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ARTICLE INFO ABSTRACT

Keywords: Despite significant developments in therapeutic strategies, Diabetes Mellitus remains an increasing concern,
Al('ios.e requctase leading to various complications, e.g., cataracts, neuropathy, retinopathy, nephropathy, and several cardiovas-
Spiroindoline cular diseases. The polyol pathway, which involves Aldose reductase (AR) as a critical enzyme, has been focused
Diabetic complication . . o .

Inhibitor on by many researchers as a target for intervention. On the other hand, spiroindoline-based compounds possess
Cytotoxicity remarkable biological properties. This guided us to synthesize novel spiroindoline oxadiazolyl-based acetate

derivatives and investigate their biological activities. The synthesized molecules’ structures were confirmed
herein, using IR, NMR (*H and '3C), and Mass spectroscopy. All compounds were potent inhibitors with K;
constants spanning from 0.186 + 0.020 pM to 0.662 + 0.042 pM versus AR and appeared as better inhibitors
than the clinically used drug, Epalrestat (EPR, Ki: 0.841 + 0.051 uM). Besides its remarkable inhibitory profile
compared to EPR, compound 6k (K;: 0.186 + 0.020 pM) was also determined to have an unusual pharmaco-
kinetic profile. The results showed that 6k had less cytotoxic effect on normal mouse fibroblast (L929) cells (ICso
of 569.58 + 0.80 M) and reduced the viability of human breast adenocarcinoma (MCF-7) cells (ICs of 110.87
+ 0.42 pM) more than the reference drug Doxorubicin (ICsos of 98.26 + 0.45 pM and 158.49 + 2.73 pM,
respectively), thus exhibiting more potent anticancer activity. Moreover, molecular dynamic simulations for 200
ns were conducted to predict the docked complex’s stability and reveal significant amino acid residues that 6k
interacts with throughout the simulation.

In silico study

1. Introduction alternative route for metabolizing a small proportion of non-
phosphorylated glucose. The subsequent reduction of sorbitol into

Aldose reductase (E.C.1.1.1.21, AR) is considered an NADPH- fructose is facilitated by sorbitol dehydrogenase. It is important to note
dependent oxidoreductase, playing a crucial role in the catalytic con- that osmotic stress, associated with sorbitol deposition and redox
version of glucose to sorbitol during a hyperglycemic state. This enzyme imbalance following NADPH depletion, significantly contributes to cell
is a pivotal component of the polyol pathway, which serves as an and organ damages. This ultimately leads to the formation of cataracts

Abbreviations: AIC, Akaike information criterion; AR, Aldose reductase; ATCC, American type culture collection; DMF, dimethylformamide; DMSO, dime-
thylsulfoxide; DOX, Doxorubicin; EPR, Epalrestat; Kj, enzyme inhibition constants; R?, K; coefficient of determination; OPLS, optimal potential liquid simulations;
SARs, structure-activity relationships; TBAB, tetrabutylammonium bromide.
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[1], neuropathy [2], retinopathy [3], nephropathy [4], and other dia-
betic complications [5], and several cardiovascular diseases, such as
congestive heart failure, myocardial ischemia, cardiac hypertrophy, and
cardiomyopathy [6] (Fig. 1). Additionally, multiple malignancies,
including breast, liver, cervical, ovarian, and rectal cancers, are postu-
lated to stem from augmented generation of reactive oxygen species
induced by AR [7,8]. Therefore, it has become increasingly crucial to
recognize AR inhibition as an essential strategy for preventing and
attenuating long-term diabetic complications. Thus, in our pursuit of
identifying effective treatments for diabetic complications, we have
chosen to concentrate on AR inhibitors (ARIs) due to many compelling
factors.

According to existing research, most recognized ARIs are classified
into four distinct chemical classes: (a) carboxylic acid derivatives, (b)
cyclic spiroimides, (c) phenolic derivatives, and (d) phenyl-
sulfonylnitromethane derivatives [9]. Over the years, various carboxylic
acid ARIs, such as Alrestatin, Epalrestat (EPR), Lidorestat, Tolrestat,
Ponalrestat, Zenarestat, and Zopolrestat, have been synthesized [10]
(Fig. 2). However, all these agents exhibit low pKa values, leading to
high ionization at physiological blood pH. Additionally, they display low
in vivo activity and poor tissue penetration. As a result, researchers
conducted a series of studies to synthesize new chemotypes of carboxylic
acid. Despite developing several ARI agents with promising in vitro and
in vivo efficacy, only EPR has been approved in Japan for treating dia-
betic neuropathy [11]. The remaining compounds were withdrawn after
clinical trials due to their poor pharmacokinetic profile or the emer-
gence of side effects [12].

The resolution to the inadequate pharmacokinetic profile of car-
boxylic acids was achieved through the emergence of spirohydantoin
derivatives [13]. The most extensively investigated compounds of this
category are Sorbinil and Fidarestat (Fig. 3). They exhibited a superior
pharmacokinetic profile due to their higher pKa values compared to
carboxylic acid. Nevertheless, it was discovered that spirohydantoins
were associated with grave adverse effects, i.e., hepatic toxicity, cuta-
neous eruption, and hypersensitivity, rendering them undesirable
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therapeutic agents [14].

Limiting the adverse effects and improving the permeability of cell
membranes are crucial prerequisites in developing novel ARIs. In this
regard, innovative ARIs that do not fall under the categories of car-
boxylic acid or hydantoin derivatives have been investigated. One class
comprises spirosuccinimides, including Minalrestat and Ranirestat (as
depicted in Fig. 3). Minalrestat has been discontinued due to liver
toxicity. In contrast, Ranirestat is currently undergoing phase III clinical
trials [15]. Since then, various characteristic derivatives of carboxylic
acids and their bioisosteres have been developed; however, the limited
number of existing clinical ARIs for preventing diabetic complications
underscores the urgent need to discover novel ARIs.

Proficiently identifying a solitary molecule that can target bio-
molecules or exhibit several antidiabetic effects precisely could offer
compelling candidates. In pursuit of this objective, varied scaffolds
serving as multifunctional inhibitors of AR have garnered significant
interest in managing type-2 Diabetes Mellitus (DM).

In recent years, some researchers have sought to circumvent the toxic
effects of established cyclic spirobased agents and the unfavorable
pharmacokinetic characteristics of highly ionized carboxylic acids. In
pursuit of this goal, they have explored the potential of cyclic imides and
other bioisosteres. Many of these bioisosteric substitutions have yielded
ARIs that are less ionized and more lipophilic while exhibiting high ef-
ficacy in vivo. This approach is promising for developing ARIs charac-
terized by enhanced safety and cell membrane permeability, and an
optimal ADME profile.

Spirooxindole is an exemplary representative of a heterogeneous
group of organic compounds derived from isatin [16]. These compounds
possess remarkable biological properties and constitute a significant
proportion of pharmaceuticals and biologically active natural products
that exhibit all-purpose pharmacological activities [17]. The salient
characteristic of spirooxindoles is the presence of diverse heterocyclic
motifs attached at the C-3 position of the oxindole ring. This status-
unique feature renders them as up-and-coming candidates in drug dis-
covery [18].
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Fig. 1. Diagram illustrating Aldose reductase’s (AR) function in the polyol pathway [88].
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Fig. 2. Structures of some clinically tested carboxylic acid-based Aldose reductase (AR) inhibitors.
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Fig. 3. Aldose reductase (AR) inhibitors developing through clinical trials.
The simultaneous utilization of bioactive macromolecules with derivatives 6(a-0) have been devised as promising inhibitors for certain
complementary pharmacophoric functions or disparate mechanisms of complications.
action often manifests synergistic effects [19,20]. Thus, developing
structurally innovative inhibitors remains a crucial undertaking in drug 2. Results and discussions
discovery. As a continuation of prior work in this area [21-25], the
current research delineates a comprehensive investigation into the 2.1. Drug design strategy and chemistry
active catalytic site of AR and the creation of a collection of spiroindo-
line derivatives that exhibit a preference for binding at AR. In light of Although ARIs have a variety of chemical structures, they exhibit
this, newly synthesized hybrid spiroindoline oxadiazolyl-based acetate unique structural characteristics. Research has shown that the minimal
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6e H  4-SONH,Ph 60 NO, 4-SO,NH,Ph

Scheme 1. Synthetic route targeting spiroindoline oxadiazolyl-based acetate derivatives 6(a-o0).
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pharmacophore requirement for ARIs consists of a polar or ionic group
and two hydrophobic aromatic systems joined by a flexible linker [26].
This finding has led to the inclusion of an acidic group in most ARIs,
which can strongly interact with key catalytic amino acids, e.g., Trp20,
Tyr48, Lys77, His110, and Trpll1l, and the nicotinamide moiety of
NADP" in the anion-binding pocket through hydrogen bonding [27]. In
this direction, based on our preliminary molecular docking search, we
aimed to build a capping group to accommodate the AR binding site
while also targeting the pocket identified in AR and shaped by these five
residues. We envisaged combining a bulky spiroindoline cap group with
an acetate moiety and the linker moiety containing an oxadiazole ring.
Moreover, we inserted R and Ar groups into this scaffold for their
structure-activity relationships (SARs) study (Scheme 1). In addition to
their utilization as beneficial medicinal chemistry and drug discovery
templates, spirofused scaffolds have the potential to offer various ad-
vantages, as evidenced by their increasing prevalence in literature
[28,29]. For example, incorporating a spirofused ring could facilitate the
development of achiral molecules. Furthermore, the conformational
restriction from spiro ring formation may enhance bioavailability and
metabolic stability and diminish off-target activities [30]. Therefore, it
could confer more favorable physical properties to the structure than
molecules featuring numerous flat rings [31]. Moreover, incorporating a
spiroring fusion may also represent a valuable approach for augmenting
molecular complexity, potentially offering more significant benefits
than introducing flat rings [32,33].

From carboxylic acid in ethanol with a catalytic quantity of sulphuric
acid, carboxylic acid ethyl esters were made by refluxing for 24 hrs. With
the help of hydrazine hydrate and ethanol at 70 °C for 24 hrs, the ester
group was changed into a hydrazide. Alkylation of isatin derivatives (5)
was carried out from isatin derivatives and ethylchloroacetate with
K2CO3 in DMF at 80 °C for 12 hrs. The final targeted spiroindoline
oxadiazolyl-based acetate derivatives 6(a-0) were synthesized using 4-
(hydrazinecarbonyl) benzene and N-ethylacetate indoline-2,3-dione
compounds in acetic acid for 3 hrs at 100 °C. IR, NMR (*H and 13C),
and Mass spectroscopy were used to identify the prepared compounds.
Scheme 1 displays the suggested compounds 6(a-o0).

According to the 'H NMR spectra, the N—H proton on the oxadiazol
ring and sulphanilamide NHj resonance at around 13.10 ppm and 7.60
ppm, respectively, and the —=CH proton peaks on the aromatic ring come
between 7.00 and 8.50 ppm. The carbonyl group signals on the isatin
ring and ester are seen in the '3C NMR spectra at about 160 and 170
ppm. In the infrared spectra of target compounds 6(a-0), it was possible
to observe the absorptions between 3200 and 3400 cm ™! relating to NH
and NH, stretching peaks for sulphonamide compounds and absorptions
in 1550-1700 cm ! from carbonyl moiety stretching. As the literature
for the sulphonamide derivatives shows, two peaks are assigned to SO5
as symmetric and asymmetric stretching [34]. The asymmetric and
symmetric stretch peaks appeared around 1350 and 1150 cm™,
respectively. For the nitro derivatives, two peaks are assigned to NO, as
asymmetric and symmetric stretching, which occur about 1540 and
1350 cm™}, respectively. The synthesized compounds’ structures are
supported by all of the spectra and elemental analyses.

2.2. Aldose reductase inhibition assay

The inhibitory potential of fourteen novel synthesized spiroindoline
oxadiazolyl-based acetate derivatives 6(a-0) was evaluated in vitro for
their ability to inhibit AR, an important polyol pathway enzyme espe-
cially closely related to diabetic complications. The performed analyses
were based on a spectrometric measurement at 340 pM, which is proven
to be a reliable method, with NADPH (Sigma N1630, PubChem CID:
5884) as the cofactor and pr-glyceraldehyde as the substrate according
to Cerelli’s method. The experiments used EPR (Sigma SML0527, Pub-
Chem CID: 1549120), a well-known ARI, as a reference inhibitor.
Table 1 lists the results, including the inhibitory constants (Kj, pM) and
the AR-related corresponding coefficient of determination (R?).
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Table 1

Inhibition data of aldose reductase (AR) with novel synthesized spiroindoline
oxadiazolyl-based acetate derivatives 6(a-0) compared to reference inhibitor
Epalrestat.

6(a-0)

Compounds K;° R?
(M)

ID R Ar

6a H 4-OCH3PhCH, 0.407 + 0.022 0.9885
6b H Ph 0.442 + 0.024 0.9880
6¢c H Pyridine 0.615 + 0.034 0.9875
6d H 4-NO,Ph 0.522 + 0.037 0.9864
6e H 4-SO,NH,Ph 0.397 £ 0.039 0.9874
6f Cl 4-OCH3PhCH, 0.453 + 0.027 0.9878
6g Cl Ph 0.353 + 0.033 0.9888
6h Cl Pyridine 0.409 + 0.039 0.9886
6i Cl 4-NO,Ph 0.811 + 0.041 0.9896
6k NO, 4-OCH3PhCH, 0.186 + 0.020 0.9843
61 NO-, Ph 0.344 £+ 0.019 0.9870
6m NO, Pyridine 0.662 + 0.042 0.9860
6n NO, 4-NO,Ph 0.192 + 0.028 0.9742
60 NO-, 4-SO,NH,Ph 0.532 + 0.035 0.9859
EPR" - - 0.841 + 0.051 0.9893

 The analysis outcomes were presented as means of triplicate assays + SEM.
b Epalrestat.

As shown in Table 1, AR inhibitory effects of the synthesized mole-
cules were characterized by the K constants ranging from 0.186 +
0.020 pM for compound 6k (Figs. 4. and S29) to 0.811 + 0.041 pM for
compound 6i. The AR inhibition efficacy of all compounds 6(a-0)
markedly exceeded that of the clinically utilized EPR (K of 0.841 £
0.051 pM). Compound 6k comprises an aryl moiety with a 1-methoxy-4-
methylbenzene group added, making it more lipophilic and increasing
its interaction with the active site of AR. The derivative 6n, which has a
nitrobenzene group at the aryl moiety and a Kj value of 0.192 + 0.028
uM, was the subsequent most active derivative, possibly for the same
reason. Similarly, with K; constants of 0.344 + 0.019 pM and 0.353 +
0.033 pM, respectively, compound 61 with a nitro substitute and
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> 120 —— 273.70 nM
2 E —— 364.93nM
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T
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Z
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Fig. 4. Invitro inhibition effect of compound 6k against aldose reductase (AR).
Lineweaver-Burk plot determined this inhibitor’s K; constant and inhibition
type. Different 6k concentrations were tested for the five levels (0.071, 0.141,
0.235, 0.329, and 0.376 mM) of pr-glyceraldehyde as a substrate to measure AR
activity for this aim.
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derivative 6g with a chlorine substitute also have an aryl benzene ring
and demonstrate effective inhibition. Furthermore, unsubstituted com-
pounds 6e and 6a with bearing benzenesulfonamide and 1-methoxy-4-
methylbenzene groups, respectively, showed potent but less inhibition
compared to previous (Kis of 0.397 + 0.039 pM and 0.407 + 0.022 pM,
respectively). The results reveal that the order of inhibition of these
compounds versus AR can be presented as follows: 6k > 6n > 61 > 6g >
6e > 6a > 6h > 6b > 6f > 6d > 60 > 6¢ > 6m > 6i.

In literature, spirocompounds are constituents of a significant
portion of pharmaceuticals and biologically active natural products that
possess all-round pharmacological activities. Vincristine and Vinblastine
represent a class of commercially available anticancer agents that
incorporate the spiroindole moiety [35]. Furthermore, the spiroindole-
based natural product, Perophoramidine, has been found to exhibit a
cytotoxic effect on HMT116 colon carcinoma cells [36]. In this direction,
Budovska and colleagues [37] conducted a study wherein they synthe-
sized a series of spiroindoles substituted with  tri-
fluoromethylphenylamino and assessed their potential as anticancer
agents versus approximately eight cancer cell lines, utilizing cisplatin as
a reference drug. They discovered that among the eight cell lines eval-
uated, cis- and trans-diastereoisomers of 2,2'-diamino derivatives with
two 3,5-bis(trifluoromethyl)phenylamino functionality showed potent
anticancer effects versus five of them. In another study, Rao and co-
authors [38] reported on their study that examined a spiroindoline
conjugated Calix 4 arene as an anticancer agent versus the MDA-MB-231
cell line. The Cu(Il)-complex of compound L was found to possess
cytotoxic activity versus the MDA-MB-231 cell line, with an ICs of 165
pM. Further investigation revealed that copper facilitated cell death
while agent L alone remained non-toxic to cancer cells.

Igbal et al. [39] reported the synthesis of a novel class of spi-
roimidazolidine-2',4"-diones substituted with an aryl sulfonyl moiety at
various positions. These spiroagents had an inhibitory activity for
human recombinant AR with ICsq values ranging from 0.56 + 0.05 pM
to 40.15 + 011 pM. Furthermore, against AR, some of these compounds,
3f (ICsp: 0.56 + 0.05 pM) and 3g (ICsp: 0.64 + 0.03 pM), displayed
effective inhibition activities compared to reference inhibitors Sorbinil
and EPR (ICsps: 0.75 + 0.02 pM and 0.62 + 0.04 pM, respectively). In
another study, Salem et al. [40] have developed novel AR inhibitors
with marked hypoglycemic effects in vivo. The study involved the syn-
thesis of two primary categories of compounds. In the first category, the
spiroimidazolidine-2,4-dione moiety’s C5 was connected to a cyclo-
hexane ring, and in the second category, the same place was filled with a
fluorene ring. The authors also rearranged the side chain on the N1 of
the spirohydantoin ring to create the appropriate derivatives. 3e (ICsg of
0.37 £ 0.05 pM) exhibited the most potent inhibitory activity in this
series compared to Sorbinil with an ICsy value of 3.14 + 0.02 puM.
Furthermore, in vivo studies indicated an 84.3 % reduction in blood
glucose levels.

Da Settimo et al. [41] provided a description of the synthesis and
SAR of novel spirohydantoin derivatives. The synthesized thiopyrano
[2,3-b]pyridin-4(4H)-one derivatives were assessed. It was discovered
that compounds 3 and 4 in this series displayed potent AR inhibition
(ICsps: 0.96 pM and 0.94 pM, respectively) compared to reference in-
hibitors Tolrestat (ICsy of 0.05 pM), Quercetin (ICs¢ of 7.81 pM), and
Sorbinil (ICsp of 0.65 pM). Notably, compound 3 was topically applied as
an eye drop solution in vivo, and it exhibited remarkable efficacy in
preventing cataract formation in galactosemic rats. In another study,
Inoue et al. [42] have published a report detailing synthesizing a new
series of dibenzocycloheptanone derivatives. The necessary pharmaco-
phore combinations for AR inhibition were combined to produce these
compounds. According to the researchers, the spirosuccinimide ring
could interact with residues in the anion-binding site of AR. The
cycloheptanone moiety must also have a double bond for the compound
to function at its best. On the other hand, the double bond reduction led
to a notable decline in AR inhibition. These agents’ activities were
moderate compared to the Methosorbinil, reference an ARI, with ICs of
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0.059 pM. The compound with the highest activity was 11 (spiro{2,8-
dihydroxy-5H-dibenzo[a,d]cycloheptene-5,3-pyrrolidine}-2',5'-dione)
in this series, with an ICs( value of 3 M.

2.3. Structure-activity relationships (SARs)

The examination of the data about inhibition, as presented in
Table 1, has brought to the fore specific noteworthy trends in SARs.

As evident from Table 1, the unsubstituted 6a from the 1-methoxy-4-
methylbenzene group derivatives displayed potent inhibitory potency
against AR with a K; value of 0.407 £ 0.022 pM. Introducing a nitro
group into position 5 of the indoline scaffold caused a dramatic rise in
the affinity to AR (compound 6k with K; of 0.186 + 0.020 pM). In
contrast, the activity of chlorine derivative 6f against AR decreased
insignificantly compared to that of 6a, reaching 0.453 + 0.027 pM.
Similarly, compounds 61, 6m, and 60 bearing nitro substitutes in the
position 5th of the indoline substructure were characterized with a
nanomolar range of Ki’s versus the AR (0.344 + 0.019 pM, 0.662 +
0.042 pM, and 0.532 + 0.035 pM, respectively). On the other hand, the
K; value of the derivative 6n (Ar: nitrobenzene), a more potent inhibitor
than compounds 61, 6m, and 60, towards the AR corresponded to 0.192
+ 0.028 pM, similar to 6k in this group.

In contrast to the discussed derivatives 6k, 61, and 6n, unsubstituted
spiroindoline oxadiazolyl-based acetates (6b, 6¢, 6d, and 6e) displayed
less inhibition against AR. Although compound 6d has the same aryl
group (nitrobenzene) as 6i and 6n, the K value against AR was influ-
enced by other substitute patterns, retaining at the level of 0.522 +
0.037 uM, while chlorine substituted derivative 6i exerted less potent
inhibition towards AR with K; of 0.811 + 0.041 pM. It is worth
mentioning that the introduction of chlorine group (6f, 6g, and 6h) at
position 5 of the indoline scaffold furnished the derivatives possessing
equipotent inhibition against AR with K; values of 0.453 + 0.027 pM,
0.353 £+ 0.033 pM, and 0.409 + 0.039 pM, respectively. On the con-
trary, it was 6i, which was slightly less sensitive to AR.

Indeed, the inhibitory profile of the chlorine 6g and nitro 61 de-
rivatives bearing the benzene ring as an aryl group was very close to that
of unsubstituted analog 6a, and they showed nanomolar range inhibi-
tion against AR (Kis of 0.353 £ 0.033 pM and 0.344 + 0.019 pM,
respectively). Noticeably, replacing the benzene ring with pyridine
reduced the inhibition affinity of the corresponding counterparts (6c,
6h, and 6m with Kis of 0.615 + 0.034 pM, 0.409 + 0.039 puM, and 0.662
+ 0.042 pM, respectively) to AR in question.

2.4. Cytotoxic activity assay

As compound 6k displayed the best inhibitory activity according to
Kj constant results towards AR, it was selected to be evaluated for its
cytotoxicity activity versus the normal mouse fibroblast cell line (L929).
In addition, the human breast adenocarcinoma cell line (MCF-7) was
used to check whether there is an antiproliferative effect of compound

Table 2

Cytotoxic activity and selectivity data of novel synthesized spiroindoline
oxadiazolyl-based acetate derivative 6k, the most potent inhibitor in this series
on normal mouse fibroblast (ATCC CCL-1, L929) and human breast adenocar-
cinoma (ATCC HTB-22, MCF-7) cell lines compared to reference inhibitor
Doxorubicin.

Compounds ID ICso” Selectivity index”
(pM) (&)
1929 MCE-7

6k 569.58 + 0.80 110.87 + 0.42 5.13

DOX ¢ 98.26 + 0.45 158.49 + 2.73 0.62

# The analysis outcomes were presented as means of triplicate assays + SEM.
b The selectivity index (Sy) for cell line: ICso (L929/MCF-7).
¢ Doxorubicin.
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6k on cancer cells. Doxorubicin (DOX) was used as a reference anti-
tumor drug. Analysis results were presented as the percentage of cell
viability by comparing with the untreated control group in Table 2 and
expressed as ICsy values, which are the compound concentrations
needed to produce a 50 % inhibition of cell growth after 24 hrs
incubation.

The results showed that the cytotoxic effect of compound 6k (ICs of
569.58 + 0.80 nM) on 1929 cells was less than DOX (ICsy of 98.26 +
0.45 nM) in the concentration range studied (25-200 nM), and it
demonstrated high safety margins. Additionally, it was determined that
compound 6k (ICsp of 110.87 + 0.42 nM) decreased the viability of
MCF-7 cells in the same concentration range compared to DOX (ICsq of
158.49 + 2.73 nM) and was found to show significantly more potent
anticancer activity. To evaluate any anticancer activity of a compound,
its cytotoxicity against non-cancerous cell lines needs to be determined
to calculate the selectivity index (Sy) value. Therefore, compound 6k’s Sy
value was estimated using the following formula: (ICso value for L929
cell line)/(ICsq value for MCF-7 cell line). The medicines should ideally
be able to kill cancer cells without harming healthy cells [43,44]. In this
direction, for the MCF-7 cell line, the S; value of compound 6k was
determined to be 5.13. This finding indicated that compound 6k spe-
cifically suppressed the proliferation of cancerous cells in contrast to
non-cancerous cells.

2.5. Insilico study

Several enzyme inhibitors have demonstrated in vitro inhibition;
however, many of them have been eliminated during clinical trials
because of their inadequate pharmacokinetic profile. Therefore, an in
silico ADME/T approach was primarily employed to evaluate the phys-
icochemical and pharmacokinetic characteristics, lipophilicity, and
drug-likeness parameters of all targeted molecules at the initial stages of
this study to optimize cost, resources, and labor. The calculated pa-
rameters are shown in Tables S1-S4. It was observed that all targeted
compounds were in line with drug-likeness parameters, such as the
Lipinski (Pfizer) [45], Jorgensen (Melinta) [46], Ghose (Amgen) [47],
Veber (GSK) [48], Egan (Pharmacia) [49], and Muegge (Bayer) [50]
methods and bioavailability score (Abbot) [51] and was not exhibit
similarity with the PAINS [52]. Furthermore, it was noted that con-
cerning ’drug-likeness’ descriptors, compound 6k, which is the most
potent inhibitor in this series, exhibited significantly more excellent
compatibility than EPR (Figs. 5. and S30).

Molecular docking simulations can be conducted using several
methods and settings [53-56]. Selection of a method, adjusting settings,
and validation steps are crucial to obtain reliable results [57,58]. Hence,
we first performed docking of the native ligand and compared the
binding conformation with the already known x-ray crystal structure.
The Glide SP method successfully generated active conformation with a

LIPO

FLEX SIZE

INSATU POLAR

INSOLU

Bioorganic Chemistry 145 (2024) 107221

RMSD value of 0.34 A. The same protocol and settings were applied in
this series’s molecular docking of the most potent inhibitor, 6k (K; of
0.186 + 0.020 pM).

Molecular dynamic (MD) simulations were performed to assess the
protein-ligand complex’s stability and identify vital interacting residues
in a biologically simulated environment [59,60]. The docked pose for
compound 6k was used as initial input, and several parameters were
measured during 200 ns of simulation. RMSD values of the Ca backbone
(blue) for the complex based on the reference frame backbone were
computed to see the effect of the ligand on the conformational stability
throughout the simulation (Fig. 6, top panel). Following initial fluctu-
ation, it took 50 ns for the protein-ligand complex to reach equilibrium.
The system-maintained stability till the end of the simulation with minor
RMSD fluctuations that were within 1 A. The ligand RMSD plot (red)
also showed stability after 25 ns with acceptable fluctuations (~3 /O\)
(Fig. 6, top panel). Visual inspection of the simulation confirmed that the
ligand was not diffused away from the binding pocket. The RMSF value
for Ca- atoms was calculated to assess the effect of the ligand on the
protein’s amino acid residues upon binding. As seen from Fig. 6 (bottom
panel), with few exceptions, protein RMSF values are below 2 A. The
residues that compound 6k is interacting with have much lower RMSF
values, meaning the ligand—protein contacts are favorable and stabilize
the complex.

The ligand-protein contact graph, shown in Fig. 7, represents vital
amino acid residues in which compound 6k interacts. His110 maintains
hydrogen bond and pi-pi interactions, while Trp111 keeps n- & interac-
tion 90 %, 56 %, and 71 % of the time, respectively. Those two amino
acid residues are observed in the native ligand-AR crystal structure. In
addition to those interactions, a salt bridge is observed between Lys21
and, pi-cation and pi-pi interactions are spotted with Trp20 residue.
Another interaction worth mentioning is the hydrogen bond between
Asn160 and compound 6k, which remained for 90 % of the time.

3. Conclusion

In the current work, we describe the design, synthesis, and in vitro
testing of fourteen spiroindoline oxadiazolyl-based acetate derivatives 6
(a-0) as inhibitors of various AR-related diabetic complications (cata-
racts, neuropathy, retinopathy, and nephropathy) and cardiovascular
diseases (congestive heart failure, myocardial ischemia, cardiac hyper-
trophy, and cardiomyopathy) in the polyol pathway. In a broader sense,
these compounds exhibited strong inhibition potential versus AR with Ky
constants spanning 0.186 + 0.020-0.662 + 0.042 uM. However, within
the series, two compounds, 6k (ethyl 2-(5'-(4-methoxybenzyl)-5-nitro-2-
oxo-3'H-spiro[indoline-3,2-[1,3,4]oxadiazol]-1-yl)acetate) and 6n
(ethyl 2-(5-nitro-5'-(4-nitrophenyl)-2-oxo-3'H-spiro[indoline-3,2'-
[1,3,4]oxadiazol]-1-yl)acetate) (Kis of 0.186 + 0.020 pM and 0.192 +
0.028 pM, respectively) were found to be better inhibitors of AR in

LIPO

FLEX SIZE

INSATU POLAR

INSOLU

Fig. 5. Diagrams showing *drug-likeness’ descriptors for this series’ most potent inhibitor, 6k (ethyl 2-(5-(4-methoxybenzyl)-5-nitro-2-oxo-3'H-spiro[indoline-3,2-
[1,3,4]oxadiazol]-1-yl)acetate) (left), and reference inhibitor Epalrestat, a clinically used drug (right). The red-colored zone has been identified as a feasible
physicochemical domain to enhance oral bioavailability (LIPO, lipophilicity; SIZE, molecular weight; INSOLU, insolubility; INSATU, saturation; and

FLEX, flexibility).
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Fig. 6. Aldose reductase enzyme (PDB ID: 4JIR) and compound 6k (ethyl 2-(5-(4-methoxybenzyl)-5-nitro-2-oxo-3'H-spiro[indoline-3,2"-[1,3,4]oxadiazol]-1-yl)ac-
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Fig. 7. The 2D ligand interaction diagram of native ligand-AR (PDB ID: 4JIR) crystal structure (left), and ligand contact of compound 6k-AR for 50 % of 200 ns

simulation (right).

comparison to reference drug EPR (Kp: 0.841 + 0.051 pM) with 6k as the
most potent inhibitor. Also, the most potent AR inhibitor, 6k, displayed
marked inhibitory activity against normal mouse fibroblasts (cell
migration and toxicity) and human breast adenocarcinoma cell line (cell
cycle and apoptosis) in a dose-dependent manner; L929 (ICsg of 569.58
+ 0.80 pM) and MCF-7 (ICsp of 110.87 + 0.42 uM). Namely, 6k had less
cytotoxic effect on L929 cells and reduced the viability of MCF-7 cells
more compared to reference drug DOX (ICsps of 98.26 + 0.45 pM for

1929 and 158.49 + 2.73 pM for MCF-7). Additionally, MD simulations
were executed for a duration of 200 ns to forecast the stability of the
docked complex and ascertain essential amino acid residues that were
interacted with by the 6k. The current study offers insightful informa-
tion about the inhibition data of fourteen novel synthesized spiroindo-
line oxadiazolyl-based acetate derivatives 6(a-0), particularly regarding
SARs and in silico studies. The results demonstrate the potential of these
derivatives, which can be effectively utilized in designing innovative
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and advanced molecules against diabetic complications and cardiovas-
cular diseases in the DM process.

4. Experimental section
4.1. General procedure for the preparation of the target compounds

A Yanagimoto micro-melting point apparatus determined melting
points and was uncorrected. IR spectra were acquired on a SHIMADZU
Prestige-21 (200 VCE) spectrometer. 'H- and '*C NMR spectra were
acquired at VARIAN Infinity Plus at 300 and 75 Hz, respectively. 'H and
13C chemical shifts are referenced to the internal deuterated solvent. The
Mass analysis was carried out with an LC/MS QTOF-9030 spectroscopy.
All chemicals were purchased from Alfa Aesar, Merck, and Sigma-
Aldrich.

4.1.1. General procedure for preparation of ester derivatives (2)

Carboxylic acid derivatives (1) (10 mmol) were refluxed in 50 ml of
ethanol for 24 hrs in the presence of 1.0 ml of sulfuric acid as a catalyst.
At the end of the reaction, the solvent was evaporated, and the obtained
product was washed with cold water and dried. 'H- and '3C NMR
checked the purity of the compound, and the compound was used for the
next step without further purification.

4.1.2. General procedure for preparation of hydrazide derivatives (3)

Ester derivatives (2) (10 mmol) and hydrazine hydrate (25 mmol) in
ethanol were refluxed for 24 hrs at 80 °C. At the end of the reaction, the
reaction mixture was cooled to room temperature, and the solid was
filtered, then washed with water and dried. 'H- and '3C NMR checked
the purity of the compound, and the compound was used for the next
step without further purification.

4.1.3. General procedure for the synthesis of ethyl 2-(2,3-dioxoindolin-1-
yDacetate derivatives (5)

Indoline-2,3-dione derivatives (4) (5 mmol) and ethylchloroacetat
(6 mmol) were dissolved in DMF (6 ml), and K;CO3 (5 mmol) was added
to the mixture. Then, it was stirred at room temperature for 12 hrs. After
the reaction, the mixture was poured into ice-cold water and filtered and
crystallized in acetone. 'H- and '3C NMR determined the structure.

4.1.4. General procedure for the synthesis of targeted compounds (6a-o0)

Hydrazide derivatives (3) (1 mmol) and ethyl 2-(2,3-dioxoindolin-1-
yDacetate derivatives (5) (1 mmol) in acetic acid were heated for 12 hrs
at 105 °C. After the reaction was completed, the reaction mixture was
cooled to room temperature and poured into ice-cold water. The solid
was filtered, then washed with water and dried. The targeted products
were purified by crystallization in acetone-hexane. The prepared com-
pounds in Scheme 1 were characterized by NMR (*H and 3C), IR, and
QTOF LC/MS.

4.1.4.1. Ethyl 2-(5"-(4-methoxybenzyl)-2-oxo0-3'H-spiro[indoline-3,2'-
[1,3,4]oxadiazol]-1-yl)acetate (6a)
o
(\TN%O/\
| o
074#1
; ) 'sty
=
-

Yield 71 %, m.p. 127 °C; FT-IR (v, em™1): 3213 (NH), 2963 (aliphatic
C—H) 1739 (ester C=0) and 1686 (amidic C=0); ' NMR (300 MHz,
DMSO-dg) & (ppm): 12.24 (s, 1H, -NH), 7,65 (m, 1H, —=CH), 7.43 (d, J =
7.9 Hz, 1H, =CH), 7.25 (d, J = 8.2 Hz, 2H), 7.16 (d, J = 7.7 Hz, 2H),
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6.88 (d, J = 7.9 Hz, 2H), 4.66 (s, 2H, -CHy), 4.15 (q, J = 7.1 Hz, 2H,
—CHy), 4.06 (s,2H, -CHy), 3.71 (s, 3H, -CH3), 1.19 (t, J = 7.2 Hz, 3H,
—CH3); 1*C NMR (75 MHz, DMSO-ds) & (ppm): 169.5 (ester C=0), 168.1
(amidic C=0), 161.2 (oxadiazole ring C=N), 158.9 (O-Ph), 143.2,
132.3, 132.0, 131.2, 126.9, 124.0, 121.1, 119.7, 114.6, 110.7 (chiral
carbon), 62.1 (CH,COOCH>CH3s), 55.6 (CH2Ph), 41.5 (OCH,CH3), 38.1
(OCHj3), 14.5 (OCH3CH3); QTOF LC-MS: (m/z) found (2 M + Na):
813.28, (M + Na): 418,1339; calculated [Co;H21N30s5]: 395.41 [M]™.

4.1.4.2. Ethyl 2-(2-oxo-5-phenyl-3'H-spiro[indoline-3,2"-[1,3,4]oxadia-
zol]-1-yDacetate (6b)

Yield 78 %, m.p. 149 °C; FT-1R (v, em™1): 3210 (NH), 2985 (aliphatic
C—H) 1740 (ester C=0) and 1705 (amidic C=0); H NMR (300 MHz,
DMSO-dg) & (ppm): 13.67 (s, 1H, -NH), 7.90 (d, J = 5.1 Hz, 2H, —CH),
7.68 (d, J = 6.2 Hz, 2H, —CH), 7.61 (d, J = 7.4 Hz, 2H, —CH), 7.47 (t,J
=8.7,1H,=CH), 7.19 (t, J = 9.0, 2H, =—CH), 4.70 (s, 2H, -CH3), 4.16 (q,
J =7.1, 1H, -CH,), 1.20 (t, J = 7.1, 3H, —-CHs); °C NMR (75 MHz,
DMSO-dg) & (ppm): 168.1 (ester C=0), 164.2 (amidic C=0), 161.8
(oxadiazole ring C=N), 143.3,130.7, 133.7, 132.5, 132.4, 129.9, 128.1,
124.3, 121.5, 119.6, 111.0 (chiral carbon), 62.1 (CH,COOCH,CH3),
41.6 (OCH,CH3), 14.6 (OCH,CH3); QTOF LC-MS: (m/2) found (2 M +
Na): 725.2297, (M + Na): 374.1088; calculated [C19H17N304]: 351.36
M.

4.1.4.3. Ethyl 2-(2-oxo-5-(pyridin-2-yl)-3'H-spiro[indoline-3,2"-[1,3,4]
oxadiazol]-1-ylacetate (6c)

Yield 89 %, m.p. 207 °C; FT-IR (v, cm’l): 3225 (NH), 2982 (aliphatic
C—H) 1740 (ester C=0) and 1702 (amidic C=0); H NMR (300 MHz,
DMSO-dg) 6 (ppm): 8.72 (d, J = 4.5 Hz, 1H, —CH), 8.20 (d, J = 7.5 Hz,
1H, =CH), 8.09 (t, J = 7.6 Hz, 1H, —CH), 7.77-7.64 (m, 2H, —CH),
7.45 (t, J = 7.6 Hz, 1H, =CH), 7.18 (t, J = 7.6 Hz, 2H, —CH), 4.69 (s,
2H, -CH,), 4.16 (g, J = 7.1 Hz, 2H, ~CH,), 1.20 (t, J = 7.0 Hz, 3H, ~CHs);
13¢ NMR (75 MHz, DMSO-dg) & (ppm): 168.2 (ester C=0), 161.3
(amidic C=0), 149.7 (oxadiazole ring C=N), 148.7, 143.5, 139.1,
137.9, 132.6, 128.7, 124.2, 123.7, 121.6, 119.7, 110.9 (chiral carbon),
62.1 (CHy,COOCH>CH3), 41.6 (OCH2CH3), 14.6 (OCH3CH3); QTOF LC-
MS: (m/z) found (2 M + Na): 727.2204, (M + Na): 353.1220, calcu-
lated [C1gH16N404]: 352.34 [M]T.

4.1.4.4. Ethyl 2-(5'-(4-nitrophenyl)-2-oxo-3'H-spiro[indoline-3,2"-[1,3,4]
oxadiazol]-1-yl)acetate (6d)
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Yield 84 %, m.p. 205 °C; FT-IR (v, cm1): 3185 (NH), 2985 (aliphatic
C—H) 1736 (ester C=0) and 1708 (amidic C=0), 1524 and 1343
(NO2); 'H NMR (300 MHz, DMSO-ds) & (ppm): 13.53 (s,1H, -NH), 8.42
(d,J=7.4Hz, 2H,—=CH), 8.13(d, J = 7.1 Hz, 2H, —=CH), 7.65 (t,J = 7.3
Hz, 1H, =CH), 7.56 (t, J = 7.6 Hz, 1H, =CH), 7.53 (t, J = 6.2 Hz, 1H,
—CH), 7.27 (d, J = 6.7 Hz, 1H, —=CH), 4.72 (s, 2H, -CH3), 4.17 (q, J =
7.1, 2H, -CH,), 1.21 (t, J = 7.1 Hz, 3H, —-CHs); '3C NMR (75 MHz,
DMSO-dg) & (ppm): 168.1 (ester C=0), 161.8 (amidic C=0), 161.7
(oxadiazole ring C=N), 150.4, 143.5, 138.1, 132.9, 130.2, 129.9, 129.5,
124.8, 124.4, 121.7, 119.4, 111.1 (chiral carbon), 62.2
(CH,COOCH,CH3), 41.6 (OCH2CH3), 14.6 (OCH2CH3); QTOF LC-MS:
(m/2z) found (M + Na): 419.0930, calculated [C19H16N4O0¢]: 396.35
M1+

4.1.4.5. Ethyl  2-(2-0x0-5-(4-sulfamoylphenyl)-3'H-spiro[indoline-3,2-
[1,3,4]oxadiazol]-1-yl)acetate (6e)

HoNO,S

Yield 65 %, m.p. 256 °C; FT-IR (v, Cm_l): 3257 (NHy), 2975
(aliphatic C—H) 1730 (ester C=0) and 1689 (amidic C=0), 1350 and
1165 (S0y); TH NMR (300 MHz, DMSO-dg) & (ppm): 13.62 (s, 1H, -NH),
8.06 (d, J = 8.5 Hz, 2H, —CH), 8.01 (d, J = 8.5 Hz, 2H, —=CH), 7.67 (d, J
= 7.6 Hz, 1H, =CH), 7.60 (s, 2H, -NH,), 7.47 (t, J = 7.8 Hz, 1H, —CH),
7.20 (t, J = 7.2 Hz, 2H, =—CH), 4.70 (s, 2H, -CH>), 4.16 (q, J = 7.1 Hz,
2H, —-CHy), 1.20 (t, J = 7.1 Hz, 3H, -CHs); 3C NMR (75 MHz, DMSO-ds)
8 (ppm): 168.1 (ester C=0), 161.7 (amidic C=0), 148.2 (oxadiazole
ring C=N), 143.5, 135.4, 132.7, 129.2, 129.1, 127.2, 127.0, 124.4,
121.7, 119.4, 111.1 (chiral carbon), 62.2 (CH,COOCH,CH3), 41.6
(OCH,CH3), 14.6 (OCH,CH3); QTOF LC-MS: (m/z) found (2 M + Na):
686.1482, calculated [C19H;gN406S]: 354.34 [M]™.

4.1.4.6. Ethyl 2-(5-chloro-5'-(4-methoxybenzyl)-2-oxo0-3'H-spiro[indoline-
3,2-[1,3,4]oxadiazol]-1-yDacetate (6f)

Yield 77 %, m.p. 163 °C; FT-IR (v, em™): 3207 (NH), 2955 (aliphatic
C—H) 1745 (ester C=0) and 1689 (amidic C=0); 'H NMR (300 MHz,
DMSO-de) & (ppm): 12.21 (s, 1H, -NH), 7.68 (t, J = 7.2 Hz, 1H, =CH),
7.48 (d, J = 8.3 Hz, 1H, =CH), 7.23 (m, 3H, —CH), 6.88 (d, J = 8.2 Hz,
2H, =CH), 4.66 (s, 2H, —-CH3), 4.14 (q, J = 7.0 Hz, 2H, -CHy), 4.03 (s,
2H, —CH,), 3.71 (s, 3H, —CHs), 1.19 (t, J = 7.0 Hz, 3H, -CHs); '3C NMR
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(75 MHz, DMSO-dg) & (ppm): 167.9 (ester C=0), 160.7 (amidic C=0),
158.8 (oxadiazole ring C=N), 141.6, 131.2, 130.8, 130.2, 126.3, 121.2,
120.6, 114.4, 112.2 (chiral carbon), 62.2 (CH,COOCH,CH3), 55.5
(CH2Ph), 41.4 (OCH,CH3), 40.8 (OCH3), 14.5 (OCH,CH3); QTOF LC-MS:
(m/2) found (2 M + Na): 881.2026, (M + Na): 452,0960, calculated
[C21H20CIN3O5]: 429.86 [M] ™.

4.1.4.7. Ethyl 2-(5-chloro-2-oxo-5-phenyl-3'H-spiro[indoline-3,2"-[1,3,4]
oxadiazol]-1-yl)acetate (6g)

Cl NH

Yield 85 %, m.p. 182 °C; FT-IR (v, cm ™ ): 3244 (NH), 2985 (aliphatic
C—H) 1741 (ester C=0) and 1708 (amidic C=0); 1 NMR (300 MHz,
DMSO-dg) & (ppm): 13.59 (s, 1H, -NH), 7.89 (d, J = 7.5 Hz, 2H, —=CH),
7.68 (d, J = 8.5 Hz, 2H, —=CH), 7.60 (t, J = 7.4 Hz, 3H, =CH), 7.24 (d, J
= 8.5 Hz, 2H, =CH), 4.70 (s, 2H, -CH>), 4.15 (q, J = 7.0 Hz, 2H, —CH3),
1.20 (t, J = 7.1 Hz, 3H, -CH3); '3C NMR (75 MHz, DMSO-de) & (ppm):
167.9 (ester C=0), 161.5 (amidic C=0), 142.0 (oxadiazole ring C=N),
136.2, 134.0, 133.8, 132.2, 131.8, 130.5, 129.9, 128.6, 128.2, 127.8,
121.3, 121.1, 112.7 (chiral carbon), 62.5 (CH,COOCH,CH3), 41.7
(OCH>CH3), 14.6 (OCH2CH3); QTOF LC-MS: (m/z) found (2 M + Na):
793.1520, (M + Na): 408.0699, calculated [C19H1CIN3O4]: 385.80
M1+

4.1.4.8. Ethyl 2-(5-chloro-2-oxo-5"-(pyridin-2-yl)-3H-spiro[indoline-3,2'-
[1,3,4]oxadiazol]-1-yl)acetate (6h)

Yield 78 %, m.p. 261 °C; FT-IR (v, cm V) 3175 (NH), 2985 (aliphatic
C—H) 1747 (ester C=0) and 1705 (amidic C=0); 14 NMR (300 MHz,
DMSO-dg) & (ppm): 8.73 (d, J = 6.8 Hz, 1H, —CH), 8.21 (d, J = 7.7 Hz,
1H,=CH), 8.10 (t, J = 7.8 Hz, 1H,—=CH), 7.73 (t, J = 6.3 Hz, 1H, —=CH),
7.68 (d, J = 6.7 Hz, 1H, —=CH), 7.50 (d, J = 6.9 Hz, 1H = CH), 7.23 (d, J
= 8.4 Hz, 1H, =—CH), 4.70 (s, 2H, -CH>), 4.16 (q, J = 7.1 Hz, 2H, —-CH>),
1.21 (t, J = 7.0 Hz, 3H, -CH3); '3C NMR (75 MHz, DMSO-de) & (ppm):
168.0 (ester C=0), 161.5 (amidic C=0), 161.0 (oxadiazole ring C=N),
149.7, 148.5, 142.2, 139.1, 136.8, 131.8, 128.4, 123.8, 121.4, 121.1,
112.6 (chiral carbon), 62.1 (CH,COOCH,CHj3), 41.7 (OCH,CH3), 14.6
(OCH,CH3); QTOF LC-MS: (m/2) found (2 M + Na): 793.1520, (M + Na):
408.0695, calculated [C;gH;5CIN;O4]: 386.79 [M]™.

4.1.4.9. Ethyl  2-(5-chloro-5'-(4-nitrophenyl)-2-oxo-3H-spiro[indoline-
3,2"-[1,3,4]oxadiazol]-1-yDacetate (6i)
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Yield 90 %, m.p. 257 °C; FT-IR (v, cm 1): 3161 (NH), 2929 (aliphatic
C—H) 1736 (ester C=0) and 1689 (amidic C—=0), 1515 and 1330
(NO,); 'H NMR (300 MHz, DMSO-ds) 6 (ppm): 13.63 (s, 1H, -NH), 8.43
(d, J = 8.0 Hz, 2H, =—=CH), 8.14 (d, J = 7.0 Hz, 2H, —CH), 7.67 (s, 1H,
—CH), 7.51 (d, J = 9.0 Hz, 1H, —CH), 7.22 (d, J = 8.4 Hz, 2H, —CH),
4.73 (s, 2H, —-CHy), 4.19 (q, J = 6.9, Hz, 2H, -CHy), 1.23 (t, J = 6.8 Hz,
3H, —~CHg); '3C NMR (75 MHz, DMSO-dg) & (ppm): 167.9 (ester C=0),
161.7 (amidic C=0), 161.4 (oxadiazole ring C=N), 145.3, 142.3,
138.8, 132.2, 128.6, 124.9, 124.8, 121.2, 119.2, 116.6, 112.9 (chiral
carbon), 62.2 (CH,COOCH,CH3), 41.6 (OCHCH3), 14.7 (OCH,CH3);
QTOF LC-MS: (m/z) found (2 M + Na): 883.1199, (M + Na): 453,0544,
calculated [C19H;5CIN4Og]; 430.801 [M]T.

4.1.4.10. Ethyl 2-(5-(4-methoxybenzyl)-5-nitro-2-oxo-3'H-spiro[indoline-
3,2"-[1,3,4]oxadiazol]-1-yDacetate (6k)
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Yield 81 %, m.p. 218 °C; FT-IR (v, cm’l): 3225 (NH), 2982 (aliphatic
C—H) 1733 (ester C=0) and 1698 (amidic C=0), 1514 and 1336
(NO,); 'H NMR (300 MHz, DMSO-dg) & (ppm): 12.27 (s, 1H, -NH), 8,41
(d, J = 9.1 Hz, 1H, =CH), 8.38 (s, 1H, =—=CH), 7.45 (d, J = 8.8 Hz, 1H,
—CH), 7.28 (d, J = 8.3 Hz, 2H, —CH), 6.90 (d, J = 8.2 Hz, 2H, —CH),
4.78 (s, 2H, -CHy), 4.18 (q, J = 7.1 Hz, 2H, —-CHy), 4.05 (s, 2H, —-CH>),
3.73 (s, 3H, -CH3), 1.22 (t, J = 7.1 Hz, 3H, -CH3); '3C NMR (75 MHz,
DMSO-dg) & (ppm): 167.8 (ester C=0), 161.2 (amidic C=0), 158.8
(oxadiazole ring C=N), 147.7, 144.1, 131.3, 131.0, 127.7, 126.6, 120.4,
116.1, 114.5, 114.2, 111.4 (chiral carbon), 62.3 (CH,COOCH,CH3),
55.6 (CH3Ph), 41.9 (OCH,CHj3), 40.5 (OCH3), 14.6 (OCH2CH3); QTOF
LC-MS: (m/2) found (2 M + Na): 903.2519, (M + Na): 463,1204,
calculated [Co1HogN4O7]: 440.41 [M] ™.

4.1.4.11. Ethyl 2-(5-nitro-2-0xo-5-phenyl-3'H-spiro[indoline-3,2'-[1,3,4]
oxadiazol]-1-yDacetate (61)
o

N
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Yield 86 %, m.p. 222 °C; FT-IR (v, cm 1): 3119 (NH), 3000 (aliphatic
C—H) 1739 (ester C=0) and 1692 (amidic C=0), 1517 and 1339
(NO,); "H NMR (300 MHz, DMSO-dg) & (ppm): 13.44 (s, 1H, -NH), 8.37
(d, J = 8.8 Hz, 1H, =CH), 8.32 (s, 1H, =CH), 7.91 (d, J = 7.5 Hz, 2H,
—CH), 7.70 (t, J = 7.2 Hz, 1H, =CH), 7.61 (t, J = 7.8 Hz, 2H, —CH),
7.48 (d, J = 9.4 Hz, 1H, —CH), 4.84 (s, 2H, -CH>), 4.18 (q, J = 7.1, 2H,
—-CHj), 1.21 (t, J = 7.1 Hz, 3H, —-CH3); 13¢ NMR (75 MHz, DMSO-dg) &
(ppm): 167.8 (ester C=0), 163.9 (amidic C=0), 161.9 (oxadiazole ring
C—=N), 147.8, 144.2, 135.3, 133.9, 132.1, 129.9, 129.4, 128.5, 128.3,
128.1, 120.3, 116.3, 111.7 (chiral carbon), 62.3 (CH,COOCH,CH3),
42.0 (OCH,CH3), 14.6 (OCH,CH3); QTOF LC-MS: (m/2) found (2 M +
Na): 815.2025, (M + Na): 419,0940, calculated [C19H16N40¢]: 396.36
M1+,

4.1.4.12. Ethyl 2-(5-nitro-2-oxo-5-(pyridin-2-yl)-3 H-spiro[indoline-3,2-
[1,3,4]oxadiazol]-1-yDacetate (6m)
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Yield 75 %, m.p. 272 °C; FT-1IR (v, em™1): 3225 (NH), 2925 (aliphatic
C—H) 1723 (ester C=0) and 1698 (amidic C=0), 1483 and 1330
(NO,); 'H NMR (300 MHz, DMSO-dg) & (ppm): 8.77 (s, 1H, =CH), 8.39
(d, J=9.1 Hz, 2H, =CH), 8.24 (d, J = 7.7 Hz, 1H, =CH), 8.13 (t,J = 7.8
Hz, 1H, =CH), 7.77 (t, J = 7.1 Hz, 1H, =CH), 7.49 (d, J = 8.7 Hz, 1H,
—CH), 4.84 (s, 2H, -CH,), 4.20 (q, J = 7.3 Hz, 2H, —-CH,), 1.24 (t, J =
7.1 Hz, 3H, -CH3); 13C NMR (75 MHz, DMSO-d) & (ppm): 167.8 (ester
C=0), 162.5 (amidic C=0), 161.7 (oxadiazole ring C=N), 150.5,
148.1, 144.3, 137.7, 130.8, 130.1, 130.0, 128.4, 124.8, 120.1, 116.5,
111.8 (chiral carbon), 62.3 (CH,COOCH,CHj3), 41.4 (OCH,CH3), 14.0
(OCH>CH3); QTOF LC-MS: (m/2) found (2 M + Na): 817.1909, (M + Na):
420,0892, calculated [C;gH15N506]: 397.35 [M]™.

4.1.4.13. Ethyl  2-(5-nitro-5'-(4-nitrophenyl)-2-oxo-3 H-spiro[indoline-
3,2'-[1,3,4]oxadiazol]-1-ylDacetate (6n)

Yield 82 %, m.p. 238 °C; FT-IR (v, cm ™ ): 3203 (NH), 2985 (aliphatic
C—H) 1698 (ester C=0) and 1599 (amidic C=0), 1525 and 1348
(NO,); 'H NMR (300 MHz, DMSO-de) & (ppm): 13.41 (s, 1H, -NH), 8.43
(d, J = 7.4 Hz, 3H, =CH), 8.33 (s, 1H, =—=CH), 8.15 (d, J = 8.7 Hz, 2H,
—CH), 7.50 (d, J = 9.1 Hz, 1H, —=CH), 4.84 (s, 2H, -CH>), 4.20 (q, J =
7.1 Hz, 3H), -CHy), 1.26 (t, J = 7.6 Hz, 3H, -CHs); 13C NMR (75 MHz,
DMSO-dg) 6 (ppm): 168.8 (ester C=0), 161.7 (amidic C=0), 150.5
(oxadiazole ring C=N), 148.1, 144.3,137.7,130.5,130.1, 128.4, 124.8,
124.4, 120.1, 116.5, 111.8 (chiral carbon), 62.3 (CH,COOCH,CH3),
42.0 (OCH,CHj3), 14.6 (OCH,CH3); QTOF LC-MS: (m/z) found (2 M +
Na): 905.1686, (M + Na): 464,0786, calculated [C19H15N50g]: 441.36
[M1*.

4.1.4.14. Ethyl 2-(5-nitro-2-oxo-5'-(4-sulfamoylphenyl)-3'H-spiro[indo-
line-3,2-[1,3,4]oxadiazol]-1-ylacetate (60)

o}

N#(O’\
W On,.

NH

Yield 87 %, m.p. 268 °C; FT-IR (v, cmfl): 3278 (NHy), 2957
(aliphatic C—H) 1730 (ester C=0) and 1680 (amidic C=0), 1533 and
1350 (NO3), 1345 and 1156 (SOy); 'H NMR (300 MHz, DMSO-dg) &
(ppm): 13.63 (s, 1H, -NH), 8.53 (s, 1H, =CH), 8.38 (d, J = 8.8 Hz, 1H,
—CH), 8.09-8.08 (m, 4H, —CH), 7.51 (s, 2H, -NH>), 7.41 (d, J = 9.2 Hz,
1H, =CH), 4.81 (s, 2H, —-CH>), 4.24 (d, J = 7.1 Hz, 1H, —-CHj), 1.30 (t, J
=7.1Hz, 3H, -CHs); 13C NMR (75 MHz, DMSO-de) & (ppm): 167.8 (ester
C=0), 161.8 (amidic C=0), 148.4 (oxadiazole ring C=N), 148.0,
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144.3, 135.0, 129.3, 128.3, 127.0, 120.2, 116.5, 111.7 (chiral carbon),
62.3 (CH,COOCH,CH3s), 42.0 (OCH2CH3), 14.7 (OCH,CH3); QTOF LC-
MS: (m/2z) found (2 M + Na): 973.1434, (M + Na): 498,0660, calcu-
lated [C19H17N50gS]: 475.43 [1\/[]+

4.2. Biological study

4.2.1. In vitro Aldose reductase inhibition assay

Dimethyl sulfoxide (Sigma D8418, DMSO, PubChem CID: 679) was
utilized to prepare solutions of the fourteen-novel synthesized spi-
roindoline oxadiazolyl-based acetate derivatives 6(a-0) and EPR at an
initial concentration of 1 mg/ml. The proportion of DMSO in the ulti-
mate reaction mixture was roughly 1 %. In keeping with prior research
endeavors, kinetic examinations were conducted utilizing Cerelli’s
method [61,62] with five distinct substrate (pr-glyceraldehyde, Sigma
G5001, PubChem CID: 79014) levels (0.071, 0.141, 0.235, 0.329, and
0.376 mM) and varying compound concentrations at 340 nm spectro-
photometrically to examine these spiroindolines’ in vitro inhibitory
mechanisms against AR. In this direction, the samples were subjected to
three measurements. As in our prior studies [63], Michaelis-Menten
plots [64,65] and Lineweaver-Burk curves [66,67] were generated for
all compounds 6(a-0). K; constants and their inhibition types were
determined based on the obtained data to be competitive and non-
competitive.

4.2.2. In vitro cytotoxic activity assay

First, the L929 (ATCC CCL-1) and MCF-7 (ATCC HTB-22) cell lines
obtained from ATCC and stored in a cryotube at -80 °C were thawed by
incubating in a 37 °C water bath. Later, in DMEM containing 10 % FBS
and 1 % penicillin—streptomycin, dissolved cells were transferred to a
T75 cm? plate. After 48 hrs, these cells were seeded in a 96-well plate
that counted at 5 x 10° cells/well. After 24 hrs, L929 and MCF-7 cell
lines were exposed to different concentrations (25, 50, 100, 150, and
200 pM) of DOX, a clinically used drug, as a reference control and the
most potent inhibitor, 6k against AR. After 24 hrs of incubation, the
MTT method [68,69] was applied using prior protocols [70-72]. Af-
terward, measurements were taken with a BioTek Epoch Microplate
Spectrophotometer (Santa Clara, California, USA) at 570 nm absor-
bance. The final step was to compare cell viability rates to control wells.

4.3. In silico study

4.3.1. ADME/T study

QikProp tool of the Schrodinger’s [73,74] and SwissADME platform
[75,76] were together used to predict ADME/T parameters [77,78] such
as physicochemical and pharmacokinetic properties, lipophilicity, drug-
likeness descriptors, and medicinal chemistry pattern recognition
methods for all targeted compounds. As a reference inhibitor, ADME/T
studies were carried out by EPR, a clinically used drug.

4.3.2. Molecular docking study

Crystal structure of AR complexed with native ligand (2-{5-[(E)-2-
methyl-3-phenyl-prop-2-enylidene]-4-oxidanylidene-2-sulfanylidene-
1,3-thiazolidin-3-yl}ethanoic acid) was obtained from Protein Data
Bank (PDB ID: 4JIR) [79] and prepared using Schrodinger’s [80] Protein
Preparation Wizard module [81]. In this protocol, missing hydrogens
were added, bond orders were assigned, and all water molecules and
heteroatoms were deleted except the native ligand [82]. After the
optimization step addressing overlapping hydrogens, a restrained
minimization was applied using the OPLS4 force field [83]. Before
molecular docking, the ligand was also prepared to generate all possible
3D conformations and states at physiological pH conditions via the
LigPrep module [84]. The Glide SP method was used for molecular
docking [85,86].
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4.3.3. Molecular dynamics study

MD simulations were conducted utilizing Desmond implemented in
the Schrodinger software package [87]. The system builder panel was
first used to prepare the input system. The simple point-charge (SPC)
explicit water model was used to build an orthorhombic simulation box
with Periodic Boundary Conditions (PBC). The system was neutralized
with sodium ions, and a 0.15 M concentration of NaCl was used to mimic
physiological conditions. Ion and salt placement were excluded within
20 A of the ligand. MD was carried out for 200 ns following system
relaxation with an isobaric NPT ensemble. 200 ps was used as the
recording interval, which produced roughly 1000 frames. The trajec-
tories were evaluated, and all plots were depicted using the simulation
interaction diagram (SID) tool.

4.4. Statistical study

The Mac version of GraphPad Prism V9 (La Jolla, California, USA)
was used to analyze the data and make the graphs. The Windows version
of SigmaPlot V12 (San Jose, California, USA) was utilized to determine
the inhibition constants. The extra sum-of-squares, F test, and the AIC
methods were used to compare the two data sets statistically. The
analysis outcomes were presented using the format mean + standard
error of the mean in a 95 % confidence interval when the p-value < 0.05,
statistical significance was considered.
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