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ABSTRACT: In an effort to develop new compounds for
managing drug-induced liver injury, we prepared 23 novel hybrids
based on 3-acetyl-11-keto-β-boswellic acid (AKBA) using various
biocompatible linkers. A bioguided approach was employed to
identify the most promising hybrid. Eight compounds exhibited
superior anti-inflammatory activity compared to the parent
compound. Two of these hybrids (5b and 18) were able to
reduce gene expression of TNF-α in LPS-induced inflammation in
RAW 264.7 cells, similar to dexamethasone. Subsequently, the
hepatoprotective potential of these hybrids was evaluated against
acetaminophen (APAP) toxicity in HepG2 cells at doses of 1 and
10 μM. Both hybrids effectively restored cytokine levels, which had
been elevated by APAP, to normal levels. Furthermore, they normalized depleted superoxide dismutase and reduced glutathione
levels while significantly reducing malondialdehyde (MDA) levels. Network pharmacology analysis suggested that AKBA-based
hybrids exert their action by regulating PI3K and EGFR pathways, activating anti-inflammatory mechanisms, and initiating tissue
repair and regeneration. Molecular docking studies provided insights into the interaction of the hybrids with PI3K. Additionally, the
hybrids demonstrated good stability at different pH levels, following first-order kinetics, with relatively long half-lives, suggesting
potential for absorption into circulation without significant degradation.

1. INTRODUCTION
The recent advances in molecular biology changed our
perspective on the management of chronic ailments. It is
now realized that monotherapy for such diseases has several
drawbacks on both therapeutic and pharmacoeconomic levels.
This means that more holistic approaches are required to
achieve sustainable health outcomes and decrease the
associated economic burden.1

Instead, polypharmacological approaches would be the best
alternative. This could be accomplished by developing
pharmacological agents that could target several pathways
responsible for disease development. Here comes the revisiting
of natural products (NPs) as promising bioactive compounds
with multiple therapeutic activities to manage complex health
disorders, and there are continuous quests to maximize the
available wealth of structure−property information on natural
products and characteristic salient molecular features of
NPs.2−4

Not surprisingly, the development of bioactive hybrid form
NPs has been an active area for research. Specifically,
triterpenes, which are natural compounds widely abundant in
plants, have been subjected to extensive research to improve

both their pharmacodynamics and pharmacokinetics through
conjugation with other bioactive synthetic or natural
substrates. For instance, oleanolic acid was conjugated with
azidothymidine, leading to an antiviral hybrid;5 also,
conjugation of boswellic acid with Rhein as a mutual prodrug
led to significant enhancement in the absorbance of the parent
drugs and more pronounced anti-inflammatory activity.6

This was also the case when boswellic acid was conjugated
with ibuprofen to obtain a hybrid with dual COX-2 and 5-LOX
inhibitors that did not cause an ulcerogenic effect in vivo.7 The
conjugation of a chalcone scaffold with AKBA also leads to
improved cytotoxic activity due to its ability to inhibit pin-1 at
(IC50 = 0.97 μM) to AKBA (IC50 = 50 μM).8 In another study,
click chemistry was used for the formation of boswellic acid
triazole hybrids, which give potent α-glucosidase inhibitory
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activity (IC50 = 0.43 μM) in comparison to standard acarbose
(IC50 = 942 μM),9 as shown in Figure 1A.
In this context, oleogum resin from frankincense was

reported to possess hepatoprotective properties;10−12 among
its constituents, boswellic acids are extensively studied,
especially 3-acetyl-11-keto-β-boswellic acid (AKBA), which
emerged as a potent anti-inflammatory agents13−15 Moreover,

AKBA is known to bind to receptors in bile and help in
restoration of liver normal architecture.16 So, hybrid
pharmacological agents could serve as a promising solution
to multifaced conditions17 such as drug-induced hepatitis,
which affects the lifestyle of thousands of patients and may
develop into life-threatening situations.

Figure 1. (A) Some examples of hybrids based on triterpenes: (1) oleanolic acid−azidothymidine hybrid, (2) boswellic acid−Rhein, (3) boswellic
acid−ibuprofen hybrid, (4) AKBA−chalcone hybrid, and (5) AKBA−triazole hybrid. (B) Strategy for modifying the activity of acetyl keto boswellic
acid to produce hepatoprotective hybrids by conjugation with natural moieties with reported antioxidant activity.

Scheme 1. Steglich Esterification of AKBA with Menthol or Thymol to Obtain Esters 3a-b
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Acetaminophen (APAP), one of the most used analgesic and
antipyretic agents, is known to cause liver injury in the case of
overdose due to its notorious metabolite N-acetyl-p-benzoqui-
none imine (NAPQI), which could lead to permanent liver
failure if not managed rapidly. The antioxidant N-acetyl
cysteine has been prescribed concomitantly with APAP to
avoid such serious effects. However, the complexity of NAPQI-
induced toxicity requires the regulation of several pathways
related to inflammation, oxidative stress, and tissue regener-
ation.18,19 So, conjugation of AKBA with other antioxidant and
hepatoprotective moieties could be a promising approach for

the prevention and management of drug-induced liver injury
(Figure 1B)
In our lab, we attempted new approaches to explore and

modify bioactive natural products using molecular biology
tools, in silico investigations, derivatization strategies, and
pharmaceutical formulations.20−27 So, the successful stories of
hybridization of boswellic acids as anti-inflammatory, cytotoxic
agents, and antidiabetic agents28−30 encouraged us to pursue
novel new hybrids based on AKBA and other anti-
inflammatory and antioxidant natural products; these hybrids
will be evaluated for their ability to mitigate APAP toxicity in

Scheme 2. Preparation of Acetylated Derivatives 5a−d through the Conjugation of Bromoacetyl Bromide with Respective
Phenols or Alcohols, Which Then Was Reacted with AKBA

Scheme 3. Preparation of AKBA Hybrids 8a−c
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vitro. Furthermore, gene enrichment for the elucidation of
potential targets of the compounds would be addressed and
supported by molecular docking studies. Finally, their stability
in a simulated gastric and intestinal environment would be
assessed.

2. RESULTS AND DISCUSSION
2.1. Chemistry. In this work, we aimed at the preparation

of AKBA hybrids and assessed their therapeutic activity and
pharmacokinetic properties. AKBA hybrids were obtained
through Steglich esterification by a reaction with natural
compounds, such as menthol, 4-hydroxy coumarin, thymol,
eugenol, and vanillin, in the presence of EDCI as a coupling
agent,31 as shown in Scheme 1, or bromoacetyl bromide
derivatives, as shown in Scheme 2, while the formation of
1,2,3-triazole-based hybrids was possible by reacting the

propargyl derivative of AKBA with respective azides, as
shown in Scheme 3. Finally, the synthesis of 1,3,4-oxadiazole
and hydrazone hybrids was achieved by reacting the hydrazide
derivative with carbon disulfide, which was alkylated with
bromoacetyl derivatives, or by reacting it with aromatic
aldehydes and isatin, as illustrated in Schemes 4 and 5,
respectively. The relatively low yield was attributed to the use
of normal-phase silica in the purification, whereas much better
yields could be obtained when reversed-phase column
chromatography was used
The prepared hybrids showed a characteristic spectroscopic

profile, which is commonly found in ursane-type triterpene.
For instance, 13C NMR spectra showed three peaks at 198,
165, and 13 ppm, corresponding to C-11, C-12, and C-13,
respectively, and two esters functional at 170 and 175 ppm,
which were assigned to C-24 and C-3, respectively. Meanwhile,

Scheme 4. Preparation of AKBA Triazole Hybrids 14a−c
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1H NMR spectra showed a singlet proton at 5.4 ppm assigned
for an olefinic proton at C-12, which is representative of an
α−β unsaturated ketone moiety. Moreover, the presence of
oxy-carbon at position 3 was confirmed by proton at 5.2 ppm
in 1H NMR and 72.2 ppm in 13C NMR. Other protons of the
triterpene skeleton were observed at around 2.6−0.6, as
previously reported in the literature.32

For hybrids prepared through Steglich esterification, the
spectroscopic data exhibited the same pattern in line with the
previously reported data for the starting compounds except for
the observed reduction of the chemical shift value from 180 to
168 ppm, confirming the transformation of the acid group of
AKBA to ester. Regarding the menthol hybrid, an increase in
the chemical shift value of proton 1′ of menthol from 3.4 to 4.6
ppm was found, while in the case of the thymol hybrid,
aromatic protons shifted from 7.3 to 7.5 ppm, as shown in
Tables S1 and S2. Eugenol and vanillin derivatives were
unstable and hydrolyzed rapidly
On the other hand, AKBA hybrids were prepared with an

acetyl spacer via reacting AKBA with a bromoacetyl derivative
of the corresponding alcohol or phenol. The produced AKBA

hybrids using an acetyl spacer showed an additional peak at
around 4.6 ppm (s, 2H) in 1H NMR and 61 and 166 ppm in
13C NMR, indicating the presence of the acetyl linker, as
presented in Tables S3−S6.
Additionally, hybrids 8a−c containing 1,3,4-oxadiazole were

prepared by reacting acid 1 with thionyl chloride to form the
intermediates that possess a better-leaving group, acid
chlorides, which further reacted with hydrazine hydrate to
furnish hydrazide 6. The latter reacted with carbon disulfide in
a basic medium to form the oxadiazole linker, which was
reacted with the bromoacetyl derivative of the corresponding
alcohol or phenol. Therefore, these hybrids showed PMR
behavior similar to previously discussed acetyl derivatives but
showed a new peak at around 162 ppm in 13C NMR, implying
the presence of an oxadiazole ring; also, C-24 showed a
decrease in the chemical shift from 180 to 167.4 ppm, as
shown in Tables S7−S9. The vanillin-tethered derivative was
not included as it was unstable and hydrolyzed rapidly before
analysis and could not be isolated from the reaction mixture.
For yielding compounds containing a 1,2,3-triazole linker,

bromoacetyl derivatives of menthol, thymol, or 4-chlorocou-

Scheme 5. Preparation of AKBA Hydrazone Hybrids by Reacting Acid Hydrazide with Different Aldehydes or Ketones
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marin converted to the corresponding azide that reacted with
the propargyl derivative of AKBA 13 through copper-catalyzed
azide−alkyne cycloaddition, which was confirmed by the
additional peaks at around δ 8.0 ppm (1H), corresponding to
the triazole ring; also, three new peaks were observed in 13C
NMR assigned to the triazole carbons and the methylene
between AKBA and the triazole ring at 142, 122, and 60 ppm,
respectively, as shown in Tables S10−S12. It is worth noting
that vanillin and eugenol derivatives were unstable and
hydrolyzed rapidly during the reaction.
Nevertheless, no significant change was observed in the

chemical shift values of the hybrids when compared to the
parent compounds, as reported in the literature.33 Still, atom
carbon 4′ in 4-hydroxy coumarin-based hybrids showed a
noticeable decrease in the chemical shift from 162 to 154 ppm,
confirming the formation of the corresponding azide.
Finally, the hydrazone derivatives were prepared by the

reaction of different aldehydes with AKBA hydrazide. This was
confirmed by the appearance of two new signals (at 11 and 8
ppm) corresponding to the hydrazone linker protons and the
disappearance of the proton at 9−10 ppm corresponding to
the aldehyde protons; also, the decrease in the chemical shift of
aldehyde carbon from 190 to 140 ppm indicates the formation
of an AKBA−hydrazone hybrid. For an isatin hybrid, the
hydrazone linker was observed at 11.36 and at 143.21 ppm, as
shown in Tables S13−S23.
2.2. Biological Evaluation. 2.2.1. In Vitro Anti-inflam-

matory Assessment of AKBA Hybrids. 2.2.1.1. RAW 264.7
Cell Line Stimulated Inflammation by LPS. Since AKBA is
the main scaffold of the prepared hybrids, it was proposed that
the prepared compounds would possess anti-inflammatory
activity. The anti-inflammatory activity of the hybrids was
screened using RAW 264.7 stimulated by LPS. First, the ability
of compounds to affect the proliferation of the cells was tested
at 25 μM using an MTT assay. All tested AKBA hybrids were
found to be noncytotoxic to the RAW 264.7 or HepG2 cell line
at such a concentration, as presented in Table 1

2.2.1.2. Effect of Hybrids on Nitric Oxide (NO) Levels.
Based on the obtained data from the preliminary cytotoxicity
assay, the ability of AKBA hybrids to downregulate NO
production in RAW 264.7 induced by LPS was assessed at a
concentration of 10 μM, as an elevated level of nitric oxide is
an important marker for inflammation. Eleven hybrids
achieved better inhibition of NO than the parent compound.
Eight of them showed better activity when compared to L-NG-
nitro arginine methyl ester (L-Name), a known standard
inhibitor of NO with a percent inhibition of more than 85%.
Interestingly, three of them were AKBA−thymol conjugates
with different linkers, while the other conjugates were menthol,
2,5-benzaldehyde, 3,4,5-trimethoxy benzaldehyde, isovanillin,
and isatin, with percent inhibition up to 91% (Table 2).

2.2.1.3. Gene Expression of TNF-α Using Real-Time PCR.
The above finding prompted us to evaluate the ability of the
most active hybrids to modulate the gene expression of TNF-α
using real-time PCR. All of the compounds were able to
downregulate TNF-α in comparison to cells treated with LPS,
but thymol 5b and isatin 18 conjugates were able to exhibit a
threefold decrease in the gene expression, which is comparable
activity to the standard dexamethasone, as shown in Figure 2a.
Therefore, compounds 5b and 18 were selected for further
investigation to assess their ability to attenuate APAP-induced
inflammation in HepG2.

Table 1. Cytotoxicity of AKBA Hybrids to RAW 264.7 and
HepG2a

no. compound viability % RAW 264.7 at 25 μM HepG2 at 25 μM
1 1 92 ± 1.2 86 ± 2.6
2 14a 89 ± 1 85 ± 0.55
3 14b 100 ± 1.2 93 ± 0.38
4 14c 103 ± 0.6 94 ± 0.18
5 16a 92 ± 1 92 ± 1
6 16b 85 ± 45 90 ± 0.95
7 16c 86 ± 1.5 94 ± 2
8 16d 95 ± 1.7 87 ± 1.7
9 16e 94 ± 0.7 93 ± 2.4
10 16f 95 ± 2.8 99 ± 0.61
11 16g 98 ± 0.56 88 ± 0.45
12 16h 92 ± 0.3 90 ± 0.69
13 16i 99 ± 0.9 89 ± 2.1
14 16j 102 ± 2.6 91 ± 0.76
15 18 99 ± 0.9 93 ± 1.7
16 2a 95 ± 1.5 96 ± 1.5
17 2b 98 ± 0.7 93 ± 1.2
18 5a 93 ± 0.9 90 ± 1.2
19 5b 88 ± 1.3 91 ± 1.2
20 5c 84 ± 2.4 86 ± 1.3
21 5d 96 ± 0.8 104 ± 2.8
22 8a 99 ± 1.5 99 ± 1.5
23 8b 104 ± 0.7 95 ± 0.23
24 8c 99 ± 3 87 ± 0.25

aMean ± SD of % viability of two independent experiments.

Table 2. Nitric Oxide Inhibition in RAW 264.7 Induced by
LPS after Treatment of AKBA Hybrids at 10 μMa

no. compound no. inhibition %

1 1 74 ± 0.1
2 3a 82.52 ± 1.15
3 3b 82.07 ± 0.65
4 5a 75.34 ± 1.39
5 5b 89.69 ± 0.43
6 5c 66.37 ± 1
7 5d 69.51 ± 2.41
8 8a 74.44 ± 0.8
9 8b 85.21 ± 2.41
10 8c 76.24 ± 3.52
11 14a 88.35 ± 2.26
12 14b 85.66 ± 0.68
13 14c 62.79 ± 2.06
14 16a 59.2 ± 0.15
15 16b 89.69 ± 0.78
16 16c 68.61 ± 2.29
17 16d 96.42 ± 0.27
18 16e 64.58 ± 1.93
19 16f 67.72 ± 1.94
20 16g 70.86 ± 2.12
21 16h 85.21 ± 0.69
22 16i 80.72 ± 1.57
23 16j 84.31 ± 2.05
24 18 91.04 ± 0.62
25 L-NAMEb 84.76 ± 0.4

aMean ± SD of % viability of two independent experiments.
bConcentration at 250 μM.
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2.2.1.4. APAP Induced Inflammation in HepG2. All of the
experiments were carried out at 1 μM and 10 μM, whereas
both concentrations proved to be nontoxic to HepG2 cells.
The production of different cytokines such as TNF-α, IL-6,
and IL-1β was measured as APAP-treated cells showed a
significant increase in comparison to nontreated cells.
Compounds 5b and 18 decreased TNF-α production by
approximately 56 and 54%, respectively, at a dose of 10 μM.
On the other hand, compounds 5b and 18 lowered TNF-α
levels by approximately 41 and 39%, respectively, compared to
APAP-treated cells when treated with a dose of 1 μM.
In the case of IL-6, at a dose of 10 μM, compounds 5b and

18 reduced IL-6 by approximately 61 and 67%, respectively,
while at a dose of 1 μM, compounds 5b and 18 reduced IL-6
production by approximately 67 and 48%, respectively,
compared to APAP. On the other hand, silymarin decreased
IL-6 production by approximately 66% compared to APAP.
Finally, for Il-1β, it was found that at 10 μM, compounds 5b
and 18 reduced IL-1β production by approximately 52 and
47%, respectively. While at dose 1 μM, both compounds 5b
and 18 decreased IL-1β levels by approximately 39%. This
indicated that both compounds 5b and 18 were able to
regulate cytokine production to normal levels in a dose-
dependent manner, which is comparable to 25 μg/mL

silymarin, a known standard hepatoprotective compound
(Figure 2b−d).

2.2.2. Estimation of Oxidative Stress Markers: Reduced
Glutathione (GSH), Superoxide Dismutase (SOD) Level, and
Malondialdehyde (MDA). Having the anti-inflammatory
properties of compounds 5b and 18 been proven, their ability
to regulate oxidative stress markers such as reduced glutathione
(GSH), superoxide dismutase level (SOD), and malondialde-
hyde (MDA) was assessed. APAP-treated cells showed a
significant decrease in SOD and GSH, while MDA levels were
increased. On the contrary, treatment of the cells with
compound 5b led to an increase of SOD levels from 31 U/
mg in APAP-treated cells to 73 and 64 at 10 and 1 μM,
respectively.
Whereas, compound 18 increased SOD to 78 and 72 at 10

and 1 μM, respectively, which is comparable to the effect of
standard silymarin. Also, in the case of GSH, treatment with
compound 5b at 10 and 1 μM resulted in increases in GSH
levels to 6.3 and 5.2, respectively, compared to APAP-treated
cells. Similarly, treatment with compound 18 at 10 and 1 μM
increased GSH levels to 7.2 and 6.3, respectively, which was
comparable to the effect of silymarin.
Treatment with APAP led to a significant increase in MDA

(18.5 nmol/mg), which was reversed when compound 5b was
added at 10 or 1 μM in combination with APAP, where the

Figure 2. Effect of compounds 5b and 18 on (A) gene expression of TNF-α in comparison to standard dexamethasone in RAW 264.7 stimulated
by LPS. (B) TNF-α levels, (C) IL-1β, and (D) IL-6 in HepG2 in the presence of 10 m MAPAP in comparison to silymarin. *** represents a
significant difference from the control group at p < 0.0005. ***** represents a significant difference from the control group at p < 0.0001.
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levels of MDA decreased to 3.9 and 8.2 nmol/mg, respectively.
Also, compound 18 at 10 and 1 μM led to a decrease of MDA
levels to 4.7 and 9.6 nmol/mg, respectively. Again, this was
similar to the effect exerted by silymarin treatment, which
decreased MDA levels to 3.6 nmol/mg (Figure 3a−c).
In light of these findings, AKBA−thymol and AKBA−isatin

were able to regulate several molecular targets associated with
APAP-induced hepatitis in a dose-dependent manner, achieved
better activity than the parent compound, and were
comparable to known anti-inflammatory and hepatoprotective
agents. This is in accordance with previous studies reporting
the potential use of triterpenes in the management of hepatic-
related pathogenesis and their ability to restore a normal
hepatic environment.34

For example, boswellic acids showed a prominent in vivo
hepatoprotective effect against APAP-induced hepatotoxicity
in mice by modulating inflammatory and oxidative stress
markers.35 This was also supported by the ability of boswellic
acid combinations to protect against acute liver injury induced
by galactosamine/endotoxin by targeting TNF-α.36 Another
important factor to consider is the ability of AKBA to inhibit 5-
lipooxygenase (5-LOX), which was reported to help in the
reduction of hepatic damage.37,38 Also, boswellic acid was
identified as a promising agent in prevention of nonalcoholic
fatty acid,39 hepatic steatosis,40 polycyclic aromatic hydro-
carbon-induced liver injury in a rat model,15 and doxorubicin-
induced hepatotoxicity.41

For the counterpart of the hybrid 5b, thymol, there are
uncountable studies addressing its anti-inflammatory and
antioxidant effect, which revealed its ability to affect a plethora
of pathological pathways associated with hepatotoxicity.42

Interestingly, these effects were proven to be reproducible in
different models studying liver injury where thymol was able to
protect against ethanol-induced hepatotoxicity through de-
creasing nitric oxide release and preventing autophagy;43 also,
it attenuated LPS-induced hepatitis in mice by preventing
NLRP3 inflammasome activation and mTOR and AMPK
pathways.44

Moreover, thymol was found to possess a hepatoprotective
effect against thioacetamide-induced hepatic encephalopathy in
rats by the downregulation of NF-κβ and normalization of
hepatic enzymes.45 More importantly, at a dose of 100 μM,
thymol ameliorated APAP hepatotoxicity in HepG2,46 showing
the ability of the prepared hybrid to exert better activity
compared to thymol alone, which could be explained by its
ability to target multiple pathways involved in hepatotoxicity.
In the case of compound 18, isatin was the conjugate with

AKBA. It is a unique natural product isolated from Isatis
tinctoria with diverse biological activities and was found to be
one of the oxidation metabolites of indole by cytochrome
p450.47,48 It was reported to show anti-inflammatory and
antioxidant effects in different experimental models, and
several analogues were designed for such purpose. These
bioactivities were attributed to its ability to downregulate
proinflammatory and ROS generation mechanisms.49−51

Figure 3. Effect of compounds 5b and 18 on antioxidant markers, (A) SOD, (B) GSH, and (C) MDA, in comparison to standard silymarin on
APAP-induced hepatotoxicity in HepG2.**** represents a significant difference from the control group at p < 0.0005.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05247
ACS Omega 2023, 8, 39490−39510

39497

https://pubs.acs.org/doi/10.1021/acsomega.3c05247?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05247?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05247?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05247?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In this context, isatin hydrazone derivatives demonstrated a
hepatoprotective effect against carbon tetrachloride in rats.52

Recently, isatin was found to prevent carcinogenesis in the liver
induced by diethyl nitrosamine (DENA) in rats by the
upregulation of the Nrf2 signaling pathway, which led to a
decrease in the levels of several proinflammatory markers such
as TNF-α, IL-1β, and IL-6,53 which verify our findings and
justify the better activity of the AKBA−isatin conjugate over
other hybrids.
2.3. In Silico Evaluation of Most Active Hybrids.

2.3.1. Network Pharmacology. The multifaceted nature of
drug-induced hepatitis requires the regulation of several
molecular pathways involved in its pathogenesis. Hence, it is
logical to utilize pharmacological agents with multitherapeutic
activities. As previously established, AKBA conjugates
exhibited substantial anti-inflammatory and hepatoprotective
effects in APAP-induced hepatotoxicity, so network pharma-
cology analysis was performed to get insights into different
molecular, biological, and cellular processes that might be
correlated with the observed activity.
For such a purpose, target prediction using Pharmmaper and

Swiss target prediction server revealed 438 potential targets of
the prepared hybrids; among them, 28 targets related to
hepatitis were retrieved and subjected to enrichment analysis
using Gene Ontology (GO) annotation and KEGG to identify
different BP, MF, and CC related to hepatitis.
Interestingly, top biological processes that are significantly

enriched were related to hepatic cancer and chemical
carcinogenesis related to reactive oxygen species, as shown in
Figure 4a; also, the epidermal growth factor receptor,
phosphoinositide 3-kinase (PI3K), was significantly high-
lighted as the main targets involved in these processes. This
agrees with reports indicating that the regulation of these
targets plays an important role in the management of APAP
hepatotoxicity and liver injury-related conditions, for example,

EGFR activation has been noticed in the early stages of APAP-
induced injury, which led to the initiation of liver repair
mechanisms18,54

More importantly, PI3K is regulated as part of the
downstream signaling pathway of EGFR; hence, the emergence
of PI3K among the enriched targets is not surprising. In fact,
the regulation of PI3K was suggested by many studies as a
potential mechanism for abrogation of APAP toxicity.55,56 It is
worth noting that the ability of several triterpenes similar to
boswellic acids to interact with this target is reported.57,58

Moreover, thymol, which is part of the hybrid 5b, was reported
to protect against xenobiotic-induced injury by the regulation
of PI3K-related pathways.44,45,59

Also, enriched terms in BP were a response to a cadmium
ion, gland development, and the regulation of protein
localization to the plasma membrane and cell periphery at p
= 0.0002 and a response to xenobiotic and oxidative stress at p
= 0.0004, as demonstrated in Figure 4b. All of these terms are
related to reactive oxygen species, oxidative stress, and
inflammation, which would eventually lead to the distribution
of the cellular function of liver glands and impairing repairing
mechanisms. Change in the localization of some proteins, such
CYP2E1, has been proposed as an adapting response to drug-
induced liver injury, especially in the case of APAP.60 This
mechanism was mimicked by boswellic acid as it was able to
reduce the levels of CYP2E1 in a dose-dependent manner in an
alcoholic liver induced experimentally.61

For MF, protein phosphatase, phosphatase binding,
hormone binding, nuclear receptor activity, and ligand-
activated transcription factor activity were among the top
five enriched MF at p = 0.0004, as depicted in Figure 4c. This
could be supported by previous studies explaining the role of
protein phosphatase and physiological protein phosphorylation
in the development of APAP toxicity.62 Nevertheless, the
inhibition of phosphorylation of several inflammatory proteins,

Figure 4. Enrichment analysis of terms related to hepatitis and targets associated with AKBA hybrid activity. (A) KEGG, (B) biological processes,
(C) molecular functions, and (D) cellular components.
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such as mitogen-activated protein kinases, could also be a
potential MF as they are well known for their contribution to
oxidative stress and liver injury.
In this context, the anti-inflammatory mechanism of

boswellic acids was attributed to their ability to downregulate
the phosphorylation of p38 MAPK, NF-KB, and JNK.35,63

Finally, vesicle lumen and ficolin 1-rich granule CC terms were
significantly enriched (p = 0.005), as shown in Figure 4d.
These elements play an important role in the activation

liver’s immune response to mitigate the damage and initiate
repair processes.64,65 As the enrichment of ficolin 1-rich
granules may indicate a specific immune response associated
with hepatotoxicity, targeting innate immunity responses has
been investigated to control APAP-related toxicity.66 There are
no previous data addressing the ability of the prepared hybrids
or their components to directly regulate this marker; still, the
ability of boswellic acids to modulate innate immunity in
different tissues has been proven.67−69

To obtain more information about other pathways involved
in the hepatoprotective effect of the prepared hybrids, a
protein−protein interaction network was constructed where
interactions were filtered based on a confidence score
threshold of 0.7 to ensure reliable interactions in our network.
Again, EGFR and PI3K appear to be responsible for most of
the interactions followed by GRB2, MET, and STAT1, as
demonstrated in Figure 5a,b and Table S24. Nevertheless,
PI3K was shown to be the most significant target as it was
involved in interaction with 45 out of 54 targets enriched from
KEGG related to hepatitis, while EGFR interacted with 35 of
54.

2.3.2. Molecular Docking. Since PI3K emerged as the most
promising target for the most active hybrids, we used
molecular docking to identify their potential interaction with
this target. First, putative active sites were recognized by the
CB-Dock2 server, as there were no previous reports about the
binding mode of AKBA to PI3K. Three binding sites were
detected, so molecular docking was performed, and the two

hybrids were ranked according to their binding energy. Since
both compounds showed remarkable binding affinity to active
site number 1 (Table 3), their poses were selected for
postdocking analysis.

Unexpectedly, both of the compounds did not interact with
the ATP active site; instead, the best binding site was
recognized between the interface of the catalytic p110α and
the regulatory subunit p85α complex, probably due to its
relatively large cavity volume and the ability of both
compounds to form several hydrogen bonds and hydrophobic
interactions with the active site. Still, compound 18 showed
better binding energy as it formed hydrogen bonds with
Gly451, His450, Tyr467, and ASN457 through the acetyl
group and carbonyl of AKBA and Thr679 and Ile459 with the
amide functionality in the isatin moiety; also, it formed
hydrophobic interactions with Trp446, Pro447, Lys678, and
Gly1009, as shown in Figure 6a,b.
Whereas, in the case of compound 5b, it interacted with

His450, Asn465, Asn457, and Arg808 through hydrogen
bonding with the acetyl and carbonyl functionality in the
AKBA scaffold and with Lys640 through the acetyl linker
between AKBA and thymol. Moreover, it formed hydrophobic
interactions with Val461, Pro447, Tyr556, Asn677, Lys678,
and Thr679, as depicted in Figure 6c,d. This binding mode
suggests the ability of AKBA hybrids to mitigate APAP-
induced hepatotoxicity by disrupting protein−protein inter-

Figure 5. (A) Protein−protein interaction network constructed from the most relevant targets associated with the activity of the AKBA hybrid. (B)
Top five pathways identified in the KEGG. The visualization of the gene−pathway relationships using colored lines illustrates the extensive overlap
and interconnectivity between these pathways.

Table 3. Blind Docking Results of the AKBA Hybrid in
Different Binding Sites in the PI3K Complex

binding
site

cavity
volume
(Å3)

docking size
(X,Y,Z)

center box
(X,Y,Z)

Vina
score of

18

Vina
score of

5b

1 32,498 75,51,81 35,35,35 −11.4 −10.6
2 7532 66,79,91 35,27,35 −9.0 −10.1
3 3805 90,79,92 27,27,27 −7.8 −8.4
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action between the p110α and p85α complex (Figure S1),
which would consequently block the inhibitory action of
p85α,70 leading to the activation of PI3k signaling, which was
reported as a promising approach in the management of APAP
liver injury.56,71,72

2.3.3. ADMET Assessment of Compounds 5b and 18.
ADMET prediction has been extensively used to obtain
insights about the pharmacokinetic properties of drug-like
compounds.73,74 In the case of compound 5b, both predicted
values in the PkCSM server and PreADMET showed that
human intestinal absorption was 100 and 97.83%, respectively.

The compounds showed a reasonable volume of distribution
and skin permeability. Both servers showed that the compound
is a potential inhibitor for p-glycoprotein but does not affect
the cytochrome p450 system. Additionally, the PkCSM server
showed that the excretion rate of the compound is in the safe
range. Regarding the toxicity profile, both servers showed that
the compound is neither mutagenic nor hepatotoxic. More-
over, ProTOX-II predicted that compound 5b is relatively safe
with LD50 = 2000 mg/kg.
For compound 18, the PkCSM server and PreADMET

predicted that human intestinal absorption was 100 and 96%,

Figure 6. (A) 3D interaction of compound 18 (green) with site-1 in the PI3K complex (PDB: 3HNM). (B) 2D interaction of compound 18
(green) with site-1 in the PI3K complex. (C) 3D interaction of compound 5b (cyan) with site-1 in the PI3K complex (PDB: 3HNM). (D) 2D
interaction of compound 18 (cyan) with site-1 in the PI3K complex.

Table 4. ADMET Prediction of the Most Active Hybrids

compound 5b compound 18

ADMET PreADMET server PkCSM server PreADMET server PkCSM server

intestinal absorption 97.83% 100% 96.0% 100%
volume of distribution (human) (log L/kg) 0.916 −0.331 1.137 −0.404
skin permeability log Kp, cm/h −0.72 −2.73 −1.83944 −2.749
P-glycoprotein I inhibitor yes yes yes yes
cytochrome P450 inhibition no no no no
excretion log mL/min/kg −0.508 −0.555
Ames test nonmutagen nonmutagen nonmutagen nonmutagen
hepatotoxicity no no no no
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respectively. The compounds showed a good volume of
distribution and skin permeability. Both servers revealed its
ability to inhibit p-glycoprotein but not the cytochrome p450
system. Furthermore, the PkCSM server showed that the
excretion rate of the compound is in the safe range. Again,
toxicity prediction showed that the compound is neither
mutagenic nor hepatotoxic. Moreover, ProTOX-II predicted
that compound 18 is potentially safe with LD50 = 1400 mg/kg.
The ADMET prediction results are shown in Tabe 4.
2.4. Preliminary Stability Studies. Since compounds 5b

and 18 showed better activity than other hybrids, we decided
to investigate their stability in conditions simulating gastric and
intestinal environments. At 0.1 M HCl, compound 5b showed
excellent stability with t1/2 equal to 25.3 h. In contrast, the t1/2
of compound 18 was 5.74 h, as demonstrated in Figure 7a.
This situation was reversed at pH = 7.4; since compound 5b is
ester, it was more labile to hydrolysis than compound 18,
where their t1/2 values were 20.9 h and 4.6 days, respectively, as
shown in Figure 7b. This is in agreement with previous studies
indicating that hydrazones have lower stability in an acidic
medium rather than basic or neutral conditions, while esters
tend to act as prodrugs in relatively basic pH, leading to a
continuous release of the active substrate. Nevertheless, esters
have substantial resistance to acid hydrolysis.75,76 Still, the
obtained data infer that the gastric or intestinal environment
might not affect the absorption of both compounds since they
showed reasonable stability in both acidic and slightly basic
environments.

3. CONCLUSIONS
In this study, we successfully prepared 23 novel conjugates of
AKBA and other natural products. Among them, AKBA−
thymol and AKBA−isatin were able to reduce cytokine
production in the RAW 264.7 cell line induced by LPS and
remarkably alleviated the hepatotoxic effects of APAP in the
HepG2 cell line by exerting anti-inflammatory activity and
boosting the levels of antioxidant enzymes such as GSH and
SOD and decreasing MDA levels. The regulation of PI3K by
AKBA hybrids was suggested as a possible mechanism of
action. This was supported by their ability to interact with the
active site lying between the interface of catalytic p110α and
the regulatory subunit p85α complex, as shown by molecular
docking study. This would eventually prevent the inactivation
of p110α by the p85α complex, leading to the activation of
PI3K and related downstream pathways promoting cell survival
and tissue regeneration. The stability of the most active hybrids
in simulated gastric and intestinal pH suggested that they

would probably be absorbed unchanged. Finally, the
combination of AKBA, thymol, or isatin through chemical
hybridization could unleash their multitherapeutic potential as
a promising approach to manage complex conditions such as
APAP toxicity and other related disorders. Full detailed kinetic
studies are needed before clinical application can be
established.

4. MATERIALS AND METHODS
4.1. Chemistry. 4.1.1. General. Melting point equipment

(FALC, Italy) was used to record the melting point. A Bruker
spectrometer at 400 MHz for 1H NMR and 101 MHz 13C
NMR was used to collect NMR spectra in deuterated dimethyl
sulfoxide (DMSO) or chloroform CDCl3. Chemical shifts (δ)
were recorded relative to the solvent (DMSO) or CDCl3 as
parts per million (ppm). The reported coupling constant (J)
are in hertz. Mass spectra were obtained utilizing a mass
spectrometer: Thermo scientific ISQLT single quadrupole.
Elemental analysis for C, H, N, and S was done utilizing a
PerkinElmer 240, and all results were found within the
accepted limits. Commercially available solvents and reagents
were used without further purification.

4.1.2. Isolation and Purification of AKBA. The isolation of
AKBA 1 was performed as previously mentioned, and it was
obtained as white needles and confirmed with cochromatog-
raphy with standard AKBA provided by F. A. Badria.77

4.1.3. Synthesis of AKBA Hybrid Esters (3a−b). AKBA 1
(102.55 mg, 0.2 mmol), 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide (EDCI) (38.81 mg, 0.25 mmol), and 4-
dimethylaminopyridine (DMAP) (2.44 mg, 0.02 mmol) in
anhydrous methylene chloride (DCM) (25 mL) were mixed
for 10 min in an ice salt bath. This was followed by addition of
the corresponding alcohol/phenol 2a-b (0.2 mmol) dropwise
over a period of 1 h with continuous stirring, at the same
temperature; finally, the reaction mixture was left to stir further
48 h at room temperature. Once the reaction was completed, it
was filtered and evaporated in vacu. Flash chromatography was
used for purification where gradient elution from 100 to 70%
in a petroleum ether:ethyl acetate mobile phase allowed
obtaining compounds 3a-b in pure form.

4.1.3.1. Menthyl(3-acetxoy-11-oxo-12-ursen-24-oate)
(3a). Yield 25%; 1H NMR (400 MHz, CDCl3) δ ppm: 5.6
(s, 1H, CH�C-AKBA), 5.2 (s, 1H, CH−O−AKBA), 4.6 (td, J
= 11.3, 4.0 Hz, 1H, CH−O−AKBA), 4.4 (dd, J = 11.8, 4.7 Hz,
1H, CH−O−menthol), 2.7 (d, J = 13.5 Hz, 1H, CH−AKBA),
2.3 (s, 1H, AKBA), 2.0 (d, J = 13.0 Hz, 1H, menthol), 1.9 (t, J
= 14.3 Hz, 3H, AKBA), 1.8 (d, J = 15.3 Hz, 2H, menthol), 1.7

Figure 7. Preliminary stability studies of the hybrids 5b and 18 at (A) pH = 1.4 and (B) phosphate buffer pH = 7.4. Data were derived from three
independent experiments as mean ± SD.
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(dd, J = 14.2, 4.1 Hz, 1H, menthol), 1.6 (q, J = 10.4, 8.8 Hz,
5H), 1.5 (d, J = 14.4 Hz, 2H), 1.5−1.4 (m, 1H), 1.3 (d, J = 8.7
Hz, 8H), 1.3−1.2 (m, 1H), 1.1 (s, 3H), 1.1 (s, 6H), 1.0 (p, J =
12.1, 11.3 Hz, 4H), 0.9−0.8 (m, 5H), 0.8 (s, 8H, 2(CH3−
menthol), 0.7 (d, J = 10.1 Hz, 4H, menthol−CH3), 0.7 (d, J =
7.0 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ ppm: 200.2
(C�O), 175.9 (O�C−CH3), 171.1 O�C−CH3), 169.6
(CH�AKBA), 128.5 (C�CH), 80.6 (CH−O−menthol),
76.7 (CH−O−AKBA), 74.2, 61.7, 55.0, 48.4, 47.0, 46.9, 45.4,
44.0, 43.3, 41.1, 40.9, 38.9, 38.8, 38.0, 37.7, 37.0, 34.2, 32.7,
31.8, 31.5, 31.2, 28.7, 28.3, 28.0, 26.4, 26.1, 23.6, 22.0, 21.3,
20.8, 18.7, 17.4, 16.7, 16.4, 15.9; displayed a molecular ion at
m/z 650.49 calculated for the molecular formula anal. calcd for
C42H66O5: C, 77.49; H, 10.22; found C, 77.93; H, 10.03.

4.1.3.2. Thymyl(3-acetxoy-11-oxo-12-ursen-24-oate) (3b).
Yield 15%; 1H NMR (400 MHz, CDCl3) δ ppm: 7.5 (t, J =
7.7 Hz, 1H), 7.4−7.3 (m, 2H), 5.5 (s, 1H), 5.4 (d, J = 3.0 Hz,
1H), 2.6 (dt, J = 13.5, 3.6 Hz, 1H), 2.4 (s, 1H), 2.3−2.2 (m,
2H), 2.1 (s, 3H), 1.9 (q, J = 4.7 Hz, 3H), 1.7−1.6 (m, 2H),
1.6−1.5 (m, 1H), 1.5 (d, J = 11.1 Hz, 6H), 1.4 (d, J = 3.0 Hz,
1H), 1.3 (d, J = 8.7 Hz, 12H), 1.2 (d, J = 13.4 Hz, 8H), 1.0−
0.9 (m, 2H), 0.9 (d, J = 4.6 Hz, 5H), 0.8−0.7 (m, 8H); 13C
NMR (101 MHz, CDCl3) δ ppm: 198.9 (C�O), 172.3 (O�
C−CH3), 170.0 (O�C−CH3), 165.3 (CH�AKBA), 143.5
(C−O Ar−thymol), 130.4 (Ar−thymol), 128.9 (C�CH),
128.7 (Ar−thymol), 124.9 (Ar−thymol), 120.6 (Ar−thymol),
116.0 (Ar−thymol), 72.2 (CHO−AKBA), 60.2, 59.1, 50.6,
47.2, 45.1, 43.8, 40.9, 39.4, 39.3, 37.4, 34.2, 34.0, 32.7, 30.9,
28.9, 27.5, 27.2, 23.8, 23.6, 22.7, 21.3, 21.2, 20.6, 19.0, 18.4,
17.4, 14.2; displayed a molecular ion at m/z 644.44 calculated
for the molecular formula anal. calcd for C42H60O5 C: 78.22;
H, 9.38; found C, 78.68; H, 9.53.

4.1.4. Synthesis of Bromoacetyl Derivatives (4a−d).
Acetyl derivatives were prepared using the previously reported
method27 to obtain compounds (4a−d)

4.1.5. Synthesis of the AKBA Hybrid Acetyl Linker
Derivative (5a−d). Bromoacetate derivatives 4a−d (0.20
mmol), AKBA 1 (102.55 mg, 0.2 mmol), potassium carbonate
(41.5 mg, 0.3 mmol), and potassium iodide (3.32 mg, 0.02
mmol) in DMF (10 mL) was prepared. This mixture was
stirred for 48 h at room temperature. Crushed ice was added to
the reaction mixture while stirring and then extracted with
ethyl acetate (3 × 25 mL). The ethyl acetate layer was dried
over anhydrous sodium sulfate and removed under reduced
pressure to obtain a semisolid residue. This residue was
chromatographed using gradient elution from 100 to 70%
using petroleum ether:ethyl acetate as a mobile phase to obtain
compounds 5a−d.

4.1.5.1. 2-Menthoxyl-2-oxoethyl 2-(3-acetxoy-11-oxo-12-
ursen-24-oate) (5a). Yield 20%; 1H NMR (400 MHz, CDCl3)
δ ppm: 5.5 (s, 1H, C�CH−AKBA), 5.3 (d, J = 2.9 Hz, 1H,
CH−O−AKBA), 4.7 (dt, J = 10.9, 5.5 Hz, 1H, CHO−
menthol), 4.6 (d, J = 15.8 Hz, 1H, CH−C�O), 4.5 (d, J =
15.8 Hz, 1H, CH−C � O), 2.5 (dt, J = 13.3, 3.6 Hz, 2H), 2.1
(ddd, J = 17.9, 9.5, 3.3 Hz, 1H), 2.0 (s, 4H), 1.9−1.7 (m, 3H),
1.7−1.5 (m, 4H), 1.5−1.3 (m, 10H), 1.3 (s, 5H), 1.2 (s, 3H),
1.1 (s, 4H), 1.0 (s, 4H), 1.0−0.9 (m, 2H), 0.9 (s, 4H), 0.8 (t, J
= 6.2 Hz, 8H), 0.8−0.7 (m, 6H), 0.7 (d, J = 6.8 Hz, 3H); 13C
NMR (101 MHz, CDCl3) δ ppm: 199.3 (C�O), 175.1
(OC�O), 170.2 (OC�O), 167.2 (CH2−C�O−linker),
165.0 (olefinic), 130.5 (olefinic), 75.6 (CHO−menthol),
73.2 (CHO−AKBA), 60.8, 60.3, 59.0, 50.4, 46.9, 46.8, 45.1,
43.8, 40.9, 40.7, 39.3, 39.3, 37.3, 34.6, 34.1, 34.0, 32.9, 31.4,

30.9, 28.9, 27.5, 27.2, 26.1, 23.9, 23.5, 23.3, 22.0, 21.4, 21.2,
20.8, 20.6, 18.8, 18.3, 17.4, 16.2, 13.4; displayed a molecular
ion at m/z 708.49 calculated for the molecular formula anal.
calcd for C44H68O7: C, 74.54; H, 9.67; found C, 75.04; H,
10.0.

4.1.5.2. 2-Thymoxyl-2-oxoethyl 2-(3-acetoxy-11-oxo-12-
ursen-24-oate) (5b). Yield 15%; 1H NMR (400 MHz, CDCl3)
δ ppm: 7.1 (d, J = 7.9 Hz, 1H, aromaic), 7.0 (dd, J = 8.0, 1.7
Hz, 1H, Ar−H), 6.7 (d, J = 1.8 Hz, 1H, Ar−H), 5.5 (s, 1H,
olefinic), 5.3 (d, J = 2.9 Hz, 1H, CHO−AKBA), 4.9 (d, J =
16.0 Hz, 1H, CH−C�O), 4.8 (d, J = 16.0 Hz, 1H, CH−C�
O), 2.9−2.8 (m, 1H), 2.5 (dt, J = 13.2, 3.6 Hz, 3H), 2.4 (s,
1H), 2.2 (ddd, J = 17.8, 9.5, 3.9 Hz, 1H), 2.0 (s, 4H), 1.8 (dtd,
J = 24.5, 13.4, 4.0 Hz, 2H), 1.7−1.7 (m, 1H), 1.6 (ddq, J =
15.5, 10.5, 3.8 Hz, 2H), 1.4 (dd, J = 20.5, 8.1 Hz, 2H), 1.4 (dt,
J = 12.2, 4.1 Hz, 4H), 1.3 (s, 4H), 1.2−1.1 (m, 7H), 1.1−1.1
(m, 9H), 1.0 (s, 3H), 1.0−0.9 (m, 1H), 0.9 (s, 4H), 0.8−0.7
(m, 6H); 13C NMR (101 MHz, CDCl3) δ ppm: 199.4 (C�
O), 175.1 (OC�O), 170.3 (OC�O), 166.6 (CH2−C�O−
linker), 165.2 (olefinic), 147.1 (Ar−C−O), 137.0, 136.8, 130.5
(olefinic), 127.6, 126.6, 122.4, 73.2, 60.5, 59.0, 50.4, 46.8, 45.1,
43.8, 40.9, 39.3, 39.3, 37.3, 34.5, 34.0, 32.9, 30.9, 28.9, 27.5,
27.2, 27.0, 23.9, 23.6, 23.1, 23.1, 21.4, 21.2, 20.8, 20.5, 18.8,
18.3, 17.4, 13.5; displayed a molecular ion at m/z 702.44
calculated for the molecular formula anal. calcd for C44H62O7:
C, 75.18; H, 8.89; found C, 75.63; H, 8.55.

4.1.5.4. 2-Vanillyl-2-oxoethyl 2-(3-acetoxy-11-oxo-12-
ursen-24-oate) (5c). Yield 8%; 1H NMR (400 MHz, CDCl3)
δ ppm: 9.8 (s, 1H, CHO−vanillin), 7.4 (dd, J = 5.9, 1.9 Hz,
2H, Ar−H), 7.1 (d, J = 8.5 Hz, 1H, Ar−H), 5.6 (s, 1H,
olefinic), 5.4 (d, J = 2.8 Hz, 1H, CH−O), 4.8 (d, J = 16.2 Hz,
1H, CH−CO−linker), 4.6 (d, J = 16.2 Hz, 1H, CH−CO−
linker), 4.0 (s, 3, OCH3), 2.6−2.5 (m, 1H), 2.4 (d, J = 2.5 Hz,
1H), 2.2 (s, 2H), 2.1 (d, J = 2.0 Hz, 4H), 1.9 (td, J = 10.0, 8.8,
3.5 Hz, 2H), 1.8−1.6 (m, 4H), 1.6 (d, J = 11.0 Hz, 1H), 1.5−
1.4 (m, 4H), 1.4 (s, 1H), 1.3 (d, J = 8.7 Hz, 5H), 1.2 (d, J = 2.9
Hz, 4H), 1.2 (s, 1H), 1.1 (d, J = 9.9 Hz, 2H), 1.0 (dd, J = 14.0,
4.6 Hz, 1H), 1.0 (s, 5H), 0.9−0.8 (m, 7H); 13C NMR (101
MHz, CDCl3) δ ppm: 199.6 (C�O), 191.1 (CHO−vanillin),
175.0 (OC�O), 170.4 (OC�O), 165.4 (2c), (olefinic and
CH2−C�O−linker), 151.8 (Ar−OCH3), 147.2 (Ar−OH),
130.4 (olefinic), 129.8, 127.7, 114.4, 108.8, 73.2, 60.3, 59.0,
56.1, 50.4, 46.8, 46.5, 45.1, 45.1, 43.8, 40.9, 39.3, 39.3, 37.3,
34.5, 34.0, 32.9, 30.9, 28.9, 27.5, 27.2, 23.9, 23.6, 21.4, 21.2,
20.5, 18.7, 17.4, 13.4; displayed a molecular ion at m/z 704.39
calculated for the molecular formula anal. calcd for C42H56O9:
C, 71.56; H, 8.01; found C, 71.95; H, 8.15.

4.1.5.3. 2-Eugenyl-2-oxoethyl 2-(3-acetoxy-11-oxo-12-
ursen-24-oate) (5d). Yield 12%; 1H NMR (400 MHz,
CDCl3) δ ppm: 6.9 (d, J = 7.9 Hz, 1H, Ar−H), 6.7−6.6 (m,
2H, Ar−H), 5.9 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H, olefinic−
eugenol), 5.5 (s, 1H, olefinic−AKBA), 5.3 (d, J = 2.9 Hz, 1H,
CH−O−AKABA), 5.1−5.0 (m, 1H, olefinic−eugenol), 5.0−
5.0 (m, 1H, olefinic−eugenol), 4.9 (d, J = 16.0 Hz, 1H CH−
CO−linker), 4.8 (d, J = 16.0 Hz, 1H, CH−CO−linker), 3.7 (s,
3H, OCH3), 3.3 (d, J = 6.8 Hz, 2H, CH2−C�C−eugneol),
2.5 (dt, J = 13.0, 3.5 Hz, 1H), 2.3 (s, 1H), 2.2 (td, J = 14.2,
13.0, 3.5 Hz, 1H), 2.0 (s, 3H), 1.9−1.7 (m, 4H), 1.7−1.5 (m,
2H), 1.5−1.4 (m, 1H), 1.4 (ddd, J = 12.1, 10.0, 7.2 Hz, 4H),
1.2 (d, J = 31.6 Hz, 9H), 1.2 (s, 2H), 1.1 (d, J = 4.1 Hz, 0H),
1.1 (s, 3H), 1.0 (s, 3H), 1.0−0.9 (m, 1H), 0.9 (s, 4H), 0.8−0.7
(m, 6H); 13C NMR (101 MHz, CDCl3) δ ppm: 199.4 (C�
O), 175.0, 170.2 (OC�O), 165.9 (olefinic−AKBA), 165.0
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(CH2−C�O−linker), 150.6 (Ar−OCH3), 139.5, 137.2
(olefinic−eugenol), 137.0, 130.5 (olefinic−AKBA), 122.3,
120.7, 116.3 (olefinic−eugenol), 112.8, 73.2, 60.4, 60.3, 59.0,
55.9, 50.4, 46.8, 45.1, 43.8, 40.9, 40.1, 39.3, 39.3, 37.3, 34.5,
34.0, 32.9, 30.9, 28.9, 27.5, 27.2, 23.9, 23.6, 21.4, 21.2, 20.6,
18.8, 18.3, 17.4, 13.4; displayed a molecular ion at m/z 716.42
calculated for the molecular formula anal. calcd for C44H60O8:
C, 73.71; H, 8.44; found C, 73.25; H, 9.03.

4.1.6. Synthesis of the AKBA Hybrid Oxadiazole Linker
(8a−c). AKBA 1 (0.51 g, 1 mmol) was subjected to reflux in
25 mL of thionyl chloride for 4 h. The solution was then
evaporated in vacu. Next, the crude products were transformed
into the corresponding ester by adding isopropanol (25 mL)
and stirring for 0.5 h. Finally, the corresponding hydrazide 6
was obtained by refluxing the reaction mixture with 20 mL of
95% hydrazine hydrate for 3 h. After cooling, the formed
precipitate was filtered under a vacuum and washed with cold
isopropanol to give an off-white powder (mp = 207−210 °C).
The prepared hydrazide 6 (0.58 g, 1.1 mmol) and potassium

hydroxide (0.067 g, 1.2 mmol) were stirred in absolute ethanol
(25 mL), and then carbon disulfide (0.5 mL) was added. The
reaction mixture was subjected to reflux for 6 h. The reaction
mixture was left to cool and chilled water was poured onto it;
then, dilute hydrochloric acid (10%) was added, leading to
precipitation of the 1,3,4-oxadiazole derivative of AKBA 7,
which was filtered under pressure to obtain an off-white
powder (mp = 270−273 °C).
1,3,4-Oxadiazole derivative 7 (73.95 mg, 0.13 mmol) was

mixed with 4a-b and 4d (0.14 mmol), and potassium
carbonate (27.64 mg, 0.2 mmol) in DMF (5 mL) and stirred
for 24 h at room temperature. Crushed ice was added to the
mixture while stirring; ethyl acetate (3 × 25 mL) was used for
extraction and removed under reduced pressure to obtain the
crude products as compounds 8a−c. Compounds 8a−c were
purified by column chromatography using gradient elution
from 100 to 60% in a petroleum ether:ethyl acetate mobile
phase.

4.1.6.1. Menthol2-((5-((3-acetoxy-11-oxo-12-ursen-24-
yl))-1,3,4-oxadiazol-2-yl)thio)acetate (8a). Yield 30%; 1H
NMR (400 MHz, CDCl3) δ ppm: 5.5 (s, 1H, (s, 1H, C�
CH)AKBA), 4.7 (td, J = 10.9, 4.4 Hz, 1H, CH−O−AKBA),
4.3 (d, J = 2.9 Hz, 1H, CH−O−menthol), 4.0 (s, 2H CH−
C�O−linker), 2.5−2.4 (m, 3H), 2.0 (td, J = 13.7, 4.8 Hz,
1H), 1.9 (dd, J = 11.8, 4.4 Hz, 4H), 1.9−1.7 (m, 3H), 1.6 (tdd,
J = 13.4, 9.5, 3.0 Hz, 6H), 1.5−1.3 (m, 7H), 1.3 (d, J = 16.8
Hz, 8H), 1.2−1.1 (m, 3H), 1.1 (s, 3H), 1.0−0.9 (m, 4H), 0.9−
0.8 (m, 12H), 0.8−0.7 (m, 6H), 0.7 (d, J = 6.9 Hz, 3H); 13C
NMR (101 MHz, CDCl3) δ ppm: 199.3 (C�O), 172.2 (C,
OC�O), 167.0 (CH2−C�O−linker, C�N−oxadiazole),
165.1 (C, olefinic-−AKBA), 162.2 (C�N−oxadiazole),
130.4 (olefinic−AKBA), 76.7 (CHO−AKBA), 70.6 (CHO−
menthol), 60.3, 59.0, 53, 49.2, 46.9, 45.0, 43.8, 41.9, 40.9, 40.6,
39.3, 37.1, 34.7, 34.1, 34.0, 33.7, 32.7, 31.4, 30.9, 28.9, 27.5,
27.2, 26.2, 26.0, 25.4, 23.3, 22.0, 21.2, 20.8, 20.6, 18.6, 18.4,
17.5, 16.2, 13.1; displayed a molecular ion at m/z 764.47
calculated for the molecular formula anal. calcd for
C45H68N2O6S: C, 70.64; H, 8.96; N, 3.66; S, 4.19; found C,
70.79; H, 9.23; N, 3.44; S, 4.46.

4.1.6.2. Thymol-2-((5-((3-acetoxy-11-oxo-12-ursen-24-
yl))-1,3,4-oxadiazol-2-yl)thio)acetate (8b). Yield 25%; 1H
NMR (400 MHz, CDCl3) δ ppm: 7.2 (d, J = 7.9 Hz, 1H,
AROMAIC), 7.1 (dd, J = 7.9, 1.7 Hz, 1H, Ar−H), 6.9 (d, J =
1.8 Hz, 1H, Ar−H), 5.5 (s, 1H, olefinic), 5.3 (s, 1H, CHO−

AKBA), 4.3 (d, J = 4.1 Hz, 2H, CH2−C�O−linker), 3.0
(hept, J = 6.9 Hz, 1H, CH−thymol), 2.6−2.5 (m, 2H), 2.5 (s,
1H), 2.3 (s, 3H), 2.1 (td, J = 13.7, 4.8 Hz, 1H), 1.9−1.8 (m,
2H), 1.7 (td, J = 15.8, 13.4, 7.5 Hz, 9H), 1.6−1.4 (m, 6H), 1.4
(d, J = 22.0 Hz, 9H), 1.2 (d, J = 6.9 Hz, 7H), 1.1 (s, 3H), 1.1−
1.0 (m, 2H), 1.0 (s, 5H), 0.8−0.8 (m, 7H), 0.7 (s, 3H); 13C
NMR (101 MHz, CDCl3) δ ppm: 199.2 (C�O), 172.4 (2C,
OC�O), 166.5 (2C, CH2−C�O−linker, C�N−oxadia-
zole), 165.1 (olefinic), 161.9 (C�N−oxadiazole), 147.6 (Ar−
C−O)136.9, 136.8, 130.4 (olefinic), 127.6, 126.6, 122.3, 70.7,
60.3, 59.0, 53.47 49.2, 45.0, 43.8, 42.0, 40.9, 39.3, 37.1, 34.4,
34.0, 33.7, 32.7, 30.9, 28.9, 27.5, 27.2, 27.0, 26.1, 25.4, 23.1,
23.1, 21.2, 20.8, 20.6, 18.6, 18.3, 17.5, 13.1; displayed a
molecular ion at m/z 758.43 calculated for the molecular
formula anal. calcd for C45H62N2O6S: C, 7.21; H, 8.23; N,
3.69; S, 4.22; found C, 6.76; H, 7.65; N, 4.10; S, 4.35.

4.1.6.3. Eugenol2-((5-((3-acetoxy-11-oxo-12-ursen-24−
25yl))-1,3,4-oxadiazol-2-yl)thio)acetate (8c). Yield 20%; 1H
NMR (400 MHz, CDCl3) δ ppm: 7.0 (d, J = 7.9 Hz, 1H, Ar−
H), 6.8−6.7 (m, 2H, Ar−H), 6.0 (ddt, J = 15.6, 10.5, 6.7 Hz,
1H, olefinic−eugenol), 5.5 (s, 1H, olefinic−AKBA), 5.3 (s, 1H,
CH−O−AKBA), 5.2−5.1 (m, 2H, CH2�CH, olefinic−
eugenol), 4.3 (d, J = 1.5 Hz, 2H, CH−CO−linker), 3.8 (s,
3H, OCH3′), 3.4 (d, J = 6.7 Hz, 2H, 2H, CH2−C�C), 2.6−
2.5 (m, 2H), 2.5 (s, 1H), 2.1 (td, J = 13.7, 4.9 Hz, 1H), 1.9−
1.8 (m, 2H), 1.7 (qd, J = 12.2, 6.3 Hz, 9H), 1.5 (dd, J = 16.2,
2.2 Hz, 2H), 1.4 (s, 4H), 1.3 (s, 4H), 1.3−1.2 (m, 1H), 1.1 (s,
3H), 1.0 (dd, J = 12.2, 3.6 Hz, 1H), 1.0 (s, 5H), 0.8−0.8 (m,
7H), 0.7 (s, 3H); 13C NMR (101 MHz, CDCl3) δ ppm: 199.3
(C�O), 172.3 (2C, OC�O), 165.9 (2C, CH2−C�O−
linker, C�N−oxadiazole), 165.1 (olefinic−AKBA), 162.0
(C�N−oxadiazole), 150.5 (Ar−OCH3), 139.6, 137.7 (ole-
finic−eugenol), 136.9, 130.4 (olefinic−AKBA), 122.2, 120.7,
116.3 (olefinic−eugenol), 112.7, 70.7, 60.3, 59.0, 55.8, 53.0,
49.2, 45.0, 43.8, 42.0, 40.9, 40.1, 39.3, 37.1, 34.3, 34.0, 33.7,
32.7, 30.9, 28.9, 27.5, 27.2, 26.1, 25.4, 21.2, 20.6, 18.6, 18.3,
17.5, 13.1; displayed a molecular ion at m/z 772.41 calculated
for the molecular formula anal. calcd for C45H60N2O7S: C,
69.92; H, 7.82; N, 3.62; S, 4.15; found C, 69.42; H, 7.53; N,
3.71; S, 3.97.

4.1.7. Synthesis of Azide Derivatives (9a-b and 12). The
bromoacetate derivatives 4a-b were used to prepare the
corresponding azide. 4a-b (2 mM) and sodium azide (3 mM)
were dissolved in a solution of ethanol/water (1:1) for 3 h.
Upon the completion of the reaction, the solvent was removed
in vacu and extracted with ethyl acetate (3 × 25 mL).
Anhydrous sodium sulfate was used to ensure the removal of
water traces from the organic layer, which was removed under
pressure to get an oily liquid, which was utilized without
further processing to obtain 9a-b.
For coumarin azide preparation, phosphorus oxychloride

(20 mL) was added to 10 (8 mM); after that, triethylamine
(12 mmol) was added dropwise, and the reaction was
subjected to reflux for 4 h. Once completed, distillation was
used to remove phosphorus oxychloride excess. The crude
product was obtained as a yellowish brown residue, but
crystallization from petroleum ether yielded white needles of 4-
chloro coumarin 11 with an mp range of 85−87 °C (reported
mp = 84−86 °C78).
Intermediate 11 (3 mM) and sodium azide (4.5 mM) were

stirred at room temperature for 5 h in dry acetone. Once
completed, the solvent was removed under pressure, dissolved
in 50 mL of water, and partitioned with ethyl acetate (3 × 25
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mL). The ethyl acetate layer was dried over anhydrous sodium
sulfate and removed under pressure to give white needles of 12
with an mp range of 160−163 °C (reported mp = 165−167
°C79).

4.1.8. Synthesis of the AKBA Hybrid with the 1,2,3-
Triazole Linker (14a−c). AKBA 1 (1 mM) and potassium
carbonate (1 mM) were mixed in DMF for 20 min, followed
by the addition of propargyl bromide (1 mM), and the
reaction was stirred at room temperature for 3 h. Based on
TLC, reaction progress was monitored until completion, and
then crushed ice was added with stirring. The aqueous solution
of the reaction was extracted with ethyl acetate (3 × 25 mL),
which was rendered dry using anhydrous sodium sulfate, and
then removed in vacu to get the crude product. Recrystalliza-
tion from methanol was enough to obtain 13 as pure white
needles.
Sodium ascorbate (1.2 equiv) and copper sulfate pentahy-

drate (1.2 equiv) in water were stirred with 13 (0.1 mM) in
DMF. After the addition of different azide derivatives 9a-b or
12 (1.1 equiv) to the reaction, it was allowed to stir at room
temperature for 48 h. Crushed ice was added to the reaction
upon its completion. The crude product was extracted with
ethyl acetate (3 × 25 mL), which was removed under pressure.
Pure compounds 14a−c were obtained by column chromatog-
raphy using gradient elution from 100 to 60% in a methylene
chloride:ethyl acetate mobile phase.

4.1.8.1. (1-(2-(Menthoxy)-2-oxoethyl)-1H-1,2,3-triazol-5-
yl)methine-3-acetoxy-11-oxo-12-ursen-24-oate (14a). Yield
20%; 1H NMR (400 MHz, CDCl3) δ ppm: 7.8 (s, 1H-
triazole), 5.6 (s, 1H, C�CH, AKBA), 5.4−5.2 (m, 3H,
menthol−OCH and CH2−C�O−linker), 5.2 (s, 1H, AKBA−
OCH), 3.7 (q, J = 7.0 Hz, 2H.CH2−C�O−linker), 2.5 (dt, J
= 13.3, 3.4 Hz, 1H), 2.4 (s, 1H), 2.1 (s, 3H), 2.0−1.7 (m, 4H),
1.7 (s, 5H), 1.6−1.4 (m, 5H), 1.5−1.3 (m, 9H), 1.3−1.1 (m,
6H), 1.2 (d, J = 4.7 Hz, 5H), 1.1−1.0 (m, 3H), 1.0−0.9 (m,
12H), 0.9 (d, J = 3.4 Hz, 1H), 0.9−0.8 (m, 6H), 0.8 (d, J = 6.9
Hz, 3H); 13C NMR (101 MHz, CDCl3) δ ppm: 199.3 (C�
O), 175.6 (OC�O), 170.2 (OC�O), 165.5 (olefinic−
AKBA), 165.1 (CH2−C�O−linker), 130.5 (2C, C�N-
triazole and olefinic−AKBA), 125.7 (C�N-triazole), 73.2
(CH−O−menthol), 60.2, 59.0, 58.5, 57.4, 51.1, 50.5, 46.8,
46.7, 45.0, 43.8, 40.9, 40.6, 39.3, 39.3, 37.2, 34.5, 34.0, 32.8,
31.4, 30.9, 28.8, 27.5, 27.2, 26.3, 23.7, 23.6, 23.3, 21.9, 21.4,
21.2, 20.7, 20.5, 18.8, 18.5, 18.3, 17.4, 16.3, 13.2; displayed a
molecular ion at m/z 789.52 calculated for the molecular
formula anal. calcd for C47H71N3O7: C, 71.45; H, 9.06; N,
5.32; found C, 71.06; H, 9.19; N, 5.19.

4.1.8.2. (1-(2-(Thymoxy)-2-oxoethyl)-1H-1,2,3-triazol-5-
yl)methyl-3-acetoxy-11-oxo-12-ursen-24-oate (14b). Yield
17%; 1H NMR (400 MHz, CDCl3) δ ppm: 7.8 (s, 1H, 1H-
triazole), 7.1 (d, J = 8.0 Hz, 1H, Ar−H), 7.0 (d, J = 8.0 Hz, 1H,
Ar−H), 6.8 (s, 1H, Ar−H), 5.5 (s, 1H, AKBA−olefinic), 5.4 (s,
2H, CH2−C�O−linker), 5.2 (q, J = 6.6, 5.9 Hz, 3H CH2−
C�O, CH−O−AKBA), 2.8 (hept, J = 6.8 Hz, 1H, CH−
thymol), 2.4 (dd, J = 13.5, 3.6 Hz, 2H), 2.3 (d, J = 7.5 Hz,
2H), 2.2 (s, 3H), 2.2−2.0 (m, 3H), 2.0 (s, 3H), 1.8−1.7 (m,
5H), 1.3 (s, 4H), 1.1−1.1 (m, 3H), 1.1−1.1 (m, 10H), 1.0 (s,
3H), 1.0−0.9 (m, 2H), 0.9 (s, 5H), 0.8 (s, 3H), 0.8−0.7 (m,
6H); 13C NMR (101 MHz, CDCl3) δ ppm: 199.3 (C�O),
175.6 (OC�O), 170.2 (OC�O), 165.1 (olefinic−AKBA),
164.8 (CH2−C�O−linker), 147.1 (Ar−thymol), 143.0 (C�
N-triazole), 137.0 (Ar), 136.7 (Ar), 130.4 (olefinic−AKBA),
127.9 (Ar), 126.7 (Ar), 125.6 (C�N-triazole), 122.1 (Ar),

73.2, 60.2, 59.0, 57.4, 50.9, 50.5, 46.7, 45.0, 43.7, 40.9, 39.3,
39.3, 37.2, 34.5, 34.0, 32.8, 30.9, 28.9, 27.5, 27.2, 27.2, 23.7,
23.6, 23.0, 21.4, 21.2, 20.8, 20.5, 18.8, 18.2, 17.4, 13.2;
displayed a molecular ion at m/z 783.48 calculated for the
molecular formula anal. calcd for C47H65N3O7C: 72.0; H, 8.36;
N, 5.36; found C, 71.90; H, 8.18; N, 5.81.

4.1.8.3. (1-(2-Oxo-2H-chromen-4-yl)-1H-1,2,3-triazol-5-
yl)methyl-3-acetoxy-11-oxo-12-ursen-24-oate (14c). Yield
22%; 1H NMR (400 MHz, CDCl3) δ ppm: 8.0 (s, 1H, 1H-
triazole), 7.7 (dd, J = 8.2, 1.5 Hz, 1H, Ar−H), 7.7−7.6 (m, 1H,
Ar−H), 7.4 (d, J = 8.2 Hz, 1H, Ar−H), 7.3 (t, J = 7.7 Hz, 1H,
Ar−H), 6.5 (s, 1H, olefinic−coumarin), 5.5 (s, 1H, olefinic−
AKBA), 5.3 (s, 2H, CH2−C�O−linker), 5.3−5.2 (m, 1H,
CH−O−AKBA), 2.4 (d, J = 3.5 Hz, 1H), 2.4 (t, J = 3.6 Hz,
1H), 2.3 (s, 1H), 2.3−2.0 (m, 2H), 2.0 (s, 3H), 1.7−1.6 (m,
2H), 1.6−1.4 (m, 5H), 1.4−1.3 (m, 6H), 1.2 (t, J = 3.6 Hz,
1H), 1.1 (d, J = 14.6 Hz, 6H), 1.1 (s, 3H), 1.0−0.9 (m, 2H),
0.9 (d, J = 14.6 Hz, 7H), 0.8−0.7 (m, 5H); 13C NMR (101
MHz, CDCl3) δ ppm: 199.2 (C�O), 175.6 (OC�O), 170.2
(OC�O), 165.2 (olefinic−AKBA), 159.6 (C�O−umbellifer-
one), 154.3 (2C, olefinic−coumarin, Ar), 146.6 (C�N-
triazole), 133.8 (Ar), 130.4 (olefinic−AKBA), 125.3 (C�N-
triazole), 125.2 (Ar), 117.7 (Ar), 114.3 (Ar), 110.3 (olefinic−
coumarin), 73.0 (CH−O−AKBA), 60.1, 59.0, 57.0, 50.5, 46.8,
45.0, 43.8, 40.9, 39.3, 39.3, 37.2, 34.5, 34.0, 32.7, 30.9, 28.9,
27.5, 27.2, 23.8, 23.6, 21.4, 21.2, 20.5, 18.8, 18.3, 17.4, 13.3;
displayed a molecular ion at m/z 737.4 calculated for the
molecular formula anal. calcd for C44H55N3O7: C, 71.62; H,
7.51; N, 5.69; found C, 71.86; H, 7.25; N, 5.60.

4.1.9. Synthesis of the AKBA Hybrid with the Hydrazone
Linker (16a−j). Compound 6 (0.05 mM) in absolute ethanol
was mixed with proper aldehydes 15a−j or isatin 17 (0.05
mM) in the presence of glacial acetic acid (catalytic amount).
The mixture was subjected to reflux for 1−2 h. Once
completed, the reaction solvent was removed under a vacuum
and subjected to column chromatography using gradient
elution from 100 to 70% in a petroleum ether:ethyl acetate
mobile phase to obtain 16a−j and 18.

4.1.9.1. E-3-Acetoxy-11-oxo-12-ursen-24-oic Acid-Benzyli-
dene Hydrazide (16a). Yield 30% mp = 190−193 °C 1H
NMR (400 MHz, CDCl3) δ ppm: 8.7 (s, 1H, NH−N�C), 8.2
(s, 1H, CH�N of a hydrazone linker), 7.6 (dd, J = 6.7, 3.0 Hz,
2H, Ar−H), 7.3−7.3 (m, 3H, Ar−H), 5.5 (s, 1H, olefinic−
AKBA), 4.2 (s, 1H, CH−O−AKBA), 2.5 (dq, J = 12.5, 5.2, 4.4
Hz, 1H), 2.4 (d, J = 8.5 Hz, 2H), 2.0 (dd, J = 13.5, 4.8 Hz,
1H), 2.0 (dd, J = 7.9, 3.5 Hz, 1H), 1.8 (tt, J = 20.0, 9.1 Hz,
4H), 1.6−1.3 (m, 7H), 1.3 (s, 4H), 1.3 (s, 4H), 1.2 (d, J = 4.7
Hz, 1H), 1.2−1.1 (m, 8H), 1.0−0.9 (m, 1H), 0.9 (s, 4H), 0.8−
0.7 (m, 7H); 13C NMR (101 MHz, CDCl3) δ ppm: 199.2
(C�O), 173.39 (2C, C�OO), 165.0 (olefinic−AKBA),
147.8 (CH�N), 133.7 (Ar), 130.5 (olefinic−AKBA), 130.0
(Ar), 4, 129.8 (Ar), 129.0 (Ar), 128.7 (Ar), 127.6 (Ar), 70.3
(CH−O−AKBA), 60.5, 59.0, 49.0, 47.5, 45.1, 43.8, 40.9, 39.3,
37.6, 34.2, 34.0, 33.2, 30.9, 29.7, 28.9, 27.5, 27.2, 26.6, 24.7,
21.1, 20.5, 19.9, 18.3, 17.5, 13.8; displayed a molecular ion at
m/z 614.9 calculated for the molecular formula anal. calcd for
C39H54N2O4: C, 76.18; H, 8.85; N, 4.56; found C, 76.02; H,
9.10; N, 4.15.

4.1.9.2. E-3-Acetoxy-11-oxo-12-ursen-24-oic Acid-2,5-Di-
methoxy Benzylidene Hydrazide (16b). Yield 40%, mp =
225−228 °C 1H NMR (400 MHz, CDCl3) δ ppm: 8.9 (s, 1H,
NH�N of a hydrazone linker,), 8.5 (s, 1H, hydrazone linker),
7.6 (d, J = 3.1 Hz, 1H, Ar−H), 6.9 (dd, J = 9.1, 3.1 Hz, 1H,
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Ar−H), 6.8 (d, J = 9.1 Hz, 1H, Ar−H), 5.5 (s, 1H, olefinic−
AKBA), 4.2 (s, 1H, CH−O−AKBA), 3.8 (s, 3H−OCH3), 3.8
(s, 3H−OCH3), 2.6−2.4 (m, 3H), 2.1−2.0 (m, 2H), 1.9−1.7
(m, 5H), 1.6−1.4 (m, 7H), 1.3 (d, J = 21.2 Hz, 8H), 1.3−1.1
(m, 9H), 1.0 (dd, J = 13.3, 4.4 Hz, 1H), 0.9 (s, 5H), 0.8−0.8
(m, 6H); 13C NMR (101 MHz, CDCl3) δ ppm: 199.3 (C�
O), 173.2 (2C, C�OO), 164.9 (olefinic−AKBA), 154.0 (Ar−
OCH3), 152.8 (Ar−OCH3), 143.5 (CH�N), 130.6 (olefinic−
AKBA), 122.0, 119.7, 112.7, 70.5, 60.6, 59.1, 56.4, 56.1, 49.0,
47.5, 45.2, 43.9, 41.0, 39.4, 39.4, 37.7, 36.7, 34.3, 34.1, 33.3,
31.0, 29.0, 27.6, 27.3, 26.7, 24.8, 21.3, 20.6, 20.0, 18.5, 17.6,
13.9; displayed a molecular ion at m/z 674.9 calculated for the
molecular formula anal. calcd for C41H58N2O6: C, 72.96; H,
8.66; N, 4.15; found C, 72.52; H, 8.22; N, 4.30.

4.1.9.3. E-3-Acetoxy-11-oxo-12-ursen-24-oic Acid-3,4-Di-
metohxy Benzylidene Hydrazide (16c). Yield 55%, mp =
200−202 °C 1H NMR (400 MHz, CDCl3) δ ppm: 8.5 (d, J =
5.4 Hz, 1H, NH−N�C), 8.1 (s, 1H, 1H, CH�N of a
hydrazone linker), 7.4 (d, J = 1.9 Hz, 1H, Ar−H), 7.0 (dd, J =
8.3, 1.9 Hz, 1H, Ar−H), 6.8 (d, J = 8.3 Hz, 1H, Ar−H), 5.5 (s,
1H, olefinic−AKBA), 4.2 (t, J = 2.9 Hz, 1H, CH−O−AKBA),
3.9 (s, 3H−OCH3), 3.8 (s, 3H−OCH3), 2.5−2.4 (m, 3H),
2.1−2.0 (m, 2H), 1.8 (tdd, J = 19.9, 12.4, 4.7 Hz, 5H), 1.5−1.4
(m, 5H), 1.3 (s, 5H), 1.3 (s, 5H), 1.2−1.1 (m, 8H), 1.0−0.9
(m, 1H), 0.9 (s, 5H), 0.8−0.7 (m, 6H); 13C NMR (101 MHz,
CDCl3) δ ppm: 199.1, (C�O)173.1 (2C, C�OO), 164.9
(olefinic−AKBA), 151.3 (Ar−OCH3), 149.4 (Ar−OCH3), 148
(CH�N), 130.5 (olefinic−AKBA), 126.7, 122.7, 110.5, 108.3,
70.4, 60.4, 59.0, 56.1, 55.9, 48.9, 47.4, 45.0, 43.8, 40.9, 39.3,
39.3, 37.6, 34.2, 34.0, 33.2, 30.9, 28.9, 27.5, 27.2, 26.6, 24.8,
21.1, 20.5, 19.9, 18.4, 17.4, 13.8; displayed a molecular ion at
m/z 674.9 calculated for the molecular formula anal. calcd for
C41H58N2O6: C, 72.96; H, 8.66; N, 4.15; found C, 72.78; H,
9.10; N, 3.75.

4.1.9.4. E-3-Acetoxy-11-oxo-12-ursen-24-oic Acid-3,4,5-
Trimethoxy Benzylidene Hydrazide (16d). Yield 25%, mp ≥
300 °C, 1H NMR (400 MHz, CDCl3) δ ppm: 8.6 (s, 1H,
NH�N of a hydrazone linker), 8.3 (s, 1H, CH�N of a
hydrazone linker), 7.0 (s, 2H, Ar−H), 5.6 (s, 1H, olefinic−
AKBA), 4.3 (s, 1H, CH−O−AKBA), 4.0−3.9 (m, 9H−
OCH3), 2.6−2.4 (m, 3H), 2.1 (tt, J = 9.9, 4.8 Hz, 2H), 2.0−1.7
(m, 6H), 1.5 (dt, J = 13.7, 8.0 Hz, 2H), 1.4 (d, J = 19.0 Hz,
11H), 1.3−1.1 (m, 10H), 1.0 (s, 5H), 0.9−0.8 (m, 6H); 13C
NMR (101 MHz, CDCl3) δ ppm: 199.1 (C�O), 176.3
(COO−AKBA), 173.2 (COO−AKBA), 164.8 (olefinic−
AKBA), 153.7 (2C, Ar−OCH3), 153.5 (Ar−OCH3), 140.1
(CH�N), 130.5 (olefinic−AKBA), 129.2, 106.7, 104.7, 70.5,
61.0, 60.4, 59.0, 58.5, 56.3, 48.9, 47.5, 45.0, 43.8, 40.9, 39.3,
39.3, 37.6, 34.2, 34.0, 33.2, 30.9, 28.9, 27.5, 27.2, 26.6, 24.8,
21.1, 20.5, 20.0, 18.5, 18.4, 17.4, 13.8; displayed a molecular
ion at m/z 704.95 calculated for the molecular formula anal.
calcd for C42H60N2O7: C, 71.56; H, 8.58; N, 3.97; found C,
71.17; H, 8.16; N, 3.72.

4.1.9.5. E-3-Acetoxy-11-oxo-12-ursen-24-oic Acid-3-Me-
thoxy Benzylidene Hydrazide (16e). Yield 50%, mp = 185−
190 °C, 1H NMR (400 MHz, CDCl3) δ ppm: 8.6 (s, 1H,
NH�N of a hydrazone linker), 8.2 (s, 1H, CH�N of a
hydrazone linker), 7.3−7.1 (m, 3H, Ar−H), 6.9 (dd, J = 8.1,
2.5 Hz, 1H, Ar−H), 5.5 (s, 1H, olefinic−AKBA), 4.2 (s, 1H,
CH−O−AKBA), 3.8 (s, 3H−OCH3), 2.4 (s, 1H), 2.1−2.0 (m,
2H), 1.8 (ddd, J = 31.5, 13.2, 7.6 Hz, 6H), 1.6−1.4 (m, 6H),
1.3 (s, 5H), 1.2 (d, J = 31.1 Hz, 6H), 1.1 (d, J = 6.9 Hz, 7H),
0.9 (s, 6H), 0.8−0.7 (m, 6H);13C NMR (101 MHz, CDCl3) δ

ppm: 199.2 (C�O), 173.4 (2C, COO−AKBA), 165.0
(olefinic−AKBA), 160.0 (Ar−OCH3), 148.0 (CH�N),
135.2 (Ar), 130.6 (olefinic−AKBA), 129.7, 121.1, 117.5,
111.0, 70.5, 60.6, 59.1, 55.6, 49.0, 47.6, 45.2, 44.0, 41.0, 39.4,
39.4, 37.7, 34.3, 34.1, 33.3, 31.0, 29.0, 27.6, 27.3, 26.7, 24.8,
21.3, 20.6, 20.1, 18.5, 17.6, 13.9; displayed a molecular ion at
m/z 644.9 calculated for the molecular formula anal. calcd for
C40H56N2O5: 75.50; H, 8.75; N, 4.34; found C, 75.70; H, 8.99;
N, 4.72.

4.1.9.6. E-3-Acetoxy-11-oxo-12-ursen-24-oic Acid-2-Hy-
droxy Benzylidene Hydrazide (16f). Yield 35%, mp = 271−
273 °C, 1H NMR (400 MHz, CDCl3) δ ppm: 9.8 (brs, 1H,
OH), 8.6 (s, 1H, NH�N of a hydrazone linker), 8.4 (s, 1H,
CH�N of a hydrazone linker), 7.2 (d, J = 7.6 Hz, 1H, Ar−H),
7.1 (d, J = 7.5 Hz, 1H, Ar−H), 6.9 (dd, J = 8.5, 4.1 Hz, 1H,
Ar−H), 6.8 (t, J = 7.4 Hz, 1H, Ar−H), 5.5 (s, 1H, olefinic−
AKBA), 4.1 (s, 1H, CH−O−AKBA), 2.4 (q, J = 18.7, 16.0 Hz,
3H), 2.1−2.0 (m, 1H), 1.8 (ddd, J = 31.7, 18.9, 11.2 Hz, 4H),
1.5 (dt, J = 22.9, 10.6 Hz, 2H), 1.4−1.3 (m, 13H), 1.3 (s, 3H),
1.2 (d, J = 30.8 Hz, 4H), 1.1 (s, 2H), 1.1 (s, 2H), 1.0−0.9 (m,
1H), 0.9 (s, 4H), 0.7 (d, J = 12.6 Hz, 6H); 13C NMR (101
MHz, CDCl3) δ ppm: 199.1 (C�O), 172.9 (2C, COO−
AKBA), 165.0 (olefinic−AKBA), 158.5 (Ar−OH), 150.9
(CH�N), 131.8 (Ar), 130.9 (Ar), 130.5 (olefinic−AKBA),
119.3, 117.5, 117.2, 70.3, 60.4, 59.0, 48.9, 47.5, 45.1, 43.9, 40.9,
39.3, 39.3, 37.5, 34.2, 34.0, 33.2, 30.9, 28.9, 27.5, 27.2, 26.6,
24.6, 21.1, 20.5, 19.9, 18.4, 17.4, 13.8; displayed a molecular
ion at m/z 630.9 calculated for the molecular formula anal.
calcd for C39H54N6O4: C, 74.25; H, 8.63; N, 4.44; found C,
73.72; H, 8.22; N, 4.1.

4.1.9.7. E-3-Acetoxy-11-oxo-12-ursen-24-oic Acid-Pipero-
nylidene Hydrazide (16g). Yield 23%, mp ≥ 300 °C, 1H NMR
(400 MHz, CDCl3) δ ppm: 8.5 (s, 1H, NH�N of a hydrazone
linker), 8.1 (s, 1H, CH�N of a hydrazone linker), 7.3 (d, J =
1.6 Hz, 1H, Ar−H), 7.0 (dd, J = 8.0, 1.7 Hz, 1H, Ar−H), 6.7
(d, J = 8.0 Hz, 1H, Ar−H), 5.9 (s, 2H, O−CH2−O), 5.5 (s,
1H, olefinic−AKBA), 4.2 (d, J = 2.9 Hz, 1H, CH−O−AKBA),
2.5−2.3 (m, 3H), 2.1−2.0 (m, 1H), 1.9−1.7 (m, 6H), 1.6−1.4
(m, 6H), 1.3 (s, 5H), 1.3 (s, 5H), 1.2−1.1 (m, 1H), 1.1 (d, J =
9.3 Hz, 6H), 1.0−0.9 (m, 1H), 0.9 (s, 5H), 0.8−0.7 (m, 6H);
13C NMR (101 MHz, CDCl3) δ ppm: 199.2 (C � O), 173.1
(2C, COO−AKBA), 164.9 (olefinic−AKBA), 149.7 (Ar),
148.3 (Ar), 147.6 (CH�N), 130.5, 128.2, 123.8, 108.2, 106.2,
101.5 (O−CH2−O), 70.4, 60.5, 59.0, 48.9, 47.4, 45.1, 43.8,
40.9, 39.3, 39.3, 37.6, 34.2, 34.0, 33.2, 30.9, 28.9, 27.5, 27.2,
26.6, 24.7, 21.1, 20.5, 19.9, 18.4, 17.5, 13.8; displayed a
molecular ion at m/z 658.88 calculated for the molecular
formula anal. calcd for C40H54N2O6: C, 72.92; H, 8.26; N,
4.25; found C, 72.54; H, 8.01; N, 3.85.

4.1.9.8. E-3-Acetoxy-11-oxo-12-ursen-24-oic Acid-3-Hy-
droxy-4-methoxy Benzylidene Hydrazide (16h). Yield 27%,
mp ≥ 300 °C, 1H NMR (400 MHz, CDCl3) δ ppm: 9.7 (brs,
1H, OH), 8.9 (s, 1H, NH�N of a hydrazone linker), 8.0 (s,
1H, CH�N of a hydrazone linker), 7.3 (d, J = 2.0 Hz, 1H,
Ar−H), 7.0 (dd, J = 8.4, 2.0 Hz, 1H, Ar−H), 6.7 (d, J = 8.4 Hz,
1H, Ar−H), 5.5 (s, 1H, olefinic−AKBA), 4.2 (s, 1H, CH−O−
AKBA), 3.8 (s, 3H−OCH3), 2.4 (q, J = 22.3, 17.8 Hz, 5H),
2.1−2.0 (m, 1H), 1.7−1.3 (m, 9H), 1.3 (s, 4H), 1.3−1.1 (m,
7H), 1.1 (s, 7H), 1.0−0.9 (m, 1H), 0.9 (s, 5H), 0.8−0.7 (m,
6H); 13C NMR (101 MHz, CDCl3) δ ppm: 199.5 (C�O),
173.5 (2C, COO−AKBA), 165.1 (olefinic−AKBA), 149.1
(Ar−OCH3), 147.9 (Ar−OH), 146.1 (CH�N), 130.5
(olefinic−AKBA), 127.0, 121.1, 112.9, 110.6, 70.3, 60.5,
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59.0, 55.9, 49.0, 47.4, 45.1, 43.8, 40.9, 39.3, 39.3, 37.5, 34.2,
34.0, 33.2, 30.9, 28.9, 27.5, 27.2, 26.6, 24.6, 21.2, 20.5, 19.8,
18.3, 17.4, 13.9; displayed a molecular ion at m/z 660.9
calculated for the molecular formula anal. calcd for
C40H56N2O6: C, 72.70; H, 8.54; N, 4.24; found C, 73.02; H,
8.28; N, 3.97.

4.1.9.9. E-3-Acetoxy-11-oxo-12-ursen-24-oic Acid-4-Me-
thoxy Benzylidene Hydrazide (16i). Yield 35%, mp = 290−
293 °C, 1H NMR (400 MHz, CDCl3) δ ppm: 8.5 (s, 1H,
NH�N of a hydrazone linker), 8.1 (s, 1H, CH�N of a
hydrazone linker), 7.6 (d, J = 8.3 Hz, 2H, Ar−H), 6.8 (d, J =
8.3 Hz, 2H, Ar−H), 5.5 (s, 1H, olefinic−AKBA), 4.2 (s, 1H,
CH−O−AKBA), 3.8 (s, 3H, OCH3), 2.5−2.3 (m, 3H), 2.0
(ddd, J = 16.9, 11.0, 4.2 Hz, 2H), 1.9−1.7 (m, 6H), 1.6−1.4
(m, 5H), 1.4 (d, J = 19.0 Hz, 1H), 1.3 (s, 4H), 1.3 (s, 4H),
1.2−1.2 (m, 3H), 1.1 (d, J = 7.1 Hz, 6H), 1.0−0.9 (m, 1H),
0.9 (s, 5H), 0.8−0.7 (m, 6H); 13C NMR (101 MHz, CDCl3) δ
ppm: 199.1 (C�O), 173.1 (2C, COO−AKBA), 164.8
(olefinic−AKBA), 161.5 (Ar−OCH3), 147.7 (CH�N),
132.0 (Ar), 130.6 (olefinic−AKBA), 129.3, 126.3, 114.3,
114.2, 70.5, 60.5, 59.0, 55.6, 55.4, 48.9, 47.4, 45.1, 43.8, 40.9,
39.3, 39.3, 37.6, 34.2, 34.0, 33.2, 30.9, 28.9, 27.5, 27.2, 26.6,
24.7, 21.2, 20.5, 19.9, 18.4, 17.5, 13.8; displayed a molecular
ion at m/z 644.9 calculated for the molecular formula anal.
calcd for C40H56N2O5: C, 74.50; H, 8.75; N, 4.34; found C,
74.80; H, 8.44; N, 4.73.

2.1.9.10. E-3-Acetoxy-11-oxo-12-ursen-24-oic Acid-2-Cin-
namylidene Hydrazide (16j). Yield 30%, mp = 204−206 °C,
1H NMR (400 MHz, CDCl3) δ ppm: 8.7 (s, 1H, NH�N of a
hydrazone linker), 8.0 (d, J = 8.8 Hz, 1H, CH�N of a
hydrazone linker), 7.5−7.3 (m, 2H, Ar−H), 7.3 (t, J = 7.0 Hz,
2H, Ar−H), 7.3−7.2 (m, 1H, Ar−H), 7.0 (dd, J = 16.1, 8.7 Hz,
1H, olefinic−cinnamaldehyde), 6.8 (d, J = 15.9 Hz, 1H,
olefinic−cinnamaldehyde), 5.5 (s, 1H, olefinic−AKBA), 4.2 (s,
1H, CH−O−AKBA), 2.4 (q, J = 18.0, 16.4 Hz, 3H), 2.1−2.0
(m, 3H), 1.9−1.6 (m, 5H), 1.6−1.4 (m, 5H), 1.3−1.2 (m,
9H), 1.2−1.1 (m, 1H), 1.1−1.1 (m, 6H), 1.0−0.9 (m, 1H), 0.9
(s, 5H), 0.8−0.7 (m, 7H); 13C NMR (101 MHz, CDCl3) δ
ppm: 199.1 (C�O), 173.2 (2C, COO−AKBA), 164.9
(olefinic−AKBA), 149.4 (CH�N), 135.7 (olefinic−cinnamal-
dehyde), 131.3 (olefinic−cinnamaldehyde), 129.3, 129.1,
128.9, 128.5, 127.2, 124.8 (olefinic−cinnamaldehyde), 70.4,
60.4, 59.0, 48.9, 47.3, 45.0, 43.8, 40.9, 39.3, 39.3, 37.6, 34.2,
34.0, 33.2, 30.9, 28.9, 27.5, 27.2, 26.6, 24.5, 21.1, 20.5, 19.9,
18.4, 17.5, 13.7; displayed a molecular ion at m/z 640.91
calculated for the molecular formula anal. calcd for
C41H56N2O4: C, 76.84; H, 8.81; N, 4.37; found C, 76.65; H,
9.17; N, 4.80.

4.1.9.11. E-3-Acetoxy-11-oxo-12-ursen-24-oic Acid-2-Ox-
oindolin-3-ylidenehydrazide (18). Yellow powder, (yield
40%), mp ≥ 300 °C, 1H NMR (400 MHz, CDCl3) δ ppm:
13.2 (s, 1H, NH−isatin), 7.9−7.8 (m, 2H, Ar−H, H�N of a
hydrazone linker), 7.4−7.3 (m, 1H, Ar−H), 7.1 (t, J = 7.6 Hz,
1H, Ar−H), 6.9 (d, J = 7.8 Hz, 1H, Ar−H), 5.6 (s, 1H,
olefinic−AKBA), 4.3 (s, 1H, CH−O−AKBA), 2.6 (d, J = 11.8
Hz, 2H), 2.5 (s, 1H), 1.9 (d, J = 9.5 Hz, 2H), 1.6 (s, 11H), 1.4
(s, 5H), 1.4 (s, 4H), 1.3 (s, 2H), 1.2 (d, J = 11.2 Hz, 7H), 1.0
(s, 5H), 0.8 (d, J = 6.2 Hz, 6H); 13C NMR (101 MHz, CDCl3)
δ ppm: 199.3 (C�O), 174.6 (2C, COO−AKBA), 165.0 (C�
O−isatin), 162.6 (olefinic−AKBA), 140.3 (C�C−NH−
isatin), 136.2 (C�N−NH), 131.4 (Ar), 130.5 (olefinic−
AKBA), 123.6 (Ar), 122.3 (Ar), 120.6 (Ar), 110.6 (Ar), 70.5,
60.5, 59.0, 48.9, 48.2, 45.1, 43.8, 40.9, 39.3, 37.6, 34.1, 34.0,

33.1, 30.9, 28.9, 27.5, 27.1, 26.6, 24.6, 21.1, 20.5, 19.4, 18.3,
17.5, 13.8; displayed a molecular ion at m/z 655.88 calculated
for the molecular formula anal. calcd for C40H53N3O5: C,
73.25; H, 8.15; N, 6.41; found C, 72.84; H, 8.22; N, 6.12.
4.2. Biological Evaluation. 4.2.1. Cell Culture. HepG2

and RAW 264.7 cell lines were obtained from VACSERA,
located in Egypt. The growth of the cells was maintained at 37
°C and 5% CO2 and in DMEM containing 10% fetal bovine
serum and 1% pen−strep antibiotics until reaching 80%
confluence. Cells were grown in 96-well plates in the case of
cytotoxicity studies. For real-time PCR and cytokine
quantification, cells were grown in six-well plates. MTT assay
was used to assess the cytotoxic effect after treatment with 25
μM compounds for 24 h.

4.2.1.1. Estimation of Inflammatory Mediators in the
RAW 264.7 Cell Line. The six-well plate containing the cells at
a concentration of 1 × 106 cells/mL was treated with the
hybrids at 10 and 1 μM to avoid any potential cytotoxicity or
at a dose of 250 μM in the case of L-NAME. After 1 h, cells
were challenged with 1 μg/mL lipopolysaccharide (Sigma-
Aldrich) and incubated for 24 h. Nitric oxide levels in the
supernatant collected from the cells were estimated using the
Griess reagent (Biovision) according to the manufacturer’s
instructions. Absorbance was recorded at 540 nm. The
concentration of nitrite in the media was obtained using a
standard calibration curve that was assessed simultaneously
with the samples.

4.2.1.2. qPCR Analysis. Based on the ability of the
compounds to achieve better activity than L-NAME, eight
compounds were selected for qPCR study to determine their
ability to reduce the gene expression of TNF-α at 10 μM in
comparison to dexamethasone as a standard at a dose of 1 μM.
The pelleted cells were subjected to RNA extraction using a
TRIzol reagent according to the manufacturer’s protocol and
stored at −80 °C for real-time PCR. Thus, cDNA was
synthesized from total RNA using a cDNA reverse tran-
scription kit (Thermoscientific), and mRNA expression was
subsequently amplified using a SYBR Green qPCR Master Mix
following the manufacturer’s protocol (Thermoscientific).
Gene-specific primers shown in Table S25 were mixed with
synthesized cDNA and SYBR Green qPCR Master according
to the manufacturer’s instructions and subjected to amplifica-
tion using a Step One real-time thermal cycler applying the
following settings: incubation at 94 °C for 15 s, annealing at 60
°C for 30 s, and extension at 72 °C for 30 s. To determine the
fold change in gene expression levels of the target genes, the
data were normalized to the GAPDH values using the 2−ΔΔCt

comparative cycle threshold method.
4.2.1.3. Evaluation of Anti-inflammatory and Hepatopro-

tective Effects of the Compounds against APAP Hepatotox-
icity in HepG2. Based on qPCR analysis, compounds 5b and
18 have been chosen for further investigation by determining
their ability to mitigate APAP hepatotoxicity. Therefore,
HepG2 cells were grown at 1 × 106 confluence and were
divided into cells treated with vehicle (DMSO) only, cells that
received treatment with 1 and 10 μM tested compounds or 25
μg/mL silymarin as a positive control hepatoprotective
agent,80 and cells induced by APAP only (toxicity model).
After 24 h, 10 mM APAP was added to all cells except the
control to induce hepatotoxicity for another 24 h. ELISA kits
(FineTest, China) were used to estimate levels of cytokines
such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-
1β), and interleukin-6 (IL-6) using the cell supernatant
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centrifuged at 4 °C at 1000xg for 20 min. Total protein
concentration was determined by Lowry’s method, and
commercial assay kits (Biodiagnostic, Egypt) were used to
determine the level of oxidative stress markers such as GSH,81

MDA,82 and SOD,83 as instructed by the manufacturer.
4.3. Statistical Analysis. GraphPad prism V 8.0 was used

for group comparison. Data were shown as mean ± SEM, and
one-way analysis of variance (one-way ANOVA) was selected
for statistical analysis. A p-value of ≤0.05 was considered
statistically significant.
4.4. In Silico Identification of the Mechanism of

Action of the AKBA Hybrid. 4.4.1. Network Pharmacology.
The PharmMapper server (http://www.lilab-ecust.cn/
pharmmapper/)84 and the Swiss target prediction server85

were used to determine the potential target of compounds 5b
and 18. Duplicates were excluded from the combined targets,
and the resulting list was saved as a CSV file. Also, the
molecular target list linked to hepatitis, hepatotoxicity, and
liver injury was gathered from the Input 2.0 server.86

Afterward, common targets were identified by comparing the
two lists by the Venny 2.1.0 tool (https://bioinfogp.cnb.csic.
es/tools/venny/).
The identified common targets were subjected to enrich-

ment analysis where gene ontology was conducted and the
most relevant biological processes (BP), molecular functions
(MF), and cellular components (CC) were identified; also, the
analysis of the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways was done. Finally, a protein−protein
interaction network was generated based on confidence score
= 0.7. Then, gene distribution analysis was utilized to highlight
targets that are significantly correlated to the activity of the
compounds

4.4.2. Molecular Docking. PI3K was found as the most
significant target for compounds 5b and 18 based on system
pharmacology analysis. So, their binding mode was inves-
tigated using molecular docking. In summary, the PDB files of
(PI3K): 3HHM and compounds 5b and 18’s 3D chemical
structures were submitted to protein and ligand optimization
panels integrated in the CB-Dock2 online server, respectively.
The blind docking approach was utilized to study the
interaction of the compounds with identified active sites.
After that, poses are ranked according to their score.87 Finally,
the best pose was visualized to study its interaction with the
binding site through the Discovery studio visualizer.88

4.4.3. ADMET Prediction. To gain insights into the
pharmacokinetic properties of the most active hybrids, the
chemical structures of compounds 5b and 18 as submitted to
ADMET prediction server PkCSM (https://biosig.lab.uq.edu.
au/pkcsm/), which uses graph-based signature for the
assessment of pharmacokinetic properties of the compound.89

Also, the PreADMET server90 was used (https://preadmet.
webservice.bmdrc.org/) to compare the results and ensure its
reproducibility. Predicted LD50 is calculated using the ProTox-
II server (https://tox-new.charite.de/protox_II/index.
php?site=home), which uses molecular similarity, fragment
propensities, and machine learning to identify the potential
toxicity of compounds.91

4.5. Chemical Stability Studies. 4.5.1. HPLC Analysis. All
chromatographic separations were conducted using the Dionex
UltiMate 3000RS HPLC system. Samples (20 μL) were
injected into an Inertsil C18 column (150 × 4.6 mm × 5 μm.).
HPLC conditions were conducted as previously reported,32

using a mixture of acetonitrile and water in a ratio of 90:10 (v/

v %) as a mobile phase, and glacial acetic acid was used to
adjust pH to 4. A flow rate of 1.2 mL/min was used during all
of the runs. The calibration curve of compounds was
constructed by plotting their peak areas against a series of
known concentrations of 12.5 to 150 μM.

4.5.2. In Vitro Hydrolysis. The hydrolysis of the conjugates
was studied using buffer solutions at pH 1.2 and pH 7.4 to
mimic gastric and intestinal environment, respectively.
Compounds 5b and 18 (75 μM) were placed in capped 50
mL Erlenmeyer flasks containing 50 mL of either 0.1 M HCl
(pH 1.4) or phosphate buffer (pH 7.4) and kept at a constant
temperature of 37 °C. Samples were taken at certain time
intervals (0, 60, 120, 180, 240 min), and their % concentration
was quantified using HPLC analysis. Based on the hydrolysis of
the compounds, reaction rate constants (Kobs) and their half-
life (t1/2) values were then calculated.
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