
Citation: Costa, B.; Silva, I.; Oliveira,

J.C.; Reguengo, H.; Vale, N.

Pharmacokinetic Simulation Study:

Exploring the Impact of Clinical

Parameters on Lamotrigine for

Different Patient Populations with

Implications for Liver Function

Assessment and Therapeutic Drug

Monitoring. Sci. Pharm. 2024, 92, 15.

https://doi.org/10.3390/

scipharm92010015

Academic Editor: Nilesh Patel

Received: 13 November 2023

Revised: 9 February 2024

Accepted: 26 February 2024

Published: 28 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Scientia 

Pharmaceutica

Article

Pharmacokinetic Simulation Study: Exploring the Impact of
Clinical Parameters on Lamotrigine for Different Patient
Populations with Implications for Liver Function Assessment
and Therapeutic Drug Monitoring
Bárbara Costa 1,2,3 , Isabel Silva 4, José Carlos Oliveira 4,5 , Henrique Reguengo 4,5 and Nuno Vale 1,2,3,*

1 PerMed Research Group, Center for Health Technology and Services Research (CINTESIS), Rua Doutor
Plácido da Costa, 4200-450 Porto, Portugal; b.c.211297@gmail.com

2 CINTESIS@RISE, Faculty of Medicine, University of Porto, Alameda Professor Hernâni Monteiro,
4200-319 Porto, Portugal

3 Department of Community Medicine, Health Information and Decision (MEDCIDS), Faculty of Medicine,
University of Porto, Rua Doutor Plácido da Costa, 4200-450 Porto, Portugal

4 Clinical Chemistry, Department of Laboratory Pathology, Hospital Center of the University of Porto (CHUP),
Largo Professor Abel Salazar, 4099-313 Porto, Portugal; isa_camp_sil@hotmail.com (I.S.);
director.sqc@chporto.min-saude.pt (J.C.O.); hlreguengo@gmail.com (H.R.)

5 Unit for Multidisciplinary Research in Biomedicine (UMIB), University of Porto, Rua de Jorge Viterbo Ferreira
228, 4050-313 Porto, Portugal

* Correspondence: nunovale@med.up.pt; Tel.: +351-220426537

Abstract: Lamotrigine, widely used for managing epilepsy and bipolar disorder, carries potential
side effects, including severe anticonvulsant hypersensitivity syndrome (AHS) or drug rash with
eosinophilia and systemic symptoms (DRESS), which may lead to hepatotoxicity. Patients with
Type 2 Diabetes (TD2) and Non-Alcoholic Fatty Liver Disease (NAFLD) are identified as more
susceptible to these adverse reactions. This exploratory analysis aims to identify clinical parameters
influencing lamotrigine pharmacokinetics across diverse populations, shedding light on toxicity
and therapeutic drug monitoring (TDM) considerations. Starting with a retrospective analysis of
41 lamotrigine-treated patients at Hospital Santo António reveals changes or deviations from normal
levels in various blood parameters and significant correlations between these parameters. Serum level
changes, including creatinine, albumin, gamma-glutamyl transferase, total bilirubin, and Vitamin
B12, are observed, with strong negative correlations between Vitamin B12 and creatinine. Then,
we used GastroPlus and DILIsym to explore the impact of clinical parameters on lamotrigine for
different patient populations. We constructed a Physiologically Based Pharmacokinetic (PBPK)
model for lamotrigine in GastroPlus, based on ADMET predictions and data from the literature, to
simulate the pharmacokinetic variability of lamotrigine in different populations, and we visualized
the impact of increasing lamotrigine dose on its plasma concentration–time profiles (200 mg, 400 mg,
600 mg, 1200 mg) and reduced bioavailability. At higher doses, it is possible that the saturation of
metabolic pathways leads to the formation of toxic metabolites or intermediates. These metabolites
may exert inhibitory effects on drug-metabolizing enzymes or disrupt normal physiological processes,
thereby impeding the drug’s clearance and potentially lowering its bioavailability. In DILIsym, we
investigated lamotrigine’s DILI potential for individuals with diabetes and NAFLD. The results
demonstrated an increased risk, emphasizing the need for careful monitoring. This study underscores
the importance of understanding lamotrigine’s pharmacokinetics for tailored treatment decisions,
improved outcomes, and minimized adverse reactions.

Keywords: pharmacokinetics; anticonvulsant drug; therapeutic drug monitoring; drug interactions;
drug-induced liver disease; vitamin B12; creatinine
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1. Introduction

The Food and Drug Administration (FDA) and European Medicines Agency (EMA)
have approved lamotrigine for various central nervous system (CNS) conditions, including
both generalized and focal seizures. The optimal dosage of lamotrigine is contingent
upon the specific medical condition, as well as other factors such as the patient’s age and
concomitant medication [1,2]. Recently, the FDA has issued a warning that lamotrigine can
cause a rare but very serious reaction that excessively activates the body’s infection-fighting
immune system [3]. The FDA has also added a safety warning related to patients with
certain underlying cardiac disorders or arrhythmias to the prescribing information for
lamotrigine. The warning states that lamotrigine could slow ventricular conduction (widen
QRS) and induce proarrhythmia, including sudden death in people with structural heart
disease or myocardial ischemia [4,5]. Lamotrigine is approved for various CNS indications
and serves as a first-line treatment for several forms of epilepsy, encompassing generalized
and focal seizures, commonly administered in combination with other anticonvulsant
medications [6]. The EMA has not issued a similar warning about the potential cardiac
effects of lamotrigine at this time. However, both regulatory agencies continue to monitor
the safety and efficacy of lamotrigine and update their labeling and guidelines as new
evidence becomes available.

Regarding other potential side effects, such as “anticonvulsant hypersensitivity syn-
drome” (AHS)/“drug rash with eosinophilia and systemic symptoms” (DRESS) syndrome,
which may lead to hepatotoxicity, the FDA and EMA have not specifically mentioned these
side effects in their warnings. However, both agencies emphasize the importance of moni-
toring patients for signs of serious side effects and recommend reporting any suspected
adverse events [7,8]. While hepatotoxicity due to lamotrigine is rare, it can occur, and
when it does, it can progress to drug-induced liver injury (DILI) [9,10]. DILI is a significant
clinical problem [11,12] and has received increasing attention in recent decades due to its
potential to cause serious health issues and being one of the most common and serious
adverse drug reactions. In the management of DILI, the foremost step involves discon-
tinuation of the implicated drug or medication in question. However, a comprehensive
approach to treatment, incorporating both pharmacological interventions and supportive
measures, is essential for optimal care. Diagnosing DILI can be challenging due to the lack
of specific diagnostic markers and the complex pathogenesis [12]. Lamotrigine-induced
hepatotoxicity has been associated with symptoms such as elevated transaminases, jaun-
dice, and multisystem involvement, including disseminated intravascular coagulation and
renal insufficiency [13–15]. Certain patient groups, particularly those with Type 2 Diabetes
(TD2) and Non-Alcoholic Fatty Liver Disease (NAFLD), exhibit higher susceptibility to this
adverse reaction [16–18]. The coexistence of TD2 and NAFLD influences the presentation
and outcome of DILI [19], with NAFLD introducing changes in hepatic uptake, distribution,
metabolism, and transport of xenobiotics, thereby increasing susceptibility to DILI [20].
Higher doses and rapid escalations of lamotrigine have been linked to an increased risk of
hepatotoxicity [21].

In this study, we investigate the effects of excessive drug doses (doses outside the ther-
apeutic window) to provide valuable insights into the mechanisms underlying DILI [22].
Overdosing amplifies the drug’s pharmacological effects, elucidating pathways involved
in liver injury [23]. For example, an overdose may trigger an overactivation of the im-
mune system, leading to a heightened inflammatory response that damages liver cells,
aiding in the identification of key proteins and pathways involved in the drug’s hepato-
toxicity [24–26]. Unlike certain drugs like carbamazepine, genetic investigations have not
identified significant associations between specific variants and lamotrigine-induced liver
injury [21,27]. The incomplete understanding of the mechanisms underlying lamotrigine’s
action, which is crucial for its therapeutic effects, raises specific challenges, particularly in
the interpretation of secondary effects such as DILI or cardiac problems (Figure 1). This
nuanced understanding may not pose difficulties in dosage adjustments but can complicate
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the comprehensive assessment of potential adverse reactions [28,29]. Dosing protocols vary
based on the illness, requiring careful monitoring by healthcare professionals [30].
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Figure 1. Overview of anticonvulsant lamotrigine, hepatotoxicity, and monitoring. Representation of
the interplay between anticonvulsant lamotrigine, the potential risk of hepatotoxicity, and the crucial
aspect of monitoring. The diagram encapsulates the dynamic relationship among these key concepts,
offering a visual guide to enhance understanding and underscore the significance of vigilance in
monitoring for optimal patient safety and therapeutic outcomes.

Lamotrigine is rapidly and completely absorbed after oral administration with neg-
ligible first-pass metabolism, and the absolute bioavailability is at 98%. Peak plasma
concentrations occur anywhere from 1.4 to 4.8 h following drug administration. The
plasma concentrations of lamotrigine increase in direct proportion to the dose administered
over the range of 50–400 mg. The estimates of the mean apparent volume of distribution
(Vd/F) of lamotrigine following oral administration ranged from 0.9 to 1.3 L/kg [31]. Lam-
otrigine is approximately 55% bound to human plasma proteins, and it is metabolized
predominantly by glucuronic acid conjugation, with the major metabolite being an inac-
tive 2-N-glucuronide conjugate [32]. The elimination half-life and apparent clearance of
lamotrigine depend on whether the patient is receiving enzyme-inducing drugs or not. If
stopping lamotrigine is necessary, it should ideally be administered gradually over two
weeks [33]. Lamotrigine withdrawal seizures are possible but are less likely if the medica-
tion is weaned off gradually rather than abruptly. Lamotrigine is metabolized in the liver
by glucuronidation, being mainly metabolized by UGT enzymes in the body and excreted
by the kidneys, with CYP enzymes not participating in its metabolism [34].

While TDM is recommended to optimize lamotrigine dosage, especially when co-
administered with specific drugs [35], the routine necessity of TDM is debated due to
unclear concentration–response relationships [36,37]. This study seeks to explore the im-
pact of clinical parameters on the pharmacokinetics of lamotrigine in different patient
populations, shedding light on toxicity and therapeutic drug monitoring (TDM) considera-
tions. A retrospective analysis of 41 lamotrigine-treated patients at Hospital Santo António
revealed deviations in various blood parameters and significant correlations among them.
Serum level changes, including creatinine, albumin, gamma-glutamyl transferase, total
bilirubin, and Vitamin B12, were observed, with strong negative correlations between
Vitamin B12 and creatinine. Using GastroPlus and DILIsym, we investigated the impact
of clinical parameters on lamotrigine for various patient populations. In GastroPlus, a
Physiologically Based Pharmacokinetic (PBPK) model simulated lamotrigine’s pharmacoki-
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netic variability, revealing dose-dependent effects on plasma concentration and reduced
bioavailability, possibly due to metabolic pathway saturation and toxic metabolite forma-
tion; in DILIsym, lamotrigine’s DILI risk in diabetes and NAFLD patients was highlighted,
emphasizing the need for vigilant monitoring.

This study aims to elucidate how these pharmacokinetic aspects relate to liver func-
tion assessment and TDM, emphasizing the importance of understanding lamotrigine’s
pharmacokinetics for tailored treatment decisions, improved outcomes, and adverse reac-
tion mitigation.

2. Methods
2.1. Clinical Data Collection and Statistical Analysis

This study started with a retrospective collection and analysis of clinical data from
41 patients who underwent lamotrigine treatment at Hospital Santo António. The data
utilized in this study were anonymized and obtained from hospital records. Ethical con-
siderations were carefully addressed, and due to the retrospective nature of the study
and the anonymization of the data, individual informed consent was not obtained. This
patient cohort, aged 7 to 62 and comprising 29 females and 12 males, had their serum
measurements meticulously gathered to monitor their therapeutic regimens. No serum
lamotrigine data were available. We leveraged this dataset for a secondary, exploratory
analysis, to investigate the relationships between various serum parameters, liver enzymes,
and lamotrigine intake.

During the analysis of our dataset, we identified instances of missing values that
required addressing before proceeding with further analysis. Given the inherent character-
istics of our data, we hypothesized that these missing values followed a missing completely
at random (MCAR) pattern. To assess this hypothesis, we conducted Little’s MCAR test,
which scrutinizes the patterns of missing data against observed data patterns using a
chi-square test [38]. A non-significant result (p-value > 0.05) from this test indicates that
the data adheres to the MCAR assumption. In our specific analysis, the obtained p-value
was 0.303, surpassing the conventional significance level of 0.05. Consequently, we lack
substantial evidence to reject the null hypothesis that the data are MCAR. This suggests
that the occurrence of missing data in our dataset is likely independent of both observed
and unobserved variables. Thus, it is reasonable to assume that the missing data are indeed
missing completely at random. Then, we proceeded with the removal of the identified
missing values, ensuring they did not introduce bias or interfere with subsequent analyses.

Central and dispersion indices, frequency descriptive statistics (%), and other methods
were utilized for data classification and analysis. Spearman’s rank correlation coefficient
was used to assess the strength and direction of the relationship between the two variables.
R studio software (version 2023.06.0+421) was used to analyze the data. p values of less
than 0.05 were considered statistically significant.

2.2. In Silico Prediction of Pharmacokinetic and Physicochemical Properties of Lamotrigine and
Physiologically Based Pharmacokinetic (PBPK) Modeling Development

The chemical structure of lamotrigine was drawn in MedChem Designer (Version 5.5;
Simulation Plus Inc., Lancaster, CA, USA) and then imported into ADMET Predictor® in
a MOL file format. Lamotrigine was described according to its physicochemical and PK
properties using ADMET Predictor® (Version 10.4; Simulation Plus Inc., Lancaster, CA,
USA), a software tool that accurately predicts several features of compounds, including
physicochemical and PK properties. The literature was searched for information on param-
eters including Log P, molecular weight, solubility, human jejunum effective permeability
(Peff), diffusion coefficient (Diff. Coeff.), CYP-mediated metabolism and transport, and
blood–brain barrier (BBB) permeability.

The PBPK model for lamotrigine was developed using GastroPlus software (Version
9.8.3; Simulation Plus Inc., Lancaster, CA, USA). The chemical structure of lamotrigine and
all the physicochemical and PK parameters previously computed by the ADMET Predictor®
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were imported into this software. We did not construct a new PBPK model for lamotrigine,
we based our model on literature findings [39,40]. Then, PK parameters of lamotrigine
were simulated for different doses: 200, 400, 600, and 1200 mg administered orally for
24 h. Lamotrigine metabolites were assumed not to contribute to liver toxicity. The drug
disposition-based parameters were determined in a PBPK model in a virtual 30-year-old
healthy American male patient. The simulation provided quantitative and visual (plots)
outputs of the PK features for the different doses.

Moreover, we used the DILIsym simulation mode in GastroPlus, a specialized im-
plementation of the population simulator mode. It is designed for running population
simulations for virtual subjects, aligning with SimPops™ and SimCohorts™ modules in
the DILIsym software. Parameters not derived from body weight are treated as standard
population simulation parameters, incorporating random variability. This mode runs a
series of simulations that simulate subjects from specific populations defined in DILIsym
software. The results were saved in a format (.xlsx file) that is recognized by DILIsym
software and was used as input for DILIsym predictions. The “DILIsym” simulation mode
in v9.6 allowed us to select a mapping of GastroPlus outputs.

2.3. DILIsym Simulation Mode within GastroPlus

The DILIsym simulation mode only works with the PBPK module of GastroPlus.
In order for the body weight-related parameters in GastroPlus to reasonably match the
corresponding simulated individual in DILIsym, the body weights for each individual
were imported into the program. By doing this, mismatches were prevented if a subject’s
PBPK is predicted in GastroPlus based on a relatively high or low body weight but the
DILIsym SimPops individual was on the other end of the body weight spectrum. Then,
we picked the compound scaffold (Compound W) that matched the desired framework
in DILIsym.

Simulation platform DILIsym version 8A was used to conduct the simulations. DIL-
Isym is a mathematical representation of DILI. Briefly, DILIsym consists of several smaller
submodels that are mathematically integrated to simulate an organism-level response.
This work utilized submodels representing drug distribution, mitochondrial dysfunction
and toxicity, bile acid physiology and pathophysiology, hepatocyte life cycle, and liver
injury biomarkers.

A PBPK representation of lamotrigine was constructed within DILIsym, based on
GatroPlus, to describe liver exposure upon conventional oral tablet administration. The
DILIsym PBPK model framework used for lamotrigine consists of compartments for the
liver, blood, muscle, gut, and other tissues. The tissue distribution of lamotrigine was
assumed to be permeability-limited [41]. Parameters used in the PBPK submodel for
lamotrigine are shown in Table 1.

DILIsym allows the use of SimPop, a rather large population of more than 100 simu-
lated individuals. SimPops are created by adding variability to a number of parameters,
the ranges for which values were found using information from the available literature.
We selected human SimPops with healthy individuals and TD2-related traits like hyper-
glycemia, and NAFLD are also part of DILIsym NAFLD. The TD2 SimPops also considers
the variety of each DILI toxicity mechanism and may be used for any hepatotoxic mecha-
nism, including the production of reactive nitrogen species and reactive oxygen species
(RNS-ROS), the direct disruption of mitochondrial activity, and/or the blockage of bile acid
transport. SimPops are generated for simulating responses in NAFLD individuals and for
compounds that cause injury through RNS-ROS generation, direct mitochondrial function
disruption, bile acid transport inhibition, and/or lipotoxicity, as well as disease-related
variability in body mass, plasma glucose, plasma FFA, liver GSH, mitochondria function,
lipogenesis, liver TG synthesis, plasma TG, liver bile acid uptake transporters, and lipo-
toxicity and variability in basolateral and canalicular BA transporters, apoptosis, necrosis,
and regeneration. It is important to note that pharmacokinetic variability is not inherently
built into the SimPops. This is because pharmacokinetic variability tends to be highly
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drug-specific and is better incorporated as part of the PBPK model inputs (this being the
main reason we used a PBPK model). The variation in susceptibility within our simulated
population is intentionally designed to exceed what one might encounter in a significantly
larger population of real patients. This approach allows us to explore various potential
scenarios and outcomes, shedding light on the complex interplay between lamotrigine,
individual patient characteristics, and the risk of drug-induced liver injury.

Table 1. Input data used in GastroPlus™ and DILIsym to simulate plasma concentrations and
simulate different populations. These values were retrieved from the literature [40].

Value Unit Reference

Blood to plasma 1.137 Dimensionless ADMET Predictor
Fraction unbound plasma 0.45 Dimensionless ADMET Predictor

Molecular weight 256.1 g/mol ADMET Predictor
LogP 1.98 o: w ADMET Predictor

Acid-base switch Monoprotic base - [40,42]
pKa 5.5 Dimensionless [40,42]

Renal clearance 2000 mL/hour/kg0.75 [40]
K(ab)—absorption rate 0.85 1/hour [43]

Peff in human 7.761 10−4 cm/s ADMET Predictor
Fraction unbound in

enterocytes 0.9 Dimensionless ADMET Predictor

Km metabolite
(UGT1A3) 700 (µM) [40,44]

Vmax (UGT1A3) 17 (pmol/min/mg of
microsomal protein) [40,44]

Km metabolite
(UGT1A4) 550 (µM) [40,44]

Vmax (UGT1A4) 153 (pmol/min/mg of
microsomal protein) [40,44]

Blood to plasma: the ratio of a substance’s concentration in blood compared to its concentration in plasma;
fraction unbound plasma: the proportion of a substance in its unbound form (not bound to proteins) in the
plasma; molecular weight: the mass of a molecule; log: logarithm of octanol-to-buffer partition coefficient;
acid-base switch: a phenomenon where a molecule can change its charge (become more acidic or basic) under
certain conditions, affecting its behavior in biological systems; pKa: the negative logarithm (base 10) of the
acid dissociation constant (Ka), indicating the strength of an acid or base in a solution; renal clearance: the
rate at which a substance is removed from the bloodstream by the kidneys through urine production; K(ab)—
absorption rate: the rate at which a substance is absorbed in the body, typically related to its bioavailability from
the gastrointestinal tract; peff in human: in vivo human intestinal effective permeability; fraction unbound in
enterocytes: the proportion of a substance in its unbound form within enterocytes (cells in the small intestine),
affecting its absorption; Km (metabolite): the Michaelis–Menten constant (Km) for a specific metabolite, indicating
the substrate concentration at which the enzyme reaches half of its maximum activity; Vmax: the maximum
velocity or rate of enzymatic activity.

For this study, we used SimPops to simulate a 2-week treatment of 200 mg of lam-
otrigine for individuals with different diseases, so we could compare clinical parameters
between the simulated healthy volunteers, NAFLD, and TD2 patients. A brief descrip-
tion of the SimPops selected in the software can be seen in the Supplementary Materials
(Table S1).

3. Results
3.1. Hospital Santo António Data Analysis

We gathered demographic characteristics and clinical parameter data from 41 epilepsy
patients undergoing lamotrigine therapy at Hospital Santo António. The mean age and
standard deviation of this patient group was 30.1 +/− 18.58 years.

The demographic and clinical characteristics are presented in Table 2 after addressing
missing values. To enhance the clarity of our data presentation, we opted to categorize
patients into age and dose groups, providing a clearer depiction of the distribution of age
and dosage among those undergoing lamotrigine treatments. Regarding lamotrigine dose
groups, seven patients (21.21%) were in the “Very Low—1” group (doses < 100 mg) with
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a minimum dose of 20 mg, nine patients (27.27%) fell into the “Low—2” group (doses
between 100 and 200 mg), sixteen patients (48.5%) were in the “Average—3” group (doses
between 200 and 400 mg), and only one patient (3.03%) was in the “High—4” group
(doses > 400 mg) with a maximum dose of 600 mg. Age can influence the PK parameters
of lamotrigine. Research has shown that while the bioavailability of lamotrigine is not
significantly affected by age, the drug’s clearance is lower in elderly patients compared to
young patients of comparable body weight. Specifically, a study found that lamotrigine
clearance was 27.2% lower in elderly patients, indicating that lower dosages may be needed
in this population [45]. This suggests that age-related changes in drug clearance may
necessitate dosage adjustments to ensure optimal and safe therapeutic levels of lamotrigine
in elderly individuals. This distribution is as expected as it seems to follow the guidelines
and is similar to other cases found in the literature. Interestingly, the average age for the
“Very Low” group is approximately 40 years, and younger ages are grouped with higher
doses (Figure S1). The table also includes information about reported drug combination
therapy. Among the 37 patients, 62.16% (±0.49) were reported as receiving combination
therapy, while 37.84% (±0.49) of the patients did not have any recorded information
about taking other drugs as part of their treatment regimen. The drugs most used as
complementary to therapy were valproic acid (e.g., from 100 to 15,000 mg), followed by
lithium, levetiracetam, phenytoin, carbamazepine, rufinamide, and clonazepam.

Table 2. Demographic characteristics and clinical information of the patients from Hospital Santo
António. Interquartile range (IQR) for a categorical variable has no standard interpretation. NA
means no valid or available data for that particular observation or variable exists.

Total (n = 37,
Mean) Median Q1 Q2 IQR

Sex
Male 12 (32.43%)

FemaleFemale 25 (67.57%) NA NA NA
Age
Children (≤15 years) 9 (24.32%) 9 8 13 5
Youth (>15>25 years) 11 (29.72%) 20 18.5 24 5.5
Adult (≥25>65 years 17 (45.95%) 40 38 59 21
Senior (≥65 years) 0 (0%) NA NA NA NA
Lamotrigine dose
group
Very Low (<100 mg) 7 (21.21%) 100 25 100 75
Low (100–200 mg) 9 (27.27%) 175 150 200 50
Average (200–400
mg) 16 (48.5%) 375 300 400 100

High (>400 mg) 1 (3.03%) 600 600 600 0
Reported drug
combination therapy
Yes 23 (62.16%)

Yes
NA NA NA

No 14 (37.84%)

Then, we proceeded to assess how many individuals had altered serum level param-
eters by calculating the number of individuals with out-of-range parameter values. The
normal range varies based on each parameter and patient characteristics. For instance, the
normal range of clearance differs between children and adults. Table 3 summarizes the
results of that analysis. Serum creatinine levels were altered in 43.34% of the measured
patients. Following creatinine, the parameters most frequently affected were albumin
(37.83%), gamma-glutamyl transferase (24.32%), total bilirubin (21.62%), and Vitamin B12
(18.92%). Interestingly, we did find that all the individuals who had values out of range
for Vitamin B12 also had out-of-range parameter values for creatinine. However, not all
patients whose serum levels were registered had their Vitamin B12 values measured.
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Table 3. Summary of individuals with out-of-range serum levels. These parameters were measured
for therapeutic drug monitoring of lamotrigine of the patients from Hospital Santo Antônio.

Parameters Measured
Number of Individuals with

Out-of-Range Parameter
Values

Percent of Total (n = 37)

Uric acid 0 0.00%
Bicarbonates 4 10.81%

Glucose 4 10.81%
Creatinine 16 43.24%

Urea 1 2.70%
Bilirubin total 8 21.62%

Aminotransferase aspartate 0 0.00%
Aminotransferase alanine 6 16.21%

Phosphatase alkaline 3 8.10%
Gamma-glutamyl transferase 9 24.32%

Lactate dehydrogenase 5 13.51%
Total creatine kinase (CK) 5 13.51%

Ammonia 5 13.51%
Total cholesterol 3 8.10%

Triglycerides 1 2.70%
High density lipoprotein

(HDL) cholesterol 2 5.40%

Non-HDL cholesterol 0 0.00%
Low-density lipopro-tein

(LDL) cholesterol 1 2.70%

Very-low-density lipoprotein
(VLDL) cholesterol 1 2.70%

C-reactive protein 1 2.70%
Iron 2 5.41%

Albumin 14 37.83%
Total proteins 2 5.41%

Sodium 0 0.00%
Potassium 2 5.41%
Chlorides 5 13.51%

Vitamin B12 7 18.92%

Aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phos-
phatase, and γ-glutamyl transferase (GGT) are four enzymes of diagnostic importance in
liver disease. Interestingly, no patients showed altered values for ALT.

The results presented in Table 4 show Spearman’s rank correlation analysis between
various pairs of variables. Spearman’s correlation evaluates monotonic relationships,
which can be nonlinear. Spearman’s correlation coefficient can range from −1 to 1, just like
Pearson’s correlation. A positive coefficient indicates a positive monotonic relationship
(both variables increase together or decrease together), while a negative coefficient implies
a negative monotonic relationship (as one variable increases, the other decreases). A
coefficient of 0 means no monotonic relationship. The p-value indicates the statistical
strength and significance of the correlation. Overall, the correlation analysis suggests
several significant correlations between different variables with different strengths: weak
correlation (absolute value of rho < 0.3), low to moderate correlation (0.3 ≤ |rho| < 0.5),
moderate correlation (0.5 ≤ |rho| < 0.7), strong correlation (0.7 ≤ |rho| < 0.9), and very
strong correlation (0.9 ≤ |rho| ≤ 1.0).

The correlation analysis uncovers intriguing patterns and associations that hold
promise for advancing our understanding of lamotrigine use in epileptic patients. Notable
correlations include: (a) moderate association—variables like “Dose” exhibit moderate neg-
ative or positive correlations with markers such as “ASAT”, “VLDL cholesterol”, “Trough
concentration”, and “Total cholesterol”. The trough concentration refers to the level of a
drug present in the bloodstream just before the subsequent dose is administered, although it
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may not necessarily represent the lowest concentration observed during the dosing interval
(b) low to moderate influences—variables like “Dose” display low to moderate positive
correlations with “Gamma-glutamyl transferase” and “Chlorates”, indicating a mild impact
of lamotrigine dosage on these markers; (c) strong correlations—some strong associations
are evident, such as the robust positive correlations between “Vitamin B12” and variables
like “Dose”, “Trough concentration”, “Combination”, and “Creatinine”. This suggests that
these factors substantially influence Vitamin B12 levels in epileptic patients. Additionally,
“Trough concentration” exhibits a strong positive correlation with “Chlorates”, implying
a significant influence of lamotrigine concentration on blood chemistry measures related
to “Chlorates”. Notably, there is a very strong negative correlation between “Vitamin
B12” and “Creatinine”, indicating an inversely proportional relationship. These identified
correlations serve as a valuable foundation for further investigations to probe causal links.
For example, the strong correlation between lamotrigine dosage and Vitamin B12 levels
may prompt in-depth research into how lamotrigine affects Vitamin B12 metabolism or ab-
sorption. The correlations involving blood chemistry measures and specific variables may
suggest these markers as potential indicators of lamotrigine’s effects in epileptic patients.

Table 4. Summary of Spearman’s correlation analysis.

Variable 1 Variable 2 rho p-Value Strength of
Correlation

Dose

ASAT −0.5360653 0.0007523 Moderate correlation
Gamma-glutamyl

transferase 0.4472029 0.009073 Low to moderate

VLDL cholesterol 0.5018162 0.02417 Moderate correlation

Chlorates −0.4058334 0.0357 Low to moderate
correlation

Vitamin B12 0.6738606 0.04657 Strong correlation
Triglycerides 0.5039345 0.02348 Moderate correlation

Trough concentration 0.5548736 0.0004445 Strong correlation

Trough concentration

Phosphatase alkaline −0.4746656 0.005253 Low to moderate
correlation

Sodium −0.4580201 0.01425 Low to moderate
correlation

Chlorates −0.5701696 0.002357 Strong correlation
Vitamin B12 0.9333333 0.0007496 Very strong correlation

Total cholesterol 0.5016958 0.02421 Moderate correlation
Non-HDL cholesterol 0.5101582 0.02155 Moderate correlation

Combination

Uric acid 0.785328 0.000874 Strong correlation
Total cholesterol 0.5919496 0.005967 Moderate correlation

Non-HDL cholesterol 0.4639278 0.03935 Low to moderate
correlation

Time
Total cholesterol −0.8571429 0.02381 Strong correlation

Non-HDL cholesterol −0.8108437 0.02692 Strong correlation

Creatinine

Urea 0.616872 4.781 × 10−5 Strong correlation
Total bilirubin 0.6655658 3.228 × 10−5 Strong correlation

Total creatoquinase 0.5361997 0.008353 Moderate correlation

Sodium 0.4112316 0.02668 Low to moderate
correlation

Chlorates 0.4914554 0.009231 Moderate correlation
Vitamin B12 −0.9333333 0.0007496 Very strong correlation

After understanding that Vitamin B12 is highly correlated with several variables we
assess the correlation of this parameter with other variables, Table 5. The analysis rein-
forces the correlation seen previously, for dose, trough concentration, and creatinine the
correlation is the same in both directions. However, it does not inform on the direction
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of the relationship. We are not able to determine whether changes in “Vitamin B12” are
causing changes in “Dose LTG”, or vice versa, just from the correlation result. To establish a
causal relationship or understand the direction of the association, there is a need to perform
experiments, conduct longitudinal studies, or use other statistical methods. Spearman’s
correlation, like other correlation methods, is primarily used to identify associations or de-
pendencies between variables, not to establish causation or determine the specific direction
of the relationship.

Table 5. Spearman’s rank correlation analysis of Vitamin B12 with the remaining parameters.

Variable 1 Variable 2 rho p-Value Strength of
Correlations

Vitamin B12

Dose 0.6738606 0.04657 Moderate
correlation

Trough
concentration 0.9333333 0.0007496 Very strong

correlation

Creatinine −0.9333333 0.0007496 Very strong
correlation

LDL-cholesterol 0.7619048 0.03676 Strong
correlation

VDL-cholestrol 0.9047619 0.004563 Very strong
correlation

Albumin −0.8809524 0.007242 Strong
correlation

Total cholesterol 0.7425283 0.03486 Strong
correlation

Triglycerides 0.9047619 0.004563 Very strong
correlation

Non-HDL-
cholesterol 0.7425283 0.03486 Strong

correlation

3.2. Lamotrigine PBPK Model and Population Simulation Results

In this phase of our study, we harnessed the power of a PBPK model in GastroPlus to
simulate a spectrum of doses, spanning from therapeutic levels to overdose scenarios, in a
population. Using DILIsym population simulation mode, which provided valuable insights
into compound behaviors under diverse conditions. This specialized mode executed a
series of simulations with distinct virtual subjects, each characterized by a random sample
of physiological and pharmacokinetic parameters, closely resembling a heterogeneous
population. The robust capability of the simulation allowed for the assessment of com-
bined effects arising from variations in population physiology and formulation variables,
considering not precise values but distributions. These variables included transit times,
pH levels in various compartments, pharmacokinetic parameters, plasma protein binding,
blood–plasma concentration ratio, renal clearance, and dose. Distributions for these vari-
ables were defined as means with coefficients of variation in absolute or log space, offering
flexibility with normal, log-normal, or uniform distributions.

The model accurately predicted the distribution and elimination of lamotrigine. The
calculated steady state volume of distribution (Vss) was 1.84 L/kg, which agreed with
the values reported in the literature [40,46]. As the kidneys play a crucial role in drug
elimination, renal clearance is influenced by a combination of filtration, reabsorption,
secretion, and metabolism. Using the GastroPlus PBPK kidney model recommended by the
software, the systemic clearance was estimated at 3.248 L/h, calculated as the product of
the fraction of drug unbound in the plasma (fup) and the glomerular filtration rate (GFR).
The half-life (t1/2) of lamotrigine is reported to range from 13.5 to 15 h. The t1/2 was
estimated to be 27.58 h. This indicates that in the setting of an overdose, the half-life of
lamotrigine is prolonged compared to its half-life in therapeutic doses.

The results of the DILIsym population simulation are succinctly summarized in Table 6.
This table focuses on average pharmacokinetic parameters for population-wide concen-
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trations at doses of 200, 400, 600, and 1200 mg. While observed data were collected for
200 mg, other concentrations representative of overdose scenarios lacked observed data
from the literature [40]. The bioavailability of lamotrigine, estimated at 98%, indicates rapid
and complete absorption with minimal first-pass metabolism effects. Bioavailability (F%)
exhibited a decreasing trend with increasing doses. Peak plasma concentration (Cmax)
increased with higher doses, potentially impacting drug efficacy and side effects. Time to
reach peak concentration (Tmax) did not exhibit a consistent trend with increasing doses,
indicating potential external factors influencing Tmax. Despite obtaining similar results
for Tmax and Cmax at 200 mg, overall bioavailability was lower due to introduced vari-
ability in the DILIsym simulation mode. The decrease in bioavailability observed at higher
doses may stem from the saturation of metabolic pathways, particularly those involving
glucuronic acid conjugation. This saturation could potentially trigger the production of
toxic metabolites or intermediates. These harmful byproducts might then exert inhibitory
effects on drug-metabolizing enzymes or interfere with regular physiological processes,
consequently hindering the drug’s clearance. Such interference could lead to a reduced
apparent bioavailability of the drug. This scenario could lead to decreased drug availability,
potentially impacting toxic effects. The increase in the area under the concentration–time
curve (AUC0–inf and AUC0–t) with higher doses signifies elevated overall drug exposure.
Notably, our AUC values were lower compared to literature data, possibly due to variations
in populations or study conditions. Our study encapsulates the DILIsym population simu-
lation, and differences in dosing regimens between our simulation and literature data may
impact AUC. It is essential to highlight that our simulation does not incorporate potential
drug interactions that may influence drug exposure, a consideration commonly addressed
in the existing literature. These findings hold significant implications for dosing considera-
tions and potential toxicity, underscoring the critical need for meticulous monitoring in
lamotrigine administration.

Table 6. Results of the average PK parameters simulated: F%, Cmax, Tmax, AUC0–inf, AUC0–t, and
90% confidence interval for the different concentrations of lamotrigine. Each dose is presented with
the values for the single simulation and a DILIsym population simulation. For 200 mg, a known
therapeutic dose, we examined values from the literature for comparison [40]. The simulation length
was 24 h for 176 selected subjects. Only the values for 200 mg doses were included, as all the other
concentrations represent an overdose.

Dose
Results for Pharmacokinetic Parameter

F (%) Cmax (µg/mL) Tmax (h) AUC0–inf
(µg h/mL)

AUC0–t
(µg h/mL)

200

Observed
(mean or geo.
mean ± SD)

98 2.46 ± 0.41–
2.91 ± 0.26 1.11 - 94.6 ± 21.6–

123 ± 14

Single simulation 99.268 1.7306 1.68 61.218 27.137
DILIsym

simulation output
(90% CI)

98.267
(97.92–98.62)

1.62
(1.576–1.664)

1.7188
(1.537–1.900)

60.218
(58.24–62.20)

25.161
(24.64–25.68)

400

Single simulation 98.636 3.097 2.4 121.68 53.315
DILIsym

simulation output
(90% CI)

95.459
(94.68–96.38)

3.0257
(2.918–3.133)

1.7108
(1.539–1.882)

124.65
(120.6–128.7)

48.889
(47.73–50.05)

600

Single simulation 97.192 4.3525 0.48 180.05 77.604
DILIsym

simulation output
(90% CI)

90.359 3.9353 1.8835 186.48 67.06
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Table 6. Cont.

Dose
Results for Pharmacokinetic Parameter

F (%) Cmax (µg/mL) Tmax (h) AUC0–inf
(µg h/mL)

AUC0–t
(µg h/mL)

1200

Single simulation 84.868 8.0976 0.48 362.2 130.8
DILIsym

simulation output
(90% CI)

77.406
(75.39–79.57)

7.089
(6.778–7.400)

1.2443
(0.959–1.530)

353.29
(337.1–369.5)

113.49
(109.5–117.5)

3.3. DILI Potential of Lamotrigine for Different Individuals

Then, the simulated blood, gut, liver, and sinusoidal liver concentration–time profiles
were exported from GastroPlus for DILIsym using the Specify Data function. We simulated
a 2-week regimen with these doses. In Figure 2, we can observe that with increasing drug
concentration, a noticeable trend emerges in the simulated subjects’ plasma concentra-
tion, revealing an expected rise in the maximum values. The curves corresponding to
different concentrations distinctly deviate from each other at the peak points. Further-
more, the shapes of these peaks vary across the three concentrations (400 mg, 600 mg, and
1200 mg). This is expected because higher doses can imply larger plasmatic concentrations.
In 2 weeks, we can see the accumulation of the drug, hence the increasing increase in
plasmatic concentration during time.

Sci. Pharm. 2024, 92, x FOR PEER REVIEW  13  of  25 
 

 

points. Furthermore, the shapes of these peaks vary across the three concentrations (400 

mg,  600 mg,  and  1200 mg).  This  is  expected  because  higher  doses  can  imply  larger 

plasmatic concentrations. In 2 weeks, we can see the accumulation of the drug, hence the 

increasing increase in plasmatic concentration during time. 

 

Figure 2. Plasma concentration profile of Lamotrigine in a 2-week regimen for different doses: (A)—

200, (B)—400, (C)—600, and (D)—1200 mg. 

The most specific indicator of a drug-induced liver injury in clinical trials is believed 

to be  the occurrence of subjects experiencing drug-associated elevations  in both serum 

ALT/AST and serum total bilirubin (TB) without a significant elevation in serum alkaline 

phosphatase . The eDISH (evaluation of drug-induced serious hepatotoxicity) is a well-

described method/tool that visually ALT/AST and total bilirubin in the form of a graph by 

displaying peak levels for each subject. 

If  Figure  3,  we  can  see  the  graphics  resulting  from  the  simulation  of  healthy 

individuals, TD2 individuals, and NAFLD individuals. In the case of healthy individuals, 

we can see that all of them fall within the normal range. However, when we evaluate the 

eDISH plot for TD2 patients and NAFLD, we obtain different results, as expected from 

what we see in the literature. Some of the values are in the normal range while some are 

in Temple’s corollary range, meaning that there are patients at risk of drug-induced liver 

injury. In particular, for TD2 patients, we can see that some of the individuals simulated 

occupy the middle upper zone of the eDISH plot. 

Figure 2. Plasma concentration profile of Lamotrigine in a 2-week regimen for different doses:
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The most specific indicator of a drug-induced liver injury in clinical trials is believed
to be the occurrence of subjects experiencing drug-associated elevations in both serum
ALT/AST and serum total bilirubin (TB) without a significant elevation in serum alkaline
phosphatase. The eDISH (evaluation of drug-induced serious hepatotoxicity) is a well-
described method/tool that visually ALT/AST and total bilirubin in the form of a graph by
displaying peak levels for each subject.
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If Figure 3, we can see the graphics resulting from the simulation of healthy individuals,
TD2 individuals, and NAFLD individuals. In the case of healthy individuals, we can see
that all of them fall within the normal range. However, when we evaluate the eDISH plot
for TD2 patients and NAFLD, we obtain different results, as expected from what we see
in the literature. Some of the values are in the normal range while some are in Temple’s
corollary range, meaning that there are patients at risk of drug-induced liver injury. In
particular, for TD2 patients, we can see that some of the individuals simulated occupy the
middle upper zone of the eDISH plot.
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Lamotrigine is recognized for its potential to cause rare but well-known idiosyncratic
liver injury, which can be severe and, in some cases, fatal. This liver injury can be unpre-
dictable and may occur within the first few weeks of starting therapy, particularly in the
context of concomitant use of other anticonvulsant medications and hypersensitivity syn-
drome. This liver injury can sometimes be severe and may even lead to fatal outcomes. AST,
ALT, alkaline phosphatase, and GGT are four enzymes of diagnostic importance in liver dis-
ease. The criteria for drug-induced liver disease diagnosis include either: ALT ≥ 5 ×upper
limit of normal (ULN); ALP ≥ 2 × ULN; or ALT ≥ 3 × ULN and total bilirubin ≥ 2 × ULN
(this last criterion is also known as Hy’s law). In Table 7, we can see the number of simu-
lated individuals with parameters altered for each subgroup. These results show increased
values for the outcome variables for the TD2 and NAFLD individuals. This was expected
since these individuals have metabolic changes that interfere with the ADMET properties
of drugs. These differences can be seen in the literature; therefore, they were expected.
NAFLD individuals only showed the ALT at or over 3 × ULN parameter altered with 64 of
the simulated individuals possessing this alteration. None of the healthy, TD2, or NAFLD
individuals had cases of Hy’s law, which proves the safe profile of lamotrigine.

Table 7. The number of simulated individuals with parameters altered is suggestive of DILI for the
different populations: healthy, TD2, and NAFLD individuals.

Group Subgroup Outcome
Variable Metric Healthy

Individuals
TD2

Individuals
NAFLD

Individuals Units

Outcomes Outcomes Number of
deaths Count 0 0 0 dimensionless

Outcomes Outcomes ALT at or over
3 × ULN Count 0 24 64 dimensionless

Outcomes Outcomes Bilirubin over
2 × ULN Count 0 1 0 dimensionless

Outcomes Outcomes Hy’s law cases Count 0 0 0 dimensionless

Outcomes Outcomes ALT at least
5 × ULN Count 0 3 0 dimensionless

Outcomes Outcomes
Bilirubin

greater than
2 × ULN

Count 0 1 0 dimensionless

4. Discussion
4.1. Interplay of Lamotrigine, Vitamin B12, Creatinine, and Lipid Metabolism: Implications for
Renal and Hepatic Systems

This study provides key insights into the interplay of lamotrigine dosing, patient
demographic changes, or deviations from normal levels in various blood parameters. As
expected, younger patients are associated with higher lamotrigine doses (Figure S1), sug-
gesting age-related variations in pharmacokinetics [39,47]. Interpreting altered creatinine
levels in 43.24% of patients as indicative of potential renal impairment underscores the
importance of vigilant monitoring, especially for epilepsy patients undergoing lamotrigine
therapy [48]. This finding highlights the need for ongoing assessment and close attention to
renal function to ensure the early detection and management of any potential complications.

A significant finding is the negative correlation between Vitamin B12 and creatinine
levels. These results are supported by the literature. Higher creatinine levels may impact Vi-
tamin B12 clearance, raising the risk of deficiency [49,50]. Evidence suggests the potentially
complex relationship between altered creatinine and Vitamin B12 levels in patients with
kidney disease [51]. A deficiency of Vitamin B12 and impaired creatinine clearance, as well
as high levels of both, can occur in individuals with certain health conditions, including
kidney disease. Moreover, chronic kidney disease can affect Vitamin B12 metabolism and
lead to lower levels of the vitamin in the body. Reduced kidney function may impact nutri-
ent absorption, including Vitamin B12 [49,52]. Notably, some patients lacked Vitamin B12
measurements, potentially affecting the analysis. People at risk of developing Vitamin B12
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deficiencies while taking lamotrigine should monitor their vitamin levels to ensure optimal
health because anticonvulsants have been associated with Vitamin B12 deficiency [53].
Furthermore, elevated Vitamin B12 levels can indicate liver problems [52,54].

For the sake of exploration, one could consider two hypothetical mechanisms. The
first being renal transporter interaction, lamotrigine may hypothetically influence renal
transporters involved in the clearance of both creatinine and Vitamin B12. The drug could
potentially alter the activity of transporters responsible for reabsorbing creatinine in the
renal tubules, leading to decreased serum creatinine levels. Concurrently, this alteration in
renal transporters might influence the absorption or metabolism of Vitamin B12, resulting
in decreased levels. Secondly, lamotrigine can be responsible for inflammatory response
and Vitamin B12 metabolism. Lamotrigine might induce an inflammatory response that, in
turn, could affect the metabolism of Vitamin B12. Inflammation has been associated with
alterations in Vitamin B12 absorption and transport [55,56]. If lamotrigine induces such
an inflammatory response, it could hypothetically lead to decreased Vitamin B12 levels
alongside changes in serum creatinine.

The existing literature on the association between Vitamin B12, antiseizure drugs and
liver damage yields varied findings, resulting in uncertainty about the connection between
elevated Vitamin B12 levels in epilepsy treatment and liver dysfunction. Hauser et al. found
that valproate therapy increased Vitamin B12 levels and impaired liver synthetic function
in children with epilepsy [57]. However, Jacobsen et al. found no signs of permanent liver
damage in epileptics under anticonvulsant treatment [58], and Elkhatib et al. found that
elevated serum Vitamin B12 concentration in patients receiving chronic parenteral nutrition
was not an indicator of hepatic pathology [59]. Rao et al. found that changes in serum
amino acid profiles in epileptic patients treated with anticonvulsant drugs occurred in
patients with alteration of serum liver enzymes, but it is uncertain whether this implies a
causal relation. Overall, the papers suggest that there may be some association between
anticonvulsant treatment and liver dysfunction, but the relationship between heightened
Vitamin B12 levels and liver dysfunction is not clear. Additionally, when assessing liver
function, elevated Vitamin B12 levels, which may be a proxy for poor liver function, are
not a significant predictor of death following ICU admission [51,54].

While our study does not establish a definitive cause-and-effect relationship between
creatinine and Vitamin B12 levels concerning overall health, it underscores the significance
of further clinical investigations. Exploring potential relationships and interactions among
these factors is crucial, urging the need for additional studies to provide a more compre-
hensive understanding of these associations. We need to recognize that the relationship
between anticonvulsants and Vitamin B12 levels can be complex and may vary depending
on individual responses, the specific antiseizure drug used, and the duration of treatment.

In our study, all the patients who exhibited altered values of Vitamin B12 had elevated
serum levels of Vitamin B12, and not a single patient showed values lower than the reference
range. We thoroughly assessed the patients receiving polytherapy and found that only three
out of the seven individuals were on valproate treatment. Valproate treatment is typically
associated with higher Vitamin B12 levels [57]. Hence, the elevated levels of Vitamin
B12 observed in these patients could be attributed to medications other than lamotrigine
that were included in their combination therapy. Additionally, we examined the patient’s
medical records to determine whether they had altered Vitamin B12 values during earlier
hospital visits, and interestingly, all of them had previously shown altered levels of this
parameter in the different visits we accessed. A noteworthy observation is that patients on a
150 mg dosage of lamotrigine did not receive a concurrent valproate prescription, whereas
those on a 400 mg dosage underwent valproate therapy. The complexity of polytherapy
could potentially impact the outcomes. Once again, larger controlled studies are needed
to clarify the relationship between lamotrigine, Vitamin B12 levels, creatinine, and other
medications’ effects. No definitive association between Vitamin B12 and lamotrigine exists.

Moreover, we also observed significant correlations between Vitamin B12 and lipid
parameters (total cholesterol, triglycerides, non-HDL cholesterol, LDL cholesterol, and VDL
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cholesterol). These findings indicate that there might be some level of interdependence or
mutual influence between Vitamin B12 levels and lipid metabolism, which can be confirmed
by the literature [60,61]. Vitamin B12 is essential for various biochemical processes, includ-
ing converting homocysteine to methionine, a critical step in lipid metabolism. Methionine
is a precursor for synthesizing phospholipids, major components of cell membranes and
lipoproteins. Adequate Vitamin B12 levels support healthy lipid metabolism and profiles.
Vitamin B12 plays a role in regulating enzymes affecting lipid metabolism [62,63]. Defi-
ciency may alter enzyme activity and disrupt lipid profiles. However, observed correlations
may result from factors influencing both Vitamin B12 and lipids independently. As correla-
tion does not imply causation, further research is necessary. According to the literature,
anticonvulsant drugs can impact cholesterol levels, with variations among different med-
ications [64]. Regarding lamotrigine, the evidence about its effects on cholesterol levels
is somewhat conflicting. Some studies have reported increases in total cholesterol and
LDL cholesterol levels in patients taking lamotrigine, similar to the effects seen with other
anticonvulsants. On the other hand, other studies have not found significant changes in
cholesterol levels associated with lamotrigine use [65,66]. The impact of lamotrigine on
lipid metabolism varies among individuals and can be influenced by factors like dose,
treatment duration, and individual characteristics. Effects on lipid metabolism may also
differ between epilepsy and bipolar disorder patients [67].

While evidence supporting the unequivocal benefits of TDM for lamotrigine concen-
trations is inconclusive, its value persists in specific scenarios. These include evaluating
treatment response, ensuring adherence, investigating side effects, considering coadmin-
istration effects, and accounting for individual metabolic differences [36,37]. Despite
our research offering valuable insights, we acknowledge certain limitations. The study’s
retrospective nature relies on existing medical records, potentially introducing inaccu-
racies or missing data. Additionally, the small sample size and the specificity of the
study location may limit generalizability, with the study not controlling for potential
confounding variables.

The purpose of incorporating clinical data was to assess which clinical parameters
were altered and how they could influence the pharmacokinetics of lamotrigine. This
allowed us to highlight population groups in which the pharmacokinetics of lamotrigine
could be influenced. Moreover, it enabled us to formulate hypotheses for each group,
explaining how their metabolism might be altered or saturated, potentially leading to
hepatotoxicity and DILI.

4.2. Pharmacokinetic Evaluation of Lamotrigine and Implications for Liver Function

After the analysis of clinical parameter, using the PBPK model and population sim-
ulation of lamotrigine, we gained valuable insights into its pharmacokinetics at different
doses and its potential implications for liver function assessment and therapeutic drug
monitoring in different populations. Firstly, the bioavailability of lamotrigine decreases as
the dose increases, indicating that a smaller proportion of the administered dose reaches
systemic circulation. The saturation of metabolic pathways could be a contributing factor
to this observation. Lamotrigine is metabolized predominantly by glucuronic acid con-
jugation. At higher doses, the enzymes responsible for this metabolism might become
saturated leading to potentially leading to a lower apparent bioavailability. This could
result in less of the drug being available to cause toxic effects. Lamotrigine is known to
exhibit linear pharmacokinetics over the therapeutic dose range. This means that the drug’s
concentration in the body will increase proportionally with an increase in the dose. The
bioavailability of lamotrigine is usually estimated at 98%, indicating that almost all of
the administered dose is available in the blood for distribution to the tissue. However, it
is important to note that while the pharmacokinetics of lamotrigine are generally linear,
individual variations can occur. Factors such as the genetic polymorphisms of the major
metabolizing enzymes (UGT1A4, UGT2B7) can influence the pharmacokinetics of lamot-
rigine [68]. At very high doses like the ones we have been simulating, it is possible that
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the absorption or metabolic pathways could become saturated, leading to a decrease in
bioavailability. However, this is generally not observed within the therapeutic dose range
for lamotrigine [69]. Secondly, the peak Cmax of lamotrigine increases with higher doses.
This finding is expected, as higher doses result in higher maximum drug concentrations in
the plasma. On the contrary, lamotrigine’s Tmax does not follow a consistent trend with
increasing doses. This suggests that lamotrigine Tmax may be influenced by other factors
beyond the dose, such as individual patient characteristics or drug interactions, which
require further investigation.

Furthermore, the AUC0–inf and the AUC0–t both increase with higher doses of
lamotrigine. This indicates higher overall drug exposure with increased doses, which may
have implications for dosing considerations, potential toxicity, and the need for therapeutic
drug monitoring. Our findings underscore the importance of therapeutic drug monitoring
in patients receiving lamotrigine, especially at higher doses, to ensure optimal drug levels
and minimize the risk of adverse effects.

These observed differences emphasize the importance of therapeutic monitoring. For
instance, higher Cmax levels may indicate potential drug accumulation and an increased
risk of side effects, which means that a 600 mg dose might be excessive for certain individu-
als. The simulation of a 1200 mg dose allowed us to evaluate the implications of lamotrigine
overdose [70,71]. This finding underscores the importance of avoiding such high doses and
highlights the potential risks associated with exceeding recommended dosages. Overall,
this in silico analysis supports the need for cautious and personalized prescribing practices.
Therapeutic monitoring is essential to ensure optimal drug exposure, minimize side effects,
and prevent potential overdose situations [72,73]. We guided our simulations by comparing
our results for lamotrigine at the dose 200 mg with values available in the literature.

Our in silico study, though valuable, has limitations. The PBPK model is a simplified
representation of drug metabolism and does not capture real-world complexities. It relies
on simulated data, not clinical data. The model used a population sample, specifically
representing a standard American male weighing 70 kg. The selection of weight and
height for this standard subject was determined based on user-defined ranges of Body
Mass Index (BMI) and body weights, utilizing built-in bivariate distribution functions
relevant to the corresponding population group. Although the model is based on existing
knowledge and research, real-world patient responses to lamotrigine may vary, and factors
not accounted for in the model could influence drug pharmacokinetics. While efforts
were made to use accurate data and parameters, uncertainties in input data and model
assumptions could impact the study’s outcomes. Further studies that combine PK data
with clinical observations are needed to bridge the gap between in silico analysis and
real-world outcomes.

4.3. Overall Liver Function Assessment

In our study, we employed DILIsym simulations and SimPops to investigate the
pharmacokinetics of lamotrigine across diverse patient populations, including individuals
with comorbidities such as T2D and NAFLD [74,75]. The SimPops allowed for the anal-
ysis of lamotrigine concentration–time profiles in plasma for different doses, shedding
light on potential interactions and metabolic changes in patients with epilepsy who have
common comorbidities [74–76]. Our typical simulated population consisted of roughly
176 individuals, intentionally designed to exceed variation found in a larger real patient
population. The use of SimPops is crucial to introduce population variability, particularly
in predicting low-frequency events like DILI, as not all individuals are equally susceptible.
This variation in personal traits is essential to understanding DILI susceptibility [77,78].
From the results, it is evident that as the simulated lamotrigine doses increase, there is a
corresponding rise in plasma concentration, with distinct deviations at peak points among
different concentrations. The simulated 2-week regimen highlights the accumulation of the
drug over time.
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Diagnosing DILI is often challenging, as no single objective confirmatory lab test is
available [79]. DILI diagnosis is primarily based on exclusion criteria, ruling out other
potential causes of liver injury. It is crucial to recognize that approximately 10% of in-
dividuals experiencing hepatocellular jaundice attributed to drug use may progress to
liver failure, making the prompt identification and monitoring of DILI cases essential for
patient safety [80]. Therefore, more research is needed to develop reliable biomarkers
and diagnostic tools to improve DILI’s early detection and management, ultimately en-
hancing patient outcomes. Until then, clinicians must remain vigilant and consider DILI
as a potential cause when evaluating patients with drug-induced liver dysfunction. The
assessment of our virtual population using the eDISH plot, a tool for evaluating drug-
induced serious hepatotoxicity, reveals that healthy individuals fall within the normal
range, while individuals with TD2 and NAFLD exhibit variations, placing some at risk
of drug-induced liver injury. Notably, TD2 patients occupy the middle upper zone of
the eDISH plot. Table 7 summarizes the number of simulated individuals with altered
parameters suggestive of DILI for different populations. TD2 and NAFLD individuals
show increased values for outcome variables, aligning with expected metabolic changes
affecting drug ADMET properties. Importantly, no individuals, whether healthy, TD2,
or NAFLD, exhibited Hy’s law cases, emphasizing the overall safe profile of lamotrigine.
These findings underscore the relevance of in silico simulations in assessing the liver safety
profile of drugs across diverse patient populations [77,78]. The regulatory definition of a
“Hy’s Law Case” involves specific criteria, including ALT levels greater than three times
the ULN and total bilirubin levels greater than two times the ULN, along with evidence
of hepatocellular injury (R values > 0.5), drug-induced ALT elevations exceeding three
times the ULN (known as “Temple’s Corollary”), and the absence of other more likely
causes for the injury [80]. Risk management strategies for DILI are generally ineffective,
and mild elevations in ALT may not always reflect liver injury but could be attributed to
other factors, such as muscle-related issues. Some drugs can cause ALT elevations due to
hepatocyte death or leakage, but they are rarely associated with clinically significant liver
injury, like statins, heparins, and tacrine [81–83].

In the literature, there has been a reported case of progressive hepatic necrosis with
a fatality linked to lamotrigine use [84]. Additionally, previous research indicates that
individuals receiving lamotrigine as an additional medication experience adverse response
more frequently compared to those taking the medication alone, suggesting the importance
of understanding potential drug interactions [85].

Despite valuable insights, this study has limitations, including reliance on in silico
simulations and the absence of real-world patient data for validation. Genetic variability,
drug–drug interactions, and long-term effects of lamotrigine were not fully explored.
Additionally, the study’s simulations cover a 2-week regimen, but the long-term effects
of lamotrigine on liver function and the risk of DILI over extended treatment periods are
not fully addressed. The PBPK model relies on certain assumptions and parameters that
may not fully reflect real-world scenarios. Variability in drug metabolism and individual
response to lamotrigine could be influenced by factors not considered in the model. The
eDISH plots used to assess liver safety are based on indirect markers and not on direct
measures of liver function or injury. As such, they may not provide a comprehensive
assessment of DILI risk. All in silico studies involve some level of uncertainty due to model
assumptions and input data. While efforts were made to use accurate data, uncertainties
could still impact the study’s outcomes. Not all individuals will experience DILI even with
drugs that have DILI liabilities, and simulations based on an “average” or “median” human
or animal may not accurately predict DILI for every individual [69]. Therefore, population
variability plays a crucial role in predicting low-frequency events like DILI. Considering
the variability in individual characteristics that contribute to DILI, susceptibility is crucial
to identifying potential individual risk factors. Therefore, the relationship between TD2
and NAFLD for DILI is noteworthy. Both TD2 and NAFLD can independently affect liver
function, making individuals with these conditions potentially more susceptible to DILI



Sci. Pharm. 2024, 92, 15 19 of 23

when taking medications like lamotrigine. Individuals with pre-existing liver conditions
like NAFLD may have reduced liver function and impaired drug metabolism, increasing
their vulnerability to DILI. Similarly, individuals with TD2 may experience altered drug
metabolism due to insulin resistance [86] and changes in liver enzyme activity, further
elevating the risk of DILI [79,80]. The eDISH plots suggested an increased risk in T2D and
NAFLD patients, prompting the importance of vigilance in these patients [80].

In subsequent studies, we aim to delve into a comprehensive examination of these
patients to unravel the development and mechanisms that lead to hepatotoxicity and, in
severe cases, DILI. The close monitoring of liver enzymes and overall liver health is crucial
when prescribing lamotrigine to patients with these underlying conditions to ensure the
early detection of any adverse drug reactions and prevent serious liver injury. Further
research, including clinical studies and validation, is necessary to better understand the real-
world implications and ensure the safe and effective use of lamotrigine in clinical practice.

5. Conclusions

The retrospective analysis of patients treated with lamotrigine at Hospital Santo
António unveiled deviations from normal levels in various blood parameters, establish-
ing significant correlations among them. Observing changes in serum levels, including
creatinine, albumin, gamma-glutamyl transferase, total bilirubin, and Vitamin B12, we
identified strong negative correlations between Vitamin B12 and creatinine. Subsequently,
we employed GastroPlus and DILIsym to investigate the impact of clinical parameters on
lamotrigine across different patient populations. Constructing a PBPK model in GastroPlus,
grounded in ADMET predictions and literature data, we simulated the pharmacokinetic
variability of lamotrigine in diverse populations. Our simulations visualized the effects of
increasing doses of lamotrigine on its plasma concentration–time profiles (200 mg, 400 mg,
600 mg, 1200 mg) and indicated reduced bioavailability at higher doses. The potential
saturation of enzymes responsible for metabolism at elevated doses might result in a lower
apparent bioavailability. Utilizing DILIsym, we delved into lamotrigine’s DILI potential
for individuals with diabetes and NAFLD. The outcomes revealed an increased risk, un-
derscoring the necessity for vigilant monitoring. This study accentuates the criticality of
comprehending lamotrigine’s pharmacokinetics for tailored treatment decisions, enhanced
outcomes, and minimized adverse reactions.

Notable discoveries include the observed negative correlation between Vitamin B12
and creatinine levels, along with significant correlations between Vitamin B12 and lipid
parameters and the decrease in bioavailability in higher doses. The development of PBPK
models has provided valuable insights into lamotrigine’s behavior at different doses, em-
phasizing the significance of therapeutic drug monitoring, particularly at higher doses. The
study identifies potential implications for liver function, emphasizing the importance of
prudent and personalized prescribing practices. The comprehensive liver function assess-
ment, conducted through DILIsym simulations and SimPops, offers a broader perspective
on dosing, therapeutic monitoring, and treatment outcomes across diverse patient popu-
lations. The study acknowledges the challenges in diagnosing DILI and underscores the
importance of vigilance in assessing patients with potential liver dysfunction. This research
contributes valuable insights into the intricate interplay between lamotrigine pharmacoki-
netics, serum parameters, and liver function. The findings underscore the significance of
personalized medicine, careful monitoring, and ongoing research to ensure the safe and
effective use of lamotrigine in diverse patient populations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/scipharm92010015/s1, Table S1. Summary of the SimPops simulated,
including population sample size and the number of parameters varied; Figure S1. Distribution of the
average age according to the different dose groups. The categories in-clude: “Very Low—1” group
(doses < 100 mg) with a minimum dose of 20 mg, “Low—2” group (doses between 100 and 200 mg),
“Average—3” group (doses between 200 and 400 mg “High—4” group (doses > 400 mg).
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