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ABSTRACT: Oral medicines represent the largest pharmaceutical market
area. To achieve a therapeutic effect, a drug must penetrate the intestinal
walls, the main absorption site for orally delivered active pharmaceutical
ingredients (APIs). Indeed, predicting drug absorption can facilitate
candidate screening and reduce time to market. Algorithms are available
with good prediction accuracy that however focus only on solubility. In this
work, we focused on drug permeability looking at human intestinal
absorption as a marker for intestinal bioavailability. Being of considerable
therapeutic relevance, APIs with serotonergic activity were selected as a
dataset. Due to process complexity, experimental data scarcity, and
variability, we turned toward an artificial intelligence (AI)-based system,
which is a hierarchical combination of classification and regression models.
This combination of seemingly two models into a single system widens the
space of molecules classified as highly permeable with high accuracy. The specialized and optimized system enables in silico and
structure-based prediction with a high degree of certainty. Predictions in external validation allowed correct selection of the 38% of
highly permeable molecules without any false positives. The proposed system based on Al represents a promising tool useful for oral
drug screening at an early stage of drug discovery and development. Datasets and the obtained models are available on the GitHub
platform (https: //github.com/nczub/ HIA 5-HT).
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1. INTRODUCTION

The oral route of administration is the most preferred and
natural way of drug dosing." Despite undisputed advantages,

algorithms have been proposed with good prediction accuracy,
most of which though focusing only on solubility.”™® A few
other studies have been aimed at predicting intestinal

the biggest drawback of this route of administration is
bioavailability, which may hinder the effect or even make it
impossible for many compounds to be delivered by ingestion.
Currently, all leading regulatory agencies like International
Council on Harmonization (ICH), the Food and Drug
Administration (FDA), and the European Medicines Agency
(EMA) adopt the Biopharmaceutics Classification System
(BCS)? for sorting active pharmaceutical ingredients (APIs)
based on water solubility and intestinal permeability. The BCS
distinguishes four classes of APIs:

Class I: high solubility, high permeability,
Class II: low solubility, high permeability,
Class III: high solubility, low permeability,
Class IV: low solubility, low permeability.

In recent years, considerable effort has been spent to
establish suitable tools to predict intestinal absorption with the
aim of facilitating drug candidate screening at early stages of
drug discovery and development. To this purpose, several
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permeability. For these reasons, issues concerning the second
feature of BCS classes, which is solubility, was not the subject
of the presented research. In this study, we focused on the
permeability of the therapeutic substance through the intestinal
wall. Good intestinal absorption is one of the major
prerequisites to ensure APIs’ oral administration. The
absorption limit, which defines the division of compounds
into highly permeable and poorly permeable, is 85%.”° In vitro
intestinal permeability studies are carried out using the
following: parallel artificial membrane permeability assay
(PAMPA), the human colorectal adenocarcinoma cell line
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(Caco-2), the Madin—Darby canine kidney (MDCK), and the
porcine kidney epithelial cell lines (LLC-PK1). The Caco-2
cell line is the most employed owing to morphology and
functionality closely resembling those of human enterocytes.’
For such reason, the use of Caco-2 cell line is recommended in
the FDA and EMA guidelines that also define the threshold
that discriminates between highly permeable and poorly
permeable compounds, which is recognized as being the 85%
of absorption.””

Membrane permeability is a property of compounds that can
be predicted from structure using quantitative structure—
property relationship (QSPR) models. These models can be
obtained through machine learning (ML) methods. Based on
the available dataset of molecules sorted by structure and
properties, the algorithm learns to predict the dependent
variable. Furthermore, the model can be used to predict a given
feature for new compounds.'®~"” Early papers on permeability
prediction appeared in the 1990s proposing simple models
based on linear, nonlinear, or partial least-squares regression.
The number of compounds included was in the range of 6—
35.%7" Later, Castillo-Garit et al. developed a classification
model based on 157 compounds belonging to structurally and
pharmacologically diverse groups. Linear discriminant analysis
was used to create the model based on TOMOCOMD-
CARDD descriptors. The accuracy of this model was over 90
and 84% for the training and test dataset, respectively.'® In
2008, Yan et al. attempted to predict human intestinal
absorption (HIA) using Support Vector Machine Regression.
Molecular descriptors for more than 500 compounds were
calculated using the ADRIANA Code. The best model had a
coefficient of determination of R* = 0.6 (training dataset) and
R* = 0.73 (testing dataset). The root-mean-square deviation
for the entire model was 16.35."" Sun et al. focused on
permeability prediction through the intestinal wall expressed as
P (human effective intestinal membrane permeability). The
model was developed based on 30 molecules, allocated into
training and testing datasets in a 2:1 ratio. They used multiple
linear regression and obtained R* values of 0.76 and 0.86 for
training and testing datasets, respectively.'® Another study
published in 2016 used almost 1300 compounds and 2D
molecular descriptors for model creation. The predicted value
was log P, (logarithm of apparent permeability). Multiple
linear regression, partial least-squares regression, support
vector machine, and boosting algorithms were used to create
classification and regression QSPR models according to a S-
fold cross-validation. Metrics for the best regression model
were RMSE (root-mean-square error) = 0.34 and R* = 0.81
and for classification model with accuracy = 87.7% relative to
the training dataset.” Likewise, Wang et al. developed a QSPR
model to predict log P,,, on Caco-2 cells. Permeability data
were collected from the literature and the ChEMBL database.
2D descriptors were calculated with PaDEL-descriptor
software. The final database consisted in almost 1900
compounds and 261 descriptors. Models were created using
six methods: MLR, SVR, XGBoost, RBF, dual-SVR, and Dual-
RBF. The dual-RBF model suited the most providing R* = 0.77
for the training dataset and R* = 0.77 (5-CV) for the test
dataset.'” Despite the large databases employed, the above
works represented permeability through the intestinal wall
using two rates of log P,,, and P g Therefore, as supported by
the literature,”*~>* these values, being not highly correlated,
are not directly representative of HIA.

In this work, to fill this gap, we narrowed down the
compounds of interest to serotonergic drugs, an important
drug class with a specific biological activity. Serotonin (S-
hydroxytryptamine, S-HT) is a biogenic monoamine that acts
as a hormone, neurotransmitter, and mitogen in the central
and peripheral nervous systems. It regulates nearly every aspect
of human behavior.””** Serotonin receptors and transporters
are important targets in the development of CNS drugs.
Moreover, many existing drugs modulate serotonin neuro-
transmission. For example, anxiety-like behaviors are predom-
inantly regulated by 5-HT, and 5-HT,¢ receptors. However,
the 5-HT, receptor regulates not just anxiety but also rewards
processing, movement, hunger, and energy balance. Serotonin
also influences several aspects of cardiac function, including
electrical conduction, valve closure, and rebuilding after a heart
attack.”*°

To the best of our knowledge, this study is the first to focus
on compounds with serotonergic activity, and the only
previous work focusing on HIA for a selected group of
receptor family ligands concerned f-adrenoreceptor antago-
nists.">

For the above purpose, we employed an artificial intelligence
(AI)-based approach for predicting HIA for serotonergic
molecules. Al is a field that is increasingly used today. In drug
discovery and development, it is also widely employed in areas
such as the discovery of new lead structures, prediction of their
activity against biological targets (QSAR models—quantitative
structure—activity relationship), prediction of properties
(QSPR), and the fate of the drug in the human body—
ADME processes (absorption, distribution, metabolism, and
excretion).”’~*° The more Al develops, the newer terms have
been created to describe new branches of this science. Al-
based systems are functional software systems with at least one
Al component. It is mostly used for speech or image
recognition and autonomous cars.’’ Based on the article
from 2018, in these systems, the rules and behavior of the
system are inferred from learning data rather than written as a
program code.” Being applied on a homogeneous dataset of
serotonergic drugs, our approach can grant better correlation
with actual HIA, so as to promote the development of useful
tools for effective early screening of oral drug candidates.

2. EXPERIMENTAL SECTION

2.1. Database. We combined two starting datasets to give
the database to be employed in this work. The first starting
dataset was formed by the data collected from the literature
and the ChEMBL database (April 2022)*® where permeability
was expressed as HIA. Supporting Information Table 1 (SI1)
displays the sources of compounds and their number, with
2314 molecules in total, from which 1207 unique molecules
were extracted after removing duplicates based on SMILES
(simplified molecular-input line-entry system). Supporting
Information Table 2 (SI2) contains the database with the
name/id of unique compounds, SMILES, HIA values, and
source article with the title and DOI The second starting
dataset focused on serotonergic activity. Particular care was
taken in selecting a curated database of serotonergic
compounds with known intestinal absorption. In this study,
in vitro serotonergic activity was not taken into account. A
dataset of compounds with serotonergic activity was
aggregated from the ZINC and ChEMBL databases’**
(January 2022). The dataset remained with 31,323 unique
compounds after removing duplicates. The final database was
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obtained by extracting compounds common to both datasets
upon SMILES structure comparison. The final database
resulted in 141 compounds for which bioavailability was
obtained from literature reviewing.'”**~* The data are
summarized in Supporting Information Table 3 (SI3) (id,
SMILES, and HIA values). The final database was then divided
into training and test datasets in a ratio of 70:30. The database
split was created using the train_test_split function from the
Scikit-learn library (random_state = 42).** The test dataset
was used for external validation.

2.2. Descriptors. 2D molecular descriptors calculated in
Mordred software were used for molecular representation.”
After data preprocessing (mean imputation and constant input
removal), 1241 input variables were obtained as the basis for
the QSPR model creation.

2.3. QSPR Model. 2.3.1. Model Metrics. In this study, we
have created two types of models: regression and binary
classification. In the former, the dependent variable is a
continuous value, while in the latter, it is a specific class.
According to the FDA and EMA guidelines,”® as reported
above, a molecule is classified as highly permeable when HIA
>85% (class “1”) and poorly permeable if HIA <85% (class
“0”). We find hereinafter the metrics for models’ evaluation.

2.3.1.1. Regression. We used RMSE, normalized root-mean-
square error (NRMSE), and coefficient of determination (R?)
to evaluate the regression models. Equations 1—3 are shown
below. The best model should have the lowest error and the
highest R%.

" redi — obsi)’
RMSE = \/ 2, )
n (1)
where RMSE = root-mean-square error, obs; and pred;, =

observed and predicted values, i = data record number, and n =
total number of records.

_ RMSE o o0%
obs .. — obs,, (2)

max

NRMSE =

where NRMSE = normalized root-mean-square error, RMSE =
root-mean-square error calculated for the model, obs,, =

maximum value of the observed results, and obs_;, = minimum
value of the observed results.
Rl SS,.. . Y, (predi — obs)*
B SS. 2, (obsi — obs)? 3)

where R* = the coefficient of determination, SS,,, = the sum of
squares of the residual errors, SS., = the total sum of the
errors, obs; and pred; = observed and predicted values, and obs
= arithmetical mean of the observed values.

2.3.1.2. Classification. Five metrics, namely, accuracy,
precision, recall, cross-entropy loss (log loss), and F1, were
employed to assess the classification models. They are
presented below in eqs 4—8.

TP + TN
Accuracy =
TP + TN + FP + EN (4)
. TP
Precision = ——
TP + EP (5)
TP
Recall = ——
TP + FN (6)

where TP = true positive, TN = true negative, FP = false
positive, and FN = false negative.

Iogloss(Nzl) =y log(p) + (1 - y)log(l - P) (7)

where y = true label and p = probability estimate for class 1.

2 X precision X recall
F1 =

precision + recall (8)

In addition, we evaluated the models’ performance using a
confusion matrix and the receiver operator characteristic curve
(ROC curve). It is a statistic used to assess the performance of
a model against all classification thresholds. A perfect model
has AUC = 1, suggesting that its predictions are 100% correct,
in contrast with models with AUC = 0, whose predictions are
100% wrong. Moreover, when AUC = 0.5, the model makes a
random guess about predictions.**®

2.3.2. Model Development. The QSPR models were
prepared using mljar*” according to a 10-fold cross-validation
(10-CV). We carried out several experiments in which
computation time was the differentiating factor (from 1 to
48 h). The number of trained and tested models for regression
and classification was about 13,000 for each type.

3. THEORETICAL BASIS

3.1. Mljar. Mljar is an automated ML (AutoML) tool
designed to develop classification and regression models. At
the same time, the tool adjusts the appropriate metrics
evaluating the created model to the selected problem. Mljar
provides numerous algorithms starting from simple baseline,
where the predictions are either the most frequent class (in the
case of classification) or the average of the output (in the case
of regression), linear, through more complex, like decision
trees, random forests, extra trees, LightGBM, XGBoost,
CatBoost, neural networks, and nearest neighbors. Such
algorithms can be applied to classification as well as regression
problems. Usually, these methods use separate functions
corresponding to a classification or regression problem. For
example, the linear algorithm is divided into linear regression
for regression and logistic classification for classification tasks.
A typical classification algorithm includes the nearest neighbor
and a decision tree-based method. However, mljar settings can
be adjusted according to the type of the dependent variable;
then, the program chooses the appropriate function, e.g, for
random forest—random forest classifier (classification) and
random forest regressor (regression). AutoML builds up a
model from several smaller models (ensemble model) while
tuning the model’s hyperparameters. The tool selects the best
model among those created by itself."”

3.2. Model Explainability—Explainable Al. Model
development and application to future and unknown event
predictions is one important application, but the deployment
of the knowledge accumulated and encoded in the model is
equally fundamental. Understanding the way models generate
prediction and interpretation is always embedded in the
process of model development, starting from simple linear
regression, where the model’s parameters quantify the impact
and its direction on model prediction, to artificial neural
network where a plethora of model parameters are
interconnected, making simplified interpretation much more
difficult. In the last case, various methods have been developed
to estimate variable importance and its total influence on the
final prediction, including sensitivity analysis, which is one of
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Figure 1. Distributions of the selected features for the starting and final databases: (A) HIA of the starting database. (B) Similarity of the starting
database. (C) Molecular weight of the starting database. (D) HIA of the final database. (E) Similarity of the final database. (F) Molecular weight of

the final database.

the first methods formalized and described in the literature.*®

At the very beginning, the proposed methods allowed us to
order variables according to their total impact on the final
prediction, whereas their further development allowed
scientists to find directional impact. Over the last few years,
several methods for unraveling the model structure were
developed and introduced, which represent the need for
shaping a model into an intelligible form as well as estimating
variables” impact on the final prediction. Recently, different
methods for model explanation have been applied: local
interpretable model agnostic explanations (LIME) with its
modification called GraphLIME, anchors, meaningful pertur-
bations, layer-wise relevance propagation (LRP), deep Taylor
decomposition (DTD), prediction difference analysis (PDA),
testing with concept activation vectors (TCAV), explainable
graph neural networks (XGNN), textual explanations of visual
models and Shapley additive explanations (SHAP) with its
modifications like asymmetric Shapley values (ASV), and
Shapley flow.*” From the available methods, SHAP was applied
to analyze the developed model due to its universal nature and
possibility to apply to any predictive model, as well as its strong
theoretical background rooted in cooperative game theory.
Lloyd Shapley introduced the Shapley value concept in 1953,
and he was awarded in 2012 the Nobel Memorial Prize in
Economic Sciences for its discovery. Shapley, in his research,
was looking for the answer to the question “How much would
a player be willing to pay for participating in a game?” What in
general will depend on the expected payoft for that particular
player. The proposed Shapley value is a unique solution for
that problem satisfying the efliciency, additivity, null player
property, and symmetry.”’ Translating this theory to the
predictive modeling field, the model might be treated as a
coalition of variables and predictions as a result of the “game”.

Then, for every variable, Shapley value might be calculated,®
what is the direct answer on how to fairly split the “payout” (=
the prediction) among all the features. An instance for
computation can be an individual feature value, e.g., for
tabular data or a group of feature values. In the provided
analysis, values of features were taken directly from the
database, which puts the results directly in the context of the
problem. SHAP analysis was performed for the classification
model, and predicted probability values were taken for variable
importance calculations, which increased the resolution of the
analysis.>*

4. RESULTS

4.1. Database. We generated a starting dataset of more
than 1200 compounds and ended up with a final database of
141 serotonin compounds. Three discriminating features were
accounted: HIA, compounds’ structural similarity, and
molecular weight. The results are shown in Figure 1. It can
be observed that HIA values are divided into two categories:
high absorption (above 85%) and low absorption (below
85%). For the starting database, an additional area depicting
HIA <10% is also highlighted. To assess the similarity of the
compounds, we used the Tanimoto coefficient for each
molecule pair. This coefficient establishes a similarity rank
between 0 and 1, being 1 for identical molecules and 0 for lack
of similarity.> The coefficient ranged from 0 to 1 for the
starting database, with a median of 0.357, while between 0.185
and 1 for the final database of 141 compounds, with a median
of 0.372. Such similar medians and the wide range of values
indicate low compound similarity for both databases. The
molecular weight for the final database was between 135.21
and 670.85 (median = 314.86) whereas between 46.07 and
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Figure 2. Methodology flow chart according to the 10-fold cross-validation of the Al-based system HIA model.

1736.18 (median = 323.59) for the starting database. The
diversity of compounds suggests a vast applicability domain for
the prediction model being developed.

4.2. QSPR Models. To clarify the complex multi-stage
methodology adopted, the phases of model development and
results according to 10-CV are summarized in Figure 2. The
datasets and the obtained QSPR models are available on the
GitHub platform (https://github.com/nczub/HIA_S-HT).

4.2.1. Regression Model. At first, a regression model was
developed to predict HIA for the final database of 141
serotonergic compounds. According to the above scheme, the
model was created using a training dataset of 98 compounds
according to 10-CV and validated using an external dataset of
43 compounds.

The best model obtained for the training dataset had RMSE
= 17.63, NRMSE = 18.55%, and R* = 0.379 and RMSE =
23.61, NRMSE = 23.61%, and R* = 0.047 for the test dataset.
The ensemble model was formed by five random forests and
two neural networks. The obtained results indicate a high
prediction error for both datasets. This low model performance
was explained by the sparse HIA value distribution.

4.2.2. Classification Model. Due to the poor performance of
the regression model over the entire collection of compounds
with serotonergic activity, we resorted to a binary classification
model. By dividing the training and test datasets into the
corresponding classes, we sorted 67 and 29 highly permeable
and 31 and 14 poorly permeable compounds, respectively. The
classification model obtained using mljar was an ensemble of
seven smaller models (three CatBoosts, two neural networks,
one extra tree, and one random forest). The results of metrics
according to a 10-fold cross-validation and an external
validation are shown in Table 1. The AutoML tool determined
the level of probability for class 1 that classifies compounds as
highly permeable with a probability larger than 0.5082. Figure
3 displays the ROC curves for class 0 and 1 and micro- and
macro-average ROC curves. Figures 4 and S show the

Table 1. Metric Details for the Classification Model at
Threshold = 0.5082

metrics 10-CV test dataset
log loss 0.5102 0.5671
AUC 0.7826 0.7229
f1 0.8414 0.8116
accuracy 0.7653 0.6977
precision 0.7821 0.7000
recall 0.9104 0.9655

confusion matrix results for the training and test datasets
with the original class selection truncation threshold.

The model whose threshold was chosen automatically
(threshold = 0.5082) had high false-positive rates [(17/31 =
0.548) and (12/14 = 0.857)] in the training and test datasets,
respectively. These false positives are compounds incorrectly
assigned to class 1 when their true class is the group of poorly
permeable compounds. Table 2 reports the steps for tuning the
cutoff for a highly permeable compound classifier.

4.3. Case Study. We challenged our Al-based system for
HIA prediction with the test dataset of compounds exhibiting
serotonergic activity. The test dataset contained 29 highly
permeable and 14 poorly permeable compounds. These
compounds mimic a real-life scenario, which is a dataset of
lead structures with serotonergic activity, which would be
selected during the screening phase for serotonergic activity.
The Al-based system is designed to suggest the user with a
high level of confidence whether the compound will easily
penetrate the intestinal wall.

The system is based on two AutoML QSPR models. In the
first step, a classification model with an increased cutoff
threshold is used to extract compounds belonging to the class
of highly permeable compounds with high confidence. With
this model, eight compounds were correctly classified as class 1
with zero false positives. However, such a highly specialized
model leads to the loss of highly permeable compounds.
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Figure 3. Four curves: (1) ROC curve for class 0—poorly permeable compounds. (2) ROC curve for class 1—highly permeable compounds. (3)
Micro-average ROC curve. (4) Macro-average ROC curve, which is a plot of relation of the true positive rate against the false-positive rate.
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Figure 4. Confusion matrix of the training dataset.
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Figure 5. Confusion matrix of the test dataset.

Therefore, in the second step, for the remaining compounds,
we used a regression model also with an increased cutoff. In
the classification model, the threshold between highly
permeable and poorly permeable compounds was HIA =
85%. In the regression model, in order to achieve high
prediction reliability, it was increased to >90%. With this
model, an almost 40% increase in the number of highly
bioavailable compounds was achieved. In total, the Al-based
system qualified 11 compounds as highly permeable with no
false-positive compounds for the test dataset. The outcome of
the system is shown in Figure 6, where compounds classified as
highly permeable by the classification and regression models

are displayed. The system successfully identified 38% of highly
permeable molecules. Such system shows a great potential in
HIA screening application.

4.4, Shapley Additive Explanations. The classification
model was analyzed to calculate the marginal impact of each
variable on final predictions. For calculations, the training
dataset was applied to reflect the real model learning
environment without extrapolation. This might be important
to understand how predictions are calculated considering the
later performance analysis and the best-performing model pick.
The range of lavSHAPI values, for 10 most important variables
(Table 3), was 0.00923—0.00440. Being the range of model
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Table 2. Tuning the Cutoff Threshold and Results
According to 10-CV“

threshold  precision  true positive  false positive  true positive rate
0.5082 0.782 61 17 0.910
0.525 0.779 60 17 0.897
0.55 0.779 60 17 0.896
0.575 0.787 SS 15 0.821
0.6 0.779 53 15 0.791
0.625 0.845 49 9 0.731
0.65 0.842 48 9 0.716
0.675 0.849 45 8 0.672
0.7 0.851 40 7 0.597
0.725 0.884 38 S 0.568
0.75 0.909 30 3 0.448
0.775 0.964 27 1 0.403
0.8 0.962 25 1 0.373
0.825 1.0 19 0 0.285
0.85 1.0 16 0 0.239
0.875 1.0 12 0 0.179
0.9 1.0 7 0 0.104

“The cutoff threshold was established based on the simultaneous
satisfaction of three conditions: highest precision, lowest number of
false positives, and minimum threshold value, without any alteration
of the highly permeable compounds class. By this approach, a
threshold value of 0.775 was achieved with a precision of 0.964 for the
training dataset.

prediction probability 0.9224—0.2596, these variables cover
approximately 10% of such space.

Table 3. Calculated lavSHAPI| Values for the 10 Most
Important Variables According to SHAP Analysis

lavSHAPI
variable value description

MATS1dv 0.00923  Moran coefficient of lag 1 weighted by valence
electrons

PEOE 0.00879  MOE charge VSA descriptor 7

VSA7

MATS4s 0.00666  Moran coeflicient of lag 4 weighted by intrinsic
state

RPCG 0.00627  relative positive charge

AATSC4p 0.00611  averaged and centered Moreau—Broto
autocorrelation of lag 4 weighted by
polarizability

AMID X 0.00606  averaged molecular ID on halogen atoms

ATSC6i 0.00606  centered Moreau—Broto autocorrelation of lag 6
weighted by ionization potential

AATSC3d 0.00494  averaged and centered Moreau—Broto
autocorrelation of lag 3 weighted by sigma
electrons

MID N 0.00442  molecular ID on N atoms

GATS4i 0.00440  Geary coefficient of lag 4 weighted by ionization

potential

SHAP analysis delivers information not only about the
global impact of features on the model predicted outcome. In
fact, during computations, the marginal contribution is

Classification

L ) ”v\//

I

Regression O

O)_@
(8] OH J

Figure 6. Compounds classified as highly permeable by the classification and regression models.
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Figure 7. Results of SHAP analysis for the classification model. (A) Summary of the 10 most important variables represented in the graphical form.
The single dot represents one record taken for analysis, whereas its color indicates the variable’s numerical value in the specific prediction (game).
(B,C,D) Graphs represent the relation between the chosen variables’ numerical values and calculated participation in model’s prediction in SHAP
analysis. Dot’s color represents the value of input features with highest correlation to the analyzed one in order to appreciate possible bias of the

observed effect by another variable due to multicollinearity.

calculated for every presented input vector and a more in-
depth analysis is allowed, such as the relation between the
variable value and its impact on the forecast. A graphical
representation summarizing the 10 most important variables
and their functional relationship SHAP (variable) is described
in Figure 7A. More detailed views on MATS1dv, PEOE VSA7,
and RPCG are presented in Figure 7B—D, respectively. For all
variables, it is observed that, within their value domain, some
areas with positive, negative, or neutral impact might be
distinguished. In the case of the Moran coeflicient of lag 1
weighed by valence electrons, a value above 0.3 might be
accounted as neutral or slightly positive, thus corresponding to
a class with good intestine permeability, whereas a value below
0.3 reduces the probability of classification as a highly
permeable molecule.

5. DISCUSSION

Drug absorption in the intestine might be simplified into two
processes, partition and diffusion.”* Both processes are still not
fully understood in terms of molecule structure and process

flow. Therefore, the assessment or classification of a molecule
to the highly permeable class based only on the structure and
without additional experiments is not possible with reasonable
accuracy. Abraham et al. presented a few empirical equations in
the form of linear regression models describing both processes
affecting HIA. Due to the lack of external test predictions and
additional mathematical operations performed for flattening
model response by logarithm transformation, direct compar-
ison of the results is troublesome. It is worth pointing out that
the model’s analysis performed to elucidate its prediction
structure shows the high influence of electric molecular
properties on the classification results. Being absorption a
mix of diffusion and partition processes, molecule polarizability
might correlate with chances of weak interactions with cell
membrane components. Moreover, charge-related molecular
features can affect the partition process as well. The above
description is related to the way the model prediction is
calculated, taking into account the empirical character of the
model, provided that hypotheses might require verification.
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In this work, we addressed HIA for an important group of
compounds that interact with serotonin receptors and
serotonin transporters. A tool to predict permeability through
the intestinal wall may help to assess whether a serotonergic
candidate, namely, a potential drug for diseases such as
depression, anxiety disorders, or schizophrenia, could manifest
issues when orally delivered. Therefore, we propose a powerful
support to the screening of such compounds at early drug
discovery stage, wishing a rapid expansion of Al approaches to
other drug classes. Generalization of our approach is not
desirable as much as the application of Al models across too
heterogeneous molecule datasets as often attempted in the
available literature. It rather may be more useful to tailor
particular systems to specific and more homogeneous molecule
datasets.

6. CONCLUSIONS

The results of the starting regression model give a measure of
the effort required to cope with such a difficult task. The level
of prediction error makes it impossible to predict HIA values
with acceptable accuracy. Thanks to Al-based systems, we
decided to take a more comprehensive approach by creating a
prediction pathway for the dataset. In the first step, a given
compound is subjected to classification with a trimmed
threshold. When the ligand is determined to be a highly
permeable compound, then the response is highly correlated
with real conditions. On the other hand, when a molecule is
assigned to a low permeability class, a regression model with an
increased prediction range will allow more serotonergic
compounds to be classified as highly permeable.

In this project, we wanted to show how to deal with difficult
data, which includes most biological data (small amount of
data and distribution of data dominating one side of the value
range). To our knowledge, this is the first study to involve two
types of models as a prediction pathway (regression and
classification) and an Al-based approach to predict HIA. The
next step of this project will be to develop software to support
the user in HIA prediction for serotonergic drug candidates.
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10-CV, 10-fold cross-validation; 5-HT, S-hydroxytryptamine,
serotonin; S-HT1A, serotonin 1A receptor; S-HT2C, serotonin
2C receptor; AATSC3d, averaged and centered Moreau—
Broto autocorrelation of lag 3 weighted by sigma electrons;
AATSC4p, averaged and centered Moreau—Broto autocorre-
lation of lag 4 weighted by polarizability; ADME, absorption,
distribution, metabolism, and excretion; Al, artificial intelli-
gence; AMID X, averaged molecular ID on halogen atoms;
API, active pharmaceutical ingredient; ASV, asymmetric
Shapley values; ATSC6i, centered Moreau—Broto autocorre-
lation of lag 6 weighted by ionization potential; AUC, area
under the curve; AutoML, automated machine learning; BCS,
biopharmaceutics classification system; Caco-2, human color-
ectal adenocarcinoma cell line; DOI, digital object identifier;
DTD, deep Taylor decomposition; EMA, European Medicines
Agency; FDA, Food and Drug Administration; FN, false
negative; FP, false positive; GATS4i, Geary coeflicient of lag 4
weighted by ionization potential; HIA, human intestinal
absorption; ICH, International Council on Harmonization;
LightGBM, light gradient-boosting machine; LIME, local
interpretable model agnostic explanations; LLC-PK1, porcine
kidney epithelial cell line; log P, logarithm of apparent
permeability; LRP, layer-wise relevance propagation;
MATSI1dv,, Moran coeflicient of lag 1 weighted by valence
electrons; MATS4s, Moran coeflicient of lag 4 weighted by
intrinsic state; MDCK, Madin—Darby canine kidney; MID N,

https://doi.org/10.1021/acs.molpharmaceut.2c01117
Mol. Pharmaceutics XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c01117?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c01117?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.2c01117/suppl_file/mp2c01117_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.2c01117/suppl_file/mp2c01117_si_002.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.2c01117/suppl_file/mp2c01117_si_003.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adam+Pac%C5%82awski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2801-6197
https://orcid.org/0000-0003-2801-6197
mailto:adam.paclawski@uj.edu.pl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Natalia+Czub"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6660-4446
https://orcid.org/0000-0001-6660-4446
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jakub+Szle%CC%A8k"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1537-9650
https://orcid.org/0000-0003-1537-9650
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Klaudia+Klimon%CC%81czyk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matteo+Puccetti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aleksander+Mendyk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4394-9115
https://orcid.org/0000-0002-4394-9115
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c01117?ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.2c01117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

molecular ID on N atoms; ML, machine learning; MLR,
multiple linear regression; NRMSE, normalized root-mean-
square error; PAMPA, parallel artificial membrane permeability
assay; PDA, prediction difference analysis; P.g human effective
intestinal membrane permeability; PEOE VSA7, MOE charge
VSA descriptor 7; QSAR, quantitative structure—activity
relationship; QSPR, quantitative structure—property relation-
ship; R? coefficient of determination; RBF, radial basis
functions; RMSE, root-mean-square error; ROC curve,
receiver operator characteristic curve; RPCG, relative positive
charge; SHAP, Shapley additive explanations; SMILES,
simplified molecular-input line-entry system; SVR, support
vector regression; TCAV, testing with concept activation
vectors; TN, true negative; TP, true positive; xAl, explainable
artificial intelligence; XGBoost, extreme gradient boosting;
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