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In this study, we investigated the conjugation of theophylline with different compounds of natural origin
hoping to construct new hybrids with dual activity against cholinergic and inflammatory pathways as
potential agents for the treatment of Alzheimer's disease (AD). Out of 28 tested hybrids, two hybrids,
acefylline—eugenol 6d and acefylline—isatin 19, were able to inhibit acetylcholinesterase (AChE) at low
micromolar concentration displaying 1Csg values of 1.8 and 3.3 uM, respectively, when compared to the
galantamine standard AChE inhibitor. Moreover, the prepared hybrids exhibited a significant anti-
inflammatory effect against lipopolysaccharide induced inflammation in RAW 264.7 and reduced nitric
oxide (NO), tumor necrosis alpha (TNF-a), interleukin-1p (IL-1B), and interleukin-6 (IL-6) levels in a dose
dependent manner. These hybrids demonstrated significant reductions in nitric oxide (NO), tumor
necrosis alpha (TNF-a), interleukin-1B (IL-1B), and interleukin-6 (IL-6) levels in RAW 264.7 cells induced
by lipopolysaccharide (LPS). The findings of this study were further explained in light of network
pharmacology analysis which suggested that AChE and nitric oxide synthase were the main targets of
the most active compounds. Molecular docking studies revealed their ability to bind to the heme binding
site of nitric oxide synthase 3 (NOS-3) and effectively occupy the active site of AChE, interacting with

both the peripheral aromatic subsite and catalytic triad. Finally, the compounds demonstrated stability in
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without significant hydrolysis. These findings highlight the possible therapeutic potential of acefylline—
eugenol 6d and acefylline—isatin 19 hybrids in targeting multiple pathological mechanisms involved in
AD, offering promising avenues for further development as potential treatments for this devastating disease.
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developing effective therapeutic strategies for AD is of para-
mount importance which would eventually lead to developing

1. Introduction

Alzheimer's disease (AD) is a neurodegenerative disorder char-
acterized by progressive cognitive decline, memory loss, and
behavioral changes. The number of individuals affected by AD
is alarmingly high, with an estimated 50 million people world-
wide suffering from the disease. Hence, AD is placing a signifi-
cant burden on individuals, families, and healthcare systems
worldwide. Understanding the underlying mechanisms and

“Department of Pharmacognosy, Faculty of Pharmacy, Kafrelsheikh University, P.O.
Box 33516, Kafrelsheikh, Egypt

*Department of Microbiology and Immunology, Faculty of Pharmacy, Kafrelsheikh
University, P.O. Box 33516, Kafrelsheikh, Egypt

‘Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Kafrelsheikh
University, P.O. Box 33516, Kafrelsheikh, Egypt

‘Department of Pharmacognosy, Faculty of Pharmacy, Mansoura University,
Mansoura, Egypt. E-mail: faridbadria@gmail.com; Tel: +20-1001762927

(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3ra04867¢

25616 | RSC Adv, 2023, 13, 25616-25634

innovative therapeutic strategies that target different pathways
involved in AD pathology.*”

Current therapeutic strategies for management of AD are
based on the acetylcholinesterase (AChE) hypothesis which
proposes that the decline in cholinergic neurotransmission
contributes to the cognitive decline observed in AD as reduced
levels of acetylcholine have been observed in AD patients, so
Acetylcholinesterase, an enzyme responsible for acetylcholine
breakdown, appears to be a promising target. As a result,
cholinesterase inhibitors have been developed as a symptom-
atic treatment for AD, aiming to increase acetylcholine levels.
However, these drugs provide only modest benefits and do not
alter the underlying disease progression.**

Another significant theory in AD research is the amyloid
hypothesis. Amyloid-beta (AB) peptides, derived from the
amyloid precursor protein (APP), aggregate and form amyloid
plaques, a hallmark of AD pathology which is linked to
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neurodegeneration in AD patients. This hypothesis has guided
the development of therapeutic approaches targeting AR
production or clearance.®> However, clinical trials targeting AB
have thus far yielded disappointing results, indicating the
complexity of AD pathogenesis and the need for alternative
therapeutic strategies.®

Recently, the role of inflammation in AD has gained signif-
icant attention. Chronic activation of the immune cells of the
central nervous system such as microglia and astrocytes, induce
the release of pro-inflammatory molecules, including cytokines
and reactive oxygen species. These inflammatory mediators
contribute to neuronal dysfunction and promote neuro-
degeneration in AD.” Targeting inflammation represents
a promising approach for AD treatment, as it addresses
a common pathway involved in disease progression.®

Hence, several attempts were made to modify the activity of
clinically relevant agents such as tacrine, donepezil, and gal-
antamine. This led to the development of hybrids with multiple
activities against other targets involved in AD. For example, the
conjugation of tacrine with ferulic acid give the produced
hybrid the ability to inhibit AR aggregation, also beta secretase
inhibition was feasible after the conjugation with chromone
moiety. In case of donepezil, molecular hybridization of the
benzyl piperidine moiety with chromone and coumarin scaf-
folds enabled these compounds to inhibit monoamineoxidase-1
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(MAO-1) and increased its antioxidant activity, respectively.
Also, galantamine-curcumin hybrids showed significant reduc-
tion in acetylcholinesterase and promoted the antioxidant
mechanisms in vivo (Fig. 1a).**?

Amidst the search for effective AD therapeutics, natural
products have emerged as a valuable source of potential
compounds since they offer a vast array of chemical diversity
and biological activities. In the context of AD, natural products
have exhibited neuroprotective, anti-amyloidogenic, and anti-
inflammatory properties, positioning them as promising
candidates for drug development. Xanthine alkaloids, such as
caffeine, was linked to protection against several cardiovascular
and neurodegenerative diseases.">™°

Since it can cross blood-brain barrier, it would be a privi-
leged scaffold for targeting neurodegenerative disease. Several
caffeine derivatives could be accessible through chemical
modification of theophylline. Acefylline, which is theophylline-
7-acetic acid was extensively studied to develop new bioactive
compounds. Theophylline and its derivatives have been utilized
to obtain hybrid compounds combining different pharmaco-
phores or functional groups which was proven to improve the
activity of the parent drugs (Fig. 1b)."”*°

Therefore, this study aims at preparing hybrid compounds
based on theophylline and other known natural products to
fabricate new compounds with dual activity targeting different
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Fig.1 (a) Representative examples for previously reported inhibitor against acetylcholinesterase (AChE), (i) tacrine, (ii) donepezil, (iii) galantamine

and their corresponding hybrids to modify their activity to be active against other enzymes involved in Alzheimer's disease such as monoamine
oxidase (MAQ) or betas secretase (BACE). (b) Theophylline (iv) has low affinity to AChE; new hybrids of theophylline had enhanced activity by
linking with various moiety against human acetylcholinesterase (hAChE) or electric eel acetylcholinesterase (eeAchE). (c) Proposed strategy for
anti-Alzheimer's agent based on xanthine hybrids, the counterpart of the conjugate would determine the activity of the prepared hybrids.
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pathways in AD as shown in Fig. 1c. In silico approaches such as
network pharmacology and molecular docking would be used to
identify their potential mechanism of action. Also, the stability
of the most active hybrids would be assessed.

2. Results and discussion

2.1. Chemistry

Firstly, acefylline 2 (7-acetic acid derivative of theophylline) was
prepared to enhance the synthetic accessibility of theophylline
in further reactions. Appearance of new signals in >C NMR
(CMR) at 6 47 and 168 ppm and in "HNMR (PMR) at 6 5-5.5 ppm
as well as melting point are among compiled evidences of the
success of formation of, acefylline 2.

Acefylline hybrids were formed by reactions with different
natural products bearing either alcohol OH (menthol) or
phenolic OH (thymol, vanillin, eugenol), through Steglich
esterification® as in hybrids 4a-d (Scheme 1) or alkylation by
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bromoacetate derivatives 5a-d to result in hybrids 6a-
d (Scheme 2).

The prepared hybrids showed characteristic spectroscopic
profile including the presence of 2 signals at ranges of 6 3.2—
3.4 ppm in PMR and 6 27-29 ppm in CMR assigned for methyl
functionality of xanthine ring. In addition, one signal was
shown at 6 5 ppm in PMR and 6 47 ppm in CMR assigned for the
methylene carbon of acetic acid linker. Also, a downfield proton
at ranges of 6 7.6-8 ppm in "H NMR and a signal at 6 144 ppm in
13C NMR were observed and assigned for proton and carbon 4 of
the purine ring, while the two carbonyl groups of the xanthine
ring were found at 6 154 and 151 ppm.**

For hybrids 4a-d, the spectroscopic data showed consistent
pattern with the reported parent compounds except the
decrease in the chemical shift value of carboxylic acid of ace-
fylline from 6 169 to 168-165 ppm confirming the formation of
ester. Additionally, in case of menthol hybrid 4a, the chemical
shift value of proton 1’ of menthol increased from 6 3.4 to
4.7 ppm as shown in Tables S1-S4.}

O
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b | Thymolyl
c | Vanillinyl
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Scheme 1 Preparation of theophylline-7-acetic acid (acefylline) followed by Steglich esterification, using EDCI as coupling agent in presence of

menthol, thymol, eugenol or vanillin to give the corresponding ester.
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Scheme 2 Preparation of ester derivative 6a—d was facilitated by reaction of bromoacetyl bromide with respective phenol or alcohol followed

by alkylation of acefylline with acetyl derivatives.
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Scheme 3 Preparation of 1,3,4-oxadiazole-containing acefylline hybrids 9a—d.

While in case of hybrids containing acetyl spacer 6a-d, ace-
fylline 2 was reacted with bromoacetate derivatives of the cor-
responding alcohol or phenol. Hence, an additional signal were
observed around 6 4.6 ppm (s, 2H) in PMR and ¢ 61 and
166 ppm in CMR corresponding to the acetyl linker as recorded
in Tables S5-S8.t

NaN3, EtOH, H,O

The formation of 1,3,4-oxadiazole-containing hybrids 9a-
d was facile through the reaction of the hydrazide derivative of
acefylline with carbon disulfide in basic medium followed by
alkylation with bromoacetate derivatives of the corresponding
alcohol or phenol 5a-d (Scheme 3). Thus, these derivatives
exhibited similar PMR behavior as their corresponding ester
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Scheme 4 Preparation of acefylline triazole hybrids 15a—c.
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derivatives 6a-d except for a new signal was shown around
0 162 ppm in CMR indicating the formation of the oxadiazole
ring and the chemical shift value of the methylene linker
showed significant decrease from ¢ 60 and 47 ppm to around
0 40 and 34 ppm, respectively, as demonstrated in Tables S9-
S12.f

For compounds containing 1,2,3-triazole linker 15a-c, they
were successfully obtained through copper catalyzed azide
alkyne cycloaddition reaction of the propargylated derivative of
acefylline 14 with respective azides 10a-b and 13 that prepared
from bromoacetylated derivatives 5a-b and 4-chloro-coumarin
12, respectively, as demonstrated in Scheme 4. The reaction
was confirmed by the appearance of additional signals around
0 8 (1H) and 5.2 (2H) ppm corresponding to the triazole ring and
the methylene bridge between the xanthine moiety and the
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Paper

triazole ring, respectively. Moreover, three new signals were
observed in CMR corresponding to the two olefinic carbons in
the triazole ring and the methylene bridge around ¢ 142, 122,
and 60 ppm, respectively.

The other data showed no significant change in the NMR
profile in comparison to that found in the parent compounds
when compared to spectroscopic data in literature® except for
4-hydroxycoumarin derivative 13 where carbon 4’ showed
significant upfield shift from é 162 to 154 ppm due to the
substitution of hydroxyl group with azide group as recorded in
Tables S13-S15.7F

Finally, hydrazone linker-tethered derivatives 18a-1 and 19
were furnished through coupling of hydrazide 7 with various
aromatic aldehydes, 16a-1, and isatin 17, respectively as shown
in Scheme 5. The disappearance of aldehydic proton around
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Scheme 5 Preparation of acefylline hydrazone hybrids 18a—j and 19 through the reaction of hydrazide with corresponding aldehydes or ketone.
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0 9-10 ppm and the appearance of two new signals at 6 11 and
8 ppm corresponding to the hydrazone linker protons.
Furthermore, the decrease in chemical shift of aldehydic carbon
from 6 190 to 140 ppm were among the spectroscopic features to
confirm the formation of acefylline-hydrazone hybrids 18a-1.
Lastly, the methylene group of acefylline showed significant
decrease in chemical shift from around 6 60 to 47 ppm. For
acefylline-isatin hybrid 19, the hydrazone linker was observed
at 6 11.36 and 143.21 ppm as explained in Tables S16-S28.t

2.2. Biological evaluation

2.2.1. Network pharmacology. The chemical structure of
the hybrids was submitted to network pharmacology analysis to
identify potential mechanisms of theophylline hybrids for
management of AD. Target fishing showed that there are
potential 332 molecular targets for acefylline conjugates.
Among them 25 target was shown to be correlated with molec-
ular targets associated with atherosclerosis and AD pathogen-
esis as revealed by Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis (Fig. 2a), inducible nitric oxide
synthase (iNOS), endoplasmic nitric oxide synthase (eNOS),
several cytokines such as TNF-a, IL-1B and IL-6 and Glycogen
Synthase Kinas-3 (GSK-3) were found to be the most relevant to
the top five KEGG pathways-gene network. This is in agree with
previous reports highlighting that atherosclerosis patients were
found to be more susceptible to AD risk, as both disease involve
the activation of inflammatory cascades and dysregulation of
inflammation resolving pathway. Moreover, atherosclerosis
causes reduced blood flow to the brain which participate in
accumulation of amyloid plaques and neurofibrillary
tangles.”*** Remarkably, caffeine which is a methylated deriv-
ative of theophylline has been studied thoroughly for its role in
management of metabolic syndrome and atherosclerosis by
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decreasing cholesterol levels.”® Also, chronic administration
caffeine to of Alzheimer's transgenic mice was reported to
decrease the levels of insoluble brain AB leading to restore of
their cognitive performance.”

Also, gene enrichment reveals other genes involved in bio-
logical processes (BP), molecular functions (MF) and cellular
component (CC) associated with the predicted targets. The top
five enriched terms in BP was related to response to stimuli that
trigger or suppress inflammation such as LPS, NO or gluco-
corticoid respectively (Fig. 2b). For MF, endopeptidase activity,
peptide binding, amide binding, choline esterase activity and
nitric oxide activity were among the top five enriched terms
where targets such as nitric oxide synthase, beta secretase,
acetylcholinesterase and butyl cholinesterase appeared as the
most significant ones as depicted in Fig. 2c. Finally, the top
enriched terms of CC were a reflection to what have been found
in KEGG analysis where membrane rafts and membrane
microdomain were found to be the most significant term with P
= 0.002 (Fig. 2d). Interestingly, lipid rafts were shown to play
important role in the development of AD through regulation of
AR deposition and AChE signaling.*®

Protein-protein interaction (PPI) of the enriched targets was
also studied, where the constructed network showed eNOS,
AChE, TNF, IL-18 and GSK-3f as the most prominent targets.
Still eNOS and AChE were the most prominent target with 47/68
and 40/68 interactions respectively as shown in Fig. 3a and b.
AChE targeting is one of the clinical pillars for management of
AD while NOS is still under investigation, nevertheless the
correlation between overexpression NOS and AD is well estab-
lished,” also NOS inhibitors have shown neuroprotective
activity in experimental animal.?

In summary, network pharmacology suggests that the ability
of the prepared hybrids to modulate pathways correlated to AD
through regulation of inflammatory response and

Fig. 2 Enrichment analysis results of Alzheimer's disease-related targets in relation with acefylline hybrids significantly enriched terms in, (a)

KEGG, (b) BP, (c) MF, and (d) CC.
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(a) Protein—protein interactions of targets predicted to be relevant to acefylline hybrid activity. (b) Top five targets included in KEGG

pathways where the greater the degree of overlap of genes, the more the same pathways involved. Lines with different colors indicate different

gene-pathway relationships.

cholinesterase interactions with lipid rafts which would
consequently reduce Af precipitation and plaque formation.

2.3. Invitro anti-inflammatory assay of acefylline-hybrids

2.3.1. LPS-induced inflammation in RAW 264.7 cell line.
Since network pharmacology revealed that the prepared hybrids

Table1 Cytotoxic effect of acefylline hybrid on RAW 264.7 using MTT
assay at 50 pM*

Code Viability (%)
2 85 + 1.7
4a 91.4 +£ 0.1
1b 94 £+ 0.2
4c 90 + 1
ad 93 +1
6a 88 + 0.8
6b 89+ 1
6¢c 90 + 1.1
6d 92 +1
9a 90 + 1.1
9b 93 +1
9c 92 +1
9d 98 + 0.6
15a 86 + 1.3
15b 97 + 0.6
15c¢ 88 +£ 0.8
18a 94 + 0.2
18b 87 £ 0.8
18c 88 £ 0.8
18d 90 + 1
18e 92 +1
18f 91 +1
18g 92 +1
18h 93+1
18i 104.7 £ 1.2
18j 89 + 1
18k 94.7 £ 1.2
181 93+1
19 89.5 £ 1.1

“ Data represent the mean and SD of % viability based on two
independent experiment.

25622 | RSC Adv, 2023, 13, 25616-25634

might possess anti-inflammatory effect through modulation of
NO production, LPS induced inflammation in RAW 264.7 cell
line was used as a primary screening to determine the most
active hybrids. Initially, the cytotoxicity of the compounds were
assessed at 25 pM using MTT assay. The preliminary results of
this screening revealed that all tested acefylline hybrids do not
halt the proliferation of RAW 264.7 cell line (Table 1).

2.3.2. NO level in LPS induced RAW 264.7. Cytotoxicity
assay results suggested that evaluating the anti-inflammatory of
acefylline hybrids at concentration lower than 25 pM would not
affect RAW 264.7 viability. So, all the compounds were tested for
their ability to inhibit NO production in LPS induced RAW 264.7
in comparison to L-NG-nitro arginine methyl ester (.-NAME) as
standard at 250 pM. All of the prepared hybrids was able to
reduce NO level in comparison to the parent compound ace-
fylline. Still, only ten hybrids were able to achieve better inhi-
bition of NO than the standard L-NG-nitro arginine methyl ester
(.-NAME), among them there were 3 hybrids 4d, 6d and 9d
containing eugenol conjugates through direct esterification,
acetyl linker or oxadiazole linker, respectively. Three hydra-
zones which are based on benzaldehyde derivatives (18h-18l)
and isatin 19, two vanillin conjugates through oxadiazole and
hydrazone linker (9¢, 18j), thymol conjugate 9b linked by oxa-
diazole spacer and finally coumarin conjugate tethered with
triazole ring (15¢). The % inhibition of all the hybrids are pre-
sented in Table 2.

2.3.3. Effect of acefylline hybrids on inhibition of AChE. As
the second axis of the proposed mechanism of action of the
prepared hybrids involve the inhibition of acetylcholinesterase
(AChE). Compounds that emerged as the best inhibitor of NO
production was tested at 25 uM as demonstrated in Table 3. Five
of them namely 6d, 19, 9¢, 15¢ and 18j showed inhibition more
than 75%. All the prepared hybrid showed improved activity
over the parent drug acefylline which only achieved 6.5% inhi-
bition to AChE at 25 uM.

It is worthy to mention that acefylline-eugenol conjugates
through acetyl linker had more advantage over other conjuga-
tion strategies such as oxadiazole and direct esterification
where the first achieved 97% inhibitory effect, while the later

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Inhibitory effects of acefylline hybrids at 25 uM on NO
production in RAW264.7 stimulated by 10 ng ml™* of LPS

No. Code % inhibition
1 2 58.7 + 1.82
2 4a 66.4 £+ 0.79
3 4b 70.7 £+ 0.87
4 4c 65.4 £+ 0.84
5 4d 86.8 + 0.87
6 6a 79.3 £ 0.85
7 6b 74 £+ 0.87
8 6¢ 68.6 £ 0.92
9 6d 88+ 1
10 9a 69.6 £ 0.92
11 9b 92.8 + 0.9
12 9c¢ 86.4 + 0.86
13 9d 93.2 £+ 0.87
14 15a 61.1 + 0.9
15 15b 68.6 + 0.92
16 15¢ 85 + 0.88
17 18a 65.4 + 0.84
18 18b 71.8 £ 0.9
19 18c 75 4+ 0.88
20 18d 70.7 + 0.87
21 18e 71.8 £0.9
22 18f 63.2 + 0.93
23 18g 66.4 £+ 0.79
24 18h 96.6 + 0.87
25 18i 63.2 £+ 0.93
26 18j 92.2 £ 0.86
27 18k 65.4 + 0.84
28 181 85.4 + 0.87
29 19 90 + 0.88
30 L.-NAME* 84.8 + 0.9

% 1-NAME was used at 250 uM, data represent the mean and SD of %
inhibition based on two independent experiment.

Table 3 Inhibitory effects of selected acefylline hybrids at 25 uM on
acetylcholinesterase activity®

No. Compound Inhibition (%)
1 Acefylline 6.5 £ 1.5
2 4ad 61.39 £+ 3.79
3 6d 97 £ 3.2
4 9b 61.07 £ 1.79
5 9c 88.2 + 3.7
6 9d 41.33 + 3.57
7 15¢ 85 + 2.8
8 18h 73.6 £3

9 18j 78 + 3.9
10 181 55.42 £ 2.07
11 19 92,5+ 2.4

“ Data represent the mean and SD of % inhibition based on two
independent experiment.

achieved only 61% and 41% inhibition against AChE. For ace-
fylline-vanillin conjugates, hybrids containing oxadiazole
linker achieved better inhibition than that observed in case of
the hydrazone spacer.

In case of isatin hydrazone, it achieved the 2nd best inhibi-
tory activity, also the coumarin triazole hybrid inhibit AChE by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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85%. So, the ability of these 5 hybrids to inhibit the enzyme at
different doses was studied and their IC50 was calculated.
Compounds 6d and 19 demonstrated the best IC5, = 1.8 and 3.3
uM respectively which was comparable to the standard AChE
inhibitor galantamine as shown in Table 4 and Fig. S11. While
other hybrids showed relatively higher ICs, but still stronger by
thirty-fold stronger inhibitory effect compared to the parent
drug theophylline.

2.3.4. Effect of acefylline hybrids on cytokine levels in RAW
264.7 induced by LPS. Since compounds 6d and 19 showed
significant NO and AChE inhibitory activity, their ability to
reduce induced cytokine levels by LPS in RAW 264.7 was
assessed. At dose 10 pM compound 6d and 19 reduced TNF-a by
49% and 53% respectively in comparison to LPS treated cells
while in case of IL-1f it was downregulated by 61% and 66.7%
respectively. Also, IL-6 levels was decreased by 49.3% and 57.7%
respectively. This observed decrease in the cytokines level was
also still applicable at 1 uM where compound 6d and 19 lowered
TNF-a by 28.78% and 31.8% respectively in comparison to LPS
treated cells. On the other hand, IL-1p was reduced by 43.4%
and 49.4% respectively. Finally, IL-6 levels was lowered by
31.3% and 47.5% respectively in comparison to cells induced by
LPS as shown in Fig. 4a-c.

The biological evaluation of acefylline hybrids indicated
their dual activity as anti-inflammatory and acetylcholines-
terase inhibitor as suggested by network pharmacology.
Thymol, eugenol, coumarin and aldehydes conjugates with
acefylline through acetyl, oxadiazole, triazole and hydrazone
linker were observed as the most actives. Two compounds 6d
which is acefylline-eugenol conjugate through acetyl linker and
19 which is acefylline conjugate through hydrazone linker
achieved the best activity among the prepared hybrids.

While theophylline itself is wunderstudied as anti-
inflammatory agent it was reported to suppress TNF produc-
tion at 20 pM in LPS stimulated RAW264.7 (ref. 31) On the other
hand, caffeine which is the methylated analogue of theophylline
is well studied. For example, caffeine and its analogue pentox-
ifylline were previously reported to possess anti-inflammatory
activity in RAW264.7 induced by LPS but at relatively high
dose 100-800 uM and 0.5-8 mM respectively.**** Also, caffeine
attenuated neuroinflammation induced by LPS in BV2 micro-
glial cells, where pro-inflammatory such as TNF-o. and iNOS
through prevention of phosphorylation of AKT and ERK leading
to suppress of the downstream inflammatory cascade.®*

Remarkably, the neuroprotective effect of caffeine against
LPS induced neurodegeneration in mice through activation of
nuclear factor erythroid 2-related factor 2 (Nrf2) and reduction
of NO, TNF-o. and oxidative stress.*® Moreover, it decreased
number of activated microglia in hippocampus of experimental
animals subjected to inflammation associated with LPS
administration or aging.*®

Furthermore, caffeine was found to protect against cognitive
impairment in AD transgenic mice through decreasing AP levels
and B-secretase.’” Despite caffeine is a weak inhibitor to AChE,
it was found to have indirect inhibitory effect on AChE through
inactivation of protein kinase A, which is correlated with
enhancing the activity of AChE to hydrolyze acetylcholine.***° In

RSC Adv, 2023, 13, 25616-25634 | 25623
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Table 4 ICsq inhibition data of acetylcholinesterase (AChE) activity with acefylline based hybrids and reference AChE inhibitor galantamine
No. Activity modifying moiety Linker Compound ICso (MM)
1 Eugenol Acetyl 6d 1.8 £0.3
2 Vanillin Oxadiazole 9c 5.55 + 0.33
3 4-Hydroxy coumarin Triazole 15¢ 9.8 +0.7
4 Vanillin Hydrazone 18j 14.6 £ 0.5
5 Isatin Hydrazone 19 3.3+0.2
6 — — Galantamine 1.3 £0.25
4 1000 500
= 800 400
E’ £ s
2 = D 600 € 300 =
p=g = = &
M 2 400 © 200
E ] =
-1 =
200 100
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Fig. 4 Effect of compounds 6d and 19 on (a) TNF-a, (b) IL-1B, and (c) IL-6 levels in RAW 264.7 treated with 1 pg ml™* LPS in comparison to
dexamethasone as standard. ****Significantly different from control group at p < 0.0001.

this context, chemical derivatization of theophylline and
caffeine led to the development of novel acetylcholinesterase
inhibitors**~** which support our proposal to choose xanthine
alkaloid to design hybrids for management of AD.

For the counterpart moiety of hybrid 6d, eugenol is known
for its ability to exert substantial anti-inflammatory and anti-
oxidant activity in vitro and in vivo which is attributed to the
modulation of several and overlapping pathways.** So,
numerous studies investigated its application in management
of AD. For instance, eugenol at 0.01 mg kg™ " was able to reduce
plaques induced in rats injected by AR which was reflected by
improvement in memory of the treated rat.** Also, it mitigated
the cholinergic dysfunction in hippocampus induced by
scopolamine through decreasing in AChE activity.

It also protected against neurotoxicity by decreasing gluta-
mate levels, boosting antioxidant mechanisms through
increasing SOD and catalase activity and decreasing mito-
chondrial reactive oxygen species (ROS) and NO production.*®
In combination with psilocybin, it was able to protect against
inflammation induced in mice brain by LPS where several
cytokines levels such as TNF, IL-1j, IL-6 were reduced.*” This
was also reproducible in other experimental model based on
aluminum chloride induced neurotoxicity.*®

Furthermore, eugenol was evaluated as potential pleotropic
agent against AD. While it showed remarkable protection
against hydrogen peroxide and AP toxicity to PC12 cell line, it
showed weak inhibition to AChE and B-secretase.*® Still chem-
ical derivatization has shown to improve the activity to micro-
molar range.’>** Taking these studies in consideration the
conjugation of acefylline and eugenol hybrid through acetyl
linker could be an intuitive approach to target different path-
ways involved in AD. Also, since hybrid compound could be

25624 | RSC Adv, 2023, 13, 25616-25634

considered as prodrug, acetylcholinesterase itself would help to
release its original parent compounds once it reached the action
site leading to extended efficacy.>>

In case of compound 19, isatin was linked to acefylline.
Isatin is a remarkable molecule with plethora of activities. In
the last decade, it was thoroughly investigated for its ability to
modulate molecular targets associated with AD since it is one of
the endogenous neuroprotector molecules.*** So, isatin itself
was recognized as a ligand for multiple binding sites of AP
preventing its interaction with several target and maintain it in
monomer state allowing their physiological degradation.>

In AB-induced Human Neuroblastoma (SK-N-SH Cells), isa-
tin thiosemicarbazone increased the survival rate from 20% to
approximately 100% which was explained by their inhibitory
effect against GSK-3p which is one of the molecular targets
predicted by our network pharmacology analysis.”® Moreover,
several isatin derivatives were designed as AChE inhibitors;
interestingly, isatin-tacrine and isatin-triazole hybrids had
pronounced ability to prevent AP aggregation.®”"°

Regarding the contribution of isatin in resolving inflamma-
tion, isatin, its derivatives were able to reduce the levels of COX-
2, TNF and iNOS in LPS challenged RAW 264.7 at relatively high
dose (100 pM)* but when conjugated with Nalidixic acid
through amino acid linkers, the prepared hybrids were able to
inhibit iNOS by 80% at 10 uM.** Hence, the observed acetyl-
cholinesterase and anti-inflammatory effect of compound 19
could be justified in the light of these studies.

2.4. In silico analysis

2.4.1. Molecular dockings. Since NOS-3 and AChE emerged
as relevant targets for the prepared hybrids, we utilized

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Blind docking results of acefylline based hybrids in binding site eNOS, ACHE

Target Docking size (X, Y, Z) Center box (X, Y, Z) Vina score of 19 Vina score of 6d Vina score standard®
eNOS 10, 11.5, 53 22,22, 22 9.6 9.3 RMSD = 0.87°

-9.7
ACHE —14, —43.8,27.6 27, 27,27 ~10.3 -10.9 —12.2

“ Co-crystallized ligand. » W69, PDB:6AV7. ¢ E20, PDB:4EY7.

molecular docking to obtain insights about binding mode in
the active site of these targets. CB-Dock2 server was employed to
perform Template based docking where the active sites were
determined based on grid box around the co-crystallized ligand.
Redocking of the co-crystallized ligand produce predicted poses
with RMSD less than 1.5 indicating the validity of the software
(Fig. S21). Binding energy for the 2 hybrids was calculated.
Compound 6d and 19 showed excellent binding comparable to
the co-crystallized ligand (Table 5) and post docking analysis
was done to identify important interactions of each compound
with the active site.

In case of NOS-3, the co-crystallized ligand was found to be
near the heme-porphyrin catalytic site, and it interacted with
Trp356, Met358, Glu361 through hydrogen bonding. On the
other hand, hydrophobic interactions with Pro334, Val 336
Met339, and Phe353 were also identified.®> Compound 6d
showed similar interaction profile where it was able to form
hydrogen bonds with Cys184, Val185, Gly186, Ser226,
TRP356,Met358 and Glu361 through acefylline moiety while
other hydrophobic interactions such as TRP178, Leu193, Ile228,

Fig. 5

© 2023 The Author(s). Published by the Royal Society of Chemistry

RMSD = 0.385°

Phe353 and Phe473 were exerted through the eugenyl moiety as
shown in Fig. 5a and b. This was also the case of compound 19
where the acefylline scaffold formed hydrogen bond with
TRP178, Val185, Ser226, TRP356, Met 358 while isatin moiety
formed hydrophobic interactions with Ala181, Arg183, Cys184,
Met339 and Gly355 as shown in Fig. 5c and d.

AChE was one of the predicted targets for the prepared
hybrids and compounds 6d and 19 also showed good inhibitory
activity against this enzyme experimentally. Post docking anal-
ysis gave insights about their binding mode in comparison to
known inhibitors. The co-crystallized ligand donepezil mainly
exert its remarkable inhibitory activity through hydrophobic
interactions with Trp86, Trp286, Tyr337, Phe338, Tyr34land
one hydrogen bond with Phe295 while galantamine the stan-
dard inhibitor inhibitory effect depends on blocking the cata-
Iytic active site by interaction with Glu202, Ser203, Tyr337
through hydrogen bonding and Trp86, Gly122 through hydro-
phobic interactions.

These interactions were reproducible by compound 6d
where it formed hydrogen bonds with Ser203, Gly120, Tyr124,

MET. Gl
LB A:361 s TRP
aase w178

s (AR
a2y PHE
353

e
6L A228
w186

LEU
SER PHE A93
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c¥s
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Interactions with eNOS complex (PDB:6AV7). (a) 3D and (b) 2D interactions of 6d (magenta). (c) 3D and (d) 2D interactions of 19 (cyan).
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Ser125, Tyr133 and Tyr 341, also hydrophobic interactions with
Tyr72, Trp86, Trp286 indicating that the compound 6d occupy
the full active site gorge-channel which is similar to the binding
mode of donepezil rather than galantamine. Compound 19 was
also able to interact with Try124, Tyr133, Ser125 and Try341
through hydrogen bonding and Trp86 and Trp286 through
hydrophobic interactions as demonstrated in Fig. 6a-d.
Nevertheless, the length of linker may explain the difference
in the inhibitory activity of compound 6d and 19 where the
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Interactions with AChE (PDB:4EY7). (a) 3D and (b) 2D interactions of 6d (magenta). (c) 3D and (d) 2D interactions of 19 (cyan).

acetyl linker in case of the first allowed the xanthine moiety to
reach the catalytic triad and interact with Ser203, which is
important to achieve good inhibitory activity.®® Overall, the
analysis of binding mode of 6d and 19 showed their ability to
bind to both of catalytic site and peripheral aromatic site (PAS)
suggesting that their ability to neutralize the pathological role
of AChE through preventing acetyl choline hydrolysis and the
aggregation of AP by disrupting their interaction with PAS of
AChE.**

Phosphate buffer PH=7.4

100+
—— 6d 257
-~ 6d
s 75 - 19\= 20- - 19
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Fig. 7 Stability of prepared hybrids at different buffers (a) pH = 1.4, (b) phosphate buffer pH = 7.4. Data presented as mean values +SD of three

independent experiments.
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2.5. Preliminary stability studies

Given the enhanced bioactivity observed in compounds 6d and
19 relative to other hybrid derivatives, our investigation
centered on evaluating their stability under simulated gastric
and intestinal conditions. Compound 6d demonstrated excep-
tional stability when exposed to 0.1 M HCI, exhibiting a half-life
(t1/2) of 35 hours, while compound 19 exhibited a significantly
shorter ¢/, of 1.8 hours, as shown in Fig. 7a.

However, a contrasting pattern emerged when the pH was
adjusted to 7.4. Notably, due to its ester composition,
compound 6d displayed increased susceptibility to hydrolysis,
resulting in a ¢, of 11.3 hours. Conversely, compound 19 dis-
played a prolonged ¢,,, of 76 hours, as depicted in Fig. 7b. These
findings are supported by prior investigations, emphasizing the
diminished stability of hydrazones within acidic pH in
comparison with basic or neutral environments. In contrast,
esters assume a prodrug role in relatively alkaline pH levels,
facilitating sustained release of the active substrate.

Importantly, both compounds exhibited substantive resis-
tance to acid hydrolysis.®**® Based on the data we gathered, it
can be inferred that both compounds are not greatly affected by
gastric or intestinal fluids. This suggests that they have the
ability to be absorbed into the body without undergoing
substantial breakdown.

3. Conclusion

This study investigated the conjugation of theophylline with
different compounds of natural origin hoping to construct
new hybrids with dual activity against cholinergic and
inflammatory pathways as potential agents for treatment of
Alzheimer's disease (AD). In this study, a series of 28
theophylline-based hybrids were synthesized and investigated
against acetylcholinesterase (AChE) and inflammation. Out of
28 tested hybrids; two hybrids, acefylline-eugenol 6d and
acefylline-isatin 19 were able to inhibit acetylcholinesterase
(AChE) at low micromolar concentration when compared to
“galantamine” a known standard AChE inhibitor. Moreover,
the prepared hybrids possessed significant anti-inflammatory
effect against lipopolysaccharide induced inflammation in
RAW 264.7 and reduced nitric oxide (NO), tumor necrosis
alpha (TNF-a), interleukin-1p (IL-1B), and interleukin-6 (IL-6)
levels in dose dependent manner. The findings of this study
were further explained in the light of network pharmacology
analysis which suggested that AChE and nitric oxide synthase
are the main targets of the most active compounds. Our
molecular docking studies supported the obtained results.
Finally, the two promising hybrids proved to be stable when
studied in medium simulating gastric and intestinal envi-
ronment suggesting their possible mode of absorption
without substantial breakdown.

Particularly, the hybrids of theophylline with either eugenol
or isatin revealed very promising and unleashing their thera-
peutic potential for managing complex health disorders, e.g.,
Alzheimer's disease and other neurodegenerative disorders.
However, further investigation of the kinetic properties of these

© 2023 The Author(s). Published by the Royal Society of Chemistry
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hybrids is necessary before translating these findings into
preclinical and clinical practice.

4. Material and methods

4.1. Chemistry

4.1.1. General. Melting points were measured with a FALC
melting point apparatus and were uncorrected. The NMR
spectra were recorded by Bruker spectrometer at 400 MHz >C
NMR spectra were run at 101 MHz in deuterated dimethyl
sulfoxide (DMSO-dg) or chloroform (CDCl;). Chemical shifts (6
ppm) were reported relative to the solvent DMSO-d¢ or CDCl;.
All coupling constant (/) values were given in hertz. Mass
spectrometry were carried out using mass spectrometer: thermo
scientific ISQLT single quadrupole (USA). Microanalyses were
carried out using PerkinElmer 240 elemental analyzer for
elements C, H, N, and S results were obtained within the
accepted limits. Optical rotation was measured with a Poly-
Science polarimeter model SR-6. Unless otherwise noted, all
solvents and reagents were commercially available and used
without further purification.

4.1.2. Synthesis of acefylline (2). A solution of bromoacetic
acid (14 g, 0.1 mol) in water (250 ml) containing potassium
bicarbonate (0.5 g, 0.5 mol) was added drop-wisely, with stir-
ring, to another solution of theophylline (1) (18 g, 0.1 mol) and
potassium bicarbonate (0.5 g, 0.5 mol) in water (250 ml). The
mixture was refluxed for 8 h then cooled and filtered. The
filtrate was acidified with dilute hydrochloric acid to reach pH
value of 2. The formed precipitate was collected by filtration and
recrystallized from methanol to give white needles (m.p. 267-
290 °C)*” (R¢ = 0.2 DCM : methanol 7: 3).

4.1.3. Synthesis of acefylline hybrid ester (4a-d). In a 25 ml
round bottom flask, a mixture of acefylline 2 (90 mg, 0.4 mmol),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) (0.86 g,
0.45 mmol), and 4-dimethylaminopyridine (DMAP) (0.05 g, 0.04
mM) in dry methylene chloride (25 ml) was stirred for 10
minutes in an ice salt bath. After that, a chosen hydroxyl-
containing compound 2a-d (0.45 mmol) was added in a drop-
wise manner with constant stirring over a period of 1 h, main-
taining the temperature constant, then the reaction mixture was
stirred further 48 h at room temperature until the reaction was
completed. The reaction mixture was filtered and evaporated
then the crude product was purified using column chromatog-
raphy using dichloromethane: ethyl acetate gradient elution
from 100% to 70% dichloromethane to give compounds (4a-d).

4.1.3.1. 2-Isopropyl-5-methylcyclohexyl-2-(1,3-dimethyl-2, 6-
dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)acetate (4a). Yield 75% as
semisolid, [a]y’ = —52.5 (c 15 g 17", EtOH). "H NMR (400 MHz,
CDCl;) 6 ppm: 7.59 (s, 1H), 5.01 (s, 2H), 4.71 (td, ] = 10.9, 4.4 Hz,
1H), 3.53 (s, 3H), 3.31 (s, 3H), 1.96 (d,J = 11.5 Hz, 1H), 1.78 (qt, J
= 7.2, 3.2 Hz, 1H), 1.61 (dt, J = 12.1, 2.8 Hz, 2H), 1.36 (dtt, ] =
38.3,11.3, 3.0 Hz, 2H), 1.05-0.89 (m, 2H), 0.83 (t, ]/ = 7.0 Hz, 7H),
0.68 (d, J = 6.9 Hz, 3H); ">*C NMR (101 MHz, CDCI3)  ppm:
166.60, 155.16, 151.69, 148.29, 141.79, 107.20, 76.88, 47.62,
46.90, 40.62, 34.02, 31.40, 29.91, 27.93, 26.19, 23.27, 21.95
20.76, 16.23; displayed a molecular ion at m/z 376.46 calculated
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for the molecular formula anal. caled for C;9H,gN,04, C, 60.62;
H, 7.5; N, 14.88; found C, 60.71; H, 7.27; N, 14.95.

4.1.3.2. 2-Isopropyl-5-methylphenyl-2-(1,3-dimethyl-2, 6-dioxo-
1,2,3,6-tetrahydro-7H-purin-7-yl)acetate (4b). Yield 65%, "H NMR
(400 MHz, CDCl;) 6 ppm: 7.64 (d, J = 6.2 Hz, 1H), 7.12 (dd, J =
8.0, 2.2 Hz, 1H), 7.00-6.93 (m, 1H), 6.80 (d, J = 2.2 Hz, 1H), 5.28
(d,J = 2.3 Hz, 2H), 3.53 (d, J = 2.2 Hz, 3H), 3.33 (d, ] = 2.2 Hz,
3H), 2.98-2.86 (m, 1H), 2.22 (s, 3H), 1.09 (dd, J = 6.9, 2.2 Hz,
6H); *C NMR (101 MHz, CDCl,) 6 ppm: 165.80, 155.19, 151.57,
148.36, 147.18, 141.61, 136.79, 136.70, 127.70, 126.54, 122.14,
107.12, 47.44, 29.84, 27.87, 26.86, 23.00, 20.73; displayed
a molecular ion at m/z 370.41 calculated for the molecular
formula anal. caled for C,9H,,N,0,, C, 61.61; H, 5.99; N, 15.13;
found C, 61.64; H, 5.42; N, 15.26.

4.1.3.3. 4-Formyl-2-methoxyphenyl-2-(1,3-dimethyl-2, 6-dioxo-
1,2,3,6-tetrahydro-7H-purin-7-yl)acetate (4c). Yield 25%, "H NMR
(400 MHz, CDCl;) 6 ppm: 9.84 (s, 1H), 7.85 (s, 1H), 7.48-7.41 (m,
2H), 7.06 (d,J = 8.5 Hz, 1H), 3.98 (d,J = 5.1 Hz, 2H), 3.68 (s, 3H),
3.51 (d, J = 5.9 Hz, 6H); ">’C NMR (101 MHz, CDCl;) 6 ppm:
191.11, 168.81, 156.26, 151.67, 148.99, 140.23, 127.71, 114.55,
107.03, 56.26, 50.97, 30.40, 28.63; displayed a molecular ion at
m/z 372.34 calculated for the molecular formula anal. caled for
C,,H.N,Oe, C, 54.84; H, 4.33; N, 15.05; found C, 55.11; H,
4.89; N, 14.54.

4.1.3.4. 4-Allyl-2-methoxyphenyl-2-(1,3-dimethyl-2,6-dioxo-
1,2,3,6-tetrahydro-7H-purin-7-yl)acetate (4d). Yield 75%, '"H NMR
(400 MHz, CDCl;) 6 ppm: 7.63 (s, 1H), 6.96 (d, J = 7.8 Hz, 1H),
6.69 (d, J = 10.4 Hz, 2H), 5.91-5.81 (m, 1H), 5.30 (s, 2H), 5.06—
4.98 (m, 2H), 3.74 (s, 3H), 3.52 (s, 3H), 3.33 (s, 3H), 3.29 (d, ] =
6.9 Hz, 2H). "*C NMR (101 MHz, CDCl;) é ppm: 165.49, 155.29,
151.70, 150.41, 148.50, 141.99, 139.76, 137.27, 136.85, 122.27,
120.78, 116.35, 112.74, 107.16, 55.85, 47.14, 40.05, 29.86, 27.96;
displayed a molecular ion at m/z 384.39 calculated for the
molecular formula anal. caled for C,oH,,N505, C, 77.49; H,
10.22% found C, 77.93; H, 10.03% C, 59.37; H, 5.24; N, 14.58;
found C, 59.89; H, 4.78; N, 14.26.

4.1.4. Synthesis of bromo acetyl derivatives (5a-d). Acetyl
derivatives were prepared adopting previously reported method
with slight modifications.®® In a 100 ml round bottom flask,
a mixture of a chosen hydroxyl-containing compound 3a-
d [menthol (a), thymol (b), vanillin (c), or eugenol (d)] (10 mmol)
and triethylamine (1.01 g, 10 mmol) in DCM (25 ml) was cooled
in an ice salt mixture to —10 °C. To this reaction mixture, bro-
moacetyl bromide (2.02 g, 10 mmol) in methylene chloride (25
ml) was added in a dropwise manner with constant stirring over
a period of 1 h, maintaining the temperature constant, then the
reaction mixture was stirred for further 5 h until the reaction is
completed. The reaction mixture was filtered and evaporated
then the crude product was purified using column chromatog-
raphy using petroleum ether: DCM gradient elution from 100%
to 80% petroleum ether to give compounds (5a-d).

4.1.5. Synthesis of acefylline hybrid acetyl linker derivative
(6a-d). In a 25 ml round flask, a mixture of bromoacetate
derivative 5a-d (0.25 mmol), acefylline 2 (50 mg, 0.2 mmol),
potassium carbonate (55 mg, 0.3 mmol) and potassium iodide
(0.69 m, 0.02 mmol) in DMF (10 ml) was stirred for 48 hours in
room temperature. The reaction mixture was poured into
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crushed ice with stirring and extracted with ethyl acetate (3 x 25
ml). The organic layer was dried over anhydrous sodium
sulphate, filtered and the solvent was removed under reduced
pressure to obtain semisolid residue, which was chromato-
graphed on silica gel column using methylene chloride: ethyl
acetate gradient elution from 100% to 70% methylene as eluent
to give compounds (6a-d).

4.1.5.1. 2-Isopropyl-5-methylcyclohexyl-2-(2-(1,3-dimethyl-2,6-
dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)acetoxy)acetate (6a). Yield
60%, [a]y = —67.5(c 15 g 17", EtOH). "H NMR (400 MHz, CDCl,)
6 ppm: 7.63 (s, 1H), 5.18 (s, 2H), 4.70 (td, J = 11.0, 4.5 Hz, 1H),
4.64 (s, 2H), 3.54 (s, 3H), 3.32 (s, 3H), 1.95-1.86 (m, 1H), 1.79-
1.67 (m, 1H), 1.66-1.57 (m, 2H), 1.47-1.26 (m, 2H), 1.06-0.90
(m, 2H), 0.82 (dd, J = 8.7, 6.7 Hz, 7H), 0.67 (d, J = 7.0 Hz, 3H);
3C NMR (101 MHz, CDCl;) 6 ppm: 166.68, 166.57, 155.29,
151.64, 148.43, 141.95, 107.06, 76.21, 61.92, 47.09, 46.89, 40.67,
34.05, 31.39, 29.94, 27.96, 26.26, 23.38, 21.96, 20.69, 16.27;
displayed a molecular ion at m/z 434.49 calculated for the
molecular formula anal. caled for C,;H;,N,O C, 58.05; H,
6.96; N, 12.9; found C, 58.25; H, 6.96; N, 12.6%.

4.1.5.2. 2-(2-Isopropyl-5-methylphenoxy)-2-oxoethyl-2-(1,3-
dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)acetate ~ (6b).
Yield 45%, '"H NMR (400 MHz, CDCl;) 6 ppm: 7.60 (s, 1H), 7.13
(d,J = 7.9 Hz, 1H), 6.98 (dd, J = 8.0, 1.8 Hz, 1H), 6.77-6.70 (m,
1H), 5.19 (s, 2H), 4.94 (s, 2H), 3.53 (s, 3H), 3.30 (s, 3H), 2.85 (dt, ]
= 13.7, 6.8 Hz, 1H), 2.23 (s, 3H), 1.09 (d, J = 6.9 Hz, 6H); *C
NMR (101 MHz, CDCl;) 6 ppm: 166.73, 165.92, 155.30, 151.61,
148.44, 147.04, 141.89, 136.89, 136.87, 127.77, 126.69, 122.25,
107.05, 61.71, 47.09, 29.94, 27.93, 27.06, 23.02, 20.79; displayed
a molecular ion at 428.45 m/z calculated for the molecular
formula anal. caled for C,,H,,N,O¢ C, 58.87; H, 5.65; N, 13.08;
found C, 58.42; H, 6.13; N, 13.

4.1.5.3. 2-(4-Formyl-2-methoxyphenoxy)-2-oxoethyl-2-(1,3-
dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)acetate ~ (6c).
Yield 25%, "H NMR (400 MHz, CDCl;) 6 ppm: 9.88 (s, 1H), 7.61
(d,J = 1.8 Hz, 1H), 7.42 (dt,J = 9.7, 1.6 Hz, 2H), 7.18 (dd, ] = 7.9,
3.0 Hz, 1H), 5.25-5.15 (m, 2H), 4.97 (d,J = 17.3 Hz, 2H), 3.83 (d,
J = 3.9 Hz, 3H), 3.53 (s, 3H), 3.30 (d, J = 2.1 Hz, 3H); *C NMR
(101 MHz, CDCl,) 6 ppm: 190.95, 166.61, 164.67, 155.32, 151.62,
148.55, 148.51, 143.78, 141.94, 135.66, 124.66, 123.17, 110.94,
107.06, 61.36, 56.20, 47.07, 29.91, 27.94; displayed a molecular
ion at 430.37 m/z calculated for the molecular formula anal.
caled for C,oH;4N,05 C, 53.03; H, 4.22; N, 13.02; found C, 53.07;
H, 3.63; N, 13.59.

4.1.5.4. 2-(4-Allyl-2-methoxyphenoxy)-2-oxoethyl-2-(1,3-
dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)acetate  (6d).
Yield 45%, "H NMR (400 MHz, CDCl;) 6 ppm: 7.59 (s, 1H), 6.89
(d,J = 8.0 Hz, 1H), 6.74-6.66 (m, 2H), 5.93-5.82 (m, 1H), 5.18 (s,
2H), 5.08-4.98 (m, 2H), 4.95 (s, 2H), 3.73 (s, 3H), 3.53 (s, 3H),
3.36-3.27 (m, 2H), 3.30 (s, 3H); *C NMR (101 MHz, CDCI;)
6 ppm: 166.61, 165.38, 155.31, 151.63, 150.50, 148.47, 141.95,
139.74, 137.04, 136.85, 122.19, 120.73, 116.35, 112.79, 107.06,
61.55, 55.86, 47.03, 40.07, 29.92, 27.94; displayed a molecular
ion at 442.43 m/z calculated for the molecular formula anal.
calcd for C,;H,,N,0-, C, 57.01; H, 5.01; N, 12.66; found C, 56.86;
H, 4.64; N, 13.15.
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4.1.6. Synthesis of acefylline hybrid oxadiazole linker (9a-
d). A solution of acefylline 2 (2 g, 8 mM) was refluxed in thionyl
chloride 25 ml for 6 hours and the reaction mixture was evap-
orated under pressure, then 25 ml isopropanol was added and
stirred for 0.5 h. Before adding 20 ml of hydrazine hydrate and
the reaction mixture was refluxed for 3 hours to give the cor-
responding hydrazide 7. The reaction was left to cool down,
filtered under vacuum, and washed with isopropanol to give off
white powder (m.p. 276-280 °C).

A mixture of hydrazide 7 (1.26 g, 5 mM) and potassium
hydroxide (0.28, 5 mM) was formed by dissolving them in
absolute ethanol (50 ml), carbon disulfide (0.82 ml) was added,
and reaction mixture was refluxed for 6 hours. Completion of
reaction was monitored through TLC, then the reaction mixture
was cooled, and excess chilled water was added, acidified with
dilute hydrochloric acid (10%) and the precipitate of 1,3,4-
oxadiazole derivative of acefylline 8 was formed which were
filtered off under vacuum to give off white powder (m.p. 252-
253 °C) (reported m.p. 254 °C).*®

In a 25 ml round flask, a mixture of bromoacetate 5a-d (0.2
mM), 1,3,4-oxadiazole derivative 8 (60 mg, 0.2 mM), and
potassium carbonate (50 mg, 0.2 mM) in DMF (5 ml) was stirred
for 24 hours in room temperature. The reaction mixture was
poured into crushed ice with stirring and extracted with ethyl
acetate (3 x 25 ml). The organic layer was dried over anhydrous
sodium sulphate, filtered and the solvent was removed under
reduced pressure to obtain semisolid residue, which was chro-
matographed on silica gel column using methylene chloride:
ethyl acetate gradient elution from 100% to 60% methylene
chloride as eluent to give compounds (9a-d).

4.1.6.1. 2-Isopropyl-5-methylcyclohexyl-2-((5-((1,3-dimethyl-
2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)methyl)-1,3,4-
oxadiazol-2-yl)thio)acetate (9a). Yield 75%, [a]yy = —46 (c 15 g
17!, EtOH). "H NMR (400 MHz, CDCl;) 6 ppm: 7.68 (s, 1H), 5.73
(s, 2H), 4.67 (td, J = 10.9, 4.4 Hz, 1H), 3.97 (s, 2H), 3.54 (s, 3H),
3.33 (s, 3H), 1.97-1.87 (m, 1H), 1.77 (ddd, J = 11.3, 8.4, 5.7 Hz,
2H), 1.66-1.56 (m, 2H), 1.38-1.21 (m, 1H), 1.04-0.90 (m, 2H),
0.82 (dd, J = 9.0, 6.7 Hz, 7H), 0.66 (d, J = 6.9 Hz, 3H); *C NMR
(101 MHz, CDCl;) 6 ppm: 166.68, 165.19, 162.15, 155.19, 151.56,
148.66, 141.35, 106.70, 76.93, 46.89, 40.58, 40.38, 34.64, 34.05,
31.39, 29.92, 28.04, 26.18, 23.30, 21.97, 20.73, 16.21; displayed
a molecular ion at 490.58 m/z calculated for the molecular
formula anal. caled for C,,H;,N¢O5S, C, 53.86; H, 6.16; N, 17.13;
S, 6.54; found C, 54.09; H, 5.62; N, 17.42; S, 6.63.

4.1.6.2. 2-Isopropyl-5-methylphenyl-2-({(5-((1,3-dimethyl-2,6-
dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)methyl)-1,3,4-oxadiazol-2-
ylthio)acetate (9b). Yield 55%, 'H NMR (400 MHz, CDCl;)
6 ppm: 7.68 (s, 1H), 7.12 (d, J = 7.9 Hz, 1H), 7.01-6.94 (m, 1H),
6.78-6.73 (m, 1H), 5.73 (s, 2H), 4.24 (s, 2H), 3.53 (s, 3H), 3.33 (s,
3H), 2.89 (p,] = 6.9 Hz, 1H), 2.23 (s, 3H), 1.08 (d, ] = 6.9 Hz, 6H);
3C NMR (101 MHz, CDCl;) 6 ppm: 166.10, 164.89, 162.40,
155.18, 151.54, 148.61, 147.58, 141.33, 136.84, 136.82, 127.73,
126.60, 122.23, 106.69, 40.43, 34.26, 29.95, 28.04, 26.98, 23.05,
20.83; displayed a molecular ion at 484.53 m/z calculated for the
molecular formula anal. caled for C,,H,;N¢Os5S, C, 54.54; H,
4.99; N, 17.35; S, 6.62; found C, 54.56; H, 5.4; N, 17.43; S, 7.04.
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4.1.6.3. 4-Formyl-2-methoxyphenyl-2-((5-((1,3-dimethyl-2,6-
dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)methyl)-1,3,4-oxadiazol-2-
yl)thio)acetate (9c). Yield 15%, '"H NMR (400 MHz, CDCl;)
6 ppm: 9.87 (s, 1H), 7.69 (s, 1H), 7.40 (d, J = 6.9 Hz, 2H), 7.23-
7.15 (m, 1H), 5.73 (s, 2H), 4.25 (s, 2H), 3.79 (s, 3H), 3.50 (s, 3H),
3.31 (s, 3H); *C NMR (101 MHz, CDCl;) é ppm: 190.97, 164.99,
164.62, 162.53, 155.17, 151.60, 151.51, 148.69, 144.26, 141.44,
135.60, 124.68, 123.15, 110.89, 106.68, 56.18, 40.41, 33.88,
29.89, 28.02; displayed a molecular ion at 486.46 m/z calculated
for the molecular formula anal. calcd for C,,H;gN¢O-S, C, 49.38;
H, 8.23; N, 3.69; S, 4.22; found C, 48.82; H, 7.64; N, 3.76; S, 4.35.

4.1.6.4. 4-Allyl-2-methoxyphenyl-2-((5-((1,3-dimethyl-2,6-
dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)methyl)-1,3,4-oxadiazol-2-
yl)thio)acetate (9d). Yield 25%, '"H NMR (400 MHz, CDCp)
6 ppm: 7.68 (d, J = 1.9 Hz, 1H), 6.91-6.84 (m, 1H), 6.68 (t, ] =
4.6 Hz, 2H), 5.94-5.79 (m, 1H), 5.73 (d,J = 2.1 Hz, 2H), 5.07-4.98
(m, 2H), 4.26-4.19 (m, 2H), 3.69 (s, 3H), 3.58-3.47 (m, 3H), 3.35-
3.27 (m, 5H); *C NMR (101 MHz, CDCy3) § ppm: 165.66, 164.81,
162.35, 155.18, 151.53, 150.46, 148.68, 141.40, 139.68, 137.54,
136.84, 122.11, 120.69, 116.36, 112.74, 106.69, 55.85, 40.38,
40.07, 34.00, 29.87, 28.02; displayed a molecular ion at 498.51
m/z calculated for the molecular formula anal. caled for
C,,H,5NOGS. C, 53.01; H, 4.45; N, 16.86; S, 6.43; found C, 52.65;
H, 4.47; N, 17.01; S, 6.82.

4.1.7. Synthesis of azide derivative (10a-b and 13). In order
to perform this reaction, bromoacetate derivatives 5a-b and 4-
hydroxy coumarin 11 was transformed to the corresponding
azide. Compounds, 5a-b (2 mmol) were stirred with sodium
azide (3 mmol) in solution of ethanol/water (1: 1) for 3 h, then
the reaction mixture was evaporated under vacuum and
extracted with ethyl acetate (3 x 25 ml). The organic layer was
dried over anhydrous sodium sulphate, filtered and the solvent
was evaporated in vacu to obtain oily liquid residues of 10a-
b which were used without further purification.

On the other hands, 11 (1.3 mg, 8 mmol) was charged in
phosphorus oxychloride (20 ml), then, triethylamine (1.5 ml, 12
mmol) was added drop wisely, and the mixture was refluxed for
4 h. Then the reaction mixture was distilled to give yellowish
brown residue which give white needles upon crystallization
from petroleum ether to give 4-chloro coumarin 12, with m.p.
range of 85-87 °C (reported m.p. 84-86 °C (ref. 70)).

To a solution of 12 (540 mg, 3 mmol) in dry acetone, sodium
azide (292.2 mg, 4.5 mmol) was added and stirred in room
temperature for 5 h. The reaction mixture was evaporated in
vacu and 50 ml water was added then extracted with ethyl
acetate (3 x 25 ml). The organic layer was dried over anhydrous
sodium sulphate, filtered and the solvent was evaporated in-
vacu to obtain white needles of 13 with m.p. range of 160-
163 °C (reported m.p. 165-167 °C (ref. 71)).

4.1.8. Synthesis of acefylline hybrid with 1,2,3 triazole
linker (15a-c). Acefylline 2 (2 g, 0.7 mmol) was stirred with
potassium carbonate (1.7 g, 1 mmol) in DMF for 20 minutes
then a solution of propargyl bromide (1.19 ml, 1.5 mmol) in
DMF was added and the reaction mixture was stirred in room
temperature for 8 h. After that, the reaction was terminated
based on TLC analysis by pouring it into crushed ice with
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stirring and extracted with ethyl acetate (3 x 25 ml). The organic
layer was dried over anhydrous sodium sulphate, filtered and
the solvent was removed under reduced pressure to obtain
white needles which were recrystallized from methanol to give
14 (m.p. 170-171 °C, reported m.p. 168-170 °C (ref. 72)) which
was used without further purification.

Copper sulphate pentahydrate (108.4 mg, 1.2 equivalent) and
sodium ascorbate (86.12 mg, 1.2 equivalent) in water was added
to a stirred solution of 14 in DMF, then an azide derivative (10a-
b or 13) (100 mg, 1.1 equivalent) was added to the reaction
mixture and stirred in room temperature for 48 h. The reaction
mixture was poured into crushed ice with stirring and extracted
with ethyl acetate (3 x 25 ml). The organic layer was dried over
anhydrous sodium sulphate, filtered and the solvent was
removed under reduced pressure to obtain semisolid residue,
which was chromatographed on silica gel column using meth-
ylene chloride: ethyl acetate gradient elution from 100% to 60%
methylene chloride as eluent to give compounds (15a-c).

4.1.8.1. 2-Isopropyl-5-methylcyclohexyl-2-(4-((2-(1,3-dimethyl-
2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)acetoxy)methyl)-1H-
1,2,3-triazol-1-yl)acetate (15a). Yield 25%,[a]y = —56.7(c 15 g
17!, EtOH). "H NMR (400 MHz, CDCl;) 6 ppm: 7.79 (s, 1H), 7.57
(s, 1H), 5.32 (s, 2H), 5.16-5.03 (m, 4H), 4.72 (td, ] = 10.9, 4.4 Hz,
1H), 3.54 (s, 3H), 3.31 (d,J = 1.1 Hz, 3H), 2.00-1.89 (m, 1H), 1.72
(pd, J = 6.9, 2.5 Hz, 1H), 1.67-1.57 (m, 2H), 1.46-1.38 (m, 1H),
1.37-1.29 (m, 1H), 1.06-0.89 (m, 2H), 0.84 (t, J = 7.0 Hz, 7H),
0.68 (d, J = 6.9 Hz, 3H); >*C NMR (101 MHz, CDCl;) é ppm:
167.02, 165.65, 155.30, 151.62, 148.52, 141.85, 125.75, 107.19,
77.13, 59.11, 51.10, 47.41, 46.84, 40.65, 33.96, 31.38, 29.92,
27.93, 26.30, 23.29, 21.94, 20.73, 16.26; displayed a molecular at
515.57 m/z calculated for the molecular formula anal. caled for
C,4H33N,0,, C, 55.91; H, 6.45; N, 19.02; found C, 55.54; H,
6.9; N, 18.81.

4.1.8.2. (1-(2-(2-Isopropyl-5-methylphenoxy)-2-oxoethyl)-1H-
1,2,3-triazol-4-yl)methyl-2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahy-
dro-7H-purin-7-yl)acetate (15b). Yield 15%, "H NMR (400 MHz,
CDCl;) 6 ppm: 7.93 (s, 1H), 7.65 (s, 1H), 7.22 (d, J = 7.9 Hz, 1H),
7.08 (d, J = 7.9 Hz, 1H), 6.86 (s, 1H), 5.48 (s, 2H), 5.41 (s, 2H),
5.12 (s, 2H), 3.61 (s, 3H), 3.37 (s, 3H), 2.90 (p, J = 6.9 Hz, 1H),
2.32 (s, 3H), 1.17 (d, ] = 6.8 Hz, 6H); ">*C NMR (101 MHz, CDCI;)
6 ppm: 167.04, 164.95, 155.26, 151.58, 148.37, 147.06, 142.39,
141.88, 137.00, 136.62, 127.99, 126.75, 125.76, 122.10, 107.11,
59.06, 53.49, 50.95, 30.00, 27.95, 27.18, 23.02, 20.82; displayed
a molecular ion at 509.52 m/z calculated for the molecular
formula anal. caled for C,,H,,N,Og, C, 56.58; H, 5.34; N, 19.24;
found C, 56.45; H, 5.58; N, 19.25.

4.1.8.3. (1-(2-Oxo-2H-chromen-4-yl)-1H-1,2,3-triazol-4-yl)
methyl-2-(1,3-dimethyl-2,6-dioxo-1,2, 3,6-tetrahydro-7H-purin-7-yl)
acetate (15c). Yield 10%, "H NMR (400 MHz, DMSO-d,) 6 ppm:
8.86 (s, 1H), 8.09 (s, 1H), 7.85-7.75 (m, 2H), 7.60 (d, ] = 8.4 Hz,
1H), 7.45 (t, ] = 7.8 Hz, 1H), 6.96 (s, 1H), 5.42 (s, 2H), 5.27 (s,
2H), 3.44 (d, ] = 6.8 Hz, 3H), 3.16 (s, 3H); *C NMR (101 MHz,
DMSO-dg) 6 ppm: 168.05, 159.92, 154.98, 154.15, 151.48, 148.55,
146.30, 143.70, 142.72, 134.04, 127.35, 125.90, 125.52, 117.70,
114.78, 111.28, 106.84, 58.41, 47.62, 30.00, 27.95; displayed
a molecular ion at 463.41 mj/z calculated for the molecular
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formula anal. calcd for C,,H,,N-,Og, C, 54.43; H, 3.7; N, 21.16;
found C, 54.09; H, 3.63; N, 21.46.

4.1.9. Synthesis of acefylline hybrid with hydrazone linker
(18a-1, 19). Aldehydes 16a-1 or isatin 17 (0.1 mmol) were added
to a solution of 7 (25 mg, 0.1 mmol) in absolute ethanol and
catalytic amount of glacial acetic acid was further added, then
the mixture was refluxed for 1-2 h. Upon completion of the
reaction, it was filtered while hot, the precipitate was washed
with hot ethanol under vacuum to obtain (18a-1) and 19.

4.1.9.1. E-N-Benzylidene-2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-
tetrahydro-7H-purin-7-yl)acetohydrazide (18a). White powder
(yield 65%); m.p. 269-270 °C (reported 272274 °C (ref. 73)); 'H
NMR (400 MHz, DMSO-ds) 6 ppm: 11.80 (s, 1H), 8.12-8.05 (m,
2H), 7.75 (d,J = 7.0 Hz, 2H), 7.47 (d, ] = 6.3 Hz, 3H), 5.57 (s, 2H),
3.47 (s, 3H), 3.21 (s, 3H); **C NMR (101 MHz, DMSO-d,) 6 ppm:
168.43, 154.95, 151.51, 148.34, 144.79, 144.13, 134.31, 130.61,
129.35, 127.41, 107.19, 47.87, 29.95, 27.91; displayed a molec-
ular ion at 340.34 m/z calculated for the molecular formula anal.
caled for Ci6H16N6O3, C, 56.47; H, 4.74; N, 24.69; found C, 56.91;
H, 4.33; N, 25.07.

4.1.9.2. (E)-2-(1,3-Dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-
purin-7-yl)-N'-(4-hydroxybenzylidene)acetohydrazide (18b). White
powder (yield 80%); m.p. 235-238 °C; 'H NMR (400 MHz,
DMSO-dg) 6 ppm: 11.58 (s, 1H), 9.98 (s, 1H), 8.06 (s, 1H), 7.95 (s,
1H), 7.56 (dd, J = 9.6, 2.9 Hz, 2H), 6.87-6.79 (m, 2H), 5.51 (s,
2H), 3.46 (s, 3H), 3.21 (d, J = 1.7 Hz, 3H); "*C NMR (101 MHz,
DMSO-d) 6 ppm: 168.02, 159.87, 154.92, 151.50, 148.30, 145.04,
144.12, 129.14, 125.33, 116.18, 107.18, 47.83, 29.93, 27.89; dis-
played a molecular ion at 356.34 m/z calculated for the molec-
ular formula anal. caled for C;¢H;6NgOy, C, 53.93; H, 4.53; N,
23.58; found C, 53.91; H, 4.28; N, 24.03.

4.1.9.3. E-N-(2,5-Dimethoxybenzylidene)-2-(1,3-dimethyl-2,6-
dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)acetohydrazide (18c¢).
White powder (yield 75%); m.p. 275-280 °C; "H NMR (400 MHz,
DMSO-dg) 6 ppm: 11.74 (s, 1H), 8.36 (s, 1H), 8.07 (d, J = 6.5 Hz,
1H), 7.40 (d,J = 3.0 Hz, 1H), 7.10-6.97 (m, 2H), 5.55 (s, 2H), 3.82
(s, 3H), 3.76 (s, 3H), 3.46 (s, 3H), 3.20 (s, 3H); >C NMR (101
MHz, DMSO-dg) 6 ppm: 168.35, 154.90, 153.71, 152.64, 151.48,
148.30, 144.06, 140.16, 122.85, 117.76, 113.75, 109.96, 107.18,
56.66, 55.95, 47.91, 29.93, 27.89; displayed a molecular ion at
400.40 m/z calculated for the molecular formula anal. caled for
C15H,0NOs, C, 54; H, 5.04; N, 20.99; found C, 54.03; H, 5.31; N,
20.6.

4.1.9.4. E-N-(3,4-Dimethoxybenzylidene)-2-(1,3-dimethyl-2,6-
dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)acetohydrazide (18d).
White powder (yield 65%); m.p. 280-282 °C; "H NMR (400 MHz,
DMSO-dg) 6 ppm: 11.68 (s, 1H), 8.08 (d,J = 3.3 Hz, 1H), 7.98 (s,
1H), 7.36 (d, J = 1.9 Hz, 1H), 7.26-7.19 (m, 1H), 7.03 (d, J =
8.3 Hz, 1H), 5.55 (s, 2H), 3.82 (d, J = 4.7 Hz, 6H), 3.46 (d, ] =
3.7 Hz, 3H), 3.21 (s, 3H); "*C NMR (101 MHz, DMSO-d¢) 6 ppm:
168.19, 154.95, 151.53, 151.22, 149.56, 148.36, 144.89, 144.12,
127.08, 121.89, 112.06, 109.06, 107.23, 56.07, 56.00, 47.92,
29.95, 27.90; displayed a molecular ion at 356.34 m/z calculated
for the molecular formula anal. caled for C,3H,0N¢Os, C, 54; H,
5.04; N, 20.99; found C, 53.8; H, 5.64; N, 21.25.

4.1.9.5. (E)-2-(1,3-Dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7 H-
purin-7-yl)-N'<(3,4,5-trimethoxybenzylidene)acetohydrazide (18e).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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White powder (yield 75%); m.p. > 300 °C; "H NMR (400 MHz,
DMSO-d;) 6 ppm: 11.82 (d, J = 12.5 Hz, 1H), 8.09 (s, 1H), 7.98 (s,
1H), 7.05 (d, J = 13.7 Hz, 2H), 5.57 (s, 2H), 3.85 (s, 6H), 3.71 (s,
3H), 3.47 (s, 3H), 3.21 (s, 3H); "*C NMR (101 MHz, DMSO-d)
6 ppm: 168.42, 154.94, 153.67, 151.52, 148.36, 144.64, 144.11,
139.63, 129.84, 107.22, 104.85, 104.66, 60.61, 56.43, 47.98,
29.97, 27.91; displayed a molecular ion at 430.42 m/z calculated
for the molecular formula anal. caled for C;4H,,N¢Og, C, 53.02;
H, 5.15; N, 19.53; found C, 53.26; H, 4.57; N, 19.

4.1.9.6. (E)-2-(1,3-Dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-
purin-7-yl)-N'-(3-methoxybenzylidene)acetohydrazide (18f). White
powder (yield 75%); m.p. 255-257 °C; 'H NMR (400 MHz,
DMSO-d;) 6 ppm: 11.82 (s, 1H), 8.15 (s, 1H), 8.10 (s, 1H), 7.98 (s,
1H), 7.17-7.00 (m, 3H), 5.58 (s, 2H), 3.79 (d, J = 53.2 Hz, 6H),
3.22 (s, 3H). *C NMR (101 MHz, DMSO-d¢) 6 ppm: 168.42,
154.94, 153.67, 151.52, 148.36, 144.64, 144.11, 139.63, 129.84,
107.22, 104.85, 104.66, 56.43, 47.98, 29.97, 27.91; displayed
a molecular at 370.37 m/z calculated for the molecular formula
anal. caled for C;;H;5NgO,4, 55.13; H, 4.9; N, 22.69; found C,
55.33; H, 4.95; N, 23.1.

4.1.9.7. (E)-2-(1,3-Dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-
purin-7-yl)-N'-(2-hydroxybenzylidene)acetohydrazide (18g). White
powder (yield 45%); m.p. 222-225 °C; 'H NMR (400 MHz,
DMSO-d;) 6 ppm: 11.71 (s, 1H), 10.11 (s, 1H), 8.37 (s, 1H), 8.07
(s, 1H), 7.77 (dd, J = 7.9, 1.7 Hz, 1H), 7.35-7.23 (m, 1H), 6.96-
6.84 (m, 2H), 5.54 (s, 2H), 3.47 (s, 3H), 3.21 (s, 3H); "*C NMR (101
MHz, DMSO-d,) 6 ppm: 168.11, 156.92, 154.95, 151.51, 148.32,
144.13, 141.92, 131.86, 129.48, 126.47, 119.89 (d, J = 3.6 Hz),
116.66, 107.19, 47.84, 29.95, 27.91; displayed a molecular ion in
its electron impact mass spectrum at 356.34 m/z calculated for
the molecular formula anal. caled for C;4H;6N¢O,4, 55.93; H,
4.53; N, 23.58; found C, 55.4; H, 4.47; N, 24.06.

4.1.9.8. (E)-N'-(Benzo[d][1,3]dioxol-5-yImethylene)-2-(1,3-
dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)
acetohydrazide (18h). Yield 25%, white powder, m.p. > 300 °C;
"H NMR (400 MHz, DMSO-d) 6 ppm: 11.68 (s, 1H), 8.07 (s, 1H),
7.96 (s, 1H), 7.37 (s, 1H), 7.17 (d, J = 8.1 Hz, 1H), 7.00 (d, J =
8.0 Hz, 1H), 6.10 (s, 2H), 5.54 (s, 2H), 3.47 (s, 3H), 3.21 (s, 3H);
3C NMR (101 MHz, DMSO-dg) 6 ppm: 168.28, 154.93, 151.51,
149.54, 148.49, 148.33, 144.45, 144.10, 128.79, 123.75, 108.92,
107.21, 105.50, 102.05, 47.91, 29.95, 27.91; displayed a molec-
ular ion at 384.35 m/z calculated for the molecular formula anal.
caled for C;7H;6NgOs5, 53.12; H, 4.2; N, 21.87; found C, 53.7; H,
4.28; N, 21.33.

4.1.9.9. (E)-2-(1,3-Dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-
purin-7-yl)-N'-(3-hydroxy-4-methoxybenzylidene)acetohydrazide
(18i). White powder (yield 75%); m.p. 265-268 °C; "H NMR (400
MHz, DMSO-d,) 6 ppm: 11.61 (s, 1H), 9.30 (s, 1H), 8.07 (s, 1H),
7.92 (s, 1H), 7.24 (t,/ = 3.0 Hz, 1H), 7.11-7.04 (m, 1H), 6.98 (dd, J
= 8.4, 4.9 Hz, 1H), 5.53 (s, 2H), 3.82 (d, J = 5.2 Hz, 3H), 3.47 (s,
3H), 3.21 (s, 3H); ">*C NMR (101 MHz, DMSO-d,) 6 ppm: 168.04,
154.96, 151.52, 150.26, 148.33, 147.30, 145.05, 144.18, 127.15,
120.65, 112.61, 112.30, 107.18, 56.07, 47.78, 29.95, 27.91; dis-
played a molecular ion at 386.37 m/z calculated for the molec-
ular formula anal. caled for C,;H;3N¢Os5, C, 52.85; H, 4.7; N,
21.75; found C, 52.92; H, 5.06; N, 21.95.
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4.1.9.10. (E)-2-(1,3-Dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-
purin-7-yl)-N'-(4-hydroxy-3-methoxybenzylidene)acetohydrazide
(18j). White powder (yield 65%); m.p. 274-276 °C (reported 278-
280 °C (ref. 74)); *H NMR (400 MHz, DMSO-d) 6 ppm: 11.61 (s,
1H), 9.58 (s, 1H), 8.08 (d, J = 2.2 Hz, 1H), 7.94 (s, 1H), 7.35-7.26
(m, 1H), 7.11 (td, J = 8.9, 1.9 Hz, 1H), 6.84 (dd, J = 8.1, 3.4 Hz,
1H), 5.54 (s, 2H), 3.84 (s, 3H), 3.47 (s, 3H), 3.21 (s, 3H); *C NMR
(101 MHz, DMSO-d;) 6 ppm: 168.08, 154.94, 151.52, 149.39,
148.47, 148.34, 145.17, 144.13, 125.75, 121.96, 115.98, 109.87,
107.22, 56.05, 47.93, 29.96, 27.91; displayed a molecular ion at
386.37 m/z calculated for the molecular formula anal. caled for
CiyHgNgOs, C, 52.85; H, 4.7; N, 21.75; found C, 53.13; H,
4.19; N, 21.46.

4.1.9.11. (E)-2-(1,3-Dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-
purin-7-yl)-N'-((1E,2E)-3-Phenylallylidene)acetohydrazide ~ (18k)
C;sH;3Ns03. White powder (yield 45%); m.p. 240-242 °C (re-
ported m.p. 237-239 °C (ref. 75)); "H NMR (400 MHz, DMSO-d)
6 ppm: 11.68 (s, 1H), 8.06 (s, 1H), 7.87 (d,J = 12.3 Hz, 1H), 7.65-
7.61 (m, 3H), 7.45-7.38 (m, 2H), 7.24 (d, J = 28.9 Hz, 1H), 7.05
(dd, ] = 29.9, 12.6 Hz, 1H), 5.45 (s, 2H), 3.46 (s, 3H), 3.21 (s, 3H);
3C NMR (101 MHz, DMSO-dg) 6 ppm: 168.08, 154.94, 151.50,
149.82, 148.32, 147.40, 144.18, 139.93, 136.23, 129.33, 127.62,
125.25,107.13, 47.72, 29.95, 27.91; displayed a molecular ion at
366.38 m/z calculated for the molecular formula anal. caled for
C13H15NO3, C, 59.01; H, 4.95; N, 22.94; found C, 58.9; H,
5.04; N, 22.38.

4.1.9.12. (E)-2-(1,3-Dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-
purin-7-yl)-N'-(4-methoxybenzylidene)acetohydrazide (18l). White
powder (yield 50%); m.p. 245-248 °C (reported m.p. 248-250 °C
(ref. 73)); "H NMR (400 MHz, DMSO-d,) 6 ppm: 11.7 (s, 1H), 8.1
(s, 1H), 8.0 (s, 1H), 7.7 (dd, J = 7.2, 5.1 Hz, 2H), 7.0 (dd, ] = 9.0,
3.1 Hz, 2H), 5.5 (s, 2H), 3.8 (s, 3H), 3.5 (s, 3H), 3.2 (s, 3H); *C
NMR (101 MHz, DMSO-dg) 6 ppm: 168.1, 161.3, 154.9, 151.5,
148.3,147.7, 144.6, 144.1, 129.0, 126.9, 114.8, 107.2, 55.8, 47.8,
29.9, 27.9; displayed a molecular ion at 370.37 m/z calculated for
the molecular formula anal. caled for C,;H;3NgO,, C, 55.13; H,
4.9; N, 22.69; found C, 55.34; H, 4.95; N, 23.06.

4.1.9.13. (E)-2-(1,3-Dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-
purin-7-yl)-N'-(2-oxoindolin-3-ylidene)acetohydrazide (19). Yellow
powder (yield 85%); m.p. 240-243 °C; 'H NMR (400 MHz,
DMSO-dg) 6 ppm: 12.72 (s, 1H), 11.36 (s, 1H), 8.16-8.10 (m, 1H),
7.53 (dd, J = 55.5, 29.1 Hz, 2H), 7.03 (dd, J = 54.1, 28.9 Hz, 2H),
5.73 (s, 2H), 3.57 (s, 3H), 3.21 (s, 3H); "*C NMR (101 MHz,
DMSO-dg) 6 ppm: 162.83, 154.97, 151.50, 148.44, 144.07, 143.21,
132.48, 123.17, 121.32, 119.89, 111.78, 107.05, 47.44, 29.98,
27.92; displayed a molecular ion in its electron impact mass
spectrum at 381.35 m/z calculated for the molecular formula
anal. caled for C{;H;5N,0,, 53.54; H, 3.96; N, 25.71; found C,
53.39; H, 3.98; N, 25.85.

4.2. Biological evaluation

4.2.1. Network pharmacology. To identify potential
molecular targets of compound 6d and 19 their 3d chemical
structures were submitted to PharmMapper server (https://
www.lilab-ecust.cn/pharmmapper/)’*  and target
prediction server.”” The predicted targets were merged,

Swiss

RSC Adv, 2023, 13, 25616-25634 | 25631


https://www.lilab-ecust.cn/pharmmapper/
https://www.lilab-ecust.cn/pharmmapper/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04867e

Open Access Article. Published on 29 August 2023. Downloaded on 6/9/2026 8:53:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

duplicates were removed and saved in CSV file. Molecular
targets associated with Alzheimer's disease (AD) were retrieved
from input 2.0 server, an interface for network
pharmacology.” Then, Venny 2.1.0 program (https://
bioinfogp.cnb.csic.es/tools/venny/) was utilized to determine
common targets between the predicted and AD related targets.

The identified targets were submitted to enrichment analysis
module integrated in INPUT 2.0 server where KEGG pathways
analysis was preformed and most relevant BP, MF, and CC were
identified to establish pathways-genes network using the most
significantly enriched terms. Then protein-protein interaction
network was constructed using confidence score = 0.7 as cut off
and finally gene distribution analysis was performed to identify
targets that are significantly correlated with pathways involved
in AD.

4.2.2. Cell culture. RAW 264.7 was obtained from VAC-
SERA, Egypt. The cell lines were maintained at 37 °C and 5%
CO, and were cultured in DMEM containing 10% Fetal Bovine
Serum and 1% pen-strep antibiotics until reaching 80%
confluence. For cytotoxicity studies the cells were seeded in 96
well plates for cytokine estimation the cells were seeded in 6
well plates. Cytotoxic activity of the prepared compounds
against and RAW 264.7 cell lines was evaluated at 50 uM after 24
hours using MTT assay. For all coming studies, the compounds
were used at subtoxic dose to the cells to avoid any cytotoxic
effect.

4.2.3. Estimation of nitric oxide reduction in RAW 264.7
cell line stimulated by LPS. In this experiment, cells were
seeded in six well plate at concentration of 1 x 10° cells per ml
and treated with prepared hybrids at 10 pM or -NAME as
standard inhibitor for NO production at dose 250 uM for one
hour. Following this treatment, the cells were stimulated with
LPS 1 pg ml~* LPS (Sigma-Aldrich). They were then incubated
for 24 hours. After the incubation period, the supernatant was
collected and used to determine the level of nitric oxide using
Griess reagent (Bio-vision, USA) according to manufacture
instructions then, the absorbance of the mixture was deter-
mined at 540 nm using a microplate reader. The obtained
values were then compared with the values obtained from
sodium nitrite standards that were assessed simultaneously. By
doing so, the nitrite concentration in the media of the treated
cells was calculated.

4.2.4. Acetylcholinesterase inhibition assay. Elmann's
method was used to perform the assay with slight modifica-
tions.®® In brief, a 96-well plate was used for the assay. Initially,
10 pL of the Ellman's reagent (0.4 mM in 100 mM tris buffer, pH
7.5) was added to each well. This was followed by the addition of
20 pL of the enzyme solution (acetylcholine esterase at a final
concentration of 0.02 U ml~ " in 50 mM tris buffer containing
0.1% bovine serum albumin and pH was adjusted to 7.5).
Subsequently, 20 pL of the sample or standard solution was
added to each well, followed by 140 pL of buffer. The mixture
was allowed to stand at room temperature for 15 minutes.
Afterward, 10 pL of the substrate (0.4 mM acetylcholine iodide)
in buffer was immediately added to all wells. The plate was then
incubated in a dark chamber at room temperature for 20
minutes and the absorbance of the developed color was

25632 | RSC Adv, 2023, 13, 25616-25634

View Article Online

Paper

measured at 412 nm data were represented as means + SD and
ICs, for compounds achieved more than 75% inhibition at 25
uM was calculated using sigmoidal curve.

4.2.5. Estimation of cytokine reduction in LPS induced
inflammation in RAW 264.7. Compounds 6d and 19 have been
selected to investigate their ability to alleviate LPS cytokine
production. For this purposes RAW 264.7 cells were cultured at
1 x 10° confluence and cells were divided to control cells
(DMSO only), cells treated with 1 or 10 uM of the tested
compounds or 1 uM of dexamethasone as standard agent for
24 h. and cells induced by LPS. After that, the cells were stim-
ulated with LPS 1 pg ml™" (Sigma-Aldrich) except the control
cells. Cells supernatant was collected, centrifuged at 4 °C at
1000 x g for 20 minutes and clear supernatant was collected
and the levels of cytokines such as TNF-a, IL-18 and IL-6 using
ELISA kits according to the manufacturer's instructions
(FineTest®, China).

4.3. Statistical analysis

Group comparison was conducted using GraphPad Prism
version 6.01 (GraphPad Software, San Diego, CA, USA). The data
were expressed as mean + SEM and analyzed using one-way
analysis of variance (one-way ANOVA). A p-value of < 0.05 was
considered statistically significant.

4.4. In silico investigation of potential mechanism of action
of acefylline hybrid

4.4.1. Molecular docking. NOS-3 and AChE were shown to
be the most significant potential targets for the prepared
hybrids, molecular docking was used to shed light on their
binding mode. Briefly, 3D chemical structure of compound 6d
and 19 were uploaded to ligand preparation module in CB-
Dock2 online server while The PDB file of NOS-3:16v7 and
AChE:4EY7 were retrieved from protein data bank and
submitted to the docking interface provided by CB-Dock2.
Template based docking was used to study the ability of the
compounds to interact with different detected binding cavities
then the software rank the poses according to their score.”
Finally, the visualization of the best pose was carried out using
discovery studio visualizer to study their interaction with the
binding site.*

4.5. Chemical stability studies

4.5.1. HPLC analysis. Dionex UltiMate 3000RS HPLC
system was used for all chromatographic runs. Injection volume
was (20 pL) and reversed phase C18 column with dimensions of
150 x 4.6 mm X 5 pm (Inertsil, Thermofisher) was used for all
chromatographic studies. The chromatographic method was
based on previously reported method with slight modification®
where the mobile phase consisted of a mixture of acetonitrile
and 0.1 formic acid in water using a ratio of 10: 90 (v/v%), and
the elution process was carried out at a flow rate of 1 ml min".
To establish the calibration curve, the peak areas of acefylline
hybrids 6d and 19 were plotted against the corresponding
standard concentrations of acefylline hybrid in methanol
solutions, ranging from 12.5 to 150 uM.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.5.2. In vitro hydrolysis. The hydrolysis kinetics of the
prodrugs were examined in aqueous buffer solutions at pH 1.2
simulating gastric environment and pH 7.4 for simulation of
intestinal and systemic circulation environment. Solutions
containing 75 pM of the hybrid compounds were prepared in
50 ml of either 0.1 M HCI (pH 1.4) or phosphate buffer (pH 7.4).
These solutions were placed in capped 50 ml Erlenmeyer flasks
and kept at a constant temperature of 37 °C. At specific time
intervals (0, 60, 120, 180, 240 minutes), samples were withdrawn
from the flasks, and their % hydrolysis was determined using
HPLC analysis. Reaction rate constants (K,ps) and half-life (z,,)
values were subsequently calculated.®
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