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Keywords Abstract: Aldose reductase (AR) catalyzes the production of sorbitol from glucose in the polyol
Inhibition, pathway, and it is a critical enzyme that causes an aberrant aggregation of sorbitol in insulin-
molecular independent tissues, create some problems including retinopathy, neuropathy, and nephropathy.
docking, AR inhibition has been shown to be a viable approach for reducing these side effects. The current
polyol study aimed to introduce new AR inhibitors to the literature. For this purpose, benzaldehydes
pathway, were examined as being AR inhibitors. Firstly, the homogenate was prepared from the bovine
benzaldehydes kidney, then inhibition studies were carried out. It was found that all derivatives inhibited AR.
The inhibitory potency of 4- Phenyl benzaldehyde (3) and 2- Bromobenzaldehyde (6), having
ICso values as 0.23 and 1.37 pM, respectively, was determined higher than standard inhibitor
sorbinil. After in vitro inhibition studies, estimated binding energies and binding modes of
derivatives with enzyme were predicted by molecular docking. Compound 3 exhibited a
maximum docking score of -8,61 kcal/mol. In conclusion, these compounds especially
compound 3 may be guiding agents that can be used to synthesize new drug candidate molecules
to treat or prevent diabetic complications.
Diizeltilmis: Benzaldehit tiirevlerinin sigir bobrek aldoz rediiktaz inhibitorleri olarak
degerlendirilmesi
Anahtar 0Oz: Aldoz rediiktaz (AR), poliol yolunda glikozdan sorbitol iiretimini katalize eder ve insiilinden
Kelimeler bagimsiz dokularda anormal sorbitol agregasyonuna neden olan, retinopati, néropati ve nefropati
Inhibisyon, gibi bazi problemler yaratan kritik bir enzimdir. AR inhibisyonunun bu yan etkileri azaltmak
molekiiler i¢cin uygun bir yaklagim oldugu gosterilmistir. Mevcut ¢aligma, literatiire yeni AR inhibitdrlerini
doking, tanitmay1 amaglamistir. Bu amagla AR inhibitorleri olarak benzaldehitler incelenmistir. ilk
poliol yolu, olarak sigir bobreginden homojenat hazirlanmig, ardindan inhibisyon g¢aligsmalart yapilmstir.
benzaldehit Caligilan biitiin benzaldehit tiirevlerinin AR'yi inhibe ettigi bulundu. 0,23 ve 1,37 uM ICso

degerlerine sahip olan 4- Phenyl benzaldehyde (3) ve 2- Bromobenzaldehyde (6)'in inhibitor
aktivitesi, standart inhibitor sorbinilden daha yiiksek oldugu tespit edildi. In vitro inhibisyon
caligmalarindan sonra, tahmini baglanma enerjileri ve tlirevlerin enzime baglanma modlar
molekiiler docking ile tahmin edildi. Bilesik 3, -8,61 kcal/mol'liik bir maksimum yerlestirme
puani sergiledi. Sonug olarak, bu bilesikler, 6zellikle bilesik 3, diyabetik komplikasyonlarin
tedavisinde veya Onlenmesinde yeni ilag aday molekiillerinin sentezi i¢in yol gosterici
molekiiller olabilir.

1. INTRODUCTION

Diabetes is a chronic metabolic disease marked by high
blood sugar levels that cause long-term damage to blood
vessels, nerves, kidneys, heart, and eyes [1, 2] Type 2
diabetes, the most prevalent type, develops in adults when
the body becomes insulin resistant or produces

insufficient insulin [3]. According to the 2019 data of the
International Diabetes Federation (IDF), the incidence of
diabetes in adults between the ages of 20-79 was 9.33%.
The number of people with diabetes was reported as 463
million in 2019 and the IDF predicts that this number may
increase to approximately 580 million in 2030 and 700
million in 2045 [4]. In Turkey, its prevalence increased to
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21% in 2015 [5]. In the 2020 data on diabetes prevalence
it has been reported that nearly 15% of the total adult
population in Turkey has diabetes [6].

Many pathways are regulated during the development and
evolution of diabetes to deal with excess glucose in the
body. One of these mechanisms is the polyol pathway
(PP) [5,6]. Aldose reductase (AR, EC 1.1.1.21) is the first
enzyme of PP and reduces glucose to sorbitol in the
presence of cofactor NADPH [8]. And then, in the
presence of NAD?*, sorbitol dehydrogenase (SOD, EC
1.1.1.14) transforms sorbitol to fructose [9].
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Figure 1. Poliol pathway

In a healthy body, only a small amount of glucose is
converted to sorbitol so, blood glucose levels are within
normal ranges [10,11]. Sorbitol is not able to penetrate
through cell membranes and accumulate in the cell and
produced an osmotic effect, causing tissue hydration [12].
Diabetic patients will have difficulties as a result of the
problems that have occurred for their health quality. As
sorbitol builds up in tissues, it sets in motion a cascade of
events that leads to long-term diabetes consequences such
as kidney damage, retinal disease, and cardiovascular
disease [9-11]. Inhibition of AR activity of the AR for
preventing glucose conversion to sorbitol could help
avoid cell-level complications [16]. AR converts
aldehydes derived from reactive oxygen species (ROS)
into inert alcohols in the presence of the NADPH cofactor,
in addition to converting glucose to sorbitol [17], [18].
The loss of NADPH induces an increase in GSH levels in
cells with high AR activity, resulting in an increase in
oxidative stress [15, 19, 20].

The function of aldose reductase in diabetes has been
completely elucidated using AR inhibitors and knockout
animals, and its inhibitors have been demonstrated to be
able to ameliorate diabetes [21]. AR deletion or knockout
investigations in mice have showed that AR deletion
prevents the development of diabetes-induced retinal
capillary degeneration, which is mediated by the creation
of superoxide. AR knockout mice have also been shown
to develop resistance to diabetic nephropathy [14,15].
Based on the above-mentioned explanations, the goal of
this research was to study the in vitro inhibition effects of
benzaldehyde derivatives (Figure 2) on AR to guide the
synthesis of drugs that can be used in the treatment of
diabetes. Besides, inhibitor-enzyme interactions were
predicted by molecular docking study.

Figure 2. Benzaldehyde derivatives with investigated inhibition profile
2. MATERIAL AND METHOD
2.1. Materials

All chemicals that are used in activity determination and
as inhibitors were procured from Sigma-Aldrich Co. and
Merck (Darmstadt, Germany). The bovine kidney was
obtained from a local butcher in Erzurum, Turkey.

2.2. Preparation of Kidney Homogenate

Kidney samples were washed with isotonic NaCl (0.9%)
solution three times. About 10 g of the kidney tissue was
chopped into small pieces, and then the cell membranes
were ruptured by treatment with liquid nitrogen. The
prepared sample was homogenized in 30 mL of 0.01 M
phosphate buffer (pH 7.4) and was centrifuged at
13.500xg, at +4° for an hour by using refrigerated
centrifuge. Then, the precipitated cell wastes were
removed [24].

2.3. AR Activity Assay

The enzyme activity was measured using a modified
method put by Cerelli et al.[25]. The depleted amount of
NADPH at 340 nm was monitored spectrophotometrically
for 3 minutes at 25°C. About 1mL total volume of the
enzymatic reaction mix contained 0.8 M Naphosphate
buffer (pH=5.5), 4.7 mM DL-glyceraldehyde, 0.11mM
NADPH and enzyme solution.

2.4, Determination In vitro Inhibition Effects

For the determination of compounds’ in vitro effects, the
enzyme activities were assayed in the presence of at least
five various compound concentrations. The control
measurement having no compound was assumed as 100%
and measurements in the presence of compounds were
calculated as % activity [26]. Data were drawn as
Activity%-[compound] graphs, and 1Csy values were
calculated from the equations of these graphs [27].
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2.5. Molecular Docking Studies

The three-dimensional (3D) structure of the aldose
reductase (PDB ID: 2FZD, 1.08 A) [28] was received
from the PDB (Protein Data Bank). The structure of the
receptor was arranged, minimized and optimized with the
assistance of the Protein Preparation Wizard [29] module
using the OPLS3e force field in the Maestro interface
[30]. The LigPrep module was used to create two-
dimensional drawings and three-dimensional conversions
of the benzaldehyde derivative ligands. The OPLS3e
force field was utilized to prepare and minimize
protonation shows at pH 7.0 + 2.0 and tautomers. The
docking grid was created using the Receptor Grid
Generation instrument and was placed on the center of the
co-crystallized ligand, Tolrestat. The Glide extra
precision (XP) method was used to molecularly attach all
of the benzaldehyde derivatives to the target receptor AR
[31]. In addition, Tolrestat was isolated from the crystal
structure of the enzyme (AR) and docked again in order
to validate the docking procedure. The best ligand pose
was superpositioned with the co-crystallized ligand
subsequent the re-docking method, and the RMSD (Root
Mean Square Deviation) value was computed. Following
the re-docking method, the top ligand posture was
superpositioned with the co-crystal ligand, and the Root
Mean Square Deviation (RMSD) value was calculated.
The docking protocol's validation is shown by an RMSD
value of less than 2 A [32].

3. RESULTS

To examine the in vitro inhibition effects of
benzaldehydes, bovine kidney homogenate was used as
the source of AR enzyme. It was found that all
benzaldehydes inhibited enzyme and 4- phenyl
benzaldehyde (3) was the most effective inhibitor with
ICs0 value of 0.23 uM which was lower than the 1Cso
value of standard inhibitor determined by Rakowitz et al.
[33] as 3.420 uM (Table 1).

Table 1. ICs, values of benzaldehyde derivatives on bovine kidney AR

Compound No Compound Name 1Cso

(uM)

1 Benzaldehyde 6300

2 2- 34.65
Naphthylbenzaldehyde

3 4- Phenyl benzaldehyde 0.23

4 2- Methyl benzaldehyde 2650

5 4- Methyl benzaldehyde 2400

6 2- Bromobenzaldehyde 1.37

7 3- Bromobenzaldehyde 23.1

8 4- Bromobenzaldehyde 57.75

9 2- Nitro benzaldehyde 19.25

10 3- Nitro benzaldehyde 10.5

11 4- Nitro benzaldehyde 18.2

SOR (Rakowitz et al. Sorbinyl 3.420

2006)

For the prediction of binding affinities and best poses,
molecular docking studies were performed with AR
receptor. Firstly, docking validation was performed with
the co-crystalized ligand. The current study's docking
results revealed that compound 3 had the highest effect,
with a docking score of -8.31 kcal/mol, as shown in Table
2.

Table 2. XP docking scores and binding energies of benzaldehyde
derivatives with AR receptor. Predicted docking scores and binding
energy values were calculated as kcal/mol.

Compound Docking XP Glide
Number Score GScore emodel
1 -6,33 -6,33 -30,54
2 -8,01 -8,01 -39,57
3 -8,61 -8,61 -41,74
4 -6,84 -6,84 -30,15
5 -6,74 -6,74 -30,53
6 -6,57 -6,57 -27,34
7 -6,91 -6,91 -30,75
8 -6,81 -6,81 -31,7
9 -5,14 -5,14 -29,75
10 -6,05 -6,05 -34,18
11 -6,03 -6,03 -34,39
Sorbinyl* -8,3 -8,35 -44,78

* Sorbinyl was used as standard inhibitor for AR.
4. DISCUSSION AND CONCLUSION

Diabetes Mellitus (DM), a common disease, can cause
health issues including blindness, neuron diseases, heart,
and kidney failure [34]. In diabetic management, the level
of PP becomes the most strategic aims to achieve [33, 34].
AR is the first enzyme of the PP. Various AR inhibitors
have been studied extensively, with encouraging results in
terms of preventing and reducing diabetes progression
[37], [38]. In this paper, some benzaldehyde derivatives
were examined being bovine kidney AR. Besides,
molecular interactions of compounds and enzyme were
estimated by the molecular docking method. As a result
of in vitro inhibition studies, all derivatives were found to
inhibit the enzyme and activity%-[derivative] graphs were
drawn. The graphs of the two best inhibitors are given in
Figure 3. Compound concentrations that halved the
activity were calculated from the equations of these
graphs (Table 1). The two most effective inhibitors were
found as derivatives 3, 4-phenylbenzaldehyde and 6, 2-
Bromobenzaldehyde, with 1Cs values of 0.23 and 1.37
puM correspondingly. These results determined that 3 and
6 are more effective than standard inhibitor, sorbinyl of
which ICsg value was found as 3.420 uM by Rakowitz et
al. [33]. It was seen from Table 1 that benzaldehyde had
6300 pM ICso value and methyl derivatives of
benzaldehyde had less inhibitory potency than other
derivatives.

100 100

Activity%
Activity%

0 025 05 075 1 125 1.5
0 0.1 0.2 03 04
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12- Bromobenzaldehyde] pM

Figure 3. Activity%-[derivative] graphs of the two best inhibitors

The earlier study also found that a large number of
synthesized derivatives such as thiazole-based
compounds, 4H-1,2,4-triazole derivatives, N-
benzyl(oxotriazinoindole), 2,4-thiazolidinediones,
benzothiazolone-based carboxylic acid inhibited AR
[25,26]. The study finds the inhibition potencies of 3 and
6 were higher than thiazole-based compounds, 4H-1,2,4-
triazole derivatives and coumarin-thiosemicarbazone
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hybrids [11,37,39]. The effectiveness of inhibitory effects
of benzaldehyde derivatives was determined less than N-
benzyl(oxotriazinoindole) and benzothiazolone-based
carboxylic acid [35, 38, 40, 41, 42].

Molecular docking studies were also completed to
theoretically support the experimental inhibition effects of
benzaldehyde derivatives on the AR enzyme.
Benzaldehyde derivatives and the positive control
compound sorbinyl were docked to the ligand-binding site
identified for the target protein using the extra precision
(XP) docking methodology. The docking scores and
estimated binding energies of benzaldehyde derivatives
for the AR target enzyme are summarized in Table 2.

The re-docking approach was employed to verify the
docking methodology in this research. Tolrestat was
isolated from the crystal structure of the enzyme (AR) and
docked again in order to validate the docking procedure.
The best ligand pose was superpositioned with the co-
crystallized ligand following on re-docking procedure,
and the RMSD (Root Mean Square Deviation) value was
computed. For the tolrestat ligand, the RMSD value was
discovered to be 0,103 A (Figure 4).

The earlier study also found that a large number of
synthesized  derivatives such as thiazole-based
compounds, 4H-1,2,4-triazole derivatives, N-
benzyl(oxotriazinoindole), 2,4-thiazolidinediones,
benzothiazolone-based carboxylic acid inhibited AR
[25,26]. The study finds the inhibition potencies of 3 and
6 were higher than thiazole-based compounds, 4H-1,2,4-
triazole derivatives and coumarin-thiosemicarbazone
hybrids [11,37,39]. The effectiveness of inhibitory effects
of benzaldehyde derivatives was determined less than N-
benzyl(oxotriazinoindole) and benzothiazolone-based
carboxylic acid [35, 38, 40, 41, 42].

Molecular docking studies were also completed to
theoretically support the experimental inhibition effects of
benzaldehyde derivatives on the AR enzyme.
Benzaldehyde derivatives and the positive control
compound sorbinyl were docked to the ligand-binding site
identified for the target protein using the extra precision
(XP) docking methodology. The docking scores and
estimated binding energies of benzaldehyde derivatives
for the AR target enzyme are summarized in Table 2.
The re-docking approach was employed to verify the
docking methodology in this research. Tolrestat was
isolated from the crystal structure of the enzyme (AR) and
docked again in order to validate the docking procedure.
The best ligand pose was superpositioned with the co-
crystallized ligand following on re-docking procedure,
and the RMSD (Root Mean Square Deviation) value was
computed. For the tolrestat ligand, the RMSD value was
discovered to be 0,103 A (Figure 4).
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Figure 4. Docking validation of tolrestat adduct AR enzyme. AR
receptor is depicted in the ribbon model. The co-crystallized ligand is
represented in gray ball and stick modeling, while the re-docked ligand
is shown in green ball and stick modeling.

As seen from Table 2, only the docking score of derivative
3 (-8,61 kcal/mol) was found to be higher than the
standard inhibitor, sorbinyl, which had a docking score of
-8,3 kcal/mol. Trp79, Trp20, Trp219, Trplll, Leu300,
and Phel22 are among the residues in the highly
hydrophobic active site pocket of AR [30,31]. When we
examine the forms of interactions, we can see that;
sorbinyl had an H bond with HIS110 residue and also
showed pi-pi stacking interaction upon benzene moiety
with indole moieties of Trp79 and Trp111 amino acids.
And it displayed so many hydrophobic interactions with
the active side pocket (Figure 5). Derivative 3, which is
the most effective inhibitor based on the results of in vitro
inhibition  experiments and molecular  docking
estimations, affected AR in a similar manner with
standard inhibitor. As seen from Figure 6, compound 3,
had two hydrogen bonds with TYR48 and HIS110
residues. Benzene moiety of 3 also exhibited a pi-pi
stacking interaction with the indole group of TRP111.
Derivative 3 had so many polar and hydrophobic
interactions through the same residues as sorbinyl. These
interactions are consistent with a previous study, which
was conducted by Salem et al. [47]. They reported in their
study on the inhibition effects of novel meglitinides on
AR that 15C and 12B had interaction with residues similar
to those of our study.
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Figure 5. 2D ligand-receptor interaction diagram of standard AR
inhibitor sorbinil
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Figure 6. 2D ligand-receptor interaction diagram of best-scored
compound derivative 3.

In conclusion, the PP is activated when blood glucose
levels are high and it is critical for preventing diabetes and
diabetes-related complications. As a result, the AR
inhibition strategy holds promise for the treatment of
diabetes and related illnesses. In conclusion, all
benzaldehyde derivatives inhibited AR in the micromolar
range and compounds 3 and 6 had higher inhibitory
potency than standard inhibitor with 1Cso values of 0.23
and 1.37 uM respectively. The docking score of 3 was
also found to be higher than the standard inhibitor with
the value of -8.61 kcal/mol. The results of the current
study are hoped to be able to guide for further research on
new drug candidates in the treatment of diabetes.

Conflict of Interest
The author declares that there is no potential conflict of
interest.

Acknowledgments

Since enzyme inhibition studies were performed in the
Biochemistry Research Laboratory of Atatiirk University,
Faculty of Science, Department of Chemistry, the author
is thankful to Atatiirk University, Faculty of Science,
Department of Chemistry.

CRediT authorship contribution statement

Biilent Sengiil: Conceptualization, Methodology, Data
curation, Visualization, Investigation, Writing - review &
editing.

Data Availability Statement

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.

REFERENCES

[1] Y. Demir, H. E. Duran, L. Durmaz, P. Taslimi, S.
Beydemir, and I. Gulgin, “The Influence of Some
Nonsteroidal ~ Anti-inflammatory  Drugs  on
Metabolic Enzymes of Aldose Reductase, Sorbitol
Dehydrogenase, and a-Glycosidase: a Perspective
for Metabolic Disorders,” Appl. Biochem.
Biotechnol., vol. 190, no. 2, pp. 437447, Feb. 2020,
doi: 10.1007/s12010-019-03099-7.

[2] F. Erdemir et al., “Novel 2-aminopyridine liganded
Pd(11) N-heterocyclic carbene complexes: Synthesis,
characterization, crystal structure and bioactivity
properties,” Bioorg. Chem., vol. 91, p. 103134, Oct.
2019, doi: 10.1016/j.bioorg.2019.103134.

[3] L. Gilbert et al., “A pilot study of pi-class
glutathione S-transferase expression in breast
cancer. correlation with estrogen receptor
expression and prognosis in node-negative breast
cancer.,” J. Clin. Oncol., vol. 11, no. 1, pp. 49-58,
Jan. 1993, doi: 10.1200/JC0.1993.11.1.49.

[4] IDF diabetes atlas, “No Title,” in IDF diabetes
atlas." International Diabetes Federation (9th
editio). Retrieved from http://www. idf. org/about-
diabetes/facts-figures, 2019.

[5] A. Oguz, “The Prospective Urban Rural
Epidemiology (PURE) study: PURE TURKEY,”
Turk Kardiyol. Dern. Arsivi-Archives Turkish Soc.
Cardiol., 2018, doi: 10.5543/tkda.2018.32967.

[6] Anonim, “No Title,” Diinya Diyabet Giinii, 2020.
https://sggm.saglik.gov.tr/TR-76887/dunya-
diyabet-gunu-2020.html

[71 W.H. Tang, S. Wu, T. M. Wong, S. K. Chung, and
S. S. M. Chung, “Polyol pathway mediates iron-
induced oxidative injury in ischemic—reperfused rat
heart,” Free Radic. Biol. Med., vol. 45, no. 5, pp.
602-610, Sep. 2008, doi:
10.1016/j.freeradbiomed.2008.05.003.

[8] S.S. M. Chung, E.C. M. Ho, K. S. L. Lam, and S.
K. Chung, “Contribution of Polyol Pathway to
Diabetes-Induced Oxidative Stress,” J. Am. Soc.
Nephrol., vol. 14, no. suppl 3, pp. S233-S236, Aug.
2003, doi: 10.1097/01.ASN.0000077408.15865.06.

[91 R. I. Lindstad, K. Teigen, and L. Skjeldal,
“Inhibition  of sorbitol dehydrogenase by
nucleosides and nucleotides,” Biochem. Biophys.
Res. Commun., vol. 435, no. 2, pp. 202-208, May
2013, doi: 10.1016/j.bbrc.2013.04.081.

[10] Y. Demir, M. S. Ozaslan, H. E. Duran, O. 1.
Kiifrevioglu, and S. Beydemir, “Inhibition effects of
quinones on aldose reductase: Antidiabetic
properties,” Environ. Toxicol. Pharmacol., vol. 70,
p. 103195, Aug. 2019, doi:
10.1016/j.etap.2019.103195.

[11] B. Sever, M. D. Altintop, Y. Demir, G. Akaln Cift¢i,
S. Beydemir, and A. Ozdemir, “Design, synthesis, in
vitro and in silico investigation of aldose reductase
inhibitory  effects of new thiazole-based
compounds,” Bioorg. Chem., vol. 102, p. 104110,
Sep. 2020, doi: 10.1016/j.hioorg.2020.104110.

[12] T.-S. Kim et al., “Overcoming NADPH product
inhibition improves D-sorbitol conversion to L-

188




Tr. J. Nature Sci. Volume 12, Issue 4, Page 184-190, 2023

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

sorbose,” Sci. Rep., vol. 9, no. 1, p. 815, Dec. 2019,
doi: 10.1038/s41598-018-37401-0.

T. Petrova et al, “Factorizing selectivity
determinants of inhibitor binding toward aldose and
aldehyde reductases: structural and thermodynamic
properties of the aldose reductase mutant
Leu300Pro-fidarestat complex.,” J. Med. Chem.,
vol. 48, no. 18, pp. 5659-65, Sep. 2005, doi:
10.1021/jm050424+.

C. Yabe-Nishimura, “Aldose reductase in glucose
toxicity: a potential target for the prevention of
diabetic complications.,” Pharmacol. Rev., vol. 50,
no. 1, pp. 21-33, Mar. 1998, [Online]. Available:
http://www.ncbi.nlm.nih.gov/pubmed/9549756

M. Brownlee, “Biochemistry and molecular cell
biology of diabetic complications,” Nature, vol. 414,
no. 6865, pp. 813-820, Dec. 2001, doi:
10.1038/414813a.

Q. Huang, Q. Liu, and D. Ouyang, “Sorbinil, an
Aldose Reductase Inhibitor, in Fighting Against
Diabetic Complications,” Med. Chem. (Los.
Angeles)., vol. 15, no. 1, pp. 3-7, Jan. 2019, doi:
10.2174/1573406414666180524082445.

M. S. Ozaslan, R. Saglamtas, Y. Demir, Y. Geng, I
Saragoglu, and 1. Giilgin, “Isolation of Some
Phenolic Compounds from Plantago subulata L. and
Determination of Their Antidiabetic,
Anticholinesterase, Antiepileptic and Antioxidant
Activity,” Chem. Biodivers., vol. 19, no. 8, Aug.
2022, doi: 10.1002/chdv.202200280.

C. Tirkes, Y. Demir, and $. Beydemir, “Anti-
diabetic Properties of Calcium Channel Blockers:
Inhibition Effects on Aldose Reductase Enzyme
Activity,” Appl. Biochem. Biotechnol., vol. 189, no.
1, pp. 318-329, Sep. 2019, doi: 10.1007/s12010-
019-03009-x.

Y. Demir, M. Isik, 1. Giil¢in, and S. Beydemir,
“Phenolic compounds inhibit the aldose reductase
enzyme from the sheep kidney,” J. Biochem. Mol.
Toxicol., vol. 31, no. 9, p. 21936, Sep. 2017, doi:
10.1002/jbt.21935.

F. S. Tokali et al., “Synthesis, biological evaluation,
and in silico study of novel library sulfonates
containing quinazolin-4( <scp> 3 H </scp> )-one
derivatives as potential aldose reductase inhibitors,”
Drug Dev. Res., Sep. 2021, doi: 10.1002/ddr.21887.
N. Trueblood and R. Ramasamy, “Aldose reductase
inhibition improves altered glucose metabolism of
isolated diabetic rat hearts,” Am. J. Physiol. Circ.
Physiol., vol. 275, no. 1, pp. H75-H83, Jul. 1998,
doi: 10.1152/ajpheart.1998.275.1.H75.

H. Liu et al., “Genetic deficiency of aldose reductase
counteracts the development of diabetic
nephropathy in C57BL/6 mice,” Diabetologia, vol.
54, no. 5, pp. 1242-1251, May 2011, doi:
10.1007/s00125-011-2045-4.

J. Tang, Y. Du, J. M. Petrash, N. Sheibani, and T. S.
Kern, “Deletion of Aldose Reductase from Mice
Inhibits  Diabetes-Induced  Retinal  Capillary
Degeneration and Superoxide Generation,” PLOS
One, vol. 8, no. 4, p. 62081, Apr. 2013, doi:
10.1371/journal.pone.0062081.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

B. Sengiil and S. Beydemir, “The interactions of
cephalosporins on polyol pathway enzymes from
sheep kidney,” Arch. Physiol. Biochem., vol. 124,
no. 1, pp. 3544, Jan. 2018, doi:
10.1080/13813455.2017.1358749.

M. J. Cerelli, D. L. Curtis, J. P. Dunn, P. H. Nelson,
T. M. Peak, and L. D. Waterbury,
“Antiinflammatory and aldose reductase inhibitory
activity of some tricyclic arylacetic acids,” J. Med.
Chem., vol. 29, no. 11, pp. 2347-2351, Nov. 1986,
doi: 10.1021/jm00161a033.

I. N. Korkmaz, “2-Amino thiazole derivatives as
inhibitors of some metabolic enzymes: An in vitro
and in silico study,” Biotechnol. Appl. Biochem., Jul.
2022, doi: 10.1002/bab.2388.

I. N. KORKMAZ, “In Vitro Inhibition Effects of 2-
Amino Thiazole Derivatives on Lactoperoxidase
Enzyme Activity,” Cumhur. Sci. J., vol. 43, no. 1,
pp. 33-37, Mar. 2022, doi: 10.17776/csj.1017247.
H. Steuber, M. Zentgraf, C. Gerlach, C. A. Sotriffer,
A. Heine, and G. Klebe, “Expect the Unexpected or
Caveat for Drug Designers: Multiple Structure
Determinations Using Aldose Reductase Crystals
Treated under Varying Soaking and Co-
crystallisation Conditions,” J. Mol. Biol., vol. 363,
no. 1, pp. 174-187, Oct. 2006, doi:
10.1016/j.jmb.2006.08.011.

G. Madhavi Sastry, M. Adzhigirey, T. Day, R.
Annabhimoju, and W. Sherman, “Protein and ligand
preparation: parameters, protocols, and influence on
virtual screening enrichments,” J. Comput. Aided.
Mol. Des., vol. 27, no. 3, pp. 221-234, Mar. 2013,
doi: 10.1007/s10822-013-9644-8.

Schrédinger, “No Title,” vol. 3, 2020.

R. A. Friesner et al., “Glide: A New Approach for
Rapid, Accurate Docking and Scoring. 1. Method
and Assessment of Docking Accuracy,” J. Med.
Chem., vol. 47, no. 7, pp. 1739-1749, Mar. 2004,
doi: 10.1021/jm0306430.

E. Yuriev, M. Agostino, and P. A. Ramsland,
“Challenges and advances in computational
docking: 2009 in review,” J. Mol. Recognit., vol. 24,
no. 2, pp. 149-164, Mar. 2011, doi:
10.1002/jmr.1077.

D. Rakowitz, R. Maccari, R. Ottana, and M. G.
Vigorita, “In vitro aldose reductase inhibitory
activity  of  5-benzyl-2,4-thiazolidinediones,”
Bioorg. Med. Chem., vol. 14, no. 2, pp. 567-574,
Jan. 2006, doi: 10.1016/j.bmc.2005.08.056.

B. F. Schrijvers, A. S. De Vriese, and A. Flyvbjerg,
“From Hyperglycemia to Diabetic Kidney Disease:
The Role of Metabolic, Hemodynamic, Intracellular
Factors and Growth Factors/Cytokines,” Endocr.
Rev., vol. 25, no. 6, pp. 971-1010, Dec. 2004, doi:
10.1210/er.2003-0018.

C. Tiirkes, M. Arslan, Y. Demir, L. Cogaj, A. R.
Nixha, and $. Beydemir, “<scp> N -substituted
</scp> phthalazine sulfonamide derivatives as non-
classical aldose reductase inhibitors,” J. Mol.
Recognit., vol. 35, no. 12, Dec. 2022, doi:
10.1002/jmr.2991.

M. Akdag, A. B. Ogzgelik, Y. Demir, and S.
Beydemir, “Design, synthesis, and aldose reductase

189




Tr. J. Nature Sci. Volume 12, Issue 4, Page 184-190, 2023

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

inhibitory effect of some novel carboxylic acid
derivatives bearing 2-substituted-6-aryloxo-
pyridazinone moiety,” J. Mol. Struct., vol. 1258, p.
132675, Jun. 2022, doi:
10.1016/j.molstruc.2022.132675.

Y. Demir et al., “Determination of the inhibition
profiles of pyrazolyl-thiazole derivatives against
aldose reductase and a-glycosidase and molecular
docking studies,” Arch. Pharm. (Weinheim)., vol.
353, no. 12, p. 2000118, Dec. 2020, doi:
10.1002/ardp.202000118.

Y. Demir and Z. Koksal, “Some sulfonamides as
aldose reductase inhibitors: therapeutic approach in
diabetes,” Arch. Physiol. Biochem., vol. 128, no. 4,
pp. 979-984, Jul. 2022, doi:
10.1080/13813455.2020.1742166.

B. Sever et al, “A new series of 24-
thiazolidinediones endowed with potent aldose
reductase inhibitory activity,” Open Chem., vol. 19,
no. 1, pp. 347-357, Mar. 2021, doi: 10.1515/chem-
2021-0032.

Y. Lei et al., “Design of Benzothiazolone-Based
Carboxylic Acid Aldose Reductase Inhibitors,”
ChemistrySelect, vol. 6, no. 20, pp. 4874-4880, May
2021, doi: 10.1002/slct.202101443.

A. Imran et al., “Development of coumarin-
thiosemicarbazone hybrids as aldose reductase
inhibitors: Biological assays, molecular docking,
simulation studies and ADME evaluation,” Bioorg.
Chem., vol. 115, p. 105164, Oct. 2021, doi:
10.1016/j.bioorg.2021.105164.

M. Hlava¢ et al., “Novel substituted N-
benzyl(oxotriazinoindole) inhibitors of aldose
reductase exploiting ALR2 unoccupied interactive
pocket,” Bioorg. Med. Chem., vol. 29, p. 115885,
Jan. 2021, doi: 10.1016/j.bmc.2020.115885.

M. Ceylan et al., “Synthesis, carbonic anhydrase I
and Il isoenzymes inhibition properties, and
antibacterial activities of novel tetralone-based 1,4-
benzothiazepine derivatives,” J. Biochem. Mol.
Toxicol., vol. 31, no. 4, p. €21872, Apr. 2017, doi:
10.1002/jbt.21872.

Y. Temel and S. BAYINDIR, “The Synthesis of
Thiosemicarbazone-Based Aza-Ylides as Inhibitors
of Rat Erythrocyte Glucose 6-Phosphate
Dehydrogenase Enzyme,” J. Inst. Sci. Technol., pp.
1503-1512, Sep. 2019, doi: 10.21597/jist.518012.
P. Alexiou, K. Pegklidou, M. Chatzopoulou, I.
Nicolaou, and V. Demopoulos, “Aldose Reductase
Enzyme and its Implication to Major Health
Problems of the 21st Century,” Curr. Med. Chem.,
vol. 16, no. 6, pp. 734-752, Feb. 2009, doi:
10.2174/092986709787458362.

J. Sangshetti, R. Chouthe, N. Sakle, I. Gonjari, and
D. Shinde, “Aldose Reductase: A Multi-disease
Target,” Curr. Enzym. Inhib., vol. 10, no. 1, pp. 2—
12, Oct. 2013, doi:
10.2174/15734080113096660007.

M. G. Salem, Y. M. Abdel Aziz, M. Elewa, M. S.
Nafie, H. A. Elshihawy, and M. M. Said, “Synthesis,
molecular modeling, selective aldose reductase
inhibition and hypoglycemic activity of novel

meglitinides,” Bioorg. Chem., vol. 111, p. 104909,
Jun. 2021, doi: 10.1016/j.bioorg.2021.104909.

190




