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ABSTRACT

Type-2 diabetes mellitus (T2DM) is the metabolic disorder that has the highest mortality
rate and has a significant influence on contemporary society. T2DM prevalence was
estimated at 537 million in 2021, and it is anticipated that this figure will increase to 643
million by 2030 and 783 million by 2045. Diabetes cannot be cured, and effectively treated
with either insulin therapy or oral medications. Recently, Sodium-Glucose Cotransporter
(SGLT) has been explored as a possible therapeutic target for diabetes. There are numerous
SGLT isoforms, and SGLT2 principally accounts for 90% of the reabsorption of glucose in
the kidney's proximal tube, whereas SGLT1 reabsorbs the remaining 10%. Due to their
insulin-independent activities, which they trigger at various points during the development
of T2DM, SGLT2 inhibitors are renowned for being potent.

i R

The majority of SGLT2 inhibitors explored in the literature are glycosidal, in nature which
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are difficult to synthesize due to their bulky nature. The non-glucoside 1,3,4-thiadiazole
pharmacophore is designed that have greater selectively for hSGLT2 over hSGLT1 by
modifying their substitution at different positions to obtain a more efficacious anti-diabetic
drug than the standard drug dapagliflozin. We have designed novel 1, 3, 4 thiadiazole
compounds by introducing the electron donating groups such as methyl and methoxy at the
para position of phenyl ring A designated as R1. Moreover, we have also substituted ortho,
meta and para positions of the second phenyl ring B designated as R with various electron
donating groups and electron withdrawing groups. On the basis of above facts we have
designed 102 compounds of Schiff base based 1, 3, 4 thiadiazole scaffold and performed
docking studies with SGLT2 Protein (PDB ID: 3DH4) to calculate binding affinity scores
using AutoDock vina 1.5.6. Among these, the 12 best Schiff base-derived 1,3,4-thiadiazole
molecules that demonstrated the most favorable binding scores, ranging from -10.7 to -9.7
Kcal/mol were chosen and synthesized that were coded as SSS 34, SSS 100, SSS 16, SSS



40, SSS 35, SSS 95, SSS 98, SSS 41, SSS 36, SSS 102, SSS 18 and SSS 96. These selected
compounds were synthesized with good % vyield and validated through LCMS, *H NMR,
and 3C NMR analyses. In-silico toxicity profile of the synthesized compounds, reveals that
they exhibit non-carcinogenic properties in rats and non-mutagenic characteristics. The
results of in-silico ADME reveals that all the synthesized molecules are non-penetrating in
the brain and have a low probability of GI absorption. Predicted lipophilicity (iLogP) of
synthesized compounds were found to be 2.08-3.68. All the synthesized molecules
predicted to have good oral bioavailability with a score of 0.55 and comply with
druglikeness. Based on the MTT assay results, SSS 35, SSSN 40, SSS 95, and SSS 100
exhibited higher I1Cso values i.e. 102.69, 89.77, 101.07 and 98.82, indicating low
cytotoxicity for the synthesized compounds. Subsequently, these four compounds
underwent further testing for their SGLT-2 inhibiting activity. The analysis of Human
Sodium/glucose cotransporter 2 (SLC5A2) ELISA kit assay results revealed that compound
SSS 95 and SSS 100 were more potent compounds compared with dapagliflozin values at
low and high dose as standard control. SSS 95 exhibited high SGLT-2 inhibition activity at
low dose (54.76+1.68) and high dose (78.57+2.8), while SSS 100 exhibited significant
SGLT2 inhibition at low dose (56.34+£3.92) and high dose (74.60+1.12). Therefore for
further in vivo evaluation of synthesized test compounds, we used SSS 95 and SSS 100. In
vivo results reveals that SSS 100 significantly improved excretion of urinary glucose
(854+46.51mg/body weight) as compared to positive control (775+32.68 mg/body weight)
at the same dosage and duration. Treatment with SSS 95 and SSS 100 seemed to
significantly reduce the urinary excretion of Na*, K*, and CI electrolytes, similar to the
positive control. These findings imply that the correction of electrolyte imbalance by the
test compounds in diabetic rats may not be solely attributed to a reduction in urinary
electrolyte excretion. It is noteworthy that no instances of diarrhea were noted in the SD
rats treated with SSS 95 and SSS 100 as compared to positive control, attributed to lack of
selectivity for hSGLT1. However, SSS 95 and SSS 100 test compounds treated groups
significantly decreased blood glucose levels relative to positive control indicates the anti-
hyperglycemic effect of synthesized test compounds. These synthesized compounds has



shown positive results in histopathogical analysis. The entire study suggests that
synthesized compounds SSS 95 and SSS 100 having good potential as SGLT2 inhibitors
for the treatment of type-11 diabetes.
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INTRODUCTION

1. Introduction

The fact that type Il diabetes is so prevalent and deadly has made it an issue of growing
concern. The mortality rate climbed to roughly 6.7 million fatalities on a global scale in
2021 as a direct result of diabetes and the complications that are directly associated with
it.'2 Type 1l diabetes mellitus impacted 537 million people globally in 2021 and will
reach 784 million by 2045 if the trend continues.® Type Il diabetes is defined as
persistently elevated glycemia, resistance of insulin, and abnormal functioning of B cell
cause microvascular consequences such retinopathy, nephropathy, and neuropathy.*
The World Health Organization (WHO) estimated that 9.3% of individuals between the
ages of 20 and 79 years affected diabetes in 2021. Furthermore, approximately one half
of incidences of type Il diabetes, or 50.5%, were undiagnosed.® The incidence of type
Il diabetes in high income nations ranges from 87-91% of all diabetic individuals. It is
estimated that 87.5% of individuals, mainly those residing in developing and middle-
income nations, have type Il diabetes.®® It was predicted that 10.2% of women and
10.8% of men in the age range of 20-79 years have diabetes, with women having a
slightly lower prevalence than men. The global health care costs attributable to diabetes
are projected to reach USD 966 billion in 2021, representing a 316% rise over the
previous 15 years.% 1 Obesity is a momentous factor in developing type 1l diabetes as
accumulation of fatty tissues, which render cells unaffected by insulin in obese patients.
Type 11 diabetes is on the rise, and while obesity is a major risk factor, it can still strike
lean people. Abdominal fat storage increases the likelihood of developing type Il
diabetes more so than fat storage in the thighs and hips. Rise in blood sugar levels are a
hallmark of progressing prediabetes to type Il diabetes. Urban lifestyle factors like poor
dietary habits and absence of physical activity lead to the advancement of type Il
diabetes mellitus (T2DM). Lifestyle choices like nutritional & physical activity
therapies are routinely recommended to patients diagnosed with type Il diabetes,
however the vast majority of patients require medications in order to meet their
glycemic targets. AACE recommends glycated haemoglobin (HbAlc) readings

between 7.0% and 6.5%.* Achieving good glycemic control is the primary challenge
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for preventing or halting the advancement of diabetes-related complications. Type Il
diabetes lead to risk of development of cardiovascular disorders and mortality. The
different etiologic causes ultimately underlie the destructive cycle of diabetic vascular
disease that are divided into two categories as conventional factors i.e. obesity, high
blood pressure, abnormal cholesterol levels, and non-conventional factors such as

insulin resistance, genetics, inflammation and many others.

Table 1 displays the severe adverse effects i.e. hypoglycemia, pancreatitis, lactic
acidosis, myocardial infarction, respiratory problems etc. of commonly used oral anti-
diabetic medications such as thiazolidinediones, sulphonylureas, meglitinides,
biguanides, and alpha-glucoside inhibitors and their structures depicted in Figure 1.
The demand for a creative approach to mitigate the impact of insulin secretion is
growing rapidly. A multitude of medicinal and targeted strategies are available for
managing and maintaining diabetes.'? Despite the fact that hyperglycemia may be
harmful to the body as a whole, resulting in diabetes problems, the body perceives
glucose as a crucial source of energy. Thus, its functioning requires several complex
transport systems and metabolic processes. Renal gluconeogenesis, insulin usage in the
blood, and glomerular filtrate glucose reabsorption are all demonstrated to play crucial
roles in maintaining glucose homeostasis.'®* Impeding reabsorption of glucose in the
kidney by Sodium Glucose Co-transporters is one of the emerging approaches for

lowering blood sugar levels.

Table 1. Anti-diabetic drugs and their side effects.

Name of the | Examples Mechanism of | Advantages Side

target action effects

Sulphonyl 1% Generation: | Binds to sulphonyl- | A1C reduction of | Hypogly

ureas Carbutamide | ureas receptors in 1-2% cemia
Chlorpropamide | pancreatic beta cells and
Tolbutamide | leads to ATP- weight
2"d generation: | sensitive K* channel gain.14
Glipizide inhibition causes

3rd Generation: | stimulation of
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Glimepiride release of insulin by
Ca*? influx
Biguanides Metformin Suppresses  hepatic | Reduction in A1C | Lactic
gluconeogenesis levels (~ 1.5%) acidosis
&hypogl
ycemia.t®
-18
Amylin Pramlintide Causes a decrease in | Reduction in A1C | Nausea
Agonists both postprandial | levels (~ 0.5%) and
glucose and glucagon hypoglyc
emia.t®
Bile acid | Colesevelam Lowers LDL | Reduction in A1C | Gastroint
sequestrant cholesterol levelsand | levels  (~0.5%) | estinal
decreases load | and causes a | (Gl) side
glucose levels reduction in LDL | effects,
cholesterol of | cause a
13%. slight
increase
in
triglyceri
de.lg
- Miglitol Decreases the rate of | Reduction of A1C | Gastroint
glucosidase Voglibose absorption of levels is 0.5- | estinal
inhibitors Acarbose carbohydrates by 1.0%. side
inhibiting a- effects.?C

glucosidase enzymes
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Thiazolidine Pioglitazone | Activates PPAR-vy, | Lower Fluid
diones Rosiglitazone | which causes a hypoglycemia persisten
(TZDs) Rivoglitazone | decrease in the incidence of and a | ce,
generation of hepatic | longer-lasting Higher
glucose. effect than | risk  of
biguanides or | myocardi
sulphonyl al
ureas.A1C infarction
decrease of 0.5- |, or heart
1% obstructi
on. 2
Meglinitides Mitiglinide Binds to A1C reduction is | Headach
(Glinides) Nateglinide sulphonylureas 1-1.5%.  Quick | e,
Repaglinide receptors in onset and a| dizziness
pancreatic beta cells | shorter span of | respirator
leads to ATP- activity. y
sensitive K+ channel problems
inhibition causes and
stimulation of Hypogly
release of insulin by cemia.??
Ca*? influx
Incretin Liraglutide Incretins are the | A1C reduction is | Pancreati
Mimetics secretagogues of | 0.5-1% and | tis,
insulin.  Glucagon- | causes weight | allergic
like peptide-1 | reduction. reactions
binding to the GLP and
receptor of the gastroint
membrane. estinal
(GI) side
effects.?3
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Dipeptidyl Alogliptin They increment the | Drop of ~0.8% in | GIT
peptidase-4 | Gemigliptin incretin levels which | A1C  reduction | disturban
(DPP-4) repress glucagon | and devoid of | ces, CHF
Inhibitors discharge. hypoglycaemia and
risk. hypersen
sitivity.?*
Dopamine Bromocriptine | Boost brain | Reduction in A1C | Dizziness
agonist dopamine production | levels (~ 0.7%) ,
and contribute to the drowsines
suppression of S and
sympathetic tone. lighthead
edness.?®
SGLT2 Canagliflozin Represses AlC rate | Urinary
Inhibitors reabsorption of | reduction  (0.5- | or genital
glucose in PCT and | 0.7%) infection
upgrades the s.%6

discharge of glucose

within the urine.
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Figure 1: Structures of Antidiabetic drugs.
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1.1 Role of Glucose Transporters in the kidney

The kidney reabsorbs significant amounts of glucose, playing a crucial role in
maintaining the body's overall metabolic balance. In healthy humans, approximately
180 g of glucose are filtered daily through the renal glomerulus, with over 99% being
reabsorbed along the tubular system. Glucose transport across cell membranes is carried
out by two gene families: the facilitative glucose transporters (GLUTS) and the sodium-
dependent glucose transporters (SGLTs), which use an active transport process. This
latter process enables glucose to accumulate in cells against its concentration gradient.
The SGLTs comprise a vast array of membrane proteins engaged in transporting
glucose, amino acids, vitamins, osmolytes, and select ions. Two crucial sodium-coupled
glucose transporters, namely SGLT1 and SGLT2, hold significance in the apical

membrane of proximal tubular cells within the kidney.
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1.2 The function of SGLT1 AND SGLT2 in type-I1 diabetes

Humans have six Sodium-Glucose Cotransporter isoforms. Among these, SGLT1 &
SGLT2 transport glucose and Na* via cell membranes of intestine and kidney. Glifozins,
known as cotransporters of sodium and glucose, represent a class of drugs that lower
glucose levels by impeding its reabsorption through the kidneys and enhancing the
excretion of glucose in urine. The SLC5A1 and SLC5A2 genes encode SGLT1 and
SGLT2, respectively and cloned from the apical membrane of the PCT in the rat
kidneys.?” Despite sharing an identical amino acid sequence, SGLT1 and SGLT2 are
not identical. In 1988, the protein SGLT2 was identified through homology screening.
Kidney’s proximal tubule has a film protein called SGLT2, which plays a vital role in
the reabsorption of glucose.?® SGLT2, a cotransporter with high capacity but low
affinity, is responsible for absorbing 90% of glucose in the early proximal convoluted
tubule (PCT) during stage one (S1).2% % Cloning and expression studies led to the
identification of SGLT1 in 1987. SGLTL is localised to the PCT of kidney, enterocytes
of the small intestine and heart.3* The SGLT1 protein is a co-transporter that has a high
affinity but a low capacity for the Na* and K™ ions, which originate in the corresponding
distal tubule that reabsorbs only 10%.%?

1.3 SODIUM GLUCOSE COTRANSPORTER-2 (SGLT2) inhibitors

The SGLT2 inhibitors prevent the SGLT2 protein from functioning, increasing renal
glucose excretion which in turn lowers hyperglycemia by preventing glucose from
being reabsorbed in the PCT. The blockade of SGLT2 should result in a close
correspondence between the amount of glucose filtered out and the amount excreted in
urine. All SGLT2 inhibitors induce dose-dependent glucosuria and decrease glucose
reabsorption by only 30-50% in healthy individuals.®® In the glomeruli, it probably
accounts somewhere around 50-90 g of the 180 g of daily filtered glucose. This
discrepancy is intended to be explained by a variety of concepts. As SGLT2 proteins
are thought to be continuously secreted into the PCT, it is possible that high dosages of
SGLT2 inhibitors, which would completely saturate the transport mechanism, may
restrict the quantity of SGLT2 proteins in the renal tubule. Unbound SGLT2 inhibitors
could also be removed by the glomerulus.®* Furthermore, the effectiveness of the
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inhibitors in suppressing the production of SGLT2 proteins may depend on the site of
secretion within the tubule. The SGLT2 inhibitors released at the PCT is responsible for
the sustained response in urine glucose excretion seen with SGLT2 proteins. SGLT2
inhibitors may promote weight loss by increasing urine glucose excretion and calorie
output.® Several SGLT2 inhibitors, which are medications used to lower glucose levels
in type Il diabetes patients, have been approved as a result of recent research.®
However, SGLT1 inhibition may have unfavourable gastrointestinal side effects.
Selective inhibition of the SGLT2 proteins, resulted in an enhanced glucose amount that
was urinary excreted and had a glucose-lowering action.®” Because SGLT2 inhibitors
have a novel impact that is independent of insulin, they can be utilised at any stage of
type |l diabetes. SGLT2 inhibitors have become an intriguing molecular approach for

diabetes medications to compensate for current therapies and avoid adverse effects.®

1.3.1 Mode of action of SGLT?2 inhibitors

SGLTs actively transport Na*down a gradient and glucose against its concentration
gradient using energy from a sodium/potassium ATP pump.3® SGLT2 inhibitors impair
SGLT2 in the PCT to halt glucose reabsorption and enhance renal excretion in urine,
which lowers plasma glucose levels as illustrated in (Figure 2).4% SGLT2 acts in a
manner that functions independently on insulin secretion results in low risk of
hypoglycemia in contrast to conventional anti-diabetic agents. Thus, by blocking renal
reabsorption of glucose and boosting urine glucose excretion, SGLT2 offers a new
molecular strategy to reducing glucose plasma concentrations and complementing the

actions of conventional type Il diabetes medicines.

SGLT2 inhibitors reduce sodium and glucose reabsorption in the proximal tubule,
diminishing the osmotic gradient and inducing osmotic diuresis. SGLT2 inhibitors
primarily induce osmotic diuresis via glycosuria or natriuresis. The unique diuretic
mechanism of SGLT2 inhibitors, distinguishing them from classical diuretics, has
garnered attention. In early treatment, they bring benefits through hemodynamic
changes, natriuresis, resulting in reduced weight, lower blood pressure, and increased
hematocrit. However, these changes in weight, blood pressure, and hematocrit outlast

the diuretic effect, suggesting that the influence of SGLT2 inhibitors on these
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physiological parameters arises from their non-diuretic effects. Furthermore, SGLT2
inhibitors have minimal effects on prescribed diuretic doses, indicating that their
induced diuresis does not predominantly drive physiological changes and clinical
benefits in Heart Failure with Reduced Ejection Fraction (HFrEF).4%® Hence, upcoming
studies should prioritize investigating the effects of SGLT2 inhibitors beyond diuresis
and plasma volume reduction. The benefits of SGLT2 inhibitors exceed its risks (Figure
3). When used orally, anti-diabetic drugs always have undesirable side effects and can
be dangerous. There are more significant advantages to SGLT2 inhibitors than

drawbacks
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Figure 2: Mechanisms of Renal Glucose Reabsorption via SGLT2 and Its Inhibition

1.4 The Benefits of SGLT2 Inhibitors for Diabetes Management

1.4.1 Glucose-lowering effects

SGLT2 inhibitors diminish HbAlc from 0.4% to 1.1%, depending on the starting
HbA1c, drug and dosage utilised, and other factors.*! Canagliflozin may have a slightly
greater impact on HbAlc reduction compared to other SGLT2 inhibitors, particularly
at higher doses, as it is thought to also inhibit SGLT1 in the gut. In head-to-head

10
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comparisons, there is some indication that SGLT2 inhibitors might exhibit greater
effectiveness than DPP-4 inhibitors but at small degree.*? HbAlc is reduced more
noticeably by sulfonylureas initially, but their effectiveness gradually diminishes over
time, giving SGLT2 inhibitors a modest HbAlc edge after 2 years. The incidence of
hypoglycemia among patients taking SGLT2 inhibitors is relatively modest.

1.4.2 Cardiovascular and Renal benefits

In individuals with T2DM, SGLT2 inhibitors reduce the occurrence of kidney and heart
failure and maintain kidney function, as indicated in multiple clinical trial outcomes.*®
According to cardiovascular outcome trials (CVOTSs), empagliflozin, canagliflozin, and
dapagliflozin known as SGLT2 inhibitors have demonstrated a reduction in major
adverse cardiovascular events (MACE).* The EMPA-REG OUTCOME study, which
included 7020 patients with T2DM and diagnosed cardiovascular disease (CVD).
Patients who received a dosage of 10 mg/25 mg of empagliflozin versus placebo had a
lower risk of CVD compared to those who received a placebo. Stroke and myocardial
infarction rates did not differ significantly. When compared to placebo, empagliflozin
was associated with improved renal outcomes such as worsening nephropathy, serum

creatinine doubling and reduced the rate of the main composite renal outcome by 39%.%°

Canagliflozin lowered the primary composite endpoint (MACE) by 14%. When
compared to the placebo group, canagliflozin significantly reduced fatality from renal

causes by 34%.46

In the DECLARE-TIMI 58 trial, a higher proportion of patients on primary prevention
were enrolled, with 59.4% of the 17,160 participants having no documented CVD. In
terms of MACE reduction, dapagliflozin failed to show a substantial effect. In
comparison to the placebo group, treatment with dapagliflozin was found to be
associated with a significantly reduced rate of renal composite outcome, according to
the results of a clinical trial with > 40% reduction in eGFR, and fatality from renal
causes.*’

1.4.3 Weight loss

SGLT2 inhibitor-induced glucosuria causes weight reduction that tends to be persistent.
The amount of weight loss experienced is somewhat varied based on the substance that

is being used and the dose that is being administered. A comparison of individuals with

11
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those who were a given canagliflozin, empagliflozin, or dapagliflozin daily at a doses

i.e. 300 mg, 25 mg, and 10 mg give rise to in a substantial weight loss in clinical trials.*®

1.4.4 Lowering in Blood Pressure

By enhancing osmotic diuresis and decreasing intravascular volume, SGLT2 inhibitors
reduce blood pressure. Moderately impaired renal function patients also show a
reduction in BP despite a small decline in HbAlc, suggesting that this impact is
independent of HbA1c reduction. Systolic BP reduces by 3.4 to 5.4 mm Hg & diastolic
blood pressure is reduced by 1.5 to 2.2 mm Hg after using an SGLT2 inhibitor. The
greatest decrease in systolic blood pressure with SGLT2 inhibitor medication is seen in

type 11 diabetics with uncontrolled blood pressure at baseline.*®
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Figure 3: Benefits/Risks of SGLT2 inhibitors.

1.5 Adverse effects of SGLT2 inhibitors

1.5.1 Genital and Urinary Tract Infections

The prevalent adverse consequences associated with SGLT2 inhibitors are urinary and
genital tract infections. SGLT2 inhibitor-induced glucosuria raises the incidence of
genital and, to a lower extent, urinary tract infections (UTI).° The data that were
available did not provide any clear evidence of a definitive dosage association between

12
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the occurrence of these infections and the doses of SGLT2 inhibitors or the amount of
UGE that was administered. The UTI level in dapagliflozin subjects has slightly
increased in clinical studies. In most cases, it is notable that the dosage of dapagliflozin
was not dependent on UT] or infections of the genital system and the same results were
found in canagliflozin trials. Overall, women were twice as likely to get UTIs and genital
infections as men. The type of SGLT2 inhibitor used may not entirely account for any
observed heterogeneity in study results; rather, it is likely that the characteristics of the
study population or the study's methodology are responsible for variation. In general,
adverse effects are mild to moderate in intensity, but with a quick procedure, all cases
of UTI and genital tract infections have been solved and do not need drug withdrawal.
Pyelonephritis and urosepsis are relatively uncommon complications of SGLT2
inhibitors that can occur in the upper urinary tract. The odd ratio (OR) for incidence of
genital fungal infections was increased fivefold i.e. 5.06 (95% CI 3.44, 7.45) and the
incidence of UTIs was increased two fold i.e.1.42 (95% C1 1.06, 1.90) in a clinical trials
that compared SGLT?2 inhibitors with either placebo or other anti-diabetic medications.
Genital fungal infections are treatable with antifungal agents that can be administered
either orally or topically. UTIs that are not complex typically respond well to standard
treatment.

1.5.2 Diabetic ketoacidosis (DKA)

This class of medication could significantly raise the risk of ketoacidosis with diabetes.>!
It has been occasionally correlated with serum glucose levels lower than 13.9 mmol/I.
A recent study assessed a group of diabetic persons who had recently begun therapy
with SGLT2 inhibitor versus a dipeptidyl peptitase-4 inhibitor. The study made use of a
big database that had information on people living in the United States who had
commercial health insurance. The empagliflozin and placebo groups had comparable
DKA rates in the EMPA-REG OUTCOME study (4/4687 (0.09%) versus 1/2333
(0.04%), respectively) (8). In the CANVAS Program, canagliflozin caused 0.6 DKA
episodes per 1000 patient-years, while placebo caused 0.3 (HR 2.33 (95% CI 0.76,
7.17)). If a diabetic patient has DKA while using an SGLT2 inhibitor, the drug shouldn't
be continued, at least on the spot. This is due to the multiple instances of individuals

experiencing DKA relapses when taking an SGLT2 inhibitor continuously.
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1.5.3 Amputation

Canagliflozin increased the incidence of lower-extremity amputation in the CANVAS
Study in comparison to placebo, the majority of those who experienced amputation
severed at the toe or metatarsal level (71%). This agent enhances amputation risk for
unknown reasons. Canagliflozin-induced amputations require further study.®® The
incidence of amputation was comparable in empagliflozin versus placebo group when
the period to first incident was analysed. Statistically significant results were observed
in all subgroups that were differentiated by well-known adverse outcomes for
amputation. The incidence of lower-limb amputation was comparable following

dapagliflozin (0.1%) and control (0.2%) therapy in randomised controlled studies.
1.5.4 Cancer Risk

Bladder cancers were prevalent in dapagliflozin-treated patients in comparison to
placebo-treated patients during clinical trials. There was no discernible difference in
bladder malignant development. Dapagliflozin is not recommended for patients who
have a family history of bladder cancer. Cancer occurrences had reported in patients
SGLT2 inhibitor-treated patients during randomised controlled trials. SGLT2 inhibitors
were not markedly linked to a higher incidence of overall cancer with odd ratio 1.14 in
comparison to placebo or other anti-diabetic agents.>® Moreover, the EMPA-REG
OUTCOME researchers noted that the authors omitted several bladder cancer

occurrences from this massive and long-running empagliflozin trial.

1.5.5 Skeletal fractures

There is evidence that canagliflozin raises the incidence of bone fractures. There were
more fractures among people using canagliflozin in the CANVAS study than those
taking a placebo with a hazard ratio (HR) of 1.26. Canagliflozin's increased risk of
fracture was evident within weeks of starting treatment and persisted at a steady rate
thereafter.>* Participants in the EMPA-REG OUTCOME study who received either
empagliflozin or a placebo had a comparable incidence of fractures, with 3.8% of
patients in the empagliflozin group experiencing fractures and 3.9% in the placebo

group. No evidence was found to indicate SGLT2 inhibitors having a negative impact
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on bone density in a clinical studies assessing the cumulative safety behaviour of
SGLT2 inhibitors. The incidence of fracture events in the group treated with SGLT2
inhibitors was 1.59%, while in the placebo group it was 1.56%. Additionally, there was
no discernible difference in the incidence of fracture occurrences amongst the above 3
SGLT2 inhibitors.

1.5.6 Volume Depletion

By stimulating osmotic diuresis, SGLT2 inhibitors reduce blood pressure. This effect is
helpful for hypertension people but can cause light-headedness, hypotension, & loss of
extracellular fluid volume, especially in the elderly and people with renal dysfunction.
In clinical studies, there were few occurrences of side effects related to volume
depletion in both the empagliflozin and placebo groups, with a slightly higher incidence
in the empagliflozin group (5.1%) compared to the placebo group (4.9%). In CANVAS,
canagliflozin caused volume depletion more often than placebo (26 versus 18.5
occurrences per 1000 person-years).>®

1.5.7 Acute kidney injury (AKI)

Canagliflozin and dapagliflozin's elevated incidence of acute kidney injury (AKI) was
warned by the USFDA after reports of a probable link between SGLT2 inhibitors and
acute renal failure. The majority of documented instances happened within a month of
initiating therapy and became better after it was stopped, while some people needed to
be hospitalised and get dialysis. Among two groups of patients, those who used SGLT2
inhibitors did not have a higher incidence of acute kidney injury than those who did not.
Empagliflozin and canagliflozin have been shown to slow the development of
nephropathy and protect the kidneys, even if they cause a temporary drop in eGFR at
first.4

Dehydration is included among the extra side effects of SGLT2. Mental disorder and
arterial hypotension with syncopal risk are the most important conseguences.
Dapagliflozin and canagliflozin clinical trials were reported to reduce body weight.
Empagliflozin causes unusual headaches. Ipragliflozin has been associated with
polyuria, polydipsia, and constipation.

15
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2.1 HISTORICAL BACKGROUND

In 1836, phlorizin was isolated from apple tree bark. It comprised a moiety of glucose
and two fragrant rings together with an alkyl spacer (Figure 3A).%° Because of the bitter
taste of phlorizin, antipyretic properties are expected and used for fever and malaria. In
1887, phlorizin was found to be a glycoside from apple bark. Aerobic metabolism is
impaired by high concentrations of phlorizin (10™4-10~3 M) and actuates mitochondrial
expansion. Ingestion of phlorizin at a dosage greater than 1g caused glycosuria and
polyuria.®’

Phlorizin is a non-specific dual SGLT1/SGLT2 phenolic O-glycosidic inhibitor that
limits its utility. It is orally inactive due to B-glucosidase hydrolysis in the intestine.
Hence, pharmaceutical research was carried out on phlorizin derivatives with SGLT2
selectivity, improved efficacy, and bio-availability. O-glucosides and C-glucosides
evaluated and observed to have better behaviour in this regard. The progression of
SGLT2 inhibitors, from the initial identification of phlorizin to the approval of selective
SGLT2 inhibitors by the US FDA, has been extensively studied and undergone various
phases of clinical trials as illustrated in Figure 4.

2.2 SGLT2 inhibitors discontinued from clinical trials

C-glucosides such as YM-543 and O-glucoside candidates, such as WAY-123783, T-
1095, and sergliflozin, have been evaluated for use in preclinical trials, but have been
abandoned in early clinical development.

2.2.1 WAY-123783

WAY-123783, an analog and non-glycosidal SGLT2 pyrazole inhibitor (Figure 5A)
synthesized with an ECso = 9.85 mg/kg to improve hyperglycemia. WAY-123783 was
considered to overcome the gastrointestinal tract instability of O-glycosides. It improved
the excretion of glucose in healthy mice and decreased renal reabsorption of glucose by
influencing SGLT2 activity. It corrects hyperglycemia not by blocking the absorption of
intestinal glucose. Nevertheless, selective reabsorption inhibition of renal glucose
promotes urinary excretion. It was given to healthy mice, generating a robust glucosuric
effect (> 8 g/dL) and inhibiting in vitro SGLT activity. WAY-123783 was transformed
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into its active metabolite, WAY-123783-glycoside, known for its ability to inhibit SGLT
activity. Subsequently, further clinical development of WAY-123783 was halted.*®
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Figure 4: Historical development of SGLT2 Inhibitors.

2.2.2 T-1095

Structural modification of Phlorizin_leads to the derivative of 4’-dehydroxyphlorizin,
i.e. T-1095 and T-1095A (Figure 5A) were developed as non-selective SGLT inhibitors
by Tanabe Seiyaku to overcome phlorizin's disadvantages. Oral T-1095, the glycone is
absorbed into the bowels by metabolism that transforms the SGLT functioning within
the kidney into the active form, T-1095A.%° A 0.1% w/w dose of T-1095 decreased
blood glucose elevation by 147 mg/dl and HbA1C (6.4%) by expanding urinary glucose
disposal in KK-AY mice and preventing renal glucose reabsorption. This compound

ameliorated insulin resistance that subsequently recovered hepatic glucose production
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and consumption rates.®° Because of non-selectivity and safety issues, T-1095 did not
pursue drug research after phase Il. Long term administration of T-1095 restored the
diminished secretion from B-cells and decreased diabetes-related complication. T-1095
suppressed dose-dependent hyperglycemia while increasing urinary glucose excretion
(554 mg/day at a 0.1 % w/w dose) in KK-Ay mice.

2.2.3 Sergliflozin

In 2007, developed sergliflozin as a selective SGLT2 inhibitor and officially
discontinued in 2008 after further clinical trials. Chemically, it is a benzylphenol O-
glucoside prodrug and its active form, sergliflozin-A (Figure 5A) is about 296 times
more selective for SGLT2 compared to phlorizin as a potent SGLT2 inhibitor.5! It was
found to lower the glucose level in post-prandial rats through improved glucose
excretion during the clinical trial. Sergliflozin did not have a lowering effect on glucose
and gastrointestinal adverse effects caused by SGLT-1 even when a 1000 mg dose was
given 3 times per day, suggesting that SGLT-1 had significant enough selectivity to be
a therapeutic candidate for diabetes. Sergliflozin therapy may have optimized SGLT1
activity without triggering a gastrointestinal disorder in clinical trials that raised the

plasma levels of GLP-1.

2.2.4. YM543

The development of YM543, a SGLT2 inhibitor derived from azulene and C-glucoside,
was terminated during Phase 2 clinical trials.®? Orally administering Y M543 at a dosage
of 3mg/kg resulted in a notable 56% reduction in glucose AUC. (Figure 5A). In vivo
studies of YM543 showed a dose-dependent increase in UGE, consistently observed
and lasted for more than 12 hours. When given orally, it was found to be a consistently
effective anti-hyperglycemic treatment for type Il KK/Ay mice and type | STZ-induced

diabetic rats.
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2.3 FDA & EMA APPROVED SGLT2 INHIBITORS

2.3.1 Dapagliflozin

In 2008, identified Dapagliflozin as a selective renal SGLT2 inhibitor with an ECsp =
1.12 nmol/l against hSGLT2, when compared to a 35.6 nmol/l ECso for phlorizin.
Dapagliflozin for hNSGLT2 vs. hSGLT1 is highly selective and active (~1,200-fold). It
is a C-aryl glycoside composed of a biaryl aglycone moiety linked to a glycone moiety.
(Figure  5B).®3  Chemically, it is (2S,3R,4R,5S,6R)-2-[4-chloro-3-(4-
ethoxybenzyl)phenyl]-6-(hydroxyl methyl)tetrahydro-2Hpyran 3,4, 5-triol. It was the
European Union's first approved SGLT2 inhibitor in 2012. Dapagliflozin induces breast
cancer, liver damage, and urinary bladder during clinical trials. Due to these risks,
EMDAC of the FDA disapproved dapagliflozin. Following the resolution of the above
concerns during clinical trials for hyperglycemic control in type Il diabetes, the FDA
approved it later in 2014 under the name "Farxiga." FDA approved the first combination
of dapagliflozin-metformin hydrochloride, sold as Xigduo XR, in 2014. In healthy
volunteers, it was observed during clinical studies that dapagliflozin at doses of 20-100
mg results in increased urinary excretion of about 50-60 g glucose over 24 h post-dose.
The recommended tablet dosage for dapagliflozin includes 5 mg & 10 mg ensures both
safety and effectiveness as a mono treatment. It also causes weight loss by excreting the
body's glucose, which leads to a loss of calories. Renal function must be observed,
particularly with impaired renal capacity and older patients, before starting
dapagliflozin treatment as it will generally lead to lower glomerular filtration levels
(GFR).

2.3.2 Canagliflozin

In 2013, the US FDA approved Canagliflozin, which is recognized as the first inhibitor
SGLT2 with a C-aryl glycoside chemical structure and is marketed as “Invokana” by
Janssen.®* It consists of a sugar moiety attached to a thiophene-based aglycone (Figure
5B) and showed marked hypoglycemic effects in mice.%® Chemically, canagliflozin is
(2S,3R,4R,5S,6R)-2-(3-(5-(4fluoro-phenyl)thiophen-2-ylmethyl)-4-methyl-phenyl-6-
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hydroxy-methyltetranydropyran 3,4,5 triol. C-glucosides bearing a hetero-aromatic ring
have greater gastrointestinal stability than the O-glucosides i.e. phlorizin and T-1095.
During clinical studies, starting dose of 100 mg, followed by 300 mg two times daily
doses, it has been observed that no remarkable glucose malabsorption was noticed.
When 300 mg of canagliflozin was administrated orally in healthy volunteers, it resulted
in delayed post-prandial blood glucose as compared to the placebo with reductions in
HbAlc i.e. 1.03%, BP (-3.7 to -5.4 mm Hg) and body weight (-3.6 kg). Administration
of canagliflozin at a dose of 100-300 mg OD in patients with T2DM, steady-state

concentration and the mean Cmax Were achieved after 4-5 days and 1-2 hrs post-dose.

2.3.3 Ertugliflozin

Ertugliflozin is an orally dynamic SGLT2 antagonist that has framed a novel dioxa-
bicyclo ring framework (Figure 5B) for type Il diabetes by Merck & Pfizer.®
Ertugliflozin was endorsed in 2017 for treating type Il diabetes under the brand name
"SteglatroTM" by the USFDA.S" It is (1S,25,3S,4R,55)-5-[4-Chloro-3-(4-
ethoxybenzyl) phenyl]-1hydroxymethyl-6,8dioxabicyclo[3.2.1]octane-2,3,4-triol.
Ertugliflozin is a cocrystal labeled ertugliflozin LPGA in the drug known as I-
pyroglutamic acid (L-PGA). Ertugliflozin is formulated for oral administration at 5 and
15 mg as an immediate-release tablet. The strength of the dose is expressed as a free
form of ertugliflozin. This molecule was designed based on a model of the relationship
between pharmacokinetics and pharmacodynamics (PKPD). The development
approach aimed to reduce parameters like the human dose by expanding ti» and
improving strength. On the other hand, the clearance and volume have been transformed
into human ti2, 12 h.

2.3.4 Empagliflozin

Empagliflozin, SGLT2 inhibitor approved by the USFDA in 2014 (Figure 5B). In
clinical trials, glycemic control was found to be boosted by 10 mg and 25 mg of the
medication per day.®® It is a C-glucoside analogue, chemically known as
(2S,3R,4R,5S,6R)-2-(4-chloro-3-(4-(((R)-tetrahydrofuran-3-yl)oxy)benzyl)phenyl)-6-
(hydroxymethyl)tetrahydro-2H-pyran-3,4,5-triol. The Clearance (CL) and Steady-state
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volume of distribution (\Vdss) of Empagliflozin were stated to be 10.6 L/h, 73.8 L, and
12.4 h t1». On oral administration once a day, empagliflozin is readily absorbed (tmax
attained < 2h post- dose). Empagliflozin exposure, which is not affected by food, rises
in proportion to dose (in the therapeutic dose range i.e. 10-100 mg) and shows linear
time pharmacokinetics The metabolism of the drug was mainly by glucuronide
formation and primarily unchanged in the urine and fecal. Empagliflozin inhibited the
reabsorption of glucose and significantly increased UGE by 74, 90, and 81 g at
therapeutic doses in comparison with placebo and lowered blood glucose from day 1.
The peak antihyperglycemic efficacy of empagliflozin at a dose of 10 and 25 mg/day
was demonstrated. Glycaemic findings such as decreases in HbAlc (0.66-0.78 %),
reduced body weight (2.26-2.48 kg) and BP, cardiac workload, serum uric acid and
preserved renal function from phase Il studies of 10-104 weeks’ duration.
Empagliflozin exposure, which is not affected by food, rises in proportion to dose (in
the therapeutic dose range i.e. 10-100 mg) and shows linear time pharmacokinetics The
metabolism of the drug was mainly by glucuronide formation and primarily unchanged
in the urine and fecal. Empagliflozin inhibited the reabsorption of glucose and
significantly increased UGE by 74, 90, and 81 g at therapeutic doses in comparison with
placebo and lowered blood glucose from day 1. The peak antihyperglycemic efficacy
of empagliflozin at a dose of 10 and 25 mg/day was demonstrated. Glycaemic findings
such as decreases in HbAlc (0.66-0.78 %), reduced body weight (2.26-2.48 kg) and BP,
cardiac workload, serum uric acid and preserved renal function from phase 111 studies
of 10-104 weeks’ duration.

21



LITERATURE REVIEW

OH
0 OCH, S
0
HO 0
O RO —" OH V\))\
HO OH OH

Phlorizin Sergliflozin R=CO,Et T-1095 R = OH,
Sergliflozin-Active R=H T-1095A R = CH;0COO

OH
H,;CS F;C NH

WAY-123783 YM543

Jyend
OH o
OH OH
OH

Dapagliflozin Canagliflozin

OH
OH

AT I
O Cl

Ertugliflozin Empagliflozin
Fig. 5B

Figure 5: Prototype (5A) and Approved SGLT2 Inhibitors (5B)

2.4 SGLT2 inhibitors under investigation (not approved by the FDA and EMA)

2.4.1 Remogliflozin etabonate

Remogliflozin etabonate is an oral selective antagonist of SGLT2 that was gained access
as a remedy for type Il diabetes in India in 2019.%° Chemically, it is methyl
(2S,3S,4S,5R,6R)-3,4,5-trihydroxy-6-((4-(4-isopropoxybenzyl)-1-isopropyl-5-methyl-
1H-pyrazol-3-yl)oxy)tetrahydro-2H-pyran-2-carboperoxoate. Remogliflozin etabonate
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is a benzylpyrazole O-glycoside and is biotransformed into its active form, i.e.
remogliflozin, which is metabolized into GSK27982, which also displays inhibitory
effects on SGLT2.”° Remogliflozin showed (Ki) values for \SGLT2/hSGLT1 were 12.4
and 4520 nmol/l respectively. Its inhibitory impact on rodents becomes two-fold for
SGLT2 and 1/7th for SGLT-1. Remogliflozin is more active than Phlorizin, T-1095,
and sergliflozin in vivo SGLT2 inhibition (Figure 6).

2.4.2 Luseogliflozin (TS-071)

Luseogliflozin is an orally active SGLT2 antagonist that was firstly approved for usage
in Japan in 2014 and is sold as "Lusefi" for T2DM care for adults.”* Luseogliflozin is
currently under investigation in phase Il for clinical development by Taisho
Pharmaceuticals. Luseogliflozin's recommended OD dose is 2.5 mg, which might be
raised to 5.0 mg once daily if the initial dose doesn't correct hyperglycemia. The
hSGLT2 ICsp value of Luseogliflozin was 2.26 nM (Figure 6). Luseogliflozin is (1S)-
1,5-anhydro-1-[5-(4-ethoxybenzyl)-2-methoxy-4-methyl phenyl]-1-thio-D-glucitol
(TS-071) and derivatives of phenyl-ether sulphide.”? When administered as a single oral
dose at a concentration of 1 mg/kg, luseogliflozin was observed to cause a 300-fold
increase in urinary glucose excretion and decreased hyperglycemia following the oral
ingestion of glucose in Zucker fatty rats. When administered orally to Beagle dogs at a
dosage of 1mg/kg, luseogliflozin demonstrated more than 2600-fold increased urinary
glucose excretion (UGE), leading to increased bioavailability (92.7%) of TS-071 in
animals. During the pharmacokinetics studies, Luseogliflozin demonstrated dose-
proportional pharmacokinetics without any cumulative ability. The drug's mean tmax

ranged from 0.67 hours to 2.25 hours.

2.4.3 Ipragliflozin

Ipragliflozin (ASP1941) is the first SGLT2 antagonist to be licensed in 2014 in Japan
and is not approved in the EU and USA (Figure 6). It is (1S)-1, 5-anhydro-1-[3-(1-
benzothiophen-2-yl methyl)-4-fluorophenyl]-D-glucitol. lIpragliflozin has been sold
under the brand name "Suglat,” an effective SGLT2 antagonist in the care of T2DM
patients.”® In vitro inhibition activity in CHO cells expressing hSGLT2 and hSGLT1,
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showing substantial 1Cso of 7.38 nM and 1880 nM, and inhibitors of *C-methyl-a-D-
glucopyranoside. Ipragliflozin induced a marked advancement in the UGE and
reduction in hyperglycemia in vivo studies. The recommended initial dosage of
ipragliflozin in adults is 50-100 mg once daily may be increased if hyperglycemia is not

adequately controlled.

2.4.4 Tofogliflozin

Tofogliflozin is an O-spiroketal C-aryl glucoside SGLT2 inhibitor that was approved in
2012 in Japan and is in clinical trials in Phase I11.”* Chemically, it is (1S,3'R,4'S,
5'S,6'R)-6-[(4-ethylphenyl)methyl]-6'-(hydroxylmethyl)-3',4",5,6'  tetra  hydro-3H-
spiro[2-benzofuran-1,2"-pyran]-3',4",5'-triol. *C-AMG inhibition in CHO cells that
express hSGLT2 and hSGLT1 was examined for in vitro tofogliflozin-inhibitory
activity.”™ After IV administration of tofogliflozin, steady-state volume of distribution
(Vss) and clearance (CL) were reported as 10.0 L/h and 50.6 L. The ICso value for
tofogliflozin against human SGLT2 was determined to be 2.9 nmol/L. This indicates

that tofogliflozin has a strong affinity for inhibiting SGLT2 (Figure 6).

2.4.5 Sotagliflozin (LX4211)

Sotagliflozin, or LX4211, functions as a dual inhibitor, targeting both SGLT1 and
SGLT?2 that was developed by Lexicon Pharmaceuticals.”® It is a molecule based on L-
xyloside and is being investigated for its potential use in both type I and type Il diabetes
(Figure 6). Chemically, it is (2S,3R,4R, 5S,6R)-2-(4-chloro-3-(4-ethoxybenzyl)
phenyl)-6-(methylthio)tetrahydro-2H-pyran-3,4,5-triol. In vivo results showed that
limited SGLT1 inhibition is a complementary objective to reducing blood glucose and
SGLT2 inhibition. In vitro cell line studies of human SGLT2 and SGLT1, the
investigation into sotagliflozin demonstrating a selectivity approximately 20 times
greater for SGLT2. In the KKAy mice model, sotagliflozin has been reported to improve
glucose homeostasis by decreasing fasting plasma glucose at a dose of 150-300 mg, i.e.
52-60 mg/dL.
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2.4.6 Henagliflozin (SHR3824)

Henagliflozin Proline is currently under investigation in phase Il for clinical
development.  Henagliflozin is (1R,2S,3S,4R,5R)-5-(4-Chloro-3-(4-ethoxy-3-
fluorobenzyl) phenyl)-1-(hydroxylmethyl)-6,8-dioxa bicyclo[3.2.1]octane-2,3,4-triol).
Henagliflozin has ICso 0f 2.38 nM (Figure 6) and > 800-fold SGLT2 selectivity versus
SGLT1.”" " In vivo, pharmacological research affirmed that on day 1 of treatment, it
lowered blood glucose AUCo 241 Values by 23.7%, 32.7%, and 36.5% at doses ranging
from 0.3-3.0 mg/kg. Chronic SHR3824 therapy significantly improved glycemic

control in db/db mice's soleus muscles.

2.4.7 Bexagliflozin

Bexagliflozin, also known as EGT1442, is a novel candidate in the class of SGLT2
inhibitors is a phenolic C-glucoside analogue which is approved by USFDA in 2023 for
treating the type-2 diabetes under the brand name “brenzavvy” (Figure 6).7% |t is a
phenolic C-glucoside analogue and chemically (2S,3R,4R,5S,6R)-2-[4-chloro-3-[[4-(2-
cyclopropyloxyethoxy)phenyl]methyl]phenyl]-6-(hydroxymethyl)oxane-3,4,5-triol.

Bexagliflozin blocked dose-dependent uptake of SGLT1 and SGLT2-mediated Na*-
dependent AMG. The ICso value of Bexagliflozin was found to be 2 nM with a
selectivity level of 2435-fold against human SGLT2 relative to human SGLT1. In phase
IIT clinical studies of 24 weeks’ duration, glycemic control was found to be boosted by
20 mg of bexagliflozin once a day. A reduction in HbAlc levels by 0.37%, a decrease
in body weight by 1.61 kg, and a decrease in fasting plasma glucose levels by 0.76
mmol/L were observed in comparison to the placebo group. These findings suggest an

improvement in glycemic control in the treated group.
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2.4.8 Janagliflozin

Janagliflozin is an orally effective inhibitor of SGLT2 that Xuanzhu Pharma Co., Ltd
and Sihuan Pharma Co., Ltd have created and patented worldwide. In China,
Janagliflozin is currently undergoing Phase 3 clinical trials for treating T2DM.
Chemically, it is (2S,3R,4R,5S,6R)-2-(3-(4-(((1R,3s,5S)-bicyclo[3.1.0]hexan-3-
yl)oxy)benzyl)-4-chlorophenyl)-6-(hydroxymethyl)tetrahydro-2H-pyran-3,4,5-triol.
The ICso value of janagliflozin was found to be 0.51pg/ml for hSGLT2 compared to
hSGLT1.8% As suggested, the ideal initial dose and a pharmacologically active dose of

janagliflozin were 10 mg and 50 mg (Figure 6).

2.4.9 Tianagliflozin

Tianagliflozin, also known as 6-deoxy dapagliflozin, , is currently in the first phase of
clinical trials for the management of type Il diabetes by the Tianjin Institute of
Pharmaceutical Research (TIPR).8! Chemically, it is (2S,3R,4S,5S)-2-(4-chloro-3-(4-
ethoxybenzyl)phenyl)-6-methyltetrahydro-2H-pyran-3,4,5-triol.  Tianagliflozin s
created by removing the 6-hydroxyl moiety from the glucose moiety of dapagliflozin
(Figure 6). It is more potent with an 1Cso = 0.67 nM against human SGLT2 versus the
1.1 nM ICsp value of dapagliflozin. Tianagliflozin maintains a lower selectivity level of
823-fold than dapagliflozin against human SGLT2 compared to human SGLT1. Urinary
glucose excretion (UGE) for tianagliflozin at doses of 1, 5, and 10 mg/kg was higher
(513, 1108, and 1599 mg/kg) than for dapagliflozin at equivalent doses. There was
statistical significance at 5 and 10 mg/kg, implying that tianagliflozin would potentially

induce even more urinary glucose excretion than dapagliflozin at those doses.

2.4.10 Licogliflozin

Licogliflozin (LIK066), currently being studied, is a type of inhibitor that affects both
SGLT1 and SGLT2, making it a dual inhibitor and was developed by Novartis
Pharmaceuticals (Figure 6).82 1t is (2S,3R,4R,5S,6R)-2-{3-[(2,3-dihydro-1,4-
benzodioxin-6-yl)methyl]-4-ethylphenyl}-6(hydroxyl methyl) oxane-3,4,5-triol. The
ICso value of licogliflozin was found to be 20.6 nM against hSGLT1 and 0.58 nM
against hSGLT2 with > 30 fold selectivity for SGLT2. In phase Ila clinical studies of
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12 weeks’ duration, glycemic control was found to be boosted by 50 mg of licogliflozin
once a day. Glycaemic findings such as a drop in HbAlc (0.58 %), reduced body weight
(-2.15), and systolic BP (-9.5 mm Hg) and diastolic BP (-4.45) were predicted and
compared to empaglifozin and placebo. Further studies on Licogliflozin for type-2

diabetes mellitus were prematurely terminated due to weak enrolment.
2.5 Advancement in profile of SGLT2 inhibitors

2.5.1 Glucose glucosides
2.5.1.1 Benzofuran Analogues

B. Lv et al. (2009) developed a new series of O-spiroketal C-aryl glucosides and
assessed for activity against (h\SGLT 1 and 2) using cell-based assays.®® The
fundamental spiro(isobenzofuran-1,2-pyran) skeleton has proven to be a key framework
for modification (Figure 7). Compound 1 had the 1Cso value for human SGLT2 was 3.8
nM, and a selectivity of 184 times that of human SGLT1. Single oral dosing at 1.0
mg/kg to typical SD Rats caused a glucose loss of 1220 mg/200 g body weight for 24
hours that appeared to be approximate ~ 120 times greater than vehicle controls.

B. Xu et al. (2009) identified 6'-O-spiro C-aryl glucoside showed great potential as a
lead compound due to its strong ability to inhibit hNSGLT2, with an ICsp = 71 nM.%
Compound 2 exhibited 10-fold higher inhibitory activity against h\SGLT2 with an ICso
=6.6 nM, which is similar to dapagliflozin's (6.7 nM) inhibitory activity. By introducing
a chloro group at the 4' position of the neighboring phenyl ring, the activity was
increased (Figure 7). However, despite its strong inhibitory activity on hSGLT2, for
hSGLT-1, dapagliflozin demonstrated higher potency than 6'-O-spiro C-aryl glucoside.

2.5.1.2 Indole-O-glucoside and benzimidazole-O-glucoside Analogues

X. Zhang et al. (2005) revealed a progression of benzo-intertwined heteroaryl-O-
glucosides was developed and assessed for activity against (W\SGLT 1 and 2) using cell-
based assays.® Substitution of the ketone/phenol part of (T-1095A) with a benzo-fused
heterocycle while persisting SGLT2 inhibitory action (Figure 8). Benzimidazole-O-
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glucoside 3 and indole-O-glucoside 4 were shown strong SGLT2 in vitro inhibitory
action with 1Cso of 3.9 nM and 2.4 nM.

2.5.1.3 Benzodioxane Analogues

J. Dudash et al. (2004) incorporated a set of glucose conjugates and tested them for
SGLT-1 and SGLT2 inhibition.2® Compound T-1095 gave the core structure of these
glucose conjugates (Figure 8). Changes in benzofuran moiety and 4'-phenyl ring
replacement in T-1095 compound increased selectivity at SGLT2. Benzodioxane
analog 5 has shown the best results with 1Cso = 10 nM against hRSGLT2 and 162-overlay
selectivity for SGLT2 over SGLT-1. Compound 5 was assessed to actuate urinary
glucose discharge in male Zucker Diabetic Fatty (ZDF) rodents. At the point when a
3mg/kg dose was administered intravenously, compound 5 actuated discharge of 608

mg of glucose in the urine and had inhibitory action on SGLT2 in vivo.

Figure 7: Design of O-spiroketal & 6'-O-spiro C-aryl glucosides SGLT2 inhibitors.

2.5.1.4 Thiophene/Thiazole Analogs

S. H. Leeetal (2011) revealed a set of new SGLT2 inhibitors made from thiophene C-
aryl glucoside. To establish novel SGLT2 targeting antidiabetic agents, C-glucosides

carrying thiophene rings at the proximal ring were utilized.®® Opting to replace the
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proximal ring of dapagliflozin with a phenyl ring could be a favorable strategy for
altering the compound's physicochemical characteristics, perhaps to improve biological
action (Figure 9A). Among the analogs, compound 6 bearing ethylphenyl at the distal
ring demonstrated in vitro SGLT2 inhibitory action with an 1Cso = 4.47 nM. Novel
inhibitors of the thiazole motif C-aryl glucoside SGLT2 have been developed,
synthesized, and biologically assessed (Figure 9B) by Song K.S. et al.8” The best
SGLT2 invitro inhibitory effect was shown (ICso > 0.772 nM) for thiophenyl compound
7 and (ICso = 0.720 nM) for furanyl compound 8.

Figure 8: Design of benzimidazole-O-glucoside, indole-O-glucoside and

benzodioxane-O-glucoside SGLT2 inhibitor.

E.J. Park et al. (2011) revealed C-glucosides having a heterocyclic ring were
improvised to establish peculiar SGLT2 focusing on anti-diabetic activity by evacuating

the -OH group at the C-6 position of compound 8 with methyl moiety.® A sequences
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of chemical glucose modifications were shown to discover their probable effectiveness
as an appropriate glucose replacement per se (Figure 9B). Among the analogs,
compound 9 had the outstanding SGLT2 in vitro inhibitory effect with an 1Csp of 7.01
nM.

2.5.1.5 Benzisothiazole and Indolizine Derivatives

H. Zhou et al. (2010) disclosed the advancement of benzisothiazole and indolizine-p-
D-glucopyranoside (Figure 10A) as hSGLT?2 inhibitors.®® The compound 10, which is
a C-glucoside of benzisothiazole, exhibited an ICsg value of 10 nM as an inhibitor of
SGLT2.

2.5.1.6 Indole Derivatives

Chu et al. (2016) produced N-indolyl-glycoside as SGLT2 inhibitors by reforming the
C-6 position on the sugar moiety, and studied the effects of SGLT2 inhibition (Figure
10B).%° These derivatives were synthesized via modifying N-indolylglycoside as the
fundamental scaffold with 6-amide/triazole/urea/thiourea and examining the SAR
which resulted in the 6-amide derivatives 11 and 12 as potent compounds. Compounds
11 and 12 with an ECsp value i.e. 42nM and 39 nM against hNSGLT2.
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Canagliflozin —

Fig. 9B

Figure 9. Exploration of C-glucoside bearing thiophene at the proximal ring (9A).
Exploration of C-glucoside (7 & 8) and (9) incorporating a thiazole at the distal ring.
(9B).
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Figure 10. Design of benzisothiazole and indolizine-f-D-glucopyranoside as SGLT2
inhibitors (10A). Design of novel N-indolylglycosides with C6-modification on the
glucose moiety (10B). Design of C-glucosyl dihydrochalcone SGLT2 inhibitor (10C).
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2.5.1.7 Chalcone Derivatives

J Ana R. and associates (2017) synthesized and assessed a range of C-glucosyl
dihydrochalcones, along with their chalcone precursors as SGLT1/SGLT2 inhibitors.™
In green rooibos (Aspalathus linearis) extracts, Nothofagin, (compound 13) with an ICso
= 11.9 nM was the most intense and dynamic C-glucosyl dihydrochalcones against
SGLT2 (Figure 10C). The results of a computer docking analysis based on an SGLT2
homology model showed a 40-fold decline in SGLT1 action and almost 6-fold surge in
SGLT?2 action.

2.5.1.8 Isoquinoline Derivatives

In 2016, tetrahydroisoquinoline-C-aryl glycosides were produced by X. Pan et al.
through changes in the proximal dapagliflozin ring to the tetrahydroisoquinoline ring
(Figure 11A) and evaluated them as the SGLT2 inhibitor.%? Out of these synthesized
compounds, compound 14 contains a naphthalene moiety at 1-position and a ClI-moiety
at 4'-position displayed the strongest SGLT2 inhibition action (81.7%), which was
slightly comparable to dapagliflozin (85.4%).

2.5.1.9 Pyridine Derivatives

In 2013, the consequences of substituting the phenyl ring of canagliflozin for
heteroaromatics were investigated and evaluated by Koga et al.®® Among those
derivatives that have been substituted with 3-pyridyl, 2-pyrimidyl, and 5-member
heteroaryl indicated very strong inhibition activities towards SGLT2 (Figure 11B) and
a slightly reduced activation with 5-pyrimidyl substitution. The UGE was caused by
2666 mg/200 g body weight when compound 15 was administered orally SD rats over
a period of 24 hours. The ICsp value of compound 15 for hSGLT1 was750 nM and
hSGLT2 was 2.0 nM in CHOK cells.
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Figure 11. Design of novel tetrahydroisoquinoline-C-aryl glucoside SGLT2 inhibitor
(11A). C-glucoside with pyridine ring as SGLT2 inhibitor (11B).

2.5.1.10 Benzyltriazolopyridinone and Phenylhydantoin Derivatives

Guo et al. (2014) shows the development, synthesis, and SAR of
benzyltriazolopyridinone and phenyl hydantoin for C-glycosides, which were
discovered to be novel aglycone moieties for SGLT2 inhibitors (Figure 12A).%* Out of

the benzyltriazolopyridinone arrangement, compound 16 not only indicate high
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inhibitory action toward SGLT2, but it also displayed extremely high selectivity over
SGLT-1 with ICso = 33 nM and confirmed excellent metabolic stability in a liver
microsomal assay. The Phenylhydantoin series showed robust metabolic endurance of
the liver microsomas and reduced blocking of CYP P450 function (ICso = 10.9 nM),

with compound 17.

2.5.1.11 Biphenyl Derivatives

Y. Ding et al. (2015) developed and produced a sequence of C-aryl glucosides with a
biphenyl moiety (Figure 12B) for evaluation as SGLT2 inhibitors.*® Out of the screened
substances, compound 18 showcased the most formidable SGLT2 inhibition, boasting
an 1Cso value = 1.9 nM. At a dosage of 3 mg/kg, the urinary glucose discharge of
compound 18 and canagliflozin was found to be 180 mg and 200 mg, respectively, when
compared to the control vehicle. Rodents treated with a single oral dose of 5.0 mg/kg
of compound 18 displayed a decrease in plasma glucose levels.

In 2017, a compound (HSKO0935) was found by Yao Li and colleagues with a
remarkable 1.3 nM hindrance and a high 843 overlap in the hSGLT2 selectivity.%
Among Sprague-Dawley (SD) rats, it has been shown to have strong urinary glucose
excretion and has affected further rhesus monkeys. HSK0935 is derived from the hybrid
of ertugliflozin and sotagliflozin (Figure 13A).

2.5.1.12 Oxime Analogues

M.C. Yuan et al. (2018) discovered an aryl C-glycoside having C = N/C—N at the C-6
glucose site, resulting in the discovery of oxime compound 19 (Figure 13B) as a
promising SGLT2 inhibitor.’” Compound 19 indicated high hSGLT2 inhibitory activity
with an ECso value = 46 nM. Besides, in vivo experiments in healthy SD rats reveal that
compound 19 (0.1 or 10 mg/kg) could cause glucosuria and lower plasma levels of
glucose (> 450 mg/dL) in STZ-induced rats to a comparable level.
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Figure 12. Benzyltriazolopyridinone and Phenylhydantoin SGLT2 inhibitors (12A).
Design of biphenyl motif-containing C-arylglucoside SGLT2 inhibitors (12 B).

2.5.1.13 Benzocyclobutane Analogues

In 2018, Kuo and colleagues synthesized and assessed a range of benzocyclobutane C-
glucosides for their efficacy as dual inhibitors of SGLT1/SGLT2 that can be
administered orally (Figure 13C).%® Compound 20 has a substantial 1Cso for SGLT1
and SGLT2 inhibition, or 45 nM and 1 nM, respectively. It exhibited outstanding PK
(pharmacokinetic) profiles (with bioavailability ranging from 78% to 107%) across
multiple animal models, including mice, rats, dogs, and monkeys. In SD rats, compound
20 considerably decreased dose-dependent plasma glucose rates. In ZDF rats,

compound 20 showed anti-hyperglycemic benefit up to 24 h.
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2.5.1.14 Benzyl Analogues

Mukkamala et al. (2020) developed previously undisclosed novel dapagliflozin
aglycon based C-benzyl glucoside derivatives.*® Modifications to the distal ring of the
biarylmethane aglycon utilizing Weinreb-amide (WA) functionality could provide
access to additional analogs. The nonradioactive fluorescence glucose uptake assay was
implemented to evaluate all novel compounds for their effectiveness in inhibiting
SGLT1 and SGLT2. Among the investigated compounds, Compound 21 exhibited the
highest inhibitory activity against both SGLT2 and SGLT1, with 1Csg values = 0.64 nM
and 500 nM. This inhibitory activity was compared to that of dapagliflozin (Figure
14C).

2.5.1.15 Design and Exploration of 6-Deoxy O-Spiroketal Analogues

In 2019, novel 6-deoxy O-spiroketal C-arylglucosides have been developed and
evaluated as SGLT2 inhibitors by Wang et.al.}®® The SAR investigation conducted on
biological studies suggested that the alteration of fluoro and methyl moieties are
necessary for the efficient SGLT2 inhibition. Compound 22 bearing methyl group
shows excellent hSGLT2 inhibitory activity i.e. ICso = 4.5 nM in comparison to
tofogliflozin with ICsp value of 2.5nM (Figure 14B).
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HSK0935
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Benzocyclobutane Analogue
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Figure 13. The hybrid design involves the creation of novel dioxabicyclo(3.2.1)octane
derivatives. (13A). Design of oxime-containing C-glucosylarene SGLT2 inhibitor

(13B). Design of Benzocyclobutane-C-glycosides (13C).
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Figure 14. Design of C-benzyl glucosides as SGLT2 inhibitors (14 A). Designing 6-
Deoxy O-Spiroketal C-Arylglucosides (14 B). Designing C-Aryl Glucosides with 5-
Fluoro-5-methyl-hexose Structure (14 C).

2.5.1.16 Exploration and Design of Analogues with 5-Fluoro-5-methyl-hexose
Structure

Novel C-aryl glucosides, which act as dual inhibitors of SGLT1/SGLT2 and contain a
5-fluoro-5-methyl-hexose and 5, 5-Difluoro-hexose, was created and assessed by Xu

and colleagues in 2020.1%

Compound 23, which is a 5,5-di-fluoro-aryl glucoside, demonstrated remarkable
inhibitory effects on SGLT1 and SGLT2, with ICs values of 96 nM and 1.3 nM,
respectively, among the tested compounds. Compound 23, when administered orally to
SD rats at doses of 1 mg/kg and 10 mg/kg, inhibited blood glucose surge significantly
inan OGTT (Figure 14C).
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2.5.2 Fructose glucosides

Lin et al. (2013) Novel C-aryl-D-glucofuranosides have been developed and assessed
for inhibitory action on hSGLT2 and hSGLT1.1%2 SAR experiments related to the
aromatic ring replacement of different groups and their effect on SGLT inhibition have
been performed (Figure 15A). Among the compounds evaluated, compound 24,
exhibited the strongest in vitro SGLT2 inhibitory action, ECso = 0.62 UM and a 47-
overlap selectivity against SGLTL1.

2.5.3 Xylose glycosides

Yao et al. (2012) discovered a new class of SGLT2 inhibitors based on C connected
indolyl xyloside.%® C-indolyl xylosides were found to be stronger inhibitors of h\SGLT2
than their recently discovered N-indolylxylosides. Compound 25 is the most active
SGLT2 inhibitor of C-indolyl xylosides, with an ECso of 47 nM. The distal p-
cyclopropylphenyl and 7th position substituents of the indole motif were needed for
optimal SGLT2 inhibitory activity, according to SAR studies (Figure 15B). Regardless
of the fact that D-xyloside is coupled with 1-or 3-substituted indoles, none of the
synthesized compounds demonstrated noteworthy selectivity toward hSGLT2 when
compared to hSGLT-1.

Goodwin et al.(2009) announced the discovery of a novel SGLT2 inhibitors class that
specifically target L-xylose (Figure 16A).1% O-xyloside (compound 26) indicated
excellent inhibitory activity against SGLT2 with an ICsp = 14 nM and a 134 fold
selectivity for SGLT2, corresponding to the 169-crease selectivity observed for
dapagliflozin. The single-dose ingestion of 75mg/kg Compound 26 by oral gavage or in
the form of a diet admixture led to persisting glucosuria for 24 hours. The extended
pharmacodynamic influence indicates that continuous administration would be adequate
to administer once a day.

The research on N-glycosides as SGLT2 inhibitors, in which D-xylose was used as the
sugar unit instead of D-glucose and the aglycone was a 3-substituted indole, was
initiated by Yao et al. in 20111% that has been synthesized and evaluated in a SGLT2

inhibitory activity assay for (Figure 16B). One of the best compounds was the
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compound 27 with an ECso of 161 nM when compared with phlorizin (108 nM). In
Sprague-Dawley rats, compound 27 reported an increase in urinary glucose discharge

from 12 to 783 fold when given orally.

OH
C-indolylglucosides

Fig. 15 B

Figure 15. Design of novel C-aryl D-glucofuranoside SGLT2 inhibitor (15A). Design
of C-indolylxyloside SGLT2 inhibitors (15B).
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Figure 16. Design of novel O-xyloside SGLT2 inhibitors (16A). Design of N-
indolylxyloside SGLT2 inhibitors (16B).

2.5.4 Non-glucosidal Analogues

2.5.4.1 Exploration of Benzothiazinone and benzooxazinone Analogues

A.-R. Li et al. (2011) identified a variety of novel non-glucoside benzothiazinone and
benzooxazinone compounds as SGLT2 inhibitors with outstanding potency and SGLT2
selectivity.’®® N-substituents of triazole and 6-chloro, 8-chloro, 6, 8-dichloro
substituents of benzooxazinone compounds were synthesized and evaluated. 6, 8-
dichlorosubstituented compounds 28 and 29 and have shown the best results, 1Cso
values = 0.009 uM & 0.010 uM against hNSGLT2 and exhibited a SGLT2 selectivity that
was greater than 1000 times that of SGLT-1 and SGLT®6, rendering them superior to
dapagliflozin (Figure 17A).
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2.5.4.2 Triazole Analogues

In their study, Du et al. (2011) improved a group of triazole derivatives that featured an
aromatic tail and a benzooxazinone ring at the head, and then assessed their inhibitory
activity in an SGLT2 assay.’?” Incorporating polar groups into several triazole
derivatives led to the creation of compound 30, which exhibited a substantial increase
in solubility (64 pg/mL) while sustaining an effective inhibition of 12 nM and
compound 31 shows outstanding in vitro inhibitory activity with 1Cso = 5 nM against
hSGLT2 (Figure 17B).

Cl Cl
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BN
Cl N O Cl N:/|/O
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N

o
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J 4

O
—N =N
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Figure 17. Design of novel non-glucoside triazole benzothiazinone and

benzooxazinone compounds (17A) and (17B).

44



CAAPFTER 3



RATIONALE, AIM AND OBJECTIVES

Recent literature Work on Non-glucoside thiadaizole derivatives as SGLT2
inhibitors: From a literature survey conducted by A.-R. Li et al., it was found that no
previous work has been reported on the non-glucoside thiadiazole derivatives
synthesized in this research project. The majority of SGLT2 inhibitors explored in the
literature are glycosidal, which are difficult to synthesize due to their bulky nature.
However, A.-R. Li et al. identified a variety of novel non-glucoside benzothiazinone
and benzooxazinone triazole compounds as SGLT2 inhibitors with exceptional potency
and SGLT2 selectivity. They synthesized and evaluated N-substituents of triazole and
6-chloro, 8-chloro, 6, 8-dichloro substituents of benzooxazinone compounds, and found
that compounds with 6,8-dichloro substituents exhibited the best results with 1Cso values
=0.009 uM & 0.010 pM against hNSGLT2, and exhibited a SGLT2 selectivity that was
greater than 1000 times that of SGLT1 and SGLT6, making them superior to
dapagliflozin.

Cl
Cl

HSC(HZC)Z\N - \,N
N N
KKN cl N._O
Cl N (0] f
(6}
O Cl

Cl

Rationale for design of 1, 3, 4-thiadiazole derivatives:

In the presented research project, after taking the basic non-glucoside triazole scaffold
into the consideration from literature. We have designed novel 1,3,4 thiadiazoles that
have greater selectively for hNSGLT2 over hSGLT1 by modifying their substitution at
different positions to obtain a more efficacious anti-diabetic drug than the standard drug

dapagliflozin.
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Figure 18: Designing of non-glucoside thiadiazole based scaffold as SGLT2 Inhibitors.

Aim and objectives of the proposed research work:

The research project aimed to design, synthesize and evaluate SGLT2 inhibitors. To

achieve this aim following objectives have been proposed:

1. Design of novel substituted 1, 3, 4-thiadiazole derivatives

2. In silico studies using Molecular docking approaches.

3. Synthesis and characterization of substituted 1, 3, 4-thiadiazole derivatives.
4. In vitro evaluation of synthesized molecules.

5. In vivo evaluation of synthesized molecules.
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WORK PLAN AND HYPOTHESIS

4.1 Structural Modification:

In order to create a new anti-diabetic agent using a non-glycoside heterocyclic moiety,
it is important to understand the binding interactions between emerging drugs and
SGLT2 receptors. A proposal for a pharmacophore of non-glucoside SGLT2 inhibitors
has been put forth using a comprehensive review of the literature review. This proposal

incorporates structural modifications illustrated in the Figure 19 and research plan.

(0]

\ e aon

Heterocyclic

ring EE)G/EWG

Non glucoside Triazole Non glucoside 1,3,4-
derivatives from thiadiazole derivatives
Literature

Figure 19: Pharmacophore of non-glucoside 1,3,4 thiadiazole derivatives as SGLT2

Inhibitors.

4.2 Molecular docking study:

The protein data bank was accessed to download the SGLT2 protein (PDB 1D: 3DH4)
that was chosen. The protein was subsequently loaded into Autodock Vina 1.5.6
software to separate it from the ligand. This software was employed to evaluate the
ligand's affinity and enhance its effectiveness as the primary lead molecule for an
SGLT2 inhibitor. The process involved the following steps:

Protein Analysis of

Ligand 2 Validation Molecular molecular
Preparation . IS, e'\lectl‘on. " . of Protein ’ Docking ’
reparation

docking
result

4.3 Synthesis and characterization of feasible & most potent compounds: The
reaction scheme was executed to synthesize the most potent and synthetically feasible
compounds by modifying the Ry position with electron releasing groups and R> position
with electron donating/attracting groups to analyze the effects of different substituents
on binding affinity energy and SGLT2 inhibitory activity. Characterization of
synthesized compounds will be done by Ry value, FTIR, *H NMR and 3C NMR.
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Proposed Reaction scheme:

O
j\ a. CS,, Reflux,30 min HS S NH, N Br
HZN‘N NH, b. H,O/Reflux, 4h \« W/
0 - N-N R,
Thiosemicarbazide (1) 2-amino-5-mercapto-1,3,4- Phenacyl bromide
thiadiazole (2) derivatives 3(a-c)

EtOH,KOH/6h,stirring,R.T.

(0] aromatic aldehydes, glacial acetic acid, 0
S S reflux, 60-70 °C, 18-20 h. S S
T ’Noew ™ T N
N-N N-N
Rl R]
R, (4a-c)
. 43, Rl = H,
R, = OH, CH3;, OCH3,NO,, Cl, Br, F, N(CH3),, pyridyl, OCHF,, CF;, 4b.R, = CH
at ortho, meta & para position 4c,R1— OClS-;
ey O 3

Figure 20: Reaction scheme depicting the synthesis of potent compounds.

4.4 In-Silico prediction of ADMET studies of synthesized compounds

The synthesized compounds underwent toxicity assessment to examine potential risks,
including carcinogenicity and mutagenicity, utilizing the Lazar toxicity predictor.
Furthermore, the pharmacokinetics of the compounds was analyzed online,
encompassing the computation of pharmacokinetic properties, drug-likeness, and

physicochemical characteristics, with the assistance of SWISS ADME software.

4.5 In-vitro evaluation of synthesized molecules by human SGLT2 inhibitory

activity assay:

For in vitro investigations, the utilization of an hSGLT2 ELISA Kit is chosen for its
heightened sensitivity and enhanced specificity in detecting Human SLC5A2 within

Chinese Hamster Ovary (CHO) cells expressing hSGLT2 in a stable manner.”

48



WORK PLAN AND HYPOTHESIS

4.6 In-vivo evaluation of Urinary Glucose Excretion & Streptozotocin-Induced
Diabetes:

The goal of this research endeavor is to design an evaluation for non-glucoside
thiadiazole derivatives that were synthesized as SGLT2 inhibitors. The evaluation will
be performed by observing an increase in excreted glucose in urine and a decrease in

PGL in a streptozotocin-induced Sprague-Dawley rat model.® 1%

4.7 HYPOTHESIS

This research work focuses on the design of novel 2-((5-(benzylideneamino)-1,3,4-
thiadiazol-2-yl)thio)-1-phenylethan-1-one derivatives by incorporating the fundamental
non-glucoside triazole scaffold described in the literature. The objective was to enhance
the selectivity of these compounds for human sodium-glucose cotransporter 2 (hNSGLT-
2) while minimizing their affinity for human sodium-glucose cotransporter 1 (h\SGLT-
1). This was achieved by modifying the substitution patterns at various positions. The
aim of this work was to develop an anti-diabetic drug with improved efficacy compared
to the standard drug dapagliflozin. After taking into account the fundamental non-
glucoside triazole scaffold from literature, we have designed novel 1, 3, 4 thiadiazole
compounds by introducing the electron releasing groups i.e. methyl and methoxy,
located at the para position of phenyl ring A designated as R1. Moreover, we have also
substituted ortho, meta and para positions of the phenyl ring B next to imine bond
designated as R> with various EDGS/EWGs viz methyl, methoxy, hydroxyl, nitro,
chloro, bromo, fluoro, trifluoromethyl, dimethylamino, pyridyl, difluoromethoxy. On
the basis of above facts we have designed 102 compounds Schiff base of 1, 3, 4
thiadiazole scaffold and performed docking studies to calculate binding affinity scores
using AutoDock vina 1.5.6. On the basis of docking scores, compounds were selected
for the synthesis and characterization. Synthesized compound underwent MTT assay to
evaluate their cytotoxicity and further less cytotoxic compounds, SGLT2 enzyme
inhibition assays were conducted using SLC5A2 ELISA kit assay. Compounds with
higher SGLT-2 inhibitory activity further underwent in-vivo evaluation for assessing

urinary glucose excretion and its anti-diabetic activity.
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Figure 21: Research hypothesis for design, synthesis and evaluation of SGLT-2

inhibitors.
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MATERIAL, METHODS AND EXPERIMENTAL

5.1 Molecular Docking Studies

Molecular modelling is a well-researched tool for recognizing potent compounds
without committing so much time and resources to research.'%11% Auto Dock Device
Vina 1.5.6 software was used to analyze the behaviour with respect to binding affinity
(kcal/mol), and observations were evaluated for better docked conformation in the
binding affinity ranking score. With the help of Chemdraw Ultra 16.0, newly designed
1, 3, 4 thiadiazole ligands were drawn and translated into a 3D structure using
Chemdraw Ultra 3D. The Semiemperical MM2 system optimized the geometry of all
designed ligands and saved to pdb files.!'* SGLT2 Protein (PDB ID: 3DH4) i.e. was
collected and downloaded from the protein database to obtain the leading SGLT2
inhibitor.*2 The results of Auto Dock Vina (ADT) analysis included an evaluation of
various interactions such as close contact, hydrogen bond, hydrophilic and hydrophobic

interactions, as outcome measures.

5.1.1 SGL T2 Protein Identification & Preparation
Once SGLT2 protein was identified, afterward, Autodock Vina is used to load the
desired protein for extracting ligands. The software is employed to assess the

performance of the ligand as a lead SGLT2 inhibitor and investigate its affinity
5.1.2 Validation of Protein for Docking

The SGLT2 protein is validated by extracting and docking the co-crystallized ligand
(gal 701) in the same manner as the actual ligand.'*1%> The method's validity was
assessed by comparing redocked and crystallographic conformations, revealing an
RMSD of less than 1 for the ligand atoms, as illustrated in Figure 22. The binding
affinity was -7.3 kcal/mol, accompanied by an R value of = 0. The main residues at the
binding site are: Asn 267, Asn 142, Tyr 263, GIn 428, Tyr 269, lle 270, Leu 137, Met
369, Tyr 138, and Tyr 269.
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<

575@

Figure 22: Protein validation for docking involved the Co-crystallized ligand (gal 701),
depicted in stick model, and the re-docked ligand (gal 701), illustrated in line model.

5.1.3 Molecular Docking Protocol

To identify the most potent SGLT2 inhibitors, the designed molecules were evaluated
using a molecular modelling approach. In Vibrio parahaemolyticus, the 3DH4 protein
was developed by locating the active binding site. First, a ligand was extracted from the
protein for protein validation. The protein was then ready for docking analysis,

sequential steps are illustrated in Figure 23.

Remove Add
Add Ready . Saveasa Prepare Replace Add
polar ' the W {l(::‘]:g(fy‘t B pdbgt B 3DHE B l\gl:tceulle » \llssmg » Hf(::ile » Kollman
hydrogen protein file Protein Afom Charges

§

Figure 23: Flow chart of the sequential steps involved in preparing the protein

Following this, a grid box is created, utilizing the ligand as the center, and subsequently
saved by closing the current configuration. The search space volume is constrained to
be less than 27000 A®. The "conf.txt" configuration file is then generated from the grid
output file, incorporating variables for the X, y, & z coordinates, along with the size.

Configuration file is as illustrated in Figure 24.
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Figure 24: Configuration File ("conf.txt") is displayed in Autodock

Additionally, the command “program files\the scripps research institute\vina\vina.exe -
config conf.txt-log log.txt” was used to dock Schiff base based 1, 3, 4 thiadiazoles via
the command prompt. The automatically generated output file includes the binding
affinity (Kcal/mol), accordingly, all designed molecules have been examined, and their
binding affinities are displayed. Designed molecules with best binding affinity were

subjected to ADME and toxicity analysis.

5.1.4 2D Interactions for Docking Results

The AutoDock Tool and command prompt were used to determine the binding affinity
of all compounds. After analysing the docking results, 12 newly designed molecules
were found to be more potent in comparison to the standard drug, dapagliflozin with
binding affinity score of -8.9 Kcal/mol. The optimal binding scores within the range of
-10.7 to -9.7 Kcal/mol were observed for these 12 Schiff base-based 1,3,4-thiadiazoles.
and selected to investigate the interactions with the SGLT2 protein (PDB 1D:3DH4).
Pymol software was used to convert the ligand output pdbqgt and protein pbdgt into a
single pdb format!'®, which was then loaded into the Discovery Studio Visualizer to

generate the 2D interaction file. 117 118

Considering the basic non-glucoside triazole framework, we have formulated diverse
novel 1, 3, 4-thiadiazoles using Schiff base as a foundation to create SGLT2 inhibitors.
This involved modifying their substitutions at different locations to enhance lead
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molecule properties, followed by docking simulations using AutoDock Vina software.
From the potential derivatives, we chose and synthesized 12 the most effective ligands
based on their binding affinity scores, comparing them to the standard SGLT2 inhibitor,
dapagliflozin.

5.2 Synthesis and Characterization:

Chemicals and solvents, all of analytical grade, were procured from Loba Chemie,
Spectrochem, and CDH. They were utilized without the need for any further
purification. For determination of melting point, a Tempo capillary melting point
apparatus was utilized after calibration of the thermometer in ice-cold water at 0°C. The
progress of reactions was tracked using pre-coated TLC plates from Merck, and
development was achieved through exposure to iodine vapor. Subsequently, the plates
were examined under a UV chamber for verification. Nuclear magnetic resonance
spectra for proton (*H) and carbon (*3C) were obtained using a 500 MHz Brucker AC-
400 F spectrometer and the results were reported in ppm relative to TMS as an internal
standard. DMSO was used as the solvent. A Perkin Elmer 10.6.1 FT-IR
spectrophotometer was used to record infrared (IR) spectra, which were obtained using
a potassium bromide pellet. To record Mass spectra, a Shimadzu 000018 mass
spectrometer (GCMS-TQ8040 NX) was utilized. The synthetic scheme for most potent

compounds is shown in Figure 25.
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Figure 25: Reaction Scheme for most potent compounds
5.2.1 Synthesis of 2-amino-5-mercapto-1, 3, 4-thiadiazole (2)

Thiosemicarbazide 1 (10 mmol, 1 equivalent) underwent reflux with carbon disulfide
(10 mmol, 1 equivalent) for about thirty minutes. The reaction was then cooled, and 10
ml of water was added. Following the initial reflux, the reaction mixture was subjected
to an additional 4 hours of reflux, neutralized with potassium hydroxide, and monitored
for the desired product using TLC with Methanol: Chloroform (1:9) as the eluent. The
resulting precipitate was filtered and recrystallized from ethanol to yield 2-amino-5-
mercapto-1, 3, 4-thiadiazole.
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“2-amino-5-mercapto-1, 3, 4-thiadiazole (2)

Yield: 84%, white powder, M.P. 232-234 °C, FTIR (v max cm™): 3326, 3242 (-NH>),
2553 (S-Hsr, thiol), 1549 (C=N), MS: m/z: 133 [M*], *H NMR (500 MHz, DMSO-d6)
o ppm: 7.07 (s, 2H, NH»), 13.1 (s, 1H, SH).”

S

S
mN. U S=C=S ,Reflux,30 min HS\( )/NH2
N NH N-N

Thiosemicarbazide (1)

H,O/Reflux, 4h 2-amino-5-mercapto-1,3,4-
thiadiazole (2)

5.2.2 Synthesis of 2-((5-amino-1, 3, 4-thiadiazol-2-yl)thio)-1-phenylethan-1-one

(4a)

Compound 2 (1.33g, 0.01 mole) was mixed with potassium hydroxide (0.01 mole) in
10 ml of water under stirring, resulting in a colorless mixture. This mixture was then
left at RT. Subsequently, phenacylbromide (3a) (1.99g, 0.01 mole) was promptly added
to the reaction mixture while stirring, and it was dissolved in 10 ml of ethanol. The
reaction mixture underwent a thickening process and was stirred at room temperature
for 6 hours. Subsequently, it was allowed to cool for half an hour and monitored by TLC
with Methanol: Chloroform (1:9) as the eluent. After the reaction concluded, the
resulting mixture was transferred to ice-chilled water, leading to the separation of the
solid product through filtration. The product obtained from filtration underwent
multiple washes with water and ether, followed by drying. Subsequently, the dried
product underwent purification through recrystallization using ethanol.
“2-((5-amino-1, 3, 4-thiadiazol-2-yl)thio)-1-phenylethan-1-one (4a)

Yield: 85%, yellow solid crystals, M.P.: 176-177 °C, Rf: 0.64 (Methanol: Chloroform
(1:9), FTIR (v max cm™): 3378, 3254 (-NH>), 3109 (Ar-CH), 2900 (Aliph. CH), 1691
(C=0), 1588 (C=N); LCMS: m/z: 252 (M+1, 100); *H NMR (500 MHz, DMSO-d6) &
ppm: 4.81 (s, 2H, -CHy), Phenyl-H [7.54-7.57 (t, 2H), 7.67-7.70 (t, 1H), 8.00-8.02 (d,
2H)], 7.27 (s, 2H,-NH>).”
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0 0
EtOH,KOH/6h,stirring, RT
HS\«SW/NHZ . Br ; strring, S_ s
N-N \I\}r\l\?’NHz

2-amino-5-mercapto-1,3,4-
thiadiazole (2) Phenacyl bromide (3a) 2-((5-amino-1,3,4-thiadiazol-2-yl)thio)-1-
phenylethan-1-one (4a)

5.2.3. Synthesis of 2-((5-amino-1,3,4-thiadiazol-2-yl)thio)-1-(p-tolyl)ethan-1-one
(4b)

Under continuous stirring, compound 2 (1.33g, 0.01 mole) was combined with
potassium hydroxide (0.01 mole) in 10 ml of water, producing a colorless mixture. The
resultant mixture was then allowed to stand at RT. Subsequently, 4-
methylphenacylbromide (3b) (2.13 g, 0.01 mole) was promptly added to the reaction
mixture while stirring, and it was dissolved in 10 ml of ethanol. The reaction mixture
underwent a thickening process and was stirred at room temperature for 6 hours.
Subsequently, it was allowed to cool for half an hour and monitored by TLC with
Methanol: Chloroform (1:9) as the eluent. After the reaction concluded, the resulting
mixture was transferred to ice-chilled water, leading to the separation of the solid
product through filtration. The product obtained from filtration underwent multiple
washes with water and ether, followed by drying. Subsequently, the dried product
underwent purification through recrystallization using ethanol.
“2-((5-amino-1,3,4-thiadiazol-2-yl)thio)-1-(p-tolyl)ethan-1-one (4b)

Yield: 80%, yellow solid crystals, M.P.: 166-168 °C, Rf: 0.70 (Methanol: Chloroform
(1:9), FTIR (v max cm™): 3395, 3259 (-NH,), 3116 (Ar-CH), 2902 (Aliph. CH), 1686
(C=0), 1591 (C=N); MS: m/z: 266 [M*]; *H NMR (500 MHz, DMSO-d6) & ppm: 2.39
(s, 3H, -CHg), 4.76 (s, 2H, -CH>), Phenyl-H [7.35-7.36 (d, 2H), 7.90-7.92 (d, 2H)], 7.27
(s, 2H,-NH>).”

(0]

S-S
S B .
HS\< W/NHZ + T EtOH,KOH/6h,stirring, RT T >——NH2
\ » N~N
N-N H,C
CH,4

2-aminot5-r.nercapt0-1,3,4- 4-methyl Phenacyl bromide ) L, .
thiadiazole (2) (3b) 2-((S-amino-1,3,4-thiadiazol-2-yl)thio)-1-(p-

tolyl)ethan-1-one (4b)
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5.2.4 2-((5-amino-1,3,4-thiadiazol-2-yl)thio)-1-(4-methoxyphenyl)ethan-1-one (4c)
Under stirring conditions, compound 2 (1.33g, 0.01 mole) was combined with
potassium hydroxide (0.01 mole) in 10 ml of water, producing a colorless mixture. This
mixture was then left at RT. Following that, 4-methoxyphenacylbromide (3c) (2.29 g,
0.01 mole) was promptly added to the reaction mixture while stirring, and it was
dissolved in 10 ml of ethanol. The reaction mixture underwent a thickening process and
was stirred at room temperature for 6 hours. Subsequently, it was allowed to cool for
half an hour and monitored by TLC with Methanol: Chloroform (1:9) as the eluent.
After the reaction concluded, the resulting mixture was transferred to ice-chilled water,
leading to the separation of the solid product through filtration. The product obtained
from filtration underwent multiple washes with water and ether, followed by drying.
Subsequently, the dried product underwent purification through recrystallization using
ethanol.

“2-((5-amino-1,3,4-thiadiazol-2-yl)thio)-1-(4-methoxyphenyl)ethan-1-one (4c)
Yield: 79%, white solid crystals, M.P.: 187-189 °C, Rf: 0.75 (Methanol: Chloroform
(1:9), FTIR (v max cm™): 3277 (-NH,), 3082 (Ar-CH), 2839 (Aliph. CH), 1665 (C=0),
1595 (C=N); MS: m/z: 281 [M*]; *H NMR (500 MHz, DMSO0-d6) & ppm: 3.86 (s, 3H,
-OCHj3), 4.74 (s, 2H, -CHy), Phenyl-H [7.79-8.00 (d, 2H), 7.06-7.07 (d, 2H)], 7.26 (s,
2H,-NH>).”

o (¢}

S S
S _-NH, Br EtOH,KOH/6h,stirring,RT
Hs\< W/ ¥ , , g, . \I\\I( 1\§>INH2
-N =
N OCH, H,CO

2-amino-5-mercapto-
1,3,4-thiadiazole (2)

4-meth0X_y Phenacyl 2-((5-amino-1,3,4-thiadiazol-2-yl)thio)-1-(4-
bromide (3¢) methoxyphenyl)ethan-1-one (4¢)

5.2.5 Synthesis of 2-((5-((2-hydroxybenzylidene)amino)-1,3,4-thiadiazol-2-yl)thio)-
1-phenylethan-1-one (SSS 34)

Dissolve 2.51 g (0.01 mol) of 4a in 25 ml of isopropyl alcohol and reflux it with
salicyaldehyde (1.59 g, 0.015 mol) for 18 hours at temperatures ranging from 60 to
70°C. Subsequently, 2-3 drops of glacial acetic acid were introduced into the reaction

mixture. The advancement of the reaction was tracked using TLC with an eluent mixture
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consisting of 80% EA and 20% hexane. Upon completion of the reaction, the product
was cooled to RT, and distillation was carried out under vacuum pressure utilizing a
rotavapor. The resulting crude product underwent recrystallization using methanol, with

the process being repeated 2-3 times to yield a pure and dried final product.

(0} Reflux at S
S S + OH 60 70 °C ‘<\
\1{ />__NH2 ©/\/O Glacial OH
N & acetic acid
4a Salicaldehyde SSS 34

“2-((5-((2-hydroxybenzylidene)amino)-1,3,4-thiadiazol-2-yl)thio)-1-phenylethan-
1-one (SSS 34): Yield: 90%, yellow solid crystals, M.P.: 187-189 °C, Rf: 0.75
(Ethylacetate: Hexane (8:2), LC-MS (ESI) m/z: 356 (M+H)*, 'H NMR (400 MHz,
DMSO-d6) 6 ppm: 5.17 (s, 2H, -CH>), 6.96 (m, 2H, Ar-H), 7.29 (m, 1H, Ar-H), 7.49
(m, 2H, Ar-H), 7.57 (m, 1H, Ar-H), 7.60 (d, 1H, Ar-H), 8.09 (m, 2H, Ar-H), 9.11 (s,
1H, Imine), 11.22 (s, 1H, -OH), ¥C NMR (100 MHz, DMSO-d6) & ppm: 41.86,
117.43, 120.24, 128.98, 129.37, 130.82, 134.38, 135.68, 136.22, 160.70, 163.26,
167.44, 173.80, 193.23.”

52.6 Synthesis of  2-((5-((2-hydroxy-4-methoxybenzylidene)amino)-1,3,4-
thiadiazol-2-yl)thio)-1-phenylethan-1-one (SSS 100)

Dissolve 2.51 g (0.01 mol) of 4a in 25 ml of isopropyl alcohol and reflux it with 2-
hydroxy-3-methoxybenzaldehyde (2.28 g, 0.015 mol) for 19 hours at temperatures
ranging from 60 to 70°C. Subsequently, 2-3 drops of glacial acetic acid were introduced
into the reaction mixture. The advancement of the reaction was tracked using TLC with
an eluent mixture consisting of 80% EA and 20% hexane. Upon completion of the
reaction, the product was cooled to RT, and distillation was carried out under vacuum
pressure utilizing a rotavapor. The resulting crude product underwent recrystallization
using methanol, with the process being repeated 2-3 times to yield a pure and dried final

product.

NH,

\7/ s Neeg OH
S o o S\< \l/ S
\<}\]/N H Reflux at }V/LI OCH;
+ 60-70 °C
—
HO Glacial

OCHj3;  acetic acid
4a 2-hydroxy-3-methoxybenzaldehyde SSS 100
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“2-((5-((2-hydroxy-4-methoxybenzylidene)amino)-1,3,4-thiadiazol-2-yl)thio)-1-
phenylethan-1-one (SSS 100): Yield: 90%, yellow solid crystals, M.P.: 180-182 °C,
Rf: 0.62 (Ethylacetate: Hexane (8:2), LC-MS (ESI) m/z: 386 (M+H)*, *H NMR (400
MHz, DMSO-d6) 6 ppm: 3.86 (s, 3H, OCHg), 5.16 (s, 2H, -CH>), 6.94 (d, 1H, Ar-H),
7.25 (d, 1H, Ar-H), 7.47 (d, 1H, Ar-H), 7.74 (m, 3H, Ar-H), 8.10 (m, 2H, Ar-H), 9.11
(s, 1H, Imine), 10.86 (s, 1H, -OH). 3C NMR (100 MHz, DMSO-d6) & ppm: 41.70,
56.15, 114.58, 117.42, 120.33, 128.50, 130.81, 131.42, 136.21, 160.89, 163.47, 164.18,
167.41, 173.75, 191.52.”

5.2.7 Synthesis of 2-((5-((3,4-dimethoxybenzylidene)amino)-1,3,4-thiadiazol-2-
yl)thio)-1-phenylethan-1-one (SSS 16)

Dissolve 2.51 g (0.01 mol) of 4a in 25 ml of isopropyl alcohol and reflux it with 3,4-
dimethoxybenzaldehyde (2.49 g, 0.015 mol) for 20 hours at temperatures ranging from
60 to 70°C. Subsequently, 2-3 drops of glacial acetic acid were introduced into the
reaction mixture. The advancement of the reaction was tracked using TLC with an
eluent mixture consisting of 80% EA and 20% hexane. Upon completion of the reaction,
the product was cooled to RT, and distillation was carried out under vacuum pressure
utilizing a rotavapor. The resulting crude product underwent recrystallization using

methanol, with the process being repeated 2-3 times to yield a pure and dried final

product.
S NH, S No
N Reflux at S \/l/
\<N’N " 60-70 °C \<}V/N QOCH‘
EE—
+ Glacial
OCH; jcetic acid OCHS,
OCH;
4a 3,4-dimethoxybenzaldehyde (Veratraldehyde) SSS 16

“2-((5-((3,4-dimethoxybenzylidene)amino)-1,3,4-thiadiazol-2-yl)thio)-1-

phenylethan-1-one (SSS 16): Yield: 95%, yellow solid crystals, M.P.: 189-191 °C, Rf:
0.73 (Ethylacetate: Hexane (8:2), LC-MS (ESI) m/z: 400 (M+H)*, 'H NMR (400
MHz, DMSO-dé6) 6 ppm: 3.83 (s, 6H, OCHs), 4.85 (s, 2H, -CHy), 7.16 (m, 1H, Ar-H),
7.29-7.40 (m, 2H, Ar-H), 7.55 (m, 4H, Ar-H), 8.09 (m, 1H, Ar-H), 9.85 (s, 1H, Imine).
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13C NMR (100 MHz, DMSO-d6) 6 ppm: 42.05, 56.36, 109.88, 111.76, 111.99, 126.62,
127.20, 128.97, 129.37, 130.11, 134.38, 135.64, 149.65, 154.67, 169.41, 170.27,
193.87.”

5.2.8 Synthesis of 2-((5-((4-hydroxybenzylidene)amino)-1,3,4-thiadiazol-2-yl)thio)-
1-phenylethan-1-one (SSS 40)

Dissolve 2.51 g (0.01 mol) of 4a in 25 ml of isopropyl alcohol and reflux it with 4-
hydroxyaldehyde (1.59 g, 0.015 mol) for 18 hours at temperatures ranging from 60 to
70°C. Subsequently, 2-3 drops of glacial acetic acid were introduced into the reaction
mixture. The advancement of the reaction was tracked using TLC with an eluent mixture
consisting of 80% EA and 20% hexane. Upon completion of the reaction, the product
was cooled to RT, and distillation was carried out under vacuum pressure utilizing a
rotavapor. The resulting crude product underwent recrystallization using methanol, with

the process being repeated 2-3 times to yield a pure and dried final product.

) Reflux at
o o e S~<\
\W />’NH2 ac1al
N-N acetic acid OH
4a 4-hydroxybenzaldehyde SSS 40

“2-((5-((4-hydroxybenzylidene)amino)-1,3,4-thiadiazol-2-yl)thio)-1-phenylethan-
1-one (SSS 40): Yield: 92%, yellow solid crystals, M.P.: 178-179 °C, Rf: 0.66
(Ethylacetate: Hexane (8:2), LC-MS (ESI) m/z: 356 (M+H)*, *H NMR (400 MHz,
DMSO-d6) 6 ppm: 5.13 (s, 2H, -CH>), 6.94 (d, 2H, Ar-H), 7.52 (m, 2H, Ar-H), 7.70
(m, 1H, Ar-H), 7.84 (m, 2H, Ar-H), 8.15 (m, 2H, Ar-H), 8.74 (s, 1H, Imine), 10.61 (s,
1H, -OH). *C NMR (100 MHz, DMSO-d6) & ppm: 41.74, 116.63, 126.19, 128.96,
129.36, 133.12, 134.36, 135.70, 162.11, 163.40, 169.02, 174.90, 193.24.”

5.2.9 Synthesis of 2-((5-((2-hydroxybenzylidene)amino)-1,3,4-thiadiazol-2-yl)thio)-
1-(p-tolyl)ethan-1-one (SSS 35)

Dissolve 2.66 g (0.01 mol) of 4b in 25 ml of isopropyl alcohol and reflux it with
salicyaldehyde (1.59 g, 0.015 mol) for 18 hours at temperatures ranging from 60 to

70°C. Subsequently, 2-3 drops of glacial acetic acid were introduced into the reaction
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mixture. The advancement of the reaction was tracked using TLC with an eluent mixture
consisting of 80% EA and 20% hexane. Upon completion of the reaction, the product
was cooled to RT, and distillation was carried out under vacuum pressure utilizing a
rotavapor. The resulting crude product underwent recrystallization using methanol, with
the process being repeated 2-3 times to yield a pure and dried final product.

SNy OM
o S ‘CH
Q OH  Reflux at 60-70°C \<\N]’\J/ @
o - O
%
NH
\]\}(I\?l ’ -0 Glacial
H;C Acetic acid c
4b Salicylaldehyde 3 SSS 35

“2-((5-((2-hydroxybenzylidene)amino)-1,3,4-thiadiazol-2-yl)thio)-1-(p-
tolyl)ethan-1-one (SSS 35): Yield: 80%, rust colored solid crystals, M.P.: 160-162 °C,
Rf: 0.77 (Ethylacetate: Hexane (8:2), LC-MS (ESI) m/z: 370 (M+H)*, *H NMR (400
MHz, DMSO-dé6) 6 ppm: 2.41 (s, 3H, -CH3), 4.77 (s, 2H, -CH.), 6.92 (m, 2H, Ar-H),
6.92 (m, 2H, Ar-H), 7.28 (d, 2H, Ar-H), 7.40 (m, 1H, Ar-H), 7.98 (m, 3H, Ar-H), 9.79
(s, 1H, Imine), 10.64 (s, 1H, -OH). 3C NMR (100 MHz, DMSO-d6) & ppm: 21.68,
42.0, 117.70, 119.95, 122.76, 129.64, 136.89, 161.19, 192.15.”

5.2.10 Synthesis of 2-((5-((3,4-dihydroxy-5-nitrobenzylidene)amino)-1,3,4-
thiadiazol-2-yl)thio)-1-(p-tolyl)ethan-1-one (SSS 95)

Dissolve 2.66 g (0.01 mol) of 4b in 25 ml of isopropyl alcohol and reflux it with 3,4-
dihydroxy-5-nitro benzaldehyde (2.74 g, 0.015 mol) for 20 hours at temperatures
ranging from 60 to 70°C. Subsequently, 2-3 drops of glacial acetic acid were introduced
into the reaction mixture. The advancement of the reaction was tracked using TLC with
an eluent mixture consisting of 80% EA and 20% hexane. Upon completion of the
reaction, the product was cooled to RT, and distillation was carried out under vacuum
pressure utilizing a rotavapor. The resulting crude product underwent recrystallization
using methanol, with the process being repeated 2-3 times to yield a pure and dried final

product.
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\ (0] Reflux at N
N—N 60 70 °C \ 02
H
+
G]ac1al OH
acetic acid

H;C OH

4b 3,4 -dihydroxy 5-nitro benzaldehyde SSS 95

“2-((5-((3,4-dihydroxy-5-nitrobenzylidene)amino)-1,3,4-thiadiazol-2-yl)thio)-1-(p-
tolyl)ethan-1-one (SSS 95): Yield: 90%, yellow solid crystals, M.P.: 192-194 °C, Rf:
0.68 (Ethylacetate: Hexane (8:2), LC-MS (ESI) m/z: 431 (M+H)*, 'H NMR (400
MHz, DMSO-d6) & ppm: 2.41 (s, 3H, -CHs), 4.77 (s, 2H, -CH2), 7.37 (m, 3H, Ar-H),
8.04 (m, 3H, Ar-H), 8.80 (s, 1H, Imine), 9.81 (s, 2H, -OH). *C NMR (100 MHz,
DMSO-d6) & ppm: 21.72, 41.86, 117.43, 120.33, 128.98, 129.37, 130.82, 134.38,
135.68, 136.22, 160.70, 163.26, 167.44, 173.80, 193.23.”

5.2.11 Synthesis of 2-((5-((3-hydroxy-4-methoxybenzylidene)amino)-1,3,4-
thiadiazol-2-yl)thio)-1-(p-tolyl)ethan-1-one (SSS 98)

Dissolve 2.66 g (0.01 mol) of 4b in 25 ml of isopropyl alcohol and reflux it with 3-
hydroxy-4-methoxybenzaldehyde (2.28 g, 0.015 mol) for 20 hours at temperatures
ranging from 60 to 70°C. Subsequently, 2-3 drops of glacial acetic acid were introduced
into the reaction mixture. The advancement of the reaction was tracked using TLC with
an eluent mixture consisting of 80% EA and 20% hexane. Upon completion of the
reaction, the product was cooled to RT, and distillation was carried out under vacuum
pressure utilizing a rotavapor. The resulting crude product underwent recrystallization

using methanol, with the process being repeated 2-3 times to yield a pure and dried final

product.
NH,
S o Reflux at S
\<}\1/7\J/ 60 70 °C \<\
+ H Glamal
acetic acid OCH;
H;C Ol-l HC
4b 3-hydroxy4-methoxy benzaldehyde 3 SSS 98

“2-((5-((3-hydroxy-4-methoxybenzylidene)amino)-1,3,4-thiadiazol-2-yl)thio)-1-(p-
tolyl)ethan-1-one (SSS 98): Yield: 70%, greyish colored solid crystals, M.P.: 157-159
°C, Rf: 0.65 (Ethylacetate: Hexane (8:2), LC-MS (ESI) m/z: 400 (M+H)*, *H NMR (400
MHz, DMSO-d6) 6 ppm: 2.41 (s, 3H, -CHz), 3.88 (s, 3H, -OCH3), 5.13 (s, 2H, -CH>),
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6.96 (m, 2H, Ar-H), 7.45 (m, 3H, Ar-H), 7.99 (m, 2H, Ar-H), 9.10 (s, 1H, Imine), 10.28
(s, 1H, -OH). C NMR (100 MHz, DMSO-d6) & ppm: 21.72, 41.86, 56.49, 117.42,
120.51, 122.97, 129.89, 133.16, 144.95, 148.83, 151.18, 163.39, 167.60, 173.70,
192.71.”

5.2.12 Synthesis of 2-((5-((4-hydroxybenzylidene)amino)-1,3,4-thiadiazol-2-
yDthio)-1-(p-tolyl)ethan-1-one (SSS 41)

Dissolve 2.66 g (0.01 mole) of 4b in 25 ml of isopropyl alcohol and reflux it with 4-
hydroxyaldehyde (1.59 g, 0.015 mole) for 18 hours at temperatures ranging from 60 to
70°C. Subsequently, 2-3 drops of glacial acetic acid were introduced into the reaction
mixture. The advancement of the reaction was tracked using TLC with an eluent mixture
consisting of 80% EA and 20% hexane. Upon completion of the reaction, the product
was cooled to RT, and distillation was carried out under vacuum pressure utilizing a
rotavapor. The resulting crude product underwent recrystallization using methanol, with
the process being repeated 2-3 times to yield a pure and dried final product.

Reflux at
S\<\ O _60-70°C_ S\<\
N’N N/N
Glacnal
acetic acid 01—1

4-hydroxy benzaldehyde SSS 41

“2-((5-((4-hydroxybenzylidene)amino)-1,3,4-thiadiazol-2-yl)thio)-1-(p-
tolyl)ethan-1-one (SSS 41): Yield: 77%, yellow solid crystals, M.P.: 187-189 °C, Rf:
0.71 (Ethylacetate: Hexane (8:2), LC-MS (ESI) m/z: 370 (M+H)*, 'H NMR (400
MHz, DMSO-d6) é ppm: 2.41 (s, 3H, -CH3), 4.77 (s, 2H, -CHz), 6.95 (d, 2H, Ar-H),
7.28 (s, 2H, Ar-H), 7.40 (d, 1H, Ar-H), 7.75 (d, 2H, Ar-H), 7.98 (d, 1H, Ar-H), 9.79 (s,
1H, Imine), 10.64 (s, 1H, -OH). 3C NMR (100 MHz, DMSO-d6) & ppm: 21.68, 42.0,
116.67, 128.06, 129.10, 129.89, 132.58, 133.15, 144.73, 149.72, 163.85, 170.27,
193.40.”

5.2.13 Synthesis of 2-((5-((2-hydroxybenzylidene)amino)-1,3,4-thiadiazol-2-
yl)thio)-1-(4-methoxyphenyl)ethan-1-one (SSS 36)

Dissolve 2.81 g (0.01 mol) of 4c in 25 ml of isopropyl alcohol and reflux it with
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salicyaldehyde (1.59 g, 0.015 mole) for 18 hours at temperatures ranging from 60 to
70°C. Subsequently, 2-3 drops of glacial acetic acid were introduced into the reaction
mixture. The advancement of the reaction was tracked using TLC with an eluent mixture
consisting of 80% EA and 20% hexane. Upon completion of the reaction, the product
was cooled to RT, and distillation was carried out under vacuum pressure utilizing a
rotavapor. The resulting crude product underwent recrystallization using methanol, with

the process being repeated 2-3 times to yield a pure and dried final product.

Po) Reflux at S\<\
S s OH 60 70 °C N-N
\W />/NH2 + @[/O Glamal
N-N = acetic acid

H,CO SSS 36

H,CO
4¢ Salicylaldehyde

“2-((5-((2-hydroxybenzylidene)amino)-1,3,4-thiadiazol-2-yl)thio)-1-(4
methoxyphenyl)ethan-1-one (SSS 36): Yield: 90%, yellow solid crystals, M.P.: 190
192 °C, Rf: 0.74 (Ethylacetate: Hexane (8:2), LC-MS (ESI) m/z: 386 (M+H)*, 'H
NMR (400 MHz, DMSO-d6) é ppm: 3.87 (s, 3H, -OCH3), 5.07 (s, 2H, -CH>), 6.91
(m, 2H, Ar-H), 7.11 (m, 2H, Ar-H), 7.51 (m, 1H, Ar-H), 7.87 (d, 1H, Ar-H), 8.02 (d,
2H, Ar-H), 9.09 (s, 1H, Imine), 11.22 (s, 1H, -OH). 3C NMR (100 MHz, DMSO-d6)
6 ppm: 41.70, 56.15, 114.58, 117.42, 120.33, 128.50, 130.81, 131.42, 136.21, 160.89,
163.47,164.18, 167.41, 173.75, 191.52.”

5.2.14 Synthesis of 2-((5-((2-hydroxy-4-methoxybenzylidene)amino)-1,3,4-
thiadiazol-2-yl)thio)-1-(4-methoxyphenyl)ethan-1-one (SSS 102)

Dissolve 2.81 g (0.01 mole) of 4c in 25 ml of isopropyl alcohol and reflux it with 2-
hydroxy-4-methoxybenzaldehyde (2.28 g, 0.015 mole) for 19 hours at temperatures
ranging from 60 to 70°C. Subsequently, 2-3 drops of glacial acetic acid were introduced
into the reaction mixture. The advancement of the reaction was tracked using TLC with
an eluent mixture consisting of 80% EA and 20% hexane. Upon completion of the
reaction, the product was cooled to RT, and distillation was carried out under vacuum
pressure utilizing a rotavapor.The resulting crude product underwent recrystallization

with methanol, a process repeated 2-3 times to obtain a pure and dried final product.
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S NH, S N,
(o] S~<\ \II\IJ/ o ]6{8117%)(02([; le) S~<\ \”/ CH

N— - —N

L, LS
+ Glacial
HO OCH,4 acetic acid "o OCH;
H;CO
3 4c 2-hydroxy-3-methoxy benzaldehyde H,CO SSS 102

“2-((5-((2-hydroxy-4-methoxybenzylidene)amino)-1,3,4-thiadiazol-2-yl)thio)-1-(4-
methoxyphenyl)ethan-1-one (SSS 102): Yield: 95%, mustard yellow solid crystals,
M.P.: 187-189 °C, Rf: 0.66 (Ethylacetate: Hexane (8:2), LC-MS (ESI) m/z: 414
(M+H)*, *H NMR (400 MHz, DMSO-d6) & ppm: 3.87 (s, 6H,-OCHz), 5.11 (s, 2H, -
CHz2), 6.91 (m, 1H, Ar-H), 7.11 (m, 2H, Ar-H), 7.24 (d, 1H, Ar-H), 8.05 (d, 3H, Ar-H),
9.12 (s, 1H, Imine), 10.86 (s, 1H, -OH). *C NMR (100 MHz, DMSO-d6) é ppm:
42.05, 56.36, 109.88, 111.99, 117.41, 126.62, 129.37, 130.11, 135.64, 149.55, 154.67,
170.27, 193.89.”

5.2.15 Synthesis of 2-((5-((3,4-dimethoxybenzylidene)amino)-1,3,4-thiadiazol-2-
yl)thio)-1-(4-methoxyphenyl)ethan-1-one (SSS 18)

Dissolve 2.81 g (0.01 mole) of 4c in 25 ml of isopropyl alcohol and reflux it with 3,4-
dimethoxybenzaldehyde (2.49 g, 0.015 mole) for 19 hours at temperatures ranging from
60 to 70°C. Subsequently, 2-3 drops of glacial acetic acid were introduced into the
reaction mixture. The advancement of the reaction was tracked using TLC with an
eluent mixture consisting of 80% EA and 20% hexane. Upon completion of the reaction,
the product was cooled to RT, and distillation was carried out under vacuum pressure
utilizing a rotavapor. The resulting crude product underwent recrystallization using

methanol, with the process being repeated 2-3 times to yield a pure and dried final

product.

S NH, S No

[0} [0} Reflux at o) SCH
5= 7’: 60-70 °C s—C g OCH,
N H > N—N
+ Glacial
OCH,; acetic acid OCH;
HACG OCH;
3 4c 3,4-dimethoxybenzaldehyde H;CO SSS 18
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“2-((5-((3,4-dimethoxybenzylidene)amino)-1,3,4-thiadiazol-2-yl)thio)-1-(4-
methoxyphenyl)ethan-1-one (SSS 18): Yield; 70%, yellow solid crystals, M.P.: 164—
166 °C, Rf: 0.75 (Ethylacetate: Hexane (8:2), LC-MS (ESI) m/z: 430 (M+H)*, 'H
NMR (400 MHz, DMSO-d6) é ppm: 3.87 (s, 9H,-OCH?a), 4.76 (s, 2H, -CH>), 7.29
(m, 3H, Ar-H), 7.61 (m, 2H, Ar-H), 8.07 (m, 2H, Ar-H), 8.79 (s, 1H, Imine). *C NMR
(100 MHz, DMSO-d6) 6 ppm: 41.74, 56.35, 114.43, 131.40, 160.70, 163.26, 167.44,
173.80, 193.23.”

5.2.16 Synthesis of 2-((5-((3,4-dihydroxy-5-nitrobenzylidene)amino)-1,3,4-
thiadiazol-2-yl)thio)-1-(4-methoxyphenyl)ethan-1-one (SSS 96)

Dissolve 2.81 g (0.01 mole) of 4c in 25 ml of isopropyl alcohol and reflux it with 3,4-
dihydroxy-5-nitrobenzaldehyde (2.74 g, 0.015 mole) for 20 hours at temperatures
ranging from 60 to 70°C. Subsequently, 2-3 drops of glacial acetic acid were introduced
into the reaction mixture. The advancement of the reaction was tracked using TLC with
an eluent mixture consisting of 80% EA and 20% hexane. Upon completion of the
reaction, the product was cooled to RT, and distillation was carried out under vacuum
pressure utilizing a rotavapor. The resulting crude product underwent recrystallization

using methanol, with the process being repeated 2-3 times to yield a pure and dried final

product.
NH,
T ;
\ o Reflux at
N—N 60 70 °C \<}\I’N Noz
H
+ Glac1al OH
acetic acid
H;CO OH
4¢ 3,4 -dihydroxy 5-nitro benzaldehyde SSS 96

“2-((5-((3,4-dihydroxy-5-nitrobenzylidene)amino)-1,3,4-thiadiazol-2-yl)thio)-1-
(4-methoxyphenyl)ethan-1-one (SSS 96): Yield: 90%, greyish colored solid crystals,
M.P.: 177-179 °C, Rf: 0.75 (Ethylacetate: Hexane (8:2), LC-MS (ESI) m/z:: 447
(M+H)*, IH NMR (400 MHz, DMSO-d6) & ppm: 3.89 (s, 3H,-OCHs), 4.80 (s, 2H, -
CHy), 7.07 (d, 2H, Ar-H), 7.47 (s, 1H, Ar-H), 8.01 (m, 3H, Ar-H), 8.80 (s, 1H, Imine),
9.81 (s, 2H, -OH). *C NMR (100 MHz, DMSO-d6) & ppm: 41.73, 56.49, 114.48,
117.41,120.41, 128.49, 131.42, 147.80, 164.01, 167.58, 173.68, 191.52.”
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5.3 In-silico toxicity prediction: The toxicity of the synthesized compounds was
evaluated to determine any associated risks, such as carcinogenicity and mutagenicity.
The compounds were converted to SMILES format using ChemDraw Professional 16

software and analyzed for toxicity using the Lazar toxicity predictor. 1°

5.4 In-silico pharmacokinetics prediction: The SWISS ADME software, accessible
at http://www.swissadme.ch/index.php, was employed for the online computation of
pharmacokinetic properties, drug-likeness, and physicochemical characteristics of the

synthesized compounds.?°
5.5 In vitro evaluation of synthesized compounds

5.5.1 MTT cell-viability assay

The recently synthesized compounds underwent a cell viability assessment through the
MTT assay, conducted on the Chinese Hamster Ovary cell line (CHO) at the School of
Bioengineering and Biosciences, LPU, India. The compounds were evaluated at five
distinct concentrations, with Dapagliflozin serving as the control in this assay measuring
growth inhibitory activity. The DMEM medium, FBS, trypsin, DMSO, and MTT
utilized in the assay were obtained from Sigma Aldrich Chemicals. Dapagliflozin was
graciously supplied as a complimentary sample by Enrico Pharmaceuticals, India. The
CHO cell line was obtained from the National Centre for Cell Science, Pune, India. All

synthesized compounds were dissolved in DMSO (mg/ml).

The evaluation of the newly synthesized compounds' effect on cell growth inhibition
was conducted through the MTT assay, employing a tetrazolium. The assay gauges
viable cells by monitoring the reduction of the tetrazolium salt, MTT, leading to the
formation of purple formazan crystals in live cells. Cell viability is subsequently

determined by analyzing the absorbance of the cell sample post-assay.

At a concentration of 1 x 108 cells per well, cells were cultivated in 96-well plates, left
to adhere for 24 hours, and maintained at 37°C in an atmosphere with 5.0% CO..
Subsequently, the cells were subjected to triplicate treatments with varying

concentrations of the test samples and the reference drug, dapagliflozin, at 6.25 pg/ml,
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12.5 pg/ml, 25 pg/ml, 50 pg/ml, and 100 pg/ml, maintained at 37°C overnight. A 20 ul
aliquot of MTT solution was directly introduced into all the relevant wells. Following a
4-hour incubation period at 37°C, the media was extracted, and the formazan crystals,
formed through the reduction of MTT by active cells, were dissolved in 80 ul of DMSO.
The mixture was then incubated for half an hour to facilitate the dissolution of the
formazan crystals. The absorbance of each well was measured using an ELISA plate
reader at 540 nm. All experiments were performed in triplicate and replicated twice for
statistical analysis. Results were presented as mean £ SEM. The ICsp, indicating the
concentration of a drug necessary for 50% inhibition of CHO cell proliferation in vitro,

was calculated using Microsoft Excel, and the values were reported in pg/ml.
5.5.2 Human SGLT2 (SLC5A2) ELISA kit

Prior to the experiment, we selected high and low doses of standard and test compounds
with the best ICso values and prepared the plates using low (5mM +20 mM mannitol for
osmotic balance) and high glucose media (30 mM). For instance, the high and low doses
for the treatment are as: standard (110 & 55 pL), SSS100 (90 & 45 pL), SSS35 (100 &
50 uL), SSS95 (100 & 50 pL), and SSS40 (90 & 45 pL). After treatment with the above
doses, cell lysate was prepared using a homogenizing buffer including protease
inhibitors to avoid protein degradation. Afterward, the cells were scraped using a cell
scraper, followed by centrifugation to obtain a good amount of protein. After
centrifugation to process the sample, we remove the pellet and consider the supernatant

for further assessment.

Reagent Preparation: All reagents were kept at room temperature. In the event of
crystal formation in buffer concentrates, warming was allowed until complete
dissolution was achieved. The wash buffer was prepared by diluting distilled water in a
5:15 fold ratio.

Standard: Into each tube, 150 puL of standard diluent was added. A series of 2-fold
dilutions was then created using the stock solution. Thorough mixing of each tube was
ensured before advancing to the next transfer, with the undiluted standard serving as the

high standard.
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Assay procedure: began by introducing diluted standards, which were maintained at
varying concentrations (i.e., 20, 40, 80, 160, 320, and 640 pg/ml), into separate wells.
One well was designated as the set standard well, while the others were designated as
testing sample wells. In the well designated for standards, 50 pL of diluents were added.
Likewise, in the wells designated for testing samples, 40 uL of diluents were added.
Subsequently, 10 uL of four distinct test compounds were introduced at both low and
high concentrations into the testing sample wells, each in triplicate, except for the blank
well, which received no sample. Every well was covered using the plate cover supplied
with the kit and subsequently incubated at 37°C for about 45 minutes. After the
incubation period, each well was aspirated, and a four-time wash was performed for 1—
3 minutes with the wash buffer (250 pL each time) supplied with the kit. Following this,
any remaining wash buffer was aspirated to ensure its complete removal. Subsequently,
50 uL of HRP-conjugated detection antibody was introduced into each well, excluding
the blank. The wells were then covered once more and incubated at 37°C for half an
hour. Following that, each plate was aspirated and underwent a minimum of five washes
with wash buffer. Subsequently, 50 pL of Chromogen solution-B was added to each
well, gently mixed, and allowed to re-incubate at 37°C for 15 minutes, shielded from
light. In the last step, 50 pL of stop solution was introduced into each well, leading to a
color change from blue to yellow. Once the color transitioned to yellow, the optical
absorbance at a wavelength of 450 nm was immediately measured using a microplate
ELISA reader, and the results were recorded.

5.6. In vivo evaluation of synthesized compounds

The evaluation of synthesized compounds in vivo was conducted with the approval of
the Institutional Animal Ethics Committee (IAEC) under the corresponding approval
number: LPU/IAEC/2023/24

5.6.1 Experimental animals: in vivo investigation comprised male Sprague Dawley
rats weighing between 350-380 grams. The rats were housed in a controlled conditions
with a 12-hour light/dark cycles and a temperature of 25 + 5° C, and kept in paddy husk

beds. During the study, the rats were given a standard laboratory pellet diet and had
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unrestricted access to water, aiming to maintain consistency in diet and hydration,
control for potential confounding variables, and ensure the animals' overall health and
well-being. The study incorporated nine treatment groups, as outlined in the table. The
identical treatment protocol was administered to all groups after the two-week period

of dietary manipulation, commencing on day 15.

5.6.2 Assessment of Urine Excretion of Glucose and other electrolytes

Glucosuria was measured in normal SD rats as part of a glucose tolerance test protocol.
SD rats were further divided into vehicle control, synthesized compound-SSS 95 per se,
synthesized compound-SSS 100 per se, Glucose, Glucose + Dapagliflozin, Glucose +
synthesized compound-SSS 95 (low & high dose: 5 mg/kg & 10 mg/kg), Glucose +
synthesized compound-SSS 100 (low & high dose: 5 mg/kg & 10 mg/kg).

In preparation for baseline urine collection, Sprague-Dawley rats were subjected to an
18-hour overnight fast and were placed in metabolism cages with unrestricted access to
water. The subsequent day, the rats were weighed and randomly grouped in sets of eight
(n=8), ensuring minimal variance in body weight among the groups. Fifteen minutes
following the oral administration of a control substance and test compounds (low and
high doses of SSS 95 and SSS 100), the rats received a glucose solution (2 grams per
kilogram). They were then promptly returned to the metabolism cages to ensure
complete urine collection over a 24-hour period post-dose. Food access was permitted
one hour after glucose administration, & in tubes, urine samples were gathered, and
their volumes were measured and documented. Glucose concentration in the urine
samples was determined using the glucose oxidase-peroxidase method. Additionally,
urine samples were analyzed for sodium, potassium, and chloride using the ion-selective
electrode method at Sant Path Laboratory, Ludhiana. The effects of the compounds were
assessed relative to the vehicle group using Microsoft Excel. Means = SD were utilized

to present all results.
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Table 2: Approved treatment protocol for determining the Urinary Glucose Excretion

model:
Group Name of the Treatment dosage and Animals
Number | Group administration route number
Group-1 Vehicle 0.5% CMC, per oral 8
Group-2 Synthesized 10 mg/kg, per oral 8
molecule-SSS 95
per se
Group-3 Synthesized 10 mg/kg, per oral 8
molecule-SSS 100
per se
Group-4 Diabetic control | 2 g/kg of Glucose (single 8
dose, per oral)
Group-5 | Standard control | 2 g/kg of Glucose single dose, 8
per oral) + 10 mg/kg
Dapagliflozin (per oral)
Group-6 Synthesized 2 g/kg of Glucose (single 8
molecule-SSS 95 | dose, p.0.) + 5 mg/kg (p.o.)
low dose
Group-7 Synthesized 2 g/kg of Glucose (single 8
molecule- SSS 95 | dose, p.o.) + 10 mg/kg (p.0.)
high dose
Group-8 Synthesized 2 g/kg of Glucose (single 8
molecule- SSS 100 | dose, p.0.) + 5 mg/kg (p.o.)
low dose
Group-9 Synthesized 2 g/kg of Glucose (single 8
molecule- SSS 100 | dose, p.0.) + 10 mg/kg (p.o.)
high dose
Total 72
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Diarrhea test

The Sprague-Dawley (SD) rats received a single dosage of the test compounds at low
& high doses (5mg/kg & 10mg/kg). After administration, all animals were individually
housed in metabolism cages and provided with food & water ad libitum for the duration
of the experiment. The SD rats were closely monitored on an hourly basis for the first
8 hours post-dosing. The bottoms of the cages were lined with white paper for easy
observation of fecal consistency. Diarrhea presence was documented and evaluated
based on the subsequent criteria: (-) normal feces (black color, well-formed, firm), (+)
soft feces (light color, well-formed, but soft), (++) loose stools (light color, not well-

formed, soft), (+++) watery diarrhea.

5.6.4 Effects of blood glucose reduction in SD rats with diabetes induced by
Streptozotocin-Nicotinamide

Male SD rats underwent a period of 2-week acclimatization before the induction of
diabetes through the administration of Streptozotocin (STZ) and Nicotinamide (NAM).
The SD rats were subsequently categorized into various groups: vehicle control,
synthesized compound-SSS 95 alone, synthesized compound-SSS 100 alone, STZ +
NAM, STZ + NAM + Dapagliflozin, STZ + NAM + synthesized compound-SSS 95 (at
low & high doses: 5 mg/kg & 10 mg/kg), and STZ + NAM + synthesized compound-
SSS 100 (at low & high doses: 5 mg/kg & 10 mg/kg). On the 15th day, diabetes was
induced in the SD rats by administering a single intraperitoneal STZ injection at a
dosage of 60 mg/kg. This was freshly prepared in 0.1 M citrate buffer (pH 4.5),
following the intraperitoneal administration of nicotinamide (NAM) at 120 mg/kg,
which was prepared in a saline solution, with an interval of 15 minutes. Following 7
days of STZ-NAM injection administration, the rats' body weight and blood glucose
levels were evaluated using an Accu-Chek Active Glucometer through tail pricking to
confirm disease induction. Random groups of eight rats were assigned, ensuring their
average blood glucose levels fell within 250-450 mg/dL. On the 22nd day, the disease-
induced rats were orally administered a solution containing test compounds (at low
dose: 5 mg/kg and high dose: 10 mg/kg) dissolved in a vehicle, along with the vehicle
alone, as per the treatment protocol. Following the commencement of treatment, PGL
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and body weight indices were re-evaluated at 30, 60, 90, and 120-minute time points

after the administration of test compounds to observe their immediate effects. The

treatment regimen continued for 7 days. Subsequently, on the 28th day, BW and PGL

were examined to evaluate the treatment's impact on the diseased rats. The rats

maintained their normal pellet diet throughout the study. Finally, the rats were sacrificed

for histopathological examination of the pancreas and kidneys.

Table 3: Approved treatment protocol for type-11 diabetes model:

Group Name of the Group Treatment dosage and administration | Animals
Number route number
Group-1 Vehicle control 0.5% CMC (per oral) 8
Group-2 | Synthesized molecule- | 10 mg/kg (per oral) 8
SSS 95 per se
Group-3 | Synthesized molecule- | 10 mg/kg (per oral) 8
SSS 100 per se
Group-4 Diabetes control STZ (60 mg/kg, single dose, i.p.) + NAM 8
(120 mg/kg, single dose, i.p.)
Group-5 Standard control STZ (60 mg/kg, single dose, i.p.) + NAM 8
(120 mg/kg, single dose, i.p.) + 10 mg/kg
of Dapagliflozin (per oral)
Group-6 | Synthesized molecule- | STZ (60 mg/kg, single dose, i.p.) + NAM 8
SSS 95 low dose (120 mg/kg, single dose, i.p.) + 5 mg/kg
(per oral)
Group-7 | Synthesized molecule- | STZ (60 mg/kg, single dose, i.p.) + NAM 8
SSS 95 high dose (120 mg/kg, single dose, i.p.) + 10 mg/kg
(per oral)
Group-8 | Synthesized molecule- | STZ (60 mg/kg, single dose, i.p.) + NAM 8
SSS 100 low dose (120 mg/kg, single dose, i.p.) + 5 mg/kg
(per oral)
Group-9 | Synthesized molecule- | STZ (60 mg/kg, single dose, i.p.) + NAM 8
SSS 100 high dose (120 mg/kg, single dose, i.p.) + 10 mg/kg
(per oral)
Total 72
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Parameters of evaluation:

PGL: was evaluated before treatment commencement on day 22 and on the 28th day
post-treatment, in accordance with the protocol, to monitor the impact of the synthesized

test compounds and the response of rats with type-Il diabetes and insulin resistance.

Body weight assessment: On days 15, 22, and 28 of the protocol, respectively, the

animal’s body weights of the animals were assessed.
5.7 Histopathological evaluation of SD rats Pancreas and Kidneys

Upon the sacrifice of rats in each group, the SD rats' kidneys and pancreas were
collected and promptly placed in a 10% formalin solution to prevent tissue desiccation
or damage during dissection. Subsequently, tissue slides were readied and underwent
eosin & haematoxylin staining.*?* A pathologist at Synergy Laboratory in Jalandhar

conducted the histopathological evaluation.
5.8 Statistical calculations

The meantSD was used to analyze the results from both in vitro and in vivo
assessments. Statistical analysis for the diabetic studies and urinary glucose excretion
data employed the one way ANOVA approach implemented with Sigma Plot Software
version 11.0 (Tukey-test). The significance thresholds were established at 5%, 1%, and

0.1% with corresponding p-values of < 0.05, < 0.01, and < 0.001, respectively.
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RESULTS AND DISCUSSION

6.1 Molecular docking studies

After taking into account the fundamental non-glucoside triazole scaffold from
literature,'°® we have designed novel 1, 3, 4 thiadiazole compounds by introducing the
electron releasing groups i.e. methyl and methoxy, located at the para position of phenyl
ring A designated as Ri. Moreover, we have also substituted 2, 3 ,4, 5 or 6 positions of
the phenyl ring B next to imine bond designated as R> with various EDGs/EWGs viz
methyl, methoxy, hydroxyl, nitro, chloro, bromo, fluoro, trifluoromethyl,
dimethylamino, pyridyl, difluoromethoxy (Figure 26). On the basis of above facts we
have designed 102 compounds Schiff base of 1, 3, 4 thiadiazole scaffold and performed
docking studies to calculate binding affinity scores using AutoDock vina 1.5.6. To
perform the docking analysis, the 3DH4 protein was initially validated by extracting a
ligand from it, and then polar hydrogen was added to it. The root was detected and the
resulting structure was saved as pdbqt file. The SGLT?2 protein is validated by extracting
and docking the co-crystallized ligand (gal 701) in the same manner as the actual
ligand.!'*"!> The AutoDock Tool and command prompt were used to determine the
binding affinity (Kcal/mol) of all designed compounds. Table 4 displays the binding
affinities of 102 meticulously designed molecules, showcasing scores ranging from -
10.7 to -7.7 Kcal/mol, in direct comparison to the established standard drug,

dapagliflozin.

o )
S_s
ﬁm: e
A EDG @@
ring CEDGEWGD

Heterocyclic

Non glucoside Triazole 102 compounds (SSS1-
derivatives from SSS 102) based non
Literature glucoside 1,3,4-

thiadiazole scaffold

Figure 26: Designing of non-glucoside 1,3,4-thiadiazole based pharmacophore as

SGLT2 Inhibitors.
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Table 4. Structure and binding affinity of designed molecules from Schiff base of

1, 3, 4-thiadiazole derivatives.

(0]
S S
T e
&

2

Molecule R R: Binding
Affinity
(Kcal/mol)

SSS 35 CH3 2-OH -10.7
SSS 95 CH3 3,4-dihydroxy-5-nitro -10.6
SSS 40 H 4-OH -10.4

SSS 100 H 2-OH-3-OCH3 -10.3
SSS 36 OCH; 2-OH -10.2

SSS 102 OCHj3; 2-OH-3-OCH3 -10.1
SSS 18 OCH; 3,4-(OCHz3), -10
SSS 98 CH3 3-hydroxy-4-methoxy -10
SSS 96 OCH; 3,4-dihydroxy-5-nitro 9.9
SSS 34 H 2-OH -9.8
SSS 41 CHs 4-OH -9.8
SSS 16 H 3,4-(OCHzs), -9.7
SSS 62 CH; 2-Cl-3-CF3 -9.4
SSS 23 CH; 3,4,5-(OCHz3)3 -9.4
SSS 79 H 2,4-Dihydroxy -9.4
SSS 55 H 4-(2-pyridyl) -9.3
SSS 37 H 3-OH -9.3
SSS 38 CHs 3-OH -9.3
SSS 51 OCH;s 4-NO, -9.3
SSS 63 OCH; 2-Cl-3-CF3 -9.3
SSS 56 CH3 4-(2-pyridyl) -9.3
SSS 50 CH3 4-NO, -9.2
SSS 49 H 4-NO, -9.2
SSS 57 OCH; 4-(2-pyridyl) -9.2
SSS 2 CHs H -9.2
SSS 5 CH3 4-Cl -9.2
SSS 8 CH3 2-Cl -9.2
SSS 47 CH; 3-NO» -9.2
SSS 48 OCHs 3-NO> -9.2
SSS 59 CHs 4-OCHF» -9.2
SSS 61 H 2-Cl-3-CF3 -9.2
SSS 68 CHs 2,3-Dichloro 9.2
SSS 69 OCH; 2,3-Dichloro 9.2
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SSS 71 CH; 3,4-Dichloro -9.2
SSS 77 CH; 2,6-Dichloro -9.2
SSS 80 CHs 2,4-Dihydroxy -92
SSS 83 CH3 4-F -9.2
SSS 86 CHs 4-CH; -9.2
SSS 89 CH3 2,4,6-(OCH3)3 -9.2
SSS 17 CH;3; 3,4-(OCHz3), -9.1
SSS 42 OCH; 4-OH -9.1
SSS 10 H 3-Cl -9.1
SSS 19 H 4-OH-3-OCH3 -9.1
SSS 25 H 3-Br -9.1
SSS 32 CHs 5-Br -9.1
SSS 66 OCH3; 3-0OC,Hs-4-OH -9.1
SSS 78 OCHj; 2,6-Dichloro -9.1
SSS 81 OCH; 2,4-Dihydroxy -9.1
SSS 84 OCH;3; 4-F -9.1
SSS 87 OCH; 4-CH; -9.1
SSS 101 CH3 2-OH-3-OCH3 -9
SSS 94 H 3,4-dihydroxy-5-nitro -9
SSS 1 H H -9
SSS 9 OCH; 2-Cl -9
SSS 20 CH3 4-OH-3-OCH3 -9
SSS 39 OCH; 3-OH -9
SSS 58 H 4-OCHF; -9
SSS 72 OCHj; 3.,4-Dichloro -9
SSS 75 OCH; 2,4-Dichloro -9
SSS 76 H 2,6-Dichloro -9
SSS 90 OCH; 2,4,6-(OCH3)3 -9
SSS 3 OCH; H -8.9
SSS 4 H 4-Cl -8.9
SSS 11 CHs 3-Cl -8.9
SSS 12 OCH; 3-Cl -8.9
SSS 13 H 4- OCH; -8.9
SSS 26 CH3 3-Br -8.9
SSS 27 OCH;3; 3-Br -8.9
SSS 43 H 2-NO; -8.9
SSS 53 CH3 4-N(CHz3)» -8.9
SSS 65 CHs 3-OC,Hs-4-OH -8.9
SSS 67 H 2,3-Dichloro -8.9
SSS 70 H 3.,4-Dichloro -8.9
SSS 88 H 2,4,6-(OCH3)3 -8.9
SSS 91 H 2-CHj3 -8.9
SSS 99 OCHj; 3-hydroxy-4-methoxy -8.9
SSS 6 OCH; 4-Cl -8.8
SSS 7 H 2-Cl -8.8
SSS 14 CH3 4- OCHs -8.8
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SSS 21 OCH; 4-OH-3-OCHs -8.8
SSS 44 CH; 2-NO» -8.8
SSS 46 H 3-NO, -8.8
SSS 60 OCHj; 4-OCHF» -8.8
SSS 64 H 3-OC,Hs-4-OH -8.8
SSS 82 H 4-F -8.8
SSS 15 OCH; 4- OCH; -8.7
SSS 24 OCH; 3,4,5-(OCHz3)3 -8.7
SSS 30 OCH; 4-Br -8.7
SSS 45 OCH; 2-NO; -8.7
SSS 54 OCHs 4-N(CH3)2 -8.7
SSS 73 H 2.,4-Dichloro -8.7
SSS 97 H 3-hydroxy-4-methoxy -8.7
SSS 33 OCH; 5-Br -8.6
SSS 29 CH; 4-Br -8.5
SSS 22 H 3,4,5-(OCHzs)3 -8.4
SSS 28 H 4-Br -8.4
SSS 52 H 4-N(CHzs)2 -8.2
SSS 92 CH; 2-CHs -8.2
SSS 31 H 5-Br -8
SSS 74 CH; 2.,4-Dichloro -7.9
SSS 93 OCH; 2-CH3 -7.9
SSS 85 H 4-CHs -1.7

Dapagliflozin -8.9

(Standard

SGLT2

Inhibitor)

Upon analysis of the docking results, it was observed that 12 newly developed
molecules exhibited higher potency compared to the standard drug, dapagliflozin, with
a binding affinity score of -8.9 Kcal/mol. Among these, the 12 Schiff base-derived
1,3,4-thiadiazoles demonstrated the most favorable binding affinity scores, ranging
from -10.7 to -9.7 Kcal/mol, featuring EDGs at the second phenyl B as shown in Table
5. Furthermore, Pymol software was used to convert the ligand output pdbqt and SGLT2
protein pbdqt into a single pdb format,''® which was then loaded into the Discovery
Studio Visualizer to generate the 2D interaction file.!!”- 18 All 12 of the best molecules
were chosen to study their 2D interactions with the SGLT2 protein residues in 3DH4
active site as shown in Table 5. The glucosidal hydroxyl group of the dapagliflozin
molecule demonstrated a hydrogen bond interaction with Asn 267, Asn 260 & Asn 147.
Best designed molecules showed hydrogen bond interactions with Asn 267, Asn 260 &
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Asn 147 amino acid residues of active site of 3DH4 similar to standard drug

dapagliflozin. Additionally, these molecules also showed hydrophobic pie-pie T shaped

& pie-pie stacking interactions with Tyr 263, & -sulphur Interactions with Tyr 263 and

Tyr 262, n-alkyl/alkyl interactions with Ile 270 & Ala 259 amino acids residue of

protein. The Figure 27 illustrates the 2D interactions of select optimally designed

molecules with 3DH4 active site.

122

Table 5: The interactions of best designed molecules with nearby protein residues in

3DH4 active site.

S.N | Molecul | Bindin | Hydrogen | pie-pie T pie - -0 -
0. es g Bond shaped | sulphur | Interactio |alkyl/alk
affinity | Interaction | & pie- | Interacti ns yl
score s pie ons I.ntera
(Kcal/ stacking ctions
mol) Interacti
ons
1.| SSS35 Asn 142 Tyr 263 | Tyr 263 Tyr 263
-10.7 Asn 267 Ile 270
Asn 260
2.1 SSS95 Asn 260 Tyr 263 | Tyr 262 - Tyr 87
Tyr 263 Asn 142 Met 369
-10.6
Gln 69
Asn 267
3. SSS40 Asn 142 Tyr 263 - - -
-10.4 Asn 267 Tyr 269
GIn 428
4.1 SSS 100 Asn 142 Tyr 263 | Tyr 263 Thr 431 Ile 270
-10.3 tvr 262
Asn 267 yr 26
5.1 SSS36 Asn 267 Tyr 263 | Tyr 262 - Met 359
-10.2 Asn 260 Tyr 263
Ser 91
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6.| SSS 102 Asn267 | Tyr 263 - lle 270 | Tyr 263
-10.1 Asn 142 Ile 270
Ala 259
7.| SSS18 Asn267 | Tyr263 | Tyr262 - Leu 137
Asn 142 Tyr 263 Trp 264
-10.0 Asn 260 Ala 259
Ala 63
Ile 270
8.| SSS98 Asn 142 | Tyr 263 - lle 270 | Tyr 263
-10.0 Asn 267 Ile 270
Ala 259
9.| SSS96 Asn 260 - Tyr 262 - Trp 264
9.9 Asn 267 Tyr 263 Ala 259
Asn 64 Leu 137
10| SSS 34 Asn 142 Tyr 263 | Tyr 263 - -
98 | Gln428 tyr 262
Trp 264
11| SSS 41 Asn267 | Tyr263 | Tyr262 - Tyr 263
9.8 Lys 294 Tyr 263 Ile 270
Gln 69
12| SSS16 Asn260 | Tyr263 | Tyr262 | Thr431 Ile 270
P Ginazs Tyr 263
13| Dapaglif | -8.9 Asn 267 Tyr 269 - lle 270 | Tyr 269
lozin Asn 142 Ile 270
(001) Asn 260 Ala 63
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Figure 27: 2D Interactions of few best designed compounds SSS 95 (A), SSS 100 (B),
SSS 40 (C), SSS 35 (D) and dapagliflozin (E) on SGLT2 protein.

6.2 Synthesis and Characterization of synthesized compounds

Compounds were synthesized based on the highest binding affinity scores exhibiting
optimal binding affinities ranging from -9.7 to -10.7 kcal/mol within the active site of
SGLT2 protein (PDB ID: 3DH4) as shown in Table 6. The synthesis of novel non-
glucoside Schiff bases of 1, 3, 4-thiadiazole derivatives was validated through LCMS,
Proton NMR ('H & !C). Furthermore, synthesized compounds underwent
comprehensive evaluation, including in-silico toxicity and ADME studies, as well as in

vitro and in vivo activity assessments.

Table 6: Structural representation and percentage yield of potent synthesized

compounds based on the highest binding affinity scores.

S. | Compound Structure of Compounds Binding %
No. Code Affinity | Yield
(Kcal/mo
)
1.| SSS 34 o S\<\S\H/N:C}5 -9.8 90
N-N
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2. SSS100 s__N, OH -10.3 90
O S\<\ W/ CH
6\/ OCH;
3. SSS 16 Neen -9.7 95
o S\<\N_?I\I/ @oom
d\/ OCH;
4. SSS 40 o s S\,/N"CH -10.4 92
|
D
OH
5. SSS 35 s._N OH -10.7 80
o) CH
s ol 0
H,C
N.
6. SSS 95 S_<\;_\llvl/ CH ot -10.6 90
5@ S
O,N
H,C
7.| SSS98 S%:f\ll/ Necn ort -10.0 70
5\/ :OCH3
H,C
N.
8. SSS 41 S§<§,\1’\r’/ cH -9.8 77
"OH
H,C
9. SSS 36 S N.cgy o% H -10.3 90
(@] S\<\N_1I\I
H,CO
100 SSS102 N OH -10.1 95
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11}  SSS18 -10.0 70

121 SSS 96 -9.9 90

13| Dapaglifloz -8.9

-n

6.2.1 Synthesis procedure of 2-amino-5-mercapto-1,3,4-thiadiazole (2)

Thiosemicarbazide 1 (10 mmol) and carbon disulfide (10 mmol) were gently refluxed
for 30 minutes. Following the cooling process, water was introduced, and the mixture
underwent reflux for a duration of 4 hours, followed by filtration. The resultant solution
was neutralized using potassium hydroxide. Subsequently, the precipitate was filtered,

and recrystallization was carried out from ethanol, yielding 84%.

6.2.2 Synthetic discussion on 2-amino-5-benzoylmethylenethio-1,3,4-thiadiazole
derivatives 4(a-c).

Upon stirring, potassium hydroxide (10 mmol) was added to a slurry of compound 2
(10 mmol) in water, a colourless solution was formed under stirring at room
temperature. Subsequently, 10 mmol of various substituted a-bromoketones 3(a-c) in
ethanol were swiftly introduced with stirring, resulting in the formation of a thick
reaction mixture. The mixture was stirred vigorously for 6 hours at room temperature,
followed by a 30-minute cooling period and dilution with cold water. The solid was
filtered, washed with water and ether, and subsequently recrystallized from ethanol,

yielding 80-85%.
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6.2.3 Synthetic discussion on Schiff bases of 2-amino-5-benzoylmethylenethio-

1,3,4-thiadiazole derivatives.

To obtain the final product, 1 equivalent of 4(a-c) was reacted with 1.5 equivalents of
various substituted aromatic aldehydes in isopropyl alcohol at a volume ratio of 5:1.
The reaction mixture underwent reflux at a temperature 60-70°C for 18-20 hours, with
the inclusion of 2-3 drops of acetic acid. Upon completion, the product was cooled to
room temperature, and distillation was conducted using a vacuum pressure rotavapor to
obtain a pure and dried product. The resulting crude product was then subjected to
recrystallization using methanol to obtain a pure and dried product with the yield of 70-
95%. Purity and structural confirmations of all the synthesized compounds has been

determine using the spectral analysis viz NMR and Mass spectrometry.

6.3 In-silico toxicity studies

At present, the concern over the toxicity of synthesized compounds is substantial. To
address this, a thorough examination was conducted on all synthesized molecules to
assess any potential toxicity issues impeding their further development. A study was
carried out on 12 synthesized compounds, and in-silico toxicity predictions were

executed using the online software available at https://lazar.in-silico.ch/predict.

The process for predicting the toxicity of synthesized compounds involves the following

steps:

1. Generate or sketch the 2D structure of the designed compound using Chem
Bio Draw software.

2. Duplicate the SMILES notation for each structure from Chem Bio Draw.

3. Transfer the SMILES data to a web page.

4. Subsequently, conduct predictions for all types of toxicity.

The Table 7 displays the in-silico profile of the synthesized compounds, revealing that
all the synthetic compounds exhibit non-carcinogenic properties in rats similar to
standard dapagliflozin. Furthermore, all the synthesized molecules exhibit non-
mutagenic characteristics, in contrast to dapagliflozin, which possesses mutagenic

properties.
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Table 7: In-silico toxicity predictions.

Molecule Carcinogenicity Carcinogenicity Mutagenicity
Code (mouse) (Rat) (Salmonella
typhimurium)
SSS 34 NF* Non-carcinogen Non-mutagen
SSS 100 NF* Non-carcinogen Non-mutagen
SSS 16 Non-carcinogen Non-carcinogen Non-mutagen
SSS 40 Non-carcinogen Non-carcinogen Non-mutagen
SSS 35 Non-carcinogen Non-carcinogen Non-mutagen
SSS 95 Non-carcinogen Non-carcinogen Non-mutagen
SSS 98 NF* NF* Non-mutagen
SSS 41 NF* Non-carcinogen Non-mutagen
SSS 36 Non-carcinogen Non-carcinogen Non-Mutagen
SSS 102 Non-carcinogen Non-carcinogen Non-Mutagen
SSS 18 Non-carcinogen Non-carcinogen Non-mutagen
SSS 96 Non-carcinogen Non-carcinogen Non-mutagen
Dapagliflozin NF* Non-carcinogen Mutagen

*NF = Not found

6.4 In-silico ADME studies

The ADMET methodology holds paramount importance in drug discovery and
production projects, as it strives to attain the optimal combination of properties
essential for lead and hits development. Given that toxicity is linked to the
pharmacokinetic profile of compounds, we conducted an in-silico analysis of
ADME properties for all the synthesized compounds. This analysis aimed to
estimate their water solubility and lipophilicity, alongside assessing their toxicity.
The in-silico ADME properties were quantified to predict physicochemical
attributes, lipophilicity, pharmacokinetic profile, and drug likeness, adhering to the
Lipinski rule of five. Lipinski's law of five is obeyed by all of the synthesized
molecules (Table 8). Predicted lipophilicity (iLogP) of synthesized compounds
were found to be 2.08-3.68. The hallmarks of drug-like behavior are enhanced by
blood-brain barrier penetration (BBB) and GI absorption.
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Table 9 suggests that all the synthesized molecules are non-penetrating in the brain

similar to standard drug dapagliflozin and have a low probability of GI absorption while

dapagliflozin has high GI absorption. All of the synthesized molecules were predicted
to be CYP3A4 inhibitors, but none were predicted to be CYP2D6 inhibitors. All the

synthesized molecules predicted to have good oral bioavailability with a score of 0.55

and comply with druglikeness same as that of standard drug dapaglifozin. All the

synthesized molecules are expected to exhibit a Topological Polar Surface Area (TPSA)

falling between 75 and 150 A2, with a corresponding 55% bioavailability.

Table 8: Prediction of in-silico Physiochemical properties

Molecule | Log P MW H- H- bond | No. of rotatable | TPSA (A?)
code bond | acceptors bonds
donors
SSS 34 2.44 355.43 1 5 6 128.98
SSS 100 3.01 385.46 1 6 7 138.21
SSS 16 3.37 399.49 0 6 8 127.21
SSS 40 2.69 355.43 1 5 6 128.98
SSS 35 3.12 369.46 1 5 6 128.98
SSS 95 222 430.46 1 6 7 130.03
SSS 98 3.41 399.49 1 6 7 138.21
SSS 41 2.68 369.46 1 5 6 128.98
SSS 36 3.16 385.46 1 6 7 138.21
SSS 102 3.53 415.49 1 7 8 147.44
SSS 18 3.68 429.51 0 7 9 136.44
SSS 96 2.08 429.51 2 9 8 140.26
Dapaglifl 3.12 408.87 4 6 6 99.38
ozin
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Table 9: Prediction of in-silico ADME properties

Molecule GI BBB CYP2D6 | CYP3A4 | Bioavaila % Druglikeness
code Absorption | permeant | inhibitor | inhibitor bility Bioavail
score ability
SSS 34 Low No No Yes 0.55 55 Yes
SSS 100 Low No No Yes 0.55 55 Yes
SSS 16 Low No No Yes 0.55 55 Yes
SSS 40 Low No No Yes 0.55 55 Yes
SSS 35 Low No No Yes 0.55 55 Yes
SSS 95 Low No No Yes 0.55 55 Yes
SSS 98 Low No No Yes 0.55 55 Yes
SSS 41 Low No No Yes 0.55 55 Yes
SSS 36 Low No No Yes 0.55 55 Yes
SSS 102 Low No No Yes 0.55 55 Yes
SSS 18 Low No No Yes 0.55 55 Yes
SSS 96 Low No No Yes 0.55 55 Yes
Dapagliflozi High No No Yes 0.55 55 Yes
n

6.5 In-vitro Evaluation

6.5.1 MTT Assay

Cytotoxicity of all synthesized compounds were evaluated by MTT assay. In vitro MTT

assay of a series of Schiff bases of 2-amino-5-benzoylmethylenethio-1,3,4-thiadiazole

derivatives displayed ICso values range i.e. 50.55-102.69 pg/ml against CHO cell line,

respectively. Relative % cell viability of synthesized compounds at different five

concentration and ICso values of synthesized compounds were reported in Table 10 and

visually represented in Figure 28 & 29.
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Table 10: Relative % cell viability and ICso value of test compounds with reference of

standard drug Dapagliflozin.

S. Test % Viability (Concentration png/ml))*
No. | Compou 6.25 12.5 25 50 100 ICso
nd

1. SSS 34 | 84.60+0.42 72.42+40.2 62.22+0.30 44.09+0.2 | 36.63+0.27
0 0 7 59.76

2. SSS100 | 93.38+1.61 | 84.13£1.6 75.35+0.58 64.11+£1.6 | 52.88+1.79
0 6 98.82

3. SSS 16 78.37+0.22 | 69.40+0.3 57.22+0.26 45.04+£0.2 | 29.08+0.27
5 6 50.55

4. SSS 40 84.51+0.46 | 75.82+0.4 67.04+£0.27 58.07+0.1 | 49.95+0.20
0 3 89.77

5. SSS 35 93.38+1.71 | 84.23%1.5 75.16£1.31 64.11+1.2 | 54.67+1.89
0 8 102.69

6. SSS 95 93.38+1.74 | 84.13£1.2 75.07£1.27 63.92+0.7 | 54.01+£2.39
7 8 101.07

7. SSS 98 78.09+0.94 | 70.82+0.3 64.30+0.48 50.42+0.2 | 42.11+0.46
5 3 69.12

8. SSS 41 81.09+0.74 | 71.29+0.5 58.82+0.50 46.17+£0.6 | 33.33+0.27
3 1 55.92

9. SSS 36 86.68+0.74 | 73.74+0.5 68.46+0.63 61.66+0.3 | 45.70+0.88
3 3 84.28

10. SSS 102 84.79+0.38 | 75.92+0.1 66.57+0.61 54.29+0.2 | 44.75+£0.23
3 7 77.14

11. SSS 18 78.09+0.38 | 71.01%0.2 64.58+0.35 50.51+0.5 | 42.20+0.40
0 0 69.44

12. SSS 96 78.09+0.80 | 71.01%0.2 64.49+1.13 50.14+£0.4 | 42.02+0.42
0 0 68.87
13. | Dapaglifl | 80.78+0.34 | 75.69+0.4 68.87+0.23 60.42+0.2 | 57.344+0.23 | 117.95

-0zin 3 8

*All values are expressed as the meant SEM and determinations were carried out in triplicate.
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Figure 29: Effect of test compounds and Standard drug (dapagliflozin) on ICsy.
DISCUSSION

The initial synthesized compound, SSS 34, is characterized by an unsubstituted phenyl
ring A and a phenyl ring B substituted with an electron-donating group, namely a
hydroxyl group, at the ortho position. These two rings are connected by a sulfur bridge
and an imine bond. The MTT assay results suggest that SSS 34 exhibits a moderate
cytotoxic impact on cell viability, possessing an ICso value of 59.76 pg/ml, in
comparison to the reference drug with ICso values of 117.95 pg/ml. In-vitro results
further validated by docking study. SSS 34 demonstrated a dock score of -9.8 kcal/mol.
Notably, there are two hydrogen bond interactions observed: one between the carbonyl
group and Asn 142, and another between the thiadiazole ring and Gln 428. Additionally,
the hydroxyl group of phenyl ring B exhibits one hydrogen bond interactions with
amino acid residues such as Trp 264. The sulfur bridge and the thiadiazole ring in SSS
34 exhibit n-sulfur interactions with Tyr 262 and Tyr 263. Furthermore, the phenyl ring

B demonstrates a n-nt T-shaped interaction with Tyr 263.
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SSS 40 was designed by incorporating an electron-donating group (-OH) moiety at the
para position. The outcomes of the MTT assay show that SSS 40 exhibits a reduced
cytotoxic impact on cell viability, as evidenced by an ICso value of 89.77 pug/ml, in
comparison to the reference drug with ICso values of 117.95 pg/ml. SSS 40 has showed
the docking score -10.4 kcal/mol. Three hydrogen bond interactions were observed: one
between the carbonyl group and Asn 267, another between the imine and Asn 142, and
a third between the -OH moiety of phenyl ring B and GIn 428. The phenyl ring B and
thiadiazole ring demonstrates a n-m T-shaped interaction with Tyr 263. The phenyl ring
A shows m-m stacking with Tyr 269. SSS 40 demonstrates a superior ICso value and
enhanced cell viability compared to SSS 34. It is suggested that the electron-releasing
behaviour of the hydroxyl moiety, located at the para position has a more pronounced

effect on enhancing cell viability compared to its presence at the ortho position.

SSS 100 was synthesized by introducing a —OH moiety at the second position and a —
CH30 moiety at the fourth position of phenyl ring B, while phenyl ring A remained
unaltered. The MTT assay results reveal that SSS 100 exhibits a reduced cytotoxic effect
on cell viability, as indicated by an ICso value of 98.82 pg/ml, in comparison to the
standard drug with ICso values of 117.95 pg/ml. Docking score of SSS 100 was found
to be -10.3 kcal/mol. The in-vitro results are further corroborated by the docking study.
Similar to the standard drug, the hydroxyl group and imine in the compound
demonstrated hydrogen bond interactions with Asn 142, and another interaction was
observed between the carbonyl group and Asn 267. The methoxy group of phenyl ring
B is involved in alkyl and pie-alkyl interactions with Ile 270. Additionally, the
thiadiazole ring demonstrates n-c interaction & m-sulfur interactions with Thr 431 and
Tyr 263. The observation suggests that the presence of a —OH & —CH30 moiety, located
at the 2™ & 4™ position of phenyl ring B contributes to an improvement in both the

docking score and cell viability.

SSS 16 was crafted by introducing two methoxy groups at the meta and para positions
of phenyl ring B, while phenyl ring A remained unaltered, resulting in a docking score
of -9.7 kcal/mol. This alteration resulted in decreased cell viability in CHO cells, as
evidenced by an ICso = 50.55 pg/ml, compared to the standard drug (ICso = 117.95
pg/ml). It shows only one hydrogen bonding interaction with Asn 260 amino acid
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residues similar to dapagliflozin. This effect is attributed to the electron-donating nature
of the methoxy moiety at the 3rd and 4¢h positions causing steric hindrance on ring B,

ultimately lower ICso value and has highest cytotoxic effect.

SSS 35 was created through the addition of a —CH3 moiety at the fourth position of
phenyl ring A and a hydroxyl group at the ortho position of phenyl ring B. SSS 35
demonstrated notable cell viability in CHO cells, presenting highest ICso = 102.69
pg/ml, in contrast to the dapagliflozin (ICso = 117.95 pg/ml). The binding affinity of
SSS 35 was determined to be -10.7 kcal/mol. Three hydrogen bond interaction is
observed with between the carbonyl group & Asn 142, thiadiazole ring & Asn 260 and
hydroxyl group of phenyl ring B & Asn 267 similarly shown by reference drug. Phenyl
ring A and B, as well as the thiadiazole ring, demonstrate a pie-pie T-shaped & pie-pie
stacking, interactions respectively, with Tyr 263 amino acid residues of the protein. The
methyl group of phenyl ring A participates in alkyl and pie-alkyl interactions with the
Ile 270 and Tyr 263 like amino acid residues. Furthermore, the sulfur of the thiadiazole
ring engages in a m-sulfur interaction with Tyr 263. This can be attributed to the
electron-donating nature of both the methyl and hydroxyl groups of phenyl rings A and

B, contributing to the stronger binding affinity, higher ICs value and are less cytotoxic.

SSS 41 were produced by adding a —CH3 moiety to the fourth position of phenyl ring
A and introducing a hydroxyl moiety to the 4™ position of phenyl ring B. Binding
affinity of SSS 41 was determined to be -9.8 kcal/mol, demonstrating three H-bonding
interactions with the amino acids Asn 267, Gln 69, and Lys 294. The results reveals that
the electron-releasing groups, namely methyl & hydroxyl moieties both located at the
4™ position of phenyl rings A and B, resulted in a decrease in cell viability. This effect
is further highlighted by a lower ICso = 55.92 pg/ml and more cytotoxic compared to
SSS 35s.

SSS 95 was synthesized by introducing a —CH; moiety at the 4" position of phenyl ring
A and a 3,4-dihydroxy-5-nitro group at phenyl ring B, exhibiting strong binding affinity
with a docking score of -10.6 kcal/mol. The nitro & hydroxyl group oxygen atoms
engage in four hydrogen bond interactions with Gln 69, Tyr 263, Asn 260 and Asn 267.
The sulfur bridge and thiadiazole ring exhibit w-sulfur interactions with Tyr 262 and
Asn 142. Phenyl ring B demonstrates a pie-pie T-shaped interaction with Tyr 263. Both

94



RESULTS AND DISCUSSION

phenyl rings A and B exhibit pie-alkyl interactions with Tyr 87, Met 369, & Ala 259
like amino acid residues. Notably, SSS 95 displayed substantial cell viability on CHO
cells, boasting an ICsg value of 101.07 pg/ml in comparison to the standard drug with
ICso values of 117.95 pg/ml. Our conjecture is that the electron-withdrawing
characteristic of the nitro group predominates over the electron-donating attributes of
the methyl and hydroxyl groups in phenyl rings A and B, leading to a favorable docking

score and ICso value, suggesting lower cytotoxicity.

SSS 98 was produced by adding a —~CHsz moiety to the 4" position of phenyl ring A and
introducing 3-hydroxy-4-methoxy moiety on the phenyl ring B. SSS 98 exhibits H-
bonding interactions with Asn 142 amino acid residue of protein, yielding a docking

score of -10.0 kcal/mol. It has moderate cytotoxic effect on CHO cells (ICso = 69.12
pg/ml)

Following that, we synthesized and assessed two compounds, SSS 36 and SSS 102,
incorporating a methoxy group at the para position of phenyl ring A. Additionally, a
hydroxyl group was introduced at the ortho position of phenyl ring B in both SSS 36
and SSS 102, with SSS 102 featuring an extra methoxy group at the para position. SSS
36 displays three H-bonding with amino acid residues like Asn 267, Asn 260 and Ser
91 residue of the protein, resulting in a binding affinity-10.2 kcal/mol. It demonstrates
a moderate cell viability ICso value of 84.28 ng/ml. SSS 102 has a binding affinity of -
10.1 kcal/mol and exhibits two H-bonding with Asn 267 & Asn 142. Despite the slightly
lower docking score, it shows a lower ICso value of 77.14 ug/ml. This deduction
indicates that an additional methoxy moiety on the phenyl ring B at fourth position led
to a decrease in both the docking score and cell viability in SSS 102 compared to SSS
36.

SSS 18 was synthesized by introducing three methoxy groups: one on the phenyl ring
A at 4" position and another two on the phenyl ring B at the 3rd and 4th positions. The
resulting docking score and ICso value were determined to be -10.0 kcal/mol and 69.44
ug/ml, respectively. This indicates that incorporation of three EDGs contributes to a

decrease in both the docking score and ICso value.
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SSS 96 was produced by introducing a —CH3O moiety on the phenyl ring B at the 4"
position and a 3,4-dihydroxy-5-nitro group at phenyl ring B, displaying robust binding
affinity with a docking score of -9.9 kcal/mol. It establishes three hydrogen bond
interactions with amino acid residues Asn 260, Asn 267, and Asn 64. Despite its
elevated binding affinity score, it exhibited a lower ICso value, specifically 68.87 pg/ml

and has moderate cytotoxic effect on CHO cells.
6.5.2 SGLT2 Inhibition activity using hNSGLT2 (SLC5A2) ELISA kit

Based on the MTT assay results, SSS 35, SSS 40, SSS 95, and SSS 100 exhibited higher
1Cs0 values, indicating low cytotoxicity for the synthesized compounds. Subsequently,
these four compounds underwent further testing for their SGLT2 inhibiting activity. We
selected high and low doses of standard and test compounds and prepared the plates
using low (5mM +20 mM mannitol for osmotic balance) and high glucose media (30
mM). For instance, the high and low doses for the treatment are as: standard (110 & 55
uL), SSS100 (90 & 45 pL), SSS35 (100 & 50 uL), SSS95 (100 & 50 pL), and SSS40
(90 & 45 pL) and the results were recorded in Table 11 and represented as shown in

Figure 30.

Table 11: % SGLT?2 inhibition of test compounds

S. No. Test Compounds % SGLT?2 Inhibition
L. Dapaglifozin (LD) 73.8+1.68
2 SSS 35 (LD) 34.1242.80
3 SSS 40 (LD) 19.84:0.56
4. $SS 95 (LD) 547641 68"
> SSS 100 (LD) 563413927
6 Dapaglifozin (HD) 93.65+4.48
7. SSS 35 (HD) 42.85+1.12
8. SSS 40 (HD) 31742112
o $SS 95 (HD) 78.57+2.80°"" ##
10. $SS 100 (HD) 74.60+1,12°

96



RESULTS AND DISCUSSION

Mean values are presented with their standard error (n=2), ***p<0.001, **p<0.01,
*p<0.05, compared to SSS 35 and ### p<0.001, ##p<0.01, #p<0.05, compared to SSS
40. LD = Low Dose and HD = High dose
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Figure 30: % SGLT2 inhibition of test compounds. Mean values are presented with
their standard error (n=2), ***p<0.001, **p<0.01, *p<0.05, compared to SSS 35 and
### p<0.001, ##p<0.01, #p<0.05, compared to SSS 40. LD = Low Dose and HD = High

dose

SSS 95: Methyl at Ry, 3,4-dihydroxy-5-nitro at R, has binding affinity score -10.6
Kcal/mol and showed high SGLT?2 inhibition activity at low dose (54.76+1.68) and high
dose (78.57+2.80).

SSS 100: Hydrogen at Ry, 2-hydroxy-4-methyl at R has binding affinity score -10.3
Kcal/mol and exhibited high SGLT2 inhibition activity at low dose (56.34+3.92) and
high dose (74.60+1.12).

SSS 35: Methyl at Ry, 2-hydroxy at R> has binding affinity score -10.7 Kcal/mol and
exhibited low SGLT?2 inhibition activity at low dose (34.12+2.80) and high dose
42.85+1.12).

SSS 40: Hydrogen at Ry, 4-hydroxy at R has binding affinity score -10.4 Kcal/mol and
exhibited least SGLT2 inhibition activity at low dose (19.84+0.56) and high dose
(31.74+1.12).
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SSS 95 and SSS 100 are more active compounds as compared to SSS 35 and SSS 40 in
SGLT2 inhibition assay at both high and low doses using SLC5A2 ELISA kit. Despite
having high docking score SSS 35 and SSS 40, shown least SGLT2 inhibition activity.
It seems that di-substitution and tri-substitution with bulkier moieties of at R, position
exhibited more SGLT2 inhibition activity than mono-substitution. Favourable
substitution for SGLT2 inhibition at R; position seems to be hydrogen or methyl group
rather than methoxy group. Therefore for further in vivo evaluation of synthesized test
compounds, we used SSS 95 and SSS 100 in spite of better binding affinity of other
molecules than SSS 100.

6.6 In-vivo evaluation: Glucosuria of synthesized test compounds was measured in
normal SD rats as part of a glucose tolerance test protocol. SD rats were further divided
into vehicle control, synthesized compound-SSS 95 per se, synthesized compound-100
per se, Glucose, Glucose + Dapagliflozin, Glucose + synthesized compound-SSS 95
(low and high dose: 5 mg/kg and 10 mg/kg), Glucose + synthesized compound-100 (low
and high dose: 5 mg/kg and 10 mg/kg). After 15 days of acclimatization, in preparation
for baseline urine collection, Sprague-Dawley rats were subjected to an 18-hour
overnight fast and were placed in metabolism cages with unrestricted access to water.
The subsequent day, the rats were weighed and randomly grouped in sets of eight (n=8),
ensuring minimal variance in body weight among the groups. Fifteen minutes following
the oral administration of a control substance dapagliflozin, standard drug i.e. and test
compounds (low and high doses of SSS 95 and SSS 100), the rats received glucose
solution (2 grams per kilogram). They were then promptly returned to the metabolism
cages to ensure complete urine collection over a 24-hour period post-dose. Food access
was permitted one hour after glucose administration, and in tubes, urine samples were
gathered, and their volumes were measured and documented. The concentration of
glucose in the urine samples was determined using the glucose oxidase-peroxidase
method. Additionally, urine samples were analyzed for sodium, potassium, and chloride

ions using the ion-selective electrode method at Sant Path Laboratory, Ludhiana.
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6.6.1 Assessment of Urine Excretion of Glucose and other electrolytes

Urinary glucose excretion (UGE) of Groups 2 to 4 significantly increased as compared

to vehicle control (Group 1). There is significant difference in UGE between Groups 5

to 9 relative to negative control (Group 4). The quantities of 24-hour urinary glucose

excretion induced by SSS 95, SSS 100, and dapagliflozin (positive control) were

presented in Figure 31 and Table 12. Groups 6 to 9 significantly enhanced the UGE

compared with positive control (Group 5). However, SSS 100 significantly improved

excretion of urinary glucose (854+46.51mg/body weight) as compared to positive

control (775+32.68 mg/body weight) at the same dosage and duration.

Table 12: Effect on Urinary Glucose Excretion (mg/BW) after the treatment during

24h.
Group Group Name Body Urine Urine | Urine glucose
No. weight glucose Volu Excretion
(gm) Concentrati | me (mg/BW)
on (mg/dl) (ml)
i - +
Group | Vehicle control 360+9.5 99147 78 24+1. 6544.56
1 1 67
Group | Synthesized
+ +
2 molecule-SSS 95 per 3414214' 5186+5.19 2‘:)72' 406£77.2%**
se
Group | Synthesized
+ +
3 molecule-SSS 100 3477 14 5385+9.96 2‘:)72' 366.+£39.93%**
per se
Group | Negative control 372+16. 30+1.
4 00 | SPIFR00Z1 o | 454003 0300
Group | Positive control 37849.1 9922416.56 30+1. 77543 68 ##
5 1 09
Group | Synthesized
+ +
6 molecule-SSS 95 low 335£16. 7009+18.53 2542. 495+59.70"#
06 77
dose
Group | Synthesized
+ +
7 molecule- SSS 95 LIS e403430.44 | 222 | 600262.55
. 49 13
high dose
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Group | Synthesized
+ +
8 molecule- SSS 100 35114, 7290+11.92 261, 527+45.08 #
45 92
low dose

Group | Synthesized
9 molecule- SSS 100
high dose

350+12. | 10038+39.5 | 30+0. | 854+46.51%%
16 5 88 o

The data is expressed as mean = SD. *** denotes p < 0.001, compared to the vehicle
group, while ## and ### represent p < 0.01 and p <0.001, respectively, compared to the

diabetic control group. " represents p < 0.01 compared to standard control group.

Vehicle Control

M
1000 . SSS 95 per se
. T SSS 100 per se
T Bl Diabetic Control
750 #ith Standard Control

SSS 95 (5 mg/kg)

Fkk

Urinary Glucose Excretion (img/g body weight/24h)
*
*
*

<00 ws SSS 95 (10 merke)
T = B SSS 100 (5 mg/ke)
o B3 SSS 100 (10 me/ke)
250 =
0 T T T T T
1 2 3 4 5 9

Figure 31: Effect on Urinary excretion of Glucose (mg/bodyweight) after the treatment
during 24h. The data is expressed as mean + SD. *** denotes p < 0.001, compared to
the vehicle group, while ## and ### represent p < 0.01 and p < 0.001, respectively,
compared to the diabetic control group. ™ represents p < 0.01 compared to standard

control group.

Comparatively, diabetic rats (Group 4) demonstrated a significant rise in the urinary
excretion levels of Na*, K*, and CI in contrast to the rats in the vehicle control group
(Group 1). Treatment with SSS 95 and SSS 100 (Groups 6-9) seemed to significantly
reduce the urinary excretion of these electrolytes compared to the untreated diabetic
group (Group 4) and significantly decreased the similar to the positive control (Group

5) are represented in Figure 32 and Table 13. These findings imply that the correction
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of electrolyte imbalance by the test compounds in diabetic rats may not be solely

attributed to a reduction in urinary electrolyte excretion.

Table 13: Effect on Urinary Excretion of electrolytes (mmol/L) after the treatment

during 24h.
Group Group Name Body Urinary | Urinary K* | Urinary CI
No. weight Na* Excretion Excretion
(2) Excretion | Concentrat | Concentrat
Concentrat ion ion
ion (mmol/L/2 | (mmol/L/24
(mmol/L/24 4h) h)
h)
Group Vehicle 36049.5 | 130+5.89 175+8.56 212+13.1
1 1
Group Synthesized 341+14. | 134+5.35 180+6.16 2204571
2 molecule-SSS 95 per 42
se
Group Synthesized 347+14. | 138+6.61 185+2.90 224+2.50
3 molecule-SSS 100 7
per se
Group Diabetic control 372416. | 205+4.47** | 25243.54 308+6.18
Group Standard control 37849.1 | 148+2.79"% | 212+7.40 | 272+4.16 "
5 1 it
Group Synthesized 355+16. | 150£2.16"#% | 204+3.35%% | 240+4.26 *#
6 molecule-SSS 95 low 06
dose
Group Synthesized 35115, | 152+5.18 % | 201+5.87%# | 261+6.71%
7 molecule- SSS 95 49
high dose
Group Synthesized 35114, | 156+5.57"% | 193+6.64"* | 237+5.73%
8 molecule- SSS 100 45
low dose
Group Synthesized 350+12. | 132+6.97%% | 179+4.83%# | 222+9 36"
9 molecule- SSS 100 16 . . MA
high dose

Mean values are presented as mean = SD. *** indicates p < 0.001, respectively, in

contrast to the vehicle group. ### signifies p < 0.01 and p < 0.001, respectively, in

comparison to the diabetic control group. " indicates p < 0.001, compared to the

standard control group.
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Vehicle control SSS 95 per se SSS 100 per se Diabetic Control
mm Standard Control SSS 95 (5 mg/kg) SSS 95 (10 mg/kg) SSS 100 (5 mg/kg)

SSS 100 (10 mg/kg)

Figure 32: Effect on Urinary Excretion of electrolytes (mmol/L) after the treatment
during 24h. Mean values are presented as mean + SD. *** indicates p < 0.001,
respectively, in contrast to the vehicle group. ### signifies p < 0.01 and p < 0.001,
respectively, in comparison to the diabetic control group. " indicates p < 0.001,

compared to the standard control group.

6.6.2 Diarrheogenic activity test: The diarrheogenic activity test was conducted for
SSS 95 and SSS 100 to investigate potential adverse effects arising from the absence of
selectivity for hNSGLT2 versus hSGLT1. It is noteworthy that no instances of diarrhea
were noted in the SD rats treated with SSS 95 and SSS 100 (Group 6-9) as compared to
positive control group 5 within 8 hours following oral administration of a single dose,

ranging from 5 to 10 mg/kg as illustrated in Table 14.

Table 14: Effect on Diarrheogenic Activity after the treatment.

Group Group Name Status of
No. Diarrhea
Group 1 | Vehicle control )
Group 2 | Synthesized molecule-SSS 95 per se (-)
Group 3 | Synthesized molecule-SSS 100 per se )
Group 4 | Negative control )
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Group 5 | Positive control ()

Group 6 | Synthesized molecule-SSS 95 low -)
dose

Group 7 | Synthesized molecule- SSS 95 high -)
dose

Group 8 | Synthesized molecule- SSS 100 low -)
dose

Group 9 | Synthesized molecule- SSS 100 high -)
dose

(-) normal feces (black color, well-formed, firm)

6.6.3 Effects of blood glucose reduction in rats with diabetes induced by

Streptozotocin-Nicotamide

For the in vivo assessment of synthesized test compounds, a type-II diabetic model was
meticulously established in male SD rats. The SD rats were subsequently categorized
into various groups: vehicle control, synthesized compound-SSS 95 alone, synthesized
compound-SSS 100 alone, STZ + NAM, STZ + NAM + Dapagliflozin, STZ + NAM +
synthesized compound-SSS 95 (at 5 mg/kg & 10 mg/kg dose), and STZ + NAM +
synthesized compound-SSS 100 (5 mg/kg & 10 mg/kg dose). On the 15" day of
protocol, diabetes was initiated in SD rats with a single i.p. injection of STZ (60 mg/kg)
and NAM (120 mg/kg). Following 7 days of STZ-NAM injection administration, the
rats' BW & PGL were evaluated to confirm disease induction. On the 22" day, diabetic
rats commenced a 7-day treatment regimen. Following this, on the 28th day, both body
weight and blood glucose levels were assessed to gauge the treatment's effect on the
afflicted rats. The in vivo study's findings demonstrate that SSS 95 and SSS 100
significantly reduced PGL in diabetic animals. On the 30th day, the animals were
euthanized, and the pancreas and kidneys from each euthanized animal were preserved
in a 10% formalin solution for histopathological evaluation. The histopathological
results validated that the pancreatic cells and kidneys of animals treated with SSS 95
and SSS 100 had nearly reverted to their normal histology after 7 days of treatment,

which was comparable to the normal control and positive control groups.
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6.6.3.1 Plasma Glucose estimation

On the 22nd and 28th days, glucose levels (measured in mg/dl) were assessed using the

GOD-POD kit. The blood glucose levels were examined on the 22nd day (pre-

treatment) and the 28th day (post-treatment). The results indicated that by the 22nd day,

the levels of blood glucose in groups 4-9 (administered with STZ-NAM) were
significantly elevated compared to vehicle group-1. Nevertheless, by the 28th day,
subsequent to a 7-day treatment period, there was a significant reduction in PGLs in the
STZ-NAM administered groups (5 to 9) compared to the diabetic control group-4.
However, test compounds treated groups i.e. Group 6 to 9 significantly decreased blood

glucose levels relative to standard control (Group 5). The influence of various

treatments on the PGLs of the rats is elaborated in Table 15.and Figure 33.

Table 15: Impact on blood glucose levels (mg/dL) pre- and post-treatment.

Group Group Name Day 22 (Pre- | Day 28 (Post

No. treatment) treatment)

Group 1 | Vehicle Group 117+9.66 110+11.5

Group 2 Synthesized molecule-SSS 95 per | 120+12.24 114+7.54
se

Group 3 | Synthesized molecule-SSS 100 125+3.33 12045.54
per se

Group 4 | Diabetic control 314£9.36%** 323+£10.22%*

*

Group 5 | Standard control 307+£14.89%** 158+15.9"#

Group 6 | Synthesized molecule-SSS 95 low | 316+11.83*** 200+7.59%#
dose

Group 7 | Synthesized molecule-SSS 95 318+11.54%#* 183+15.07"#
high dose

Group 8 | Synthesized molecule-SSS 100 310+£14.63%** 179+£12.5"#
low dose

Group 9 | Synthesized molecule-SSS 100 316+£11.58%** 137+4.89"#
high dose o

104




RESULTS AND DISCUSSION

The data is presented as mean + SD. *** denotes p < 0.001, respectively, compared to
the vehicle group, while ### signifies p < 0.001 compared to the diabetic control group.

M represents p < 0.001 compared to the standard control group.

Vehicle control

SSS 95 per se

07 SSS 100 per se
z  350- o
> Diabetic Control
2 3004
% ~ 2504 Standard Control
33 mA =S89 95 (5 mgkg)
w —
25 90 = §8595 (10 mgkg)

T+ T
g 100- M SSS 100 (5 mgkg)
= 50 m §SS 100 (10 mgkg)
0

Day 22 Plasma glucose level (mg/dl) ~ Day 28 Plasma glucose level (mg/dl)

Figure 33: Impact on blood glucose levels (mg/dL) pre- and post-treatment. The data
is presented as mean = SD. *** denotes p < 0.001, respectively, compared to the vehicle
group, while ### signifies p < 0.001 compared to the diabetic control group. "

represents p < 0.001 compared to the standard control group.

6.6.3.2 Body weight (BW) assessment: Male SD rats used in the experiment were
assessed for their body weight on Days 15, 22, and 28 of the study. There was no notable
variance in the mean BW of the rats by the Day 15 across the various groups, all of
which were on a standard pellet diet. Similarly, on the 22nd day, the diabetic control (4
to 9 groups) exhibited a notable reduction in BW compared to rats in groups 1 to 3,
which did not receive STZ-NAM. On the 28th day, corresponding to 7 days after
treatment, the mean body weight of Groups 5 to 9 were not significantly different in
comparison to negative control (Group 4). But mean body weight of Groups 6 to 9,
were significantly different relative to positive Control (Group 5). From the state of
diabetes to the phase of recovery, the alteration in body weight is outlined in Table 16

& Figure 34.

Table 16: Change in mean body weight (g) before and after the treatment.
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Group Group Name Day 15 of | Day 22 of | Day 28 of

No. Protocol Protocol Protocol

Group 1 | Vehicle 360+9.51 | 368+9.50 373+10.1

Group 2 | Synthesized molecule-SSS | 341£14.43 | 351+14.3 358+13.9
95 per se

Group 3 | Synthesized molecule-SSS | 347+£14.7 | 356+£14.04 | 361£14.19
100 per se

Group 4 | Diabetic control 372+16.09 | 334+15.0% | 328+21.57*

ksk

Group 5 | Standard control 378+9.11 | 340+16.1* | 325+22.8"

Group 6 | Synthesized molecule-SSS | 355£16.06 | 342+17.18 | 331+19.5
95 low dose ok

Group 7 | Synthesized molecule- SSS | 351+15.4 | 338+14.2* | 328+20.4"
95 high dose ok

Group 8 | Synthesized molecule- SSS | 355+14.4 | 333+17.5* | 321+17.8*
100 low dose ok

Group 9 | Synthesized molecule- SSS | 350+12.1 | 329+16.5* | 319+13.9%
100 high dose ok

The data is presented as mean + SD. *, ** *** represents p < 0.05, p < 0.01, p <

0.001 respectively, compared to the vehicle group, while #, ## represents p < 0.05, p

< 0.01 compared to the diabetic control group.
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Figure 34: Impact on the body weight of rats (in grams) resulting from the treatment
protocol. The data is presented as mean + SD. *, ** *** represents p < 0.05, p <
0.01, p <0.001 respectively, compared to the vehicle group, while #, ## represents p
<0.05,p <0.01 compared to the diabetic control group.

6.7 Histopathological Estimation of SD rats kidney and Pancreas
6.7.1 Histopathology of Kidney

Following the sacrifice of rats in each group, the kidney and pancreas of SD rats were
harvested and promptly preserved in a 10% formalin solution to prevent tissue
desiccation or damage during dissection. Subsequently, tissue slides were readied and
underwent eosin & haematoxylin staining and magnified at 40X. The examination of
kidney tissue is depicted in the Figure 35. Image (A) illustrates the kidney of a control
rat from Group 1 treated with vehicle only, while Image (B) and Image (C) show the
kidney of Group 2 and Group 3, respectively, treated with Test compound SSS 95 per
se (10 mg/kg) and Test compound SSS 100 per se (10 mg/kg) alone, both displaying
notable kidney histology. Image (D) represents the kidney of a rat from Group 4 with
STZ-NAM induced diabetes, exhibiting thickening of basement membrane, mesangial
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expansion, and tubular atrophy in sections from both kidney, along with vessel
hyalinization. Image (E) showcases the kidney of a diabetic rat treated with
Dapagliflozin in Group 5, displaying normal kidney histology. Images (F & G) exhibit
the kidney of Group 6 and Group 7, treated with Test compound SSS 95 at 5 and 10
mg/kg, respectively, revealing focal sclerosis of glomeruli, focal tubular atrophy, and
otherwise unremarkable renal parenchyma. Finally, Images (H & I) present the kidney
of Group 8 and Group 9, treated with Test compound SSS 100 at 5 and 10 mg/kg,

respectively, displaying unremarkable histology.

Figure 35: Histopathology representation of rat’s kidney tissue, Image A: Vehicle
(Group-1), Image B: SSS 95 per se (Group-2), Image C: SSS 100 per se (Group-3),
Image D: Negative control (Group-4), Image E: Positive control (Group-5), Image F:
SSS 95 (Group-6; low dose 5 mg/kg), Image G: (Group-7; high dose 10 mg/kg), Image
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H: SSS 100 (Group-8; low dose 5 mg/kg), Image I: SSS 100 (Group-9; high dose 10
mg/kg).

6.7.2 Histopathology of pancreas

The examination of pancreas tissue is depicted in the Figure 36. Image (J-L) illustrates
the pancreas of a control rat from Group 1 treated with the vehicle only, the pancreas of
Group 2 and Group 3, treated with Test compound SSS 95 per se (10 mg/kg) and test
compound SSS 100 per se (10 mg/kg) revealed normal acinar parenchyma of pancreas
along with ducts and islets of Langerhans. Image (M) displays the pancreas of a rat from
Group 4 with induced diabetes, exhibiting swollen and degenerated acinar cells, a
reduction in islets of Langerhans. Image (N) presents the pancreas of a rat treated with
Dapagliflozin in Group 5, exhibiting a normal pancreas histology. Images (O) show the
pancreas of Group 6 treated with Test compound SSS 95 at a low dose (5 mg/kg),
revealing acinar cells with a normal appearance along with a slight reduction of beta
cells in the Islets of Langerhan. Finally, Images (P, Q & R) display the pancreas of
Groups 7, 8, and 9, treated with Test compound SSS 95 (high dose: 10mg/kg), SSS 100
(low and high dose: 5 and 10mg/kg), respectively, showing a normal acinar parenchyma

of the pancreas, along with intact ducts and islets of Langerhans.
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Figure 36: Histopathological illustration of rat pancreatic tissue, Image J: Vehicle
(Group 1), Image K: SSS 95 per se (Group 2), Image L: SSS 100 per se (Group 3),
Image M: Negative control (Group 4), Image N: Positive control (Group 5), Image O:
SSS 95 (Group 6; low dose 5 mg/kg), Image P: (Group 7; high dose 10 mg/kg), Image
Q: SSS 100 (Group 8; low dose 5 mg/kg), Image R: SSS 100 (Group 9; high dose 10

mg/kg).
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CONCLUSION AND FUTURE PROSPECTIVES

Type-Il diabetes mellitus stands as the metabolic disorder with the highest mortality
rate, exerting a substantial impact on modern society. Lately, researchers have delved
into the potential of SGLT as a viable therapeutic target for diabetes. Most SGLT2
inhibitors investigated in literature are glycosidal, presenting challenges in synthesis
due to their bulky nature. The design involves a non-glucoside 1,3,4-thiadiazole
pharmacophore with enhanced selectivity for \SGLT2 over hSGLT-1. This is achieved
through strategic modifications in substitution positions, aiming for a more effective
anti-diabetic drug compared to the standard dapagliflozin. We formulated innovative
compounds featuring 1,3,4-thiadiazole by incorporating electron-releasing groups i.e.
methyl and methoxy on the phenyl ring A at the fourth position, denoted as Ri.
Additionally, we introduced diverse electron-donating groups/electron withdrawing
groups at the 2, 4, 5 and 6 positions, located on the second phenyl ring B, designated as
R2. Using the information provided, we developed 102 compounds of Schiff base with
a foundation in the 1,3,4-thiadiazole scaffold. Subsequently, we conducted docking
studies with the SGLT2 protein (PDB ID: 3DH4) to assess binding affinity scores,
utilizing AutoDock Vina 1.5.6. Out of these, we selected the top 12 Schiff base-derived
1,3,4-thiadiazole molecules, exhibiting the most advantageous binding affinity scores
ranging from -10.7 to -9.7 Kcal/mol featuring electron-donating groups (EDGSs). These
selected compounds were synthesized and assigned the codes SSS 34, SSS 100, SSS
16, SSS 40, SSS 35, SSS 95, SSS 98, SSS 41, SSS 36, SSS 102, SSS 18, and SSS 96.
The chosen compounds were successfully synthesized with high percentage yields and
subjected to validation through LCMS, 1H NMR, and 13C NMR analyses. The in-silico
toxicity profiling of the synthesized compounds indicated that demonstrated non-
carcinogenic properties in rats and non-mutagenic characteristics. The in-silico ADME
results indicate that all the synthesized molecules do not penetrate the brain and exhibit
a low likelihood of gastrointestinal absorption. The predicted lipophilicity (iLogP) of
the synthesized compounds ranges from 2.08 to 3.68. Moreover, all the synthesized
molecules are anticipated to have favorable oral bioavailability, scoring 0.55, and are in
accordance with drug-likeness criteria. According to the MTT assay results, SSS 35,
SSS 40, SSS 95, and SSS 100 demonstrated elevated ICso values, specifically 102.69,
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89.77, 101.07, and 98.82, respectively. These findings suggest low cytotoxicity for the
synthesized compounds. Following this, the four compounds underwent additional
testing for their SGLT2 inhibiting activity. The analysis of the Human SGLT2
(SLC5A2) ELISA kit assay results indicated that compounds SSS 95 and SSS 100
exhibited greater potency. SSS 95 demonstrated substantial SGLT2 inhibition activity
at both low dose (54.76+1.68) and high dose (78.57£2.8), while SSS 100 exhibited
significant SGLT2 inhibition at low dose (56.34+3.92) and high dose (74.60+1.12).
Hence, for subsequent in vivo assessments of the synthesized test compounds, SSS 95
and SSS 100 were selected. In vivo findings indicate that SSS 100 notably enhanced the
excretion of urinary glucose (854+46.51 mg/body weight) in comparison to the positive
control (775+£32.68 mg/body weight) at the same dosage and duration. The heightened
urinary glucose excretion observed with the test compounds is likely attributed to the
inhibition of the SGLT2 enzyme. This enzyme is accountable for around 90% glucose
reabsorption in the kidney's proximal tubule, consequently contributing to lower
glucose levels. Administration of SSS 95 and SSS 100 appeared to markedly decrease
the urinary excretion of Na*, K*, and CI" electrolytes, akin to the positive control. These
results suggest that the correction of electrolyte imbalance by the test compounds in
diabetic rats may not be solely linked to a reduction in urinary electrolyte excretion. It
is worth noting that no occurrences of diarrhea were observed in the SD rats treated
with SSS 95 and SSS 100, in comparison to the positive control. This lack of side effect
is likely attributed to the compounds' lack of selectivity for hNSGLT1. Nevertheless, the
groups treated with the test compounds SSS 95 and SSS 100 exhibited a notable
decrease in PGLs compared to the standard control. This suggests the anti-
hyperglycemic effect of the synthesized test compounds. Histopathological examination
of the pancreas and kidney from the animal groups treated with test compounds SSS 95
and SSS 100, respectively, indicated normal islets of Langerhans and unremarkable
histology of the kidney. In summary, the overall results indicate that the presence of
two phenyl rings, A and B, linked by sulfur and connected by an imine bridge, with
substitutions at R; and R» positions involving electron-donating groups, is crucial for

enhancing the potency of the compounds.
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FUTURE PROSPECTIVES

The comprehensive study suggests that SSS 95 and SSS 100 exhibit a significant impact
on increasing urinary glucose and electrolyte excretion while lowering blood glucose
levels. This positions them as potential SGLT2 inhibitors for treating T2DM. The future
development of substituted non-glucosidal SGLT2 inhibitors with a thiadiazole nucleus
holds promise for advancing T2DM treatment. Given the importance of this research,
its implications extend to both social realms. The identified potent molecules,
particularly SSS 95 and SSS 100, hold promise for formulation as SGLT2 inhibitors.
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Il NMR and Mass spectra for (SSS 1-SSS 12)
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Abstract: Background: High or abnormal blood sugar levels are the hallmark of diabetes melli-
tus (DM), a metabolic disorder that will be one of the major causes of mortality in 2021. SGLT2
inhibitors have recently shown beneficial effects in the treatment of diabetes by reducing hyper-
glycemia and glucosuria.

Objective: Molecular docking and ADMET studies of Schiff base- based I, 3, 4-thiadiazole
scaffold as SGLT2 inhibitors.

Methods: Chem draw Ultra 16.0 software was used to draw the structures of newly designed
molecules of Schiff base-based 1. 3, 4-thiadiazole, which were then translated into 3D struc-
tures. For the molecular docking study, AutoDock Vina 1.5.6 software was employed. Lazar in
silico and Swiss ADME predictors were used to calculate in silico ADMET characteristics.

Results: We have designed 111 novel Schiff base-based I, 3, 4-thiadiazole derivatives as
SGLT2 inhibitors. A total of 10 compounds from the thiadiazole series were found to have
higher binding affinity to the SGLT2 protein than dapagliflozin. SSS 56 had the best docking
scores and binding affinities, with -10.4 Kcal/mol, respectively. In silico ADMET parameters
demonstrated that the best binding compounds were found to be non-carcinogenic with LogP =
2.53-4.02.

Conclusion: Novel Schiff base-based 1, 3, 4-thiadiazole were designed and binding affinity was
assessed against SGLT2 protein, which resulted in a new lead molecule with a maximal binding
affinity and estimated to be noncarcinogenic with an optimal partition coefficient (iLogP = 2.53-

4.02).

Keywords: SGLT2 inhibitors, 3DH4, ADMET, type-2 diabetes mellitus, molecular docking, auto dock vina.

1. INTRODUCTION

Type-2 diabetes mellitus (T2DM) is the metabolic disor-
der that has the highest mortality rate and has a significant
influence on contemporary society. T2DM prevalence was
estimated at 537 million in 2021, and it is anticipated that
this figure will increase to 643 million by 2030 and 783 mil-
lion by 2045 [1]. Diabetes cannot be cured and effectively
treated with either insulin therapy or oral medications [2, 3].
In actuality, it's a result of bad lifestyle choices, increased
urbanisation and inadequate nutrition. Recently, SGLT (So-
dium-Glucose Cotransporter) has been explored as a possible
therapeutic target for diabetes [4, 5]. There are numerous
SGLT isoforms, and SGLT2 principally accounts for 90% of
the reabsorption of glucose in the kidney's proximal tube,
whereas SGLTI1 reabsorbs the remaining 10% [6-9]. Due to

*Address correspondence to this author at the Faculty of
Pharmaceutical Sciences, Desh Bhagat University, Amloh Road.
Mandi Gobindgarh, Punjab, 147301, India: Tel: +91-9023900379:

E-mail: amitmittal77@yahoo.com

1574-3624/XX $65 .00+00

their insulin-independent activities, which they trigger at
various points during the development of T2DM, SGLT2
inhibitors are renowned for being potent. The use of SGLT2
inhibitors in the treatment of T2DM improves blood sugar
control, lowers the A1C, may cause a modest drop in blood
pressure due to sodium loss, and increases the risk of moder-
ate hypoglycemia and excessive weight loss [10, 11].

The US FDA has approved SGLT2 inhibitors such
Dapagliflozin (Farxiga) [12], Canagliflozin (Invokana) [13],
Ertugliflozin (Steglatro) [14], and Empagliflozin (Jardiance)
[15]. Remogliflozin (RemoTM, RemozenTM) [16] is cur-
rently approved in India. Other SGLT2 inhibitors have also
received approval in Japan, including Ipragliflozin (Suglat)
[17]. Luseogliflozin (Lusefi) [18], and Tofogliflozin (Aple-
way, Deberza) [19]. While Henagliflozin [20] and Bexagli-
flozin [21] are undergoing late-stage clinical trials to validate
their effectiveness in the treatment of diabetes (Fig. 1).

Our research focuses on the interaction between SGLT2 pro-
tein (3DH4) and newly designed 1, 3, 4 thiadiazole molecules

©XXXX Bentham Science Publishers
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1,2,4 Triazoles and 1,2,4 Oxadiazoles Scaffold as SGLT2 Inhibitors: Mo-
lecular Docking and ADMET Studies

Shivani Sharma'” and Amit Mittal""
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Abstract: Background: Diabetes mellitus (DM) is a metabolic disorder in which blood sugar levels are
elevated over a prolonged period of time. SGLT2 inhibitors have recently demonstrated positive effects
on diabetes care by minimizing hyperglycemia through decreased glucosuria.

Objective: The aim was to carry out molecular docking and ADMET studies of 1,2.4 triazole and 1,2.4
oxadiazole scaffolds as SGLT2 inhibitors.

Methods: Structures of newer molecules of two series of 1.2.4 triazoles and 1,24 oxadiazoles were drawn
by using Chem Draw Ultra 8.0 software. The AutoDock Vina 1.5.6 software was used for the molecular
docking studies. In silico ADMET properties were calculated online using admetSAR and pkCSM predic-
tors.
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Results: We have designed 1563 different 1,24 triazoles and 1,24 oxadiazoles as SGLT2 inhibitors. A
total of 14 compounds from both the triazole and oxadiazole series were shown to have better binding
Dbo. affinity to the SGLT2 protein than canagliflozin. Among them, SSN 10 and SSON 7 showed the highest
[AATHTINMIMGIIGOIZIS Gocking score and binding affinity of -10.7 keal/mol and -10.5 keal/mol, respectively. In silico ADMET
properties were also calculated in order to determine physiochemical properties, pharmacokinetics and
toxicity of best binding molecules. In addition, these molecules were predicted to be non-carcinogens,
showing good oral bi ilability and physiochemical cha ics safer with op 1 partition coeffi-
cient (LogP ~2.07-5.24).

Conclusion: Novel SGLT2 inhibitors were designed based on the scaffold of 1,24 triazoles and 1,24
oxadiazoles resulting in a new lead molecule with a maximum binding affinity; these molecules were also
d to be noncarci ic with low LogP.

Keywords: Type-2 diabetes mellitus, 3DH4, ADMET, SGLT2 inhibitors, molecular docking, auto dock vina.

L INTRODUCTION

Metabolic disorders have a major impact on modern so-
ciety, and among them, Type-2 diabetes Mellitus (T2DM)
causes the highest mortality rate. In 2019, the prevalence of
T2DM was estimated at 463 million people and this number
is projected to reach 578 million by 2030, and 700 million by
2045 [1]. There is no cure for diabetes, neither insulin thera-
py nor oral medication is effective in treating it [2, 3]. In
fact, its effect comes from rapid urbanization, inadequate
nutrition, and an unhealthy lifestyle commuum SGLT (So-
dium-Glucose Colransponer) has ly been investi
as a potential drug target in diabetes [4, 5]. SGLT exists in
several isoforms, with SGLT2 accounting for 90% of sugar

reabsorption in the PCT of the kidney and SGLT1 account-
ing for the remainder [6-9]. SGLT2 inhibitors provide en-
hanced glucose regulation by increasing insulin sensitivity
and incorporation into muscle cells, reducing gluconeogene-
sis and enhancing early insulin release in beta cells. SGLT2
inhibitors are known to be robust because of their insulin-
independent actions, which they activate at different times
during T2DM development. Treating T2DM with SGLT2
inhibitors results in better glycemia, A1C decrease and a
slight decrease in blood pressure that may result from sodi-
um loss, risk mild hypoglycemia, and excessive weight loss
[10, 11].

SGLT2 inhibitors such as Dapagliflozin (Farxiga) [12].
Canagliflozin (Invokana) [13], Ertugliflozin (Steglatro) [14],
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and Empagliflozin (Jardiance) [15] have been approved by
the US FDA. At present, Remogliflozin (Remo™,
Remozen™) [16] has been approved in India. Other SGLT2
inhibitors such as Ipragliflozin (Suglat) [17]. Luseogliflozin
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Treatment of Type 2 Diabetes

Shivani Sharma'~, Amit Mittal"", Shubham Kumar'* and Anu Mittal’

'Department of Pharmaceutical Chemistry, School of Pharmaceutical Sciences, Lovely Professional University, Jaland-
har-Delhi G.T. Road (NH-1), Phagwara (Punjab) 144411, India; *Faculty of Pharmaceutical Sciences, PCTE Group
of Institutes, Campus-2, Near Baddowal Cantt. Ferozepur Road, Ludhiana-142021, India; *Department of Chemistry,
Guru Nanak Dev University College, Patti, Distt. Tarn Taran, India

Abstract: Diabetes mellitus is an ailment that affects a large number of individuals worldwide and
its pervasiveness has been predicted to increase later on. Every year, billions of dollars are spent
globally on diabetes-related health care practices. Contemporary hyperglycemic therapies to ration-
alize Type 2 Diabetes Mellitus (T2DM) mostly involve pathways that are insulin-dependent and
lack effectiveness as the pancreas’ B-cell function declines more significantly. Homeostasis via kid-
neys emerges as a new and future strategy to minimize T2DM complications. This article covers
the reabsorption of glucose mechanism in the kidneys, the functional mechanism of various Sodi-
Do um-Glucose Cotransporter 2 (SGLT2) inhibitors, their structure and driving profile, and a few
to2izansTiiesiressioni7izzres - SGLT2 inhibitors now accessible in the market as well as those in different periods of advance-
ment. The advantages of SGLT2 inhibitors are dose-dependent glycemic changes with a
significant reduction both in the concentration of HbA I¢ and body weight clinically and statistical-
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1. INTRODUCTION

Type 2 diabetes has become a source of concern because
it is one of the leading causes of death and morbidity. Due to
diabetes and its related complications, the mortality rate in-
creased to approximately 4.2 million deaths on a global
scale in 2019 [1]. The prevalence of type 2 diabetes mellitus
affected 463 million individuals worldwide in 2019 and, if
the current trend continues, it will reach 700 million by 2045
[2]. In 2019, the WHO evaluated that 9.3% of adults be-
tween the ages of 20-79 years had diabetes and about one-
half of cases of type 2 diabetes, i.e. 50.1%, were undiag-
nosed [2]. In developed countries, 87-91% of all diabetes pa-
tients have type 2 diabetes. 79.4% of adults are estimated to
have type 2 diabetes. especially those living in developing
and middle-income countries. The proportion of diabetes in
women aged 20-79 years was estimated to be slightly lower
than in men (9.0% vs. 9.6%). Diabetes accounted for at least
$760 billion global healthcare expenditures in 2019, with the
figure expected to rise to $845 billion by 2045, accounting
for approximately 10% of total adult health spending. [3. 4].
The progression of type 2 diabetes mellitus (T2DM) is influ-
enced by activities such as the consumption of unhealthy
food and lack of exercise commonly associated with urba-
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versity, Jalandhar-Delhi G.T. Road (NH-1), Phagwara (Punjab) 144411,
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1875-6417/22 $65.00+.00

nization [5]. Lifestyle modifications like intervention in nu-
trition and physical activity are usually recommended as
starting treatment for patients with T2DM, and then a switch
to diabetes-management pharmacotherapy [6]. The diagnos-
tic criteria for diabetes have been modified by WHO and it
is diagnosed by detecting elevated blood glucose levels, as
shown in Table 1. The American Diabetes Association (A-
DA) recommends levels of glycated hemoglobin (HbAlc)
between 6.5%-7.0% [7-9]. Conventional oral anti-diabetic
agents such as thiazolidinediones [10-12], sulphonylureas
[13]. meglitinides, biguanides. and alpha-glucoside inhibi-
tors are limited by severe adverse effects i.e. hypoglycemia
as shown in Table 2 and their structures are given in (Fig.
1). There is a growing demand for a new approach to coun-
teract the effect of insulin release. Renal gluconeogenesis.
blood-stream insulin use, and glucose reabsorption from
glomerular filtrate are known to be critical in regulating glu-
cose [14].

2. SODIUM GLUCOSE COTRANSPORTER 2
(SGLT2) INHIBITORS

Cotransporters of sodium/glucose are a class of drugs
that restrain glucose reabsorption in the kidneys and im-
prove the discharge of urinary glucose, leading to low glu-
cose levels. The two sodium/glucose cotransporter types are
SGLTI and SGLT2, which are cloned from the rodent kid-
ney on the Proximal Convoluted tubule (PCT) apical mem-
brane and encoded by SLC5A1 and SLC5A2 [15-17].

© 2022 Bentham Science Publishers
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Diabetes is undeniably a big problem in today's world because it is the leading mortality and
meorbidity factor and is expected to hit 642 million by 2040. It is a metabolic disorder with
hyperglycemia. Using new agents with a favorable risk—benefit profile could theoretically help
clinicians and patients gamn sufficient management of diabetes. Canagliflozin, the first regulator
of the sodium-glicose co-transporter 2 (SGLT-2), provides a novel mechanism of action via
blocking the renal reabsorption of glucose. thus increasing the excrefion of urinary glucose.
Canagliflozin approved by the USFDA in 2013 and launched by Janssen Pharmaceuticals as
"Invokana ”. Canagliflozin lowers HbAIC by about 0.37%-1.16 % in combination with
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Histopathology of Kidney
Group No. | Group Name Results
Group 1 Vehicle control Sections show unremarkable histology. i
Group 2 Synthesized molecule-SSS 95 | Sections show unremarkable histology.
per se
Group 3 Synthesized molecule-SSS 100 | Sections show unremarkable histology.
per se
Group 4 Negative control Sections from both the kidneys show
thickening of basement membrane,mesangial
expansion and tubular atrophy. Hyalinization
of vessels also seen.
Group § Positive control Sections show almost normal histology.
Group 6 Synthesized molecule-SSS 95 | Sections show focal sclerosis of glomeruli.
low dose Rest of the renal parenchyma
isunremarkable.
Group 7 Synthesized molecule- SSS 95 | Sections show focal tubular atrophy. Rest of
high dose the renal parenchyma isunremarkable.
Group 8 Synthesized molecule- SSS Sections show unremarkable histology.
100 low dose
Group 9 Synthesized molecule- SSS Sections show unremarkable histology.
100 high dose ‘1
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Hislopalhology of Pancreas

Group No. | Group Name Results J
m Vehicle control Sections show normal acinar p::).rench)’ﬂla -
pancreas along with ducts and islets of
Langerhans.
Group 2 Synthesized molecule-SSS 95 | Sections show normal acinar pz.u'cnchyma of
per se pancreas along with ducts and islets of
Langerhans.
Group3 | Synthesized molecule-SSS 100 | Sections show normal acinar parenchyma of
per se pancreas along with ducts and islets of
Langerhans.
Group 4 Negative control Sections show swelling and degeneration of
acinar cells along with depletion of Islets of
Langerhans.
Group 5 Positive control Sections show almost normal histology.
Group 6 Synthesized molecule-SSS 95 | Sections show normal looking acinar cells
low dose along with mild depletion of beta cells in
Islets of Langerhans.
Group 7 Synthesized molecule- SSS 95 | Sections show normal acinar parenchyma of
high dose pancreas along with ducts and islets of
Langerhans.
Group 8 Synthesized molecule- SSS Sections show normal acinar parenchyma of
100 low dose pancreas along with ducts and islets of
Langerhans.
Group 9 Synthesized molecule- SSS Sections show normal acinar parenchyma of
100 high dose pancreas along with ducts and islets of
Langerhans.
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