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ABSTRACT

Aldose reductase inhibitors (ARIs) belong to a group of medications designed to target to manage metabolic disorders,
including diabetic neuropathy, diabetic cardiomyopathy, and inflammatory complications. These inhibitors block the
polyol pathway, a metabolic route responsible for glucose breakdown, which, when over activated, contributes to diabetes
related complications. The most prevalent chronic endocrine disease is diabetes mellitus, whose incidence is steadily
increasing worldwide. The health is significantly impacted by it, and it is currently among the leading causes of death.
Aldose reductase (AR), a key player in the development of problems from diabetes, has been connected in numerous studies
to the polyol pathway. One promising therapeutic approach involves thiazolidinedione derivatives, which feature a
heterocyclic ring system with a pharmacophore scaffold widely recognized in medicinal chemistry. Initially developed as
antidiabetic agents, these compounds act as specific ligands of Peroxisome Proliferator-Activated Receptors (PPARS).
Extensive research has uncovered their diverse biological activities and broad therapeutic potential.
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1. INTRODUCTION

A family of drugs known as ARIs, or aldose reductase inhibitors, are designed to prevent the buildup of fructose and
sorbitol in tissues by blocking the enzyme aldose reductase. This approach lowers the chance of developing diabetes
sequelae, including neuropathy, nephropathy, and retinopathy. These inhibitors function by preventing aldose reductase, a
crucial polyol cycle enzyme, from becoming abnormally active during hyperglycemia. ARIs are therefore regarded as a
potentially effective treatment strategy for controlling or possibly curing diabetic problems, especially diabetic neuropathy,
retinopathy, and nephropathy.[*! Diabetes mellitus, one of the most prevalent endocrine metabolic diseases, has a substantial
effect on patients' health, life expectancy, and quality of life in addition to the healthcare system. (4 The disease, which
results in insufficient insulin synthesis, is often caused by degenerative changes in pancreatic B cells. Chronic
hyperglycemia brought on by impaired insulin production in type 2 diabetes results in long-lasting metabolic abnormalities.
[31 As stated by the WHO, globally, diabetes ranks as the tenth most common cause of death, and its prevalence is alarmingly
increasing. Type 2 diabetes is one of the four main forms of the disease., affects almost 90% of adults, highlighting the
critical need for effective treatment strategies. As per WHO reports, diabetes has become the 9th leading cause of millions
of deaths worldwide. I There is mounting proof that the biology and consequences of diabetes are significantly influenced
by oxidative stress. Cell damage and the advancement of disease are caused by an excess of reactive oxygen species (ROS)
and a malfunction in the body's natural antioxidant defense system. This emphasizes the significance of treatments that
combat oxidative stress in addition to controlling blood glucose levels.

One promising class of therapeutic agents is thiazolidinedione; a group of heterocyclic compounds originally developed as
antidiabetic agents and peroxisome proliferator-activated receptor (PPAR) ligands. As diabetes is becoming more
prevalent, a great deal of research is being done on its effects, with an emphasis on how crucial it is to efficiently control
blood sugar levels to prevent the disease from worsening. Vascular injury, myo-inositol depletion, polyol route activation,
regarding glycation that is not enzymatic, are the fundamental processes of neuropathy caused by diabetes, and they all
lead to nerve deterioration. Its global prevalence is rising by 10.2%, thus it will affect 578 million by 2030 and 700 million
by 2045. Bl Apart from that, there is increasing evidence that confirms the crucial free radicals' part in diabetes mellitus
etiology ! and the problems that come with it. Its pathogenesis is also associated with oxidative stress, which is brought
on by a reduction in the body's enzymatic and non-enzymatic antioxidant system as well as an excess of reactive oxygen
species (ROS). Dyslipidemia, the primary risk factor for cardiovascular illnesses, is frequently linked to diabetes.
Therefore, diabetic individuals often have higher blood triglyceride and cholesterol levels.[7]
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Assessments of insulin levels, glycated hemoglobin (HbALc), insulin sensitivity, glucose tolerance, and pancreatic B-cell
activity are now among the many advanced diabetes diagnostic techniques. The Federation of International Diabetes
Federation (IDF) estimates that 537 million people globally have 2021 diabetes. It has been estimated that the number of
cases will increase dramatically, reaching 643 million by 2030 and 783 million by 2045 and alter the quality of life.
Diabetes's promote the formation of free radicals and their development beyond the capacity of

the body's antioxidant defenses to scavenge them, which leads to both macrovascular and microvascular dysfunction. 9
Along with abnormalities associated with the aforementioned parameters, diabetic patients frequently develop diabetic
cardiomyopathy, diabetic nephropathy, and diabetic retinopathy (DN). Damage to the nerves that begins in the toes and
progresses to other parts of the body is called neuropathy.'® That usually starts in the toes and progressively moves
throughout the body. The four main categories of DN are focal, proximal, autonomic, and peripheral neuropathy. Each
variety has Among the riskiest side effects of diabetes is diabetic neuropathy (DN), which causes nerve loss unique
symptoms, such as cardiovascular problems, digestive problems, heart difficulties, stomach troubles, and numbness.[*4
Including increased nonenzymatic glycation, polyol pathway activation, and myoinositol depletion, are all important
factors in the development of diabetic nerve damage.!*?

Current diabetes treatments primarily rely on oral hypoglycemic agents, many of which have adverse side effects. This has
driven interest in natural, plant-derived therapies with antioxidant properties as potential alternatives. Since ancient times,
herbal remedies have played a significant role in traditional healthcare, and their potential to offer safe and effective
treatments for diabetes and its related consequences is starting to be recognized by modern medicine. (3

2. ALDOSE REDUCTASE

Aldose reductase (AR) is an enzyme that belongs to the aldo-keto reductase superfamily, which is a broader family, is
essential to the polyol pathway that facilitates the digestion of glucose. The molecular weight of this cytoplasmic enzyme
is 36 kDa., is structurally similar to triose phosphate isomerase, with 10 a-helical segments encircling an inner B-pleated
sheet barrel. It is composed of 315 amino acids and is devoid of structural carbohydrates, lipids, and metal ions. The top
of the P/a barrel is where the NADPH cofactor is located., the pyrophosphate group is situated across the barrel's lip, and
the nicotinamide ring extends downward through the middle. The active region of the enzyme is contained in this barrel,
along with hydrophobic residues, A "anion well" that contains the nicotinamide ring of NADPH or NADP+, and significant
residues like Tyr48 and His110. Aldose reductase is mainly responsible for catalyzing the first step in the polyol pathway,
which is the conversion of glucose to sorbitol. [*419] years old Using NADPH, the enzyme transforms the C1 aldehyde
group in glucose into an alcohol in this step. Concurrently transporting a proton from Tyr48 via His110. A slow
conformational shift can cause oxidized NADP+ to dissociate*®! after the reaction's conclusion, when the newly formed
alcohol is released. Although several ARIs have been developed (Table 1), only a limited number of small molecule AR
inhibitors (ARIs) are presently undergoing clinical studies. Among these, phenolic derivatives, cyclic imides, and acetic
acid derivatives are notable structural groups.!*”]

Tablel. Derivatives of Aldose Reductase Inhibitors

Derivatives Chemical Structure Ref.
0 OH
Carboxylic acid derivative &? [18]
OH

(0]

Cl o
é@
>C< 5 o 1]
Cl
patH
NH
S-N [20]
N

O

Hydantoin

cl
Br

OO

© 2025 Journal of Carcinogenesis | Published for Carcinogenesis Press by Wolters Kluwer-Medknow ng. 411



Sagacious Aldose Reductase Inhibition for Treatment of Metabolic Disorders

) O.~N+’\S'/O
Nitromethane & d [21]
Q Q
+
@) N N‘O
T QL NH
Sulfonamidederivatives ©/S\\ o) O [22]
e}
HO
S 0 H
Thiazolidinedione N “OH [23]
o]
5o
o 9 =
S o]
Benzofuran Clm 5_(}\1_,\>: [24]
%0
Isoxazolidinedione NH
FO [25]
£ F
S
H
N~ %
Benzodiazepine j@ [26]
N
H
NH
0
Piplartine [27]

© 2025 Journal of Carcinogenesis | Published for Carcinogenesis Press by Wolters Kluwer-Medknow ng. 412



g N
Carboxamides [28]
HO
o} OH
e Pavs
N OH
Pyridopyrimidinone \ » N [29]

0., .0
N™"H
BeRde
Quinaxolinone o N0 w@' [30]
(0]

OH
Cl o Cl
Diphenylether Cl HO: ; Cl [31]
Cl Cl

O

Cl

\ @] Br
\ O OH [32]
Ascidianbutenolide O
HO Br

The Pathway of Aldose Reductase Inhibitors
The polyol pathway's part in problems from diabetes. The polyol route is a reversible metabolic process that uses enzymes
to convert glucose to sorbitol, which is then transformed into fructose.

Two essential enzymes primarily regulate this pathway: Aldose Reductase (AR)

This enzyme aids in the NADPH is used as a cofactor in the conversion of glucose to sorbitol. SDH, or sorbitol
dehydrogenase: This enzyme uses NAD* as a cofactor to help oxidize sorbitol into fructose. In physiological circumstances,
cellular glucose undergoes predominant metabolism via glycolysis and the Krebs cycle, yielding energy and essential
cellular components. Osmotic stress is caused by accumulated sorbitol, whereas oxidative stress is exacerbated by
disturbances the ratio of NADPH to NADP* and NAD" depletion. It is evident from This means that several metabolic
parameters can be altered by the activation of AR in the polyol pathway.33-34

Aldose reductase inhibitor (ARIs) for Management of Diabetes Mellitus

Aldose reductase inhibitors (ARIs) function by competitively inhibiting aldose reductase activity. Key points about the
pathway of an aldose reductase inhibitor: Target enzyme: Aldose reductase, Metabolic pathway affected: Polyol pathway,
Mechanism of action: By inhibiting aldose reductase, the inhibitor prevents the sorbitol conversion from glucose. Normal
glucose metabolism: In typical circumstances, the glycolysis pathway, It serves as the primary source of energy production,
metabolizes the bulk of glucose.

High glucose and polyol pathway activation:
Sorbitolaccumulation and cell damage: The buildup of sorbitol inside cells disrupts osmotic balance, causing cell
swelling and damage, especially in tissues with low membrane.
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Role of aldose reductase inhibitor: By blocking aldose reductase, aldose reductase inhibitors (ARISs) prevent glucose
from converting to sorbitol, reducing the harmful effects of polyol pathway activation and permeability to sorbitol.

Clinical applications: The primary purpose of aldose reductase inhibitor research is to treat diabetic problems, where
Retinopathy, neuropathy, and nephropathy rely on the polyol pathway being activated. The current theory regarding the
pathway's involvement. [

NADPH ADP+ NAD+ NADH
o » | SORBITOL —_— k Hﬂ?‘
oH on  Aldose Sorbital o CH:OH
OH Reductase Dehydrogenase
glucose fructose

Figure 1. Aldose reductase catalyzes the NADPH

Normally, the primary mechanism that converts glucose into ATP and energy is glycolysis. However, different metabolic
pathways are triggered to deal with the excess when glucose levels are too high. The glycation, alpha-ketoaldehyde, and
sorbitol (polyol) pathways. %8 Sorbitol dehydrogenase transforms sorbitol into fructose in the second step. adding a
hydrogen atom to NAD+, with the result being NADH. 7] Reversing this response is feasible. The sorbitol pathway not
only helps in glucose metabolism but also influences, NADPH and SNAD+ are used to maintain the redox balance, which
are critical for cellular homeostasis (Figure 1). However, oxidative damage and osmotic imbalance brought on by excessive
activation of this system under hyperglycemic settings lead to diabetic complications.
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Figure 2. The Polyol Pathway

Hyperglycemia has been connected in numerous studies to the genesis of microvascular sequelae of diabetes, such as
retinopathy, nephropathy, neuropathy, and cognitive disorders.[

Aldose reductase inhibitors:

A Possible Target for Diabetic Management Complications The polyol pathway (Figure 2) is closely linked to the
pathophysiology of diabetics because sorbitol builds up intracellularly as a result of elevated aldose reductase (AR) activity.
Due to its high hydrophilia and limited diffusion across cell membranes, sorbitol builds up and causes osmotic stress, which
can lead to diseases such diabetic retinopathy, neuropathy, and nephropathy.% Aldose reductase inhibitor (ARIs) offer a
promising therapeutic approach by blocking AR activity , thereby: Reducing sorbitol accumulation, alleviating osmotic
stress. Preventing oxidative damage caused by excessive polyol pathway activation. Mitigating diabetic complications by
preserving cellular redox balance.

Physiological Significance
The majority of diabetic tissues contain the cytosolic enzyme AR, which has a broad substrate specificity. Many diabetic
tissues include AR, an enzyme with broad substrate selectivity that is cytosolic. Its main job is to catalyze the conversion
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of glucose to sorbitol. 104

Physiological Roles of Aldose reductase: Osmoregulation in the Kidneys
Sorbitol, a biological osmolyte, helps balance extracellular sodium chloride andfluctuatesin response to urine osmolality,
suggesting AR's osmoregulatory role in renal homeostasis.

Energy Source for Sperm Cells: The polyol route in seminal vesicles transforms glucose into fructose, which powers
sperm movement.

Neurotransmitter and Hormone Metabolism: AR, along with aldehyde reductase, facilitates the reduction of aldehydes
producedduring serotonin and catecholamine metabolism. It also aids in the breakdown of is corticosteroids, intermediates
in corticosteroid hormone catabolism.

Lipid Peroxidation and Glycation: AR possesses reductase activity for isocaproaldehyde, a byproduct of the metabolism
of cholesterol, and 17a-hydroxyprogesterone. It aids in cellular detoxification by lowering acrolein, a carcinogenic
consequence of lipid peroxidation, and 3-deoxyglucosone, a non-enzymatic glycation intermediate.

Potential Role in Detoxification: AR may serve in a variety of tissues as an extra-hepatic detoxifying enzyme. Studies on
AR knockout models suggest that AR inhibition prevents the reduction of toxic aldehydes, potentially mitigating oxidative
stress-related damage. These diverse functions highlight AR’s critical role in cellular metabolism, while its involvement in
diabetes related complications makes it a significant therapeutic target for intervention.

Active Sites of Aldose Reductase

The "specificity pocket" is a more flexible hydrophobic portion of the live AR website, in contrast, the " binding pocket of
anion" is a more durable area. The active site residue Tyr48 contributes protons to a hydrogen bonding network, whereas
His110 regulates substrate orientation. Aldose reductase's (AR) B/a barrel structure contains the enzyme's active site.
Several key amino acid residues contribute to its catalytic function- 1) Tyr48: Serves as a donor of protons in a network of
hydrogen bonds. 2) His110: Assists in positioning substrates inside the pocket of the active site. 3) Cys298: Controls
inhibitor sensitivity and catalytic activity. 4) Lys79: Helps bind nucleotides. 5) There are two separate areas on the active
site: @) An inflexible pocket for binding anion. b) A hydrophobic specificity pocket that is flexible.

NADPH cofactor
The conformation of the region between Gly-213 and Ser-226 changes depending on whether NADPH is present. The area
is in a closed conformation when NADPH is present, and it is in an open conformation when it is not.

Role of AR Inhibition in Diabetes Management

Prolonged hyperglycemia in diabetes leads to both reversible and irreversible damage, affecting: Peripheral nerves and
blood vessels, which can lead to problems such as cataracts, retinopathy, neuropathy, nephropathy, and vasculopathy.
Elevated chances of blindness, amputations, heart attacks, strokes, kidney failure, and atherosclerosis. Since the polyol
pathway, which breaks down excess glucose in hyperglycemic circumstances, depends on the enzyme aldose reductase
(AR), inhibiting AR is still a promising technique to prevent diabetes complications.

Several natural compounds have been identified as AR inhibitors, including, Phytochemicals: Quercetin, kaempferol,
ellagic acid. Other natural sources Vegetables and Fruits Indian gooseberry, orange, lemon, and spinach. Curry leaves,
cumin seeds, fennel seeds, curry leaves, cinnamon are examples of herbs and spices. Other: Litchen and other Furthermore,
synthesized forms of luteolin, a flavonoid mostly present in leaves.[*2-43

Synthetic Inhibitors of Aldose Reductase

Thiadiazine Derivatives: These derivatives have bulky hydrophobic groups at the C7 position.

Spirobenzopyran Derivatives: The potency and affinity of these compounds against the target enzyme, ARL2, have been
produced and assessed.

Quinoxalinones: These compounds have been designed and synthesized to be potent and multifunctional. Additionally,
Luteolin, a flavonoid predominantly found in leaves, and its synthetic derivatives have demonstrated potential as AR
inhibitors.Other notable ARIs include Alrestatin, Benurestat, Epalrestat, Fidarestat, Imirestat, Lidorestat, Minalrestat,
Ponalrestat, Ranirestat, and Risarestat.
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Figure 3. Pharmacological Spectrum of Thiazolidinedione

Molecular Properties of Thiazolidinediones

Antidiabetic compounds featuring a TZD scaffold have been synthesized and characterized. Global reactivity analysis and
frontier molecular orbitals (FMOs) indicate that intramolecular charge transfer between the benzodioxole and thiazolidine-
2,4-dione moieties takes place in two ways. Strong electrophilicity is highlighted by molecular electrostatic potential (MEP)
mapping, which could improve binding to receptor protein's polar active sites. Molecular docking tests revealed high
binding affinities against Peroxisome proliferator-activated receptor gamma (PPAR-y) and a-amylase, suggesting that these
kinases may have a regulatory role. Future prospective aldose reductase inhibitors are likely to focus on developing highly
selective, potent compounds with improved pharmacokinetic profiles, potentially targeting (Figure. 3) not only diabetic
complications like neuropathy but also other conditions related to oxidative stress, with a focus on natural product-derived
molecules and utilizing advanced drug design strategies like computational modeling and molecular docking to identify
novel scaffolds with better efficacy and safety profiles.[+4

Key Aspects of Future Aldose Reductase Inhibitors

1) Enhanced selectivity: Overcoming the current limitation of non-selective inhibition by designing molecules that
specifically target aldose reductase without affecting other related enzymes, leading to potentially reduced side effects. 2)
Multifunctional activity: Incorporating antioxidant or anti-inflammatory properties alongside aldose reductase inhibition
to address the complex pathology of diabetic complications. 3) Natural product-based leads: Further exploration of plant
extracts and compounds with known aldose reductase inhibitory activity, potentially leading to novel drug candidates with
favorable safety profiles. 4) Computational Drug Design: Utilizing advanced molecular docking and simulation
techniques to identify novel chemical scaffolds with high binding affinity to the aldose reductase enzyme. 5) Potential
therapeutic applications beyond diabetes: The kidney, the eye and the tissues that comprise the myelin sheath-all of
which are commonly linked to problems from diabetes-also contain the enzyme.[*®1 The polyol pathway may be responsible
for as much as 33% of the total glucose consumption in certain tissues. Aldose reductase has long been thought to be the
cause of diabetes problems involving multiple organs, and diabetics frequently have increased glucose concentrations.
Even while some aldose reductase inhibitors, like Epalrestat, are commercially accessible in a number of countries, almost
all of the therapeutic candidates that have been researched have failed. Alrestatin, Epalrestat, Exisulind, Imirestat,
Zopolrestat, Tolrestat, Zenarestat, Caficrestat, Fidarestat, Govorestat, Ranirestat, Ponalrestat, Risarestat, and Sorbinil are
further reductase inhibitors.[*” This included their synthetic routes, stereochemistry, suggested mechanism of action, mode
of binding interactions, and SAR and QSAR studies.* Thiazolidinedione is a common heterocyclic pharmacophore with
a wide range of pharmacological properties and a great deal of structural modification potential

Conversely, peripheral insulin resistance causes decreased insulin sensitivity to skeletal muscle, liver, and adipose tissues,
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which leads to Type Il diabetes, which is seen in most patients. ¥ In vitro a-glucosidase inhibitory effects of
thiazolidinedione derivatives were investigated.,Additionally, docking studies were conducted to examine the binding
mode and important interactions with a-glucosidase's amino acid residues.® The main aim is to reduce insulin resistance
151 which will manage/treat type 2 diabetes. [52-56]

3. CONCLUSION

The use of safe and efficient aldose reductase inhibitors (ARIs) in the future may be essential in reducing the severity of
inflammatory and multi-disease disorders including cancer and cardiovascular diseases, hence tackling important global
health issues. These issues fall into two categories: Macrovascular and microvascular. More potent ARIs have been created
as a result of improvements in our understanding of the structure of the enzyme. The characterization of a recently
synthesized thiazolidinedione molecule showed that the benzodioxole and thiazolidine-2,4-dione regions undergo
intramolecular charge transfer. Strong electrophilicity was revealed by molecular electrostatic potential (MEP) studies,
which improved interactions with the polar active site of the receptor. PPAR-y and a-amylase kinases could be efficiently
regulated by these drugs, according to molecular docking simulations. When compared to acarbose and other inhibitors,
compounds 5, 6, and 11 showed the highest efficacy in in vitro a-amylase inhibition experiments. Some aldose reductase
inhibitors, including Epalrestat, are currently marketed in China, India, and Japan for the treatment of diabetes, while
others, such Sorbinil and Ranirestat, have progressed to late-stage clinical studies. Recent pharmaceutical advancements
have introduced water-soluble salts of ARIs, such as Zopolrestat, for improved treatment efficacy. ARIs have also shown
promise as safe anti-inflammatory agents. The dearth of efficient therapeutics for problems associated with diabetes
highlights the need for novel approaches to drug creation and improvements to current treatments. Aldose reductase
(ALR?2) is still a major therapeutic target for upcoming medication development because of the intricate pathophysiology
of diabetes problems.
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