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Abstract
Despite its notable anticancer potential, betulinic acid (BA) exhibits limited bioavailability that hampers its therapeutic efficacy. To
address this issue, betulinic acid fatty esters were previously synthesized by employing stearic (St-BA), palmitic (Pal-BA), and butyric
acids (But-BA), and further incorporated into surface-modified liposomal formulations (St-BA-Lip, Pal-BA-Lip, But-BA-Lip). The BA
derivatives, as well as their liposomal formulations, were assessed against three human cancer cell lines: colorectal adenocarcinoma
Caco-2 cells, ovarian teratocarcinoma PA-1, and alveolar epithelial adenocarcinoma A549 cells. All compounds exhibited cytotoxic
effects in a time- and dose-dependent manner, more potently than the positive control, 5-fluorouracil (5-FU). But-BA-Lip exhibited
the best anticancer effects against all tested cancer cell lines, recording lower IC50 values than the parent compound (BA) and 5-FU
(15.55 µM against Caco-2 cells, 48.16 µM against PA-1 cells, and 25.3 µM against A549 cells). In silico molecular docking studies
revealed that Pal-BA showed superior binding affinity to AKT/PKB than the parent compound, BA, while But-BA showed enhanced
interaction with EGFR1. Both derivatives achieved 93% of the native ligand’s docking score, highlighting their therapeutic potential
through structural modifications.
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1. Introduction

Cancer is considered the leading cause of death worldwide and remains a global health problem due to the increase in
life expectancy and growing population [1]. Currently, cancer management has become more challenging due to mul-
tidrug resistance and the numerous adverse effects caused by conventional chemotherapeutic drugs that hamper patient
compliance [2]. As a consequence, researchers have turned their attention to nature, in search of a solution [3]. Natural
compounds have always been used as remedies against a wide range of pathologies, from treating infectious diseases to
impeding cancer development [4].

Betulinic acid (BA) is a secondary metabolite isolated from the species of the Betulaceae family [5] or obtained
through chemical modification [6] or biotransformation [7] of betulin, a similar compound isolated in higher concentra-
tions from the same species (up to 30% mass weight percentage) [8]. The current literature shows that BA has tremen-
dous therapeutic potential, especially in cancer, where it showed selective cytotoxicity in numerous types of cancer [9].
However, its applicability in therapy is limited due to its low bioavailability demonstrated in both in vitro and in vivo stud-
ies [10]. Researchers have employed several strategies to resolve this limitation, including (i) structuralmodification [11],
(ii) inclusion in liposomes [12], (iii) encapsulation in cyclodextrins [13] and (iv) formulation of metal nanoparticles [14].
Although the progress made using only one of these strategies is usually limited, an interesting strategy is to combine at
least two of these strategies to obtain more potent formulations [15].

Semisynthetic derivatives of BA are mainly obtained through the modification of three key positions of BA, namely
C3, C20 and C28 [10]. The derivatives synthesized until now vary greatly in terms of structural complexity, liposolubility
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and cytotoxicity [16], and although themajority of the studies tried to increase the hydrophilicity of BA, promising results
were also obtained in the case of more lipophilic derivatives, such as BA-fatty acid esters [17]. Some promising deriva-
tives have also been incorporated into liposomes, highly biocompatible and biodegradable nanocarriers able to increase
the solubility of a drug, enhancing their cytotoxicity even more [18]. Using surface-modified liposomes such as PEGy-
lated liposomes can increase the lifespan of liposomes in the bloodstream and even promote drug accumulation near the
tumor site [19]. Our team has synthesized and evaluated the anticancer effects of BA fatty esters using palmitic, stearic
and butyric acids and their respective liposomal formulations against A375melanoma cells, MCF-7 human breast adeno-
carcinoma cells, HT-29 colorectal adenocarcinoma cells and NCI-H460 non-small-cell lung adenocarcinoma cell lines,
revealing strong cytotoxic results, with some of them surpassing the anticancer effects of 5-fluorouracil (5-FU) [20, 21].
These promising results led our team to expand the in vitro evaluation of these derivatives against other types of ovarian,
colorectal, and lung cancer cell lines.

Furthermore, computational techniques have become indispensable tools for accelerating the process of under-
standing the mechanisms of action of potentially active compounds [22]. Among these, molecular docking stands out as
a versatile approach. It utilizes the 3D structure of a biological target, determined through experimental methods (X-ray
crystallography, NMR) to dock candidate molecules. These molecules are then ranked based on their binding affinity,
assessed using a scoring function, or their complementarity within the conformational space of the target protein’s active
site [23]. We previously used a molecular docking-based approach to evaluate the theoretical inhibitory capacity of the
three synthesized BA esters against protein targets involved in the intrinsic apoptotic pathway, like Bcl-2 and Bcl-XL.
Our results showed that But-BA outperformed BA and the other two esters in terms of binding affinity.

The current study presents the cytotoxicity assessment of three previously synthesized BA-fatty acid esters (St-BA,
Pal-BA, But-BA represented inFigure 1) and their liposomal formulations (St-BA-Lip, Pal-BA-Lip, But-BA-Lip) in three
cell lines: PA-1 (ovarian teratocarcinoma), Caco-2 (colorectal adenocarcinoma) and A549 (lung adenocarcinoma). More-
over, herein, we propose to build upon our previous docking work by expanding the scope to include additional protein
targets that play critical roles in cancer cell differentiation, migration, and survival, such as phosphatidylinositol 4,5-
bisphosphate 3-kinase catalytic subunit alpha isoform (PI3Kα), protein kinase B (AKT/PKB), mammalian target of ra-
pamycin (mTOR), phosphoinositide-dependent kinase-1 (PDK1), epidermal growth factor receptor 1 (EGFR1), vascular
endothelial growth factor receptor 2 (VEGFR2) and dual specificity mitogen-activated protein kinase 1 (MEK1).

St-BA:      R= CH3-(CH2)-16

Pal-BA:    R=CH3-(CH2)-14

But-BA:    R=CH3-(CH2)-2

Figure 1. The chemical structure of St-BA, Pal-BA and But-BA.
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2. Materials and Methods

2.1. Chemicals and Reagents

BA and 5-FU are commercially available products (Merck KGaA, Darmstadt, Germany) andwere usedwithout additional
purification. The preparation and physicochemical characterization of BA fatty esters (St-BA, Pal-BA, But-BA) and their
liposomal formulations (St-BA-Lip, Pal-BA-Lip, But-BA-Lip) were previously described [21]. Briefly, BA fatty esters
were obtained through a one-way reaction between BA and the acyl chlorides of palmitic, stearic and butyric acids in the
presence of 4-dimethylaminopyridine, followed by their inclusion in surfaced-modified liposomes obtained using the
thin-layer hydration method.

2.2. Cell Culture

Ovarian teratocarcinoma PA-1 cells, colorectal adenocarcinoma Caco-2 cells and adenocarcinoma human alveolar basal
epithelial A549 cells (purchased from American Type Culture Collection ATTC, Lomianki, Poland) were selected for
our study. The cells were acquired as frozen items and stored in liquid nitrogen until further usage. A549 cells were
cultured in Kaighn’s Modification of Ham’s F-12 Medium (F-12K) supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin (100 U/mL). Eagle’s Minimum Essential Medium (EMEM) was added with 10% FBS and
1% antibiotic mixture to propagate both PA-1 and Caco-2 cell lines. All cells were maintained in a humidified incubator
with 5% CO2 at 37 ◦C. An automated cell counter (Thermo Fisher Scientific, Inc., Waltham, MA, USA) in the presence of
trypan blue was used to determine cell number.

2.3. The Evaluation of Cell Viability

The viability of PA-1, Caco-2 and A549 cells was determined using the Alamar blue colorimetric assay. All cells were
seeded onto 96-well plates at an initial density of 1 × 104 and incubated until reaching 80–85% confluence. Afterward,
the old medium was removed using an aspiration station. The cells were stimulated for 24 h and 48 h, respectively,
using increasing concentrations (10, 25, 50, 75, 100 µM) of BA fatty esters (Pal-BA, St-BA, But-BA), their respective
liposomes (Pal-BA-Lip, St-BA-Lip, But-BA-Lip), the parent compound (BA) and its liposomes (BA-Lip). After 24 h and
48 h, respectively, 20 µL of Alamar blue reagent was added to each well and the cells were again incubated for 3 h.
The absorbance measurements were carried out at two wavelengths (570 and 600 nm) using a BioTek Synergy HTX
Multimode Reader (Agilent, Santa Clara, CA, USA).

2.4. Statistical Analysis

The statistical analysis was performed using one-way ANOVA followed by Dunnett’s post hoc test (GraphPad Prism
version 6.0.0, GraphPad Software, SanDiego, CA, USA). The differences between the groupswere considered statistically
significant if p < 0.05, as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.5. Molecular Docking

Molecular docking was employed using a previously published method [24]. All protein structures, retrieved from the
RCSB Protein Data Bank [25], were optimized as suitable docking targets, with Autodock Tools v1.5.6 (The Scripps Re-
search Institute, La Jolla, CA, USA) (Table 1). The 2D structure files for BA and its three esters were sketched using Ac-
celrys Biovia Draw (Dassault Systems BIOVIA, San Diego, CA, USA) and were converted into 3D structures with PyRx’s
Open Babel [26]. The native ligands were extracted from each protein’s PDB file and saved as separate structures, after
which, together with the other four ligands, all structures were converted into the docking required format. Molecular
docking was achieved with PyRx v0.8 [26] virtual screening software (The Scripps Research Institute, La Jolla, CA, USA)
using Vina’s scoring function [27]. The docking protocol was validated by re-docking the native ligands into their original
protein binding sites. The root means square deviation (RMSD) between the predicted and experimental docking pose of
the native ligand was calculated. Molecular docking was performed only for cases with RMSD values below a 2 Å thresh-
old. The grid box which delimitates the docking search space was selected to encompass the surrounding space where the
native ligand was bound in each protein. Grid box coordinates are available in Table 1. Docking scores were recorded as
binding energy values (kcal/mol). Protein–ligand binding interactions were quantified using Accelrys Discovery Studio
Visualizer 4.1 (Dassault Systems BIOVIA, San Diego, CA, USA).
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Table 1. Protein targets and parameters used for the docking-based screening of BA and its fatty acid esters.

Protein
(PDB ID)

Grid box center
coordinates

Grid box
size

Native ligand References

AKT/PKB
(4GV1)

x = −20.4343
y = 4.6659
z = 10.7795

x = 15.2922
y = 15.9257
z = 18.7420

Capivasertib

[28]

PI3Kα

(6GVF)
x = −15.9445
y = 146.113
z = 26.8339

x = 17.4660
y = 16.4602
z = 16.9395

Sapanisertib

[29]

mTOR
(4JSX)

x = 50.7082
y = −1.4947
z = −48.0854

x = 17.6426
y = 17.6426
z = 17.6426

Torin 2

[30]

PDK1
(2PE1)

x = −6.8741
y = 43.7199
z = 44.1092

x = 17.5633
y = 17.5633
z = 17.5633

[2-oxo-3-[1-(1H-pyrrol-2-yl)ethyl]indol-5-yl]urea

EGFR1
(1XKK)

x = 17.0780
y = 33.6056
z = 38.1419

x = 20.8624
y = 25.0
z = 20.4376

Lapatinib

[31]
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Table 1. Cont.

Protein
(PDB ID)

Grid box center
coordinates

Grid box
size

Native ligand References

VEGFR2
(4ASD)

x = −24.5826
y = −0.3015
z = −11.5944

x = 17.8157
y = 14.2582
z = 20.4376

Cl

F
FF

N
H

O

N
H

O

N
O

NH

Sorafenib

[32]

MEK1
(3DV3)

x = 40.9127
y = −14.2485
z = −3.2645

x = 15.2922
y = 15.9257
z = 18.7420

3,4-difluoro-2-[(2-fluoro-4-iodophenyl)amino]-N-(2-
hydroxyethoxy)-5-[(2-hydroxyethoxy)methyl]benzamide

[33]

3. Results

3.1. The Evaluation of the Cytotoxic Effect of Betulinic Acid Fatty Esters and Their
Respective Liposomes

The viability of ovarian teratocarcinoma PA-1 cells, colorectal adenocarcinoma Caco-2 cells and adenocarcinoma human
alveolar basal epithelial A549 cells were determined 24 h and 48 h after stimulation with BA fatty esters and their lipo-
somal formulations (10, 25, 50, 75 and 100 µM) by employing the Alamar blue assay.

The incubation of A549 cells for 24 h and 48 h, respectively, has revealed that both the fatty esters and their lipo-
somes decreased cell viability in a time- and dose-dependentmanner (Figure 2). Pal-BA, Pal-BA-Lip, St-BA-Lip, But-BA
and But-BA-Lip were able to inhibit cell viability more aggressively than the parent compound, BA, and even surpass the
anticancer effects of 5-FU, expressing lower IC50 values 48 h post-stimulation (Table 2). The results showed that the
liposomal formulations of BA fatty esters inhibited cell proliferation more potently than the free fatty esters, especially
when the highest concentration of each compound was applied, as follows: 26.21% ± 3.43 (Pal-BA-Lip 100 µM- 48 h)
vs. 28.43% ± (Pal-BA 100 µM- 48 h); 31.91% ± 3.61 (St-BA-Lip 100 µM- 48 h) vs. 48.6% ± 5.6 (St-BA 100 µM- 48 h);
21% ± 1.91 (But-BA-Lip 100 µM- 48 h) vs. 25.91% ± 5.39 (But-BA 100 µM- 48 h).
Table 2. The calculated IC50 values (µM) of 5-FU, BA, BA-Lip, Pal-BA, Pal-BA-Lip, St-BA, St-BA-Lip, But-BA and But-BA-Lip on
A549, Caco-2 and PA-1 cell lines 24h and 48 h post-stimulation.

Compounds A549 Caco-2 PA-1

24 h 48 h 24 h 48 h 24 h 48 h

5-FU 64.71 58.63 72.66 67.89 87.44 75.93

BA >100 44.19 96.7 74.84 >100 94.64

BA-Lip 74.12 40.12 49.01 46.34 91.1 70.76

Pal-BA 72.16 35.47 56.35 29.05 96.88 62.71

Pal-BA-Lip 66.39 29.73 49.66 23.11 94.7 52.62

St-BA 88.16 71.19 57.54 47.24 >100 89.7

St-BA-Lip 62.44 26.09 54.59 26.97 84.72 58.24

But-BA 70.58 38.5 27.27 27.24 87.35 58.59

But-BA-Lip 55.03 25.3 21.4 15.55 63.65 48.16
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Figure 2. A549 cell viability 24 h and 48 h post-treatment with BA, BA-Lip, 5-FU, St-BA, St-BA-Lip, Pal-BA, Pal-BA-Lip, But-BA,
But-BA-Lip and free Lip (10, 25, 50, 75 and 100 µM). The results are expressed as viability percentages compared to the control group
(100%) (*** p < 0.001 vs. control cells). The data represent the mean values ± SD of three independent experiments effectuated in
triplicates.

When tested against Caco-2 cells (Figure 3), both the fatty esters and their respective liposomal formulations ex-
erted stronger cytotoxic effects compared to the parent compound BA, and even compared to the positive anticancer
control, 5-FU, expressing significantly lower IC50 values (Table 2). Furthermore, it was shown that the incorporation
of BA fatty esters in PEGylated liposomes led to far improved anticancer effects especially when the highest tested con-
centrations were applied, as follows: 6.71% ± 0.23 (Pal-BA-Lip 100 µM- 48 h) vs. 8.93% ± 0.12 (Pal-BA 100 µM- 48 h);
16.91% ± 0.46 (St-BA-Lip 100 µM- 48 h) vs. 23.6% ± 1.52 (St-BA 100 µM- 48 h); 6.01% ± 2.16 (But-BA-Lip 100 µM-
48 h) vs. 19.41% ± 0.45 (But-BA 100 µM- 48 h), compared to 41.84% ± 3.29 (BA 100 µM- 48 h) and 31.31% ± 0.69
(5-FU 100 µM- 48 h).

Figure 3. Cont.
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Figure 3. Caco-2 cell viability 24 h and 48 h post-treatment with BA, BA-Lip, 5-FU, St-BA, St-BA-Lip, Pal-BA, Pal-BA-Lip, But-BA,
But-BA-Lip and free Lip (10, 25, 50, 75 and 100 µM). The results are expressed as viability percentages compared to the control group
(100%) (*** p < 0.001 vs. control cells). The data represent the mean values ± SD of three independent experiments effectuated in
triplicates.

In terms of anticancer activity against ovarian cancer, it was proven that except for St-BA, both the fatty esters
and their respective liposomes exerted stronger cytotoxic effects compared to the positive control 5-FU and the parent
compound BA (Table 2). The liposomes induced decreased PA-1 cell viability (Figure 4), superior to their respective
fatty esters, especially at the highest tested concentrations: 38.21%± 4.72 (Pal-BA-Lip 100 µM- 48 h) vs. 41.43%± 3.79
(Pal-BA 100 µM- 48 h); 41.41% ± 3.2 (St-BA-Lip 100 µM- 48 h) vs. 48.6% ± 0.92 (St-BA 100 µM- 48 h); 31.5% ± 2.32
(But-BA-Lip 100 µM- 48 h) vs. 39.91% ± 1.67 (But-BA 100 µM- 48 h).

Figure 4. PA-1 cell viability 24 h and 48 h post-treatment with BA, BA-Lip, 5-FU, St-BA, St-BA-Lip, Pal-BA, Pal-BA-Lip, But-BA,
But-BA-Lip and free Lip (10, 25, 50, 75 and 100 µM). The results are expressed as viability percentages compared to the control group
(100%) (*** p < 0.001 vs. control cells). The data represent the mean values ± SD of three independent experiments effectuated in
triplicates.

Free liposomes did not induce any significant cytotoxic effect against either tested cancer cell line.
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3.2. Molecular Docking

The current study used amolecular docking-based approach to determine possible protein targets for the three BA esters.
Subsequently, we docked the BA-derived esters, BA and the native ligands (NLs) (used as positive controls) against the
seven protein targets mentioned above (Table 1). The obtained docking scores are presented in Table 3.

Table 3. Recorded docking scores for BA and its fatty acid esters (binding energy,∆G kcal/mol).

Compound Binding free energy∆∆∆G (kcal/mol)

PI3KA AKT/PKB MTOR PDK1 EGFR1 VEGFR2 MEK1

NL −8.8 −9.4 −11.2 −8.8 −10.2 −12 −9.3

BA −6.6 −7.5 −8.5 −6.8 −9.1 5.2 −5.6

But-BA −5.9 −8.2 −7.7 −6.7 −9.5 4.5 −6.2

Pal-BA −6 −8.8 −8.1 −4.8 −7.1 2.2 −5.5

St-BA −6.3 −7.7 −7.8 −4.3 −6.9 2.2 −5.3

None of the docked compounds exhibited binding affinities lower than those of the NLs, which were used as positive
controls. Except in the case of VEGFR2, where all compounds recorded positive binding energy values, and thus cannot
form a ligand–protein complex, all docked structures can potentially inhibit each protein target to a certain degree. How-
ever, it is difficult to assert which inhibitory effect is stronger since values for the docked NLs vary between−8.8 and−12
kcal/mol. To better assess a more accurate ranking and certain affinities toward a specific protein target, the docking
scores were normalized as percentages relative to their respective NL’s docking score. These normalized values were
then visualized using a radar graph, with each corner representing one of the seven protein targets used (Figure 5).

Figure 5. Radar graphs of NL-normalized docking scores (lines) for all docked compounds, against 7 protein targets (corners).

The graph shows that BA derivatives exhibit a general trend toward AKT inhibition, where Pal-BA exceeds the 90%
threshold. The same threshold is exceeded by But-BA in the case of EGFR1. In both of these mentioned cases, the two
esters scored close to the native ligands (93% in both cases) which are biological inhibitors of their respective proteins.
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Pal-BA, due to its large hydrophobic sidechain, interacts with neighboring amino acid residues from the AKT binding
site, through multiple hydrophobic interactions (Figure 6). On the other hand, But-BA is considerably smaller and
thus reaches deep into the EGFR1 binding site. The binding pattern observed here is quite the opposite, where But-BA
interacts with binding site amino acids solely through hydrogen bonds (Figure 7).

Figure 6. The 3D and 2D representations of Pal-BA docked in the binding site of AKT/PKB (PDB ID: 4GV1).

 
Figure 7. The 3D and 2D representations of But-BA docked in the binding site of EGFR1 (PDB ID:1XKK).
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4. Discussions

Natural compounds play an important role in cancer therapy; many plant-derived anticancer agents have emergedwithin
pharmaceutical drug design in recent decades due to their lack of severe side effects, lower cost, and chemical diver-
sity [34]. Pentacyclic triterpenes have been extensively researched due to their valuable medical potential. BA can be
considered one of themost promising representatives of the lupane-type class of pentacyclic triterpenes, frequently being
reported in the literature for its tremendous pharmacological potential [35]. Despite its potential to become a suitable
treatment for several types of maladies, its low bioavailability hampers its therapeutic use [16].

Chemical derivatizations using fatty acids as reaction partners have become an interesting alternative for obtaining
bioconjugates with improved biological effects and biocompatibility; an important contribution could be attributed to
the intrinsic antifungal, antiviral and anticancer effects of fatty acids [36–38]. Similarly, the fatty ester of lupeol, namely
lupeol tricosanoate, was extracted from S. persica seeds by El-Desouky et al. and assessed against MCF-7, HT-29 and
HepG2 cell lines, revealing potent cytotoxic activity against all tested cancer cells, displaying low IC50 values (9.4 µg/mL
against MCF-7, 6.85 µg/mL against HT-29 and 12.74 µg/mL against HepG2 cells). To enhance their bioavailability, and
hence their biological effects, the synthesized BA fatty esters were encapsulated in surface-modified liposomes with PEG
fragments. PEGylated liposomes have been designed to overcome drug leakage and organ accumulation that charac-
terize conventional liposomes [39] in addition, PEG fragments attached to the liposomes’ surfaces provide increased
stability due to their ability to evade the immune system and lack interaction with plasmatic proteins [40]. Jin et al. has
demonstrated the anticancer effect of a cocktail containingBA, honokinol, ginsenosideRh2 and parthenolide, whichwere
further encapsulated in PEGylated liposomes and tested both in vitro against A549 cells and in vivo on A549 xenografted
nude mice. The results revealed synergistic inhibitory effects for the cocktail compared to the phytocompounds alone;
moreover, the encapsulation in liposomal formulations led to much improved anticancer and antitumor effects, superior
even to those recorded in the cisplatin-treated group [41].

Our team has previously synthesized and tested the BA fatty esters (Pal-BA, St-BA, But-BA) and their respective
liposomal formulations (Pal-BA-Lip, St-BA-Lip, But-BA-Lip) against human keratinocyte HaCaT cells, A375 human
melanoma cells, MCF-7 human breast adenocarcinoma cells, HT-29 colorectal adenocarcinoma cells and NCI-H460
non-small-cell lung adenocarcinoma cells [20, 21]. The results revealed that both the fatty esters and their respective
liposomal formulations induced strong cytotoxic effects in all tested cancer cell lines after prolonged exposure and espe-
cially after stimulation with the highest tested concentrations, in some cases even surpassing the cytotoxic effects of the
positive control 5-FU. In addition to this, we have decided to further investigate their anticancer potential against other
different cancer cell lines, namely PA-1 ovarian teratocarcinoma cells, Caco-2 colorectal adenocarcinoma cells and A549
adenocarcinomic human alveolar basal epithelial cells. The cytotoxic potential of BA fatty esters and their respective
liposomes was assessed by employing the Alamar blue assay. It was shown that all compounds inhibited the prolifera-
tion of cancer cells in a time- and dose-dependent manner, exhibiting more aggressive cytotoxic effects than the parent
compound (BA) and even the positive anticancer control, 5-FU. Furthermore, it was found that in all cases the encap-
sulation in PEGylated liposomes has led to stronger anticancer effects than the ones observed post-stimulation with the
unencapsulated fatty esters. The results obtained from the viability assessment were consistent with the ones proven on
the other tested cancer cell lines, demonstrating that the derivative But-BA-Lip exhibited the strongest anticancer effects,
displaying much lower IC50 values than the parent compound and 5-FU.

Molecular docking serves as a valuable technique for predicting the potential molecular mechanisms of action of ac-
tive biological compounds by targeting specific proteins [42]. Our observations based on computational analysis suggest
that BA fatty esters, especially Pal-Ba and But-BA, have anticancer potential through the specific inhibition of key pro-
teins involved in cancer development. But-BA showed a superior effect compared to BA in inhibiting EGFR1, a member
of the EGFR transmembrane glycoprotein family, which is considered a critical target for the development of anticancer
drugs [43]. BA inhibited the EGFR pathway in a wild-type EGFR non-small-cell lung cancer cell line, showing a potent
affinity toward a wild type of EGFR. Furthermore, BA combined with erlotinib/gefitinib synergistically blocked EGFR
and induced tumor suppression in vivo [44], suggesting that But-BA, which, in our study showed superior EGFR affinity
compared to BA, could be combined with other EGFR inhibitors for superior cytotoxicity.

5. Conclusions

Current challenges in cancer management emphasize the need for better alternatives to the current drug arsenal. BA’s
therapeutic potential proven for many types of cancer is hampered by its low bioavailability. An interesting strategy
to overcome this limitation is the encapsulation of fatty ester derivatives of BA into PEGylated liposomes. Our study
described the biological assessment of BA fatty esters previously synthesized using palmitic, stearic and butyric acids
and their respective PEGylated liposomes against Caco-2 colorectal adenocarcinoma cells, PA-1 ovarian teratocarcinoma
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cells and A549 adenocarcinomic human alveolar basal epithelial cells. All tested compounds revealed strong cytotoxic
effects after prolonged exposure with the highest tested concentrations, with most of them being able to surpass the
anticancer effects of the parent compound and the positive control 5-FU by displaying much lower IC50 values, and with
But-BA-Lip demonstrating themost impressive effects against all tested cancer cell lines. Molecular docking has revealed
that 3-O esterification with butyric acid may increase BA’s inhibitory potential against EGFR1 while a palmitic acid ester
of BA can theoretically outperform BA in terms of AKT/PKB inhibition. Future studies are required to establish the
intrinsic molecular mechanism of action responsible for the anticancer effects of both BA fatty esters and their liposomal
formulations and assess their in vivo potential effects and their toxicological profile.
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