two-tailed, df = 28) was applied
throughout. The complete correlation matrix is pre-
sented in Table 3.

Table 3. Pearson bivariate correlation matrix for logP,
PPB, VDss, CL, and t¥ across the 30 investigated isatin
derivatives (n = 30, df = 28, two-tailed).

;’:irr‘able R | (28)

logP-PPB | +0.480 | 0231 | +2.897 | 0.007
logP-VDss | +0.810 | 0.656 | +7.307 | <0.001
logP-CL | +0.213 | 0.046 | +1.155 |0.258 (ns)
logP-t, | —0.843 | 0.711 | -8.300 | <0.001
VDss-t, | 0621 | 0386 | —4.191 | <0.001
CL-t, 0312 | 0097 | -1.736 | 0.093 (ns)
PPB-CL | -0.171 | 0029 | -0.919 | 0.366 (ns)

ns = not significant (p 2 0.05, two-tailed, df = 28). Bold/
highlighted row indicates the strongest bivariate association in
the dataset.

A moderate and statistically significant posi-
tive correlation was found between logP and plasma
protein binding (r = +0.480, R* = 0.231, t(28) = 2.897,
p = 0.007; Fig. 2). Lipophilicity accounts for 23.1% of
the variance in PPB, indicating that hydrophobic in-
teractions with serum albumin and other plasma
proteins make a meaningful but partial contribu-
tion to binding. The remaining variance reflects ad-
ditional structural and electronic determinants—in-
cluding hydrogen-bond donor/acceptor capacity and
molecular size—that govern complementarity with
protein binding sites independently of bulk lipophi-
licity. The observed correlation strength is likely an
underestimate of the true logP-PPB relationship: the
uniformly high PPB values across the series (86.7-
99.0%, predominantly above 95%) impose a near-

ceiling constraint that compresses the detectable dy-
namic range and attenuates Pearson r.

10047 0480
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p = 0.00723 ° o oo
°
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Fig. 2. Scatter plot of plasma protein binding (PPB, %) as
a function of logP for the 30 investigated isatin derivatives
(r = +0.480, R* = 0.231, p = 0.007).

The strongest association involving a physico-
chemical descriptor and a distribution parameter was
the highly significant positive correlation between
logP and VDss (r = +0.810, R* = 0.656, t(28) = 7.307,
p<0.001; Fig. 3). Lipophilicity alone explains 65.6%
of the variance in volume of distribution, establish-
ing hydrophobicity as the primary structural driv-
er of tissue partitioning within this series. This rela-
tionship is mechanistically grounded in the thermo-
dynamic preference of lipophilic compounds for par-
titioning into tissue lipids, phospholipid membranes,
and intracellular compartments, reducing plasma
concentration relative to the total body burden and
thereby increasing the apparent VDss. The system-
atic increase in VDss from Series 0 to Series 5, close-
ly tracking the increase in logP driven by progres-
sive N-alkylation and C-6 halogenation, provides di-
rect structural evidence for this mechanism oper-
ating across the entire compound library. The large
t-statistic (7.307) underscores the robustness of the
association.

In marked contrast, no significant correlation
was detected between logP and systemic clearance
(r = +0.213, R* = 0.046, t(28) = 1.155, p = 0.258). Li-
pophilicity explains only 4.6% of the variance in CL,
demonstrating that hydrophobicity is not a mean-
ingful predictor of metabolic elimination in this se-
ries. This is notable because a naive application of
classical ADMET theory would predict that more
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Fig. 3. Correlation between lipophilicity (logP) and vol-
ume of distribution at steady state (VDss, L/kg) for the 30
investigated isatin derivatives (r = +0.810, R* = 0.656, p <

0.001).

lipophilic compounds undergo more extensive he-
patic metabolism. The absence of this expected rela-
tionship implies that CYP-mediated clearance of the
studied isatins is governed predominantly by struc-
tural complementarity with specific enzyme active
sites rather than by passive hydrophobic partition-
ing—a conclusion consistent with the heterogeneous
and structure-specific CYP interaction profiles de-
scribed in the preceding section. The weakly positive
direction of the correlation (rather than the intuitive-
ly expected negative sign) reflects the net balance of
competing logP effects on VDss and CL within the
pharmacokinetic equation t, = (0.693 x VDss)/CL.
A key finding of this analysis—not highlight-
ed in previous reports on this scaffold class—is the
strong negative correlation between logP and elimi-
nation half-life (r= —0.843, R = 0.711, t(28) = —8.300,
p < 0.001; Fig. 4). This represents the single strongest
bivariate association in the entire dataset, outper-
forming even the logP-VDss correlation in explan-
atory power. Lipophilicity alone accounts for 71.1%
of the variance in t,, directly linking a readily mod-
ifiable structural property to the clinically most rel-
evant pharmacokinetic endpoint. The mechanis-
tic basis is indirect: increasing logP raises VDss (via
the confirmed logP-VDss relationship), and the re-
sulting larger distribution volume shortens half-life
because clearance does not increase proportional-
ly—as expressed by the pharmacokinetic identity
t, = (0.693 x VDss)/CL. Practically, this finding im-
poses a direct constraint on lipophilicity optimiza-
tion: increasing logP through N-alkyl chain exten-

sion or C-6 heavy halogenation will systematically
shorten predicted systemic exposure, a trade-off that
must be explicitly considered in any structure-guid-
ed campaign targeting this scaffold.

r=-0.843
R? =0.711
1.64 P =4.96e-09

10 15 2.0 255 30 35 40
logP
Fig. 4. Correlation between lipophilicity (logP) and elimi-
nation half-life (t12, h) for the 30 investigated isatin deriv-
atives (r = —0.843, R> = 0.711, p < 0.001).

Among inter-pharmacokinetic parameter cor-
relations, a significant moderate negative associa-
tion was observed between VDss and t, (r=-0.621,
R? = 0.386, t(28) = —4.191, p<0.001). Volume of dis-
tribution explains 38.6% of the variance in half-life,
confirming that distribution-related processes con-
tribute substantially to elimination kinetics. The neg-
ative direction reflects the dominance of the VDss
numerator in the t, equation operating at near-con-
stant CL: as VDss increases, t, does not lengthen pro-
portionally because CL also rises modestly with logP,
resulting in a net shortening of half-life for more
widely distributed compounds. In contrast, the cor-
relation between CL and t, was negative but did not
reach significance (r = —0.312, R*=0.097, p=0.093),
indicating that clearance variability contributes only
marginally to half-life differences across the series.
The coefficient of variation of CL across the 30 com-
pounds is 21.0% (mean =6.53 mL/min/kg, SD=1.37),
compared with 48.3% for VDss expressed in abso-
lute units (mean = 1.29 L/kg, SD = 0.62), providing a
quantitative explanation for why CL does not emerge
as the dominant determinant of t% in this dataset.
Finally, no significant association was found between
PPB and CL (r = -0.171, R* = 0.029, p = 0.366). Given
that protein binding is uniformly high and near-sat-
urating across the series, the free drug fraction (f ) is
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too narrowly distributed to modulate hepatic extrac-
tion in a detectable manner. Taken together, the cor-
relation analysis establishes logP as the central phys-
icochemical axis of pharmacokinetic variability in
this isatin library, with strong direct effects on VDss
and t, and no significant effect on CL.

Multiple Regression Analysis

To investigate the combined influence of distri-
bution and elimination on half-life variability, a stan-
dard MLR model was constructed with t, (h) as the
dependent variable and VDss (log L/kg) and CL (mL/
min/kg) as independent predictors. Prior to model
construction, the assumption of no excessive multi-
collinearity was verified: the Pearson correlation be-
tween VDss and CL was negligible (r = 0.132), yield-
ing a variance inflation factor (VIF = 1.018) well be-
low the commonly applied threshold of 5, confirm-
ing that the two predictors carry largely independent
information.

The overall model was statistically significant
(F(2,27) = 10.581, p = 0.0004) and explained a mod-
erate proportion of the variance in t, (R* = 0.439,
adj R? = 0.398), indicating that approximately 44%
of the half-life variability across the 30 derivatives is
captured by the combination of VDss and CL. The
fitted regression equation is: t, = 1.1399 + (-1.163 x
VDss) + (—0.061 x CL). Full regression coefficients,
standard errors, and confidence intervals are pre-
sented in Table 4.

a more effective linear proxy for the underlying non-
linear distribution-elimination interplay. This does
not diminish the mechanistic primacy of VDss as
a determinant of t; rather, it reflects a scale-depen-
dent limitation of linear regression when applied to
log-transformed pharmacokinetic parameters.
Among the two predictors, VDss was the sole
statistically significant determinant of t, (B = -1.163,
SE = 0.287, B = —0.590, t(27) = —4.059, p = 0.0004;
95% CI [-1.751, —0.575]). The negative sign of the
VDss coefficient (B=-1.163) in the MLR model war-
rants explicit clarification. In classical pharmaco-
kinetic theory, increasing VDss prolongs t, accord-
ing to the identity t, =(0.693 x VDss)/CL. Howev-
er, the present MLR operates on independently pre-
dicted parameters from ADMETlab 2.0, in which
VDss, CL, and t, are generated by separate machine
learning models that are not constrained to satisfy
this pharmacokinetic identity. The negative empir-
ical regression coefficient therefore reflects the sta-
tistical covariance structure of the predicted dataset
rather than a mechanistic pharmacokinetic relation-
ship: compounds with higher predicted VDss (the
more lipophilic Series 3-5 members) were simulta-
neously predicted with shorter t, by the ADMETlab
model, and the MLR captures th1s empirical pattern.
This decoupling of predicted parameters from the
theoretical pharmacokinetic equation is an inherent
limitation of ML-based ADMET platforms and rein-

Table 4. Multiple linear regression coefficients for the model t, = f(VDss, CL).

Predictor B (std) t(27 95% CI for B
Intercept 1.1399 0.2491 4.576 <0.001 [0.629, 1.651]
VDss -1.1629 0.2865 -0.590 -4.059 <0.001 [-1.751, —-0.575]
CL ~0.0606 0.0377 ~0.234 ~1.611 0.119 (ns) | [-0.138,0.017]

B = unstandardized regression coefficient; SE = standard error; 3 (std) = standardized coefficient; ns = not significant (p > 0.05). Bold

row indicates the statistically significant predictor. Model fit: R*=0.439, adj R* =

both predictors.

The apparently lower explanatory power of the
MLR model (R = 0.439) relative to the simple logP-
t, correlation (R* = 0.711) is attributable to the log-
linear nature of the VDss scale: because VDss is ex-
pressed as log L/kg, the MLR captures only the lin-
ear component of the VDss-t, relationship, where-
as logP—being linearly related to log VDss—acts as

0.398, F(2,27) = 10.581, p = 0.0004; VIF = 1.018 for

forces the caveat that in silico predictions should not
be interpreted as internally consistent mechanistic
pharmacokinetic models. The standardized coeffi-
cient (f = —0.590) expresses this in units of standard
deviation: a one-SD increase in VDss is associated

with a 0.59-SD decrease in t, confirming that dis-

Scripta Scientifica Pharmaceutica, 2025; Online First
Medical University of Varna



Statistical Evaluation of In Silico Pharmacokinetic Predictors of Isatin-Based Compounds

tribution volume is the dominant pharmacokinetic
driver within this MLR framework.

In contrast, CL did not contribute significant-
ly to the model (B = —0.061, SE = 0.038, = —0.234,
t(27) = -1.611, p = 0.119; 95% CI [-0.138, 0.017]).
The 95% confidence interval for the CL coefficient
includes zero, further confirming the lack of a reli-
able independent CL-t, relationship when VDss is
held constant. Notably, the standardized coefficient
for CL (p = —0.234) is approximately 2.5-fold smaller
than that for VDss (f = —0.590), quantifying the rel-
ative dominance of distribution over elimination in
governing half-life in this series.

Residual diagnostics confirmed adequate mod-
el assumptions. The Shapiro-Wilk test applied to the
standardized residuals showed no significant depar-
ture from normality (W =0.9817, p=0.869), and in-
spection of the residual plot indicated approximate
homoscedasticity across the predicted range. The
largest residual was observed for Compound 1 (the
non-substituted parent isatin, t, = 1.739 h), which
represents a structural outlier relative to the N-al-
kylated series and is expected to exhibit pharmaco-
kinetic behavior less well captured by a model based
primarily on lipophilicity-driven distribution. Taken
together, the MLR results confirm that distribution
volume is the principal determinant of half-life vari-
ability in this isatin library, accounting for substan-
tially greater variance than clearance when both pre-
dictors are considered simultaneously.

Mechanistic Insights

The totality of the statistical evidence converg-
es on a coherent mechanistic picture: lipophilicity
(logP) is the central physicochemical axis governing
the pharmacokinetic behavior of these isatin deriva-
tives, exerting its influence primarily through distri-
bution rather than elimination. The logP-VDss cor-
relation (r = +0.810, R*> = 0.656) demonstrates that
increasing N-alkyl chain length and C-6 halogena-
tion progressively drive tissue partitioning by en-
hancing the thermodynamic affinity of compounds
for phospholipid membranes and intracellular lip-
id compartments. This lipophilicity-driven tissue
distribution then propagates downstream: the con-
firmed logP-t, association (r = —0.843, R* = 0.711)—
the strongest bivariate relationship in the dataset—is
mechanistically explained as an indirect effect me-

diated through VDss. As logP increases, VDss in-
creases, and because CL does not rise proportional-
ly, the pharmacokinetic identity t, = (0.693 x VDss)/
CL predicts a net shortening of half-life. This indi-
rect path—logP > VDss > t, —is quantitatively con-
tirmed by the MLR model, in which VDss (stan-
dardized = —0.590, p < 0.001) dominates over CL
(B=-0.234,p = 0.119) as a determinant of t,,.

The logP-PPB correlation (r = +0.480,
R? = 0.231) indicates that hydrophobic interactions
make a meaningful contribution to plasma protein
binding, most likely through binding to the hydro-
phobic pocket of serum albumin (site IT), which pref-
erentially accommodates lipophilic aromatic com-
pounds of the type represented by the isatin scaffold.
However, the near-ceiling PPB values across most
of the series (predominantly 95-99%) indicate that
protein binding is approaching saturation at moder-
ate-to-high logP values, creating a biochemical ceil-
ing that limits further PPB increases regardless of
additional lipophilicity gains. This saturation effect
mechanistically explains the attenuation of the logP-
PPB correlation relative to logP-VDss: while both
parameters respond to lipophilicity, VDss remains
responsive across the full logP range of the series
(0.768-3.859), whereas PPB is effectively constrained
above approximately logP > 1.5.

The absence of significant logP-CL (r = +0.213,
p =0.258) and PPB-CL (r = —-0.171, p = 0.366) corre-
lations reveals that metabolic elimination in this se-
ries is decoupled from bulk physicochemical proper-
ties. This behavior is mechanistically consistent with
the heterogeneous CYP interaction profiles predict-
ed across the library: the dominant involvement of
CYP1A2, driven by the planar aromatic indolone
core present in all compounds, imposes a structural-
ly invariant metabolic component that does not scale
with lipophilicity. Meanwhile, the variable engage-
ment of CYP2C19 and CYP3A4 in more lipophilic
series members likely reflects substrate recognition
through shape complementarity rather than hydro-
phobic surface area. Notably, the weakly positive sign
of the logP-CL correlation—counterintuitive un-
der the classical model where lipophilic compounds
are cleared more rapidly—may reflect a compensa-
tory effect: in the most lipophilic compounds, high
VDss reduces the hepatic drug concentration avail-
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able for metabolism, partially offsetting any lipophi-
licity-driven increase in intrinsic clearance.

Taken together, the data support a distribution-
centric pharmacokinetic model for this isatin scaf-
fold: logP is the primary structural handle control-
ling both tissue partitioning and, indirectly, system-
ic exposure duration, while metabolic clearance op-
erates as a secondary, enzyme-recognition-governed
process largely independent of lipophilicity. This
mechanistic framework has direct implications for
scaffold optimization, as discussed in the following
section.

Drug Design Implications

The present findings provide a quantitative
framework for the structure-guided optimization
of isatin-based antibacterial candidates. The most
actionable recommendation concerns lipophilic-
ity management. Given the strong logP-VDss rela-
tionship (R* = 0.656) and the even stronger inverse
logP-t, association (R* = 0.711), lipophilicity func-
tions simultaneously as a driver of tissue distribu-
tion and as a determinant of systemic exposure du-
ration. The data indicate that an optimal logP win-
dow of approximately 1.5-2.5 would balance ade-
quate tissue partitioning (VDss > 1 L/kg, favoring
tissue-over-plasma distribution) with a sufficiently
prolonged half-life to allow clinically relevant dosing
intervals. Within the present series, this window cor-
responds broadly to the fluorine- and chlorine-sub-
stituted members of Series 1-3 (compounds 7-9, 12—
14, 17-18), which combine moderate logP with the
most favorable predicted t, values in the N-alkylated
subseries. Structural strategies to remain within this
window include: (i) preferring shorter N-alkyl chains
(2-chloroethyl or 3-chloropropyl over 4-chlorobu-
tyl or 3-methylbutyl); and (ii) selecting fluorine or
chlorine at C-6 rather than bromine or iodine, which
push logP above 3.0 and markedly shorten t,.

Oral bioavailability represents the principal bi-
opharmaceutical challenge for this scaffold. All 30
compounds were predicted with HIA below 30%, a
limitation attributed to dissolution-limited absorp-
tion rather than inadequate membrane permeabili-
ty. Improving aqueous solubility is therefore the pri-
ority strategy for enhancing oral exposure. Practical
approaches include: introduction of ionizable groups
at the N-1 position—for example, short aminoal-

kyl chains (dimethylaminoethyl, morpholinoethyl)
which increase solubility while preserving moder-
ate lipophilicity; replacement of terminal halogens in
Series 1-4 with polar bioisosteres such as hydroxy-
methyl or methoxyethyl groups; and co-crystal or
salt formation strategies for the neutral, poorly sol-
uble members of Series 0. Any solubility-improving
modification should be evaluated against its effect on
logP to ensure that the target logP window of 1.5-2.5
is maintained.

Metabolic stability is the second major optimi-
zation target. The decoupling of CL from logP con-
firms that lipophilicity reduction alone will not im-
prove metabolic stability in this series; instead, tar-
geted structural changes are required. CYP1A2 en-
gagement, driven by the planar indolone core, may
be attenuated by introducing sp® carbon centers that
reduce planarity—for example, spirocyclic substitu-
tion at C-3 or saturated heterocyclic N-1 substitu-
ents. CYP2C19 and CYP3A4 liability in the more li-
pophilic series members may be addressed by reduc-
ing the overall hydrophobic surface area of the N-1
substituent or by introducing fluorine at metaboli-
cally labile positions on the alkyl chain to block ox-
idative metabolism. Importantly, because CYP in-
teraction profiles are predicted to be heterogeneous
across the series, metabolic liability should be evalu-
ated compound-by-compound in follow-up in vitro
microsomal stability studies, rather than addressed
through a single series-wide structural change.

High and near-saturating plasma protein bind-
ing (86.7-99.0%) is a structural property of this scaf-
fold that is unlikely to be substantially reduced with-
out major changes to the isatin core. The mecha-
nistic analysis indicates that PPB is primarily driv-
en by hydrophobic albumin binding (site II) and is
near-saturating at logP > 1.5. Rather than targeting
PPB reduction directly, the more productive strate-
gy is to ensure that the free drug fraction—even at
f = 1-5%—is sufficient to achieve the minimum in-
hibitory concentration at the target site. This requires
tight integration of PK predictions with pharmaco-
dynamic data (MIC values against target pathogens)
to define free-drug PK/PD indices. Finally, the con-
tirmed P-gp inhibitory activity across the entire se-
ries should be monitored carefully in any future in
vivo or clinical studies, as it may generate drug-drug
interaction liability with co-administered P-gp sub-
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strates—a particularly relevant concern in the clini-
cal management of multi-drug-resistant bacterial in-
fections where polypharmacy is common.

Limitations

Several limitations of the present study must be
acknowledged in interpreting the findings. First, and
most fundamentally, all pharmacokinetic and physi-
cochemical parameters were derived exclusively from
computational predictions using SwissADME and
ADMETlIab 2.0. While both platforms employ ma-
chine learning models trained on large experimental
datasets and have been independently benchmarked,
in silico predictions remain approximations subject
to systematic model biases, particularly for structur-
al classes underrepresented in the training data. The
isatin scaffold with simultaneous N-1 alkylation and
C-6 halogenation may represent such a case, and the
quantitative accuracy of individual parameter pre-
dictions—especially VDss and CL, which are notori-
ously difficult to predict from structure alone—can-
not be guaranteed without experimental validation.
All conclusions regarding absolute pharmacokinet-
ic values should therefore be interpreted as indicative
rather than definitive.

Second, the statistical analyses are constrained
by the sample size of n = 30. Although this is suffi-
cient to achieve adequate statistical power for the ob-
served effect sizes—the strong correlations (r > 0.8)
are highly robust even at n = 30—the moderate cor-
relations (logP-PPB, r = 0.480; VDss-t,, r = —0.621)
carry wider confidence intervals and their precise
magnitude should be interpreted with appropriate
caution. Additionally, the entire compound set is
confined to a single chemical scaffold varying along
only two structural dimensions (N-1 substituent and
C-6 halogen). This restricted chemical space, while
advantageous for controlling confounding structural
variables, limits the generalizability of the quantita-
tive structure-pharmacokinetic relationships identi-
fied here to the isatin scaffold class; extrapolation to
structurally distinct compound series would require
independent validation.

Third, Pearson correlation analysis assumes
linear relationships between variables. While linear-
ity is a reasonable approximation for the logP rang-
es explored here (0.768-3.859), some pharmacoki-
netic parameters—particularly PPB, which exhibits

sigmoidal rather than linear dependence on logP in
broader structural datasets—may show non-linear
behavior that Pearson r underestimates. The near-
ceiling effect observed for PPB in this series is con-
sistent with this concern. Non-linear regression or
rank-based correlation methods (Spearman p) may
provide complementary insights and are recom-
mended for future analyses incorporating a broader
logP range. Furthermore, the MLR model, while sat-
isfying the key statistical assumptions (normality of
residuals, absence of multicollinearity), explains only
43.9% of the variance in t,, indicating that approxi-
mately 56% of half-life variability arises from sources
not captured by VDss and CL alone—including po-
tentially unmodelled transporter-mediated process-
es, tissue-specific binding, or model prediction er-
rors in the input parameters.

Fourth, the present analysis does not account
for active transport processes, which are known to
modulate the distribution and elimination of many
drug classes but are poorly captured by current in
silico ADMET platforms. The predicted P-gp inhibi-
tory activity across all 30 compounds suggests that P-
gp-mediated efflux at intestinal, blood-brain barrier,
and renal tubular epithelial membranes may signif-
icantly influence the actual in vivo distribution and
elimination profiles relative to the in silico predic-
tions. Similarly, the predicted CYP interaction pro-
files represent qualitative classifications (substrate/
inhibitor yes/no) rather than quantitative kinetic pa-
rameters, limiting their utility for predicting absolute
in vivo clearance. These limitations underscore the
necessity of experimental follow-up, including in vi-
tro microsomal stability assays, Caco-2 bidirection-
al permeability assays, plasma protein binding mea-
surements by equilibrium dialysis, and ultimately in
vivo pharmacokinetic studies in appropriate animal
models, before any of the present compounds are ad-
vanced in the drug discovery pipeline.

CONCLUSION

This study presents the first systematic in sili-
co pharmacokinetic analysis of a 6 x 5 factorial li-
brary of 30 novel isatin derivatives designed as po-
tential antibacterial agents, combining Pearson cor-
relation analysis, multiple linear regression, and AD-
MET profiling via SwissADME and ADMETIab 2.0.
All 30 compounds complied with Lipinski’s Rule of
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Five, confirming the drug-likeness of the scaffold
across the full range of N-1 alkyl and C-6 halogen
substitution patterns explored.

Lipophilicity (logP) emerged as the central
physicochemical determinant of pharmacokinetic
variability within this series. A strong positive corre-
lation between logP and VDss (r=+0.810, R* = 0.656,
p < 0.001) established that tissue partitioning is pri-
marily driven by hydrophobicity, increasing system-
atically with N-alkyl chain length and C-6 halogena-
tion. A strong negative correlation between logP and
elimination half-life, not previously reported for this
scaffold class (r = —0.843, R> = 0.711, p<0.001) —the
single strongest bivariate association in the dataset—
was identified and mechanistically attributed to the
indirect path logP > VDss >t , as expressed by the
pharmacokinetic identity t, = (0.693 x VDss)/CL. A
moderate positive correlation between logP and plas-
ma protein binding (r = +0.480, R* = 0.231, p = 0.007)
was also confirmed, though attenuated by a near-
ceiling effect in PPB values across most of the series.

Multiple linear regression confirmed VDss as
the dominant independent predictor of t, (f=-0.590,
p < 0.001), while systemic clearance did not contrib-
ute significantly (f = —0.234, p = 0.119). The absence
of significant logP-CL and PPB-CL correlations
demonstrates that metabolic elimination in this se-
ries is governed by structure-specific enzyme recog-
nition rather than bulk lipophilicity, consistent with
the heterogeneous CYP interaction profiles predict-
ed across the library. Collectively, these results sup-
port a distribution-centric pharmacokinetic mod-
el for the isatin scaffold, in which logP-driven tissue
partitioning constitutes the primary determinant of
systemic exposure, while clearance operates as a sec-
ondary, structurally encoded process.

From a drug design perspective, the findings
define a target logP window of approximately 1.5-
2.5, within which adequate tissue distribution and
clinically acceptable half-life can be simultaneously
achieved. Oral bioavailability represents the princi-
pal unresolved challenge for this scaffold, attribut-
able to dissolution-limited rather than permeability-
limited absorption, and should be addressed through
solubility-improving structural modifications rather
than further lipophilicity adjustment. The present
work establishes a quantitative structure-pharma-

cokinetic relationship framework that can guide the
prioritization and structural optimization of isatin-
based antibacterial candidates prior to synthesis, and
provides a rational basis for the design of next-gen-
eration analogues with improved ADMET profiles.
Experimental validation through in vitro assays and
in vivo pharmacokinetic studies in appropriate ani-
mal models remains an essential next step before ad-
vancing any members of this series in the drug dis-
covery pipeline.
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