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Abstract: Oleanolic acid, a naturally occurring triterpenoid compound, has garnered significant
attention in the scientific community due to its diverse pharmacological properties. Continuing
our previous work on the synthesis of oleanolic acid dimers (OADs), a simple, economical, and
safe acetylation reaction was performed. The newly obtained derivatives (AcOADs, 3a-3n) were
purified using two methods. The structures of all acetylated dimers (3a-3n) were determined based
on spectral methods (IR, NMR). For all AcOADs (3a-3n), the relationship between the structure and
the expected directions of pharmacological activity was determined using a computational method
(QSAR computational analysis). All dimers were also tested for their cytotoxic activity on the SKBR-3,
SKOV-3, PC-3, and U-87 cancer cell lines. HDF cell line was applied to evaluate the Selectivity Index
of the tested compounds. All cytotoxic tests were performed with the application of the MTT assay.
Finally, all dimers of oleanolic acid were subjected to DPPH and CUPRAC tests to evaluate their
antioxidant activity. The obtained results indicate a very high level of cytotoxic activity (IC5p for most
AcOADs below 5.00 uM) and a fairly high level of antioxidant activity (Trolox equivalent in some
cases above 0.04 mg/mL).

Keywords: oleanolic acid; triterpene dimers; oleanolic acid dimers; dimerization; acetylation; chemical
modification of triterpenes; chemical modification of natural compounds; SAR; cytotoxic activity;
antioxidant activity

1. Introduction

Triterpenoids, also known as isoprenoids, are a vast group of plant secondary metabo-
lites, including at least 40,000 species [1]. These substances occur in plants as glycosides,
or as aglycones, and, depending on their structure, they can be divided into monoter-
penoids, diterpenoids, sesquiterpenoids, triterpenoids, etc. The most numerous and most
widespread group in the plant world are triterpenoids, compounds containing 30 carbon
atoms that create various basic skeletons. The structure of these carbon skeletons is the
criterion for dividing triterpenoids into several subgroups, the most important of which are
oleananes, ursanes, lupanes, and friedelanes. Oleananes, the first of the mentioned, is the
most popular and numerous group of compounds among the triterpenes. Oleanolic acid
(Figure 1A) is the representative of this group and is the parent compound for the synthesis
of all derivatives presented in this publication. So far, the presence of oleanolic acid has
been proven in at least 1600 species of medicinal and edible plants [2]. Some of the richest
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sources of oleanolic acid include olive leaves and fruit (Olea europaea) [3], marigold herb
(Calendula officinalis) [4], and mistletoe herb (Viscum alba, Figure 1B) [5].
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Figure 1. (A) Structure of oleanolic acid (1) and (B) one of the sources of this compound—mistletoe
(Viscum alba) herb.

Oleanolic acid is a valuable substrate in the synthesis of numerous derivatives with
expected pharmacological activity. The second reason it is valued among scientists is
its numerous and valuable pharmacological properties. The latest research has shown,
among others, antidiabetic [6], neuroprotective [7], antioxidative and antiglycative [8],
antiaging [9], antidermatitic [10], osteoprotective [11], anti-inflammatory [12], antinoci-
ceptive [13], gastroprotective [14], liver-protective [15], antiviral [16], anticancer [17] and
other activities.

The greatest hopes regarding various directions of pharmacological activity of oleano-
lic acid (1) are associated with broadly understood “anticancer” activity, including antitu-
mor, cytotoxic against cancer cells, cytostatic against cancer cells, etc. activities. Cancer,
after cardiovascular disease, is the second cause of death in the world. All reports regarding
the number of cancer cases and the number of deaths caused by them indicate upward
trends [18], so it is really important to search for new, effective, and selective anticancer
agents. Studies published in recent years indicate high anticancer effectiveness of oleanolic
acid (1) against e.g., breast cancer [19], melanoma [20], colon carcinoma [21], hepatoma [22],
cervical carcinoma [23], osteosarcoma [24] and other carcinomas.
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Cancer diseases, as well as many other diseases, e.g., autoimmune disorders, aging,
cataracts, theumatoid arthritis, and cardiovascular and neurodegenerative diseases, are
caused by, among others, oxidative stress [25]. It is caused by excessive production of
Reactive Oxygen Species (ROS, free radicals) or their improper use by the body [26].
Under normal physiological conditions, free radicals exert beneficial effects on cellular
responses and immune function [25]. At high concentrations, they generate oxidative
stress, a deleterious process that can damage cell structures, such as DNA, lipids, and
proteins [27].

The antioxidant effect of oleanolic acid (1) probably involves quenching ROS, in-
hibiting lipid peroxidation, or indirectly stimulating cellular antioxidant defenses [28].
Antioxidant and free radicals scavenging activity of triterpenes are the subject of many
works, e.g., [29,30].

As we mentioned earlier, oleanolic acid (1), a naturally occurring triterpenoid com-
pound, has garnered significant attention in the scientific community due to its diverse
pharmacological properties, including anticancer and antioxidant activities. Recent studies
have focused on exploring structural modifications at the C-17 position of oleanolic acid (1)
in an effort to further enhance different biological activities.

SAR studies showed that derivatives of oleanolic acid (1) with structural modifica-
tions made within the C-17 carboxyl group, either forming esters or amides, significantly
increased their antitumor activity [31,32]. The diamine-PEGylated oleanolic acid derivative
(of amide structure) has potent anti-inflammatory activity in both in vitro and in vivo
models [33]. The acetylated derivative of oleanolic acid methyl ester showed an anti-
inflammatory effect in serotonin- and fresh egg-albumin-activated inflammatory models in
male Wistar rats [34]. Another derivative, oleanolic acid amide with 1,6-hexanediamine
moiety, showed a significant antimicrobial effect in vitro and decreased the toxicity of the
parent compound (1) by decreasing MIC in most of the tested Gram-positive bacteria,
highlighting its effectiveness against Staphylococcus aureus and methicillin-resistant Staphy-
lococcus aureus (MRSA) [35]. Oleanolic acid esters containing unsaturated bonds, when
compared to the mother compound (1), were effective anticancer agents [36]. Other esters
of this triterpene, containing uridine [37] or triazole system [38,39], were also efficient
anticancer agents and demonstrated excellent inhibition of proliferation when compared to
the starting compound (1). Oleanolic acid conjugates with cyclodextrines showed the most
promising antiviral effects without associated toxicity against host cells, thus suggesting
the occurrence of high antiviral selectivity that should be further investigated [40].

The above examples show that chemical modifications of the carboxyl group at the C-
17 position of the oleanolic acid molecule (1) are an excellent way to obtain derivatives with
a high level of pharmacological activity. They also confirm that our topic of chemical modi-
fication of the oleanolic acid (1) molecule by dimerization using the C-17 carboxyl group
is an extremely future trend that will result in obtaining numerous derivatives with an
interesting structure and valuable utilitarian properties, including pharmacological ones.

Triterpene dimers are an extremely interesting and almost unexplored research topic.
Joining two molecules of oleanolic acid through its C-17 carboxyl group is an excellent
example of a reaction in which appropriately selected parameters determine the profitability
of obtaining products.

Apart from our previous works [41,42], only one work is known from the scientific lit-
erature, which presented an initially developed procedure for the dimerization of oleanolic
acid through its C-17 carboxyl group [43]. With this method, after laborious purification
on a silica gel column, only a few dimers with an even number of carbon atoms in the
saturated liker have been obtained. These compounds showed a high level of cytostatic
activity. In some cases, the ICsy value did not exceed 10 uM [43]. These results encouraged
us to modify the known method and use it to obtain not only a set of dimers containing
from 1 to as many as 12 carbon atoms in the linker but also a linker containing a cis- or
trans-unsaturated bond.
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While our previous studies have examined the method of OADs synthesis, their
physicochemical properties, SAR analysis, cytotoxic activity, SI, and antioxidant activity
developed with DPPH and CUPRAC assays, there remains a significant gap in understand-
ing, e.g., physicochemical properties, SAR analysis, cytotoxic activity, SI and antioxidant
activity of modified OADs (e.g., AcOADs). This study aims to address this gap by spectral
data analysis and elucidation of how the presence of the acetyl group and the length of the
bridge connecting two triterpene units in OADs influence the physicochemical properties
of new products and their anticancer and antioxidant activity.

By achieving these objectives, the study aims to provide insights into designing more
effective OADs for therapeutic applications, particularly in areas where antioxidant and/or
cancer properties are desired.

2. Results
2.1. Synthesis of Acetylated Oleanolic Acid Dimers (AcOADs) 3a-3n

Chemical transformations of oleanolic acid (1) leading to AcOADs 3a—3n are shown in
Figure 2.

1. DMF, 80 °C, K,CO3,
2. Br-X-Br, 80 °C

2a-2n

:| (CH3CO),0, reflux
3a-3n

2a-2n:R=H, 3a-3n: R=CH;CO,

2a: X =-CHy-, 2b: X =-CHy-CH,-, 2¢: X =-CH,-CH)-CHy-, 2d: X = -CH,-CH,-CH,-CH,- ,
2e: X = -CH,-CH=CH-CH,- (cis), 2f:X =-CH,-CH=CH-CH,- (trans), 2g: X =-CH,-[CH,]3-CH,-,
2h: X = -CHz-[CH2]4-CH2- 5 2i: X = -CH2-[CH2]5-CH2- 5 ZjX = -CH2-[CH2]6-CH2- 5
2k: X = -CHp-[CH,]7-CH,-, 2I: X = -CH,-[CH,]s-CHy-, 2m:X = -CH,-[CH;]o-CH,-,
2n: X = -CHz-[CHz]lo-CHz- .

Figure 2. Synthesis of Acetylated Oleanolic Acid Dimers (AcOADs) 3a-3n.

Experimental work covered the acetylation reaction of the previously obtained dimers
of oleanolic acid 2a—2n [41]. As a result of this chemical transformation, the Acetylated
Oleanolic Acid Dimers (AcOADs) 3a-3n (Figure 2) were obtained with very high efficiency.
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2.2. Structure—Activity Analysis for Acetylated Oleanolic Acid Dimers (AcOADs) 3a-3n
The highest results of SAR analysis for Acetylated Oleanolic Acid Dimers (AcOADs)

3a-3n are given in Tables 1 and 2. The detailed results of the SAR analysis with P, > 0.700
are given in Supplementary Materials (Supplementary Materials S01, Table S1).

2.3. Cytotoxic Activity of Acetylated Oleanolic Acid Dimers (AcOADs) 3a-3n
2.3.1. In Vitro Assay

The cytotoxic activity of oleanolic acid (mother compound, 1, Figure 2) and its
14 derivatives (3a-3n, Figure 2) was tested in vitro using the standard MTT method based
on viability assay, e.g., [44] against carcinoma cell lines: SKBR-3, SKOV-3, PC-3, U-87, and
one normal cell line: HDF. The estimated 1Csy values for compounds 1 and 3a-3n are
presented in Table 3.

Table 1. The highest predicted activity of oleanolic acid (1) and Acetylated Oleanolic Acid Dimers
(AcOADs) 3a-3g determined by the PASS method [45].

1.000-0.950 0.949-0.900 0.849-0.800 0.799-0.750 0.749-0.700 <0.700

Activity

P, Factor (and P; Factor) of Compounds: 1 and 3a-3g

OA (1) 3a 3b 3c 3d 3e 3f 3g

Antiprotozoal
(Leishmania)

Apoptosis agonist
Caspase 3 stimulant
Caspase 8 stimulant

Chemopreventive

Hepatoprotectant

Insulin promotor

Lipid metabolism
regulator

Membrane integrity
antagonist

Oxidoreductase inhibitor

Transcription factor NF
kappa B stimulant

Transcription factor
stimulant

0.721 0.820 0.904
(0.008) (0.004) (0.003)

0.901
(0.004)

0.984 0.909 0.909 0.902 0.902 0.910
(0.002) (0.003) (0.003) (0.003) (0.003) (0.003)

0.914
(0.001)

0.937 0.928 0.928
(0.002) (0.002) (0.002)

0.930 0.939 0.941 0.958 0.959 0.963
(0.002) (0.002) (0.002) (0.001) (0.001) (0.001)

0.941 0.928 0.928 0.920 0.922
(0.002) (0.002) X)) (0.003) (0.002)

0.822 0.959 0.949 0.959 0.960 0.963
(0.005) (0.002) (0.003) X)) (0.002) (0.002)

0.928 0.936 0.930 0.939 0.913 0.943
(0.002) (0.001) (0.002) (0.001) (0.002) (0.001)

0.904 0.904 0.897 0.904 0.913 0.907
X)) (0.002) (0.002) (0.002) (0.002) (0.002)

0.954 0.916 0.918 0.911 0.911 0.911 0.908
(0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001)

0.954 0.916 0.918 0.911 0.911 0.911 0.908
(0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001)

Legend: P,—probability of activity; P;y—probability of inactivity.
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Table 2. The highest predicted activity of Acetylated Oleanolic Acid Dimers (AcOADs) 3h-3n
determined by the PASS method [45].

1.000-0.950 0.949-0.900 0.849-0.800 0.799-0.750 0.749-0.700 <0.700
. P, Factor (and P; Factor) of Compounds 3h-3n
Activity
3h 3i 3j 3k 31 3m 3n
Antiprotozoal 0.904 0.904 0.904 0.904 0.904 0.904

(Leishmania) (0.003) (0.003) (0.003) (0.003) (0.003) (0.003)

Apoptosis agonist

(0 (0 0.910 (0
(0.003) (0.003) (0.003) (0.003)

Caspase 3 stimulant

Caspase 8 stimulant

Chemopreventive
Hepatoprotectant 0.963 0.963 0.963 0.963 0.963 0.963 0.963
patop (0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001)
Insulin promotor 0.922 0.922 0.922 0.922 0.922 0.922 0.922
P (0.002) (0.002) (0.002) (0.002) (0.002) (0.002) (0.002)
Lipid metabolism 0.963 0.963 0.963 0.963 0.963 0.963 0.963
regulator (0.002) (0.002) (0.002) (0.002) (0.002) (0.002) (0.002)
Membrane integrity 0.943 0.943 0.943 0.943 0.943 0.943 0.943
antagonist (0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001)
Oxidoreductase inhibitor 0.907 0.907 0.907 0.907 0.907 0.907 0.907
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002) (0.002)
Transcription factor NF 0.908 0.908 0.908 0.908 0.908 0.908 0.908
kappa B stimulant (0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001)
Transcription factor 0.908 0.908 0.908 0.908 0.908 0.908 0.908

stimulant (0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001)
Legend: P,—probability of activity; P;—probability of inactivity.
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Table 3. Cytotoxic Activity (ICsp) and Selectivity Index (SI) of oleanolic acid (1) and Acetylated
Oleanolic Acid Dimers (AcOADs) 3a-3n against the tested cell lines determined in the MTT assay [44].

601-100 uM  10.01-150 uM  15.01-20.00 M 20.01-30.00 M
Number SKBR-3 SKOV-3 B U-87 HDF
of C Atoms Cl‘;'f)‘f" ICso (SD), ICso SD), ¢ ICso (SD), ICso 5D), ¢ ICso (SD),
in a Linker uM uM uM uM uM

0 1(0A) 1962(002) 127  1881(0.09 132 1863 (0.05) 133  18.15(0.01) 137  24.87(0.04)

1 3a 204(0.14) [P 220 (0.02) [EPECEE 226 (0.03) [EPKEEN 2.03 (0.03) EERZANEN YY)
2sat. 3b 297 (0.03) [EEXVANN 304009 [EEPXIEM 312004 [EPPIEE 310 (0.02) JEERZANTENORE))
3sat. 3¢ 3.82(0.05) IECEVNE 315009 [EOE/A 294002 EESUCEE 311001) [ 307 (0.12)
4sat. 3d 3.03(0.17) [EEEIN 259 (0.06) IEEWEEEN 350 (0.02) EEEK<EE 3.54(0.09) I .75 (0.05)

4 unsat. cis 3e 3.07(0.01) [PRVANN 295(0.07) [EEPIEM 335004 [ESCCEE 3.48 (0.03) 191 | 6.66(0.02)
4 unsat. trans 3f 7.06 (0.19) 0.57 6.92 (0.03) 0.58 6.70 (0.21) 0.60 6.80 (0.02) 0.59

5 sat. 3g 122 4.23 (0.09) 1.34 1.38 4.09 (0.05) 1.38 5.66 (0.41)

6 sat. 3h 525001 130 VA0V 145 | 513(011) @ 133  [EERERONE) 147 | 6.85(051)
7 sat. 3i 2.00 (0.15) 0.92 1.93 (0.06) 0.96 1.90 (0.01) 0.97 1.98 (0.09) 0.93

8 sat. 3 277004 EEPXOEM 251(0.11) EPPEEE 272 0.09) [EPEYEE 276 (0.02) EEPE YT

9 sat. 3k 2610.07) EVZEE 266 (0.01) VI 245001) EEWCEE 210 (0.04) R 1.94(0.07)

10 sat. 31 591(0.02) 061 | 595(0.04) 061 | 595(0.02) 061 | 547(0.08) 066 [EXIRONI

11 sat. 3m 2.59 2.00 1.76 (0.01) 2.62 2.52 4.62 (0.04)

12 sat. 3n 9.69(0.14) 152  1024(012) 143 | 949(011) 155  1015(027) 145 1470 (0.09)

Legend: OA—oleanolic acid (reference compound); sat.—saturated linker; unsat.—unsaturated linker; ICsp—half
maximal inhibitory concentration; SD—the standard deviation; SKBR-3—human breast adenocarcinoma; SKOV-
3—human ovarian cystadenocarcinoma); PC-3—human prostate carcinoma; U-87—human glioblastoma.

2.3.2. Selectivity Index

The results of the Selectivity Index, calculated as ICsy for normal cell line (HDF)/ICs
for respective cancerous cell line, are given in Table 3.

2.4. Antioxidant Activity of Acetylated Oleanolic Acid Dimers (AcOADs) 3a-3n

The results of the antioxidant activity of oleanolic acid (1) and Acetylated Oleanolic

Acid Dimers (AcOADs) 3a-3n evaluated with CUPRAC and DPPH assays [42,46] are given
in Figure 3. The results are presented as % inhibition of the copper(Il) ions and Trolox
equivalent (blue bars) calculated from the standard curve, presented in the Supplementary
Materials (Supplementary Materials S02, Figure S1) and as % inhibition of the DPPH radical
and Trolox equivalent (pink bars), calculated from the standard curve presented in the
Supplementary Materials (Supplementary Materials S02, Figure S2).



Molecules 2024, 29, 4291

8 of 26

0.08 - [ JcuPrAcC
[ OPPH

g 0.06
> i
E
=
[
g 0.04 4
=]
o
o
3 B8
o
= 0.02 1

0.00

Ja 3b 3c 3d 3e 3f 3g 3h 3i 3j 3k 3 3m 3n OA

Figure 3. The ability to inhibit the DPPH and CUPRAC radicals by AcOADs 3a-3n and oleanolic
acid (1, OA) expressed as Trolox equivalent.

3. Discussion
3.1. Synthesis of Acetylated Oleanolic Acid Dimers (AcOADs) 3a-3n
3.1.1. Acetylated Oleanolic Acid Dimers (AcOADs) 3a-3n Preparation

Acetylation of oleanolic acid derivatives is generally carried out in pyridine at room
temperature, e.g., [47]; however, in our work, the synthesis procedure was modified to
avoid the use of toxic pyridine. Two methods of modification were performed: (i) a
saturated solution of triterpene dimer in acetic anhydride was heated for 15 min, then
immediately filtered (without cooling) and allowed to crystallize; (ii) a saturated solution
of triterpene dimer in acetic anhydride was heated for 15 min, then poured into 5-volume
of water, filtered off, washed with water and dried. Crude products were crystallized
from ethanol. If crystallization failed, the product was precipitated with water from an
ethanol solution.

3.1.2. The Influence of Linker Structure of AcOADs 3a-3n on Their Melting Point

All Acetylated Oleanolic Acid Dimers (AcOADs) were crystallized from ethanol after
being isolated from the mixture after the reaction; in case of failure—they were precipitated
with water from an ethanol solution.

Figure 4A shows the dependence between the length of the linker connecting two
acetyloleanolic acid moieties (X-axis) and the melting point of the crystallized /precipitated
AcOADs (Y axis).
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Figure 4. The dependency between the melting point of AcOADs (3a-3n) and the number of car-
bon atoms in the linker joining two triterpene moieties: (A) AcOADs crystallized/precipitated
from ethanol; (B) AcOADs crystallized from ethanol (light violet bars) and acetic anhydride
(dark violet bars). Legend: OA—oleanolic acid (reference compound); sat.—saturated linker;
unsat.—unsaturated linker; init. m.p.—initial melting point; fin. m.p.—final melting point; m.p.,
cryst. from ethanol—melting point of dimer crystallized from ethanol; m.p., cryst. from acetic
anhydride—the melting point of dimer crystallized from acetic anhydride.

All AcOADs with short and moderately long linkers (3a-31, Figure 2) crystallized from
ethanol, and it was observed that as the length of the chain joining two triterpene units
increased, the solubility of the dimer in ethanol also increased, while the susceptibility
to crystallization decreased. Two AcOADs with the longest linkers, with eleven- and
twelve-carbon atoms (compounds 3m and 3n, respectively), were well soluble in ethanol
even at room temperature and did not crystallize, so these compounds were precipitated
with water from an ethanol solution.

The melting points of all AcOADs (3a-3n) were lower than the melting point of
oleanolic acid (298-300 °C) and were in the range of 108-287 °C. Considering the AcOADs
with saturated linkers (3a-3e, 3g-3n), it is quite clear that with an increase in the number of
carbon atoms in the linker connecting two acetyloleanolic acid residues (dimers 3a-3n), the
melting point decreases; AcOADs 3e (with a cis-unsaturated four-carbon linker), 5g (with a
five-carbon linker) and 5i (dimer with a seven-carbon linker) break out from the above rule.
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For cis and trans isomers (compounds 3e, 3f, respectively), the trans isomer showed a
higher melting point than the cis isomer, which is consistent with the general rules [48].

Figure 4B shows a comparison of the dependency of the linker’s length of AcOADs
(3a-3n) (X-axis) on the melting point of the dimer crystallized from ethanol (light violet
bars) and from acetic anhydride (dark violet bars) (Y axis).

Comparing the melting points of disubstituted dimers (3a-3n), crystallized from
ethanol and crystallized from acetic anhydride (Figure 4B), it can be easily seen that in
most cases, these temperatures are very similar. The exceptions are dimers 3e (with a
cis-unsaturated linker), 3m, and 3n (with an 11- and 12-carbon linker, respectively), which
did not crystallize from acetic anhydride.

Figure 5 shows a comparison of the dependency between the length of the linker
connecting two oleanolic acid moieties (OADs 2a—2n, green bars, [41]) and acetyloleanolic
acid moieties (AcOADs 3a-3n, blue bars) (X-axis) and the melting point of the purified
dimer of both series (Y axis).
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Figure 5. The comparison of the dependency between the melting point of OADs 2a-2n (green
bars) [41] and AcOADs 3a-3n (blue bars) and the length of carbon atoms in the linker joining
two triterpene moieties. Legend: OA—oleanolic acid (reference compound); sat.—saturated linker;
unsat.—unsaturated linker; unsubst. dimer m.p.—melting point of the unsubstituted dimer; subst.
dimer m.p.—melting point of the disubstituted dimer.

For AcOADs 3a-3c, 3f, 3h, 3i, 3k, and 31, the introduction of two CH3CO- groups
into the dimer molecule resulted in an increase in the melting point of the product, while
in the remaining cases, the acetylation product showed a lower melting point than the
corresponding substrates.

3.1.3. The Polarity of Acetylated Oleanolic Acid Dimers (AcOADs) 3a-3n

The polarity of AcOADs 3a-3n was clearly less polar than the polarity of oleanolic (1)
and acetyloleanolic acids.

Comparing the R; values of AcOADs 3a-3n (Table 4), it can be observed that the
polarity of these compounds was very similar. Only the disubstituted dimer with a one-
carbon linker (3a) and, to a lesser extent, the two AcOADs with the longest linkers (3m
and 3n) were slightly less polar than the other AcOADs (3b-31). The spots from the two
AcOADs with four-carbon bridges containing the unsaturated bond (3e and 3f) had almost
the same R as the spots of most of the other AcOADs, so the polarity of these compounds
is very similar.
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Table 4. The comparison of R; values of oleanolic acid (1), acetyloleanolic acid (AcAO), and
AcOADs 3a-3n.

>0.90 0.89-0.80 0.69-0.60 0.59-0.50 0.49-0.40 0.19-0.10 <0.09

Number of C Atoms Comp. R¢ value in C¢Hg: AcOEt (v:v)
in a Linker No. AcOEt 1:1 2:1 41 9:1 15:1 25:1 CsHs
0 1 (0A)
0 Ac-OA
1 3a
2 sat. 3b
3 sat. 3c
4 sat. 3d
4 unsat. cis 3e
4 unsat. trans 3f
5 sat. 3g
6 sat. 3h
7 sat. 3i
8 sat. 3j
9 sat. 3k
10 sat. 31
11 sat. 3m
12 sat. 3n

Legend: OA—oleanolic acid (reference compound); sat.—saturated linker; unsat—unsaturated linker; Ac-OA—
acetyloleanolic acid; Rg—retention factor; v:v—volume ratio; AcOEt—ethyl acetate; C¢Hg—benzene.
3.1.4. Spectral Characterization of Acetylated Oleanolic Acid Dimers (AcOADs) 3a-3n
Spectral Characterization of Disubstituted Dimer 3a (with One-Carbon Linker)

Graphic forms of the 'H NMR, 13C NMR, and DEPT spectra recorded for AcOAD

3a, which is representative of the “3” series of dimers, are provided in Supplementary
Materials (Supplementary Materials SO03).

Summary of IR Spectral Data of Acetylated Oleanolic Acid Dimers (AcOADs) 3a-3n

In all IR spectra of AcOADs 3a-3n, compared to the IR spectra of unsubstituted dimers
2a-2n [41], two additional absorption bands were observed, indicating the presence of
the CH3COO- group instead of the -OH group at the C-3 position. The first of them was
observed at v 1717-1720 cm ! and came from the carbonyl group within the acetoxy groups
(CH3COO-), while the second one was present at v 1453-1456 cm~! and came from the
stretching vibrations of the C-O- group at the CH3COO- function (Table 5).
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Table 5. The comparison of wavenumber values (v) for absorption bands derived from the most

characteristic functional groups within molecules of the dimers and 3a-3n.

1750-1700 cm™

1470-1400 cm™!

Num'ber of C Atoms Comp. No. vIem™]

in a Linker OH C=0 C-O-
0 1 T 1687 * 1452 *

1 3a - 1730.55, 1718.66 1461.76, 1454.02

2 sat. 3b -— 1730.49, 1718.46 1461.95, 1453.93

3 sat. 3¢ -—- 1731.53, 1718.88 1462.72, 1454.82

4 sat. 3d - 1730.30, 1718.02 1462.19, 1453.54

4 unsat. cis 3e -— 1729.25 1463.43, 1453.40

4 unsat. trans 3f - 1731.30, 1719.34 1464.58, 1456.30

5 sat. 3g - 1728.96, 1718.50 1463.13, 1454.76

6 sat. 3h -—- 1730.48, 1717.67 1463.84, 1454.52

7 sat. 3i - 1729.19, 1718.95 1463.99, 1453.76

8 sat. 3j - 1729.02, 1718.44 1464.02, 1453.33

9 sat. 3k -—- 1728.66, 1720.10 1463.55, 1454.11

10 sat. 31 - 1730.90, 1717.99 1464.91, 1453.72

11 sat. 3m -— 1729.09, 1718.18 1464.55, 1453.66

12 sat. 3n -—- 1729.16, 1718.24 1463.83, 1454.00

Legend: OA—oleanolic acid (reference compound); v—wavenumber value; sat.—saturated linker; unsat.—

unsaturated linker; *—published in [49].

Summary of 1H NMR Spectral Data of Acetylated Oleanolic Acid Dimers (AcOADs) 3a-3n

In the 'H NMR spectra of AcOADs (3a-3n), the presence of all signals characteristic
for the oleanane skeleton was found (Table 6), with the signal assigned to the proton in
the C-3 position being at a slightly higher chemical shift value than in the molecule of,
e.g., oleanolic acid (1). Moreover, the strong singlet derived from the CH3 group within
CH3COO- moiety was observed in the 'H NMR spectra of dimers 3a-3n at § 2.03-2.06 ppm

(Table 6).
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Table 6. The comparison of the most characteristic signals from "H NMR spectra for oleanolic acid (1)
and AcOADs (3a-3n).

dd —doublet of

s—singlet t—triplet doublets
Number Comp. Chemical Shift, § [ppm] (Multiplicity, J [Hz])
ofC Atoms N, Cp-H Linker C3-H Cis-H CH3COO-
in a Linker 12 37 o 18-173 3
0 1(0A) 527 (t,nd)* 3.18(dd, 11.0,5.0)*  2.85 (dd, 14.0, 4.0) *
1 3a 5.28 (t, 3.4) 5.73 () 448 (dd, 9.4,48)  2.82(dd, 13.5,3.5) 2.03 (s)
2 sat. 3b 5.29 (t, 3.2) 449 (dd,84,7.2)  2.86(dd, 13.2,3.7) 2.05 (s)
3 sat. 3¢ 5.28 (t, 3.3) 4.09 (t, 6.3) 449 (dd,9.7,7.9)  2.85(dd, 13.6,3.9) 2.04 (s)
4 sat. 3d 5.28 (t, 3.3) 449 (dd,9.7,79)  2.86(dd, 13.6,3.8) 2.05 (s)
4 unsat. cis 3e 529 (t,35)  4.63(ddd, 17.9,13.0,44) 449 (dd,9.5,7.5)  2.85(dd, 13.1,4.4) 2.06 (s)
4 unsat. trans 3f 5.30 (t, 3.2) 453 (t,13.9) 449 (dd, 95,75  2.88(dd, 13.7,3.9) 2.06 ()
5 sat. 3g 5.28 (t,3.2) 4.02 (t, 6.4) 449 (dd,79,9.2)  2.86(dd, 13.8, 4.0) 2.05 (s)
6 sat. 3h 5.29 (t, 3.4) 4.02 (t, 6.5) 450 (dd,7.9,44)  2.87(dd, 14.1,4.1) 2.06 ()
7 sat. 3i 5.28 (t, 3.4) 450 (dd 7.9, 4.5) 2.88 (dd, 13.8, 4.0) 2.06 (s)
8 sat. 3j 5.27 (t, 3.2) 450(dd,7.9,45)  2.86(dd, 13.9,3.5) 2.04 (s)
9 sat. 3k 5.28 (t,3.2) 450 (dd, 7.9,44)  2.88(dd, 13.6,3.9) 2.05 (s)
10 sat. 3l 5.25 (t, 3.4) 449 (dd, 10.2,87)  2.88(dd, 14.4,3.2) 2.03 (s)
11 sat. 3m 5.27 (t,3.7) 449 (dd, 10.1,87)  2.87(dd, 13.3,4.6) 2.05 (s)
12 sat. 3n 5.28 (t,3.2) 449 (dd, 9.5,48)  2.87(dd, 13.7,3.9) 2.05 (s)

Legend: OA—oleanolic acid (reference compound); 5—chemical shift; sat.—saturated linker; unsat.—unsaturated
linker; n.d.—no data, J—coupling constant, Hz—hertz (the unit of frequency); *—published in [49].

The signal derived from protons attached to the extreme carbon atoms within the
linkers of AcOADs 3b-3n was usually observed in the range of 6 4.00-4.63 ppm (Table 6),
and only for the dimer with a one-carbon linker (3a) at 6 5.73 ppm. This signal was most
often observed as a multiplet (for dimers: 3b, 3d, 3i, 3j, 3k, 31, and 3n) or a triplet (for
dimers: 3¢, 3f, 3g, and 3h), rarely as a triplet of doublets (for dimer 3m). Only for the dimer
with the shortest linker (3a) the discussed signal was observed in the form of a singlet,
while for the dimer 3e, with a four-carbon linker containing a cis-unsaturated bond, the
discussed signal was present in the form of a doublet of doublets of doublets (ddd).

Summary of 13C NMR Spectral Data of Acetylated Oleanolic Acid Dimers (AcOADs) 3a-3n

The values of chemical shifts for the most important signals present in the 3C NMR
spectra of AcOADs 3a-3n, characteristic for the oleanane system and the extreme atoms of
the linker connecting two triterpene residues, are presented in Table 7. For comparison, the
relevant spectral data for oleanolic acid (1) are also given [49].
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Table 7. The comparison of the most characteristic signals from '>*C NMR spectra of the dimers 3a-3n.

Numberof C (o Chemical Shift, § [ppm]
Atoms in a
Linker No. C-28 CH;COO-  C-13 Cc-12 C-3 linker C-17  CH;COO-
0 1(0A) 180.40 * 14379* 12225* 7831*
1 3a 176.31 171.03 14335 12254  80.90
2 sat. 3b 177.40 170.94 14354 12238  80.83
3 sat. 3¢ 17745 170.92 14363 12226 8078
4sat. 3d 177.59 170.95 14372 12223  80.80
4 unsat. cis 3e 177.28 170.97 14360 12229  80.84
4 unsat. trans 3f 177.30 171.02 14367 12236 80.88
5 sat. 3g 177.64 170.96 14374 12222 80.83
6 sat. 3h 177.59 170.97 14380 12221  80.86
7 sat. 3i 177.74 171.02 14383 12224  80.90
8 sat. 3 177.73 171.02 14381 12222 80.90
9 sat. 3k 177.74 170.98 14386 12224  80.89
10 sat. 3l 177.73 170.97 14383 12222  80.88
11 sat. 3m 177.72 170.93 14383 12221  80.87
12 sat. 3n 177.73 170.90 14379 12217  80.84

Legend: OA—oleanolic acid (reference compound); 5—chemical shift; sat.—saturated linker; unsat.—unsaturated
linker; *—published in [49].

In the 13C NMR spectra of AcOADs (3a-3n), signals originating from the characteristic
carbon atoms of the oleanane system were observed at typical values of chemical shifts [49],
namely: 4 ~122 ppm (C-12), 6 ~144 ppm (C-13) and 6 ~46 ppm (C-17) (Table 7). The signal
derived from the C-3 carbon atom was observed at the value of chemical shift characteristic
for acetyl derivatives, e.g., [44], i.e., at § of about 81 ppm. In addition, in the analyzed B¢
NMR spectra of dimers 3a-3n, the presence of two additional signals was found at & of
about 171 and 21 ppm. These are chemical shift values typical for the CH3COO- group [44].

The extreme carbon atoms in the linkers of AcOADs 3a-3n formed a signal observed in
the range of 4 60-64 ppm, except for the derivative with a bridge containing an unsaturated
bond in the cis system (3e), for which the signal was observed with a significantly lower
chemical shift value (6 59.60 ppm), and also with the exception of the derivative with a
one-carbon bridge (3a, 6 79.36 ppm).

3.2. SAR Analysis of Acetylated Oleanolic Acid Dimers (AcOADs) 3a—3n

The Structure—Activity Relationship Analysis was performed with the application
of a PASS (prediction of activity spectra for substance) computer system [45]. The web-
based application predicts the biological activity spectrum of a compound based on its
structure. It works on the principle that the biological activity of a compound equates to
its structure. The activity of the molecule is predicted by “comparing” the structure of the
new compound with the structure of a well-known biological active substrate existing in
the database [50].

The probability of occurrence of a given activity is defined as P,, and the probability of
non-occurrence of this activity is defined as P;. Both values are expressed in a range between
0 and 1. If, for a given compound, the value of P, is greater than 0.700, it indicates a very
high probability that this compound will also show this activity in experimental studies
and will prove to be a functional analog of an existing drug. If the P, value is contained
in the range of 0.500-0.700, there is a significant probability that the substance will show
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such activity experimentally but will not be structurally similar to known active substances.
Where the calculated probability occurrence of a given activity will be below 0.500, there
is only a small chance that the analyzed compound will show a certain biological activity
under the conditions of the experiment, but if the experiment confirms such action, the
given compound may become a New Leading Structure [50].

The negative control sample in our computational studies was the parent compound,
i.e., oleanolic acid (1). This statement is based on many scientific publications in which
various directions of pharmacological activity of oleanolic acid (1) and its derivatives were
compared. Of course, it happened (but rarely) that the parent compound (i.e., oleanolic
acid, 1) was slightly more active than the derivatives obtained from it, but most often, the
derivatives were much more active compounds. Excellent support for this thesis is, for
example, our publications in which we presented the chemical transformations of oleanolic
acid and research on the pharmacological activity, mainly anticancer, of these derivatives
and the parent compound (e.g., [41,42,44].

Tables 1 and 2 show the results of predicted biological activities with P, > 0.900 for
oleanolic acid (1) and AcOADs (compounds 3a-3n). The results of predicted biological
activities with P, > 0.700 for oleanolic acid (1) and dimers 3a-3n are presented in the
Supplementary data (Supplementary Materials S01, Table S1).

A level of probability of occurrence of a given activity (P,) above 0.700 was noted for
all 14 AcOADs 3a-3n. For these compounds, the program predicted 33 types of activity,
with antineoplastic (against colon cancer and colorectal cancer) and vasodilator peripheral
activity shown only by dimer 3a (with the shortest one-carbon bridge). For 8 types of
pharmacological activity (caspase 3 stimulator, hepatoprotectant, insulin promoter, lipid
metabolism regulator, membrane integrity antagonist, oxidoreductase inhibitor, transcrip-
tor factor NF kappa B stimulator, and transcriptor factor stimulator), the level of activity
above 0.900 was predicted for almost all 14 AcOADs (3a-3n). For some predicted activ-
ities, AcOADs with an unsaturated linker (3e and 3f) behaved atypically—as the only,
or almost the only, out of 14 AcOADs, they showed lower activity than the other dimers
(anti-inflammatory, antipruritic, antitussive, lipid peroxidase inhibitor), or clearly higher
(anti-ulcerative, chemopreventive, cytoprotectant). It was observed that only for some
types of biological activity and only for dimers containing from one to three or four -CH,-
groups in the linker, as the linker lengthens, there is a clear increase or decrease in the level
of biological activity.

Comparing the results of the predicted biological activities for unsubstituted dimers
of oleanolic acid (2a—2n, [41]) and their acetyl derivatives (3a-3n), it can be seen that the
introduction of acetyl groups to the dimer molecule causes the following effects:

e the appearance of new types of biological activity, e.g., antineoplastic (against colon
and colorectal cancers), cholesterol antagonist;

e loss of activity, e.g., diacylglycerol O-acyl transferase inhibitor, phospholipase in-
hibitors;

e does not significantly affect the level of some activities, e.g., acylcarnityne hydrolase
inhibitors, anti-inflammatory, antipruritic, chemopreventive;

e reduction of the level of some activities, e.g., antitussive, chitinase inhibitors, cytopro-
tective;

e increasing the level of certain activities, e.g., antisecretoric, mucomebranous protector.

In summary, AcOADs 3a-3n may exhibit several valuable pharmacological activi-
ties in vitro, with the highest levels of these activities expected from short-linker dimers
containing four or fewer saturated carbon atoms.

3.3. Cytotoxic Activity of Acetylated Oleanolic Acid Dimers (AcOADs) 3a-3n
3.3.1. MTT Assay

Comparing the ICs values obtained for four cancer cell lines SKRB-3, SKOV-3, PC-3,
and U-87, which were treated with OADs (2a—2n, [41]) and AcOADs (3a-3n, Figure 2), it
can be observed that the introduction to a dimer molecule of two acetyl residues causes
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an increase in the level of cytotoxic activity in the case of most dimers (Table 3). The least
active turned out to be AcOADs with the longest twelve-carbon chain. The dimer with a
four-carbon trans-unsaturated bridge 3f and dimers with a six- and ten-carbon linker (3h
and 31, respectively) were approximately 3 times more active than oleanolic acid (1), and
the ICs value for these three compounds ranged from 4.65 to 7.06 uM. Six AcOADs, i.e., 3b
(with a two-carbon linker), 3¢ (with a three-carbon linker), 3d (with a saturated four-carbon
linker), 3e (with a four-carbon cis-unsaturated linker), 3g (with a five-carbon linker) and
3j (with an eight-carbon linker) showed an ICsy value of 2.5-4.5 uM, which means that
the level of cytotoxic activity towards the four cancer cell lines tested was 4 to 6.5 times
higher than that of oleanolic acid (1). The highest activity, from 7 to over 9 times higher
than oleanolic acid (1), was demonstrated by four AcOADs, i.e., 3a (with a one-carbon
linker), 3i (with a seven-carbon linker), 3k (with a nine-carbon linker) and 3m (with an
eleven-carbon linker). The IC5( value for the four dimers mentioned (3a, 3i, 3k, and 3m)
was around 2 uM. Particularly noteworthy are dimers 3i and 3m, for which, in tests on
almost all four cell lines, the IC5, value did not exceed 2 uM (Table 3).

3.3.2. Selectivity Index

Table 3 presents values of the Selectivity Index (SI) for oleanolic acid (1) and AcOADs
3a-3n, expressed as a simple ratio of ICs calculated for healthy and cancer cells [51].

The SI value is a very valuable indication in studies mainly concerning cytotoxic/
anticancer activity of both preparations from raw materials of natural origin, single chemical
substances isolated from such raw materials, and chemically modified compounds of
natural origin. In some cases, the SI value is even a deciding factor in whether research
on a medicinal preparation or chemical substance will be carried out further. Pena-Moran
et al. believe that the limit value of the Selectivity Index determining the validity of further
research is at least 10 [52]. In turn, Valderrama and co-workers stated that for individual
substances that would become potential anticancer agents, the Selectivity Index limit value
is at least 2 [53].

Of the 14 AcOAD:s tested (3a-3n), as many as 10 dimers showed a Selectivity Index
value higher than 1.00 (3a, 3b, 3d, 3e, 3g, 3h, 3j, 3m, and 2n) and the next two (3c and 3i)
showed an SI value slightly lower than 1 (Table 3). According to Valderrama et al. [53], as
many as five diacetylated oleanolic acid dimers, i.e., 3a, 3b, 3e, 3j, and 3m (with a one-, two-,
eight- or eleven-carbon linker, respectively), have a chance to become potential anticancer
compounds. For the AcOADs mentioned, the Selectivity Index value exceeded 2, and for
the 3a dimer, with the shortest, one-carbon bridge, it was approximately 3 (Table 3).

Comparing the SI value for dimers with a four-carbon unsaturated linker (cis and trans,
3e and 3f, respectively), it was found that the cis dimer (3e) is a highly selective anticancer
agent (SI about 2), while the trans isomer (3f) showed a weak selectivity towards all four
cancer cell lines, the SI value for the dimer 3f was only about 0.5 (Table 3).

3.4. Antioxidant Activity of Acetylated Oleanolic Acid Dimers (AcOADs) 3a-3n

Evaluating antioxidant activity using the DPPH and CUPRAC assays provides com-
plementary insights into the radical scavenging capabilities of a new set of synthesized
oleanolic acid derivatives. These assays reveal distinct differences in the antioxidant poten-
tial of the compounds when compared to each other and the natural compound, oleanolic
acid (OA). In the CUPRAC assay, OA displayed a significantly higher antioxidant activity
(0.05474 £ 0.00171 Trolox equivalents) compared to the DPPH assay (0.01907 % 0.000650639
Trolox equivalents), indicating an overall solid reducing power but a moderate ability to
donate hydrogen atoms to DPPH radicals (Figure 3). Among the synthesized derivatives,
compounds 3b, 3e, and 3m showed the highest CUPRAC activity, suggesting significant re-
ducing capacity, although they did not surpass the activity of OA. Conversely, in the DPPH
assay, derivatives 3a, 31, 3j, and 3k exhibited higher antioxidant activity than OA, with
31 demonstrating the highest activity, indicating their effectiveness at donating hydrogen
atoms to neutralize DPPH radicals (Figure 3).
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The distinct results between the CUPRAC and DPPH assays highlight the varied
antioxidant mechanisms of these compounds. For instance, compound 3a demonstrated
high DPPH activity but only moderate CUPRAC activity, while 3b showed high CUPRAC
activity but low DPPH activity (Figure 3). This variation suggests that dimer 3a is particu-
larly effective at hydrogen donation, whereas dimer 3b possesses a strong overall reducing
power due to different electron-donating capabilities. This pattern of differential activ-
ity is also seen in derivatives 3e and 31, which show relatively balanced activities across
both assays, although 31 exhibited extremely high DPPH activity, suggesting a specialized
hydrogen donation mechanism.

Compared to previously analyzed derivatives marked by the number 2 [41,42], these
new derivatives (marked by the number 3) exhibit a broader range of antioxidant activities.
In the previous analysis, derivatives 2g, 2i, 2j, and 2m showed high CUPRAC values,
similar to 3b and 3e, indicating a robust reducing capacity. However, derivatives like
2a, which showed high DPPH activity but lower CUPRAC activity [41,42], parallel the
behavior of derivative 3a in the current set. This comparison underscores the importance
of structural modifications in influencing antioxidant activity and highlights the need for a
comprehensive approach to evaluating these activities using multiple assays.

In conclusion, while oleanolic acid remains a potent antioxidant, certain synthesized
derivatives from the current set (marked by 3) exhibit superior activity in specific as-
says compared to previously analyzed derivatives (marked by 2) [41,42]. The variability
in performance across the CUPRAC and DPPH assays emphasizes the diverse antioxi-
dant mechanisms and the necessity of a multifaceted approach to evaluating antioxidant
capacity. Future research should focus on understanding the structural features that
drive these differences and exploring the potential therapeutic applications of the most
promising derivatives.

3.5. Potentials and Limitations Concerning Acetylated Oleanolic Acid Dimers (AcOADs) 3a-3n

The obtained oleanolic acid dimers (OADs) and their acyl derivatives (AcOADs) show high
potential for future studies in clinical trials. This potential is expressed in the following ways:

1.  Exceptional cytotoxic efficacy: Our studies have shown that acetylated oleanolic
acid dimers (AcOADs) exhibit potent cytotoxic activity against various cancer cell
lines, including SKBR-3, SKOV-3, PC-3, and U-87. Many of the tested compounds
had ICsq values below 5.00 uM, suggesting their high effectiveness. It is important to
note that such efficacy in in vitro studies is often a preliminary indicator of potential
therapeutic value in in vivo studies.

2. High selectivity of action: It is worth emphasizing that some of the tested compounds
also showed a favorable Selectivity Index (SI), which means that they are more toxic
to cancer cells than to healthy cells. This action profile is desirable in the context of the
development of new anticancer drugs, as it minimizes the risk of damage to healthy
tissues during therapy.

3. Antioxidant activity: In addition to cytotoxic activity, AcOADs have also shown
significant antioxidant potential, which may further enhance their therapeutic value.
It is known that oxidative stress plays an important role in the pathogenesis of many
diseases, including cancer. Dual-acting compounds—cytotoxic and antioxidant—may
offer an advantage in cancer therapy by helping to reduce free radical damage and
improve the overall condition of patients.

4.  Possibility of structural optimization: Structure-activity studies (SAR) indicate the
possibility of further optimization of these compounds, which may lead to an increase
in their pharmacological activity and improvement of pharmacokinetic properties.
Such optimization could increase their bioavailability and stability and reduce poten-
tial side effects, which is crucial in the context of drug development.

5. Future preclinical and clinical studies: Based on the above results, we believe that
AcOADs have great potential to advance to in vivo preclinical studies that will allow
for the evaluation of their performance in animal models, safety, toxicity, and mech-
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anisms of action. Following positive results from preclinical studies, consideration
could be given to start initial clinical trials (Phase I) in small patient groups to assess
safety, tolerability, and preliminary efficacy.

Potential Therapeutic Applications: Due to their broad spectrum of anticancer
activity and antioxidant properties, AcOADs may be considered candidates for the
therapy of various types of cancers, including those that are difficult to treat, such as
those resistant to standard therapies. Moreover, their potential use in combination
therapy with other anticancer drugs may open new directions in clinical research.

In summary, AcOADs have significant potential as promising new therapeutic agents

for cancer treatment. Further research should focus on optimizing their structure, assessing
safety in animal models, and, in the future, on clinical trials, which will allow for a full
understanding of their therapeutic potential.

Despite this extremely promising potential, some limitations may be noticed. They

concern the following aspects:

1.

Limited number of compounds: In our study, we focused on the synthesis and
characterization of only a dozen or so dimeric oleanolic acid derivatives in which only
one type of chemical transformation was performed at the C-3 position, which limits
the possibility of fully understanding the impact of various chemical modifications on
their biological activity. Although the obtained results are promising, it is necessary to
extend the research to a larger number of compounds resulting from other chemical
modifications, not only at the C-3 position but, e.g., at the C-11 or C-12 position, to
better understand the relationship between structure and activity.

In vitro tests: All experiments regarding anticancer and antioxidant activity were
performed on cell lines in vitro. The results of these studies, although promising, do
not always translate directly into effectiveness in living organisms. Future studies
should include in vivo studies to assess the bioavailability, toxicity, and therapeutic
effectiveness of these compounds in animal models.

Lack of analysis of mechanisms of action: In the presented work, we focused mainly
on the assessment of biological activity and physicochemical characteristics of new
compounds. However, we have not conducted detailed studies of the mechanisms
of pharmacological action that would allow us to understand the precise molecular
pathways through which these compounds exert their anticancer and antioxidant
effects. In future studies, we plan to analyze the mechanisms of action, which will
help to better understand the therapeutic potential of these compounds.

Lack of long-term stability studies: Long-term stability studies of the new derivatives
were not carried out in this study. The stability of chemical compounds is crucial for
their potential clinical use. We intend to address this aspect in future work, which will
allow us to better determine the suitability of these compounds as drug candidates.
Poor water solubility: One of the main challenges in developing new oleanolic
dimeric acid (OAD) derivatives is their limited water solubility. Although this aspect
may affect the bioavailability of compounds in vivo, it is worth emphasizing that
most potential drugs face similar challenges in the early stages of research. Our study
provides important information on the structure and activity of these compounds,
which can provide a solid basis for further structural modifications. These modifica-
tions have the potential to improve water solubility and thus increase their usefulness
in clinical applications. We are also considering conducting research that will enable
us to solve the problem of the lack of solubility of triterpene derivatives in water, e.g.,
with the application of liposomes, nanocomplexes, or other techniques.

In conclusion, although there are some limitations, such as poor water solubility, our

study provides valuable information and provides a solid basis for future work on the
improvement of these compounds. We believe that further research will help overcome
these challenges and contribute to the development of effective anticancer drugs.

Considering the above limitations will help a better understanding of the results and

design future studies that could overcome these challenges.
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4. Materials and Methods
4.1. Materials
4.1.1. NMR

The 'H- and '3C-NMR spectra were recorded using a Bruker Advance 600 MHz
spectrometer (Billerica, MA, USA). Chemical shifts (8) were expressed in parts per million
(ppm) relative to tetramethylsilane (TMS) as an internal standard, using CDCl; as a solvent.
Coupling constants (J) are expressed in Hertz (Hz).

4.1.2. Syntheses, TLC and HP TLC and Antioxidant Activity

All commercially available solvents and reagents used in our experiments were
graded “pure for analysis” (Aldrich®, Darmstadt Germany; Fluka®, Charlotte, NC, USA;
Chempur®, Piekary Slaskie, Poland; and POCh®, Gliwice, Poland). The solvents were
dried according to the usual procedures. Oleanolic Acid Dimers (OADs) were obtained
according to the earlier described procedure [41].

4.1.3. MTT Assay

Human cancer cells: SKBR-3 and SKOV-3 were cultured in McCoy’s Modified Medium;
PC-3 was cultured in an F-12K medium; U-87 was cultured in EMEM medium; HDF was
cultured in Fibroblast Basal Medium. Each medium was supplemented with 10% fetal
bovine serum, 1% L- glutamine, and 1% penicillin/streptomycin solution. The cell lines
were kept in an incubator at 37 °C. All the cell lines and mediums were obtained from the
American Type Culture Collection (ATCC) supplied by LGC-Standards (Lomianki, Poland).

4.1.4. Antioxidant Activity

The CUPRAC reagent (7.5 mM ethanolic 96% neocuproine solution, 10 mM CuCl,
H, 0 solution, and an ammonium acetate buffer of pH 7.0) and DPPH reagent (2,2-diphenyl-
1-picrylhydrazyl 0.2 mM solution) were applied.

4.2. Methods
4.2.1. Preparation of AcOADs—General Method A

A saturated solution of dimers 2a-2n [41] in hot acetic anhydride was refluxed until
total consumption of starting material (TLC control; usually 15 min). The obtained hot
solution was filtered and left for crystallization or precipitated with water, filtered off,
and dried.

4.2.2. Preparation of AcOADs—General Method B

A saturated solution of dimers 2a-2n [41] in hot acetic anhydride was refluxed until
total consumption of starting material (TLC control; usually 15 min). The obtained hot
solution was poured into a 5-time volume of water. The resulting precipitate was filtered
off, washed with water, dried, and crystallized from ethanol or re-precipitated with water
from ethanolic solution.

Spectral characteristics presented below contain only the signals most characteristic
for the molecules of the obtained compounds 3a-3n.

Dimer 3a: Cg5H109Os; mol. mass: 1008.74; yields: 960 mg (=94.9%); m.p.: 286-288 °C
(Met. 1), 287-290. °C (Met. 2, EtOH); IR (v, cm~!): 1730.55 and 1718.66 (2 x C=0),
1461.76 and 1454.02 (2 x C-O-). 'H NMR (5, ppm): 5.73 (2H, s, -O-CH,-0O-), 5.28 (2H, t,
J=34Hz, 2 x C5-H),4.48 2H, dd, J=9.4 and 4.8 Hz, 2 x C3-H), 2.82 (2H, dd, ] =13.5
and 13.5 Hz, 2 x Cg-Hp), 2.03 (6H, s, 2 x CH3COO-), 1.12, 0.92, 0.90, 0.89, 0.86, 0.85,
0.74 (7 x 6H, 7 x s, 14 CH; groups). 3C NMR (5, ppm): 176.31 (2 x Cq, 2 x C-28),
171.03 (2 x Cq, 2 x CH3COO0-), 143.35 (2 x Cq, 2 x C-13),122.54 (2 x CH, 2 x C-12), 80.90
(2 x CH, 2 x C-3),79.36 (1 x CHy, -O-CH-0O-), 46.75 (2 x Cq, 2 x C-17),21.29 (2 x CHj,
2 x CH3COO-). DEPT: CH3: 8 x 2 CHj3 (8 signals, 16 CHs groups), CHj: 10 x 2 CH; +
1 x 1CH, (11 signals, 21 CH; groups), CH: 5 x 2 CH (5 signals, 10 CH groups).
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Dimer 3b: CgH0pOs; mol. mass: 1022.76 yields: 930 mg (= 90.7%); m.p.: 257-258 °C
(Met. 1), 256-256.5 °C (Met. 2, EtOH); IR (v, cm™!): 1730.49 and 1718.46 (2 x C=0),
1461.95 and 1453.93 (2 x C-O-); TH NMR (5, ppm): 5.29 (2H, t, ] = 3.2 Hz, 2 x Cyo-H), 4.49
(2H, dd, ] =8.4 and 7.2 Hz, 2 x C3-H), 4.30-4.08 (4H, m, -O-CH,-CH,-O-), 2.86 (2H, dd,
J=13.2and 3.7 Hz, 2 x Cyg-Hp), 2.05 (6H, s, 2 x CH3COO-), 1.13, 0.93, 0.92, 0.91, 0.87,
0.85,0.73 (7 x 6H, 7 x s, 14 CHj groups); *C NMR (5, ppm): 177.40 (2 x Cq, 2 x C-28),
170.94 (2 x Cq, 2 x CH3COO0-), 143.54 (2 x Cgq, 2 x C-13),122.38 (2 x CH, 2 x C-12), 80.83
(2 x CH, 2 x C-3), 62.14 (2 x CHy, -O-CH,-CH,-0O-), 46.66 (2 x Cq, 2 x C-17), 21.27
(2 x CH3, 2 x CH3COO-); DEPT: CH3: 8 x 2 CHj (8 signals, 16 CHj3 groups), CHp: 11 x 2
CHj; (11 signals, 22 CH; groups), CH: 5 x 2 CH (5 signals, 10 CH groups).

Dimer 3c: Cg7H194Og; mol. mass: 1036.77; yields: 980 mg (= 94.6%); m.p.: 229-230 °C
(Met. 1), 225-226.5 °C (Met. 2, EtOH); IR (v, cm™1): 1731.53 and 1718.88 (2 x C=0), 1462.72
and 1454.82 (2 x C-O-); TH NMR (5, ppm): 5.28 (2H, t, ] = 3.3 Hz, 2 x Cy,-H), 4.49 (2H,
dd, ] =9.7 and 79 Hz, 2 x C3-Hy), 4.09 (4H, t, ] = 6.3 Hz, -O-CH,-CH,-CH,-0O-), 2.85
(2H, dd, ] = 13.6 and 3.9 Hz, Cy3-Hp), 2.04 (6H, s, 2 x CH3COO-), 1.98-1.93 (2H, m, -O-
CH,-CH,-CH»-0-), 1.13, 0.93, 0.92, 0.90, 0.86, 0.85, 0.73 (7 x 6H, 7 x s, 14 x CHj groups);
13C NMR (5, ppm): 177.45 (2 x Cq, 2 x C-28),170.92 (2 x Cq, 2 x CH3COO-), 143.63
(2 x Cq,2 x C-13),122.26 (2 x CH, 2 x C-12), 80.78 (2 x CH, 2 x C-3), 60.74 (2 x CHy,
-O-CH,-CH,-CH3-0O-), 46.64 (2 x Cq, 2 x C-17), 28.05 (1 x CHy, -O-CH,-CH,-CH,-0O-),
21.25 (2 x CHj3, 2 x CH3COO-); DEPT: CHj3: 8 x 2 CHj (8 signals, 16 CHj3 groups), CHj:
11 x 2CH, + 1 x 1 CHj, (12 signals, 23 CH, groups), CH: 5 x 2 CH (5 signals, 10 CH groups).

Dimer 3d: CggHj060g; mol. mass: 1050.79; yields: 978 mg (= 93.1%); m.p.: 221-223 °C
(Met. 1), 229-229.5 °C (Met. 2, EtOH); IR (v, cm~1): 1730.30 and 1718.02 (2 x C=0), 1462.19
and 1453.54 (2 x C-O-); TH NMR (5, ppm): 5.28 (2H, t, ] = 3.3 Hz, 2 x Cy»-H), 4.49 (2H,
dd, ] =9.7 and 7.9 Hz, 2 x C3-Hg), 4.09-3.98 (4H, m, -O-CH,-CH,-CH,-CH,-O-), 2.86
(2H, dd, ] =13.6 and 3.8 Hz, 2 x Cy3-Hp), 2.05 (6H, s, 2 x CH3COO-), 1.91-1.82 (4H, m,
-O-CH,-CH,-CH,-CH,-0O-), 1.13, 0.93, 0.92, 0.90, 0.86, 0.85, 0.73 (7 x 6H, 7 x s, 7 CHj
groups); ¥C NMR (5, ppm): 177.59 (2 x Cq, 2 x C-28), 170.95 (2 x Cg, 2 x CH3COO-),
143.72 (2 x Cq, 2 x C-13), 122.23 (2 x CH, 2 x C12), 80.80 (2 x CH, 2 x C-3), 63.62
(2 x CHy, -O-CHy-CH,-CH,-CH3-0O-), 46.63 (2 x Cq, 2 x C-17), 25.40 (2 x CH,, -O-
CH,;-CH,-CH;-CH,-O-), 21.28 (2 x CH3, CH3COO-); DEPT: CHj3: 8 x 2 CHj3 (8 signals,
16 CHj3 groups), CHj: 12 x 2 CH; (12 signals, 24 CH; groups), CH: 5 x 2 CH (5 signals,
10 CH groups).

Dimer 3e: CggH1040g; mol. mass: 1048.77; yields: 1001 mg (= 95.5%); m.p..—°C (Met.
1; oil), 139-142 °C (Met. 2, EtOH); IR (v, cm™1): 1729.25 (2 x C=0), 1463.43 and 1453.40
(2 x C-0-); TH NMR (5, ppm): 5.70 (2H, t, | = 4.1 Hz, -O-CH,-CH=CH-CH,-0-), 5.29 (2H,
t,] =3.5Hz, 2 x Cy»-H), 4.63 (4H, ddd, ] =17.9, 13.0 and 4.4 Hz, -O-CH,-CH=CH-CH,-O-),
449 (2H,dd,]=9.5and 7.5,2 x C3-Hg), 2.85(2H, dd, J =13.1 and 4.4 Hz, 2 x Cy3-Hp), 2.06
(6H, s, CH3COO-), 1.14, 0.95, 0.94, 0.91, 0.87, 0.85, 0.72 (7 x 6H, 7 x s, 14 x CHj3 groups);
13C NMR (5, ppm): 177.28 (2 x Cq, 2 x C-28),170.97 (2 x Cq, 2 x CH3COO0-), 143.60
(2 x Cq, 2 x C-13), 128.21 (2 x CH, -O-CH,-CH=CH-CH,-0O-), 122.29 (2 x CH, 2 x C-
12), 80.84 (2 x CH, 2 x C-3), 59.60 (2 x CHj, -O-CH,-CH=CH-CH,-0O-), 46.60 (2 x Cq,
2 x C-17), 21.27 (2 x CHs, 2 x CH3COO-); DEPT: CHj: 8 x 2 CHj (8 signals, 16 CHj
groups), CHy: 11 x 2 CHj (11 signals, 22 CH, groups), CH: 6 x 2 CH (6 signals, 12 CH groups).

Dimer 3f: C4gH104Og; mol. mass: 1048.77; yields: 1012 mg (= 96.5%); m.p.: 203-204 °C
(Met. 1), 203-205 °C (Met. 2, EtOH); IR (v, cm~1): 1731.30 and 1719.34 (2 x C=0), 1464.58
and 1456.30 (2 x C-O-); TH NMR (8, ppm): 5.84 (2H, t, ] = 2.8 Hz, -O-CH,-CH=CH-CH,-
0-),5.30 (2H, t,] =3.2 Hz, 2 x Cy5-H), 4.53 (4H, t, ] = 13.9 Hz, -O-CH,-CH=CH-CH,-O-),
449 (2H, dd, ] = 9.5 and 7.5 Hz, 2 x C3-Hg) 2.88 (2H, dd, ] = 13.7 and 3.9 Hz, 2 x Cys-
Hg),2.06 (6H, s, 2 x CH3COO-), 1.14, 0.94 x 2,0.91,0.87,0.86,0.73 (5 x 6H +1 x 12H, 6 x s,
14 x CHj groups); 3C NMR (5, ppm): 177.30 (2 x Cq, 2 x C-28), 171.02 (2 x Cq,
2 x CH3CO0-), 143.67 (2 x Cq, 2 x C-13), 127.94 (2 x CH, -O-CH,-CH=CH-CH,-0O-),
122.36 (2 x CH, 2 x C-12), 80.88 (2 x CH, 2 x C-3), 63.70 (2 x CHj, -O-CH,-CH=CH-CH,-
0-),46.75 (2 x Cq, 2 x C-17), 21.31 (2 x CHs, 2 x CH3COO-); DEPT: CHj: 8 x 2 CH;
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(8 signals, 16 CHjs groups), CHj: 11 x 2 CH; (11 signals, 22 CH; groups), CH: 6 x 2 CH
(6 signals, 12 CH groups).

Dimer 3g: CgoH1030s; mol. mass: 1064.80; yields: 1035 mg (= 97.2%); m.p.: 142-144 °C
(Met. 1), 148-151 °C (Met. 2, EtOH); IR (v, cm™!): 1728.96 and 1718.50 (2 x C=0), 1463.13
and 1454.76 (2 x C-O-); TH NMR (5, ppm): 5.28 (2H, t, ] = 3.2 Hz, 2 x Cy»-H), 4.49 (2H,
dd,J=9.2and 7.9 Hz, 2 x C3-H), 4.02 (4H, t, ] = 6.4 Hz, -O-CH,-CH,-CH,-CH,-CH,-0O-),
2.86 (2H, dd, ] = 13.8 and 4.0 Hz, 2 x Cy3-Hp), 2.05 (6H, s, 2 x CH3COO-), 1.13,0.93 x 2,
0.90, 0.86, 0.85, 0.73 (5 x 6H + 1 x 12H, 6 x s, 14 x CHj3 groups); 13C NMR (5, ppm):
177.64 (2 x Cq, 2 x C-28),170.96 (2 x Cq, 2 x CH3COO-), 143.74 (2 x Cgq, 2 x C-13),122.22
(2 x CH, 2 x C-12), 80.83 (2 x CH, 2 x C-3), 63.93 (2 x CH,, -O-CH,-CH,-CH,-CH,-
CH-0O-), 46.61 (2 x Cq, 2 x C-17),28.10 (2 x CHy, -O-CH,-CH,-CH;-CH,-CH,-0O-), 22.96
(1 x CHpy, -O-CHQ-CHz-CHQ-CHz-CHz-O-), 21.27 (2 X CH3, 2 X %COO—),’ DEPT: CH3:
8 x 2 CHj (8 signals, 16 CHj groups), CHjy: 12 x 2 CHy +1 x 1 CHj (13 signals, 25 CH;
groups), CH: 5 x 2 CH (5 signals, 10 CH groups).

Dimer 3h: C79H;190Og; mol. mass: 1078.82; yields: 1013 mg (= 93.9%); m.p.: 180-183 °C
(Met. 1), 188-191 °C (Met. 2, EtOH); IR (v, cm™!): 1730.48 and 1717.67 (2 x C=0), 1463.84
and 1454.52 (2 x C-O-); TH NMR (8, ppm): 5.29 (2H, t, ] = 3.4 Hz, 2 x Cy,-H), 4.50 (2H, dd,
J=79and 44 Hz, 2 x C3-Hy), 4.02 (4H, t, ] = 6.5 Hz, -O-CH,-CH,-CH,-CH,-CH,-CH,-0O-),
2.87 (2H, dd, ] = 14.1 and 4.1 Hz, 2 x Cy3-Hp), 2.06 (6H, s, 2 x CH3COO-), 1.13,0.93 x 2,
0.90, 0.86, 0.85, 0.73 (5 x 6H + 1 x 12H, 6 x s, 14 x CHj; groups); *C NMR (5, ppm):
177.59 (2 x Cq, 2 x C-28),170.97 (2 x Cq, 2 x CH3COO0O-), 143.80 (2 x Cq, 2 x C-13),122.21
(2 x CH, 2 x C-12), 80.86 (2 x CH, 2 x C-3), 64.03 (2 x CH,, -O-CH,-CH,-CH,-CH,-
CH,-CH,-0-), 46.64 (2 x Cq, 2 x C-17), 28.57 x 2 (2 x CHy, -O-CH,-CH,-CH,-CH>-
CH,-CH;-0O-), 27.59 x 2 (2 x CH,, -O-CH;-CH,-CH,-CH,-CH,-CH,-0O-), 21.27 (2 x CHj3,
2 x CH3COO-); DEPT: CHj: 8 x 2 CHj (8 signals, 16 CH3 groups), CHy: 13 x 2 CHj
(13 signals, 26 CH, groups), CH: 5 x 2 CH (5 signals, 10 CH groups).

Dimer 3i: Cy1H;1,0g; mol. mass: 1092.83; yields: 1015 mg (= 92.9%); m.p.: 201-205 °C
(Met. 1), 213-214 °C (Met. 2, EtOH); IR (v, cm~1): 1729.19 and 1718.95 (2 x C=0), 1463.99
and 1453.76 (2 x C-O-); TH NMR (8, ppm): 5.28 (2H, t, ] = 3.4 Hz, 2 x C1,-H), 4.50 (2H, dd,
J=79and 4.5 Hz, 2 x C3-Hy), 4.05-3.97 (4H, m, -O-CH,-CH,-CH,-CH,-CH,-CH,-CH,-O-
),2.88 (2H, dd, ] = 13.8 and 4.0 Hz, 2 x Cyg-Hp), 2.06 (6H, s, 2 x CH3COO-), 1.14, 0.94, 0.93,
0.91, 0.88, 0.86, 0.74 (7 x 6H, 7 x s, 14 CHj groups); *C NMR (5, ppm): 177.74 (2 x Cg,
2 x C-28), 171.02 (2 x Cgq, 2 x CH3COO-), 143.83 (2 x Cq, 2 x C-13), 122.24 (2 x CH,
2 x C-12),80.90 (2 x CH, 2 x C-3), 64.15 (2 x CHj, -O-CH,-CH,-CH;-CH,-CH,-CH,-CH,-
O'), 46.67 (2 X Cq, 2 X C-l7), 28.85 (1 X CHz, -O-CHz-CHz-CHz-%-CHz-CHz-CHz-O-),
28.56 (2 x CH,, -O-CH,-CH,-CH,-CH;-CH,-CH,-CH,-0-), 26.05 (2 x CH,, -O-CH,-CH,-
CH,-CH,-CH,-CH,-CH,-0O-), 21.31 (2 x CHj3, 2 x CH3COO-); DEPT: CHj: 8 x 2 CHj
(8 signals, 16 CHj3 groups), CHy: 13 x 2 CH, + 1 x 1 CH; (14 signals, 27 CH, groups), CH:
5 x 2 CH (5 signals, 10 CH groups).

Dimer 3j: C7,H1140g; mol. mass: 1106.85; yields: 1044 mg (= 94.3%); m.p.: 171-174 °C
(Met. 1), 176-177 °C (Met. 2, EtOH); IR (v, cm™1): 1729.02 and 1718.4417 (2 x C=0),
1464.02 and 1453.33 (2 x C-O-); TH NMR (5, ppm): 5.27 (2H, t, ] = 3.2 Hz, 2 x Cyp-H),
450 2H, dd, ] =7.9 and 4.5 Hz, 2 x C3-Hy), 4.07-3.94 (2H, m, -O-CH,-CH,-CH,-CH,-
CH,-CH,-CH,-CH,-O-), 2.86 (2H, dd, ] = 13.9 and 3.5 Hz, 2 x Cy3-Hp), 2.04 (6H, s,
2 x CH3COO0-), 1.13, 0.93, 0.92, 0.90, 0.86, 0.85, 0.73 (7 x 6H, 7 x s, 14 x CHj3 groups);
13C NMR (5, ppm): 177.73 (2 x Cq, 2 x C-28), 171.02 (2 x Cg, 2 x CH3COO0-), 143.81
(2 x Cq, 2 x C-13),122.22 (2 x CH, 2 x C-12), 80.90 (2 x CH, 2 x C-3), 64.19 (2x CHp,
-O-CHz-CHz-CHz-CHz-CHz-CHz-CHz-CHz-O-), 46.65 (2 X Cq, 2 X C-17), 2 x 29.17 (CHz,
-O-CH,-CH,-CH;-CH;-CH;-CH;-CH,-CH,-O-), 28.59 (2 x CHy, -O-CH,-CH,-CH,-CH,-
CH,-CH,-CH,-CH,-0-), 23.51 (2 x CH,, -O-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH,-0O-),
21.30 (CH3, CH3COO-); DEPT: CHj: 8 x 2 CHj (8 signals, 16 CHj3 groups), CHy: 14 x 2
CH, (14 signals, 28 CH, groups), CH: 5 x 2 CH (5 signals, 10 CH groups).

Dimer 3k: Cy3H1160g; mol. mass: 1120.87; yields: 1079 mg (= 96.3%); m.p.: 176-179 °C
(Met. 1), 186-187 °C (Met. 2, EtOH); IR (v, cm~!): 1728.66 and 1720.10 (2 x C=0), 1463.55
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and 1454.11 (2 x C-O-); 'H NMR (5, ppm): 5.28 (2H, t, ] = 3.2 Hz, 2 x Cy,-H), 4.50 (2H, dd,
J=79and 44 Hz, 2 x C3-Hy), 4.15-3.94 (4H, m, CH;, -O-CH,-CH,-CH,-CH,-CH,-CH,-
CHz-CHz-CHz-O-), 2.88 (dd, ] =13.6 and 3.9 Hz, 2 x C]g-Hﬁ), 2.05 (6H s, 2 X CH3COO—),
1.14, 0.94, 0.93, 0.91, 0.87, 0.86, 0.74 (7 x 6H, 7 x singlets, 14 x CHj groups); 13C NMR
(8, ppm): 177.74 (2 x Cq, 2 x C-28), 170.98 (2 x Cq, 2 x CH3CO0-), 143.86 (2 x Cq,
2 x C-13),122.24 (2 x CH, 2 x C-12), 80.89 (2 x CH, 2 x C-3), 64.21 (2 x CHy, -O-CH,-
CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH-0-), 46.66 (2 x Cq, 2 x C-17), 29.54 (2 x CHp,
-O-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH,-0-), 29.16 (1 x CHy, -O-CH,-CH,-CHy-
CH,-CH,-CH,-CH;,-CH,-CH,-O-), 28.62 (2 x CHj, -O-CH,-CH,-CH,-CH,-CH,-CHj;-
CH,-CH,-CH»-0-), 26.07 (2 x CHj, -O-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH,-O-),
21.31 (2 x CHs, CH3COO-); DEPT: CH3: 8 x 2 CHj3 (8 signals, 16 CHj3 groups), CHp: 14 x 2
CH; + 1 x 1 CH, (15 signals, 29 CH, groups), CH: 5 x 2 CH (5 signals, 10 CH groups).

Dimer 31: C74H;130g; mol. mass: 1134.88; yields: 1079 mg (= 95.1%); m.p.: 142-143 °C
(Met. 1), 140-142 °C (Met. 2, EtOH); IR (v, cm™1): 1730.90 and 1717.99 (2 x C=0),
1464.91 and 1453.72 (2 x C-O-); 'H NMR (5, ppm): 5.25 (2H, t, | = 3.4 Hz, 2 x Cyp-H),
4.49 (2H, dd, | = 10.2 and Hz, 2 x C3-H), 4.08-3.94 (4H, m, (CH,, -O-CH,-CH,-CH,-
CH,-CH,-CH,-CH,-CH,-CH,-CH-O-), 2.88 (2H, dd, | = 14.4 and 3.2 Hz, 2 x Cyg-Hp),
2.03 (6H, s, 2 x CH3COO), 1.13, 0.94, 0.93, 0.90, 0.87, 0.86, 0.74 (7 x 6H, 7 x singlets,
14 x CHj3 groups); 13C NMR (5, ppm): 177.73 (2 x Cq, 2 x C-28), 170.97 (2 x Cq,
2 x CH3COO0-), 143.83 (2 x Cq, 2 x C-13),122.22 (2 x CH, 2 x C-12), 80.88 (2 x CH,
2 x C-3), 64.21 (2 x CH,, -O-CH,-CH,-CH,-CH,-CH,-CH,-CH;-CH,-CH,-CH,-O-), 46.65
(2 X Cq, 2 X C-17), 29.54 (2 X CHz, -O-CHz-CHQ-CH2-CH2-CH2-CH2-CH2-CH2-CH2-
CH,-0-),29.22 (2 x CH,, -O-CH,-CH;-CH,-CH;-CH,-CH,-CH,-CH,-CH,-CH;-0-), 28.63
(2 x CH,, -O-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH;-0O-), 26.09 (2 x CH,, -O-
CHz-CHz-%-CHz-CHz-CHZ-CHz-CHQ-CHQ-CHz-O-), 21.30 (2 X CH3, 2 X CH3COO-);
DEPT: CHj: 8 x 2 CHj (8 signals, 16 CHj3 groups), CHj: 15 x 2 CH; (15 signals, 30 CH;
groups), CH: 5 x 2 CH (5 signals, 10 CH groups).

Dimer 3m: C75H;59Og; mol. mass: 1148.90; yields: 1047 mg (= 91.2%); m.p..—°C (Met.
1; 0il), 105-107 °C (Met. 2, precip. with HO from EtOH sol.); IR (v, cm™1): 1729.09 and
1718.18 (2 x C=0), 1464.55 and 1453.66 (2 x C-O-); 1TH NMR (5, ppm): 5.27 (2H, t,] = 3.7 Hz,
2 x Cip-H), 449 (2H, dd, ] =10.1 and 8.7 Hz, 2 x C3-H), 4.00 (4H, td, ] = 6.4 and 3.1 Hz,
-O-CHz-CH2-CH2-CH2-CH2-CH2-CH2-CHz-CHz-CHz-CHQ-O-) , 2.87 (ZH, dd, ] =13.3 and
4.6 Hz, 2 x Cg-Hp), 2.05 (6H, s, 2 x CH3COO-), 1.13, 0.93, 0.92, 0.90, 0.86, 0.85, 0.73
(7 x 6H, 7 x s, 14 CHj groups); *C NMR (5, ppm): 177.72 (2 x Cq, 2 x C-28),170.93 (2 x Cg,
2 x CH3COO0-), 143.83 (2 x Cq, 2 x C-13),122.21 (2 x CH, 2 x C-12),80.87 (2 x CH, 2 x C-
3), 64.20 (2 x CHj, -O-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH;-CH,-O-), 46.65
(2 X Cq, 2 X C-17), 29.60 (2 X CHZ, -O-CHz-CHz-CH2-CH2-CHz-CHz-CHQ-CHQ-CHz-
CH,-CH,-0O-), 29.58 (1 x CH,, -O-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH;,-CH,-
CH,-0-), 29.17 (2 x CHy, -O-CH;,-CH,-CH,-CH,-CH;-CH,-CH,-CH,-CH,-CH,-CH,-0O-),
28.60 (2 x CHy, -O-CH,-CH,-CH,-CH,-CH,-CH;-CH,-CH,-CH,-CH,-CH,-0O-), 26.05
(2 X CHz, -O-CH2-CHz-CHZ-CHz-CH2-CHz-CHz-CHz-CHZ-CHz-CHz-O-), 21.30 (2 X CH3,
2 x CH3COO-); DEPT: CH3s: 8 x 2 CHj (8 signals, 16 CH3 groups); CHy: 15 x 2 CH, +1 x
1 CH, (16 signals, 31 CH, groups); CH: 5 x 2 CH (5 signals, 10 CH groups).

Dimer 3n: C73H;2,0g; mol. mass: 1162.91; yields: 1098 mg (= 94.5%); m.p..—°C
(Met. 1; oil), 105-108 °C (Met. 2, precip. with H,O from EtOH sol.). IR (v, cm~!): 1729.16
and 1718.24 (2 x C=0), 1463.83 and 1454.00 (2 x C-O-); 'H NMR (5, ppm): 5.28 (2H, t,
J=32Hz, 2 x Cp-H), 449 (2H, dd, | = 9.5 and 4.8 Hz, 2 x C3-H), 4.04-3.96 (4H, m,
-O-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH;,-CH,-CH,-0-), 2.87 (2H, dd, ] = 13.7
and 3.9 Hz, 2 x Cy3-Hp), 2.05 (6H, s, 2 x CH3COO0O-), 1.13, 0.93, 0.92, 0.90, 0.86, 0.85, 0.73
(7 x 6H,7 x s, 14 x CHj; groups); *C NMR (8, ppm): 177.73 (2 x Cgq, 2 x C-28), 170.90
(2 x Cq, 2 x CH3COO-), 143.79 (2 x Cq, 2 x C-13), 122.17 (2 x CH, 2 x C-12), 80.84
(2 x CH, 2 x C-3), 64.19 (2 X CHz, -O—CH2-CHZ-CH2-CHz-CHz—CHz-CHz-CHZ-CHz-
CHz—CHZ-CHZ—O-), 46.60 (2 X Cq, 2 x C—17), 29.60 (2 X CHz, —O-CHz-CHz-CHz-CHz-
CH,-CH,-CH,-CH,-CH,-CH,-CHp-CH,-0-), 29.58 (2 x CH,, -O-CH,-CH,-CH,-CH,-
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CH;,-CH;,-CH,-CH,-CH,-CH,-CH,-CH,-O-), 29.20 (2 x CH,, -O-CH,-CH,-CH,-CHj>-
CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH,-O-), 28.57 (2 x CH,, -O-CH,-CH,-CH,-CHj;-
CH,-CH,-CH,-CH,-CH;,-CH,-CH,-CH3-0O-), 27.99 (2 x CHj,, -O-CH,-CH,-CH;,-CH,-
CHg-CHZ-CHz-CHz-CHz-CHz-CHz-CHZ-O-), 21.28 (2 X Cq, 2 X CH3QO-),’ DEPT: CH3:
8 x 2 CH3 (8 signals, 16 CH3 groups), CHj: 16 x 2 CHj (16 signals, 32 CH; groups), CH:
5 x 2 CH (5 signals, 10 CH groups).

4.3. Polarity

The polarity of the obtained AcOADs (3a—3n) was assessed by the High-Performance
Thin-Layer Chromatography (HP TLC) method based on the Rf value [41] and compared to
that of the parent compound (1) and unsubstituted oleanolic acid dimers (OADs). In short,
the dichloromethane solutions of AcOADs (3a-3n) were applied on the starting line of
TLC plates. The plates were developed in a horizontal chamber with mixtures of benzene
and ethyl acetate in various volume ratios. Next, the plates were dried, the spots were
visualized, and finally, the R¢ values were calculated. The details of the experiments are
given in [41].

4.4. SAR Study

The Structure-Activity Relationship Analysis was performed with the application
of the PASS (Prediction of Activity Spectra for Substance) computer system [45]. This
system predicts many types of pharmacological activity and mechanisms of action based
on the structure of a compound, using for this purpose appropriate MNA (Multilevel
Neighborhoods of Atoms) descriptors. As a result of such mathematical analysis, the
prediction result is obtained in the form of a list of found types of activities. The probability
of occurrence of a given activity is defined as P,, and the probability of a given activity not
occurring as P;. Both values are expressed in a range between 0 and 1.

4.5. MTT Assay

The MTT assay was conducted as described earlier, e.g., [44]. In short, this method is
based on the reaction between mitochondria enzymes (dehydrogenases) of tested cell lines
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). The final product
of this reaction gives violet formazan crystals. The number of live cells is proportional to
the amount of formazan and is represented by the violet dye reagent. The details of the
experiments are given in [44].

4.6. Antioxidant Activity

The DPPH assay relies on the ability of an antioxidant to donate a hydrogen atom
or an electron to the stable DPPH radical, resulting in its reduction and subsequent color
change. In contrast, the CUPRAC method measures the reducing power of a sample by
quantifying its ability to convert the Cu-neocuproine reagent complex into the Cu(I) form.
The results are presented as % inhibition of the copper(Il) ions and Trolox equivalent (blue
bars) calculated from the standard curve (Supplementary Materails S02, Figure S1) and as
% inhibition of the DPPH radical and Trolox equivalent (pink bars), calculated from the
standard curve (Supplementary Materials S02, Figure S2). The details of the experiments
are given in [46].

5. Conclusions

Among numerous methods that have been developed for the transformation of oleano-
lic acid and other triterpenes into derivatives with a high level of pharmacological activity,
particular attention should be paid to the effects of dimerization. It is an economic opera-
tion in every respect—no long reaction time, no heating or complicated applications are
required, no expensive, hard-to-access, or dangerous chemical reagents are applied, and
properly defined conditions of reaction provide products with a very high level of purity.
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As a result of a properly designed and planned acetylation reaction, economical and
safe, 14 Acetylated Oleanolic Acid Dimers (AcOADs, Figure 2), unknown in the scientific
literature, were obtained.

The disubstituted dimers were crystallized using two methods, and their melting
points were compared, plotting them in the form of graphs (Figures 4 and 5). The structure
of the newly obtained AcOADs 3a-3n was proven beyond any doubt based on spectral
data (Tables 5-7).

All obtained AcOADs 3a-3n were less polar compounds than their mother compound,
oleanolic acid (1) (Table 4), which is due to the blocking of the polar hydroxyl group in the
C-3 position and the polar carboxyl function at the C-17 position of both triterpene units.

The Structure—Activity Relationship (SAR) analysis provided insights into the pharma-
cological potential of the synthesized AcOADs 3a-3n (Tables 1 and 2). Key findings from
the SAR analysis include antiprotozoal, apoptosis agonist, caspase stimulation, chemopre-
ventive, and hepatoprotective activities.

The MTT test presented high cytotoxicity of the obtained AcOADs towards all four
cancer cell lines, with several compounds achieving ICsy values well below 5.00 uM
(Table 3). The results also indicated high selectivity of most of the tested dimers 3a-3n
towards cancer cells (Table 3). Five of the fourteen disubstituted 3a-3n dimers tested,
i.e., AcOADs 3a, 3b, 3e, 3j, and 3m (with a one-, two-, eight- or eleven-carbon linker,
respectively), have a chance to become potential anticancer compounds because their
Selectivity Index exceeded 2, while for dimer 3a, with the shortest bridge, was even
approximately 3 (Table 3). Additionally, in the DPPH assay, AcOADs showed significant
free radical scavenging ability, with some derivatives achieving Trolox equivalent above
0.04 mg/mL (Figure 3).

The synthesized AcOADs exhibit significant promise as both cytostatic and antioxidant
agents. Their ability to selectively target and kill cancer cells, coupled with high antioxidant
activity, positions them as potential therapeutic agents for treating various cancers and
oxidative stress-related conditions. The SAR analysis supports these findings, suggesting
that specific structural modifications can further enhance their efficacy and selectivity.
Continued research and development of these compounds could lead to new, effective
treatments for cancer and other diseases associated with oxidative stress.
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spectra of dimer 3a.

Author Contributions: Conceptualization, A.G., B.B.-C., PR. and P.Z.; methodology, A.G., P.R.
and S.S.; validation, PR. and S.S.; investigation, A.G., P.R,, S.S. and P.Z.; writing—original draft
preparation, A.G., PR., PZ. and S.S.; writing—review and editing, B.B.-C.; visualization, A.G., B.B.-C.
and S.S.; supervision, B.B.-C.; project administration, B.B.-C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by funds from Poznan University of Medical Sciences.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data concerning this paper are available in the manuscript body or
the Supplementary Data.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Withers, S.T.; Keasling, J.D. Biosynthesis and engineering of isoprenoid small molecules. Appl. Microbiol. Biotechnol. 2007, 73,
980-990. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/molecules29184291/s1
https://www.mdpi.com/article/10.3390/molecules29184291/s1
https://doi.org/10.1007/s00253-006-0593-1
https://www.ncbi.nlm.nih.gov/pubmed/17115212

Molecules 2024, 29, 4291 25 of 26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.
29.

Yeung, M.E. A review on the presence of oleanolic acid in natural products. Nat. Proda Med. 2009, 2, 77-290.

Claudio, A.FM.; Cognigni, A.; De Faria, E.L.; Silvestre, A.].; Zirbs, R.; Freire, M.G.; Bica, K. Valorization of olive tree leaves:
Extraction of oleanolic acid using aqueous solutions of surface-active ionic liquids. Sep. Purif. Technol. 2018, 204, 30-37. [CrossRef]
[PubMed]

Alsoufi, A.S.M.; Staskiewicz, K.; Markowski, M. Alterations in oleanolic acid and sterol content in marigold (Calendula officinalis)
hairy root cultures in response to stimulation by selected phytohormones. Acta Physiol. Plant. 2021, 43, 44. [CrossRef]
Soursouri, A.; Hosseini, S.M.; Fattahi, F. Biochemical analysis of European mistletoe (Viscum album L.) foliage and fruit settled on
Persian ironwood (Parrotia persica C. A. Mey.) and hornbeam (Carpinus betulus L.). Biocatal. Agric. Biotechnol. 2019, 22, 101360.
[CrossRef]

Errichiello, F.; D’Amato, M.; Gambuti, A.; Moio, L.; Pastore, A.; AL-Hmadji, H.; Stornaiuolo, M.; Serino, E.; Taglialatela-Scafati, O.;
Forino, M. Oleanolic acid: A promising antidiabetic metabolite detected in Aglianico grape pomace. J. Funct. Foods 2023, 104,
105548. [CrossRef]

Shi, Y.; Sun, L.; Ji, X,; Shi, R;; Xu, E,; Gu, J. Neuroprotective effects of oleanolic acid against cerebral ischemia-reperfusion injury in
mice. Exp. Neurol. 2021, 343, 113785. [CrossRef]

Yin, M.C.; Chan, K.C. Nonenzymatic antioxidative and antiglycative effects of oleanolic acid and ursolic acid. J. Agric. Food Chem.
2007, 55, 7177-7181. [CrossRef] [PubMed]

Taylor, E.; Kim, Y,; Zhang, K.; Chau, L.; Nguyen, B.C.; Rayalam, S.; Wang, X. Antiaging mechanism of natural compounds: Effects
on autophagy and oxidative stress. Molecules 2022, 27, 4396. [CrossRef]

Kang, YM.; Kim, HM.; Lee, M.; An, H.J. Oleanolic acid alleviates atopic dermatitis-like responses in vivo and in vitro. Int. J. Mol.
Sci. 2021, 22, 12000. [CrossRef]

Wu, Y.; Gao, LJ; Fan, Y.S,; Chen, Y.; Li, Q. Network pharmacology-based analysis on the action mechanism of oleanolic acid to
alleviate osteoporosis. ACS Omega 2021, 6, 28410-28420. [CrossRef] [PubMed]

Luo, Q.; Wei, Y.; Lv, X,; Chen, W,; Yang, D.; Tuo, Q. The effect and mechanism of oleanolic acid in the treatment of metabolic
syndrome and related cardiovascular diseases. Molecules 2023, 29, 758. [CrossRef]

Salman, I.; Fakhoury, M.; Fouani, M.; Lawand, N. Peripheral anti-nociceptive and anti-inflammatory effect of oleanolic acid in a
rat model of osteoarthritis. Anti-Inflamm. Anti-Allergy Agents Med. Chem. 2020, 20, 239-249. [CrossRef] [PubMed]

Ndebia, E.J.; Madikizela, K.; Seipone, 1.D.; Mathulo, S. The therapeutic effect of oleanolic acid on experimentally induced
gastroesophageal reflux disease. J. Med. Sci. 2021, 29, 111-114. [CrossRef]

Liu, J.; Lu, Y.E; Wu, Q.; Xu, S.E; Shi, EG.; Klaassen, C.D. Oleanolic acid reprograms the liver to protect against hepatotoxicants,
but is hepatotoxic at high doses. Liver Int. 2019, 39, 427-439. [CrossRef] [PubMed]

Khwaza, V.; Oyedeji, O.O.; Aderibigbe, B.A. Antiviral activities of oleanolic acid and its analogues. Molecules 2018, 23, 2300.
[CrossRef] [PubMed]

Petronellia, A.; Pannitterib, G.; Testaa, U. Triterpenoids as new promising anticancer drugs. Anti-Cancer Drugs 2009, 20, 880-892.
[CrossRef]

Desai, A.G.; Qazi, G.N.; Ganju, RK,; El-Tamer, M,; Singh, ].; Saxena, A.K; Bedi, Y.S.; Taneja, S.C.; Bhat, H.K. Medicinal plants and
cancer chemoprevention. Curr. Drug Metab. 2008, 9, 581-591. [CrossRef]

Majid Rasheed, H.; Farooq, U.; Bashir, K.; Wahid, F.; Khan, T.; Khusro, A.; Gajdacs, M.; Alghamdi, S.; Amer Alsaiari, A;
Almehmadi, M.; et al. Isolation of oleanolic acid from Lavandula stoechas and its potent anticancer properties against MCF-7
cancer cells via induced apoptosis. J. King Saud Univ. Sci. 2023, 35, 102454. [CrossRef]

Puenea, G.; Almajan-Guta, B.; Chioibas, R.; Macasoi, I.; Geamantan, A.; Dinu, S.; Merghes, P.; Radu Boia, E.; Tischer, A.A,;
Iftode, A. Evaluation of oleanolic acid, doxorubicin and their association in the treatment of melanoma: Enhanced efficacy and
antiangiogenic potential (A-375). Farmacia 2023, 71, 1295. [CrossRef]

Potoé¢njak, I; Simi¢, L.; Vukeli¢, L; Batici¢, L.; Domitrovi¢, R. Oleanolic acid induces HCT116 colon cancer cell death through the
p38/FOXO3a/Sirt6 pathway. Chem. Biol. Interact. 2022, 363, 110010. [CrossRef] [PubMed]

Zhou, W.; Zeng, X.; Wu, X. Effect of oleanolic acid on apoptosis and autophagy of SMMC-7721 hepatoma cells. Med. Sci. Monit.
2020, 26, €921606. [CrossRef] [PubMed]

Edathara, PM.; Chintalapally, S.; Makani, V.K.K.; Pant, C.; Yerramsetty, 5.D.; Rao, M.; Bhadra, M.P. Inhibitory role of oleanolic
acid and esculetin in HeLa cells involve multiple signaling pathways. Gene 2021, 771, 145370. [CrossRef]

Zhou, R; Zhang, Z.; Zhao, L.; Jia, C.; Xu, S.; Mai, Q.; Lu, M.; Huang, M.; Wang, L.; Wang, X.; et al. Inhibition of mTOR signaling by
oleanolic acid contributes to its anti-tumor activity in osteosarcoma cells. J. Orthop. Res. 2011, 29, 846-852. [CrossRef] [PubMed]
Lien, A.PH.; Hua, H.; Chuong, PH. Free radicals, antioxidants in disease and health. Int. |. Biomed. Sci. 2008, 4, 89-96.

Giilgin, I; Elias, R.; Gepdiremen, A.; Boyer, L. Antioxidant activity of lignans from fringe tree (Chionanthus virginicus L.). Eur. Food
Res. Technol. 2006, 223, 759-767. [CrossRef]

Lobo, V.; Patil, A.; Phatak, A.; Chandra, N. Free radicals, antioxidants and functional foods: Impact on human health. Pharmacogn.
Rev. 2010, 4, 118-126. [CrossRef]

Stadtman, E.R.; Levine, R.L. Protein oxidation. Ann. N. Y. Acad. Sci. 2000, 899, 191-208. [CrossRef]

Ling, T.; Boyd, L.; Riva, F. Triterpenoids as reactive oxygen species modulators of cell fate. Chem. Res. Toxicol. 2022, 35, 569-584.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.seppur.2018.04.042
https://www.ncbi.nlm.nih.gov/pubmed/30319309
https://doi.org/10.1007/s11738-021-03212-6
https://doi.org/10.1016/j.bcab.2019.101360
https://doi.org/10.1016/j.jff.2023.105548
https://doi.org/10.1016/j.expneurol.2021.113785
https://doi.org/10.1021/jf071242m
https://www.ncbi.nlm.nih.gov/pubmed/17658830
https://doi.org/10.3390/molecules27144396
https://doi.org/10.3390/ijms222112000
https://doi.org/10.1021/acsomega.1c04825
https://www.ncbi.nlm.nih.gov/pubmed/34723038
https://doi.org/10.3390/molecules29040758
https://doi.org/10.2174/1871523019999201111191754
https://www.ncbi.nlm.nih.gov/pubmed/33183210
https://doi.org/10.52764/jms.21.29.2.10
https://doi.org/10.1111/liv.13940
https://www.ncbi.nlm.nih.gov/pubmed/30079536
https://doi.org/10.3390/molecules23092300
https://www.ncbi.nlm.nih.gov/pubmed/30205592
https://doi.org/10.1097/CAD.0b013e328330fd90
https://doi.org/10.2174/138920008785821657
https://doi.org/10.1016/j.jksus.2022.102454
https://doi.org/10.31925/farmacia.2023.6.21
https://doi.org/10.1016/j.cbi.2022.110010
https://www.ncbi.nlm.nih.gov/pubmed/35690101
https://doi.org/10.12659/MSM.921606
https://www.ncbi.nlm.nih.gov/pubmed/32424110
https://doi.org/10.1016/j.gene.2020.145370
https://doi.org/10.1002/jor.21311
https://www.ncbi.nlm.nih.gov/pubmed/21246613
https://doi.org/10.1007/s00217-006-0265-5
https://doi.org/10.4103/0973-7847.70902
https://doi.org/10.1111/j.1749-6632.2000.tb06187.x
https://doi.org/10.1021/acs.chemrestox.1c00428
https://www.ncbi.nlm.nih.gov/pubmed/35312315

Molecules 2024, 29, 4291 26 of 26

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

Giinther, A.; Makuch, E.; Nowak, A.; Duchnik, W.; Kucharski, L.; Petech, R.; Klimowicz, A. Enhancement of the antioxidant and
skin permeation properties of betulin and its derivatives. Molecules 2021, 26, 3435. [CrossRef] [PubMed]

Zou, LW,; Dou, T.Y.; Wang, P; Lei, W.; Weng, Z.M.; Hou, J.; Wang, D.D.; Fan, YM.; Zhang, W.D.; Ge, G.B.; et al. Structure-activity
relationships of pentacyclic triterpenoids as potent and selective inhibitors against human carboxylesterase 1. Front. Pharmacol.
2017, 8, 435. [CrossRef] [PubMed]

Feng, A; Yang, S.; Sun, Y.; Zhang, L.; Bo, F; Li, L. Development and evaluation of oleanolic acid dosage forms and its derivatives.
BioMed Res. Int. 2020, 2020, 1308749. [CrossRef]

Jannus, E; Medina-O’Donnell, M.; Neubrand, V.E.; Marin, M.; Saez-Lara, M.].; Sepulveda, M.R.; Rufino-Palomares, E.E.; Martinez,
A.; Lupiafez, ].A.; Parra, A ; et al. Efficient in vitro and in vivo anti-inflammatory activity of a diamine-PEGylated oleanolic acid
derivative. Int. J. Mol. Sci. 2021, 22, 8158. [CrossRef]

Nkeh-Chungag, B.N.; Oyedeji, O.0O.; Oyedeji, A.O.; Ndebia, E.J. Anti-inflammatory and membrane-stabilizing properties of two
semisynthetic derivatives of oleanolic acid. Inflammation 2015, 38, 61-69. [CrossRef] [PubMed]

Blanco-Cabra, N.; Vega-Granados, K.; Moya-Andérico, L.; Vukomanovic, M.; Parra, A.; Alvarez de Cienfuegos, L.; Torrents, E.
Novel oleanolic and maslinic acid derivatives as a promising treatment against bacterial biofilm in nosocomial infections: An
in vitro and in vivo study. ACS Infect. Dis. 2019, 5, 1581-1589. [CrossRef]

Mallavadhani, U.V.; Mahapatra, A.; Pattnaik, B.; Vanga, N.; Suri, N.; Saxena, A.K. Synthesis and anti-cancer activity of some
novel C-17 analogs of ursolic and oleanolic acids. Med. Chem. Res. 2013, 22, 1263-1269. [CrossRef]

Cheng, K.; Su, C.; Huang, J.; Liu, J.; Zheng, Y.; Chen, Z. Conjugation of uridine with oleanolic acid derivatives as potential
antitumor agents. Chem. Biol. Drug Des. 2016, 88, 329-340. [CrossRef]

Chouaib, K.; Romdhane, A.; Delemasure, S.; Dutartre, P; Elie, N.; Touboul, D. Regiospecific synthesis, anti-inflammatory and
anticancer evaluation of novel 3,5-disubstituted isoxazoles from the natural maslinic and oleanolic acids. Ind. Crop. Prod. 2016, 85,
287-299. [CrossRef]

Chouaib, K.; Romdhane, A.; Delemasure, S.; Dutartre, P; Elie, N.; Touboul, D.; Jannet, H.B. Regiospecific synthesis by copper-and
ruthenium-catalyzed azide-alkyne 1,3-dipolar cycloaddition, anticancer and anti-inflammatory activities of oleanolic acid triazole
derivatives. Arab. J. Chem. 2019, 12, 3732-3742. [CrossRef]

Tian, Z.; Si, L.; Meng, K.; Zhou, X.; Zhang, Y.; Zhou, D.; Xiao, S. Inhibition of influenza virus infection by multivalent pentacyclic
triterpene-functionalized per-O-methylated cyclodextrin conjugates. Eur. J. Med. Chem. 2017, 134, 133-139. [CrossRef]

Giinther, A.; Zalewski, P.; Sip, S.; Ruszkowski, P.; Bednarczyk-Cwynar, B. Oleanolic acid dimers with potential application in
medicine—Design, synthesis, physico-chemical characteristics, cytotoxic and antioxidant activity. Int. J. Mol. Sci. 2024, 25, 6989.
[CrossRef]

Giinther, A.; Zalewski, P; Sip, S.; Bednarczyk-Cwynar, B. Exploring the potential of oleanolic acid dimers—Cytostatic and
antioxidant activities, molecular docking and ADMETox profile. Molecules 2024, 29, 3623. [CrossRef] [PubMed]

Cheng, K.G.; Su, CH.; Yang, L.D,; Liu, J.; Chen, Z.F. Synthesis of oleanolic acid dimers linked at C-28 and evaluation of anti-tumor
activity. Eur. J. Med. Chem. 2015, 89, 480-489. [CrossRef] [PubMed]

Bednarczyk-Cwynar, B.; Ruszkowski, P.; Bobkiewicz-Htadon, T.; Zaprutko, L. Oleanolic acid A-lactams inhibit the growth of
HeLa, KB, MCFE-7 and Hep-G2 cancer cell lines at micromolar concentrations. Anticancer Agents Med. Chem. 2016, 16, 579-592.
[CrossRef] [PubMed]

Available online: www.way2drug.com (accessed on 2 July 2024).

Garbiec, E.; Rosiak, N.; Tykarska, E.; Zalewski, P.; Cielecka-Piontek, J. Sinapic acid co-amorphous systems with amino acids for
improved solubility and antioxidant activity. Int. . Mol. Sci. 2023, 24, 5533. [CrossRef] [PubMed]

Hichri, E; Jannet, H.B.; Cheriaa, J.; Jegham, S.; Mighri, Z. Antibacterial activities of a few prepared derivatives of oleanolic acid
and of other natural triterpenic compounds. Comptes Rendus Chim. 2003, 6, 473-483. [CrossRef]

Gloria, H. Cis-trans isomers and its differences in properties. J. Phys. Chem. Biophys. 2021, 11, 31.

Sasikuma, K.; Dubey, V.; Ghosh, A.R. Oleanolic acid from black raisins, Vitis vinifera with antioxidant and antiproliferative
potentials on HCT 116 colon cancer cell line. Braz. |. Pharm. Sci. 2020, 56, €17158. [CrossRef]

Lagunin, A.; Stepanchikova, A.; Filimonov, D.; Poroikov, V. PASS: Prediction of activity spectra for biologically active substances.
Bioinform. Appl. Note 2000, 16, 747-748. [CrossRef]

Badisa, R.B.; Darling-Reed, S.E,; Joseph, P.; Cooperwood, ].S.; Latinwo, L.M.; Goodman, C.B. Selective cytotoxic activities of two
novel synthetic drugs on human breast carcinoma MCE-7 cells. Anticancer Res. 2009, 29, 2993-2996.

Peria-Moran, O.A.; Villarreal, M.L.; Alvarez-Berber, L.; Meneses-Acosta, A.; Rodriguez-Lopez, V. Cytotoxicity, post-treatment
recovery, and selectivity analysis of naturally occurring podophyllotoxins from Bursera fagaroides var. fagaroides on breast cancer
cell lines. Molecules 2016, 21, 1013. [CrossRef]

Valderrama, J.A.; Delgado, V.; Septulveda, S.; Benites, J.; Theoduloz, C.; Calderon, P.B.; Muccioli, G.G. Synthesis and cytotoxic
activity on human cancer cells of novel isoquinolinequinone-amino acid derivatives. Molecules 2016, 21, 1199. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/molecules26113435
https://www.ncbi.nlm.nih.gov/pubmed/34198892
https://doi.org/10.3389/fphar.2017.00435
https://www.ncbi.nlm.nih.gov/pubmed/28713276
https://doi.org/10.1155/2020/1308749
https://doi.org/10.3390/ijms22158158
https://doi.org/10.1007/s10753-014-0007-y
https://www.ncbi.nlm.nih.gov/pubmed/25173889
https://doi.org/10.1021/acsinfecdis.9b00125
https://doi.org/10.1007/s00044-012-0106-y
https://doi.org/10.1111/cbdd.12758
https://doi.org/10.1016/j.indcrop.2016.03.024
https://doi.org/10.1016/j.arabjc.2015.12.013
https://doi.org/10.1016/j.ejmech.2017.03.087
https://doi.org/10.3390/ijms25136989
https://doi.org/10.3390/molecules29153623
https://www.ncbi.nlm.nih.gov/pubmed/39125028
https://doi.org/10.1016/j.ejmech.2014.10.066
https://www.ncbi.nlm.nih.gov/pubmed/25462260
https://doi.org/10.2174/1871520615666150907095756
https://www.ncbi.nlm.nih.gov/pubmed/26343139
www.way2drug.com
https://doi.org/10.3390/ijms24065533
https://www.ncbi.nlm.nih.gov/pubmed/36982605
https://doi.org/10.1016/S1631-0748(03)00066-3
https://doi.org/10.1590/s2175-97902019000417158
https://doi.org/10.1093/bioinformatics/16.8.747
https://doi.org/10.3390/molecules21081013
https://doi.org/10.3390/molecules21091199
https://www.ncbi.nlm.nih.gov/pubmed/27617997

	Introduction 
	Results 
	Synthesis of Acetylated Oleanolic Acid Dimers (AcOADs) 3a–3n 
	Structure–Activity Analysis for Acetylated Oleanolic Acid Dimers (AcOADs) 3a–3n 
	Cytotoxic Activity of Acetylated Oleanolic Acid Dimers (AcOADs) 3a–3n 
	In Vitro Assay 
	Selectivity Index 

	Antioxidant Activity of Acetylated Oleanolic Acid Dimers (AcOADs) 3a–3n 

	Discussion 
	Synthesis of Acetylated Oleanolic Acid Dimers (AcOADs) 3a–3n 
	Acetylated Oleanolic Acid Dimers (AcOADs) 3a–3n Preparation 
	The Influence of Linker Structure of AcOADs 3a–3n on Their Melting Point 
	The Polarity of Acetylated Oleanolic Acid Dimers (AcOADs) 3a–3n 
	Spectral Characterization of Acetylated Oleanolic Acid Dimers (AcOADs) 3a–3n 

	SAR Analysis of Acetylated Oleanolic Acid Dimers (AcOADs) 3a–3n 
	Cytotoxic Activity of Acetylated Oleanolic Acid Dimers (AcOADs) 3a–3n 
	MTT Assay 
	Selectivity Index 

	Antioxidant Activity of Acetylated Oleanolic Acid Dimers (AcOADs) 3a–3n 
	Potentials and Limitations Concerning Acetylated Oleanolic Acid Dimers (AcOADs) 3a–3n 

	Materials and Methods 
	Materials 
	NMR 
	Syntheses, TLC and HP TLC and Antioxidant Activity 
	MTT Assay 
	Antioxidant Activity 

	Methods 
	Preparation of AcOADs—General Method A 
	Preparation of AcOADs—General Method B 

	Polarity 
	SAR Study 
	MTT Assay 
	Antioxidant Activity 

	Conclusions 
	References

